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Abstract

The search for new and more efficient ligand-targeted drugs is always a challenge to
overcome the side effects of therapeutic treatments. In these systems, a stimuli
sensitive linker plays a crucial role for stability under physiological conditions and
for selective release.

Such structures are commonly used both for prodrug design and in more complex
systems such as ADCs, where each component needs to be optimised for its
therapeutic purpose and biological target. Several cleavable linkers can be found in
the literature, but the main criticism of these molecules is the limited range of
functional groups that can be bonded to them. Here we present the synthesis of novel
self-immolative spacers that have demonstrated their generality in releasing of a wide
range of functional groups using the NO» group as a trigger. This group provides
selectivity for the hypoxic environment and/or for the enzyme nitroreductase, which
is over-expressed under hypoxic conditions such as in solid tumour cells and in
bacterially infected tissues, and whose activity drives the reduction of aromatic nitro
moieties. The developed systems have also been applied to construct ADCs. In
addition, two novel photosensitive scaffolds for the development of photolabile
protecting groups (PPGs) are discussed and investigated through computational

chemistry.
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Chapter I

General Overview

1.1 Antibody drug conjugate — briefly introduction

Antibody-drug conjugates (ADCs) are systems developed for the selective release of
drugs that take advantage of the selectivity of monoclonal antibodies. In these
systems, the recombinant monoclonal antibodies (mAbs) are bound to cytotoxic
small molecule drugs through linkers, leading to an increase in selectivity and
stability and giving a favorable pharmacokinetic profile to highly cytotoxic
molecules. The development of ADCs began in the 1960s in animal models and the

first clinical trials were conducted in the 1980s.!

During the last twenty years, more than 100 ADCs have been tested in clinical trials,
and most of them have recently left phase I and entered phase II. In order for these
ADC:s to be useful drug delivery systems, they need to fulfil some characteristics,
including high binding specificity and affinity, good internalisation rate and stable
binding with the payload.? All these properties are required to reduce the side effects
of cytotoxic drugs, many of which are intended for oncology indications?, but the
toxicity of ADC remains an important issue. Mylotarg® can be used as an example,
a humanised antibody conjugate to calicheamicin, which was approved by the FDA
in 2000 for the treatment of acute myeloid leukaemia.* This treatment was withdrawn
from the market in 2010 after phase III results showed toxicity comparable to
standard therapies, making its use of no longer interest.” To overcome this problem
and increase the therapeutic potential, great efforts have been made to implement the
different components of these systems, such as the target, the linker, the payload and

the conjugation chemistry.6
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Figure 1: General structure of antibody-drug conjugate

The structure of an antibody-drug conjugate must be designed with the target of
interest in mind. This involves not only the specific antigens that must be expressed
on the cell, but also the choice of trigger to release the payload from the linker and
how to bind the drug to the linker.

The payload must have peculiar properties to be employed in ADC systems. It must
show very high potency (0.1 nM - 1 pM), stable in the bloodstream and during
storage; it must be soluble, have a low immunogenic effect and have functional
groups that can be used to bind the linker moiety. Many drugs failed as payloads
because of their instability under hypoxic conditions, such as mitoxantrone and
doxorubicin.” They must be highly toxic to destroy the majority of tumour cells, even
with a minimal payload, since the antibody cannot carry many cytotoxic molecules
and the rate at which mAb reaches and internalises cancer cells is quite low (less than
0.08% of the injection dose).® The hydrophobicity of the compound is another
important property to consider. Extreme hydrophobicity may lead to aggregation
during conjugation or alter the biological properties of the antibody, as its domain
surface has a hydrophilic character.” However, high hydrophilicity can also be
problematic for desolvation and transfer from aqueous media to protein binding sites,
although increasing hydrophilicity may be associated with metabolic stability, less

non-specific off-target effects and good solubility.”® A look at cytotoxic drugs




currently used in ADC systems shows that they generally affect DNA synthesis or
cell division.

An important and widely used class of drugs are the HDAC inhibitors, which is
discussed in detail in this chapter and used in this thesis.

Last but not least, the literature reports many different types of linkers, which are

essential for the development of ADC systems.

1.2 Linkers

Because of the important roles this structure has, special attention must be paid to the
development of new linkers. The general structure requires two binding sites, one for
the drug and one for conjugation with the antibody, possibly a self-immolating
spacer, a moiety that allows the release of the drug after rearrangement, and a
covalent bond that can be broken after internalisation inside the target cells and/or
under certain conditions to trigger release of the payload as the drug. System stability
is also critical to avoid uncontrolled release of the drug and thus undesirable systemic
toxicity. In addition, the hydrophobicity of the linker is related to aggregation with
the antibody and may affect pharmacokinetic parameters leading to potential side
effects. Good linker polarity can compensate for the hydrophobic nature of the
payload and allow optimisation of ADCs.!! Therefore, it is an ongoing challenge to
develop linkers with an optimal balance between appropriate stability and efficient
cleavage. It is also an interesting area where much work remains to be done to obtain

linkers that are useful for different targets.
Linkers are normally classified as:

- Cleavable: In this class we find linkers designed to release the payload after
cleavage of the covalent bond triggered by a protease reaction, glutathione
reduction or acidic conditions. They may be labile under extracellular or
intracellular conditions. Release in the extracellular tumour microenvironment
has the disadvantage of lower cell selectivity and off-target release. On the other

hand, this could provide a bystander effect and increase the therapeutic efficacy




of the system. The bystander effect means that tumour cells that have or do not
have the antigen on their surface or are too far from the vessel to be reached by
ADC can also be Kkilled. If the release occurs in the extracellular
microenvironment of the tumour, endocytosis of the system is not required,
which means that a wider range of antigens can be considered as targets. The
same effect could be achieved if the payload is a small drug that can diffuse out
of the cell due to its high membrane permeability.!> However, most cleavable
linkers focus on the traditional mechanism of action involving internalisation of

the system prior to release of the cytotoxic payload.

They are divided into enzymatically cleavable linkers and chemically cleavable
linkers."® The enzymatically cleavable class is the most advanced. It includes
several structures that are substrates for several enzymes over-regulated in
cancer cells, such as cathepsin B (the most commonly used)!, lysosomal
sulphatase enzymes'S, B-Galactosidase'® and B-Glucuronidase!”-'®. These
structures have good plasma stability and the great advantage that their release
mechanism is well known. They can have very different structures, but the most

popular are peptide-based linkers.

Chemically cleavable linkers have a labile bond that can be broken in different
chemical environments. They are usually sensitive to reductive or acidic
conditions and in some cases can release the drug into tumour tissue without
internalising the system. Their structure is more versatile and can be greatly
modified as they do not need to match the catalytic site of enzymes, but
unfortunately they are associated with low plasma stability. This type of linker
has led to the first clinical successes in this field: Pfizer's (Mylotargs,)
gemtuzumab ozogamicin ADC (Figure 2), a system with a hybrid linker using a
reducible disulphide and an acid-sensitive hydrazone. Release occurs at a pH of
4.5 by hydrolysis of the N-acylhydrazone moiety to the hydrazide payload

structure.’
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Figure 2: Pfizer’s gemtuzumab ozogamicin (Mylotargs) ADC.?°

Another interesting example was recently reported by Raabe and co-workers.
They have managed to develop a ADC system with a new pH-sensitive and
oxidation-sensitive linker.?!

In summary, we can say that this class of molecules is usually preferred over
non-cleavable linkers because their release mechanism is known and allows
clearer preliminary studies. Nevertheless, they have raised more and more
stability issues and off-target toxicities. However, to overcome this weakness,

many efforts are being made to modify their structure.

Non-cleavable: this type of linker requires internalisation of the system by
endocytosis and complete degradation of the antibody within the lysosome to
release the payload. In contrast to the discussion above on cleavable linkers, the
main advantage of these structures is their high stability in human plasma and
lower release of the drug at off-target sites, resulting in a low probability of
damage to healthy cells. This also results in the loss of the bystander effect on
neighboring tumour cells that we have with the other class. These linkers can be

used to develop new systems to overcome multiple-drug resistance (MDR),




where tumour cells develop cross-resistance to multiple cytotoxic drugs. Many
mechanisms of MDR have been reported, but the most common is
overexpression of the P-glycoprotein (MDR1). Two mechanisms are known for
resistance mediated by this protein. The first involves inhibition of drug efflux
diffusing from the extracellular space into the plasma membrane, and the second
involves extrusion of the drug outside the cell.??> Therefore, rational design of
linker-drug systems may result in free toxic payloads that are not substrates of
MDRI1. Cleavable linkers might avoid the first MDR1-mediated resistance
mechanism, but once the linker-drug bond is cleaved, the drug may be subject
to the second resistance mechanism. This problem might not occur with non-
cleavable linkers, as the cytotoxic drug can remain bound to an amino acid
residue via the linker after degradation in lysozyme, which does not affect its
pharmaceutical activity.?>*

Most commonly, these linkers are used in cancers with high antigen expression
because of their release mechanism. Their structure is usually based on a
succinimide thioether group, which can be obtained by Michael addition from a
thiol on maleimides. Proposed release mechanisms include a retro-Michael
reaction, thiol exchange of the thioether succinimide in response to thiol-
containing environments, or complete degradation of the antibody and release
of the linker-drug moiety as a cytotoxic payload.?>* Examples include the
thioether linker succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-
carboxylate linked to DM, the drug, (SMCC— DM1), maleimidocaproic acid
linked to MMAF (mc—-MMAF) and linkers based on the p-mercaptobenzyl

alcohol structure.?”-?

Both cleavable and non-cleavable linkers are used in approved second- and third-
generation ADCs, which are currently being investigated in clinical trials. In
summary, rational design of the linker structure based on the target of interest and the
drug to be delivered can help overcome many of the limitations that ADC systems

have.




1.3 Self immolative spacers

Sometimes, when a drug release system or a prodrug is rationally designed for the
selective delivery of highly cytotoxic payload, a spacer is inserted between the
releasing trigger and the drug. For example, when either the protecting group or the
drug itself has a high steric hindrance, or the covalent bond between them is
particularly stable, complications in activating the complex can occur, resulting in
poor drug release. One strategy to overcome this limitation is to synthetise a tripartite
molecule with a self-immolative spacer (SIS) between the protecting group (PG) and

the drug.”’ (Scheme 1)

>< Self-
Stimulus immolation Active
PG — SIS — 4 T SIS  — < T Drug —
PG SIS

Scheme 1: general structure of prodrugs containing a self-immolative spacer.

In literature several self-immolative spacers have been reported and, since their
appearance in 1981, their applications grow continuously. Several applications in

pharmaceutical chemistry have been reported for the development of prodrugs®®38,

drug delivery systems (like ADC)**** and sensors for enzymes.*’

These systems can undergo to different immolation mechanisms depending on the
structure of the spacer. The self-immolation must take place under defined
physiological conditions, which is why the self-immolative spacers are masked in the
molecule and are only activated by an endogenous or exogenous stimulus.

The first step requires activation of the system by the appropriate signal which causes
the removal of the protective group. Once the protective group is removed, a series
of intramolecular reactions are triggered leading to the release of the active

compound. There are two types of self-immolation processes depending on the

structure of the spacer: the first is based on electronic delocalisation, the second on




cyclization. In both cases, we start with a structure containing the inactive self-

immolative spacer and we get the formation of a nucleophile, such as an amine, a

thiol, or a hydroxyl group, which triggers the self-immolation process releasing of

the active compound.

There are different types of stimuli, some of them similar to those previously

discussed for the linkers:

Chemical: most chemical triggers are associated with pH variation, which is an
excellent stimulus to control drug release in various parts of the organism.
Extracellular acidity is a key feature of many solid tumours and can be exploited
to synthesise pH-dependent prodrugs.

Groups sensitive to redox environments are also widely used, not only the
common disulphide bridge but also the nitro group has been broadly employed
to develop prodrugs sensitive to hypoxic conditions. The allyloxy and
allylamino groups can also be removed by reducing agent containing metal, like
[Pd(PPhs)s]/NaBHs, [Pd(PPhs)4]/(Bu);SnH, [PACly(PPhs),]/KBH,.%

Many examples have been reported in the literature and there is no need to
discuss them extensively as several reviews have been published recently.*®
Enzymatic: the classes of triggers that are substrate of enzymes for the self-
immolative spacers are like the one discussed above for the linkers, and the
enzymes used as targets are the same since they are the ones that provide
selectivity for cancer cells. The most important family of enzymes used for the
deprotection of prodrugs that need to be mentioned are the bacterial enzymes.
As particular example, we find Penicillin-G-amidase (PGA), a microorganism’s
enzyme that have amide or ester as substrates. Several examples exploiting this
enzyme have been reported, one of the most recent was developed by Redy and
Shabat in 2012.* (Figure 3) They developed a new prodrug with a
phenylacetamide moiety as the enzyme substrate, a self-immolative linker
bearing a pair of FRET dyes and camptothecin as payload. Upon cleavage by
PGA, self-immolation via cascade takes place followed by spontaneous

decarboxylation, which ultimately delivers the free amino-aniline group of the




linker. Another self-immolative elimination leads to the release of the active
drug and dye molecules that can be detected by their emitted fluorescent signal.
- Photochemical: photochemical activation is very appealing since it allows for
the degradation of the spacer by an (remote) external stimulus. A precise
temporal control is possible. Its application and examples are discussed in more

detail in the dedicated chapter of this thesis.

Figure 3: prodrug developed by Redy and Shabat.*

1.3.1 Self-immolative mechanisms:

The self-immolation mechanisms can involve elimination by electronic
delocalisation or intramolecular cyclization, in both of which the reaction is
spontaneous and irreversible. The speed of the process is structure-dependent, as well
as being dependent on the trigger used and the reaction environment.

In the first case, the molecule has an aromatic ring with a nucleophilic group protected
in ortho or para position to the group that have to be released. After activation, the

nucleophile initiates the electronic cascade that dismantles the molecule leading to




the free drug. The mechanism of self immolation by electronic delocalisation involve
a 1-4, 1-6 or 1-8 elimination and it is driven by an increase in entropy.

Examples of these systems are quite common and most of them are based on p-
aminobenzyl alcohol (PABA) where the aromatic core and the masked nucleophile
is an amine, a hydroxyl or a thiol group. Thus, after removal of the protecting moiety,
these molecules form quinone or azaquinone methide as intermediates and carbon

dioxide.

O C

1 6-elii ti
elimination . O
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Scheme 2: self-immolative elimination mechanisms.

It has been demostrated that 1,8-elimination can only occur in para-amino (or

3031 However, due to its

hydroxy) cinnamyl alcohol or coumarinyl alcohol spacers.
synthetic simplicity, the most widely used system is the PABA-based spacers,
especially for common functional groups such as carboxylic acids, amines, acidic
phenols and alcohols. Substituents in the aromatic ring may affect the elimination
rate: electron-withdrawing group can destabilise the transient positive charge formed
at the benzylic position during the elimination by inducing a drop in the electron
density on the aromatic ring, resulting in a decrease in the rate of release. On the other
hand, electron-donating group can have the opposite effect, facilitate the

dearomatisation and increase the release rate.’>** The functional group used to link

the drug to the specer also plays an important role, it must be a good leaving group

10




otherwise the intermediate with the free nucleophile will be too stable to release the
active compound. For this reason, many functional groups cannot be used in the
development of new prodrugs or delivery systems, most of which are not suitable for
the release from the common PABA-like self-immolative spacer, and this has
prompted the study of new structures that could generate less stable intermediates
and consequently be used in this area.

Another key parameter is the nature of the aromatic ring, which determines the
distance between the trigger and the leaving group, reducing, if necessary, the steric
hindrance and favouring enzymatic cleavage. It may also contain heteroatoms that
change the electronic distribution and decrease the aromaticity of the nucleus, which
changes the rate of release. This has been reported for pyridine that has a lower
resonance energy (142 kJ/mol) than benzene (about 150 kJ/mol).** Indeed, the
decrease in resonance energy should accelerate the electronic cascade due to the
dearomatisation involved in the mechanism but, in structures where the nitrogen is
close to the benzylic position, the release may also be faster due to changes in
electronic density on the benzyl carbon carrying the leaving group. A similar trend
has also been observed in aromatic hydrocarbon compounds, wherein release from
the phenanthrene spacer is five times faster than the naphthalene spacer, which is 10
times faster than the benzene spacer.”

The second self-immolation mechanism is an intramolecular cyclization that takes
place when the protecting group is removed and the nucleophile can react with an
electron-poor group within the structure, usually a carbonyl. The driving force of the
reaction is the thermodynamically favoured formation of 5- and 6-membered rings.>®
An aliphatic amine is commonly used as a nucleophilic trigger due to its high
nucleophilicity, and it can be masked as a carbamate and activated by enzymatic

hydrolysis.

11
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Scheme 3: intramolecular cyclization.

Self-immolative spacers that undergo elimination by cyclization may be made of:

- A linker with an alkyl chain

- A mono- or di-substituted ortho aromatic spacer.

For these systems, the conformational aspects and electrophilicity/nucleophilicity of
the groups are very important for the kinetics of the process and, compared with
elimination by electronic rearrangement, cyclization normally occurs with a slower
kinetics. As with the previous series, the use of substituted carbamates/carbonates
can influence the reaction rate. Furthermore, the insertion of the methyl group on the
amine can increase its nucleophilicity and mono and di-substitutions at the o position
in the alkyl chain can improve the reaction kinetics through the effect of angular
compression (Thorpe-Ingold effect) and reactive rotameric effects.>’

Self-immolative spacers involving alkyl chains are quite common in ADCs, while no
current examples containing the ortho-substituted aromatic spacer are found in

clinical trial phases.

1.3.2 Release of different functional groups

As mentioned, the nature of the functional group to be released influences the
structure of the self immolative spacer that can be used. For this reason, different
spacer structures have been developed and classified according to the payload of

interest.
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In this thesis, systems for which the release mechanism has not yet been elucidated

are not discussed.

1.3.2.1 Self immolative spacers for releasing amino groups

The release of aliphatic or aromatic amines can be achieved by binding the nitrogen
through a carbamate.’®*° These amines, together with alcohols, are the functional

group most commonly used to bind the payload to the spacer structure.

An example can be found in Adcetris (brentuximab vedotin), an ADC in which the
antibody is bound to the drug via a cleavable cathepsin B substrate linker and a self-
immolating spacer, based on para-amino benzyl alcohol. The release of the
monomethyl auristatin payload, following internalization of the system, begins with
the cleavage of the citrulline-p-hydroxymethyl aniline amide bond to generate the
free aniline nucleophile, which undergoes a self-immolative 1,6-elimination and
allows the formation of the active compound.®*¢!

In 2015, Genentech scientists developed an ADC with a rifamycin derivative as a
payload that is bound via the amine group to the self-immolative spacer. The
immolative mechanism is again the 1,6-elimination forming quinone intermediate.®
Other examples of the same spacer were reported by Dubowchik in 2002% and
Tiberghien in 2016%, but several other can also be found in the literature.¢" A
similar drug delivery system was developed with Mitomycin C (MMC) as payload in
the work of Amitay and co-workers,*® where they synthesised a lipid-based prodrug
consisting of a lipophilic anchor bound via a dithiobenzyl bridge to MMC.
Recently, Staben et al. published a new protocol to bind tertiary and heteroaryl
amines to the spacer for carrier drug delivery applications. They reported how this
functional group is widely present in active pharmaceutical compounds and how the
corresponding quaternary ammonium salt can be easily synthesised. Activation of the
benzyl alcohol to a suitable leaving group is necessary to enable an efficient Sn2

displacement with tertiary-amine-containing drugs.®
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In 2015, a novel anticancer prodrug activated by thiols with a mechlorethamine was
published. In this case a 2,4-dinitrobenzenesulfonyl derivative was applied since it
was shown that the phenyl sulfide bond can be cleaved by GSH efficiently. (Scheme
4)70

O,N NO
o I J RO : :
S S
0

(o) \b\ Oj W SR RS
5
@ RSH SO Q
— I 2 .
\J
Iy Iy |
H : H ¢ >N 6
Cl Cl !

Scheme 4: release mechanism of 2,4-dinitrobensenesulfonyl prodrug.

Other reports with similar systems containing sulfonyl spacer for the release of
amines or aliphatic and aryl alcohols can also be found in the literature, for example
the self immolative linker published by Park et al. has ortho-hydroxy-protected aryl
sulfate, that releases the drug by a concerted mechanism. The process starts with a
cyclization by the deprotected phenol, followed by an electronic rearrangement
resulting in elimination.”’

An interesting ADC system with a drug containing a heterocyclic nitrogen, a highly
potent cytotoxic pyrrolobenzodiazepine (PBD)-dimer, was reported by the group of
Dragovich.” They successfully developed an ADC system in which one of the imines
was masked as a carbamate group with a linker containing a disulfide bridge. The
unmasked mechanism begins with the reductive cleavage of the disulfide bond and
the free thiol leads to self-immolation through an electronic rearrangement with the
formation of the free drug. A similar release mechanism for the same drug, reported
by Pillow and coworkers’®, also contained a disulphide bridge in the spacer, although
it relied on a different release mechanism. In this case, the imine-containing cycle is
reformed after intramolecular cyclization, leading to the release of the active

compound.”
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Scheme 5: self immolative mechanism of pyrrolobenzodiazepine (PBD)-dimer

ADC."

Additional examples exploiting the mechanism of intramolecular cyclization can be
found, since the amide bond required to link the drug to the spacer is stable under
physiological conditions.”>’® An explanatory work combining the two mechanisms
was published by Azoulay et al. They developed a self-immolative dendrimer
prodrugs with a Staudinger linker, which involves intramolecular cyclization,
followed by a 1,6 elimination, releasing quinone-methide species and Doxorubicin.”’
Finally, an inverse electron-demand Diels—Alder (IEDDA) reactions have been
exploited for selective release of amine by Rossini and coworkers.”® The IEDDA
reaction between a doxorubicin-functionalized trans-cyclooctene (TCO) and a
tetrazine leads to the formation of 4,5-dihydropyridazine, which usually tautomerize
to 1,4-dihydropyridazine. The system, bearing a carbamate in allylic position, is
prone to CO; and drug elimination via electronic cascade mechanism. Following this

work, the same mechanism was applied later to release alcohols by Davies et al.”

1.3.2.2  Self immolative spacers for releasing carboxylic acids

This functional group are widely used for the construction of prodrugs due to the easy
hydrolysis of the corresponding ester in cellular environment. As payload in drug
delivery system with self immolative spacers, release of the carboxyl moiety can be

achieved only through electronic rearrangement and elimination. In the work of Riber
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and coworkers,® they studied disulfide linkers and self-immolative mechanisms
triggered by the free thiol for several functional groups, among which are the
carboxylic acids.

Additionally, few examples are reported for they use in para-amino benzyl based
linkers due to the high instability of the corresponding benzyl ester in human
plasma.?'"83 However, this group is suitable for design new prodrugs or for polymeric

delivery systems.348

1.3.2.3 Self immolative spacers for releasing hydroxyl groups

Aliphatic alcohols are broadly common functional groups in active pharmaceutical
compounds and widely studied as a binding site for delivery systems. In most
examples, they are used in linkers together with a disulfide bridge that, upon
reduction, can generate the free thiol as a nucleophile for the self-immolative
intramolecular cyclization. The most commonly used drugs as payloads with this
function are doxorubicin, dasatinib, camptothecin and gencitabine, which are highly
cytotoxic compounds and can be bound to the spacer via an ester bond.®’ 2 The same
mechanism, but different trigger, has also been reported for the design of novel

prodrugs or as self-immolative linkers.?

Several examples are also available regarding the elimination mechanism,’*%>

one
interesting example, combining the 1,6 and 1,4 elimination for multiple drug
delivery, was reported by Shabat, McGrath and Scheeren.”® They developed a
synthesis of dendrimers that disassemble into their building blocks via a self-
immolative mechanism releasing two or three drug molecules.

Another delivery system that exploits the self-elimination mechanism via a
photosensitive trigger is shown in scheme 6. The spacer has a photocaged C4'-
oxidized abasic site (PC4AP) as a light-responsive moiety where hydroxyl or amine

functional groups can be inserted through a carbonate or carbamate bond and the

carrier of the system is a peptide. This prodrug is stable under physiological condition
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and the photodecage generates an active species able to react with an amine in the

carrier leading to drug release through an addition—elimination cascade.!®

Scheme 6: photorelease of hydroxyl or amine groups (X = NH, O)

All of the examples and mechanisms discussed for the aliphatic alcohols can also be
applied to release phenols. 0114

Recently, a new phosphorus-based self-immolative linker was synthetised for the
delivery of two different drugs. This system was optimised by varying the
substituents on the phosphorus atom and in the benzyl position to achieve rapid
release of the cargo. Self-immolation is triggered by UV irradiation at 365 nm leading
to a free carboxyl function that undergoes intramolecular cyclization on the
phosphate group. This step releases the first drug of the system and hydrolysis of the
cyclic intermediate leads to the release of the second. Simon and co-workers applied

this system to a model phenol.!%
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1.3.2.4 Self immolative spacers for releasing thiols

The release of thiols is still an ongoing challenge as aliphatic thiols cannot be released
from self-immolative PABA-like linkers due to the stability of the corresponding free
aniline. Normally, the thiol moiety is protected as thioester, which undergoes
enzymatic hydrolysis in a cellular environment or as a disulfide bridge that can be
cleaved in the presence of glutathion.!%¢-110

To the best of our knowledge, only one example has been reported for the release of
aliphatic thiols. In 2020, Fernandez and coworkers synthetised a library of thioalkyl-
and thioarylpyridazinediones that can undergo addition—elimination mechanism in
the presence of intracellular GSH to release free thiols. Thus, they investigated the
stability and release in presence of high concentrations of GSH of the compounds

concluding that the only suitable candidate for further studies was compound 19

bearing two aryl thiols.!!'! (Scheme 7)
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Scheme 7: prodrugs under study for the release of thiols reported by Fernandez.'!!

18




Other examples of thiol release with self-immolative linkers involve aryl thiols and
some examples of dithiocarbamates. For the release of aryl thiols, Thomson et al.
studied the release of thiopurines from a linker containing a nitro group as a release
trigger. After reduction and formation of the corresponding aniline, the system
undergoes an immolative 1,6 elimination mechanism with release of the drug. The
study focuses on the influence of the methyl substituents on the benzyl carbon to
achieve rapid and efficient release.!!?

For tioguanidines, two different self immolative prodrugs have been reported and
both undergo an elimination mechanism to release the active compound, however the

spacer’s structures and the triggers are different.'"® (Figure 4)
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Figure 4

Finally, Franz’s group reported a different prodrug bearing a dithiocarbamates bound

to a self-immolative para-amino benzyl spacer, where release occurs after enzymatic

cleavage promoted by y-glutamyl transferase (GGT).!!4!15

1.3.2.5 Self immolative spacers for releasing uncommon groups

For the less commonly used functional groups in this field, not many examples have
been reported, mainly due to the several difficulties encountered to link the self

immolative spacers to the group itself. Most of them are suitable for developing

123-125

16-122 " ketones , esters

efficient and stable prodrugs, like amides 60,126,

127-129

phosphates , and so on.
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The release of hydroxamic acids cannot be achieved with self-immolative PABA-
like system as proven by Cohen and coworkers.'*® However, in different study, they
accomplished to develop a system for a HDAC-prodrug of SAHA where the
hydroxamic group was directly attached to a thiol-sensitive promoiety. (Figure 5) The
stability of the quinone promoiety used against other nucleophiles has been
demonstrated, providing a prodrug that can only be activated in the presence of thiols.
The release mechanism involves an addition-elimination with electronic

rearrangement. 3!
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Figure 5: prodrug bearing hydroxamic acid (SAHA)

For the amide group, prodrugs involving a self immolative spacer contain an ester
bond which can be broken by esterase enzymes leading to the formation of an
unstable N-hydroxy methyl species which undergoes hydrolysis to release the free
function. 611

Additionally, Parveen and coworkers studied prodrugs containing heterocyclic
system for releasing carboxamide active compound after reduction of a nitro group.'*
H.S, persulfides (R-SSH) and related sulfur species can be delivered in a controlled
way through self-immolative prodrugs. Pluth and Chakrapani implemented a class
of dual carbonyl sulfide (COS) / H,S donors based on a benzyl thiocarbamate
structure (R—OC(S)NH-R). The system is based on the reduction of aryl azides that

leads to a self-immolative reaction resulting in the release of benzyl thiocarbamate,

which is then converted into H»S in the presence of the enzyme carbonic anhydrase.!'*
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Another uncommon system has been developed for the release of hydrazine
derivatives via a self-immolating linker taking advantage of a disulphide bridge
cleavage and subsequent intramolecular cyclization.!'3*

An interesting new immolative system for the release of sulfonate-containing
compounds has been investigated. The system is pH-sensitive and is based on Grob
fragmentation, which leads to excellent and fast release under basic conditions but is
also able to release at physiological pH and in some cases even at acidic pH by
controlling the pKa of the pushing group (an amine group).'?

No many other examples are reported for different functional groups and most of the
discussed works have limitations in their application, so finding a new self-
immolative spacer that can be applied to a wide range of functional groups is of great

interest.
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Chapter 11

New self-immolative spacers for the release of different
functional groups under nitroreductase activation

2.1 Introduction

After the general overview of ADC systems and their different components, in order
to better understand how these projects came into being and why they caught our
interest, it is important to give a brief introduction of what is reported for nitro-
prodrugs, how their activation is selective in cancer cells and the class of drugs in

which we are more interested.

