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About the structure of this work

This work is divided into four parts.

The first one contains a first chapter with the introduction and objectives of this work, and
three chapters explaining the development of three new conjugation or cyclisation
methodologies. Each of them contains its own reference collection and abbreviations list.
Conclusions reached during this work are also included in this part.

The second part is the experimental part and contains all the information necessary to
reproduce the experiments performed as well as the product characterisation. Sections
have been made so that experiments performed in a given section of the first part can
be found in the experimental section with the same name. For clarity, numbering of the
experimental sections is the same as in the first part, including the prefix “E.” to each
section. Those sections in which no experiments have been made are not included in
the experimental part. Those experimental sections that do not possess their theoretical
counterpart have been numbered only with the chapter number and the prefix “E.”.
Although, to help the reader, retention times of some products are listed in the
corresponding experimental section, complete product characterisation can be found in
an independent section of the same chapter.

The third part corresponds to the appendixes. The first one explains the efforts made to
find an appropriate protecting group for a diene, while the second is a list of the
experiments performed by Lewis Archibald.

Finally, the fourth part is a summary of this dissertation in catalan.
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Chapter 1

1.1 Biomolecules: biological role and use as drugs

Biomolecules are those molecules in living organisms ranging from large, complex
structures such as proteins weighing hundreds of KDa to low molecular weight
metabolites. Every single biomolecule has a role in the living organism to which it
belongs: DNA stores information, RNA mediates in the protein synthesis, proteins
realise most of the functions in the organism, coenzymes are involved in the
transference of electrons or functional groups, etc.

Not only they make life possible, but also many of them have been proved to be related
with disease development. They can either play a key role, such as proteins in
Alzheimer’s, Huntington’s and Parkinson’s deseases,? or just be related to higher risks
of suffering illnesses, such as homocysteine with strokes.® Discovering and
understanding how biomolecules behave in our organism and all the mechanisms in
which they are involved is, therefore, of outmost importance.

Biomolecules, especially proteins, peptides and oligonucleotides, can also be used as
drugs for the treatment of various diseases. The FDA has approved around 180
proteins for their clinical use as drugs or diagnostic agents,* and although not many
oligonucleotides have been approved, some of them have reached phase Il clinical

trials.®> Peptides have also found their spot in the medicinal field: cyclosporines act as

3



Chapter 1

immunosupressants,® somatostatin analogues such as octreotride have been used for
the treatment of neuroendocrine tumours,’ polymyxins have successfully been used as
antibiotics,® etc.

Although biomolecules are intrinsically excellent drugs, they normally need to be
modified to improve or modulate their pharmacokinetic and pharmacodynamic
properties. For this purpose, three main strategies have been extensively employed:
backbone modification, conjugation and cyclisation (which although it actually is a
special type of backbone modification, due to its importance will be treated apart). The
three strategies will be discussed for oligonucleotides, peptides and proteins, although
backbone modification will be only briefly explained as it is not related to the main
object of this work. All molecules resulting from these strategies will be treated as
artificially generated molecules, but this does not mean that they compulsory need
human intervention to exist: cyclic peptides® and conjugates!® can be found in nature,

for example.

1.2 Modification of biomolecules

1.2.1 Backbone modification

As mentioned above, backbone modification is one of the strategies employed to tune
biomolecule properties. Modifications are performed at the backbone in order not to
alter the recognition motifs usually found in the side-chains of amino acids or the
nitrogenous bases of oligonucleotides. Backbone modifications in oligonucleotides and
peptides have provided good results in improving the stability towards enzymatic
degradation, in the pre-organization of complex structures and also in the activity.'%12

Some of the most important modifications of peptide and oligonucleotides backbones
are listed in Table 1.1. PNAs Will be the most extensively discussed modification, as
they have been used in this work. More exhaustive discussions for the other
modifications can be found in appropriate reviews.'*!4 Cyclisation, which is another

backbone modification usually employed, will be discussed in section 1.2.3.
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peptides (bottom part).
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1.2.1.1 Oligonucleotide backbone modifications

Phosporothioate oligonucleotides (PSOs) replace one of the non-linking oxygen atoms
in the phosphate diester with a sulfur atom, distributing the negative charge
unsymmetrically and generating two diastereomers. This change results in an
increased stability to nucleases and base-catalysed hydrolysis while the solubility in
water is mantained.®® Furthermore, improved cell uptake when compared to the wild-
type oligonucleotides has been demonstrated.® From a synthetic point of view, a great
step-forward on their synthesis occurred when Beaucage and co-workers implemented
the use of 3H-1,2-benzodithiol-3-one 1,1-dioxide, which allowed for the use of standard
phosphoramidites in the synthesis of PSOs.Y’.

Locked Nucleic Acids (LNAs) were designed and synthesised by the Wengel group in
the late 90s and have proved to be excellent modifications of natural oligonucleotides.
The introduction of a 2’-O-4’-C-methylene bridge generates an outstanding resistance
against phosphodiesterases without losing water solubility.'® Modified oligonucleotides
incorporating LNA monomers exhibit thermal stabilities increased by ca. 3 °C and 6-8
°C when paired to complementary DNA and RNA sequences, respectively.t®
Furthermore, LNA monomers can be incorporated to oligonucleotide chains by means
of the standard phosphoramidite chemistry.°

Phosphorodiamidate morpholino oligonucleotides (PMOs) are one of the most
important modifications performed on oligonucleotides, and some of them are currently
in clinical trials.®® In these entities, the sugar ring is replaced by a six-membered
morpholino ring, and the phosphodiester linkage is changed to a phosphorodiamidate.
They have shown improved nuclease stability in comparison with their unmodified
partners, and good water solubility, especially when compared to other morpholino
modifications.?

Peptide nucleic acids (PNAs) were first introduced by Nielsen and Berg in 1992, and
their usefulness is today beyond question; more than 300 articles were published
dealing with PNAs only in 2014. Based on a (2-aminoethyl)glycine skeleton, the
nucleobases are appended from the glycine N atom with a methylencarbonyl linker.
This skeleton is homomorphus with the deoxyribose backbone found in nucleic acids
and was computationally designed to be able to mimic a B-DNA duplex. Thanks to the
lack of backbone negative charges, when paired to complementary chains PNAs show
improved thermal stabilities and melting temperatures almost unaffected by ionic
strength.?! From the degradation point of view, they have shown good stability in
human serum and in eukaryotic cytoplasmic extract.?? Total resistance to isolated

proteinases and peptidases at high enzyme concentrations was also found,?
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altogether accounting for improved stability properties in comparison with both natural
oligonucleotides and peptides.

On the negative side, their lack of charges also involves low solubility in water, but this
problem can easily be solved by attaching lysine residues to the PNA chain. Even
worse, studies regarding cellular uptake showed low phospholipid membrane
permeability,?® making it almost impossible to distribute unmodified PNAs through cell
membranes. Certain methods have been used for in vitro delivery of PNAs into cells
(microinjection, use of cells with wall/membrane defects, electroporation), but their use
is impossible in complex living systems.?* To ensure cell permeability in said systems,
conjugation (see section 1.2.2) of PNAs to other entities has proved to be an excellent
method. Among the entities destined to be linked to PNAs one can find lipophilic
moieties, peptides and cell-specific receptor ligands.?* From a synthetic point of view,
the synthesis of PNAs is accomplished as for peptides. It started with the use of the
Boc/Chz protecting groups scheme, but soon many groups began to propose different
Fmoc-based protecting schemes: the Fmoc/Cbz by the Noble group,?® the Fmoc/acyl
by the Kovacs group,?® the Fmoc/Mmt by the Uhlmann group,?’ etc. Nowadays, the
most common scheme is the one based in the Fmoc and Bhoc protecting groups,?® and
a proof of it is the amount of commercial sources for Fmoc/Bhoc protected PNA
monomers. Another alternative that has received some attention is the Fmoc/bis-Boc
protecting scheme?®, although PNA monomers derivatised in such way do not seem to
be commercially available.

It is also worth mentioning that some groups have modified the PNA backbone, mainly
with the objective of enhancing water solubility, hybridization properties and cellular
uptake. For instance, the Ly group has synthesised and evaluated a-guanidine
derivatised,*® y-guanidine derivatised® and y-diethylenglycol derivatised PNAs.3?

1.2.1.2 Peptide backbone modifications

Peptides incorporating b-amino acids do not present any changes in the connectivity of
the different atoms, but just a change in the configuration of certain stereocentres. This
change triggeres a huge improvement in the activity of certain peptides.*®* From a
synthetic point of view, these entities are synthesised by means of normal solid-phase
peptide synthesis (SPPS), with D-aminoacids being commercially available.
N-Methylation of amide bonds improved the pharmacological properties of several
peptides and is an increasingly employed strategy to gain oral bioavailability.3* The
stability towards enzymes and membrane permeability are also greater than in the wild-
type peptides.®® As to their synthesis, they can be obtained either by employing N-

methylated amino acids, which are commercially available, or by a methylation reaction
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after the incorporation of every amino acid residue.®® The acylation reaction is more
problematic because the increased bulkiness of N-methylated N-terminal amino acids
entails longer reaction times or the need for special activating agents, which might
result in higher racemisation degrees.*®

Peptoids are characterised by the lack of a chiral centre in the polyamide chain, as
functional groups are appended to the nitrogen atom instead of to the a-carbon.
Resistance towards proteolytic enzymes?® and membrane permeability*” are enhanced
compared to normal peptides.

Many synthesis approaches have been used for their synthesis, and some of them are
briefly discussed in this review by Zuckermann.

1.2.2 Conjugation
1.2.2.1 Synthesis of conjugates

Conjugates or bioconjugates are the entities generated upon linking a biomolecule to
another moiety to obtain a product that either combines the features of both species or
in which the properties of one component are ameliorated.

As stated before, conjugation is one of the main techniques used to modulate
biomolecule properties, therefore allowing some of those with initially poor
pharmacokinetic or pharmacodynamic properties to be used as drugs.

Conjugation can be used to gain specificity and reduce side-effects, as for example
when some already active drugs are linked to specific recognition motifs, such as
antibodies. Since 2000, three different anti-cancer antibody-drug conjugates (ADCS)
have been approved by the FDA for clinical use: Mylotarg, Adcetris and Kadcyla,
although the first one had to be recently removed from the market due to toxicity
reasons.® Despite the warning offered by Mylotarg, evidences that ADCs are
extremely useful tools for the treatment of several diseases are conclusive, and
different groups continue conducting active research on anti-cancer ADCs.*°
Conjugation can also be used to make biomolecules more resistant to degradation. It
has been shown since long ago*! that conjugation of proteins to poly(ethylene glycol)
(PEG) moieties enhances their stability and bioavailability, and several FDA-approved
PEGylated proteins are in clinical use.*? Not only PEG has proved to be a valuable
polymer for conjugation with proteins, but many other organic polymers are currently
being investigated as promising candidates for properties modulation.*®

Cellular uptake can also be dramatically improved by means of conjugation. The best
example may be the use of cell-penetrating peptides (CPPs). These entities have been

extensively used as vectors to deliver a large variety of molecules into cells. Active
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drugs such as taxol** or doxorubicin® have been linked to CPPs to improve cell
permeability. Imaging systems have also experienced a boost since they have been
used in combination with cell penetrating peptides.*®4” Oligonucleotides and analogs
have also been linked to these entities to improve pharmacokinetic properties. As said
in section 1.2, PNAs possess low membrane permeability, so many of them have been
derivatised in this way to ensure cell uptake.*84°

Conjugation can also serve as a platform for the synthesis of prodrugs as long as the
linker between the active drug and the other moiety is designed to be cleavable. One of
the most common strategies is the use of hydrolysable** or reducible linkers, such as
oximes and disulfides. As an example, well-known anticancer agents have been linked
to a variety of biomolecules to generate prodrugs.*+*°

Finally, the modification of biomolecules with reporter groups, such as fluorophores or
radiolabels, can be used for imaging or localization purposes. The molecules to be
imaged or localised can be labelled beforehand and then administrated to the living
organism of study,>! or, on the contrary, they can be labelled in situ.>? This last strategy
needs the use of biorthogonal reactions that do not produce toxicity.