2.1.1 The nitroreductase

Nitroreductase (NTRs), which belong to a family of structurally homologous
proteins, are cytosolic flavoenzymes that catalyse the reduction of aromatic nitro
groups to amines using flavin mononucleotide (FMN) and flavin adenine nucleotide

(FAD) as cofactors and NADH or NADPH as coenzymes and electron donors. 36137

Figure 6: The structure of E. coli nitroreductase bound with the antibiotic
nitrofurazone. '3
Nitroreductase are divided into two subfamilies:
- Oxygen-insensitive or Type I. these catalyse the reduction by adding a pair of
electrons taken from NAD(P)H and, before the formation of the final amine, two

intermediates are formed: the hydroxylamine and the nitroso derivative. The
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nitroso species cannot be observed due to its instability, but the hydroxylamine
could be found in the final molecule instead of the corresponding aniline.

- Oxygen-sensitive or Type II. these catalyse the reduction by adding a single
electron to the nitro group, forming an anion radical that could be re-oxidised in
the presence of oxygen resulting in the formation of the superoxide anion, which

is why this type can only completely reduce NO, in the absence of oxygen.!**-

NTR type |
NTR type I >
NHOH

O © 0" O70

anionic nitro nitroso hydroxylamine amine
radical

Scheme 8: reduction mechanism of the two types of nitroreductases.'!

141

Type I nitroreductase are overexpressed in prokaryotic and eukaryotic cells but only

under hypoxic conditions, and consequently in many tumour tissues.

2.1.2 Nitro-prodrugs

Hypoxia is a feature of several diseases. The condition of hypoxia in tumour cells can
influence the effectiveness of radiotherapy. Since the work of Gray et a/'*?, in which
they hypothesised the importance of oxygen in radiotherapy, many efforts have
followed to overcome hypoxia-induced radiotherapy resistance, such as clinical trials
of treatment with hyperbaric oxygen and chemical radiosensitizers.'** Several studies
currently demonstrate the hypoxic condition in tumour cells and the relationship

between hypoxia and radiotherapy success.
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In this field, the nitro group is very versatile and has a strong electron-attracting
character which leads to electron-deficient regions in the molecule that may react
with strong nucleophiles such as proteins, enzymes, or nucleic acids. This group is
present in many drugs such as antibiotics, anticancer drugs, tranquillisers,
antifungals, but also in herbicides and pesticides, and is considered an excellent
candidate for the synthesis of anticancer prodrugs. Prodrugs with a nitro group in
their structure can be applied in the development of 'bioreductive prodrugs', in which
nitro aromatic or nitro heteroaromatic groups, precursors of the corresponding
anilines, are inserted into the structure. These prodrugs rely for their efficacy on

bioreduction to a reactive intermediate.!**

Two types of prodrugs are possible: the first involves the reduction of a nitro-masking
function to generate the bioactive compound, the second is based on the reduction of
a nitro-trigger moiety, then releasing the bioactive agent. The latter found

applications in the development of drug delivery systems and self-immolative
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Scheme 9: the two types of nitro containing prodrugs.
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These prodrugs gain selectivity for the targeted tissue, due to the hypoxia conditions
or for the high level of bioreductive enzymes present in the intracellular environment,
if compared to normal tissues. DT-diaphorase (NAD(P)H (quinone acceptor)
oxidoreductase), aza-reductase, and nitroreductase are examples of reductive
enzymes overexpressed in tumour cells. During the development of a new
bioreductive prodrug, it is important to consider the steps in the process: the initial
activation, the reactivity of the active intermediate with the biological target, the
reactions with oxygen, and finally the consequences in case of the generation of
oxidative stress and reactive oxygen radicals (ROS). '

The nitro group is widely used for the bioreductive therapy and it is generally reduced
by nitroreductase, a family of enzymes whose substrates are compounds with an
aromatic nitro group.

An application involving nitro prodrugs and nitroreductase is the development of
antibacterials that can only be activated by specific enzymes in bacterial cells. Such
prodrugs are often designed to overcome antibiotic resistance, which is frequently
due to drug abuse. An important example is the use of this enzyme, more specifically
the type I, to release nitric oxide from prodrugs containing the NO, functional
group.'*¢!%" Nitric oxide is a potent antimicrobial agent that reacts with oxygen
leading to reactive nitrogen species that alkylate DNA. Sharma et al. published in
2013 a new prodrug (Figure 7) containing the diazeniumdiolate group as a nitric
oxide donor and the nitro group as a trigger for activation in the presence of
Escherichia Coli nitroreductase (NfkB). Reduction to amine or hydroxylamine leads
to electronic rearrangement and release of the diazeniumdiolate anion and subsequent

formation of active nitric oxide.'*®
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Figure 7: release of nitric oxide from the prodrug developed by Sharma et al.'*®

In solid tumours, the hypoxic condition of cells is correlated with tumour progression
and recent studies have also shown that the concentration of nitroreductase is directly
related to hypoxia. This allows the use of these enzymes as direct biomarkers in
tumour diagnosis possible.

An example of biomarker development is the use of fluorescent probes to determine
the concentration of nitroreductase in tissue. Fluorescent probes have a fluorophore
in the structure, which typically is a positively charged molecule that can be excited
and emit fluorescence when irradiated with UV-Vis light. The nitro group, as strong
electron withdrawing group, modulates the fluorophore properties of the probe
through photoinduced electron transfer (PET) from the excited fluorophore to the
nitro group. Nitroreductase, when reducing the NO: to an amine, block the
photoinduced electron transfer of the molecule. This strategy is also being employed

to identify the presence of pathogens in the organism.'?’

Nitroreductase is also the most used enzyme for two different type of therapy
involving nitro-prodrugs: the antibody-directed enzyme prodrug therapy (ADEPT)
and the gene-directed enzyme prodrug therapy (GDEPT).

These therapies were developed to overcome the problems of prodrugs requiring
enzymes not expressed in healthy human cells. These enzymes, when selectively
expressed in tumour cells, allow precise release of the drug, resulting in high

concentrations of the active molecule even at low dosages.
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In ADEPT, the enzyme is bound to an antibody with a covalent bond or through the
recombinant DNA technique. This therapy allows the activation of hundreds of
molecules by a single enzyme but, if the active drug is a small molecule, it can spread
to nearby healthy cells and give side effects. One example is 5-fluorouracil (5-FU),
which can pass through molecular membranes by passive diffusion and affect
neighbouring cells. Another limitation of ADEPT is the enzyme-antibody
immunogenicity, resolved by using the human antibody instead of the murine

antibody.
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Figure 8: ADEPT mechanism.'®

The second therapy, GDEPT or VDEPT or GPAT (gene prodrug activation therapy),
delivers the gene coding for the enzyme into the tumour cells, followed by
administration of the inactive drug. In both ADEPT and GDEPT, a non-endogenous
enzyme is used, but the difference lies in the site of activation: in ADEPT the drug is
activated outside the cellular environment, while in GDEPT it is activated inside the

target cell, since the synthesis of the protein is required.'®
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Figure 9: GDEPT mechanism'#

NTRs are good candidates for EP therapies, especially for GDEPT. The nitro-benzyl
alcohol linker is a key promoiety for many drugs such as doxorubicin, mitomycin C
and nitrate mustards. Therefore, prodrugs containing the nitro group may be
extremely useful not only for the selective presence of the enzyme under hypoxic
conditions, but also for co-administration with nitroreductase, leading to high

activation/release specificity only in neoplastic cells.

An example is the prodrug containing Paclitaxel bonded to (E)-4-nitrostyryl
carbonate. (Figure 10) When this system finds the enzyme nitroreductase, the NO; is
reduced to an anionic radical and subsequently the corresponding amine or
hydroxylamine is formed, which undergoes 1,4 elimination releasing the drug. The

process can be reverted in the presence of oxygen.'>
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Figure 10: Prodrug of Paclitaxel®

Other examples that take advantage of a different self-immolation mechanism are
reported by Ikeda et al., who developed two new anticancer prodrugs containing a 2-
nitroimidazole moiety as the self-immolating group. The release involves
intramolecular cyclization with formation of a six-membered ring and further release
of Doxorubicin and Gemcitabine. They found that these systems are selectively
activated in hypoxia, leading to reduced adverse effects in normotoxic tissues and
improved survival rates in mice.'®!
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Scheme 10: prodrugs of Doxorubicin and Gencitabine and the release mechanism.
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Another important application of self-immolative spacers bearing the NO, group was
the synthesis of prodrugs inhibiting the enzyme tyrosine kinase, a family of enzymes
overexpressed in many tumours. In recent years, several tyrosine kinases inhibiting
drugs have been investigated, the majority of which targets the vascular endothelial
growth factor receptor (VEGFR) and the epidermal growth factor receptor (EGFR),
whose tyrosine residues are phosphorylated, leading to an increase in cell
proliferation. Although tyrosine kinase inhibitors have a better therapeutic window
than classic chemotherapeutic drugs, several adverse effects are caused by the
inhibition of VEGFR and EGFR in healthy organs. In order to reduce the toxicity of
these drugs, a study was carried out to see whether it was possible to use tyrosine
kinase inhibitor prodrugs under hypoxic conditions.

Sunitinib, a VEFGR inhibitor approved for the treatment of gastrointestinal tumours,
and Erlotinib, an EGFR inhibitor approved for the treatment of non-small cell lung
cancer (NSCLC), were chosen for this study. The 2-nitroimidazole-5-yl unit was
linked as hypoxic trigger through a carbamate linkage on important nitrogen which,
if derivatized, should lead to the inactivated compound. For Erlotinib aniline and for
Sunitinib the oxindole nitrogen were selected.

Drug release occurs by a 1-6 elimination mechanism after the reduction of the nitro
group. In order to further reduce the interaction of the two drugs with tyrosine kinases
in healthy tissues, a variant has been synthesised with a second self-immolating
spacer p-amino benzyl (linked to 2-nitroimidazole by a carbamic bond). In this case,
the release involves two steps: the first is the reduction of the nitro group, which
undergoes electronic rearrangement, leading to the breaking of the aromatic amine

bond; the second is always a 1-6 elimination with subsequent release of the drug.'>
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Scheme 11: release mechanisms of the tyrosine kinase inhibiting prodrugs.

2.1.3 HDAC

In eukaryotic cells, the genetic material is enclosed in chromatin, a complex structure
of DNA, histone proteins and non-histone proteins, organised in nucleosomes. Each
nucleosome is made up of 146 DNA base pairs wrapped around an octamer of
histones, which is composed of two H3-H4 dimers and two H2A-H2B dimers.
Histones are basic proteins characterised by an apolar central domain with a globular
structure and N-terminal and C-terminal regions containing a larger amount of basic
amino acids, the most abundant of which are lysine and arginine. The basic N-
terminal regions of histones H2A, H2B, H3 and H4 are very flexible, protrude from

the nucleosome and are the main sites of interaction with DNA; the non-polar zones
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and C-terminal regions are involved in both histone-to-histone and histone-to-DNA
interactions. '™

H1 histones, which wrap around the octamer on the outside, stabilise the final
structure through the interaction of their positively charged C-terminal domains with
the linker DNA strands that connect one nucleosome to another. Depending on the
structure of the nucleosomes, two types of chromatin are distinguished: euchromatin
(relaxed), which promotes the entry of transcription factors, and heterochromatin
(condensed), which prevents gene transcription processes.'>*

The gene transcription is regulated through the two different chromatin states by
enzymes, including histone deacetylase (HDAC) and histone acetyltransferase
(HAT), whose substrates are the g-amino groups of the lysine residues of the N-
terminal histone portions. Histone deacetylase removes the acetyl group from
histones, which are allowed to interact closely with the negatively charged phosphate
groups in the DNA. These interactions give chromatin a compact structure.
Acetylation neutralises the charge and the tails are released from the DNA, allowing
it to be more accessible for transcription.!'>

Thus, HATSs enable gene transcription by acetylating the histone tails, which makes

the DNA more approachable to transcription factors. (Scheme 12)
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Scheme 12: HDAC and HAT in the transcription regulation.

The enzymatic activity of histone deacetylase was first reported in 1969. In humans,

there are four different classes of the enzyme that differ in structure, enzymatic
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function and subcellular localisation. Most of these enzymes are zinc proteins, which

means they have a Zn** ion in the catalytic site that is essential for their function.

Class I. HDACI1, HDAC2, HDAC3 and HDACS. They are ubiquitous and
mainly located in the nucleus where they are involved in cell cycle regulation.
Structurally, they retain the deacetylase domain with short amine and carboxyl
extensions.

Class Ila: HDAC4, HDACS, HDAC7 and HDACY. They are located in the
nucleus and have a domain similar to that of class I but larger than these. They
possess large N-terminal extensions with binding sites for the transcription
factor MEF2 (family of proteins that regulate gene expression) and the
chaperone protein 14-3-3 (family of proteins). These enzymes are mainly
expressed in the heart, muscle and brain.

Class IIb: HDAC6 and HDAC10. HDAC6 acts on cytoskeletal proteins,
transmembrane proteins and chaperone proteins. It is characterised by the
presence of two domains with deacetylase activity.

Class IIl: The mammalian genome also encodes for a further class of
deacetylases, the Sirtuins (they show a sequence homologous to the Sir2 protein
in yeast), which use the cofactor NAD" instead of the Zn*" ion.

Class 1V: HDACI1I1. It is composed of a deacetylase domain that shows

similarities to class I and II and has a small N- and C- terminal extension.'*°

In order to perform their function, these enzymes need to be in the cell nucleus where

their substrate is present in high amounts.

The HDAC mechanism of classes I and II is assumed to be the same as the enzyme

histone deacetylase-like protein (HDLP), a bacterial enzyme from Aquifex aeolicus

whose structure was determined by X-ray in 1999. The crystal structure reveals that

HDLP contains a single catalytic domain composed of o and P regions. At the

carboxyl ends of the B-filaments there are loops which together with the a-helices,

that are not part of the core, are associated with the core structures creating two main

3-D structures: a long, narrow pocket and an inner cavity adjacent to it. The pocket

has a tubular shape, the width decreases towards the middle of its length but increases
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at the end. The inner walls are structurally composed of hydrophobic and aromatic
residues, identical to those of HDACI1. The zinc ion is located at the end of the
hydrophobic pocket and is coordinated with Asp168, His170, Asp258 and a water
molecule.”’

The deacetylation mechanism, shown in the scheme 13, begins with nucleophilic
attack of the metal-bound water molecule on the carbonyl carbon of the substrate, the
acetyl of the lysine of the histone tail, which is made more electron-poor by
interactions with the zinc and the phenol of the aminoacid Y306. In addition, the
coordination with the metal gives greater nucleophilicity to the water molecule,
making the oxygen pair more available. The oxyanion of the tetrahedral intermediate
is stabilised by two coordination bonds with the metal cation and a hydrogen bond
with the Tyrosine297 hydroxyl moiety. H143 is used as a general acid catalyst to

facilitate the breaking of the amide bond and the release of acetate and L-lysine.!>’-15
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Scheme 13: HDAC-catalysed deacetylation mechanism.'*®

2.1.4 HDAC inhibitors

HDAC inhibitors (HDACI) are a class of molecules that reversibly or irreversibly

obstruct access to the enzyme's active site by chelating the cation present at its
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bottom. Although these inhibitors can be differentiated into 7 classes, it is possible to
identify a common pharmacophore with three necessary structural features for

optimal inhibitory activity:

- An aromatic group that allows interaction with the pocket entrance, called a cap

group.

- A terminal group coordinating the Zn*" ion at the bottom of the active site, also

known as the zinc binding group (ZBG).

- A lipophilic linker positioned between the two groups mentioned above, the

optimal length of which is 7-8 carbon atoms.'*

......

' § P oM i

o/ RN
e . ZBG
Cap group

Figure 11: a) example of HDACi b) 3D structure of inhibitor into the enzymatic
pokect.'’

The most interesting classes of compounds for the synthesis of HDACi are
hydroxamic acids, benzamides and thiols, as they have a functional group capable of
efficiently coordinating the Zn**. Much of the biological activities of hydroxamic
acids are due to their ability to chelate metals such as Zinc, Nickel and Iron, which
are found in many enzymes, through the interaction of both the N-hydroxy and
carbonyl groups.'! Two FDA approved inhibitor belonging to these classes are

Vorinostat and Romidepsin. (Figure 12)
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Figure 12: Examples of HDAC:.

However, these molecules show many metabolic and kinetic problems that may lead
to reduced efficacy in clinic, in spite of their have promising preclinical efficacy.'®
They also exhibit dose-limiting toxicity and lack selectivity because they do not
discriminate between HDAC isoforms. HDACs induce a wide range of effects on
cells, including cell cycle arrest, autophagy, apoptosis via both the intrinsic and
extrinsic pathways, and anti-angiogenic effects by suppressing HIF-1a (a factor that
regulates cell transcription and proliferation under hypoxic conditions) and VEGF
(vascular endothelial growth factor).'®" Synthesising HDAC inhibitors specific to
individual isoforms would enable to better understand which role the isoforms play
in healthy cells and in tumour cells.'® In order to achieve better pharmacological
selectivity, structural modifications can be made to the pharmacophore to improve

selectivity towards the target enzyme.

Sigma Tau (currently Alfa Sigma), in collaboration with M. Taddei and co-workers,
studied HDACI, with particular focus on the zinc chelating group. Taking into
account the interesting profile of Romidepsin, compounds containing thiols that
could be used as inhibitors of the enzyme were studied and starting from the structure

of Vorinostat, modifications were made to both the ZBG and the aliphatic chain. The
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hydroxamic acid was replaced with an -SH group, protected as an acetal, and a lactam
carbamide was added as the w-substituent of the methyl chain, giving the molecule
greater inhibitory power. The thioacetal derivative (ST7612AA1 shown in figure 13)
demonstrated high selectivity for cytotoxicity against NCI-H460 and HCT116 cell
lines, together with high inhibitory activity for tubulin and histone H4 acetylation. '’

o]
NH
! !
ST7612AA1
(36)

Figure 13: structure of ST7612AALl.

However, this compound, like the other inhibitors reported in the literature, cannot
eliminate intrinsic toxicity because the target enzyme is ubiquitous, which obviously
results in poor selectivity for tumour cells. To overcome this limitation, it is necessary
to use prodrugs specifically designed to be activated only in the target cells, or
selective delivery systems, such as ADCs.

Recently, ADC systems containing HDAC inhibitors have been developed, including
the active thiol corresponding to the prodrug ST7612AA1'* and drugs containing
hydroxamic acids, such as Vorinostat and Dacinostat.?®.

Two linkers were chosen for these systems:

- a maleimide linker on which the thiol is bound through Michael addition, this

binding will then be cleaved into the target cell via catabolism
- a cleavable linker based on the Val-Cit dipeptide bound to a p-aminobenzyl

group (PAB) acting as a self-immolative spacer.

Both linkers were attached to the EGFR-specific monoclonal antibody Cetixumab
(Ctx) (Figure 14) and studies have shown that after conjugation the properties of the

antibody remain unchanged.
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Figure 14: HDACi ADCs reported.

Internalisation of ADCs was studied in tumour cell lines expressing EGFR Capan-1,
such as NCI-H1975 and A549, and in EGFR-negative cells; the two inhibitors were
successfully internalised and then translocated into the lysosomal compartment.
Inhibitor activity was demonstrated by increased acetylation levels of a-tubulin,
histone H3 and H4 (resulting from direct inhibition of HDAC6 and HDAC class 1).

Despite numerous studies, the mechanism of the inhibitor's release from the non-

cleavable linker is still unclear.
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2.2 Release of thiol containing compounds from heterocyclic
systems and development of new heterocyclic self-
immolative spacer

2.2.1 Heterocyclic self-immolative spacer

Many different self-immolative spacers have been developed in recent years and most
of them use para-amino benzyl alcohol as the core structure. Heterocyclic systems
are less common since PABA is commercially available, but some functional groups
need a change in spacer structure to allow the formation of a sufficiently unstable
intermediate that can go through self-immolative mechanisms. Here we can find the
heterocyclic self-immolative spacers, to be specific the 5-membered aromatic ring
heterocycles. They are less aromatic than benzene and this leads to an easier release
for these groups. Examples can be found in the literature using furan, thiophene,
pyrrole (less common) and imidazole.

To the best of our knowledge, the examples are few and most of them use the nitro
group as a trigger for release into hypoxic cells.

The only reported example that has a different group for activation was recently
developed by Skarbek and co-workers.'® They synthetised 3 different prodrugs
bearing arylboronic esters using Doxorubicin as payload, one being the unsubstituted
benzeneboronate, one being a fluorinated benzene homologue and the third being the
furan ring. Their cytotoxic proprieties were studied in 6 different cell lines and the

results showed that the most effective was the unsubstituted benzene boronic ester.

42 phenyl
43 fluorophenyl
44 furanyl

o}
i N g
HN

Figure 15: structure of the three prodrugs reported by Skarbek.
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The other self-immolating systems reported have the nitro group in position 5 of the

heterocyclic ring.

In the study by Parveen et al. in 1999, the first example of nitroimidazole prodrugs
applied in the release of a cytotoxic agent was reported. Previously, the same research
group had developed a nitrofuran derivative carrying the same drug. (Figure 16)
Taking into account the results obtained for that compound, they claim that the redox
potential of 2-nitrofuran is relatively high (E; = -325 mV for a 5-nitrofuran-3-
carboxamide) for this application, whereas the potential of 2-nitroimidazole is more
appropriate for selective bioreduction in hypoxic tumour tissue (E'; =-389 mV for 1-
alkyl-2-nitroimidazole). Release from the imidazole derivative was obtained after
reduction with NaBH4 and palladium on carbon in aqueous alcohol as a solvent. The
amine passes through a 1,6-elimination mechanism and, under these reaction
conditions, complete release of the active drug was obtained after 10 minutes, when

reduction was carried out with tin(Il) chloride the release occurred in 5 minutes. !3>166

(0] (0]
/
(0] N
@i‘;\lm"\loz @Q/\EN)—NOZ
45 Br 46

Figure 16: furan and imidazole prodrugs.

A few years later, Tercel and co-workers reported an interesting paper in which they
synthesised and compared different aromatic heterocyclic prodrugs to optimise the
nitroheterocyclic system for masking mustard. Starting with the benzyl derivative,
they reported imidazole, pyrrole, thiophene and their regioisomers with the associated
one-electron reduction potential. These prodrugs were tested on different cell lines to
measure toxicity under normoxic conditions and pharmaceutical activity and
selectivity in a hypoxic environment. It was found that the benzene derivative was
the least toxic, but this characteristic was not directly related to the reduction potential

of the compound. Thiophene was the most toxic and least selective, and pyrazole
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derivatives were the most selective. Finally, they concluded that these deviations
were quite variable and there was no obvious correlation with reduction potential or
structure. All these prodrugs are too unstable and toxic for application, although they
are less toxic than free mechlorethamine in vitro and all were more toxic under

hypoxic than aerobic conditions.'¢’

o g_\Ngwj “@ KT 3

Cl

ﬂ V& % h

Figure 17: heterocyclic prodrugs bearing mustard as payload.

An important feature of the compounds reported in these two papers is that the spacer
was bound directly to the drug via the amine functional groups. In 2003, two further
papers with similar systems were published, but in these cases it was necessary to use
a carbamate or ester bond between the spacer and the drug.!®%1%

Other examples that should be mentioned have been published more recently, such
as that of Winn et al. They studied nor-, mono-, and gem-dimethyl nitro-thiophene, -
furan, -imidazole and -benzylic systems. The cytotoxic drug was bound to the phenol
moiety via an ether bond to the spacers and enzymatic cleavage was tested in the
presence of NADPH and cytochrome P450 oxidoreductase. The best results were
given by gem-dimethyl nitrothiophene and gem-dimethyl nitrofuran, which show
good inhibitor activity under hypoxic condition compared with the anticancer agent

phenstatin.!”
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Figure 18: prodrugs reported by Winn ef al.

A comprehensive review on nitro-containing prodrugs was published in 2019 and
also reported the latest developments in the field of self-immolative spacers bearing
the nitro group.'*

Lastly, various strategies for the introduction of the bioreductive nitro group have
been studied by O'Connor ef al. They propose various reactions during the study of a
new prodrug, such as the alkylation of nitrobenzyl halides, reductive amination, the
formation of carbonate/carbamate from nitrobenzyl carbonbrominates and the

esterification of nitroaryl halides. !

From all these examples and their results, it is possible to assume that when
comparing bioreductive groups to each other, since oxygen-dependent reduction in
cells apparently occurs via a single-electron mechanism, the propensity of a particular
group to undergo bioreduction does not seem to be directly related to the

electrochemical reduction potential of a compound.

2.2.2 Aim of the project

As the aromaticity of the system has been thought to influence on the disassembly

kinetics of self-immolative spacer groups,'’>!”3

we supposed that poorly aromatic
five membered heterocycles'’* could be useful as scaffolds for the release of low

acidity compounds.
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Following our interest in selective drug release systems, we chosen to focus on these
structures. Such systems should lead to more unstable intermediates and thus be able
to release functional groups that are not good leaving groups.

Among these groups are thiols, a class of molecules that play a variety of roles both
in biological systems and in several classes of drugs. They have important biological
roles in controlling redox homeostasis and as scavengers for ROS and RNS (reactive
oxygen and/or nitrogen species). Moreover, they are excellent electron donors, which
means that they can easily complex metals present in proteins, working as potent
metal-enzyme inhibitors, 07114175176

Indeed, except for thiol release via reversible disulfide linkage, there are very few
examples of thiol prodrugs.!’*!”” They are not released by PABA-like systems, while
the choice of binding via thiocarbonate or thiocarbamate is not applicable due to the

instability of these functional groups in water/organic media such as plasma.''

A potent HDAC pan-inhibitor (ST7612AA1, structure reported in Chapter 2.1.3,

Figure 13)!6

was developed by Prof. Taddei research group, containing a thiol as the
zinc chelating group. It has shown excellent activity in vitro and significant anti-
tumour activity in vivo.!” The thiol group is masked as thioester, which is rapidly
hydrolysed into the active compound, this drug was also bioconjugated to form an
ADC system.'” However, release through a chemical or enzymatic stimulus was
sluggish. Strong lysosomal metabolism was responsible for the degradation of the
bioconjugates producing the active inhibitor within the cell. Although effective for
conjugation with internalising antibodies, this approach prevents any extracellular

delivery of thiol-containing drugs or other applications for non-oncological

purposes. '8

Assuming that a stimuli sensitive system for release of thiol-containing compounds
may be very useful for a controlled delivery of drugs containing the extremely
reactive sulfhydryl group, we decided to investigate the potential of different

heteroaromatic scaffolds as self-immolative spacers for the conjugation of thiols.
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Thus, the structures studied are furan, thiophene and pyrrole, and the nitro group was
used as a trigger for the release.

We also set out to develop a spacer that could be used in ADC systems. In addition,
to verify the generality of these structures, we wanted to test the system that best

released the thiols for other functional groups.

2.2.3 Result and discussion

2.2.3.1 Procedure for the selective reduction of nitro group

In order to verify the release of the systems, we needed to have a procedure to reduce
the nitro group to the corresponding amine or hydroxylamine. The reduction
conditions needed to be mild and biocompatible to obtain reliable and translatable
results in physiological conditions and to avoid releases due to too harsh conditions.
After an extensive literature research, the procedure reported by Lipshutz in 2016
was selected, which involves the use of Palladium dispersed in Iron nanoparticles
(NPs), in aqueous micellar reaction environment, room temperature and NaBHj, as
reducing agent.'8!

NPs are synthesised from anhydrous FeCls, Pd(OAc), and MeMgCl, under anhydrous
conditions and Argon flow. The formation of the nanoparticles is characterised by

their distinctive yellow-brown colour and, once dried, they must be stored under inert

gas at low temperatures.

1) THF dry
r. t., 20 min
FeCl; + Pd(OAc), Fe/ppm Pd NPs
2) CH3MgClI
r. t., 20 min

Scheme 14: synthesis of nanoparticles.

The described nanoparticles in combination with NaBH4 do not reduce other
unsaturations present in the molecule, such as the double bonds or the fert-butyl

esters. The reaction is carried out in a micellar environment, constituted by water the
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surfactant TPGS-750-M at 2% w/w. The micelle acts as a hydrophobic nanoreactor
capable of incorporating, in the lipophilic core, both the nanoparticles and the
compound that has to be reduced; however, THF (in a low percentage) is also used
as a co-solvent to facilitate the solubilisation of the starting material. TPGS-750-M is
composed of Vitamin E and succinic acid, with a chain of MPEG-750M for substrate

transport within the micelle.
(0]
\O/é/O\%\OM(O
15 0O

Figure 19: TPGS-750-M

57 racemic Vitamine E

The proposed reduction mechanism involves the release of hydride by NaBH4 with
the formation of Palladium hydride on the surface of the nanoparticles. The release
of hydrogen is evident from the gas evolution in the reaction, such as the change in
the oxidation state of palladium leading to the black coloration of the mixture. The
palladium species acts as the reducing agent which, after formation of the nitrous and

hydroxylamine intermediates, enables the desired amine to be obtained.
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Scheme 15: proposed reported mechanism for the reduction of nitro group with
nanoparticles of Pd/Fe.!®!

Performing the reaction in H>O, using micelles, at room temperature and without the
use of acidic conditions allows the physiological environment to be simulated as
closely as possible, which is a prerequisite for demonstrating the effectiveness of the

self-immolative spacer and avoiding non-reproducible results.