The different strategies used for the synthesis of bioconjugates in which both moieties
are oligomers can be split into two main categories: convergent synthesis or fragment
conjugation and divergent or stepwise synthesis. The former consists in the union of
the two conjugate moieties once they have been independently synthesised, while the
latter implies the construction of the second moiety, step by step, directly onto the first.
Fragment conjugation can be performed with both blocks in solution, the so-called
Liquid-Phase Fragment Conjugation (LPFC), or with one of the blocks still anchored to
the solid support, the Solid-Phase Fragment Conjugation (SPFC) (see Figure 1.1). As
for the protection strategy, LPFC is nowadays performed with both blocks unprotected
and using click-type reactions (see section 1.3),% but some examples exist in the early
literature in which one or both oligomers are protected.®* SPFC Can be performed
linking both a protected or unprotected oligomer to the one anchored to the solid
support.®

On the other hand, the stepwise synthesis is only performed on a solid matrix.
Protection of both the synthesised oligomer and the building blocks of the one in
construction is always needed, although it has been observed that partial deprotection
of oligonucleotides may be useful when synthesizing peptide-oligonucleotide
conjugates.®® Normally a linker must be introduced to allow the incorporation of the first
monomer of the second oligomer, although sometimes one of the functional groups

present, if unprotected, can be used as appendage site.
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Liquid-Phase Fragment Conjugation
Conjugation
Oligomer 1‘ + «—Oligomer 2 — > Oligomer 1*Oligomer 2

Solid-Phase Fragment Conjugation

Conjugation
Q—Ollgomer 1 «—Ol<|gomer O—Ollgomer 1 Ollgomer 2

PG

Cleavage and
deprotection
Oligomer 1*0I|gomer 2

Stepwise Solid-Phase Synthesis

Solid-Phase

Synthesis
O—Ollgomer 11 SYMnese O—Oligomer 1*'—Oligomer2
G
Cleavage and
deprotection
Oligomer 1 Oligomer 2
‘ and « : complementary functional groups ' : linker

Figure 1.1. Different strategies for the synthesis of conjugates. PG = Protecting

Group.

Analysis and purification of such large molecules is not easy, and separation may not
be effective if the impurities have small differences in molecular weights. This may lead
to impossible-to-purify crudes or erroneously considered pure products. Furthermore,
most of the methods available for purification (HPLC, electrophoresis, dialysis...) tend
to cause severe drops in the isolation yields, in contrast with classical methods such as
recrystallisation or precipitation. Analysis methods are more restricted, since
techniques such as NMR are typically precluded due to the low amounts of product
normally obtained (nano- to few micromols) and expertise in the analysis of highly
complex spectra is required. Chemo- and regioselectivity become major issues when
dealing with molecules containing several reactive groups that can be repeated dozens
of times. A classical approach to this problem would be the use of protecting groups,

but this is not an option when working with molecules from natural sources.

10



Chapter 1

1.2.2.2 Conjugates: desirable properties

In order to obtain the best-performing bioconjugates possible, several properties are
desirable and some aspects must be controlled, especially if they are intended to be
used as drugs.

The growing field of ADCs has provided very useful information about the parameters
affecting the pharmacokinetic and therapeutic properties of conjugates, from both in
vivo and in vitro experiments. Thus, it will be used as an example, but all comments
and reflections apply to any other type of conjugate.

It has been shown that relatively unstable linkers such as hydrazones lead to the
premature loss of payload, which might result in systemic toxicity and lower amounts of
the active ADC distributed to the target tissues.®’ It is, consequently, of great interest to
use chemical reactions that furnish stable enough linkages between the antibody and
the drug. However, in some cases a cleavable linker can be desired or needed for the
drug to accomplish its function. In this case, fragmentation of the ADC to release the
active drug must happen only when the target has been reached, and therefore must
be accomplished by means of specific mechanisms existing only in those areas.
Generation of different regioisomers should be avoided, as it has been shown that
there is a clear impact of the linking position to the activity of the ADC. It is not only due
to the fact that the immediate environment modulates the stability of certain linkers, like
in the case of thiosuccinimides,® but because the linking point, per se, influences the
physical and pharmacokinetic properties of ADCs.*®

It has also been noted that the drug-to-antibody ratio (DAR) affects the therapeutic
index and pharmacokinetic properties of several ADCs,® thus highlighting the need to
find methodologies to generate homogenous DARs in ADCs.

The medical, biological and chemical communities have grown a major concern
towards regio- and stereospecificity. Not only are they desirable from a chemical point
of view, to obtain homogenous crudes easier to purify, for example, but have proved
exceptionally relevant in some cases, such as in the unfortunate incident with
thalidomide.5! However, this is very difficult to achieve and some molecules that are not
stereoisomerically pure, such as PSOs, can be used without problems.
Chemoselectivity does not seem a major problem with the actual toolbox of reactions,
but the fact that the functional groups used for conjugation are repeated several times
in antibodies complicates regiochemical and DAR control when synthesizing ADCs. An
obvious solution seems to use reactive functional groups that are not naturally present,
which, if orthogonal, should avoid the above-mentioned problems. Unluckily, this
means that bioengineering methods must be developed to introduce these groups into

each useful antibody (or any other oligomer from natural sources).
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A purely chemical methodology to take advantage of the naturally occurring functional
groups can only be envisaged if these groups are present in the molecule only once,
such as specific aminoacid sequences or specific N- or C-terminal motifs. Only in the
case of synthetic molecules, when protecting groups can be introduced, selectivity can
be achieved even in the case of repeated functional groups.

1.2.3 Cyclisation

Cyclisation of biomolecules is another important backbone modification, normally
employed to increase stability towards enzyme-promoted degradation or to preorganise
structures to improve their affinity with target molecules.

Cyclic oligonucleotides have been explored in the past few years and have shown
promising results regarding stability, recognition properties and diagnostic and
therapeutic applications. Cyclic di-nucleotides possess a huge biological potencial, and
many methods have been reported for their synthesis. The importance of the cyclic
oligonucleotides is, therefore, beyond question, but as they have not been used in this
work, more extensive discussions should be found elsewhere.62:63

Cyclic peptides can be found in nature playing very different roles: from human
hormones, as oxytocin and somatostatin, to natural venoms such as amanitines and
phalloidines (found in Amanita Phalloides). They are endowed with improved stability
towards enzyme degradation, especially against amino- and carboxypeptidases, and
have a lower conformational flexibility.

They have been used for the regulation of protein-protein interactions, such as
preventing the amyloid fibrils formation,** a process known to be involved in
Alzheimer’s, Huntington’s and Parkinson’s diseases. Further, their rigidity makes them
useful to mimic structures with a high level of organization where linear peptides fail,
such as epitopes and other protein regions. This concept has been applied to mimic 8-
strands, turns and helices.®

Their role as antibiotics has been broadly explored, as antibacterial®® and antifungal®’
agents. Examples of the former are polymyxins, which disrupt the structure of bacterial
cell membranes in Gram-negative bacteria. Caspofungin, which is in the latter
category, also bases its mechanism of action in disrupting the cell wall of fungi.
Furthermore, cyclic peptides have also found their spot in the antitumoural fight.
Octreotride is used in the treatment of neuroendocrine tumours’ and the so-called RGD
peptides, in other words, those peptides containing an RGD motif, have been cyclised
and modified to enhance integrin recognition, a receptor overexpressed in tumour

cells.%®
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1.3 Survey of reactions employed for conjugation and
cyclisation

A large amount of transformations has been employed for the synthesis of conjugates
and for the cyclisation of peptides and oligonucleotides (with natural or modified
backbones). From a chemical point of view, although certain parameters such as
concentration must be adjusted, conjugation and cyclisation are similar, as they require
complementary functional groups to selectively react with each other.
Many of these processes have been performed using enzymes that recognise specific
amino acid residues, as the acyl transfer reaction carried out by transglutaminases,®
but they will not be discussed in this work. Asides from enzymatic reactions, dozens of
organic reactions have been used to link two different entities. Only the so-called “click”
reactions will be commented here, not only because they are the most often used type
of reaction nowadays, but also because they possess the most desirable properties for
a chemical transformation. All of them will be explained without distinction for
conjugation and cyclisation.
Sharpless introduced the concept of click reaction in the year 2001,%° and defined the
requisites that such transformations should possess:

- give very high yields

- be performed in simple reaction conditions

- be modular

- generate inoffensive by products removable by non-chromatographic

techniques
- use of no solvent or benign solvents (such as water)
- purification (if required) must be performed by non-chromatographic
techniques

This general concept soon spread to the bioconjugate chemistry, and although it is
continuously applied, it must be stated that it is not fully fulfilled, as chromatographic
separations are usually needed, especially when working with biomolecules. Some of

the most important click reactions are listed in Table 1.2.
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Entry and ) Functional group
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Table 1.2. Summary of the main methods used for conjugation and cyclisation

reactions. R, and Rz belong to the same molecule in the case of cyclisations and to
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different molecules in the case of conjugations. Abbreviations: CUAAC: Copper (I)-
catalysed azide-alkyne cycloaddition, SPAAC: Strain-Promoted Azide-Alkyne
Cycloaddition, NCL: Native Chemical Ligation, DA: Diels-Alder, IEDA: Inverse Electron-
demand Diels-Alder.

Apart from the reactions employed in this work, that is, the Diels-Alder and the Michael-
type reaction, the CUAAC reaction will be also thoroughly discussed, according to its

importance nowadays.

1.3.1 Copper (l)-catalysed azide-alkyne cycloaddition (CuAAC)

The CuAAC (Table 1.2, entry 1) reaction was first described, independently, by
Sharpless and Meldal in 2002.7%7 It represents the catalysed version of the Huisgen
cycloaddition, discovered in the mid-1900s, and copper not only increases the reaction
rate but confers regioselectivity to the transformation. It has been very often used, and
it has been sometimes considered the “click reaction”.

The reaction mechanism has been a controversial issue, and since the first one was
proposed by Sharpless and co-workers™® many attempts to establish a definitive
reaction pathway have been made. The most recent studies in the Fokin’?> and
Bertrand labs point to a mechanism involving copper dinuclear complexes. The first
step (see Scheme 1.1) involves formation of a copper(l) acetylide and subsequent
coordination of a second copper atom via the acetylide r-orbitals. Both groups have
found, by different methods, that this two copper atoms are interchangeable and do not
have independent roles. This complex would then react with the azide to generate a
bis(coppen)triazole, which upon an acidolysis step performed by the reacting alkyne,
would generate the final product and regenerate the active dinuclear copper acetylide.
The reaction pathway that leads to the formation of the triazole ring from the o,1-
complex is not clear, but computational studies performed with a o-complex indicated

that it is improbable that it is a concerted mechanism.”
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Scheme 1.1. Mechanism for the CUAAC reaction postulated by the Bertrand
group.

The reaction exhibits an enormous scope regarding both alkynes and azides, can be
performed in a wide variety of solvents, including water, and is tolerant to a wide range
of pH and temperatures.’

The drawbacks of this reaction are the oxidation of Cu(l) to unreactive Cu(ll) and the
toxicity of Cu(l). The latter leads to the formation of Reactive Oxygen Species (ROS)
that ultimately can trigger cell death®? if the conjugation reaction is performed in vivo or
in vitro, as in certain labelling studies.

Two main strategies have been developed to enhance the reactivity of the Cu(l)
species, protect Cu(l) from oxidation and reduce the toxic effects in vitro and in vivo.
The first one is based in the use of Cu(l) ligands. The most successful family of ligands
is that based on polytriazoles, which were found to accelerate the reaction rate and
stabilise Cu(l) towards oxidation (Figure 1.2). TBTA Was the first ligand of this family
to be employed, and showed enhanced catalytic activity and stabilizing properties.”
Since then, the research on new polytriazoles has been focused mainly in the reduction
of toxicity. TBTA Proved to be troublesome in this aspect, as it is not very soluble in
water and inhibits the replication of cells.”®* THPTA Was shown to be more soluble in
water and act a sacrificial reductant, intercepting the formed ROS and thus reducing
Cu toxicity.”” Soon after, a 6:1 BTTES/Cu formulation showed improved reaction rates
and was described as totally non-toxic. Cells exposed to this catalyst system showed
no difference in long-term viability when compared to the untreated ones.>? BTTAA, a
modification of BTTES, showed increased reaction rates than those obtained with the
former when working with zebrafish embryos, and did not cause defects in long-term

development studies, demonstrating the biocompatibility of this catalytic system.’®
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Figure 1.2. Polytriazole ligands for the CUAAC.