2.2.3.2 Study on the release of aliphatic thiols

Before starting the synthesis of the heterocyclic systems, we decided to test whether
a PABA self-immolative spacer could release an alkyl thiol. Therefore, compounds
61 and 62 (shown in Scheme 16) were prepared from the corresponding bromides 58
and 59 and 1-octanthiol (60), which was used as a model for a lipophilic thiol
containing drug. The reduction of the nitro group was carried out using the procedure
reported by Lipshutz based on NaBH4 in the presence of Fe/Pd nanoparticles (Nps)

in an aqueous/micellar solution (2% wt.% TPGS-750-M) at room temperature. '8!
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These conditions, previously described in chapter 2.2.3.1, seem to be the best
"biocompatible" mimetic methodology for the nitroreductase enzyme. By subjecting
compound 61 to this reduction reaction, the formation of the corresponding aniline
63 occurred without any trace of generation of free 1-octanthiol. Furthermore, the
introduction of a methoxy in the ortho position, as with compound 62, had no effect
in facilitating the release of the free thiol, in fact benzyl sulfide 64 was isolated.

(Scheme 16)

1-Octanethiol

O2N R ‘NaCOs, EtN O2N
Br  THF, 16h

58 R=H 61R=H
59 R = OMe 62 R = OMe
Fe/Pd NPs
NaBH, H2N R

H,O/TPGS-750-M S

63R=H

64 R = OMe

Scheme 16

Then, our investigation started with the preparation of S5-nitrofuran and 5-
nitrothiophene having an octylthiomethyl group in position 2. We expected that the
reduction of the nitro group to amine or hydroxylamine would results in the release
of the model compound in solution. Thus, starting from aldehydes 65 and 66, alcohols
67 and 68 were synthesized in good yields (Scheme 17). The corresponding
bromides, obtained using PBr; as a brominating agent, were reacted with 1-octantiol

to give products 69 and 70, which were isolated in acceptable yields.
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70 X = O (34%) 72X=0
Scheme 17

After mixing 69 or 70 with the Fe/Pd nanoparticles and NaBH,4 in the micellar
environment, aliquots of the solution were collected and analysed by HPLC-MS
analysis. After 30 min, we observed the decrease of the nitro derivative 69 or 70 and
the appearance of a peak corresponding to 5-aminofuran 71 or 5-aminothiophene 72.
The complete transformation into compounds 71 and 72 occurred after 2 h at room
temperature, but free 1-octanethiol was not recorded in TLC, ESI/MS and HPLC/MS
analysis. Despite the disappointment for the failed thiol release under these
conditions, we decided to investigate the behaviour of the corresponding 5-nitro-2-
octylthiomethylpyrrole. Surprisingly, only one example of nitro pyrrole triggers have
been described so far, the system bearing a quaternary amine reported by Tercel et
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al.,’®’ probably due to some difficulties to assembly this type of products.

After some test reactions with different starting material and nitration conditions, we
developed an efficient 4-step synthesis of [5-nitro-1-(2-propynyl)-1H-pyrrol-2-
yllmethanol 77 (NPyM) starting from commercially available 2-
(trichloroacetyl)pyrrole 73 (Scheme 18). Nitration of 73 occurred with nitric acid in
acetic anhydride at controlled temperature, affording product 74 in acceptable yield
after chromatography separation from the 4-nitro isomer. The trichloroacetyl moiety
was then converted into the methyl ester (75) and sequentially reduced to the
corresponding alcohol 76 with DIBALH. Alkylation of nitrogen with propargyl
bromide was carried out using Na,CO3; in DMF at 40 °C to give product 77 in
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acceptable yield. Introduction of the alkyne in position 1 of the pyrrole ring was
convenient for the introduction of an additional linker through click chemistry
(Copper-Catalyzed Azide-Alkyne Cycloaddition, CuAACC). Starting from 77,
transformation of the alcohol into Br with PBr; followed by introduction of 1-

octanthiol gave compound 78 in 68% yield. (Scheme 18)

@\chb HNO3, Ac,0 I\ ccCl K,CO3 MeOH
N -40°C, 2 h O2NT ™\ 0 °C, 30 min
© 56% H O 84%
73 74
Br
=
f\ o DIBAL THF ﬂ\/OH K,CO3; DMF
0Ny - 0Ny S
H -60°C, 1h H 40°C, 16 h
© 92% 44%
75 76

/ 2) 1-Octanethiol
Nach& Et3N
Z THF, 16 h, rt. Z

(68% over 2 steps)

ogN/Q\/OH 1) PBrg, THF, 1h OzN/Q\/S\\\j\\
/

Fe/Pd NPs, NaBH,
H,O/TPGS-750-M, 2 h, r.t.

|
~ _
o Hﬁ@l@\\j\\ qHsW\/(\\ o
/ 79 /

T thiol 60 release 80

Nitroreductase from
Escherichia coli B., 5 min

Scheme 18

When compound 78 was submitted to the Fe/Pd nanoparticle mediated reduction of
the nitro group, we were pleased to observe the formation of free 1-octanthiol in

solution with a complete conversion reached in almost 2 h from the addition of the
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reducing agent. The potential of the nitro pyrrole trigger was confirmed by the rapid
release of the thiol in 5 min after addition of the oxygen-insensitive nitroreductase
(NTR) from Escherichia coli B, the standard model enzyme employed to mimic

hypoxic environments.

Moreover, a careful inspection of the reaction mixture HPLC/MS trace, showed a
peak at m/z 133 corresponding to the protonated form of the 5-methylene-3-pyrrolin-
2-imine 80, not stable enough for isolation. The presence of this product demonstrates
that the release of the thiol occurs via a truly 1-6 elimination passing through the
undetected 2-aminoderivative 79. These data clearly demonstrated that 5-nitro-1H-
pyrrol-2-yl-methanol (NPyM) linker is the first example of a platform for the release

of free thiols induced by nitroreductase enzymes.

2.2.3.3 Introduction of a pharmacologically active thiol

The NPyM linker was than applied to the delivery of a pharmacologically active thiol,
present in ST7612AA1 (Scheme 19). After removal of the acetyl group with sodium
methyl thiolate, the solution containing the free thiol 81 was mixed with the solution
containing the bromide 82 obtained from alcohol 77. After stirring at room

temperature overnight, compound 83 was isolated in 22% of yield.
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Scheme 19

Fe/Pd nanoparticle catalyzed reduction of compound 83 with NaBH, released in
solution thiol 81, the active principle of antitumoral prodrug ST7612AA1.

We determined the concentrations of the released product, the byproducts and the
conversion of the starting materials by HPLC-MS at predetermined time intervals.
Chromatograms were obtained using an eluent mixture H,O/CH3;CN with a gradient
of CH3CN 5-95%. Reactions were set up on small amounts of nitro derivatives and
sampling was carried out at 5 times: 0.0 h (t9), 0.25 h (1), 0.5 h (t2), 1 h (t3), 1.5 h (ts),
2 h (ts). In order to determine the released active thiol more accurately, a calibration

curve was made and is shown in the experimental section (see Chapter 1V).

After 1 h, 92% of the free thiol was delivered in solution, while after 2 h the
HPLC/MS profile showed a decrease in the concentration of 81 and the appearance

of a signal associated to the m/z of the corresponding disulfide. (Figure 20) The
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triggering of 81 was also evaluated using NTR reduction. An aqueous solution of 83
mixed with the enzyme (2 pg/mL) and NADH (1 mM) was incubated at 37 °C. The
structure behaved as substrate for NTR and was readily reduced after 5 minutes

giving a completely release of the active thiol 81.

100
®— thiol
90 e

®— disulfide
80

70
60 ) 4

40 ®
30

Concentration (%)

20
10

0 0,5 1 1,5 2
Time (h)

Figure 20: Kinetic curve for the release of active compound after reduction of 83
with nanoparticles. Blue line is the concentration of the free thiol 81, orange line is
the concentration of the corresponding disulfide. The concentrations were
determined with HPLC-MS and calculated with calibration curves.

To develop a new ADC system containing this nitro pyrrole self-immolative spacer,
we decided to synthesise an azide bearing the carboxylic acid group and a TEG tail
to increase the solubility of the final system.

Azide 87 (Scheme 20) was prepared from tert-butyl 5-bromopentanoate (84) which
was reacted with triethylene glycol (TEG) in the presence of NaH. The hydroxyl
group of 85 was activated with p-toluenesulfonyl chloride and subjected to
substitution with NaNj3 to obtain azide 86 in moderate yield. Subsequent hydrolysis

of the ester gave the desired carboxylic acid 87.
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The further CuUAACC reaction with azide 87 gave triazole 88 as free carboxylic acid
in acceptable yields. The introduction of the TEG fragment in the product increased
the solubility in water of our compound and the presence of a free carboxylic function

provided the further conjugation point for the carrier molecule (Scheme 20).




Furthermore, molecule 88 was stable in PBS (pH 7.4 and pH 6.5) and in mouse

plasma for more than 36 h.

Table 1 Stability tests of payload 88

Compound H,O  Buffer pH 7.4% t1,®  Buffer pH 6.5 t1,°  Plasma?, t;,,°
88 99% 96%, >36 h 96%, >36 h 94,8.3h

*Expressed as percentage of unmodified compound after 36 hours of incubation.
°Half-life (t;2) expressed as the amount of time it takes before half of the compound is hydrolyzed/degraded.

With a ti» of 30 min with the nanoparticles and approximately 2 min in the presence
of NTR, compound 88 seemed an ideal system for the costruction of ADC.

The conjugation of 88 with Cetuximab (ctx), a monoclonal antibody targeting
epidermal growth factor receptor (EGFR), was then pursued to verify if our product
could be a suitable cargo to delivery thiols for histone deacetylase (HDAC)
inhibition. Anchoring to ctx was done through activation with DCC and NHS and
further incubation in DMSO/H,O/PBS buffer (pH 7.4) with the antibody using a 20-
molar fold excess of the linker respect to ctx. Purification of conjugate 89 was carried
out by dialysis and DAR was determined by MALDI analysis that showed a DAR of
4.03.

The anti-proliferative activity (MTT assay) of the conjugate 89 is still under

investigation.

2.2.3.4 Introduction of different functional groups

In order to verify the generality of the nitro pyrrole system, we decide to test it for
the release of other functional groups: phenol, aniline, amide and hydroxamic acid
were used and their model compounds were chosen.

The synthetized products are reported in scheme 21.
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Scheme 21

The reactions for compounds 90, 91, 92 involve the bromine derivative 82, obtained
from 77 and PBr; as described above, and the nucleophile in presence of a base. For
each product different conditions had to be used, which are summarized in Table 2
The procedure for hydroxamic acid involves an aqueous solution of NaOH to
deprotonate the starting and lead to the product, however the reaction time has to be

short to avoid conversion of the reactive bromine 82 into the parent alcohol 77.

The preparation of 93, obtained in good yield, was done by acylation of compound

92 due to the difficulties found in the direct use of a model amide.

Table 2: Reaction conditions and yields of the compounds under study.

Compound Reaction conditions Yield
90 82, K»,COs, EtsN, THF, 16 h, r.t. 40%
91 82, NaOH, MeOH, 5 min, r.t. 32%
92 82, Et;N, THF, 16 h, r.t. 24%

93 92, acetyl chloride, Et;N, THF, 1 h, r.t. 75%
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We underwent the reductions of all the compounds under the same conditions (Fe/Pd
NPS and NaBH4 in micellar environment H,O/TPGS-750-M at room temperature),
and we determined the concentrations of the released products, the reduced
byproducts (when no release took place) and the conversion of the starting materials
by HPLC-MS at predetermined time intervals. Chromatograms were obtained using
an eluent mixture HO/CH3;CN with a gradient of CH3CN 5-95%.

Reactions were set up on small amounts of nitro derivatives and sampling was carried
out at 5 times: 0.0 h (to), 0.25 h (t1), 0.5 h (t2), 1 h (t3), 3 h (ts), 8 h (t5). With the
increase in the concentration of the model compounds it was possible to represent the

kinetic curve for each of the systems tested. (Figure 21)
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Figure 21: Kinetic curves of the release of a) 3-methoxyphenol, b) SAHA, ¢) o-
toluidine, d) N-(o-tolyl)acetamide. Concentrations are reported as a percentage of
the free compound detected by HPLC-MS.

The release of the phenolic group ended after 0.5 h, leading to the complete

disappearance of the starting, in which case the corresponding reduced compound
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was never identified. The release of the hydroxamic acid also took place with
relatively fast kinetics, and after 1h the plateau was already reached. However, in
this case the formation of the corresponding reduced amine was detected 15 minutes
after the start of the reaction. As for the release of aniline, this occurred more slowly,
it took 8 h for the complete release of o-toluidine and the disappearance of compound
92. Lastly, the release of the amide exhibited comparable kinetics to those of the
phenol and the formation of the reduced compound was not identified in this case

either.

Table 3: ti» (h) values obtained for the release of different functional groups from the
pyrrole system after reduction with Fe/Pd NPs.

ST 50 51 52 53
ti2 (h) 0.54 0.15 0.22 0.85 0.28

2.2.4 Conclusions

In conclusion, we demonstrated that the 5-nitro-1H-pyrrol-2-yl-methanol spacer can
be employed for drug delivery of thiols in hypoxic biologic environments and the
cargo is suitable for conjugation of cytotoxic drugs with an antibody carrier. The
NPyM linker is stable in plasma and possess all the features for the preparation of
different reduction responsive materials based on a thiol/sulfide function. Orthogonal
reactivity is also possible introducing azides, alkynes, tetrazines or other fragments

for click chemistry, to access easy conjugation with macromolecular carriers.

The pyrrole based self-immolative spacer is also suitable for releasing a wide range
of functional groups that are not commonly released by PABA-like spacers and they

can be stably bonded to the core structure.
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2.3 New Morita-Baylis-Hillman adducts for the selective
Nitroreductase-mediate drug release

Before introducing this project, it is necessary to give a very short introduction of the

reaction which gives the name to the chapter: the Morita-Baylis-Hillman reaction. It

is also important explore its reported application in the fields of organic synthesis and

medicinal chemistry.
2.3.1 Morita-Baylis-Hillman reaction and its applications

The Morita-Baylis-Hillman reaction (MBH reaction, Scheme 22) is widely used in
organic synthesis and medicinal chemistry. MBH reaction was reported for the first
time in 1968 by K. Morita,'®? and it was further explored in a patent published in
1972 by Baylis and Hillman. This reaction is one of the simplest and most useful
methods to form a new allylic alcohol by forging a new carbon-carbon bond,
combining an aldol and an elimination reaction in a single step, providing structures
widely employed in the synthesis of pharmaceutical compounds.'®?

The product is obtained by reacting together an aldehyde with activated alkene, like
alkyl vinyl ketones, alkyl (aryl) acrylates, vinyl-sulphones, acrylamides, allylic
esters, vinyl sulfonate and vinyl phosphates, in the presence of a tertiary amine as
catalyst. The most commonly used amine is 1,4-Diazabicyclo[2.2.2]octane (or
DABCO), but various tertiary amines have been reported. The reaction conditions
are very mild although reaction times are quite long and several days are needed to
obtain a good yield. Conventional or MW dielectric heating have been reported to

accelerate MBH reactions.

/\n/ ~ DABCO, THF o~
rt., 5 -6 days
96

Scheme 22: Morita-Baylis-Hillman reaction.
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The mechanism (Scheme 23) involves an initial nucleophilic attack by the tertiary
amine on the double bond of the Michael acceptor, leading to the formation of a
zwitterionic intermediate. The a-carbon of this charged intermediate has electron-
rich character and can react with the carbonyl group of the aldehyde to generate the
following intermediate which spontaneously undergoes intramolecular proton
transfer, resulting in the generation of the final MBH adduct, releasing the catalyst
by elimination. All these species are in equilibrium, thus accounting for the slow

reaction kinetics.'$*

O (), Q) ().
“\//\H/O\ _— K/ko/ — o~ & o~

7 o8 0
SO

Scheme 13: mechanism of Morita-Baylis-Hillman reaction

In medicinal chemistry, this reaction is used for the synthesis of quinolines,
heterocyclic aromatic compounds that can be found in several drug classes, such as
synthetic antimalarials, antibacterials (ciprofloxacin and norfloxacin are some
examples) and HIV-1 protease inhibitors.!#>!86 Quinolines are synthesised from 2-
nitro benzaldehyde and acrylic esters or ketones, using DABCO as catalyst. The
wide-ranging applications of this reaction prompt to research for conditions to
improve the yield and increase stereochemical control. Since a pro-chiral electrophile
is involved, ultimately leading to the formation of a new stereogenic centre,
asymmetric synthesis can be employed in order to control its configuration. It was

observed that the yield decreases when the steric hindrance increases on the Michael

59




60

acceptor. In addition, electron-donating substituents on the aromatic ring decrease the

reactivity of the aldehyde, increasing the electron density of the molecule, and thus

adversely affect the reaction kinetics; while electron-withdrawing groups, such as the

nitro group, promotes reactivity.

After obtaining the MBH adduct, reduction of the nitro group in ortho position leads

to the formation of the corresponding aniline, which may undergo cyclization and

form the quinoline core. Cyclization may occur on the double bond, by conjugate

addition, or on the carbonyl group, by nucleophilic attack. (Scheme 24) Substitution

on the carbonyl and the nature of the leaving group may have an influence on the

obtained product.

OR' O

©\)\H)LR2 Reduction
NO

<
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Nucleophilic substitution
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R2 = OAIK/Ar

Nucleophilic
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Scheme 24: reduction of the nitro group and possible cyclization via nucleophilic
substitution or conjugate addiction on generic MBH adduct.



When reduction of the NO, group is carried out with H, and Pd/C, nucleophilic
substitution is favoured, forming quinolines if Michael acceptor is a vinylketone, or
quinolones when the substrate is an acrylic ester. If the reduction leads to the
formation of a hydroxylamine, or the cyclization has very fast kinetics, the product is
a quinoline N-oxide.'®” On the other hand, reduction with tin(II) chloride proved to
be substrate-dependent, e.g. if the starting material is an ester, conjugate addition on
the double bond will be favoured instead of nucleophilic attack on the carbonyl group.
However, in all cases, an increase in steric hindrance on the acrylic ester leads to

cyclization by conjugate addition.'%!%

The secondary alcohol obtained from the MBH reaction can be modified and
functionalized on the allylic carbon with other nucleophiles. As shown in Scheme 25,
upon synthesis of the bromine derivative, a nucleophilic substitution with DABCO
can be carried out, forming a charged intermediate that can react with a nucleophile
by Sx2’, giving the final substituted product. This mechanism resembles that of the

Morita-Baylis-Hillman reaction.'®

0 Br' o NHR O
Q/\E‘\o/ DABCO MO/ NH,R o~
Br rtj/\
101 102 %N 103

Scheme 25: introduction of nucleophile in allyl position.

The products of the MBH reaction have also found multiple applications in organic

chemistry as valuable substrates for various reactions, such as the Friedel-Craft,"!

2 3 4

Heck coupling,'? Diels-Alder reaction,'”® radical reactions,'”* cycloaddition

reactions,'”®  hydrogenation,'”®  photochemical transformations,'””  Claisen

198 dihydroxylation,'* epoxidation,?® aziridination,*!

rearrangement
aminohydroxylation?? and so on; leading to the discovery of various new pathways
and strategies with high levels of stereochemical control. Several natural products

and biologically active molecules were also synthesised using the Baylis-Hillman
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methodology.'®® Finally, this reaction became an innovative source for combinatorial
chemistry and for the synthesis of molecules exhibiting liquid-crystalline

properties.'®?

2.3.2 Aim of the work

As mentioned before, the development of a new self-immolative spacer that can
release different functional groups is an ongoing challenge in the field of drug
delivery systems.*® Structures reported in the literature can release common
functional groups such as amines, alcohols and acidic phenols, but for drugs that do
not bear these groups, only a few strategies to bind them are available and they
present many limitations. Intramolecular cyclization is the best choice when the
intermediate with the free nucleophile is too stable to give elimination through the
electronic cascade (for detailed mechanism see chapter 1.3.1), but this strategy has
the limitation of needing an electron-poor group and consequently the most used are
the same common functional groups carbamate or carbonate already reported.

To develop a new self-immolating spacer that could overcome these limitations, we
needed to find a structure that would allow us to obtain an intermediate that was
sufficiently unstable to undergo intramolecular cyclization even when the bound drug
functional group was not an optimal leaving group. The formation of a six-membered
ring could be sufficiently thermodynamically favoured, so we thought that product I,
where the precursor allyl alcohol can be obtained from an MBH reaction, could
generate a reactive aniline II leading to the release of the group in the benzyl position.

(Scheme 26)

) (0] (0]
Reduction
OR N OR X OR * O
NO I\GI; N
2 2 N
| 1} ]l

Scheme 26: intramolecular cyclization mechanism for a model structure.
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The main challenge is to check whether the aniline intermediate can be sufficiently
reactive to undergo intramolecular cyclization and which functional groups can be

used being compatible with the carbonyl moiety present in the molecule.

2.3.3 Result and Discussion

2.3.3.1 Synthesis of the self-immolative spacer and introduction of different
functional groups

The synthesis of the system was carried out by Morita-Baylis-Hillman reaction
between o-nitro benzaldehyde and fert-butyl acrylate, in the presence of DABCO as
a tertiary amine catalyst. The reaction took six days to be completed, however yields
were high and side products absent. Even if the starting material was not completely
consumed, it was recovered and the purification was simple. The fert-butyl ester was
chosen to have a higher steric hindrance and a more electron-rich character, hoping

to avoid amidation as a side reaction upon reduction of the nitro group.

O OH O
| o} X DABCO,THF o><
+
\)Lo 6 days, r. t.
NO; 90% NO;
104 105 106

Scheme 27: MBH reaction between o-nitro benzaldehyde and fert-butyl acrylate.

With the allylic alcohol in hand, the hydroxyl group needed be converted into a good
leaving group. Several procedures are reported in the literature to achieve this
purpose, initially we decided to convert compound 106 into a chlorine derivative with
POCIl; and DMF. This reaction was carried out leading to a high yield, with the
hypothesised mechanism, highlighted in scheme 28, involving the Vilsmeier
intermediate (the chloroiminium ion) and subsequently the formation of an oxonium
ion (structure 107). The next step was the nucleophilic attack of the chlorine anion

on the double bond leading to electronic rearrangement and release of DMF.2%
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Scheme 28: Proposed mechanism for the synthesis of compound 109.

Thus, 109 was submitted to nucleophilic displacement of the chlorine with 2-nitro
benzyl sulfonamide, as a model. Unfortunately, this reaction showed the formation
of a side product (112) due to the Sx2 substitution instead of the Sn2’ on the double
bond. (Scheme 29) The two products were also difficult to isolate, but no other side

reactions or degradation of the starting materials was observed.

OH O x POCI;, DMF 0o
DCM X
0 X (¢}
30 min, r. t.
NO, 69% NO, “CI
106

109
SO,NH,
16 h, . t. @(
’ 110
360/0 No2
Et;N, THF

0,8.

NH O X 0 X
(0} + X O
NO, NO,™NH
111 112 028
60% 40%
Scheme 29

Other reaction conditions were tested, a strong base such as NaH led to the formation
of only the unwanted compound 112, and the use of DMAP gives only a slight change

in the relative amount of the regioisomers.



Then, the way of activating the allylic alcohol 106 was changed converting the
hydroxyl group into a good leaving group through reaction with ethylchloroformate.
(Scheme 30) The procedure involves the use of LIHMDS at low temperature leading
to 114 in excellent yield. The sulphonamide nucleophile derivative was then changed

to the more nucleophilic 4-methyl benzyl sulphonamide.

S LN

OH © clI” o™ o)\ SO,NH, NH O
>< LIHMDS, THF >< DABCO,THF
o) o
40 min, -78 °C Sdays,rt.
NO, 97% NO, 44% NO,
106 114 16
Scheme 30

For the introduction of sulphonamide, we used a reaction catalysed by a tertiary
amine (DABCO in Scheme 30), with a similar mechanism to the Morita-Baylis-
Hillman reaction, going through a charged intermediate between the amine and the

unsaturated substrate, followed by the substitution by the nucleophile. (Scheme 31)
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Scheme 31: proposed mechanism for the reaction MBH-like.

The reaction worked reasonably well, with no side products although in moderate
yield. With this procedure different nucleophiles were introduced selectively in the
benzylic position. The choice of groups used in this project was determined by the
aim of testing the larger possible set of functional groups for the innovation of the

designed delivery system.

Phenols are susceptible to extensive first-pass effects in the body and reduced
absorption by passive diffusion, often due to their low lipophilicity, and these

problems limit their use as active compounds.?*

In addition, for anticancer drugs
such as Combretastatin A4 (Scheme 32), there is also reduced selectivity towards
neoplastic cells. To overcome these limits, they are often bound to protective groups
or to self-immolative spacers through the formation of a ester or sulfate, that show
low metabolic stability.'>?% In our system, however, we would like to achieve direct

ether linkage to the delivery system.
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Therefore, to study the reactivity of non-acidic phenols, we selected 4-tert-
butylphenol as a model compound, a molecule which has an electron-donating group
in para position. The reaction was carried out under the same conditions as for

sulphonamide, resulting in product 119 in 49 % yield.

o™ ><©\
HO
+
0 5 days, r.t. O><
49%
NO, NO,
118 114 119

Scheme 32: insertion of phenol.

Indoles are present in numerous classes of drugs such as anti-hypertensives,
analgesics, anti-HIV and anticancer drugs; one example is the anticancer drug
Cediranib, an inhibitor of the tyrosine kinase enzyme.

This group is difficult to release from PABA-like self-immolative spacers and its use
in controlled release systems is therefore extremely limited. In order to promote the
nucleophilic attack by indole, it was necessary to slightly modify the reaction
conditions, still using the MBH-type mechanism. Performing the reaction at 40 °C in
DCM (Scheme 33), a yield of 27% was obtained, which is most likely due to the low

nucleophilicity of the indole nitrogen and the low acidity of the proton bound to it.
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Scheme 33: insertion of indole.

Thiol-containing drugs are difficult to release from self-immolative spacers and the
few examples in the literature employ a disulphide bridge, which is not particularly
stable in a physiological environment, or an acetyl group as a protecting group.'’%!”’
Their possible release from a system to which they are bound as thioethers would be
extremely advantageous as, to our knowledge, there are no reported examples. The
molecule chosen for the study is N-acetyl-2-cysteine, a pharmacologically active
compound.

As free carboxylic acid moiety could compete in the addition reaction of the molecule
on compound 114, it was protected by esterification with SOCI, in MeOH to obtain
the corresponding methyl ester. Once the esterified derivative 122 was obtained, the
next reaction was carried out under standard conditions with DCM as the solvent.

The product was isolated in excellent yields as a mixture of the two diasteroisomers

in a ratio 1:1, identified by '"H NMR spectrum analysis. (Scheme 34)

P n

N__O
o

o/\
)CJ’\ ,@ >< DABCO,DCM S 0
N 16 h, rt. OX
N M A M
NO,

Scheme 34: insertion of aliphatic thiol.
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The last two functional groups studied were a secondary amine and a hydroxamic
acid, and two commercially available drugs were used as model compounds.
Ciprofloxacin, an antibiotic belonging to the fluoroquinolones family and, as an
antibiotic, of particular interest for the development of prodrugs that can be activated
by the nitroreductase enzyme expressed in prokaryotic cells, was chosen for the
amine. The NH group of piperazine has a high basicity and nucleophilicity but, as
with N-acetyl-2-cysteine, it was necessary to methylate the carboxylic acid to avoid
the formation of by-products.

Esterification was performed, as reported in the literature,?®® by suspending
Ciprofloxacin in MeOH and treating it with p-toluenesulphonic acid. The methylated
compound 124 was obtained in quantitative yield and no purification was required.
The protected Ciprofloxacin was then reacted with compound 114 under standard

reaction conditions and the product was obtained in moderate yield (52%).

W o >< DABCO,DCM N~ O ><
+ _— >
F 0 16 h, r.t. o
N 52%
NO, NO

2

124 114 125
H

Scheme 35: insertion of secondary amine.

For the last class of molecules, the hydroxamic acids, Vorinostat (33, SAHA), an
HDAC inhibitor currently in use for the treatment of malignant tumours, was used. It
has several side-effects due to its non-selectivity towards tumour cells, so
synthesising a prodrug of SAHA that can only be activated in specific targeted tissues
would reduce its toxicity.?”” The reaction with the carbonate made it possible to obtain

the product, even if in low yield.
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Scheme 36: insertion of hydroxamic acids

Summarizing, the functional groups successfully introduced were sulphonamide,
phenol, indole, hydroxamic acid, thiol and secondary amine. The products obtained

are collected in Scheme 37.
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Scheme 37: product obtained with the different functional groups for testing the
release with the self-immolative spacer.
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2.3.3.2 Kinetic study of the releases

The proposed release mechanism involves intramolecular cyclization with the

formation of a 6-terminal cycle that should be thermodynamically favoured.

We carried out the reductions of all the compounds under the same conditions, and
we determined the concentrations of the released products, the reduced byproducts
(when no release took place) and the conversion of the starting materials by HPLC-
MS at predetermined time intervals. Chromatograms were obtained using an eluent
mixture H,O+HCOOH 0.1% /CH3CN+HCOOH 0.1% with a gradient of CH3CN 20-
95%.

Reactions were set up on small amounts of nitro derivatives and sampling was carried
out at 6 times: 0.0 h (to), 0.25 h (1), 0.5 h (t2), 1 h (t3), 2 h (t4), 6 h (t5), 8 h (ts). With
the increase in the concentration of the model compounds it was possible to describe

the kinetic curve for each of the systems tested. (Figure 22)
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Figure 22: Kinetic curves of the release of 4-methyl benzyl sulphonamide (red
line), 4-tert-butyl phenol (pink line), 5-methyl indole (violet line), methyl acetyl-
cysteinate (green line), methyl ciprofloxacin (light green line) and SAHA (blu line).
Concentrations are reported as a percentage of the free compound detected by
HPLC-MS.

The first case was the one bearing a sulphonamide, the free functional group was
detected after 15 min together with the dihydroquinoline derivative. As it is
highlighted in the graphic in figure 22, the release time was 8 h, then the plateau was
reached and the starting material completely consumed.

The second compound studied was the phenolic-derivative 119. In this case the

release was faster than the previous one, as showed in the kinetic curve (Figure 22).
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After the first hour, the concentration of the phenol was already high, and after 2 h
the reaction was complete.

For the compound bearing the alkylated indole, the reduction of the nitro group was
fast and it finished after 1 h, but the release was slow. This led to the identification of
the corresponding aniline before the intramolecular cyclization in the HPLC-MS
chromatograms. The concentration of the 5-methyl indole kept increasing until 8 h
making necessary another analysis after 12 h, where the release was finished.

We were gladly surprised by the release of the thiol kinetic profile. After 15 minutes
the concentration of the free compound 122 was already high, even with the reduction
of the nitro group not completely finished, and the corresponding amine was never
detected. After 2 h, methyl-acetyl-cysteine was completely released and the starting
material consumed.

For the release of the secondary amine 124, we expected that the release of amine
should be fast due to its good group leaving capacity. After 1 h, two picks in the
chromatogram, corresponding to the free drug and to the dihydroquinoline derivative,
were already clearly evident and the release finished in the next hour. (Figure 22)
The last case studied was the hydroxamic acids. In this case, the reduction was fast
and after only 30 min the starting material 126 was already consumed, detecting both
the drug and the aniline derivative. The intramolecular cyclization required another
30 minutes, after which the pick of the aniline disappeared resulting in the fastest

release obtained.

Table 4: t2 (h) values obtained for the release of different functional groups from the
MBH system after reduction with Fe/Pd NPs.

116 119 121 123 126 125
ti2 (h) 4.41 1.07 4.34 0.4 0.61 0.81

Analysing the results, it is possible to observe how fast the phenol, hydroxamic acid
and secondary amine were released, but surprisingly the fastest was the release of the
aliphatic thiol. Slower kinetics were obtained for sulphonamide and indole, but all

the functional groups tested were released unmodified within a reasonable time.
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2.3.3.3 Synthesis of new functionalized self-immolative spacer

Following the good results obtained for the model system with several functional
groups, the introduction of a terminal alkyne into the structure of self-immolative
spacers was considered for its application in more complex delivery systems such as
ADCs.

For the new molecule, we chose to start with vanillin, which is commercially
available, cheap and has a phenol that could be functionalized to introduce the
unsaturation of interest.

Thus, the synthesis started with the alkylation of the hydroxyl group with propargyl
bromide and potassium carbonate as a base. The reaction works well and the product
127 was obtained in high yield. The second step was nitration under standard
conditions, the sulphonitric mixture allows the regioisomer 128 of interest to be
isolated in acceptable yield after column chromatography, and sequentially the MBH
reaction was carried out under the same conditions as previously described. Finally,

the alcohol 129 was activated as carbonate. (Scheme 38)
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Scheme 38

A model drug, Ciprofloxacin methyl ester (124, CpxMe) was then introduced into the
final structure to test the applicability of the system and in particular its stability under

physiological conditions. Our biggest concern was the possible nucleophilic attack
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on the double bond by plasma proteins or free thiols, which could result in the

uncontrolled release of the payload.

o N

02\0 0 [N] o}
CpxMe
0 0
- - OtBu
MOBU DABCO I;f\’(u\
0 NO, bCM 0 NO,
/ 130 / 131

Scheme 39

Initial tests were unsuccessful since compound 131 was completely insoluble in
water. Samples were prepared with DMSO as cosolvent in different amounts, the last
of which was 1:1 (DMSO:plasma) and again the compound precipitated. To increase
the solubility, a TEG tail was introduced on the alkyne through a click reaction. The
azide 134 was synthesized according to literature procedures and obtained with

moderate yield.

o)
TsCl, EtsN %20 NaN; DMF
/\1/0\/“)\ /\’(,O\/\)\ _S ; /\’(/O\/\)\
HO 2% pem, r t, 3n HO 20 80°c,16h HO N3
132 53% 133 quant. 134

Scheme 40: synthesis of the azide

The click reaction was carried out at room temperature using Cu(OAc), and sodium
ascorbate as catalysts, in a mixture of DMF and water as solvents. The crude reaction

mixture was purified, allowing to obtain the compound 135.
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With the final product in hands, we were able to test the plasma stability and we were
glad to find that the system was more stable than expected, 89.9% of unmodified
compound was found after 24 hours of incubation and the half-life (ti,2), expressed as
the amount of time it takes before half of the drug is hydrolysed/degraded, is more
than 48 h.

Table 5 Stability tests of compound 135.

Compound H,O  Buffer pH 7.4, t1,® Buffer pH 6.5, t;,°  Plasma?, t;°

135 99% 94%, >48 h 94%,>36 h 89.9%,>48 h

“Expressed as percentage of unmodified compound after 24 hours of incubation.
®Half-life (t,2) expressed as the amount of time it takes before half of the compound is hydrolysed/degraded.
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2.3.4 Conclusions

A new self-immolative spacer has been synthesised and successfully applied to the
release of different functional groups present in many drug classes. The release
trigger involves the reduction of the nitro group, which allows its use in conditions
of tissue hypoxia or for therapies involving the nitroreductase enzyme. This system
can be used for the synthesis of prodrugs. We further developed a derivative
containing a functionalized terminal alkyne to expand the application to more
complex delivery systems. The starting compounds employed in the synthesis of the
prodrugs are cheap and easy to find, and the synthetic steps are simple and not
difficult to purify, which highlights the potential of the new releasing system in higher

scales. Finally, the stability of the system in plasma was successfully verified.
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Chapter 111

Design of new photolabile protecting groups for the
selective release of drugs in the NIR region of UV-Vis
spectra

3.1 Introduction

3.1.1 Photoremovable protecting groups

In chemistry, a protecting group is the moiety that masks a functional group to protect
it from undesired reactions. Photoremovable protecting groups belong to the category
of light-sensitive substances that allow to mask functionalities and subsequently
uncaging after irradiation with a light of a suitable wavelength. The light is a reagent
leaving no traces in the process, the removal occurs in mild conditions and does not
require additional chemical reagents. Photoremovable protecting groups were
introduced in organic chemistry in 1962 by Barltrop®® and Barton**” followed by

210 and Kaplan®!'' who first reported the photoactivation of cyclic adenosine

Engels
monophosphate (cAMP) and adenosine triphosphate (ATP), using the photolabile 2-
nitrobenzyl and (2-nitrophenyl)ethyl groups. Since then, photolabile groups have
been a keystone in optochemical biology. They have been used for the light regulation
of many biomolecules,?!? providing precise spatio-temporal control over biological

processes in the cellular environment.?'




FF

Figure 23: some class of photoremovable protecting group.

The development of an efficient PPG is related to its application, but there are some
general features that must be respected.

In general, a PPG should have a high quantum release yield (®), and a high value of
molar extinction coefficient (g). The molar extinction coefficient expresses the ability
of a light-sensitive compound to capture photons, while the quantum yield is a

measure of the compound's ability to translate this absorption into a chemical event.
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The quantum yield is given by the number of moles of product formed divided by the
moles of photons absorbed.?'* The product of these two parameters yields the
quantum efficiency (¢®), which is used to measure the reactivity of the photosensitive
compound.?!3-216

A PPG also needs to be pure, have low intrinsic activity and be thermodinamically
stable before and after the photorelease. Their byproducts accompanying the release
cannot absorb at the wavelength used for deprotection to prevent competitive
absorption and the PPG and the byproducts must not react with other molecules
present in the reaction environment. Furthermore, it is essential that the PPG should
not cause the formation of radical species.?!’

In order to be applied in the biological field, PPGs must not only fulfil all the
characteristics listed above, but also need to be biocompatible and not be reactive
with the biological target. They have to absorb a wavelength greater than 350 nm, to
avoid the undesired breaking of covalent bonds, that can occur due to the high energy
of light at shorter wavelengths, and the interaction with biological macromolecules
or tissue damage. They should also be soluble in aqueous media, not interfere with
the pharmacodynamics of the system and the byproducts, in addition to being
transparent at the irradiation wavelength, need to be non-toxic.*'®

Lots of different class of PPGs were developed but most of them are not suitable for
in vivo application. The ones that have the right features became part of

photocleavable linkers for the design of new prodrugs and drug delivery systems.?!’

3.1.2 Photocleavable linkers

In medicine and pharmacology, selective drug delivery is a topic of increase interest
that includes a wide range of different approaches. In this context, one of the most
common problems in drug therapies is the low accumulation rate of drug molecules
in the targeted area.>**

The two main types of stimuli considered for selective drug release are:
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- Endogenous stimuli (pH, enzymes, redox reactions, etc.)

- Exogenous stimuli (light, magnetic field, ionising radiation, etc.)

Figure 24: 3 stimuli subclasses: chemical, physical, biochemical.

In recent years, research has increasingly focused on the development of
photosensitive drug delivery systems to achieve targeted drugs that can only be
activated after a light stimulus. In this field, photosensitive systems have been
designed to be cleaved only with a specific wavelength, allowing spatial and temporal
control over the release of the active compound. Spatial control enables greater
accumulation of the drug in the target cell, on the other hand, temporal control gives
precise regulation of the amount of drug to be released into the cell. The efficiency
of these systems depends on the external light properties used.??!

The parameters to be taken into account are light intensity, absorption and irradiation
time.

Light interacts with tissues by diffusion and/or absorption since the depth of light
penetration is inversely proportional to the attenuation coefficient. The power and
wavelength can be precisely adjusted for different photoreactive systems to achieve

tissue, cellular or subcellular release.
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For in vivo drug delivery, the wavelengths that can be used should be in the range of
400 - 900 nm, shorter wavelengths have been shown to be damaging to cellular tissues
whereas excitation in the near-infrared can lead to tissue heating.?*%?2

The light spectrum is divided into UV (200-280 nm UVC, 280-320 nm UVB and
320-400 nm UVA), Vis (visible, 400 - 650 nm) and NIR (near infrared, 650 - 2500
nm).

Systems that respond to UV and visible radiation can be used for topical treatments;
radiation below 600 nm cannot penetrate deeper than 1 cm into the tissue due to high
scattering and absorption by haemoglobin, oxyhaemoglobin and water, indeed UV
radiation from the sun is one of the main factors behind skin cancer. This limitation
in the wavelength and the difficulties in developing new structures with a high
absorption maximum are partly responsible for the intense interest in two- photon
excitation.?**

Near-infrared light between 650 and 900 nm can reach up to 10 cm into tissues and
causes minimal damage to the target tissue, making it preferable to other types of
light for triggering the release of a drug into a biological system.?*

The ability of tissues to penetrate light is dictated by several parameters. First, the
nature of the tissue plays a key role, as some tissues are more transparent to light than
others. In addition, the parameters and technology of light delivery can also modulate
tissue penetration and when the tissue depth is an issue, new alternative technologies
such as biodegradable fibre optics or small wireless light sources can be
employed.??%??’

Regarding the wavelength, if too short, it is impossible to penetrate the tissue and
damage is possible. However, the main limitation is the ability to generate the photon
flux required to trigger the desired effect. Two parameters are generally used, the
molar extinction coefficient (¢) and the quantum yield (D).

They are parameters introduced to evaluate the reactivity of PPGs but obviously used
also to determine the efficiency of photosensitive drugs. The product of theme, the
quantum efficiency (e®), is the most used in phototherapy to measure the reactivity

of the photosensitive drug.*!*2'¢
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As a consequence of all these limitations, only recently the attention has been focused
on the development of novel high-wavelength activated photorelease systems that
can be used in vivo and many efforts have been made in this regard. Numerous
nanostructures such as liposomes, polymeric nanoparticles, micelles, and polymer-

drug conjugates have been recently developed.?*¥ 2%

Two strategies are usually employed to construct a photolabile therapeutic agent. The
first requires a function, essential for the pharmacological activity, bounded to a
photolabile group. The compound becomes inactive and, after irradiation, release of
the native structure occurs reactivating the biological activity. The second strategy
involves the use of a carrier to which the compound is attached by a photolabile bond
that can be cleaved by irradiation to release the drug. This approach does not

deactivate the compound through a structural modification but by preventing its

interaction with the biological target.?**

Since phototherapy started to attract general attention, several reviews, on

220,235 219,225,236

nanocarriers , photolabile protective groups , prodrugs and mechanisms

d221,234

involved in the release of the active compoun , have been published. Therefore,

in this thesis we will discuss only the topics strictly related to the projects.

&3




3.2 Rational design of a new BODIPY derivative for
photosensitive drug delivery systems

3.2.1 BODIPY

Boro-dipyrromethene (BODIPY), a fluorescent dye whose structure resembles that

of porphyrins, has been extensively studied in recent decades.

N A\
N\_N_ N
N
FF
136

Figure 25: structure of BODIPY

In 1968, the synthesis was first reported by Treibs and Kreuzer®*’, but it is only in
recent years that the focus has been on studying its properties and the various
applications in different fields of research. They noted that the acylation of 2.4-
dimethylpyrrole with acetic anhydride and boron trifluoride, as Lewis acid, led to the

formation of a highly fluorescent compound.

ACZO

N NH N=<
H
137 139
ACzo
BF3 Et,0

Scheme 42: first reported synthesis of BODIPY.

The core structure consists of two pyrrole rings connected by a methylene and a BF,
group, in which the boron atom coordinates the heteroatoms. In analogy to porphyrin
systems, position 8 is called the meso position. The coordination of the boron atom

is responsible for the rigid, planar structure. In addition, this molecule has frontier
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molecular orbitals similar to those of long-established PPGs (such as coumarins and

xanthenes).*!*

Over time, the boron-dipyrromethene dye (BODIPY) is finding increasing use in
numerous fields thanks to the versatility of its chemical and physical properties,
which can be modulated through changes in the core structure. It has been used in

238

the pharmaceutical field as drug delivery agents>°, as a sensitiser for photodynamic

therapy (PDT)**, as a PPG (photolable protecting group), but also as a fluorescent

240 solar cell sensitisers®*, etc.

indicator, chemosensors,?*’, electroluminescent agents
The BODIPY core can be functionalised in various ways, providing great versatility
in terms of structure and photochemical properties.?*?

Initially, the major problem that slowed down the research on potential PPGs, capable
of absorbing in the visible or even in the NIR, was the lack of a robust relationship
structure-reactivity regarding the heterolysis that PPGs must undergo in the excited
state. In other words, it is difficult to predict which structure, once irradiated with
light, will undergo efficient photo-heterolysis reactions.?*

It has been proven that photo-heterolysis of a C-LG bond (LG = leaving group) must
generate two low-energy carbocations.”* In the work published by Goswami and
coworkers, as a result of a computational study using TD-DFT theory, they found
that the energy gap for the So-S; transition of the carbocation generated by C-O
cleavage is only 8 kcal/mol, suggesting a near-degenerate diradical configuration.**
For this reason, since it is easy to induce C-O bond cleavage, the meso carbon of
BODIPY can be functionalised with a CH,OH group upon which a drug can possibly
be bonded. In this way, the drug is masked by covalent bonds and is inert until it
reaches the site of action, achieving a photocleavable prodrug. The deprotection
mechanism takes place with irradiation at wavelengths in the visible spectrum,
inducing the formation of carbocation on the BODIPY with consequent release of the
drug (Scheme 43). The functional groups that can be bound are carboxylic acids,

alcohols and amines.?*?
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Scheme 43: deprotection mechanism.

BODIPY has further advantages: it is very easy to synthesise and soluble in most of

the organic solvents, has a compact structure, is photostable, is compatible with

245

biological systems** and has very high absorption in the visible range (located within

the UV/Visible region at approximately 490/550 nm).>*

Aapb A
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Figure 26: absorption (blue line) and emission (red line) spectra of BODIPY.

This molecule absorbs in the visible region, but it is still possible to modify the core
structure to raise the wavelength even further. The ideal situation would be to create
a structure that is compatible with biological systems and absorbs in the therapeutic

window of light, meaning at a wavelength of 600 to 900 nm.
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3.2.1.1 Functionalization of BODIPY structure to increase absorption
wavelength

Several strategies have been employed to modify the structure of BODIPY. The
simplest approach is to introduce atoms or functional groups onto the starting pyrrole
rings. Indeed, the versatility of this core allows a wide variety of substituents to be
introduced, giving rise to countless structures whose photochemical properties are

often studied with the support of computational chemistry.?#7-24

Alkylation and arylation in the meso position have no significant effect on the
absorption and emission wavelengths. For example, the difference between
compounds 141 and 142 in figure 27 can be attributed to the presence of methyl
groups in positions 1 and 7 which block the phenylic free rotation, there is no
conjugation between the aryl substituents and the BODIPY core as both groups adopt
twisted conformation to minimise steric hindrance.

This was proved by performing computational study where it was found that methyl
substitution in that positions leads to a nearly perpendicular configuration due to

geometrical restrictions.?*°

B B
/\ /\
F F F F
Amax abs= 508 nm Amax abs= 498 nm
Amax €miss= 521 nm Amax €miss= 508 nm
141 142

Figure 27: examples of meso aryl substituted BODIPY compounds.?*°

The introduction of halogens into the core structure increases the maximum
absorption and maximum emission values. Since the first halogenated derivative (2,6-
dibromo)?*! was assembled, various halogen-substituted compounds have been

prepared. The first 3,5-dihalogenated derivative was reported in 2005%%, attracting
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interest due to the wide distribution of HOMO and LUMO at these positions, as well
as the less commonly used 8-halogen derivative.?*?

There are various synthetic strategies for introducing halogens, either by direct
halogenation of the nucleus or by introducing halogens on the pyrrole precursor, as
the higher electronic density of pyrrole makes it suitable for halogenation. The most
used is the direct halogenation on the BODIPY structure that allows to obtain mono-

or di-halogenated derivatives.

144
MeOH:DCM 9:1
=T N\ Dpey 0.45
N\ N .N% Amax @bs= 516 nm
A Amax €Miss= 546 nm
F F
» M2
MeOH, @ 0.95 60 °C

Amax @bs=492 nm
Amax €Miss= 504 nm

83%

I\
F F
145
MeOH, (DDCM 0.02

Amax @bs= 534 nm
Amax €Miss= 548 nm

Scheme 44: example of direct 2,6 bromination and iodination of BODIPY %

Halogenated derivatives can be used as precursors in subsequent functionalisation
reactions, such as Suzuki and Stille arylation reactions, Heck reaction, Sonogashira
alkynylation and nucleophilic substitutions.?>2%

Among the various strategies applied, the introduction of substituents in position 3
and 5 is particularly useful to obtain an extension of the n-system conjugation, as 3,5-
dimethyl derivatives, like other electronically poor heteroaromatic systems, are very
acidic and this allows condensation with aromatic aldehydes leading to higher

conjugate system via a Knoevenagel reaction. The use of aromatic aldehydes with
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electron-donor substituents leads to an additional bathochromic shift in both
absorption and fluorescence spectra, especially if they are in the para position to the
aldehyde function. This approach has been identified as one of the best strategies for
generating BODIPY derivatives that absorb in the NIR region.?’

However, to increase the absorption wavelength, the simplest method remains the
extension of the m-conjugation of the molecule, usually achieved by aromatic ring
condensation.?*?%® The introduction of aromatic rings on the @ or b bond produces a
reduction in the HOMO-LUMO energy gap and in addition rigid, coplanar structures

are obtained.>”’

136

Scheme 45

Recently, five-member aromatic heterocyclics were used for substitution or
condensation, such as furan, thiophene and pyrrole, instead of simple benzyl aromatic
rings. These rings not only lead to an extension of the m-system but also maintains
the rigidity and planarity of the structure.?%>*

Benzofuran fusion can lead to an increase in the wavelength of absorption and
fluorescence. There may be differences between 2,6-dioxy-benzofuran and 3,5-
dioxy-benzofuran, for example for the last one there is a larger red shift in the

absorption and emission bands.?’
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Figure 28: some examples of heterocyclic fused BODIPY derivatives.

There are many thiophene-fused BODIPY structures on the a- and b-bonds (Figure
28) that exhibit a broad bathochromic shift due to the inductive electron-donating
effect of the heteroatom, which further reduces the energy gap between the frontier
molecular orbitals. These structures can be additionally functionalised with the use
of other substituents, leading to molecules that absorb over a very wide range due to
the combination of the effects of extended m-conjugation, the presence of electron-
attracting and/or electron-donating groups and the heteroatom.

In a work by Awuah et al., they developed BODIPY fused with thieno-pyrroles that
show very high absorption (between 650-900 nm). Among the structures that have
been synthesised, those with the lowest Amax Values are structures 157 and 156 (Figure
29). This decrease in absorption wavelength seems to be consequence of the
interruption of m-conjugation by the oxygen between the core and the peripheral
phenyl groups, while the presence of a sulphur atom in the same position leads to a

smaller decrease in the Amax. (Structure 158, Figure 29)*¢
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Figure 29: derivatives of BODIPY reported by Awuah et al.*%°

A systematic study of the optical properties of the BODIPY nucleus and the
dependence on the nature and position of the substituent was published.”! By
analysing the different combinations, the different nature of the substituents and their
positions, a trend in the spectral shift was observed, which can be explained by the
delocalisation of n-electrons within the core. The greatest influence on the
photophysical properties occurs for moieties with a mesomeric effect.

In summary, they report that for the blue shift acceptor substituents should be inserted
in positions 2 and 6 or donor substituents in position 8. For the red shift, acceptor
substituents should be placed in positions 8, 3 and 5 and donor substituents in
positions 2 and 6.

The explanation for these data is given by the analysis of frontier molecular orbital
energies. Donor groups should lead to a decrease in the excitation energy due to an
increase in the energy of the HOMO, while acceptors should have the opposite
behaviour, leading to a decrease in the energy of the HOMO and a consequent
increase in the excitation energy. The results obtained show that the acceptor
substituents not only increase the energies of the HOMO orbitals but also act by

decreasing the energies of the LUMO orbitals. It is well known that an increase in the
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delocalisation of the m-system leads to an increase in the stability of the ground state.
The distribution of m-electrons in the unsubstituted BODIPY core can be altered by
the electronic effect of the substituent. If the "new" charge distribution is more
delocalised than in the unsubstituted BODIPY, a blue shift is observed and,

conversely, if the charge distribution is more localised, a red shift occurs.?*!

A - acceptor substituent

D D - donor substituent A
1 8 7 1 8 7
X X
A= 2 Ye<A DD ag . )e<=aD
3 5 3 5
F F F F
Blue shift Aﬂ Red shift %A
Scheme 46

In summary, in order to functionalize BODIPY derivatives to achieve light absorption
in the NIR, the most commonly used strategies are:
o fusion of aromatic rings/heterocycles at the a- or b-bond
o functionalising positions 3 and 5 by further extending the n-system, e.g. by
introducing styrene derivatives

e insertion of electron-donator groups in positions 3 and 5.%%°

In addition to structural modifications, there are other ways of carrying out a low-

energy photolytic reaction.

Generally, photochemical reactions proceed via a "multi-photon" mechanism
involving the absorption of two photons. One reported approach to limit the energy
required to achieve photolysis is through triplet-triplet energy transfer (TTET), which
involves a photosensitiser and a photolabile molecule. In the work published by Lv
and coworkers, Platinum(II) tetraphenyltetrabenzoporphyrin (PtTPBP) was chosen
as the photosensitiser and a prodrug bearing BODIPY as the photocleavable

molecule. Photolysis of the system is achieved by a TTET mechanism following
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excitation of PtTPBP around 625 nm. The release efficiency was higher than with
direct excitation of the photolabile prodrug at 530 nm. Therefore, it was hypothesised
that the system could be excited in the S, state of the photosensitiser, which then, via
an intersystem crossing process (ISC), arrives in an excited T triplet state that has a
higher energy than the T of the photolabile molecule. This leads to TTET to the T,
state of the prodrug, resulting in the release of the active compound. (Figure 30) Due
to the lower-energy excited S; state of PtTPBP, it is possible to use low-energy light

radiation to induce a high-energy photolysis reaction.?®?

Photosensitiser Photocleavable molecule

>

2

L% Relaxing and
photorelease

Sy So

Figure 30: photorelease through a TTET process (red line) and phtorelease through
direct excitation of photocleavable molecule (blue line).

3.2.1.2 Benchmark studies on BODIPY derivatives

The valuable optical properties of BODIPY core structures are often studied using
computational chemistry. Comparative studies, or benchmark studies, are usually
carried out to test the accuracy of the theories available in computational chemistry
and to understand their applicability in different fields. The reciprocal interaction

between experiment and theory and the reproducibility of experimental data through
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theoretical calculations allows the validation of theoretical models and their use for

predictive purposes.

In 2019, Matulis and co-workers®®! carried out a study of 11 BODIPY derivatives
(Figure 31) exhibiting absorptions in the 491-793 nm range, using TD-DFT theory to
investigate the accuracy of 8 DFT functionals in which the effects of solvation on the
excitation energy were assessed via the Linear Response (LR) scheme and the State
Specific (SS) scheme. 263264
The studied functionals are:

- B3LYP, M062X and PBEO, the most used hybrid functionals

-  CAM-B3LYP, wB97XD, LC-WPBE

- LC-MO6L

- BMK

They construct a linear correlation curve between the calculated data and the
experimental data. In general, the analysis of linear regression coefficients and

maximum deviations reveals which functionals have the best performance.
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Figure 31: the studied structures reported by Matulis ef al.?*!

Their results showed that the functionals giving the most reliable data in the
calculation of the absorption spectrum were M062X, wB97XD and CAM-B3LYP.
Of particular note, M062X offers better performance in the LR scheme while
wB97XD offers better performance in the SS scheme.

Another study, carried out on various BODIPY derivatives (Figure 32), compares
BMK and CAM-B3LYP functionals. In this work, the wavelengths of maximum
absorbance were calculated using BMK/6-311+G(2d,p) and CAM-B3LYP/cc-pVTZ
as levels of theory and the values obtained with both deviate from the experimental
values with an average of approximately 73 nm. Applying a linear empirical
correction, it was observed that the value of R? is optimal, (R* = 0.92 for BMK and
R? = 0.94 for CAM-B3LYP). The vertical excitation energies showed an
overestimation of the experimental values of 0.29 eV for CAM-B3LYP and 0.30 eV
for BMK.*%
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Figure 32: BODIPY structures studied by Rose et al. >

Since there is no approach that allows to choose a priori one level of theory over
another, many benchmark studies can be found in the literature.

Chibani, Jacquemin and co-workers carried out a study on the calculation of vertical
energies with various functionals on a set of 24 molecules absorbing in the rage
between 400-750 nm. The functionals tested were B3LYP, PBEO, BMK, M062X,
CAM-B3LYP, wB97X-D. The obtained mean absolute errors (MAE) were high for
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TD-DFT calculations, B3LYP and PBEO, resulting in mean deviations below the 0.3
eV limit and a weak R?. Even though some of the data calculated with B3LYP and
PBEO are very close to the experimental value, they are not suitable for robust
predictions. Particularly surprising is the performance of M062X, which provides a
standard deviation of 0.06 ¢V and an R? of 0.98, resulting as the most adequate and
performing functional even when tested on very different molecules, giving optimal

results for MAE, SD and R2.%%

Any comparative analysis of DFT functionals needs to rely on basis sets that produce
convergent results or at least mitigate typical errors that occur between experimental
and calculated values. In general, increasing the size of the basis set slightly reduces
the excitation energy but this does not have a significant impact on the results.
According to a study reported in the literature examining basis sets such as cc-pVDZ,
aug-cc-pVDZ, cc-pVTZ, aug-cc-pVTZ, def2-TZVPP, def2-QZVPP, adding
diffusion and polarisation functions to the cc-pVDZ basis set to form aug-cc-pVDZ
reduced the excitation energy of S1 by only 0.079 eV, while switching from cc-pVDZ
to def2-QZVPP produced a reduction of 0.074 eV. These results led them to choose

cc-pVDZ as the basis set to use in their work.?%

In general, optimisations of geometries and vibrational parameters can be achieved
using 6-31G* without a significant loss of accuracy.?® In contrast, transition energies
are much more dependent on the choice of basis set and the use of larger basis sets is

recommended.?®’

One example is a study of isoindole-BODIPY derivatives for which their
photophysical properties were theoretically determined, focusing on the calculation
of absorption wavelengths. The performance of four exchange-correlation (XC)
functionals was evaluated by comparing both geometrical parameters and electronic
absorption spectra with available experimental data. Molecular ground-state
optimisations were calculated using M06, M062X, wB97XD and PBEO in
combination with 6-31+G* as a basis set, each functional being able to accurately

reproduce the geometrical parameters. Regarding the calculation of absorption
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wavelengths, M06 provided satisfactory results in predicting maximum absorption

with errors around 0.1 eV.?%®

Summarizing, from the works reported in the literature, we can conclude that the
functionals with the most accurate results have a significant Hartee-Fock term,%*7
so including this parameter also in the long-range functionals gives a more reliable
result. For basis sets, the addition of diffuse functions does not bring a high

improvement in the accuracy of the Amax calculation.

3.2.2 Aim of the project

There is a growing interest in photocleavable drug release systems, which is why we
have set ourselves the aim of studying, through computational chemistry, new
structures derived from BODIPY that have an absorption wavelength that allows
them to be used as photolabile protecting groups (PPGs) in cellular environment.