The second strategy that has been employed to solve the Cu(l)-related problems is the
use of copper-chelating azides (Figure 1.3). These molecules raise the effective
concentration of copper ions next to the reactive groups and therefore allow for a
decrease in the total amount of copper necessary to achieve a reasonable reaction
rate. The use of picolyl azides in conjunction with the BTTAA ligand, described by Ting,
proved to be extremely useful: the reaction is 1.6 times faster than when using the
ligand alone, and as non-toxic as the SPAAC reaction (Table 1.2, entry 2).”° A
modification of this picolyl azide by Wu and co-workers afforded a new molecule that
reacted faster than the former and showed no apparent toxicity.®° Inspired by these
works, the group of Taran designed and synthesised a large variety of copper-chelating
azides based in bi-, tri- and tetradentate N-heterocyclic ligands. Among them, a
bis(triazole)azide showed the hability to undergo ultra-fast click reactions, reaching
yields of ca. 60 % in just 40 seconds, avoiding the use of any other ligands, and
needing really low concentrations of copper.8! Despite its advantages, it must be taken
into account that in this strategy the chelating group remains in the final “click” adduct,
a possible drawback especially in the cases where this chelating group is bulky, such in

the bis(triazole)azides developed by Taran.
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Figure 1.3. Picolyl azides developed by Ting (left) and Wu (centre), and the
bis(triazole)azide developed by Taran.

While these results are very positive and seem to solve all the problems related to the
copper oxidation and toxicity, it must be stated that most of the studies cited here have
investigated toxicity exposing cells or embryos to the catalytic systems for really short
periods of time, normally below 5 minutes (some exceptions reached 20 minutes). It is
true that with this brief incubations the conversion achieved is normally enough for the
desired purposes, but normally longer times are needed to reach complete
derivatization. More prolonged exposures to the catalytic system tend to produce toxic
side-effects,’” which seems to preclude the use of this reaction in systems where Cu(l)
guenching is not possible, such as in pretargetting strategies.

The CuAAC reaction has been used for the conjugation of peptides to a large variety of
molecules, such as macrocyclic copper-chelators for radiopharmaceuticals,®? F
radiolabels,® and polymers,®* among others. Oligonucleotides have also been
conjugated to multiple structures taking advantage of the CuAAC reaction. For
example, peptide-oligonucleotide conjugates were synthesised using a SPFC
strategy,® anandamide-siRNA conjugates showing great silencing and transfection
properties could be obtained by means of this click reaction,®® and heteroglyco 5'-
oligonucleotide conjugates were produced using a mixed SPFC-LPFC strategy.®

A wide variety of cell-surface imaging systems, mostly relying on glycans and
glycoproteins, have also been developed using the CuAAC reaction, and, in fact, this
application seems to have been the benchmark for the development and comparison of
new ligands and copper-chelating azides.’”*288% Other applications of this reaction
include Activity-Based Protein Profiling®” and studies on the aspirin-dependent protein

modification in living cells, in which aspirin analogues bearing alkynes®® were used.

1.3.2 Strain-Promoted Azide-Alkyne Cycloaddition (SPAAC)

The Strain-Promoted Azide-Alkyne Cycloaddition (Table 1.2, entry 2) was first
described by Bertozzi’'s group in 2004 as an alternative to the CuAAC reaction. It
implies the cycloaddition of an azide and a strained alkyne, typically cyclooctyne. It

normally takes place readily, with high yields and at room temperatue.® Mild reaction
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conditions lead to rate constants up to 1 M s, It does not require any catalyst, thus
avoiding the use of the toxic Cu(l) ion needed for the CUAAC reaction. This might
broaden the scope of this reaction compared to its Cu (l)-catalysed counterpart,
especially for in vivo and in vitro labelling applications. SPAAC Is a useful
transformation because both reacting groups are not present in biomolecules, thus
providing a good starting point towards chemoselectivity. Several cyclooctynes have
been developed to enhance chemoselectivity and reaction kinetics, providing this
reaction with a wide toolbox of reagents. % 9. 92

The SPAAC has been used for a wide variety of purposes since its discovery. From the
very beginning both proteins and living cells were modified employing this reaction.®®
Cell-surface labelling has been performed by reacting biotin-derivatised cyclooctynes
with glycoproteins metabolically modified with azides. After treatment with an avidin-
fluorescein dye, the fluorescence intensity of the cell-membrane could be recorded and
measured.*®® Surface functionalization has also been performed taking advantage of the
SPAAC reaction,®® and quantum dots could be efficiently decorated with biomolecules
avoiding the copper-related alteration of luminescent properties.®® Peptide conjugates
incorporating radiolabels such as F and ®Cu have been synthesised taking
advantage of this transformation and successfully used for Positron Emission
Tomography (PET) imaging in vivo.** % Oligonucleotides have also been derivatised
with fluorophores and linked to surfaces using this reaction.%

Apart from all its advantages and potency, the SPAAC reaction also presents certain
problems. First of all, the reaction is not regioselective, and renders two isomeric
products that might show different behaviours.®” In the second place, although the
reaction is fast and very chemoselective, it has been found that cyclooctynes do react,
although slowly, with thiols through polar and radical (thiol-yne) additions.®” Actually,
these have been found to be responsible for most of the azide-independent reactions
of cyclooctynes, although some non thiol-related reactions that lead to the labelling of
proteins lacking an azide moiety also exist.®® This is not a problem for synthetic
purposes, but may suppose a drawback for in vivo applications, especially taking into
account the high concentration of some endogenous thiols (glutathione and cysteine,
basically) in the human body. Finally, some cyclooctyne derivatives possess low
solubility in water,®® a problem expected to be more important for small derivatives

rather than for proteins or peptides containing these strained alkynes.

1.3.3 Staudinger ligation
The Staudinger ligation (Table 1.2, entry 3) is a methodology originally developed by

Saxon and Bertozzi®® that is inspired by the Staudinger reaction, developed in 1919. In
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the Staudinger reaction, a phosphine reacts with an azide to generate, after N-
extrusion, an iminophosphorane (see Scheme 1.2a). This iminophosphorane can react
with a wide variety of electrophiles, and also with water to generate a phosphine oxide
and an amine. The Staudinger ligation was designed so that an electrophilic trap as an
ester, placed close to the phosphorus atom, reacts with the nucleophilic nitrogen of the
iminophosphorane prior to hydrolysis. This generates an amidophosphonium salt (see
Scheme 1.2b) that hydrolyses to generate an amide bond and a phosphine oxide. The
reaction is chemoselective and biorthogonal, as none of the reacting groups is naturally
present in biomolecules, and proceeds well in water and biological media without
generating too many by-products.

Ve (IP? MO N @y ~—— - N ?Ph
- ~
R‘] R2 Ph/ ﬁ;Ph 2 h \F\/Ph R2 — i Ph
ph Ph N=N
b)
o) (0] o (e}
~ R
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Scheme 1.2. Mechanisms of the Staudinger reaction (a) and the Staudinger ligation

(b).