In order to predict the absorption maximum of new molecules with good accuracy by
calculating vertical excitation energies using time-dependent density functional
theory (TD-DFT), it was necessary to select a significant number of BODIPY
derivatives for which the experimental absorption data were reported. Ten molecules
were chosen with the absorption Amax in the range between 600 nm and 900 nm, the

therapeutic window. (Figure 33)
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Figure 33: structures of the 10 chosen molecules,?3%-260:263.271

Vertical excitation energies obtained in TD-DFT are not physically observable and
cannot be directly compared with experimental spectra, but trends in both are the
same, so calculated vertical excitation energies are widely used for predicting
experimental spectra.

Therefore, our first goal was to find a computational model capable of reproducing,
with reasonable accuracy, the absorption maxima reported for this library of

compounds.
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Subsequently, new BODIPY derivatives have been designed and functionalized in
various ways to achieve absorptions with Am.x values inside the therapeutic window.
The core of these new structures will be the meso-methylhydroxy-BODIPY, where
the hydroxyl function is required for the insertion of the drug to be released as the
CH»-LG bond has been proven to undergo photolytic cleavage. (see Scheme 43,
Chapter 3.2.1)
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Figure 34

3.2.3 Results and discussion

3.2.3.1 Study of the BODIPY derivatives in the ground state

The structures of the selected molecules (shown in chapter 3.2.2, Figure 33) were
constructed with Avogadro and then the ground state geometry was optimised with
Gaussian 16 using B3LYP/6-31G* as level of theory. The minimal geometries are
reported in the experimental section (Chapter 4.6.1.1) together with the bond
distances in A and the angles in degrees.
In order to have the most appropriate levels of theory for the chosen molecules, a
thorough literature search was carried out on benchmark studies using the TD-DFT
for calculating the maximum absorption. Four levels of theory were selected:

- MO062X/cc-pVDZ

- CAM-B3LYP/6-311+G(2d,p)

- MO062X/6-311+G(2d,p)

- CAM-B3LYP/ cc-pVDZ
MO062X is the most widely used functional for this type of structure and is reported
to be the most reliable. CAM-B3LYP was selected from a previous work done by the
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research group in which this project was carried out and is a large and widely used
functional for calculating vertical excitation energies.?®!?%2¢7 The effect of the
solvent was included using the PCM model, taking the dielectric constant of the
solvent in the experimental reference data. The values obtained for the vertical
excitation energies, for the lowest-energy excited state for all the molecules
examined, are shown in tables in the experimental chapter (Chapter 4.6.1.2).

In order to understand the linearity and reproducibility of the four levels of theory,
linear correlation curves were constructed (Figure 35), as linear correlation
coefficient (R?) analysis is often used to evaluate the performance of the levels of
theory by allowing the goodness of correlation between the experimental and

calculated data to be established.?¢!263
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Figure 35: linear correlation curves for a) M062X/cc-pVDZ, b) M062X/6-
311+G(2d,p), c) CAM-B3LYP/cc-pVDZ, d) CAM-B3LYP/6-311+G(2d,p).
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In an ideal case the different levels of theory should give the same values of the
vertical excitation energies and an ideal correlation between the experimental results
and the calculated ones should be described by an equation like y = x, obviously this
ideal condition is unattainable. However, all the above four levels of theory have

sufficiently high R

Analysing the obtained data, we observed that M062X has a slightly higher R? when
associated with 6-311+G(2d,p) as a basis set than the R? value of cc-pVDZ. The same
behaviour was found for the functional CAM-B3LYP.

The CAM-B3LYP/6-311+G(2d,p) level of theory seems to reproduce more
accurately the maximum absorption for high Amax, as in the case of compounds 185
and 188.

In conclusion, the level of theory that has the highest R? and therefore reproduces the

maximum absorptions more linearly is M062X/6-311+G(2d,p).

3.2.3.2 Rational design and study of new BODIPY derivatives

Having selected the best level of theory, among those studied, to be used to reproduce
the experimental data, new molecules were designed that could have a suitable
structure to be used as PPGs in drug delivery. For the rational design of the new
derivatives, the compound 189 was taken as the scaffold and the various positions
were functionalised with the aim of obtaining high absorption maxima that would fall

into the therapeutic window.

Figure 36
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The experimental aspect, in other words their synthetic feasibility, was taken into
account when designing the new structures. In general, for the introduction of the
various functional groups, it was found that palladium-catalysed reactions are very
efficient on the BODIPY core.?*%?’? In addition, fusion with aromatic rings such as
benzene, naphthalene, thiophene and furan has been evaluated as conjugated systems
will exhibit a smaller HOMO-LUMO energy gap, thus leading to a longer absorption
length. The molecules we have designed are highlighted in the figure 37.

Figure 37: designed structures.
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For compounds 190 and 191, positions 1 and 7 were functionalised with two methyl
and bromine atoms respectively, so as not to create steric hindrance at the carbon in
position 8. The BODIPY core for these two structures was fused with aromatic rings
to have a further extension of the n-system and two EDOT groups were inserted as
substituents.?’?

For molecule 192 there is a thieno[3,2-b]-BODIPY core with good physicochemical
properties®”3, positions 1 and 7 have been functionalised with bromine atoms and
position 5 of the thiophene with EDOT groups.

In molecules 193 and 194, the main core consists of furan[3,2-b]-BODIPY, positions
1 and 7 have been functionalised with methyl groups, bromine atoms have been
introduced in position 4 of the furan and position 5 has been substituted with EDOT
groups.?’

Molecule 197 has an isoindole BODIPY core®” where positions 3 and 5 have been
functionalized with an N-dimethylaniline.

In molecules 195 and 196, we have a naphtho[5]-BODIPY core, functionalized with

thiophenes and dimethylamine groups.

The structures of the new BODIPY derivatives (Figure 37) were constructed using
Avogadro, the ground state minimum geometry was obtained using Gaussian 16 and
B3LYP /6-31G* as a level of theory, in the same way of the molecules reported for
the benchmark study. The optimised geometries are shown in the experimental
chapter (Chapter 4.6.1.1) together with the bond distances in A and the dihedral

angles in degrees.

Taking into account the good results obtained for all four levels of theory used for
the structures reported in the literature, we decided to use all of them to calculate the
vertical excitation energies of the lowest-energy excited state for the designed
molecules. All calculations were performed for solution with chloroform as solvent
since it is the most used for experimental adsorption on BODIPY derivatives.

Solvation effects upon excitation were considered using the PCM model.
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Table 6 below shows the values obtained from the calculation with the M062X/6-
311+G(2d,p) level of theory and the value obtained from the calibration line, as this
was the level of theory with the best correlation between the calculated data and the

experimental value. The data from the other levels of theory are reported in Chapter

4.6.1.2.

Table 6: values obtained with M062X/6-311+G(2d,p), vertical excitation energies
(E-.), calculated absorption maxima (A...calc.), absorption maxima obtained from the
calibration line (A... expt.), oscillator strength (f).

Compound Eecc (V) Amax calc. (nm) A max €xpt. (nm) f
190 2,15 579 639 0,7558
191 2,18 569 623 0,7962
192 1,90 652 733 1,7648
193 1,90 653 734 1,9025
194 1,86 666 751 2,0399
195 1,87 663 744 1,5084
196 2,03 612 681 1,7686
197 1,95 637 713 0,9651

Molecules 192, 193, 194 and 195 show an absorption more shifted to the red, falling
within the therapeutic window (650-900 nm).

The calculated value of Amax of molecule 194 is lower than that of compound 182,
which is structurally similar. This may be due to the different nature of the substituent
present on the meso carbon, which is involved in the LUMO orbital, as can be seen
in Figure 38 where the frontier molecular orbitals of the two compounds are

compared.
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Compound 194

HOMO LUMO

Compound 182

HOMO LUMO

Figure 38: frontier molecular orbitals of compound 194 (on the top) and 182
(below)

Structures 197 and 195 are very similar but have fused aromatic rings in different
positions. From the Amax data obtained, it can be seen that aromatic fusion at the 2-3
position (compound 195) leads to a greater bathochromic shift than aromatic systems
fused at the 1-2 position (compound 197). This supports the literature where it has
been observed that the fusion of benzenes at bond 1-2 in the BODIPY structure
increases the HOMO energy level, whereas the fusion of benzenes at bond 2-3 affects
both frontier molecular orbitals, leading to a decrease in LUMO energy along with
an increase in HOMO.**!

Molecules 190 and 191 did not show a decisive shift towards red as we expected, we
can see that position 1 and 7 substituted with bromine atoms do not make a substantial
contribution if we compare the results with compound 191 which has methyl groups

in the same positions.

The bromination of furan position 4 (structure 193 and 194) appears to contribute

more to the bathochromic shift than the bromination in 1 and 7.
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The introduction of the dimethyl amine electron donating group has a significant
effect on the absorption wavelength. If the calculated data between molecules 195
and 196 are compared, we can assume that the amine is able to influence the

bathochromic shift by about 50/60 nm.

In conclusion, we chose to study the synthesis of molecule 195 and the proposed

synthetic pathway are based on previously reported reactions on similar substrates.

3.2.4 Conclusions

Through the study of a small library of molecules, we verified the goodness of 4
levels of theory selected for their performance reported in the literature. For these the
correlation curve was constructed and the R? coefficient defined.

New structures were then designed carrying the CH,OH function on the meso carbon
of the BODIPY core in order to use the alcohol group as a functional group for drug
insertion. For them, the vertical excitation energies were calculated with the four
levels of theory and the values obtained were interpolated on linear regression curves
to obtain a more reliable value.

Among the various compounds hypothesised, compounds 192, 193, 194 and 195
showed very promising results, with absorption maxima falling within the therapeutic
window (650-900 nm), indicating their possible application as protective groups or

photolabile vehicles for substances with therapeutic activity.
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3.3 Study of a dye for the development of a photosensitive drug
delivery system.

3.3.1 Application of dyes in pharmaceutical field

Dyes are coloured substances which are soluble or dissolvable during the application
process and give colour to the medium they are in by selective absorption of light.
Unlike pigments, whose properties depend on the characteristics of their particles,
the properties of dyes are defined almost exclusively by their chemical structure.?”
There are two types of dyes: synthetic and natural. Synthetic dyes are based on
petroleum derivatives, while natural dyes are obtained from plant, animal and mineral
materials.?”’

The properties of dyes are due to the absorption of electromagnetic radiation in the
UV and visible regions, which causes the excitation of an electron towards a higher
energy level. This process occurs for all compounds that contain unsaturations, but
what characterises a dye is the absorption of radiation in the visible region (400-800

nm).?”®

The pharmaceutical industry uses various inorganic and, mainly, organic dyes to give
colour to products. The priority of the colouring agent is to improve the aesthetics
and allow easier identification of the drug by the consumer. Thus, dyes can be
considered to be the makeup of pharmaceutical products.?’”® The colour, shape and
appearance of drug are studied and tested extensively, almost as much as the drugs
themselves.?®® These colour additives are natural pigments or synthetic chemical
compounds. However, most colourants obtained from natural dyes are unstable and
can easily undergo degradation during product processing. Aspects affecting stability
include light, oxidising and reducing agents, heat, pH and microbial contamination.
Synthetic dyes have an important technological superiority over most natural dyes
since they can be designed to give bright colours, be resistant to light, oxidising and
reducing agents and pH changes.?'” Therefore, synthetic dyes are widely used, not
only because of their stability, but also because of their low production cost compared

to the natural ones.?®! The European Union has authorised 43 dyes as food additives,
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each of which has been assigned a number. Of these, 17 are synthetic dyes and 26 are
naturally derived, synthesised to match their naturally occurring counterparts, or are
inorganic pigments that occur freely in nature.??
In the pharmaceutical industry, colour is used:

- as an indicator of quality,

- to distinguish between drugs,

- to indicate test results,

- as part of a brand identity

- as an indicator of degradation and loss of potency over time.

Therefore, dyes are widely studied in the pharmaceutical field, but mainly as
additives; there are few examples of dyes used for therapeutic purposes. In both cases,
they have to fulfil all safety, stability and non-toxicity regulations. The use as a
therapeutic agent or as photolabile protecting groups (PPGs) in drug delivery systems
of a dye already studied in this area could lead to faster development for its use in
vivo and eliminate the uncertainty of the possible toxicity of the structure before its

synthesis.

3.3.2 Aim of the project

The starting point of this project was the search for dyes that have a conjugation to
absorb in the near-infrared region, with benzyl functions or related functional groups
in their structure and that are reported to be non-toxic in cells, in order to study,
through computational chemistry, their possible use as photolabile protective groups
(PPGs) and to explore their application in drug delivery systems. For being able to
insert the functional group to be released, the benzyl function is of crucial importance.
To assess whether this function can undergo homolytic cleavage after irradiation, the
involvement of this group in the molecular orbitals that participate in the energy
transition of interest must be evaluated. Therefore, after a thorough bibliographical

search, two molecules of interest were selected, PH-1 and ND-1. (Figure 39).



K/\ COOH

Figure 39: structures of PH-1 and ND-1

For the computational study of these two structures, we used density functional
theory (DFT) and its time-dependent extension (TD-DFT). As there is no
computational data in the literature on these compounds, our first concern was to
assess the best level of theory to use in order to predict the absorption data with a
reasonable accuracy and to determine the delocalization of the molecular orbitals.
This is necessary for applying the best performed level of theory to two derivatives,
modified on the aldehyde and carboxyl positions of the dyes, in order to predict, with
a sufficient degree of confidence, the shift of the absorption Amix and to verify the

involvement of the modified functionalities in the molecular orbitals of interest.

Figure 40: new compounds.
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3.3.3 PH-1

Compound PH-1 is a synthetic dye reported by Yongchao Yan ef al.?®® that belongs

to the category of phenazine-cyanine dyes.

~ W,

Y

198
(PH1)

Figure 41: PH-1 structure.

Reduced phenazines have many modification sites, strong electron-donor proprieties
and excellent stability, due to which they have been used to design fluorescent
probes.?**28 When nitrogen atoms have n-butyl groups as substituents, the originally
electron-deficient phenazine group becomes an electron-rich group. Within the
structure of this dye, there is also a positively charged indole and an aldehyde group,
both of which are electron-withdrawing group. All of these functionalities result in
an acceptor-donor-acceptor (A-D-A'") structure.

Although no solubility problems were found for this dye, its bioavailability is low.
Therefore, with the aim of improving the latter property, PH-1 was assembled with
human serum albumin (HSA) to form nanoparticles called PH-1@HSA that showed
excellent solubility in water. In addition, the PH-1@HSA compound showed a slight
bathochromic effect, caused by molecular aggregation, with a red-shift of 40 nm
compared to the pure dye. The therapeutic effect of these nanoparticles arises from
the heating they cause after irradiation at a specific wavelength. Their efficacy was
tested in solutions at various concentrations (0, 5, 10, 20, 40 and 80 uM), and after
300 s of irradiation, the temperature of the 20 uM solution reached 49.3 °C, a
temperature high enough to kill tumour cells. Photothermal stability was also studied
by laser irradiation at 808 nm for 3 minutes followed by 3 minutes of cooling,

demonstrating constancy in the various absorption peaks and consequently stability
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of both the dye and the nanoparticles. Cytotoxicity was also examined. The studies
were carried out in 4T1 cells divided into two groups: control group (laser only) and
experimental group (PHI@HSA + laser). In the control group was observed that
almost all the cells had survived, while in the experimental groups the death cells
increase with irradiating time. When the cells were incubated with NPs and exposed
to laser for 0 min, the phenomenon was similar with that of the control group, which
also indicated the low toxicity in dark condition. After exposure for 2, 6 and 10 min,
the death cells increase drastically. These results confirmed that PH-1@HSA with

measurable concentration indeed damaged cells only in the presence of a laser.

3.34 ND-1

Compound ND-1 is an organic dye that is produced by a ring-opening reaction from
compound FUC-1. FUC-1 is a near-infrared rhodamine derivative reported by Huiran
Yang et al " as a chemodosimiter for mercury (IT) or methylmercury. This dye has
a monothiospirolactone group which is converted from the non-fluorescent cyclic
thiolactone to the open fluorescent derivative (ND-1), with a carboxyl function, in
the presence of mercury (II) due to the strong interaction between mercury and

sulphur.

Mercury

Figure 42: ring-opening reaction that occurs in presence of mercury (I1).%’

Pure FUC-1 displayed no absorption and fluorescence in the NIR region due to its
structure, on the other hand, ND-1 has a sharp absorption band at 710 nm and the
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emission maximum occurs at 745 nm. Moreover, ND-1 exhibits unique single-photon

frequency upconversion luminescence (FUCL).

Normal Stroke luminescence go through an excitation from the zero-point vibrational
level of the ground state to the first excited electronic state (So-S1). FULC needs an
excitation of the compound to reach the thermally excited vibrational-rotational
energy level of the ground state, from which, upon continuous optical pumping, can
get to the first electronic excited state. The resulting fluorescence will be the same
for both energy processes, but dyes that can undergo through FULC require a much

lower excitation power. 28829
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Figure 43: mechanism of Stokes luminescence emission and anti-Stokes frequency
upconversion luminescence emission.?®’

ND-1 exhibits an anti-Stokes FUCL at a wavelength of 745 nm when irradiated at

808 nm and is therefore used to monitor mercury concentrations in vivo and ex vivo.

In addition, the cytotoxicity of these two compounds towards Hela cells was

investigated by a 24-hour treatment at different concentrations, after which cell

viability was found to be between 90% and 100%.
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3.3.5 Results and discussion

3.3.5.1 Study of PH-1 and ND-1 in the ground state

The structures of cis and trans isomer of PH-1 and ND-1 were constructed with
Avogadro and then the ground state geometry was optimised with Gaussian 16 using
B3LYP/6-31G* as level of theory.

The minimal geometries of the lower energy isomers are reported in Figure 44, while
the energies of the minimal geometries of all the calculated isomers are reported in
the experimental section (Chapter 4.6.2.1). The first single excited state geometries

were also computed with the same level of theory.

Figure 44: minimal ground state geometries of compound PH-1 and ND-1 obtained
with B3LYP/6-31G* as level of theory. The bond distances are reported in A and
the dihedral angles in degrees. In brackets the values for the S; geometry.

Using the previously minimised geometries, TD-DFT calculations were carried out
to determine the vertical excitation energies in the solvents reported in the literature.
The effect of the solvent was considered through the PCM (Polarizable Continuum
Model). Several functionals were used to calculate the absorptions in order to verify
which one reproduced the experimental data with the best degree of accuracy. The
following functionals were evaluated: B3LYP, PBEO, CAM-B3LYP, LC-oPBE and
®B97XD, combined with the basis set 6-311+G(2d, p). The results of the calculations

for the first excited state are given in Tables 7 and 8.
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Table 7: results for PH-1 in DMSO: Vertical excitation energies (E..), calculated
absorption maxima (A..calc.), experimental absorption maxima reported (A exp. =
690 nm), oscillator strength (f), difference between experimental data and calculated
data (AE) and percentage involvement of HOMO-LUMO orbitals in the electronic
transition So—S1 (H—L).

Level of theory Ecc (€V)  Amaxcale. H—L AE (eV) f
B3LYP/311+G(2d,p) 1,80 689 nm 98% 0,003 0,78
PBE0/311+G(2d,p) 1,74 713 nm 98% 0,058 0,73

CAM-B3LYP/6-311G(2d,p) 2,06 601 nm 94% 0,264 0,99
LC-0PBE/6-311+G(2d,p) 2,12 585 nm 91% 0,324 1,02
wB97XD/6-311G(2d,p) 2,27 546 nm 84% 0,475 1,16

Table 8: results for ND-1 in EtOH: Vertical excitation energies (E...), calculated
absorption maxima (A..calc.), experimental absorption maxima reported (A... exp. =
630 nm), oscillator strength (f), difference between experimental data and calculated
data (AE) and percentage involvement of HOMO-LUMO orbitals in the electronic

transition So—S1 (H—L).

Level of theory Ecec (€V)  Amaxcale. H—L AE (eV) f
B3LYP/311+G(2d,p) 2,05 605 nm 99% 0,080 1,11
PBEO0/311+G(2d,p) 2,09 594 nm 99% 0,118 1,15

CAM-B3LYP/6-311G(2d,p) 2,17 572nm  96% 0,199 126
LC-0PBE/6-311+G(2d,p) 2,18 568nm  94% 0214 127
wB97XD/6-311G(2d,p) 2,20 564nm  81% 0232 133

The calculation of the vertical excitation energies for both molecules was also
performed with a smaller basis set than reported, but a larger error was observed when
comparing the data with the experimental ones. The complete tables with the results
of the calculation of the first excitation states at the different levels of theory are

provided in the experimental chapter. (Chapter 4.6.2.2)



In figures 45, the ground state frontier molecular orbitals involved in the So—S;
transition are shown. For compound PH-1, comparing the molecular orbitals, an
intramolecular charge transfer (ICT) involving the aldehyde function is clearly
visible, passing from the initial situation (HOMO), in which the electronic density is
located on the phenazine ring, to that in which the electronic density is located on the
indole ring (LUMO).

For compound ND-1, although much less obvious, there is always an intramolecular
charge transfer from the indole ring to the benzene ring, but without the involvement

of the carboxyl group.

PH-1

ND-1

HOMO LUMO

Figure 45: HOMO and LUMO orbitals of PH-1 and ND-1.
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The results of the calculations of the absorption maxima show a good correspondence
with the experimental data. The best results were obtained with B3LYP and PBEO,
but acceptable results were also observed with the long-range corrected CAM-

B3LYP functional.

This may be since intramolecular charge transfer is present in the two molecules but
is not very pronounced. Therefore it is possible to assume that the B3LYP/6-
311+G(2d,p) level of theory can reproduce with reasonable reliability the vertical

excitation energies of structures similar to the two dyes under investigation.

3.3.5.2 Study of the PH-1 derivative in the ground state

The structure of PH-1 was modified by insertion of a carbamate group in place of the
aldehyde function to mimic the structural change that would occur after the binding
of a generic drug molecule. For compound 200, the energy of the fundamental state
and the S; excited singlet state has been minimised using B3LYP/6-31G* as level of
theory.
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HOMO LUMO

Figure 46: minimal ground state geometry and frontier molecular orbitals of
compound 200 obtained with B3LYP/6-31G* as level of theory. The bond distances
are reported in A and the dihedral angles in degrees. In brackets the values for the
Si geometry.

Using the B3LYP/6-311+G(2d,p) level of theory, the vertical excitation energies of
the first excited states in dimethyl sulfoxide were calculated, as done for the parent

compound PH-1. (Table 9, complete tables are given in Chapter 4.6.2.2)
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Table 9: results for 200 in DMSO: Vertical excitation energies (E...), calculated
absorption maxima (A...calc), oscillator strength (f)) and percentage involvement of
HOMO-LUMO orbitals in the electronic transition So—Si (H—L).

Level of theory Eecc (€V) A max calc. H—-L f

B3LYP/311+G(2d,p) 1,62 765 nm 99% 0,68

From the analysis of the results obtained, it can be seen that there is a red shift of 76
nm in the Amax, due to the introduction of the carbamate group, which is still involved
in the frontier molecular orbitals. Using the output data from the absorption

calculations, the UV-Vis spectrum was simulated with GaussSum software.
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Figure 47: simulated UV-Vis spectra for compound 200 with the main transitions
and their intensities in the range 300-800 nm using a Gaussian distribution with
arbitrary linewidth of 0.3 eV.

3.3.5.3 Synthesis of the new PH-1 derivative

Recently, we started with the synthesis of derivative of compound 200. (Scheme 46)
The first steps involving reduction and alkylation of the phenazine core were carried

out as reported® without any problems with acceptable yield. The subsequent
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Vilsmeier-Haack reaction leads to the symmetric compound 205 after purification by
silica gel flash chromatography. At this point, our aim was to obtain the reduction of
only one of the two aldehydes but, even with low amounts of reducing agent or with
slow addition, the desired product was always obtained in unsatisfactory yield
recovering as the main product compound 206. Therefore, it was decided to reduce
both aldehyde functionalities, selectively protect one of the alcohols as silyl ether and
reoxidise the free alcohol moiety. All these reactions gave acceptable yields and no
by-products were formed, so the starting materials were always recovered and again
subjected to the reaction conditions. The last Knoevenagel reaction was carried out
with the previously synthesised positively charged derivative 209, obtained as

reported”®, leading to the formation of the protected compound 210.
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Scheme 46: synthesis of compound 210.

Having the product 210 in hand, it will be subjected to UV-Vis spectra study and then
irradiation in MeOH as a solvent to verify the cleavage of the C-O bond by
identification of the corresponding methyl ester (as was previously done for BODIPY

derivatives®?).



3.3.6 Conclusions

For two dyes reported in the literature with an aldehyde and carboxyl function, the
ground-state geometries were minimised and the distribution of the frontier molecular
orbitals analysed to evaluate the involvement of these functional groups. It was
observed that the aldehyde function of compound PH-1 is involved in the HOMO
orbital, making it a possible scaffold for the design of photolabile protective groups
that undergo photolytic cleavage of the bond between the benzyl carbon and the
heteroatom. In order to obtain sufficiently reliable data for the prediction of Amax, four
levels of theory were used to reproduce the experimental data of the two starting

molecules.

Once the best-performing level of theory had been selected, a new structure with the
carbamate group in place of the aldehyde of the PH-1 dye was studied. For this new
compound 200, the minimum geometry, the geometry of the first excited electronic
state and the vertical excitation energy for the first excited states were calculated.
From the analysis of the frontier molecular orbitals was outlined that the new
functional group is involved in the HOMO orbital, so we have therefore start the
synthesis of a derivative, compound 210, arriving to the silyl-derivatives that can be
tested to verified the application as photosensitive release system and then
deprotected in order to obtain the free hydroxyl moiety useful for further

functionalization.
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Chapter 1V

Experimental part

4.1 General

All reagents were used as purchased from standard commercial suppliers without
further purification, if not differently specified. Solvents were dried and purified by

conventional methods prior to use or, if available, purchased in anhydrous form.(32s]

For the reactions carried out under anhydrous conditions, all glassware and syringes
were dried overnight in an oven thermostated ad 140 °C and allowed to cool in a
desiccator. For the transfer of some reagents sterile packaged one-way plastic
syringes were employed. Hypodermic needles for medicinal use were used together
with metal needles (specially to transfer anhydrous solvents) and the latter dried in a
oven as described previously. The inert gas used for all reactions were nitrogen or

argon 4.8.

Vacuum distillations were accomplished with standard equipment using oil pumps.
Flash column chromatography was performed with Merck silica gel 60, 0.040-0.063
mm (230-400 mesh). Merck aluminium backed plates pre-coated with silica gel 60
(UV254) were used for analytical thin layer chromatography (TLC) and were

visualized by staining either with a KMnQ4 solution or a ninhydrin solution.

4.2 Analytical instruments

NMR. NMR spectra were recorded at 25 °C with a Bruker AC 400 or 600 MHz both
for 'H and *C. Deuterated solvents were used as purchased. 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 (&) are given in part-per-

million (ppm) relative to the resonance of tetramethylsilane (TMS) as internal
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standard. *C spectra are given only in case of new compounds with interest in their

publication.

IR. Perkin-Elmer Spectrum BX.

GC/MS. GC/MS analysis were performed with a GC Varian 3900 coupled to a MS
Varian Saturn 2000. The capillary column (stationary phase: VF-5 ms) has the
following dimensions: 30 m x 0.25 mm x 0.25 nm (L x ID x OD).

MS. Mass spectra were recorded with a LC/ SD chromatographic system equipped
with an inline UV detector, Agilent 1100 series. Test conditions: 95% MeOH + 5%
H20, flow 0.4 mL/min, direct injection, ESI ionization, desiccant gas (N») flow equal

to 9 1/min, temperature 350 °C, atomizing pressure 40 psi, fragmentation 70 eV.

HPLC/MS. HPLC/MS analysis were performed with Agilent 1260 Infinity II
Preparative LC/MSD System Single Quadrupole (LC/MSD iQ), connected with UV
detector (254 nm) using an InfinityLab Poroshell 120 EC-C18 column (2.1 x 50 mm,
2.7 um), flow 0.4 mL/min, MeCN/H>O gradient from 0.5:9.5 t0 9.5:0.5 in 10 minutes.
ESI ionization, flow of the drying gas (N») 9 L/min, temperature 350 °C, atomizing
pressure 40 PSI, fragmentation. Melting points were determined in open capillary

tubes and are uncorrected

4.3 Stability in Human Plasma

Pooled human plasma (0.9 mL, 55.7 ug protein/mL)*', hepes buffer (1.0 mL, 25 mM,
NaCl 140 mM, pH 7.4) and tested compound dissolved in DMSO (100 pL, 2.0 mM)
were mixed in a test tube that was incubated at 37 °C under continuous mechanical
agitation. At set time points (0.0, 0.25, 0.50, 1.0, 3.0, 5.0, 8.0, and 24.0 h), samples of
100 pL were taken, mixed with 400 pL of cold acetonitrile and centrifuged at 5000
rpm for 15 min.*®> The supernatant was collected and analysed by UV/LC-MS to
monitor the amount of unmodified compound. For each compound, the determination

was performed in three independent experiments.
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UV/LC-MS methods

LC analyses of plasma stability tests were performed by using Agilent 1100 LC/MSD
VL system (G1946C) (Agilent Technologies, Palo Alto, CA) constituted by a vacuum
solvent degassing unit, a binary high-pressure gradient pump, an 1100 series UV
detector, and an 1100 MSD model VL benchtop mass spectrometer. MSD single-
quadrupole instrument was equipped with the orthogonal spray API-ES (Agilent
Technologies, Palo Alto, CA). The pressure of the nebulizing gas and the flow of the
drying gas (nitrogen used for both) were set at 40 psi, 9 L/min, respectively. The
capillary voltage, the fragmentor voltage, and the vaporization temperature were 3000
V, 10 V, and 350 °C, respectively. MSD was used in the positive and negative ion
mode. Spectra were acquired over the scan range m/z 100-2000 using a step size of
0.1. Chromatographic analyses were performed using a Phenomenex Kinetex EVO
C18-100A (150 x 4.6 mm, 5 pm particle size) at room temperature, at flow rate of 0.6
mL/min, and injection volume of 10 uL, operating with a gradient elution of A: water
(H20) and B: acetonitrile (ACN). Both solvents were acidified with 0.1% v/v of
formic acid. UV detection was monitored at 254 nm. The analysis started with 0% of
B, then B was increased to 80% (from t = 0 to t = 20 min), then kept at 80% (from t
=20 to t = 25 min) and finally return to 0% of eluent B in 5.0 min.

4.4 Computational details

All the calculations were carried out within density functional theory (DFT) for
ground states and time-dependent density functional theory (TDDFT) for excited
states. The structures were constructed with Avogadro and then the ground state
geometry was optimised with Gaussian 162** using B3LYP/6-31G**42% as level of
theory. The vertical excitation energies were calculated using B3LYP*¢, M062X>,
PBE0*®, CAM-B3LYP?*”, LC-oPBE*®* and ®B97XD*”" as functional, and 6-
311+G(2d,p), 6-311G*3*2 and cc-pVDZ?*® as basis set. Solvation effects upon

excitation were considered using the PCM model*%,
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4.5 Synthetic procedures

4.5.1 Release of thiol containing compounds from heterocyclic systems
and development of new heterocyclic self-immolative spacer

4.5.1.1 General procedures

General procedure for bromination:

The alcohol (1 mmol) was solubilized in dry THF (5 mL) and cooled to 0 °C. PBr;
(2 mmol) was added to the solution and the reaction was allowed to warm to room
temperature for 1 h. The crude reaction mixture was concentrated in vacuo and
filtered through a silica gel path with EtOAc to provide the bromo derivatives in
quantitative yields as a bright orange oil identified by mass spectroscopy. The

products were immediately used for the next steps due to their instability.

General procedure for the synthesis of thioethers:

1-Octanethiol (2.1 mmol) and K>COj3 (1.95 mmol) were added to dry THF (4 mL) in
a round-bottomed flask and the suspension was stirred for 1 h under N, atmosphere
at room temperature. The bromide derivative (1 mmol) and Et;N (1,05 mmol) were
added into the reaction and the mixture was leave under magnetic stirring for 16 h.
After complete consumption of the starting material monitored by TLC, the reaction
was taken up in EtOAc and washed with water and brine. The organic phase was
dried over anhydrous Na>SOs, filtered and concentrated in vacuo. The crude reaction
mixture was purified by silica gel flash chromatography (PE:EtOAc) to provide the

desired compound.

General procedure for nitro group reduction:'®!

Iron-based nanoparticles (6 mg) was added to a round-bottomed flask. 0.5 mL
aqueous solution of 2 wt. % TPGS-750-M was added via syringe and NaBH.4 (59.0
mg, 1.5 mmol) was added to the reaction mixture. Reaction flask was closed with

septum and the reaction mixture turned black with evolution of hydrogen gas. After
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2 minutes the nitro-containing compounds (0.5 mmol), pre-dissolved in mixture of
0.5 mL aqueous 2 wt. % TPGS-750-M and 0.1 mL THF, was added to the catalyst
suspension and the reaction was vigorously stirred at room temperature. HPLC-MS

traces were recorded at set time points (0.0, 0.25, 0.50, 1.0, 2.0 h, 4.0 h).



4.5.1.2 Synthesis of benzylic compounds

(4-Nitrobenzyl)(octyl)sulfane (61):
N /©/\ S/I/(\ Following the general procedure for the synthesis of
thioethers, 4-nitrobenzyl bromide (100 mg, 0.46
mmol) was reacted with 1-octanethiol (142 mg, 0.97 mmol), K,COs (125 mg, 0.90
mmol) and EtsN (67 pL, 0.49 mmol) in dry THF (2 mL). The crude reaction mixture
was purified by silica gel flash chromatography (PE:EtOAc 9:1) to provide
compound 61 (130 mg, 0.45 mmol, 98 % yield).
MS (ESI): m/z calcd for C1sH23NO>SNa [M+Na]*: 304.1342; found: 304.1334.
"HNMR (600 MHz, CDCls): 6 8.17 (d, J = 8 Hz, 2H), 7.48 (d, J = 8 Hz, 2H), 3.76 (s,
2H), 2.40 (t, ] = 6.9 Hz, 2H), 1.59 — 1.48 (m, 2H), 1.37 — 1.12 (m, 12H), 0.87 (t, J =
6.9 Hz, 3H).
BC NMR (150 MHz, CDCl;): & 146.66, 129.62, 123.74, 35.81, 31.79, 31.63, 29.14,
29.10, 28.80, 22.64, 14.10

S (2-Methoxy-4-nitrobenzyl)(octyl)sulfane (62):

OzN/C(O\ /U\ Following the general procedures for bromination

! and for the synthesis of thioethers, (2-methoxy-4-
nitrophenyl)methanol (40 mg, 0.22 mmol) was reacted with PBr3 (62 pL, 0.66 mmol)
in 2 mL of dry THF and the corresponding bromide 59 was obtained. The bromo
derivative (38 mg, 0.15 mmol) was reacted with 1-octanethiol 60 (46 mg, 0.32 mmol),
K>COj3 (40 mg, 0.29 mmol) and EtzN (21.8 pL, 0.16 mmol) in dry THF (2 mL),
following the general procedure. The crude reaction mixture was purified by silica
gel flash chromatography (PE:EtOAc 9:1) to provide compound 62 (24 mg, 0.077
mmol, 52 % yield).
MS (ESI): m/z calcd for C1sH2sNO3;SNa [M+Na]*: 334.1447; found: 334.1441.
'H NMR (600 MHz, CDCls): § 7.82 (dd, J = 8.2, 2.0 Hz, 1H), 7.72 (d, ] = 2.0 Hz,
1H), 7.41 (d, J = 8.3 Hz, 1H), 3.96 (s, 3H), 3.76 (s, 2H), 2.46 (m, 2H), 1.57 (m, 3H),
1.36 — 1.32 (m, 2H), 1.31 — 1.22 (m, 8H), 0.88 (t, ] = 7.0 Hz, 3H).
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C NMR (150 MHz, CDCls): & 157.47, 148.04, 135.32, 130.18, 115.78, 105.54,
56.05, 32.10, 31.80, 30.11, 29.70, 29.32, 29.19, 29.17, 28.90, 22.64, 14.09.

/©/\S/\k/(\ 4-((Octylthio)methyl)aniline (63):
HoN

2 Following general procedure for the reduction of
nitro group, the nanoparticles (2.4 mg) were activated with NaBH4 (11 mg, 0.294
mmol) in 0.4 mL aqueous solution of 2 wt. % TPGS-750-M followed by the addition
of nitro derivative 61 (55 mg, 0.196 mmol). The crude was purified by silica gel flash
chromatography (DCM) to provide compound 63 (48 mg, 99% yield).

MS (ESI): m/z calcd for C1sH,sNSNa [M+Na]*: 274.1600; found: 274.1595.

'H NMR (600 MHz, CDsOD): & 7.04 (d, J = 8.2 Hz, 2H), 6.67 (d, J = 8.2 Hz, 2H),
4.92 (s, 2H), 3.59 (s, 2H), 2.36 (t, J = 7.3 Hz, 2H), 1.57 — 1.47 (m, 2H), 1.38 — 1.22
(m, 16H), 0.90 (t, J = 7.0 Hz, 3H).

BCNMR (150 MHz, CD;0D): § 146.01, 129.32, 128.05, 115.19, 35.13, 31.63, 30.48,
29.00, 28.92, 28.56, 22.36, 13.10.

3-Methoxy-4-((octylthio)methyl)aniline (64):

S
H N/©\/o\ /U\ Following general procedure for the reduction of
2

I nitro group, the nanoparticles (3.3 mg) were activated

with NaBH4 (15.5 mg, 0.41 mmol) in 0.4 mL aqueous solution of 2 wt. % TPGS-
750-M followed by the addition of nitro derivative 62 (85 mg, 0.273 mmol). The
crude was purified by silica gel flash chromatography (DCM) to provide compound
64 (75 mg, 99% yield).

MS (ESI): m/z calcd for C1sHasNSNa [M+Na]*: 304.1706; found: 304.1690.

'H NMR (600 MHz, CDsOD): § 6.94 (d, J = 8.0 Hz, 1H), 6.36 (d, J = 1.6 Hz, 1H),
6.26 (dd, J=8.0, 1.9 Hz, 1H), 3.77 (s, 3H), 3.60 (s, 2H), 2.40 (t, J = 7.4 Hz, 2H), 1.57
—1.51 (m, 2H), 1.39 — 1.24 (m, 12H), 0.90 (t, J = 7.0 Hz, 3H).

BC NMR (150 MHz, CD;OD): & 158.17, 147.81, 130.49, 116.32, 106.98, 98.60,
54.34, 30.87, 29.38, 29.28, 28.93, 28.60, 22.31, 13.03.
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4.5.1.3 Synthesis of heterocyclic systems

oAD"

S The product was prepared according to literature.?

(5-Nitrothiophen-2-yl)methanol (67):

5-Nitrothiophene-2-carbaldehyde (500 mg, 3.18 mmol) was solubilized in 10 mL of
dry CH30H under an inert atmosphere of N, and magnetic stirring. The solution was
cooled to 0 °C in an ice bath and NaBH4 (145 mg, 3.82 mmol) was added ad portions.
After 30 minutes the reaction was quenched with a solution of HCI 4N until pH =7,
then the crude was extracted with EtOAc (x2) and washed with H,O and brine. The
organic layer was dried over anhydrous Na,SOs, filtered and concentrated in vacuo.
The crude reaction mixture was purified by silica gel flash chromatography
(PE:EtOAc 2:1) to provide compound 67 (465 mg, 2.92 mmol, 92% yield).

'H NMR (600 MHz, CDCls): & 7.28 (d, J = 3.6 Hz, 1H), 6.56 (d, J = 3.6 Hz, 1H),
4.71 (s, 2H), 2.78 (sb, 1H).

BC NMR (150 MHz, CDCls): 8 157.61, 112.67, 110.75, 57.30.

/[_&\/OH (5-Nitrofuran-2-yl)methanol (68):
O2N" ™o Product prepared according to literature.’
S-nitrofuran-2-carbaldehyde (500 mg, 3.55 mmol) was solubilized in 10 mL of dry
CH;0H and cooled to 0 °C in an ice bath under atmosphere of N». NaBH4 (161 mg,
4.25 mmol) was added, and the reaction was stirred for 1 h. The reaction was
quenched with a solution of HCI 4N until pH = 7, the mixture was extracted with
EtOAc (x2) and washed with water and brine. The organic layer was dried over
anhydrous Na»SQOys, filtered and concentrated in vacuo. The crude reaction mixture
was purified by silica gel flash chromatography (PE:EtOAc 2:1) to provide
compound 68 in 80% yield (405 mg, 2.54 mmol).

'H NMR (600 MHz, CDCls): & 7.28 (d, J = 3.6 Hz, 1H), 6.55 (d, J = 3.6 Hz, 1H),
4.70 (s, 2H), 2.97 (s, 1H).

BC NMR (150 MHz, CDCls): 8 157.61, 112.67, 110.75, 57.28
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2-Nitro-5-((octylthio)methyl)thiophene (69):
O,N ﬂ\/ S\\\X\\ Following the general procedures for bromination, the
alcohol 67 (190 mg, 1.2 mmol) was reacted with PBr3
(223 pL, 2.38 mmol) to provide 2-(bromomethyl)-5-nitrothiophene in 82% yield.
According with the general procedure for the synthesis of thioethers, the bromide
(217 mg, 0.98 mmol) was reacted with 1-octanethiol (504 mg, 2.49 mmol), K,COs
(320 mg, 2.32 mmol) and EtsN (173 pL, 1,25 mmol) in dry THF (4 mL). The crude
reaction mixture was purified by silica gel flash chromatography (PE:EtOAc 9:1) to
provide compound 69 (150 mg, 0,521 mmol, 53% yield).
MS (ESI): m/z calcd for C13H21NO2S;Na [M+Na]*: 310.0906; found: 310.0911.
'H NMR (600 MHz, CDCl3): & 7.77 (d, J = 4.1 Hz, 1H), 6.91 (d, J = 4.1 Hz, 1H),
3.86 (s, 2H), 2.53 (t, J = 7.4, 2H), 1.61 — 1.54 (m, 2H), 1.40 — 1.33 (m, 2H), 1.32 -
1.20 (m, 8H), 0.88 (t, J= 7.0 Hz, 2H).
BC NMR (150 MHz, CDCls): § 152.59, 128.65, 125.24, 32.12, 31.78, 31.04, 29.13,
29.12, 29.00, 28.76, 22.63, 14.08.

2-Nitro-5-((octylthio)methyl)furan (70):
O,N ﬂ\/ S\\f\ Following the general procedures for bromination and
for the synthesis of thioethers, the compound 68 (200
mg, 1.4 mmol) was reacted with PBr; (263 uL, 2.8 mmol) in dry THF (5 mL) to
provide the bromo derivative in quantitative yield.
2-(bromomethyl)-5-nitrofuran was reacted with 1-octanethiol (409 mg, 2.8 mmol),
K2CO3 (378 mg, 2.73 mmol) and EtsN (156 mg, 1.54 mmol) in 4 mL of dry THF.
The crude was purified by silica gel flash chromatography (PE:EtOAc 95:5) in order
to obtain the product (114 mg, 0.42 mmol, 30% yield).
MS (ESI): m/z calcd for C13H21NO3;SNa [M+Na]*: 294.1134; found: 294.1152.
'H NMR (600 MHz, CDCls): & 7.26 (d, J = 3.6 Hz, 1H), 6.46 (d, J = 3.6 Hz, 1H),
3.74 (s, 2H), 2.57 (s, 2H), 1.61 — 1.55 (m, 2H), 1.40 — 1.33 (m, 2H), 1.28 (m, 8H),
0.87 (t,J=17.0 Hz, 3H).
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BC NMR (150 MHz, CDCl;): & 157.05, 112.75, 110.55, 32.45, 31.78, 31.76, 29.13,
29.11, 20.07, 28.74, 28.27, 22.62, 14.06.
M\ oo 2,2,2-Trichloro-1-(5-nitro-1H-pyrrol-2-yl)ethan-1-one (74)
O2N ” \ Product prepared according to literature.*
2,2,2-trichloro-1-(1H-pyrrol-2-yl)ethan-1-one (500 mg, 2.38
mmol) was solubilized in 2.5 mL of acetic anhydride under atmosphere of N,. The
solution was cooled to -40 °C and HNO; (210 uL) was added slowly into the reaction
and the temperature was allowed to worm to room temperature in 2 h. After this time
the mixture was cooled to -40 °C and water was added, the resulting suspension was
extracted with EtOAc (x3) and the organic phase was washed with brine, dried with
anhydrous Na,SOs, filtered and evaporated in vacuo. The crude was purified by silica
gel flash chromatography (PE:EtOAc 2:1) to provide product (338 mg, 1.32 mmol,
56% yield).
'H NMR (600 MHz, CDCl5): & 10.40 (s, 1H), 7.32 (d, J = 4.4 Hz, 1H), 7.13 (d, ] =
4.4 Hz, 1H).
C NMR (150 MHz, CDCls): § 173.30, 124,03, 119.85, 110.25, 22.19.

Methyl 5-nitro-1H-pyrrole-2-carboxylate (75)

O.N" >N o= Pyrrole 74 (479 mg, 1.87 mmol) was cooled at 0°C and 15 mL of

"o anhydrous methanol and K,COs; (494 mg, 3.74 mmol) were
added. The reaction was maintained at 0°C under magnetic stirring for 1 h. After the
disappearance of the starting material, the crude was concentrated in vacuo, diluted
with DCM and washed with H,O and Brine. The organic layer was dried with
anhydrous Na,SOs, filtered and evaporated in vacuo. The crude was purified by silica
gel flash chromatography (PE:EtOAc 4:1) to provide product (273 mg, 1.61 mmol,
86% yield).
"H NMR (600 MHz, CDCl5): & 10.35 (s, 1H), 7.08 (d, J = 4.2 Hz, 1H), 6.90 (d, ] =
4.2 Hz, 1H), 3.96 (s, 3H).
BC NMR (150 MHz, CDCls): 8 160.06, 125.26, 115.32, 110,59, 52.68.
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ﬂ\/OH (5-Nitro-1H-pyrrol-2-yl)methanol (76)
0NN Under atmosphere of N», compound 75 (318 mg, 1.87 mmol) was
" dissolved in 10 mL of anhydrous THF and cooled at -60 °C.
Solution 1 M of DIBAL (5.6 mL, 5.61 mmol) was added carefully and, after the
consumption of the starting material, the reaction was quenched with saturated
aqueous solution of NH4Cl. The crude was extracted with EtOAc (x3) and washed
with H,O and brine. The organic layer was dried over anhydrous Na,SOg, filtered and
concentrated in vacuo. The reaction mixture was purified by silica gel flash
chromatography (PE:EtOAc 2:1) to provide compound 76 (244 mg, 1.72 mmol, 92%
yield).

MS (ESI): m/z calcd for CsHsN2O3Na [M+Na]": 165.0276; found: 165.0283.

"H NMR (600 MHz, CDs;OD): 8 7.03 (d, J = 4.0 Hz, 1H), 6.23 (d, J = 4.0 Hz, 1H),
4.56 (s, 2H)

BC NMR (150 MHz, CD;OD): 8 110.98, 108.53, 56.25

(5-Nitro-1-(prop-2-yn-1-yl)-1H-pyrrol-2-yl)methanol (77)
OQN/[N_\>\/OH Compound 76 (110 mg, 0.775 mmol) was dissolved in 2 mL of
/// anhydrous DMF under atmosphere of N, and K>CO3 (214 mg,
1.55 mmol) was added. The suspension was heated at 40 °C for 1
h, then propargyl bromide (59 pL, 0.775 mmol) was added and the reaction was
stirred at 40 °C for 16 h. After cooled at room temperature, H-O was added, and the
crude was extracted with EtOAc (x3) and washed brine (x3). The organic layer was
dried over anhydrous NaSOs, filtered and concentrated in vacuo. The reaction
mixture was purified by silica gel flash chromatography (PE:EtOAc 4:1) to provide
compound 77 (62 mg, 0.341 mmol, 44% yield).
MS (ESI): m/z calcd for CsHsN,O3Na [M+Na]": 203.0433; found: 203.0425.
"H NMR (600 MHz, CDCl5): 8 7.20 (d, J = 4.3 Hz, 1H), 6.22 (d, J = 4.3 Hz, 1H),
5.34(d,J=2.3Hz 3H),4.76 (d,J = 5.7 Hz, 3H), 1.91 (t, ] = 5.8 Hz, 1H).
BC NMR (150 MHz, CDCls): 8 139.71, 138.62, 114.26, 109.61, 73.18, 56.94, 35.72.
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\ 2-Nitro-5-((octylthio)methyl)-1-(prop-2-yn-1-yl)-
S
OZN/D\/ \\\X\\ 1H-pyrrole (78)

Y Following the general procedures for bromination and
for the synthesis of thioethers, compound 77 (15 mg,

0.083 mmol) was reacted with PBr; (16 pL, 0.17 mmol) in 2 mL of dry THF. The
bromo derivative obtained (0.083 mmol) was immediately reacted with 1-octanethiol
(24 mg, 0.17 mmol), K»COs3 (23 mg, 0.16 mmol) and EtzN (12 pL, 0.08 mmol) in dry
THF (2 mL). The crude reaction mixture was purified by silica gel flash
chromatography (PE:EtOAc 9:1) to provide compound 78 (20 mg, 0.065 mmol, 78%
yield).
MS (ESI): m/z calcd for C16H24N202SNa [M+Na]*: 331.1456; found: 331.1467.
'H NMR (600 MHz, CDCl5): 8 7.21 (d, J = 4.3 Hz, 1H), 6.13 (d, J = 4.3 Hz, 1H),
5.38 (d, J = 2.4 Hz, 2H), 3.80 (s, 2H), 2.47 (t, J = 7.2 Hz, 2H), 2.34 (s, 1H), 1.59 —
1.52 (m, 2H), 1.39 — 1.32 (m, 2H), 1.32 — 1.21 (m, 8H), 0.89 (t, ] = 7.2 Hz, 3H).
BC NMR (150 MHz, CDCls): 8 136.69, 114.48, 110.36, 73.15, 35.28, 31.78, 31.68,
29.14, 29.13, 29.09, 28.78, 27.36, 22.63, 14.08.

4.5.1.4 Synthesis of compound 83

(S)-N-((S)-7-(((5-Nitro-1-(prop-2-yn-

1-yl)-1H-pyrrol-2-yl)methyl)thio)-1-

oxo0-1-(phenylamino)heptan-2-yl)-5-

HM\/S \/(\>‘N02 oxopyrrolidine-2-carboxamide (83)

©/ N ST7612AA1 (50 mg, 0.123 mmol) was
dissolved in 2.5 mL of MeOH in a round-
bottom flask. The solution was degassed with three cycles of argon/vacuum and
CHsSNa (8.6 mg, 0.123 mmol, solution 1M in MeOH degassed with three cycles of

argon/vacuum) was added. The reaction was stirred for 30 min then it was degassed

with argon and evaporated in vacuo to lead the free thiol 81.
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Following the general procedure for bromination, compound 77 (24 mg, 0.133 mmol)
was reacted with PBr3; (25 pL, 0.26 mmol) in 2 mL of dry THF. The bromo derivative
obtained (0.123 mmol) was solubilized in 2 mL of dry THF and added to thiol 81.
The reaction was stirred under argon for 16 h at room temperature. The crude was
evaporated in vacuo and purified by silica gel flash chromatography (DCM:MeOH
8:2) to provide compound 83 (14 mg, 0.03 mmol, 22% yield).

MS (ESI): m/z calcd for CosH31NsOsSNa [M+Na]*: 548.1938; found: 548.1945.

'H NMR (600 MHz, CD;0D): § 7.55 (d, J = 7.7 Hz, 2H), 7.31 (t, ] = 7.9 Hz, 2H),
7.18 (d,J=4.3 Hz, 1H), 7.11 (t, ] = 7.3 Hz, 1H), 6.22 (d, J = 4.2 Hz, 1H), 5.33 (d, J
=2.3 Hz, 2H), 4.47 (dd, ] = 8.3, 5.8 Hz, 1H), 4.27 (dd, J = 8.6, 4.7 Hz, 1H), 3.87 (s,
2H), 3.31 (s, 5H), 2.53 —2.38 (m, 5H), 2.36 — 2.27 (m, 2H), 2.12 - 2.03 (m, 1H), 1.79
—1.71 (m, 1H), 1.64 — 1.54 (m, 2H), 1.50 — 1.37 (m, 4H).

BC NMR (150 MHz, CD;OD): & 180.12, 173.49, 171.13, 138.05, 137.54, 128.45,
124.09, 120.00, 113.83, 109.99, 77.21, 72.89, 56.59, 53.93, 45.99, 34.97, 31.86,
30.88, 29.15, 28.71, 27.93, 26.43, 25.98, 25.92, 25.42, 25.06.

4.5.1.5 Synthesis of azide

o (\o (\OH tert-Butyl 5-(2-(2-(2-hydroxyethoxy)ethoxy)
mo K/O ethoxy) pentanoate (85)

To a suspension of NaH (24 mg, 1 mmol) in 5 mL of
anhydrous THF at 0 °C was added triethylen glycol (300 mg, 2 mmol). The reaction
was stirred for 1h, then fert-butyl 5-bromovalerate (116 mg, 0.5 mmol) was added at
room temperature and the mixture was refluxed for 16 h. The reaction was quenched
with 3 drops of water and after 5 minutes it was dried over anhydrous Na,SQs, filtered
and concentrated in vacuo. The crude was purified by silica gel flash chromatography
(DCM:MeOH 98:2) to provide compound 85 (38 mg, 0.16 mmol, 32% yield).

MS (ESI): m/z calcd for C1sH30OsNa [M+Na]*: 329.1935; found: 329.1924.
"H NMR (600 MHz, CD;0D): & 3.67 — 3.63 (m, 8H), 3.59 — 3.56 (m, 4H), 3.49 (t,J
= 6.1 Hz, 2H), 2.25 (t,J = 7.1 Hz, 2H), 1.64 — 1.58 (m, 4H), 1.45 (s, 9H).
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C NMR (150 MHz, CD;OD): & 72.28, 70.41, 70.23, 70.17, 70.02, 69.73, 60.84,
34.72,28.62, 26.95, 21.54.

tert-Butyl 5-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)

© (o N
OtBu o K/O pentanoate (86)

Compound 85 (100 mg, 0.327 mmol) was dissolved in
10 mL of anhydrous DCM under atmosphere of N> then Et;N (49 uL, 0.654 mmol)
and p-Toluenesulfonyl chloride (75 mg, 0.392 mmol) were added. The reaction was
stirred at room temperature for 16 h, then the solvent was removed and the crude was
filtered with a pad of silica (PE:EtOAc 3:1) to provide the desired intermediate that
was used immediately for the next step due to its instability. The tosyl-activated
compound (64 mg, 0.138 mmol) was dissolved in 7 mL of anhydrous DMF under
inert atmosphere and NaNj3 (34 mg, 0.524 mmol) was added. The mixture was heated
at 80 °C and stirred for 16 h. The crude was concentrated in vacuo, the resulted
suspension was filtered and washed with DCM (10 mL x3). The solution was
evaporated in vacuo to provide the product as light-yellow oil (<99% yield, 45 mg,
0.136 mmol).
MS (ESI): m/z calcd for C1sHa9N305Na [M+Na]*: 354.1999; found: 354.2005.
'H NMR (600 MHz, CD3OD): 8 3.68 — 3.64 (m, 8H), 3.59 — 3.58 (m, 2H), 3.49 (t,J
=6.2 Hz, 2H), 3.39 — 3.36 (m, 2H), 2.25 (t, ] = 7.2 Hz, 2H), 1.67 — 1.56 (m, 4H), 1.45
(s, 9H).
BC NMR (150 MHz, CDs;OD): § 70.41, 70.28, 70.24, 70.17, 69.78, 69.76, 50.39,
34.73, 28.64, 26.96, 21.55.

5-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)pentanoic
O (\O (\Ns 4 (87
OH o K/O acid (87)
Compound 86 (45 mg, 0.136 mmol) was dissolved in
5 mL of anhydrous DCM and trifluoroacetic acid (104 mL, 0.68 mmol) was added

and the mixture was stirred at room temperature for 16 h. After the complete
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consumption of the starting material the crude was evaporated in vacuo to provide
the product as light-yellow oil (<99% yield, 37 mg, 0.135 mmol).

MS (ESI): m/z caled for C11H20N3O0s [M-1]: 274.1408; found: 274.1406.

'H NMR (600 MHz, CD3OD): 8 3.68 — 3.61 (m, 8H), 3.59 — 3.58 (m, 2H), 3.50 (t, J
= 6.2 Hz, 2H), 3.38 — 3.36 (m, 2H), 2.31 — 2.28 (m, 2H), 1.69 — 1.61 (m, 4H).

3C NMR (150 MHz, CD;0OD): § 70.47, 70.28, 70.23, 70.16, 69.78, 50.38, 29.34,
28.76, 22.81, 21.58.

4.5.1.6 Synthesis of conjugable system:

5-(2-(2-(2-(4-((2-Nitro-5-
((((S)-7-0x0-6-((S)-5-

oxopyrrolidine-2-

©/ N (phenylamino)

O
N
N’ ]) heptyl)thio)methyl)-1H-
N
/) pyrrol-1-yl)methyl)-1H-1,2,3-
O

o triazol-1-yl)ethoxy)ethoxy)
\) /} \///\ COOH

ethoxy)pentanoic acid (88)

Compounds 83 (22 mg, 0.04 mmol) and azide 87 (11 mg, 0.04 mmol) were dissolved
in dry DMF (2 mL) in a round-bottom flask under magnetic stirring and atmosphere
of argon. The solution was degassed with three cycles of argon/vacuum. To this
solution, a freshly prepared aqueous mixture (1 mL) of Cu(OAc), (2.5 mg, 0.013
mmol) and sodium ascorbate (5 mg, 0.025 mmol), previously degassed by
argon/vacuum cycles, was added dropwise. The reaction mixture was degassed and
left to stir under argon at room temperature for 16 h. The solvent was evaporated and
the crude reaction mixture was purified by silica gel flash chromatography
(CH,Cl,:MeOH 8:2) to provide compound 88 (12 mg, 0.015 mmol) as a pale yellow
oil (yield 36%).