It has been used for the labelling of glycans in vitro,*® for the study of protein
modification in vitro by fatty acids!® and by carbohydrates!®* and for the modification of
both proteins'®? and oligonucleotides.03

Despite its good performance in the above-mentioned cases, the Staudinger ligation
presents certain problems. The first is its low rate, with second-order constants typically
around 0.002 M S, This implies that large amounts of one of the reagents must be
used to achieve proper conversions, which can be a problem in imaging purposes due

to excessive background signal.’®* Another consequence of this slow reactivity is that
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phosphines tend to be oxidised in physiological medium, which might be a drawback
for in vitro and in vivo applications.'%*

Finally, the phosphine, whose role is just to aid in the creation of the amide bond,
remains present in the final adduct, a problem that its traceless counterpart (Table 1.2,

entry 4) solves.

1.3.4 Traceless Staudinger ligation

The traceless Staudinger ligation (Table 1.2, entry 4) was reported, at the same time,
by Bertozzi and by Raines in year 2000.1%1% The reaction relies on the intramolecular
attack of an iminophosphorane, generated upon Staudinger reaction (see Scheme
1.2a), to a thioester carbonyl and subsequent hydrolysis of the amidophosphonium salt
(see Scheme 1.3). As its name implies, this reaction does not leave any atom from the
phosphine in the final adduct, in contrast with the previously described Staudinger

ligation (see Scheme 1.2b).
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Scheme 1.3. Mechanism of the traceless Staudinger ligation.

Each group used different phosphines for the ligation, although both chose aromatic
phosphines as starting point, due to the improved stability towards oxidation by
atmospheric oxygen. Nowadays the most common method implies the use of the
thioester depicted in Table 1.2, which was developed by Raines one year after his first
publication on the traceless Staudinger ligation.? It has proved to react as fast as the
one described by Bertozzi and co-workers, but its chemoselectivity makes it more
suitable when working with molecules containing more functionalities than the reacting
azide.1%®

The traceless Staudinger ligation was inicially proposed by Raines as a method for the
chemical synthesis of proteins avoiding the need of cysteines present in the native
chemical ligation. As an example of this application, the 124 amino acid protein
ribonuclease A was synthesised using several orthogonal chemical ligation methods,
including the traceless Staudinger ligation.'® Furthermore it has also been applied to
the cyclisation of peptides!® and the synthesis of microarrays for the immobilization of

proteins.!'! From a synthetic point of view, the stereoselective synthesis of glycosyl
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amides!'? and of 18F probes for PET imaging!'® have been achieved. No in vivo or in
vitro applications seem to have been published to date.

Even though this reaction has been employed for very different purposes, the traceless
Staudinger ligation still presents some problems. It has been described that glycine is
needed either in the N-terminal or the C-terminal position of the junction of the peptidic
fragments to obtain good yields. When this is not the case, reaction yields drop to
below 50 %, restricting the applicability of the reaction. Although it has been
described that electron-donating groups in the aromatic rings of the phosphine help to
increase these yields, an organic, apolar solvent is needed,*'* precluding the use of
this strategy with some biomolecules, and, of course, its use in in vivo and in vitro
assays. To solve this problem several groups have focused on the synthesis and
evaluation of new phosphines capable of performing the reaction in water, although
with reported yields below 80 %.115116

It is also one of the slowest click reactions, with second-order rate constants around 8
x 102 M1 stin the best experiments, which involves reaction times longer than 5 h to

reach good yields in the best-performing cases.%®

1.3.5 Thiol Michael-type reaction

Reactions involving the highly nucleophilic thiols have been known since many years
ago and include the thiol-halide reaction, the thiol-ene and thiol-yne radical reactions,
disulfide formation, the thiol-epoxy reactions, and many others. Among all, the Michael-
type reaction (Table 1.2, entry 5) has recently been the focus of extensive studies and
has been used for a great variety of purposes. It consists in the conjugate addition of a
thiol to the B-carbon of an a,B-unsatured carbonyl (or equivalent), rendering a thioether
linkage.

The reaction relies on the inherent electron density of the sulfur atom, which enables
thiols to react under mild (catalysed or not) reaction conditions with a broad scope of
substrates. This reaction can be performed in a wide variety of solvents, ranging from
apolar, organic solvents such as benzene to water, and gives high yields and
selectivities.

From a mechanistic point of view, the reaction proceeds as follows: small traces of
thiolate are created in the medium by different mechanisms, and it is this species that
attacks the activated, electron-poor double bond to generate an enolate (or equivalent,
see Scheme 1.4a). This strong base will now subtract a proton from a thiol, rendering
the final product and regenerating the active thiolate.'!” Two main paths lead to the
formation of the active thiolate, the base-promoted and the nucleophile-promoted

mechanisms (see Scheme 1.4b and Scheme 1.4c). Both of them ultimately generate
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the conjugated base of the thiol through an acid-base reaction, although each of them
does it in a different way. In the first mechanism, an organic base, normally an amine,
is the species that subtracts the thiol proton, while in the latter a nucleophile, typically a
phosphine, reacts with the vinyl group to generate a stabilised carbanion, the true basic
species that will subtract the thiol proton.

a)
Q
R-S
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—4
EWG
R-S
R-SH
EWGe
/_//
R-S
b)
R ° Rs
R-SH +  {_ ——= r-g”+ RN-R,
R{™ Ry H
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- R-SH ©
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R, R, R2R3

Scheme 1.4. Michael-type reaction between a thiol and an activated alkene (a),

base-initiated mechanism (b) and nucleophile-initiated mechanism (c).

However, several studies have recently shown that reality is not as simple as that.
Bowman and co-workers published in 2010 a paper suggesting that the catalytic action
of amines should not be exclusively ascribed to their basicity.?'® A comparison of three
different alkylamines with a very small difference in pKa. showed reaction rates that
correlated to their ability to act as nucleophiles. Other comparisons evidenced that the
nucleophilicity of the amine had a greater effect on the reaction rate than its pKa value.
Altogether, evidences collected by the Bowman’s group suggest that a purely acid-
base mechanism is rarely operating when using amines as catalysts, and mixed or
nucleophilic ones must be taken into account. A recent computational study by

Northrop and co-workers!® showed that only in very polar solvents the base-catalysed
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mechanism can account for the overall reactivity. In other solvents, a mixture of this
and other mechanisms, such as ion-pair formation (in this mechanism the initiator
species is the thiolate/ammonium salt ion-pair) (see Scheme 1.5) and nucleophilic
initiation, must be taken into account to explain the observed reactivity. Polar solvents
such as DMF do not only facilitate the base-catalysed generation of free thiolates, but
these species can spontaneously form without the need of an external base or
nucleophile, therefore avoiding the need for catalysts.!" 11°

R o ®B1
R-SH + . —— | R=S""H=N-Ry
Ri7 "Ry H '

Scheme 1.5. lon-pair formation.