MS (ESI): m/z calcd for C37HsiNsO10S [M-1]: 799.3454; found: 799.3463.
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"H NMR (600 MHz, CD;0D): & 7.93 (s, 1H), 7.55 (d, J = 7.8 Hz, 2H), 7.31 (t, ] =
7.9 Hz, 2H), 7.19 (d, J = 4.3 Hz, 1H), 7.10 (t, ] = 7.4 Hz, 1H), 6.25 — 6.23 (m, 1H),
5.8 (s, 1H), 4.53 (t, ] = 4.9 Hz, 2H), 4.47 (dd, J = 8.5, 5.8 Hz, 1H), 4.30 — 4.27 (m,
1H), 4.01 (s, 2H), 3.84 (t, J = 4.9 Hz, 2H), 3.55 — 3.52 (m, 8H), 3.46 (t, J = 6.1 Hz,
2H), 2.53 (t, J = 7.2 Hz, 2H), 2.48 — 2.40 (m, 2H), 2.33 — 2.29 (m, 2H), 2.11 — 2.04
(m, 2H), 1.88 — 1.86 (m, 1H), 1.76 — 1.73 (m, 2H), 1.65 — 1.57 (m, 6H), 1.48 — 1.43
(m, 1H).

BC NMR (150 MHz, CDsOD): & 138.23, 128.45, 128.45, 128.31, 124.07, 123.56,
120.01, 113.94, 110.02, 70.49, 70.16, 70.13, 70.09, 69.74, 68.96, 56.61, 53.99, 50.07,
48.44, 48.17, 48.02, 47.88, 47.73, 47.59, 47.45, 47.31, 47.17, 40.64, 31.85, 30.99,
29.36, 29.16, 28.84, 28.72, 27.93, 26.80, 26.71, 25.41, 25.08.

4.5.1.7 Synthesis with other functional groups:

2-((3-Methoxyphenoxy)methyl)-5-nitro-1-(prop-2-yn-
/ \_ 0
OZN/Q\/

///

1-yl)-1H-pyrrole (90)

O~ To asolution of 3-methoxyphenol (35 mg, 0.284 mmol) in
THF (2 mL) was added K»CO3 (38 mg; 0.278 mmol) and the reaction was left a room
temperature under magnetic stirring for 1 h. Then the bromide 42 (34.51 mg, 0.142
mmol, prepared according to the general procedure for bromination) and Et3N (15
mg, 0.149 mmol) were added and the mixture was stirred for 16 h. The crude was
diluted with DCM then washed with H,O and brine. The organic layer was dried over
anhydrous Na,SOs, filtered and concentrated in vacuo. The reaction mixture was
purified by silica gel flash chromatography purified by silica gel flash
chromatography (PE:EtOAc 70:30) in order to obtain the product (30% yield).
MS (ESI): m/z caled for CsH4N>OsNa [M+Na]": 309.0851; found: 309.0867.
"H NMR: (600 MHz, CDCl3) § 7.24 — 7.16 (m, 2H), 6.64 (dd, J = 8.2, 1.7 Hz, 1H),
6.62 — 6.59 (m, 1H), 6.57 (dd, J=8.1, 1.7 Hz, 1H), 6.40 (d, ] = 4.3 Hz, 1H); 5.30 (s,
J=2.3Hgz, 2H), 5.18 (s, 2H), 3.77 (s, 3H), 2.81 (s, ] = 2.4 Hz, 1H).
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o H N'-((5-Nitro-1-(prop-2-yn-1-yl)-1H-

ﬂ\/O‘N m \© pyrrol-2-yl)methoxy)-/Vé-

ON" N H phenyloctanediamide (91)
\\\ To a solution of SAHA (24 mg, 0.093

mmol) in MeOH (1 mL) was added an aqueous solution of NaOH 10N (11 mg; 0.279
mmol) and the reaction was left a room temperature under magnetic stirring for 10
min. Then a solution of the bromide 82 (19 mg, 0.08 mmol, prepared according to
the general procedure for bromination) in THF (1 mL) was added and the mixture
was stirred until consumpition of the bromide monitored by TLC. Then aqueous
solution of HCI 1IN (28 pL) was added in the reaction. The crude was diluted with
DCM then washed with H,O and brine. The organic layer was dried over anhydrous
Na»SOs, filtered and concentrated in vacuo. The reaction mixture was purified by
silica gel flash chromatography purified by silica gel flash chromatography
(DCM:MeOH 95:5) in order to obtain the product (32% yield).
MS (ESI): m/z calcd for CzHosN4Os [M-1]: 425.1830; found: 425.1837.
"HNMR: (600 MHz, CDCl5) & 7.54 (d, J = 7.8 Hz, 2H), 7.29 (t, ] = 7.9 Hz, 2H), 7.19
(d,J=4.2 Hz, 1H), 7.08 (t,J = 7.4 Hz, 1H), 6.36 (d, ] =4.2 Hz, 1H); 5.49 (d,1=2.0
Hz, 2H), 4.94 (s, 2H), 2.80 (s, 1H); 2.37 (t, J= 7.4 Hz, 2H), 2.11 — 2.01 (m, 2H), 1.73
—1.65 (m, 2H), 1.65 — 1.57 (m, 2H), 1.41 — 1.32 (m, 4H).

yDmethyl)aniline (92)
N
/ To a solution of o-toluidine (60 mg; 0.56 mmol) in THF (5
S
Z mL) was added the bromide 82 (68 mg, 0.28 mmol,

2-Methyl-V-((5-nitro-1-(prop-2-yn-1-yl)-1H-pyrrol-2-
H
/ \__ N
OZN/C}\/

prepared according to the general procedure for bromination) and Et3N (34 mg, 0.336
mmol), then the mixture was stirred for 16 h at room temperature. The crude was
diluted with DCM then washed with H,O and brine. The organic layer was dried over

anhydrous Na,SO,, filtered and concentrated in vacuo. The reaction mixture was
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purified by silica gel flash chromatography purified by silica gel flash
chromatography (PE:EtOAc 60:40) in order to obtain the product (24% yield).

MS (ESI): m/z calcd for C15HisN3O2Na [M+Na]™: 292.1062; found: 292.1073.
"HNMR: (600 MHz, CDCl5) & 7.24 (d, J = 3.8 Hz, 1H), 7.17 (t,J = 7.5 Hz, 1H), 7.12
(d, J=7.1 Hz, 1H), 6.78 (t, ] = 7.3 Hz, 1H), 6.69 (d, J = 7.9 Hz, 1H), 6.25 (d, J=3.9
Hz, 1H); 5.33 (d, J = 1.5 Hz, 2H), 4.45 (s, 2H), 3.74 (s, 1H), 2.38 (s, 1H), 2.19 (s,
3H).

o ﬁ/ N-((5-Nitro-1-(prop-2-yn-1-yl)-1H-pyrrol-2-yl)methyl)-
'\ N N-(o-tolyl)acetamide (93)
OZN/L—N)\/ \b Compound 92 (6 mg, 0.022 mmol) was dissolved in
/ hanydrous THF (3mL) and cooled to 0 °C with ice-bath
under N, atmosphere and magnetic stirring. Et;N (4.5 mg; 0.044 mmol) and acetyl
chloride (2.6 mg, 0.033 mmol) were added into the reaction and the mixture was left
at 0 °C for 1 h. Then the crude was diluted with DCM then washed with H,O and
brine. The organic layer was dried over anhydrous Na>SOy, filtered and concentrated
in vacuo. The reaction mixture was purified by silica gel flash chromatography
purified by silica gel flash chromatography (PE:EtOAc 70:30) in order to obtain the
product (75% yield).
MS (ESI): m/z calcd for C17H17N303Na [M+Na]": 334.1168; found: 334.1179.
"H NMR: (600 MHz, CDCl3) & 7.36 — 7.13 (m, 2H), 7.11 — 6.78 (m, 2H), 5.79 (1, J
=22.1Hz, 1H),5.37 (ddd, J=24.4,19.9, 8.9 Hz, 3H); 4.36 (d, J = 15.4 Hz, 2H), 2.42
—2.22 (m, 2H), 2.10 (d, J = 54.0 Hz, 3H), 1.82 (s, 3H), 1.63 (d, J = 73.3 Hz, 5H),
1.27 (d,J=11.4 Hz, 2H).



4.5.1.8 Calibration Curve for thiol 81

Chromatographic analyses were performed at flow rate of 0.4 mL/min, injection

volume of 5 ul, operating with a gradient elution of A: water (H,O) and B:

acetonitrile (ACN). UV detection was monitored at 254 nm. The analysis started with

5% of B, then B was increased to 95% (from t = 0 to t = 10 min), then kept at 95%

(from t =10 to t = 15 min) and finally return to 5% of eluent B in 1.0 min.
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Figure 48: Calibration curve (green line and points, R? = 0.99554) for the
compound 81 and its concentration monitored by HPLC-MS at different time

during the reduction with nanoparticles (yellow points).
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4.5.1.9 Determination of DAR (MALDI spectra)

The DAR was determined by MALDI mass spectrometry, using an Ultraflex III mass
spectrometer (Bruker, GmbH), operating in positive linear mode. Briefly, 100 uL of
unconjugated antibodies and products were desalted using PD spin trap G25
(GEHealthcare) eluting in water. A 10 mg/ml s-DHB MALDI matrix solution was
prepared in 0.1%TFA dissolved in a mixture of water and acetonitrile (50:50, v/v).
The sample solution (2 puL) was deposited on MALDI target using a double layer
sample deposition method. The mass spectra were acquired in a mass range from 50
kDa to 180 kDa. The average DAR was calculated (over three experiments) dividing

mass difference between unconjugated and conjugated antibodies by the MW of the

linker-payload.
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Figure 49: Comparison of MALDI spectra of ADC 89 (green line) and cetuximab
alone (red line).
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Figure 50: MALDI spectra of ADC 89 (green line).



4.5.2 New Morita-Baylis-Hillman Adducts for the selective
Nitroreductase-mediated drug release

General procedure for nitro group reduction:'®!

Iron-based nanoparticles (6 mg) was added to a round-bottomed flask. 0.5 mL
aqueous solution of 2 wt. % TPGS-750-M was added via syringe and NaBH4 (59.0
mg, 1.5 mmol) was added to the reaction mixture. Reaction flask was closed with
septum and the reaction mixture turned black with evolution of hydrogen gas. After
2 minutes the nitro-containing compounds (0.5 mmol), pre-dissolved in mixture of
0.5 mL aqueous 2 wt. % TPGS-750-M and 0.1 mL THF, was added to the catalyst
suspension and the reaction was vigorously stirred at room temperature. HPLC-MS

traces were recorded at set time points.

OH O tert-Butyl 2-(hydroxy(2-nitrophenyl)methyl)acrylate (106)
o In an oven-dried flask under N, atmosphere, the 2-nitro
NO, benzaldehyde (1.5 g, 9.93 mmol) was solubilized in 1.5 mL of

THF dry, successively fert-butyl acrylate (12.6 mL, 99.3 mmol) and DABCO (1.27
g, 9.93 mmol) were added. The reaction mixture was stirred at room temperature for
48 h. After concentration under vacuo, H>O was added into the crude and extracted
with EtOAc (3x 100 mL). The organic phase was washed with HCI 1N and brine,
then was dried over anhydrous Na,SOs, filtered and concentrated in vacuo. The crude
reaction mixture was purified by silica gel flash chromatography (PE:EtOAc 95:5) to
provide the desired compound as yellow oil with 90% of yield.

MS (ESI): m/z caled for C14H17NOsNa [M+Na]*: 302.1004; found: 302.0992.
"HNMR (600 MHz, CDCls): 8 7.86 (d, /= 8.1 Hz, 1H), 7.63 (d, J="7.6 Hz, 1H),
7.56 (t,J=7.5Hz, 1H), 7.39 (dd, J=11.3, 4.0 Hz, 1H), 6.23 (s, 1H), 6.03 (s,
1H), 5.64 (s, 1H), 1.29 (s, 9H).
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0 tert-Butyl (Z)-2-(chloromethyl)-3-(2-nitrophenyl)acrylate

NO, ~Cl In a dried flask under N, atmosphere, POCl; (100 mg, 0.71

mmol) was added in 0.04 mL of dry DMF and left under magnetic stirring for 10 min.
Then, a solution of compound 1 in DCM (1.5 mL) was added into the reaction. After
45 min, H,O was used for quenched the excess of POCl; and the crude was extracted
with DCM (10 mL x3). The organic phase was washed with brine and dried over
anhydrous Na»SOs, filtered and concentrated in vacuo. The crude reaction mixture
was purified by silica gel flash chromatography (PE:EtOAc 95:5) to provide the
desired compound as yellow oil with 69% of yield.

MS (ESI): m/z calcd for C14H;sNO4CINa [M+Na]*: 320.0666; found: 320.0682.
"HNMR (600 MHz, CDCls): § 8.20 (d, J = 8.2 Hz, 1H), 8.00 (s, 1H), 7.74 (d, J=7.5
Hz, 1H), 7.66 (d, J=7.5 Hz, 1H), 7.59 (d, J= 7.7 Hz, 1H), 4.20 (s, 2H), 1.58 (s, 9H)

tert-Butyl 2-((2-nitrophenyl)((2-nitrophenyl)sulfonamido)
methyl) acrylate (111)

NO
SN ; A solution of 2-nitro benzyl sulfonamide (202 mg, 0.60 mmol)
o>< in 5 mL of THF was stirred under N, atmosphere in a round
NO bottom flask, then Et;N (87 pL, 0.64 mmol) and compound 109
2

(180 mg, 0.60 mmol) were added and the reaction was left at
room temperature for 16 h. After, H,O was added and the crude was extracted with
DCM (x3). The organic phase was washed with brine and dried over anhydrous
Na,SOq, filtered and concentrated in vacuo. The crude reaction mixture was purified
by silica gel flash chromatography (PE:EtOAc 95:5) to provide the desired compound
as yellow oil with 22% of yield.

MS (ESI): m/z calcd for C2H20N308S [M-1]: 462.0977; found: 462.0971.

'H NMR (600 MHz, CDCl3): 4 7.94 (t, J = 8.1 Hz, 2H), 7.79 — 7.65 (m, 4H), 7.58 (t,
J=7.6 Hz, 1H), 7.46 (t,J=7.7 Hz, 1H), 6.32 (s, 1H), 6.19 (s, 1H), 5.40 (s, 1H), 1.37
(s, 9H).
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o tert-Butyl 2-((2-nitrophenyl)((2-nitrophenyl)sulfonamido)

©\/\f‘\0>< methyl) acrylate (112)
NO>NH A solution of 2-nitro benzyl sulfonamide (202 mg, 0.60 mmol)

SO, in 5 mL of THF was stirred under N, atmosphere in a round

©:No2 bottom flask, then Et;N (87 uL, 0.64 mmol) and compound 109
(180 mg, 0.60 mmol) were added and the reaction was left at room temperature for
16 h. After, H,O was added and the crude was extracted with DCM (x3). The organic
phase was washed with brine and dried over anhydrous Na,SOs, filtered and
concentrated in vacuo. The crude reaction mixture was purified by silica gel flash
chromatography (PE:EtOAc 95:5) to provide the desired compound as yellow oil
with 14% of yield.
MS (ESI): m/z calcd for CoH20N305S [M-1]: 462.0977; found: 462.0964.
'H NMR (600 MHz, CDCl5): & 8.22 (d, J = 8.2 Hz, 1H), 7.97 (s, 1H), 7.86 (m, 2H),
7.79 (t,J=7.6 Hz, 1H), 7.73 (t, J=7.7 Hz, 2H), 7.64 (t, J = 7.9 Hz, 1H), 7.51 (d, J =
7.5 Hz, 1H), 3.91 (s, 2H), 1.48 (s, 9H).

o tert-Butyl 2-(((ethoxycarbonyl)oxy)(2-nitrophenyl)
/\OJ\O o methyl) acrylate (114)
OX In an oven-dried Schlenk under Ar atmosphere, compound
NO, 106 (150 mg, 0.53 mmol) was added in dry THF (2.5 mL)
and the solution was cooled at -78 °C and LiHMDS (800 uL, 0.8 mmol) was added.
After 30 min, ethyl chloroformate (163 pL, 1.59 mmol) was added and after 40 min
the reaction was quenched with H>O and extracted with EtOAc. The organic phase
was washed with brine and dried over anhydrous Na,SOs, filtered and concentrated
in vacuo. The crude reaction mixture was purified by silica gel flash chromatography
(PE:EtOAc 95:5) to provide the desired compound as yellow oil with 56% of yield.
MS (ESI): m/z calcd for C17H;1NO7Na [M+Na]*: 374.1216; found: 374.1202.
'H NMR (600 MHz, CDCl;): & 8.04 (d, J = 7.5 Hz, 1H), 7.71 — 7.57 (m, 2H), 7.49
(t,J=6.8 Hz, 1H), 7.14 (s, 1H), 6.34 (s, 1H), 5.43 (s, 1H), 4.22 — 4.14 (m, 2H), 1.40
(s, 9H), 1.27 (m, 3H).
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C NMR (150 MHz, CDCls): 8 14.20, 27.90, 64.70, 72.11, 81.91, 125.13, 127.20,
128.69, 129.32, 133.29, 133.63, 139.84, 153.85, 163.82.

tert-Butyl 2-(((4-methylphenyl)sulfonamido)(2-
nitrophenyl)methyl)acrylate (116)
In a round bottom flask under N, atmosphere, compound 114
%8s o (200 mg, 0.57 mmol) was solubilized in 1 mL of THF and
OX DABCO (255 mg, 2.29 mmol) was added. The solution was
NO, stirred for 10 min and after 4-toluensulfonamide (246 mg, 0.57
mmol) was added, then the reaction was leave at room temperature for 6 days. After
concentration under vacuo, H,O was added into the crude and extracted with DCM
(3x 20 mL). The organic phase was washed with brine and dried over anhydrous
Na,SOq, filtered and concentrated in vacuo. The crude reaction mixture was purified
by silica gel flash chromatography (PE:EtOAc 70:30) to provide the desired
compound as white solid with 31% of yield.
MS (ESI): m/z calcd for C21H23N2O6S [M-1]7: 431.1282; found: 431.1267.
"H NMR (600 MHz, CDCls): 6 7.78 (dd, J = 8.1, 1.0 Hz, 1H), 7.63 (d, J = 8.2 Hz,
2H), 7.58 (d, J=7.7 Hz, 1H), 7.45 (td, ] = 7.8 Hz, 1H), 7.37 — 7.32 (m, 1H), 7.17 (d,
J=28.1Hz, 2H), 6.12-6.05 (m, 2H), 5.54 (s, 1H), 2.35 (s, 3H), 1.30 (s, 9H).
BC NMR (150 MHz, CDCls): § 21.5, 27.75, 54.47, 77.09, 82.18, 124.81, 127.08,
127.62, 128.56, 129.48, 130.13, 132.93, 133.63, 137.47, 139.02, 143.42, 164.37.

tert-Butyl 2-((4-(tert-butyl)phenoxy)(2-nitrophenyl)

><©\ methyl) acrylate (119)
O

o X In a round bottom flask under N, atmosphere and magnetic
O

©\/I\jl)‘\

mmol) was added. The solution was stirred for 10 min and after 4-tert-butyl phenol

stirring, compound 114 (100 mg, 0.36 mmol) was
solubilized in 1 mL of THF and DABCO (80 mg, 0.72

(54 mg, 0.36 mmol) was added, then the reaction was leave at room temperature for

6 days. After concentration under vacuo, H>O was added into the crude and extracted
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with EtOAc (3x 20 mL). The organic phase was washed with brine and dried over
anhydrous Na»SOs, filtered and concentrated in vacuo. The crude reaction mixture
was purified by silica gel flash chromatography (PE:EtOAc 95:5) to provide the
desired compound as yellow oil with 49% of yield.

MS (ESI): m/z calcd for CsHoNOsNa [M+Na]*: 434.1943; found: 434.1920.

"H NMR (600 MHz, CDCI5): & 8.06 (dd, J= 8.1, 0.9 Hz, 1H), 7.80 (d, J = 7.8 Hz,
1H), 7.64 (dd, J=11.1, 4.0 Hz, 1H), 7.51 — 7.48 (m, 3H), 6.88 — 6.84 (m, 2H), 6.32
(s, 1H), 5.44 (s, 1H), 5.31 (s, 1H), 1.41 (s, 9H), 1.27 (s, 9H).

3C NMR (150 MHz, CDCls):6 27.89, 29.79, 31.47, 73.43, 77.07, 81.66, 115.16,
125.04, 126.28, 126.42, 128.88, 129.32, 133.59, 134.84, 141.35, 144.36, 155.56,
164.42.

Ty

\
N~ O >< In a round bottom flask under N, atmosphere and magnetic
O
0,

tert-Butyl 2-((1H-indol-1-yl)(2-nitrophenyl)methyl)
acrylate (121)

stirring, compound 114 (50 mg, 0.14 mmol) was solubilized in
N 5 mL of DCM, then DABCO (1.5 mg, 0.014 mmol) and 5-
methyl-1H-indole (18 mg, 0.14 mmol) were added. The solution was heated at 40 °C
and stirred for 5 days, after H,O was added into the crude and extracted with DCM
(3x 20 mL). The organic phase was washed with brine and dried over anhydrous
Na,SOq, filtered and concentrated in vacuo. The crude was purified by silica gel flash
chromatography (PE:EtOAc 65:35) to provide the desired compound as orange solid
with 17% of yield.
MS (ESI): m/z calcd for C3H24N204Na [M+Na]™: 415.1634; found: 415.1639.
'H NMR (600 MHz, CDCls): 8 8.09 (dd, J = 7.8, 1.4 Hz, 1H), 7.53- 7.46 (m, 2H),
7.43 (s, 2H), 7.19 (d, J=8.4 Hz, 1H), 7.00 (d, /= 3.1 Hz, 1H), 6.91 (d, /= 7.4 Hz,
1H), 6.49 (d, J= 3.1 Hz, 1H), 6.43 (s, 1H), 5.31 (s, 1H), 5.10 (s, 1H), 2.44 (s, 3H),
1.28 (s, 9H).
BCNMR (150 MHz, CDCls) : §27.76,29.71, 55.47, 81.90, 102.01, 109.44, 120.66,
123.82, 125.50, 125.75, 127.36, 129.06, 129.14, 133.75, 140.85.



0 (D)-Methyl acetyl-cysteinate (122)
H S/\:)l\o/ The compound was synthetised as reported.>*
HN. 2O 1n a round bottom flask under N, atmosphere and magnetic stirring,
N-acetyl-2-cysteine (500 mg, 3 mmol) was solubilized in 11 mL of
MeOH and SOCIL (423 mg, 3.55 mmol) was added. The reaction was stirred for 90
min at room temperature and then concentrate in vacuo. The crude was diluited with
EtOAc, washed with brine and dried over anhydrous Na,SOs, filtered and

concentrated in vacuo. The crude was purified by silica gel flash chromatography

(DCM:MeOH 99:1) to provide the desired compound as white solid with 37% of

yield.
< © tert-Butyl 2-((((S)-2-acetamido-3-methoxy-3-oxopropyl)
P NH thio) (2-nitrophenyl)methyl)acrylate (123)
In a round bottom flask under N, atmosphere and magnetic
dﬁﬁ?\ox stirring, compound 114 (100 mg, 0.28 mmol) was solubilized
NO, in 5 mL of DCM, then DABCO (15 mg, 0.14 mmol) and

methyl acetyl-cysteinate (46 mg, 0.28 mmol) were added. The
solution was stirred at room temperature for 24 h, after this time H>O was added into
the crude and extracted with DCM (3x 20 mL). The organic phase was washed with
brine and dried over anhydrous Na,SOy, filtered and concentrated in vacuo. The crude
was purified by silica gel flash chromatography (PE:EtOAc 35:65) to provide the
desired compound as a mixture of the two diasteroisomers (1:1) with 75% of yield.
MS (ESI): m/z calcd for CooH26N207Na [M+Na]™: 461.1358; found: 461.1372.
'H NMR (600 MHz, CDCls): 8 7.93 (dd, J = 12.7, 8.3 Hz, 1H), 7.62 (t, J = 7.6 Hz,
1H), 7.55 (d, J = 3.2 Hz, 2H), 7.41 (ddd, J = 13.7, 12.5, 6.8 Hz, 3H), 6.44 (s, 1H),
6.21 (s, 1H), 5.96 (s, 1H), 5.87 (s, 1H), 5.79 (s, 1H), 5.47 (s, 1H), 5.28 (s, 1H), 4.95
(dd, J=8.3,4.1 Hz, 1H), 4.86 — 4.80 (m, 1H), 4.09 (q, /= 7.1 Hz, 1H), 3.72 (d, /=
5.9 Hz, 6H), 3.08 (ddd, J=15.3, 11.4, 4.3 Hz, 1H), 2.94 (dd, /= 14.0, 4.4 Hz, 1H),
2.80 (dd, J=14.3, 4.3 Hz, 1H), 1.44 (s, 6H), 1.33 (s, 18H).
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BC NMR (150 MHz, CDCls): § 22.84, 22.98, 27.79, 27.87, 34.71, 34.86, 45.45,
46.22, 52.18, 53.37, 52.64, 52.72, 81.87, 82.15, 125.15, 125.28, 126.26, 127.36,
128.51, 128.51, 130.08, 130.91, 133.62, 141.23, 164.46, 165.03, 170.16, 170.41,
170.77, 170.78.

~  Methyl 1-cyclopropyl-6-fluoro-4-oxo-7-(piperazin-1-
Fwo yl)-1,4-dihydroquinoline-3-carboxylate (CpxMe, 124)
N N l The compound was synthetised as reported.?*
HN\) A In a round bottom flask under N, atmosphere and
magnetic stirring, Ciprofloxacine (400 mg, 1.21 mmol) was suspended in 10 mL of
MeOH dry and p-toluensolfonic acid (423 mg, 3.55 mmol) was added. The reaction
was heated to 100 °C and stirred for 24. The crude was concentrated under vacuo and
the solid mixture was washed with NaHCO3. The organic phase was extracted with
DCM, washed with brine and dried over anhydrous Na>SOs, filtered and concentrated

in vacuo. The desired compound as obtained without further purification as white

solid with <99% of yield.

Methyl 7-(4-(2-(tert-butoxycarbonyl)-1-(2-

00O
o nitrophenyl)allyl) piperazin-1-yl)-1-cyclopropyl-6-fluoro-
X
N 4-0x0-1,4-dihydroquinoline-3-carboxylate (125)

W In a round bottom flask under N, atmosphere and magnetic

N stirring, compound 114 (100 mg, 0.28 mmol) was solubilized

[Nj o in 10 mL of DCM, then DABCO (3 mg, 0.028 mmol) and

MOX compound 124 (97 mg, 0.28 mmol) were added. The solution

NO, was stirred at room temperature for 24 h, after this time H,O

was added into the crude and extracted with DCM (3x 20 mL). The organic phase

was washed with brine and dried over anhydrous Na,SOs, filtered and concentrated

in vacuo. The crude was purified by silica gel flash chromatography (DCM:MeOH

99:1) to provide the desired compound as yellow solid with 52% of yield.

MS (ESI): m/z caled for C3>H3sN4sO7FNa [M+Na]": 629.2387; found: 629.2391.



'H NMR (600 MHz, CDCLs): & 8.53 (s, 1H), 8.00 (d, J= 11.7 Hz, 1H), 7.82 (d, J =
38.1 Hz, 1H), 7.56 (d, J = 39.8 Hz, 2H), 6.41 (s, 1H), 5.82 (s, 1H), 5.29 (d,J=11.3
Hz, 1H), 4.68 (s, 1H), 3.91 (s, 3H), 3.28 (s, 4H), 2.76 (d, J = 86.1 Hz, 4H), 1.42 (s,
9H), 1.28 (d, J = 35.6 Hz, 2H), 1.14 (s, 2H).

tert-Butyl 2-((2-nitrophenyl)((8-oxo-

HNJ\/\/\/\(O 8-(phenylamino)octanamido)oxy)

@ HN o methyl) acrylate (126)
O>< In a round bottom flask under N, atmosphere

NO, and magnetic stirring, compound 114 (100 mg,
0.28 mmol) was solubilized in 10 mL of dry DCM, then DABCO (3 mg, 0.028 mmol)
and SAHA (74 mg, 0.28 mmol) were added. The solution was stirred at room
temperature for 24 h, after this time H,O was added into the crude and extracted with
DCM (3x 20 mL). The organic phase was washed with brine and dried over
anhydrous Na;SQs, filtered and concentrated in vacuo. The crude was purified by
silica gel flash chromatography (DCM:MeOH 98:2) to provide the desired compound
as yellow solid with 12% of yield.
MS (ESI): m/z calcd for CsH3uN307 [M-1]7: 524.2402; found: 524.2381.
"H NMR (600 MHz, MeOD):8 7.98 (d, J = 7.9 Hz, 1H), 7.83 (d, J = 7.6 Hz, 1H),
7.73 (d, J= 7.4 Hz, 1H), 7.54 (d, J= 7.7 Hz, 3H), 7.29 (t, J= 7.7 Hz, 2H), 7.08 (t,
J=7.0 Hz, 1H), 6.45 (s, 1H), 6.36 (s, 1H), 5.86 (s, 1H), 2.35 (dd, /= 17.7, 10.3 Hz,
4H), 1.69 — 1.62 (m, 2H), 1.57 (dd, J=14.7, 7.3 Hz, 2H), 1.40 (s, 9H), 1.29 (s, 4H).

3-Methoxy-4-(prop-2-yn-1-yloxy)benzaldehyde (127)**
/OD) Vanillin (1.5 g, 9.86 mmol) was stirred with Cs,CO3 (3.213 g, 9.86
mmol) for five minutes in anhydrous DMF (25 mL). To the
/ mixture was added propargyl bromide (3.742 mL,49.3 mmol).
The reaction was stirred at room temperature for 24 hours. The reaction was then
quenched with H>O (30 mL) and extracted with EtOAc (3x30 mL) and washed with
brine (3x80 mL). The organic layer was dried with Mg,SOs, filtered, and
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concentrated by rotatory evaporation. The resulting solution was purified via flash
chromatography (3:1 Hexanes: EtOAc), resulting in a white solid (86% yield).