The overall reaction rate in the thiol Michael-type reaction depends on the solvent, the
initiator (base or nucleophile), the double bond and the thiol. Thiol reactivity matches
with the ease of forming a thiolate anion, and not the nucleophilicity of this species.*®.
This is directly related to the thiol pK,, as shown by the fact that the more acidic ethyl 2-
mercaptopropionate reacts faster than methyl 3-mercaptopropionate despite the fact
that the latter is less sterically hindered.!'® The fact that any thiolate is a strong
nucleophile that will react readily with the conjugated double bond, whereas the
deprotonation of the starting thiol is not so fast, explains this observation.

As to the double bonds, it has been noticed that the reactivity order for typical vinyl
compounds is as follows: maleimides > vinyl sulfones > acrylates > acrylamides >
methacrylates; which correlates with the electrophilicity of the different B-carbons.
Regarding the initiator, it has been previously said that the factors governing the
reaction rate are not totally clear when using bases, as many different initiation
mechanisms can occur, depending on the solvent. A clear trend is not easy to
establish, and important differences can be found from one article to another (compare,
for example, references 118 and 119). On the other hand, the trend for different
phosphines, which are known to act only as nucleophiles,''® has been established on
the basis of their nucleophilicity: PAl; > PALAr > PAIAr, > PAr; (Al= alkyl, Ar = aryl).
Although trialkylphosphines induce faster reaction rates they tend to be pyrophoric,
which makes the use of PALAr phosphines more convenient.

Finally, polar solvents have demonstrated to give faster reaction rates than non-polar
ones, as they favour the formation of free thiolates, thus by-passing the slower ion-pair

mechanism.11°
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The thiol Michael-type reaction has been broadly used in the polymer field, although no
examples will be described here as it goes beyond the scope of this work. Regarding
the biological field, only a few practical examples of this reaction not involving
maleimides as electrophiles can be found. One of the most interesting is the primer
extension of vinyl sulphonamide- and acrylamide-derivatised nucleotides to introduce
activated double bonds in oligonucleotides, which enabled the synthesis of their
peptide conjugates.'?® Regarding the thiol-maleimide chemistry, many applications
have been described in the literature. Attachment of cysteine moieties to nucleobases
afforded thiol-modified oligonucleotides that could be conjugated to maleimide-
containing peptides.'?* Long peptides containing cysteine have been conjugated to
maleimide-derivatised carbohydrates and carbohydrate dendrimers,'?? and c(RGD)
peptide dendrimers have been synthesised and conjugated to %8Ga labels by means of
the thiol-maleimide reaction.'?® Several surfaces have been functionalised using the
thiol-maleimide chemistry, to render, for example, an antibacterial surface.'

Not many years ago, our group described the protection of maleimides using 2,5-
dimethylfuran, which enabled the on-resin derivatization of oligonucleotides with
maleimides for the first time. By means of this protection strategy, several
oligonucleotides could be readily derivatised with masked maleimides for their posterior
deprotection and reaction with different thiols, such as long peptides and cholesterol.'?®
Phosphorothioate oligonucleotides were also derivatised with protected-maleimides
and further conjugated to biotin and peptides, with no side-reactions with the
phosphorothioate linkage.'?® Simultaneous introduction of a protected maleimide and a
thiol into oligonucleotide chains enabled the synthesis of cyclic oligonucleotides.'?’
Introducing maleimides anywhere in the peptide chain enabled the labelling of peptides
at different positions, and the combination of a protected and an unprotected maleimide
in the same oligomer was used for the synthesis of cyclic and bicyclic peptides and to
prepare doubly derivatised polyamides.'?® Further, the combination of differently-
protected thiol groups enabled a regiospecific tandem cyclisation-conjugation
procedure with maleimide-containing oligonucleotides.'?

Despite being quick, clean and selective, the thiol-maleimide reaction also suffers from

some problems that will be described in chapter 3.

1.3.6 Disulfide ligation

Disulfide ligation (Table 1.2, entry 6) is basically used when cleavable linkers must be
obtained, and relies on the variable stability of the disulfide bond in different
environments. While disulfide bonds can be synthesised, handled and stored in non-

reducing solutions, reducing environments, as those found inside cells,*3° trigger the
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reduction of this linkage. Based on this different behaviour, reversible linkages can be
synthesised and used in cases where they must be cleaved in a controlled fashion, as
for example in the synthesis of ADCs.

Both the formation and cleavage of the disulfide bond take place in mild aqueous
conditions, with kinetics that strongly depend in the disulfide environment. The reaction
of sulfhydryl groups is advantageous because it uses functional groups naturally
present in biomolecules such as peptides and proteins.

The synthesis of disulfide conjugates is normally accomplished by two different
strategies: the direct oxidation of two thiols or by preliminary activation of one of the
thiols with a good leaving group, normally the pyridylsulfenyl (Pys) or 3-
nitropyridylsulfenyl (Npys) groups (see Scheme 1.6). Direct oxidation of thiols normally
yields the symmetric disulfide together with the desired heterodimer, so preliminary

activation is normally recommended.3!

a)
o e e s

b)
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Scheme 1.6. Synthesis of disulfide conjugates by a) direct oxidation and b) thiol-

disulfide exchange with preliminary activation.