"H NMR (400 MHz, CDCl5):5 9.87 (s, 1H), 7.45 (dd, J = 1.9 Hz, J = 7.8 Hz, 1H),
7.43(d,J=1.9, 1H), 7.14 (d, J=7.8 Hz, 1H), 4.85 (d, J = 2.4 Hz, 2H), 3.94 (s, 3H),
2.55(t,J=2.4 Hz, 1H)

5-Methoxy-2-nitro-4-(prop-2-yn-1-yloxy)

O
/Ojr\:ﬁ benzaldehyde (128)*
o no, A flask was charged with 127 (1.5 g, 8.00 mmol, I eq), wrapped
/ in aluminum foil and cooled at 0 °C. HNOs (50 mL, excess) was

added to the flask and allowed to stir for 25 minutes at 0 °C. The reaction was then
warmed to room temperature for 2 hours, then quenched with chilled H»O (100 mL)
and the precipitate was collected by vacuum filtration and washed with ice water
(3x30 mL). The resulting product was a yellow solid (60% yield) and required no
further purification.

'HNMR (400 MHz, CDCl5):8 10.45 (s, 1H), 7.79 (s, 1H), 7.43 (s, 1H), 4.90(s, 2H),
4.02 (s, 3H), 2.62 (s, 1H).

OH © tert-Butyl 2-(hydroxy(5-methoxy-2-nitro-4-(prop-2-

O O>< yn-1-yloxy)phenyl)methyl)acrylate (129)
0 NO, In an oven-dried flask under N, atmosphere, the
/ compound 128 (90 mg, 0.38 mmol) was solubilized in

1.5 mL of THF dry, successively tert-butyl acrylate
(0.55 mL, 3.8 mmol) and DABCO (43 mg, 0.38 mmol) were added. The reaction
mixture was left at room temperature under magnetic stirring for 48 h. After
concentration under vacuo, H,O was added into the crude and extracted with EtOAc
(3x 10 mL). The organic phase was washed with HCI 1N and brine, then was dried
over anhydrous Na;SOs, filtered and concentrated in vacuo. The crude reaction
mixture was purified by silica gel flash chromatography (PE:EtOAc 70:30) to provide
the desired compound as yellow oil with 42% of yield.

152




153

MS (ESI): m/z calcd for C;sH2;NO;Na [M+Na]": 386.1216; found: 386.1211.
"H NMR (600 MHz, MeOD): § 7.76 (s, 1H), 7.20 (s, 1H), 6.19 (d, 2H), 5.51 (s, 1H),
4.80 (d, J=2.3 Hz, 2H), 3.93 (s, 3H), 2.54 (t, ] = 2.3 Hz, 1H), 1.40 (s, 9H).

tert-Butyl 2-(((ethoxycarbonyl)oxy)(5-methoxy-2-

o
2\ nitro-4-(prop-2-yn-1-yloxy)phenyl)methyl)acrylate
o~ 0 O
o N a3

o NG In an oven dried Schlenk under Ar atmosphere,

2
/ compound 129 (130 mg, 0.36 mmol) was added in dry

4

THF (10 mL) and the solution was cooled at -78 °C and
LiHMDS (560 pL, 0.56 mmol) was added. After 30 min, ethyl chloroformate (111
pL, 1.08 mmol) was added and after 40 min the reaction was quenched with H,O and
extracted with EtOAc. The organic phase was washed with brine and dried over
anhydrous Na»SOs, filtered and concentrated in vacuo. The crude reaction mixture
was purified by silica gel flash chromatography (PE:EtOAc 95:5) to provide the
desired compound as yellow oil with 97% of yield.
MS (ESI): m/z caled for C2iH2sNOoNa [M+Na]*: 458.1427; found: 458.1435.
"H NMR (600 MHz, CDCl5): & 7.88 (s, 1H), 7.28 (s, 1H), 7.06 (s, 1H), 6.35 (s, 1H),
5.41 (s, 1H), 4.85 (d, ] = 2.2 Hz, 2H), 4.28 — 4.19 (m, 2H), 3.95 (s, 3H), 2.59 (d, J =
1.2 Hz, 1H), 1.47 (s, 9H), 1.32 (t,J = 7.0 Hz, 3H).



Methyl 7-(4-(2-(tert-butoxycarbonyl)-1-(5-methoxy-

O/O \O 2-nitr-4-(prop-2-yn-1-yloxy)phenyl)allyl)piperazin-
N 1-yl)-1-cyclopropyl-6-fluoro-4-oxo-1,4-
W dihydroquinoline-3-carboxylate (131)

" N In a round bottom flask under N, atmosphere and

[Nj o magnetic stirring, compound 130 (100 mg, 0.28 mmol)
/oml\ox was solubilized in 10 mL of DCM, then DABCO (3 mg,
o NO, 0.028 mmol) and CpxMe (124) (97 mg, 0.28 mmol)
/ were added. The solution was stirred at room
temperature for 24 h, after this time H>O was added into
the crude and extracted with DCM (3x 20 mL). The organic phase was washed with
brine and dried over anhydrous Na,SOy, filtered and concentrated in vacuo. The crude
was purified by silica gel flash chromatography (DCM:MeOH 99:1) to provide the
desired compound with 38% of yield.
MS (ESI): m/z caled for C3¢H3oN4OoFNa [M+Na]": 713.2599; found: 713.2604.
'H NMR (600 MHz, MeOD): § 8.63 (s, 1H), 7.83 (d, J = 13.3 Hz, 1H), 7.72 (s, 1H),
7.42 (s, 1H), 6.35 (s, 1H), 5.86 (s, 1H), 5.29 (s, 1H), 4.84 (s, 2H), 3.98 (s, 1H), 3.94
(s, 3H), 3.85 (s, 3H), 3.36 (bs, 4H), 2.91 — 2.84 (m, 2H), 2.74 — 2.66 (m, 2H), 2.53 (s,
1H), 1.44 (s, 9H), 1.33 - 1.27 (m, 2H), 1.19 — 1.14 (m, 2H).

o . 2-(2-(2-Azidoethoxy)ethoxy)ethan-1-ol (134)*"’
OH k/o TEG (100 mg, 0.327 mmol) was dissolved in 10 mL of anhydrous
DCM under atmosphere of N; then Et:N (49 pL, 0.654 mmol) and p-Toluenesulfonyl
chloride (63 mg, 0.327 mmol) were added. The reaction was stirred at room
temperature for 16 h, then the solvent was removed and the crude was filtered with a
pad of silica (PE:EtOAc 3:1) to provide the desired intermediate that was used
immediately for the next step due to its instability. The tosyl-activated compound (64
mg, 0.138 mmol) was dissolved in 7 mL of anhydrous DMF under inert atmosphere
and NaNj3 (34 mg, 0.524 mmol) was added. The mixture was heated at 80 °C and

stirred for 16 h. The crude was concentrated in vacuo, the resulted suspension was
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filtered and washed with DCM (10 mL x3). The solution was evaporated in vacuo to

provide the product as light-yellow oil (<99% yield, 45 mg, 0.136 mmol).

Methyl 7-(4-(2-(tert-butoxycarbonyl)-1-(4-((1-(2-

Ox O
o (2-(2-hydroxyethoxy)ethoxy)ethyl)-1H-1,2,3-
A
N triazol-4-yl)methoxy)-5-methoxy-2-nitrophenyl)
W allyl)piperazin-1-yl)-1-cyclopropyl-6-fluoro-4-
F
N 0x0-1,4-dihydroquinoline-3-carboxylate (135)
[ ] Compounds 131 (55 mg, 0.08 mmol) and azide 134
N™ O
/om(ok (11 mg, 0.06 mmol) were dissolved in dry DMF (6
o NO, mL) in a round-bottom flask under magnetic stirring
N,,N f and atmosphere of argon. The solution was degassed
N with three cycles of argon/vacuum. To this solution, a
S freshly prepared aqueous mixture (3 mL) of
o PT\L :
—/ OH Cu(OAc), (3.6 mg, 0.018 mmol) and sodium

ascorbate (7.1 mg, 0.036 mmol), previously degassed by argon/vacuum cycles, was
added dropwise. The reaction mixture was degassed and left to stir under argon at
room temperature for 16 h. The solvent was evaporated and the crude reaction
mixture was purified by silica gel flash chromatography (DCM:MeOH 96:4) to
provide compound 135 as a pale yellow oil (yield 30%).

MS (ESI): m/z caled for C42Hs:FN7O12 [M+1]*: 866.3731; found: 866.3592.



4.5.3 Study of a dye for the development of a photosensitive drug
delivery system

4.5.3.1 Synthetical procedures

5,10-Dibutyl-4a,5,10,10a-tetrahydrophenazine (204)

\/\N Phenazine 202 (2.94 g, 16.3 mmol) was dissolved under Argon
©IN:© atmosphere in ethanol (70 mL) and was heated to 80°C. Solution of

K/\ NazS>04 (28.8 g, 16.5 mmol) in 250 mL of ultrapure water was
prepared and added at the reaction flask. After the addition of the solution white
precipitate was observed. The mixture was stirred for another hour, then the reaction
was cooled to room temperature, filtered, washed with water and dried under vacuum
atmosphere. 5,10-Dihydrophenazine 203 (2.81 g) was obtained as pale green solid
and it was used directly for the next step due to its instability.
Under Argon atmosphere, compound 203, NaOH (2.34 g, 58.6 mmol), ImL of water
and tetrabutylammonium bromide (0.4 g, 1.2 mmol) were dissolved in 25 mL of
DMSO. The reaction was heated at 40° C and 1-iodobutane (4.0 mL, 35.2 mmol) was
added. The reaction was stirred for other 5 hours, then it was cooled to room
temperature and poured into water. The crude was extracted with DCM (3x50 mL),
dried over anhydrous Na>SOs, filtered and concentrated in vacuo. The crude reaction
mixture was purified with neutral aluminium oxide flash chromatography (PE as
eluent). The purified product 204 was obtained with 65% yield.
MS (ESI): m/z calc for C2oHzsN2Na [M+Na]: 319.2150 found: 319.2173
"H NMR (600 MHz, CDCl5): 4 7.09 (d, J = 8 Hz, 2H), 6.82 (d, J = 8 Hz, 2H), 3.53 -
3.41 (m, 4H), 1.68 — 1.57 (m, 4H), 1.50 — 1.44 (m, 4H), 1.15 (t,J= 7.2 Hz, 6H)

W o 5,10-Dibutyl-5,10-dihydrophenazine-2,7-dicarbaldehyde
N
N

I (205)
| Product 204 (2.9 g, 10 mmol) was dissolved in 20 mL of DMF
|

0 K/\ under Argon atmosphere. The solution was cooled with ice

bath and stirred for ten minutes. 2.5 mL of phosphorus oxychloride was added drop
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by drop at the solution and the reaction was stirred for 30 minutes, then it was heated
for 12 hours at 60°C. The reaction mixture was poured into ice water and the pH was
adjusted to weakly basic. Dark orange precipitate was filtered, washed with ice water
and dried. Product 205 (1.67 g, 40% yield) was obtained after silica flash
chromatography with petroleum ether/EtOAc as eluent.

MS (ESI): m/z calc for C2,H2:N;NaO. [M+Na]: 373.1892 found: 373.1864

"H NMR (600 MHz, CDCls): 6 9.60 (s, 2H), 7.11 (d, J = 8.1 Hz, 2H), 6.73 (s, 2H),
6.28 (d, J= 8.1 Hz, 2H), 3.50 — 3.39 (m, 4H), 1.65 (dt, /= 15.6, 7.9 Hz, 4H), 1.53 —
1.46 (m, 4H), 1.05 (t, J= 7.3 Hz, 6H).

~ (5,10-Dibutyl-5,10-dihydrophenazine-2,7-diyl)

OH
dimethanol (206)
l Compound 205 (500 mg, 1.425 mmol) was dissolved in THF

N

N
OH K/\ dry under Argon atmosphere and was stirred in ice bath for
ten minutes. Then NaBH4 (54 mg, 1.425 mmol) was added at the solution and the
reaction was stirred for 2 hours. The mixture was quenched with water, extracted with
DCM (3x20 mL), dried over anhydrous Na>SOs, filtered and concentrated in vacuo.
Product 206 (200 mg, 40% yield) was obtained after neutral aluminium oxide flash
chromatography (PE/EtOAc).
MS (ESI): m/z calc for C»H3oN2NaO> [M+Na]: 377.2205 found: 377.2183
"H NMR (600 MHz, CDCls): 6 7.57 (s, 2H), 7.09 (d, J = 8.1 Hz, 2H), 6.77 (d, J = 8.1
Hz, 2H), 4.46 (s, 2H), 3.52 — 3.40 (m, 4H), 1.55 — 1.52 (m, 4H), 1.49 — 1.46 (m, 4H),
1.15 (t, J=17.3 Hz, 6H).

(5,10-Dibutyl-7-(((tert-butyldimethylsilyl)oxy)

OH
methyl)-5,10-dihydrophenazin-2-yl)methanol
(207)

N
I
N
8DMs~° K/\ Product 206 (200 mg, 0.56 mmol), Imidazole (46
mg, 0.68 mmol) and DMAP (7.2 mg, 0.06 mmol) were dissolved in 10 mL of dry
THF under Argon atmosphere. TBDMSCI (75 mg, 1.8 mmol) was dissolved in 1 mL

~
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of dry THF and added in 1 hour at the reaction mixture. The reaction was stirred for
24 hours, after it was quenched with water and extracted with DCM (2x20 mL). The
organic phase was washed with HCl 1N, NH4Cl, brine and dried over anhydrous
Na,SOq, filtered and concentrated in vacuo. Product 207 (80 mg, 30% yield) was
obtained after purification with silica flash chromatography (PE/EtOAc).

MS (ESI): m/z calc for C2sH44N>NaO,Si [M+Na]: 491.3070 found: 491.3056
"HNMR (600 MHz, DMSO): & 7.35 (s, 2H), 7.12 (bd, J = 8.2, 2H), 6.61 (bd, J = 8.1
Hz, 2H), 4.59 (s, 2H) 4.44 (s, 2H), 3.45 — 3.38 (m, 2H), 3.31 — 3.29 (m, 2H), 1.59 —
1.50 (m, 4H), 1.43 — 1.40 (m, 4H), 0.90 (s, 6H), 0.85 (s, 9H), 0.10 (s, 6H).

\/\ o 5,10-Dibutyl-7-(((fert-butyldimethylsilyl)oxy)
N ! methyl)-5,10-dihydrophenazine-2-carbaldehyde
|
N (208)
T8DMs-C K/\ Compound 207 (160 mg, 0.33 mmol) and MnO, (34

mg, 0,4 mmol) were dissolved in DCM. The reaction was stirred at room temperature
for 48h. Then the organic phase was washed with water (2x20 mL) and brine (1x20
mL), dried over anhydrous Na,SQj, filtered and concentrated in vacuo. Product 208
(25mg, 20% yield) was obtained after purification with after silica flash
chromatography (PE/EtOAc).

MS (ESI): m/z calc for C2sH4,N2NaO»Si [M+Na]: 489.2913 found: 489.2895

"H NMR (600 MHz, DMSO): § 9.53 (s, 1H), 7.10 (dd, J= 8.1, 1.3 Hz, 1H), 6.53 (d,
J=9.7Hz, 2H), 6.40 (d, J=8.2 Hz, 1H), 6.37 (s, 1H), 6.32 (d, /= 8.2 Hz, 1H), 4.46
(s, 2H), 3.47 — 3.40 (m, 2H), 3.39 — 3.33 (m, 2H), 1.57 — 1.46 (m, 4H), 1.40 (dt, J =
11.2, 7.3 Hz, 4H), 0.95 (dt, J=11.5, 5.7 Hz, 6H), 0.89 (s, 9H), 0.06 (s, 6H).

1-(2-Carboxyethyl)-2,3,3-trimethyl-3 H-indol-1-ium (209)
‘2L/© 2,3,3-Trimethylindolenine (3.18 g, 20 mmol) and 3-
N bromopropoinic acid (6.08 g, 40 mmol) were dissolved in MeCN
HOOC (40 ml) under Argon atmosphere. The reaction mixture was

refluxed for 12 h, then it was cooled to room temperature and the solvent was
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removed under vacuum. The purple solid was crystallized in DCM, precipitate was
filtered and washed with ice DCM. Product 209 (2.3 g, 50% yield) was obtained as a
pale pink solid.

"HNMR (600 MHz, DMSO): § 8.01 — 7.94 (m, 1H), 7.84 — 7.78 (m, 1H), 7.61 (dd,
J=15.3,3.3 Hz, 2H), 4.64 (t, J= 7.0 Hz, 2H), 2.97 (t, /= 7.0 Hz, 2H), 2.84 (s, 3H),
1.52 (s, 6H).

(E)-1-(2-Carboxyethyl)-2-(2-(5,10-
\/\N YL O dibutyl-7-(((tert-butyldimethylsilyl)
(@ O N’ oxy)methyl)-5,10-dihydrophenazin-2-
aons© NK/\ O£OH yl)vinyl)-3,3-dimethyl-3H-indol-1-ium
(210)

Product 7 (25 mg, 0.053 mmol) and product 209 (13 mg, 0.053 mmol) were dissolved
in dry MeCN under Argon atmosphere in the dark. Then Piperidine was added in a
catalytic amount and the reaction was stirred for 24 h at room temperature. Then the
solvent was removed under vacuum and product 210 (10 mg, 27% yield) was
obtained after silica flash chromatography (DCM/MeOH).

"H NMR (600 MHz, DMSO): 8 8.31 (s, 2H), 8.02 (d, J = 15.5 Hz, 1H), 7.74 (d, J =
7.3 Hz, 1H), 7.67 (d, J = 7.8 Hz, 1H), 7.51 (t, J= 7.4 Hz, 1H), 7.44 (t, J = 6.9 Hz,
2H), 7.25 (d, J=15.5 Hz, 1H), 6.74 (s, 1H), 6.63 (d, /J=7.8 Hz, 1H), 6.49 (d,/=8.4
Hz, 2H), 6.43 (d, J= 8.1 Hz, 1H), 4.62 (s, 2H), 3.54 (d, /= 6.6 Hz, 4H), 2.65 (s, 2H),
2.07 (s, 6H), 1.02 — 0.92 (m, 9H), 0.91 — 0.81 (m, 15H), 0.07 (s, 6H).
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4.6 Computational Appendixes

4.6.1 Rational design of a new BODIPY derivative for photosensitive
drug delivery systems

4.6.1.1 Minimal geometries

The minimal geometries optimised with Gaussian 16 using B3LYP/6-31G* as level
of theory.
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4.6.1.2 Tables of calculations of veritcal excitation energies

Vertical excitation energies (E..), calculated absorption maxima (A.. calc.),
experimental absorption maxima reported (A... €xp.), absorption maxima obtained
from the calibration line (A... expt.), oscillator strength (f), difference between

experimental data and calculated data (AE).

Table 10: values obtained with M062X/cc-pVDZ.

Compound  Ecec(€V)  Amax calc. (nm) Amax exp. (nm) AE (eV) f
180 2,17 571 652 0,27 1,8963
181 2,12 585 671 0,27 1,8882
183 2,04 607 673 0,20 1,0029
184 2,11 589 682 0,29 0,7912
173 1,96 633 700 0,19 0,9335
187 2,02 615 720 0,24 1,6883
182 1,95 636 723 0,24 2,0167
186 1,93 643 731 0,23 1,8105
185 1,85 671 766 0,23 1,5056
188 1,77 699 840 0,29 1,8868
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Table 11: values obtained with CAM-B3LYP/6-311+G(2d,p).

Compound Ecc(€V)  Amax calc. (nm) Amax exp. (nm) AE (eV) f
180 2,12 586 652 0,21 1,9031
181 2,07 600 671 0,22 1,8929
183 1,99 624 673 0,14 0,9761
184 2,08 596 682 0,26 0,7925
173 1,96 634 700 0,24 0,9311
187 1,97 631 720 0,19 1,6720
182 1,89 656 723 0,17 1,9903
186 1,87 663 731 0,17 1,7971
185 1,80 688 766 0,18 1,5012
188 1,74 712 840 0,27 1,8764

Table 12: values obtained with M062X/6-311+G(2d,p).

Compound  Ecec (€V)  Amax calc. (nm) A max exp. (nm) AE (eV) f
180 2,12 584 652 0,22 1,8933
181 2,07 598 671 0,22 1,8849
183 1,99 621 673 0,16 1,8849
184 2,06 601 682 0,24 0,7825
173 1,93 643 700 0,16 0,9189
187 1,97 630 720 0,20 1,6617
182 1,90 652 723 0,19 1,9901
186 1,88 659 731 0,19 1,7944
185 1,80 688 766 0,18 1,4822
188 1,73 715 840 0,26 1,8776
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Table 13: values obtained with CAM-B3LYP/cc-pVDZ.

Compound  Ecee (€V)  Amax calc. (nm) Amax exp. (nm) AE (eV) f
180 2,17 572 652 0,27 1,8933
181 2,12 586 671 0,28 1,8961
183 2,03 610 673 0,19 1,0068
184 2,13 583 682 0,31 0,8016
173 1,99 623 700 0,22 0,9475
187 2,02 613 720 0,25 1,7044
182 1,94 638 723 0,23 2,0171
186 1,93 644 731 0,23 1,8159
185 1,86 667 766 0,24 1,5347
188 1,80 691 840 0,32 1,8884

Table 14: values obtained for compound 190.

Level of theory (Ee\c;) A m(arxnf;;lc' A mg;g)(pt. f
M062X/cc-pVDZ 2,21 561 632 0,7558
CAM-B3LYP/311+G(2d,p) 2,15 579 635 0,8511
M062X/6-311G(2d,p) 2,15 579 639 0,8511
CAM-B3LYP/cc-pVDZ 2,22 559 662 0,8548

Table 15: values obtained for compound 191.

Level of theory (];::c;) * m(a; I(I:Slc' . mg;l.g;pt. f
M062X/cc-pVDZ 2,23 557 626 0,7923
CAM-B3LYP/311+G(2d,p) 2,18 569 621 0,8352
M062X/6-311G(2d,p) 2,18 569 623 0,7962

CAM-B3LYP/cc-pVDZ 2,24 554 615 0,8392




Table 16: values obtained for compound 192.

Eecc A max calc.

A max. €XPpt.

Level of theory (V) (nm) (nm) f
MO062X/cc-pVDZ 1,96 634 728 1,7781
CAM-B3LYP/311+G(2d,p) 1,90 652 731 1,7768
M062X/6-311G(2d,p) 1,90 652 733 1,7648
CAM-B3LYP/cc-pVDZ 1,96 632 727 1,7963
Table 17: values obtained for compound 193.
Eccc A max calc. A max. €Xpt.
Level of theory (V) (nm) (nm) f
M062X/cc-pVDZ 1,95 637 732 1,9271
CAM-B3LYP/311+G(2d,p) 1,90 652 730 1,9150
M062X/6-311G(2d,p) 1,90 653 734 1,9025
CAM-B3LYP/cc-pVDZ 1,95 635 731 1,9424
Table 18: values obtained for compound 194.
Eccc A max calc. A max. €Xpt.
Level of theory (V) (nm) (nm) f
M062X/cc-pVDZ 1,91 649 748 2,0570
CAM-B3LYP/311+G(2d,p) 1,87 664 746 2,0475
M062X/6-311G(2d,p) 1,86 666 751 2,0399
CAM-B3LYP/cc-pVDZ 1,92 646 747 2,0681
Table 19: values obtained for compound 197.
Ecce A max calc. A max. €Xpt.
Level of theory (eV) (nm) (nm) f
M062X/cc-pVDZ 1,99 624 712 0,9837
CAM-B3LYP/311+G(2d,p) 195 636 710 0,9786
M062X/6-311G(2d,p) 1,95 637 713 0,9651
CAM-B3LYP/cc-pVDZ 1,99 621 711 0,9974
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Table 20: values obtained for compound 195.

Eecc A max calc.

A max. €XPpt.

Level of theory (V) (nm) (nm) f
M062X/cc-pVDZ 2,06 601 685 1,7794
CAM-B3LYP/311+G(2d,p) 2,01 610 676 1,7871
M062X/6-311G(2d,p) 2,03 612 681 1,7686
CAM-B3LYP/cc-pVDZ 2,07 598 678 1,8022

Table 21: values obtained for compound 196.

Level of theory (Ee\c;) A m(arxnf;;lc' A mg;g)(pt. f
M062X/cc-pVDZ 1,89 655 755 1,5036
CAM-B3LYP/311+G(2d,p) 189 654 735 1,5605
M062X/6-311G(2d,p) 1,87 663 747 1,5084
CAM-B3LYP/cc-pVDZ 1,93 643 743 1,5658

4.6.2 Study of a dye for the development of a photosensitive drug

delivery system

4.6.2.1 FEnergies of minimal geometries

The minimal geometries were optimised with Gaussian 16 using B3LYP/6-31G* as

level of theory. Reported energies of the isomer ground states.
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4.6.2.2 Tables of calculations of veritcal excitation energies

Vertical excitation energies (E..), calculated absorption maxima (A.. calc.),
experimental absorption maxima reported (A... exp. = 690 nm), oscillator strength (f),
difference between experimental data and calculated data (AE) and percentage

involvement of HOMO-LUMO orbitals in the electronic transition So—S; (H—L).

Table 22: results for PH-1 in DMSO with B3LYP/6-311+G(2d,p), AE = 0,0029

Exited state Eccc(€V)  Amax calc. (nm) Transition f
1 1,7998 689 H—L 98% 0,7798
2 2,7628 449 H—L+1 94% 0,5590
3 2,9577 419 H-1-L 96% 0,7927
4 3,5628 348 H-2—L 89% 0,0291

Table 23: results for PH-1 in DMSO with PBE0/6-311+G(2d,p), AE = 0,0579

Exited state Eccc(€V)  Amax calc. (nm) Transition f
1 1,7390 713 H—L 98% 0,7304
2 2,6471 468 H—L+1 95% 0,4750
3 2,8577 434 H-1-L 96% 0,8602
4 3,4144 363 H-2—L 89% 0,0237

Table 24: results for PH-1 in DMSO with CAM-B3LYP/6-311+G(2d,p), AE =
0,2649

Exited state Eccc (V) A max calc. (nm) Transition f
1 2,0618 601 H—L 94% 0,9897
2 3,1090 399 H—L+1 77% 0,9596
3 3,3375 371 H-1-L 80% 0,2666
4 3,9829 311 H-2—L 16% 0,0180




Table 25: results for PH-1 in DMSO with LC-oPBE /6-311+G(2d,p), AE = 0,3242

Exited state Eccc (V) A max calc. (nm) Transition f
1 2,1211 585 H—L 91% 0,7304
2 3,1610 392 H—-L+1 71% 0,4750
3 3,4123 363 H-1-L 72% 0,8602
4 4,0350 307 H-2—L 14% 0,0237

Table 26: results for PH-1 in DMSO with ®B97XD /6-311+G(2d,p), AE = 0,4752

Exited state Eeccc (V) A max calc. (nm) Transition f
1 2,2721 546 H—L 85% 1,1654
2 3,3953 365 H—L+1 62% 1,0113
3 3,7194 333 H-1-L 58% 0,0582

Table 27: results for ND-1 in DMSO with B3LYP/6-311+G(2d,p), AE = 0,0804

Exited state Eccc (V) A max calc. (nm) Transition f
1 2,0484 605 H—L 100% 1,1053
2 2,7514 451 H-1-L 95% 0,2261
4 3,4745 357 H—L+2 44% 0,1467

Table 28: results for ND-1 in DMSO with PBE0/6-311+G(2d,p), AE =0,1177

Exited state Eccc(€V)  Amax calc. (nm) Transition f
1 2,0857 594 H—L 99% 1,1472
2 2,8618 433 H-1—-L 96% 0,2423
4 3,6042 344 H—L+2 64% 0,2111
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Table 29: results for ND-1 in DMSO with CAM-B3LYP/6-311+G(2d,p), AE =
0,1997

Exited state Eccc (€V) A max calc. (nm) Transition f
1 2,1677 572 H—L 96% 1,2598
2 3,3436 371 H-1-L 91% 0,3865
4 4,0638 305 H-2—L 3% 0,4161

Table 30: results for ND-1 in DMSO with ®B97XD/6-311+G(2d,p), AE = 0,2147

Exited state Eeccc (V) A max calc. (nm) Transition f
1 2,1827 568 H—L 94% 1,2736
2 3,4213 362 H-1-L 85% 0,4283
3 4,1160 298 H—-L 71% 0,4342

Table 31: results for ND-1 in DMSO with LC-oPBE /6-311+G(2d,p), AE = 0,3242

Exited state Eccc (V) A max calc. (nm) Transition f
1 2,2001 564 H—L 91% 1,3291
2 3,6798 337 H-1-L 72% 0,6069
3 4,5264 274 H-2—L 22% 0,0392

Table 32: results for X in DMSO with B3LYP/6-311+G(2d,p)

Exited state Eccc(€V)  Amax calc. (nm) Transition f
1 1,6198 765 H—L 99% 0,6761
2 2,7953 444 H-1-L 96% 0,8360
3 3,1710 391 H—L+1 78% 0,4842
4 3,3447 371 H-2—L 77% 0,0369
5 3,6647 338 H-4—L 32% 0,0112
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