The local environment of the disulfide bond modulates its stability, basically through
steric hindrance or by electrostatic attractions/repulsions. Kellogg et al. demonstrated
that steric hindrance around the disulfide bond could tune its stability both in buffered
solutions and in vivo, therefore regulating the pharmacokinetic properties and activity of
different ADCs.*® On the other hand, Gauthier and co-workers have shown that the
electrostatic microenvironment of a disulfide bond can modulate its cleavage rate over
several orders of magnitude.'3313* These last studies postulate that the reducing agent,
glutathione or cysteine in their case, is attracted or repealed by the electrostatic
environment of the disulfide bond, thus accelerating or inhibiting its cleavage,

respectively. It must be stated that, although glutathione can act as a reducing agent, it

26



Chapter 1

is not the only found in the intracellular milieu, and therefore this study does not cover
all the possible reduction paths.**

Disulfide bond formation has been applied to the synthesis of different types of
conjugates. Potent ADCs have been obtained by linking the huC242 antibody to
maytansinoid moieties,'*? and peptide-oligonucleotide conjugates of various kinds have
been synthesised through thiol-thiol coupling.'®1% Disulfide linkage has also been
used for the synthesis of peptide-nanoparticle!*” and peptide-polymer conjugates.**
On the negative side, the need for solvent-accessible thiols for the conjugation process
may be sometimes not reached or exceeded, causing lack of reaction or lack of
positional selectivity, respectively. These problems are especially important when
dealing with large peptides and proteins, where more than one accessible cysteine
residue may be found or complex folding patterns can hinder the sulfhydryl groups.
Control over disulfide bond stability can be troublesome, as it is strongly influenced by
the position of sterically-hindered amino acids around the disulfide bond and cannot be
easily predicted.’® Regarding the electrostatic regulation, a specific peptide sequence
in the conjugate is commonly needed, precluding the adjustment of the disulfide
electrostatic environment by modulating the peptide primary structure. So far, there
seems to be no general rules to achieve an appropriate stability balance that avoids the

premature loss of payload and achieving the desired conjugate activity.

1.3.7 Native Chemical Ligation (NCL)

Native Chemical Ligation (Table 1.2, entry 7) is the name given to the reaction of an N-
terminal cysteine residue with a thioester to render an amide bond. Developed in 1994
by Kent and co-workers,®*° this reaction permits the coupling of two completely
unprotected peptide fragments yielding a natural amide bond. The reaction is selective
for N-terminal cysteines (or other 2-aminothiols) even in the presence of other thiols,
and proceeds in mild conditions. Furthermore, it yields a native amide bond, which
means that traceless ligations can be performed, expanding the possibilities for the
chemical synthesis of long peptides. Mechanistically, the reaction consists in a
reversible transthioesterification followed by an S—N acyl transfer through a five-
membered transition state, rendering the final amide bond with a cysteine residue at
the ligation site (see Scheme 1.7).1*° To maintain a balance between thioester
reactivity and stability, the commonly employed strategy is the synthesis of
alyklthioesters, which are more stable than their aryl counterparts, and the use of
arylthiophenols as catalysts.*! These additives ensure the in situ generation of a more

reactive arylthioester that will increase the ligation rate.
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Scheme 1.7. Native Chemical Ligation mechanism.

Of course the reaction was, at the beginning, limited to the ligation or conjugation of
peptide fragments that contained an N-terminal cysteine. Nowadays, though, many
amino acids can be introduced at the ligation site taking advantage of desulfurization
methodologies. These allow for the use of unnatural, thiol-containing amino acids that
will, after removal of the thiol group, render a natural amino acid and amide bond (see
Scheme 1.8). Using such strategy, precursors of amino acids with reactive groups on
the side chain have been used for ligation, for example precursors of aspartic acid,*?

arginine,'*® tryptohan#** and lysine.1#%
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0 2R ! .
" H2N\)J\ H 2 R N\_)J\R Desulfurization R , N\_)J\R
R Vs R F R LsR ” ? N
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HS™ R, hif HS™ "Rs ! Rs!
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R=alkyloraryl e
R4, Ro= moieties to link proteinogenic
Rj3 = rest of the amino acid side-chain, e.g. R3=CO,H, (CH3),NH, etc. amino acid

Scheme 1.8. The ligation + desulfurization strategy.

As for the introduction of the thioester funcionality, many different strategies have been
developed, in particular to allow for the use of Fmoc SPPS. However, this goes beyond
the scope of this work and other sources might be consulted.*#®

NCL Has been used to obtain long peptides or proteins, often incorporating post-
translational modifications, by chemical synthesis,'3%147:148 for the synthesis of peptide
conjugates with DNA® and RNA,**° and for the modification of silicon nanowires
surfaces with peptides,*>* among others. Also, the protection of cysteine residues using
thiazolidine formation enabled for sequential NCL processes, as the one described by
Kent and co-workers that afforded the chemical synthesis of Human insulin-like growth
factor 1 and some analogues.**?

Whilst widely used, NCL still presents some problems. The methodology needs
cysteine residues in the protein or peptide chain, a relatively infrequent amino acid in

natural peptides and proteins. Although, as mentioned, the ligation + desulfurization
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strategy allows thiol-modified amino acids to be involved in amide formation, these
amino acid surrogates are not always commercially available. Furthermore, a
desulfurization step must be performed after ligation, and typical yields for these
procedures are not very high (60-80 %). Another factor that might be troublesome is
the steric influence of the amino acid bearing the thioester moiety. A study performed
by Hackeng et al. showed that some amino acids enabled ligation in less than 4 hours,
but others did not reach good conversions even after 48 hours.'>® This was partially
solved by the introduction of the oxo-ester ligation by Danishefsky and co-workers.*>*
This method, which uses the more active p-nitrophenol esters to achieve better
reaction rates, improved the reaction times for bulky amino acids, but unfortunately
yields only ranged from moderate to good (50-80%).

1.3.8 Thiazolidine ligation

The reaction of an aldehyde with a 1,2-aminothiol to render a thiazolidine (Table 1.2,
entry 8) has been known for many years, but it was Tam and co-workers who first
introduced it for the synthesis of biomolecule analogs, using cysteine as the natural
source for 1,2-aminothiols.’®® The reaction occurs readily (reaction times below 10
minutes have been described) and orthogonally in acidic conditions, as demonstrated
in some of the earliest studies.*® Noteworthy, thiazolidine formation is orthogonal to N-
acylated cysteines, as thiol groups react with aldehydes to vyield reversible
hemithioacetals. This implies that thiazolidine ligation can be envisaged as a platform
for the selective derivatization of N-terminal cysteines in peptides that also contain
internal cysteines.

The stability of thiazolidines can be modulated modifying substitution at the 2 position.
2-Alkyl thiazolidines tend to be more stable than 2-aryl thiazolidines, and these are
more stable than those 2,2-doubly-substituted.>’

The introduction of the two necessary moieties is quite straightforward, especially in the
case of peptides. The N-terminal cysteine residue can be introduced by means of
SPPS, and the aldehyde moiety can be installed by mild oxidation of N-terminal Ser
and Thr residues using periodate®® or by incorporation of its acetalic precursor during
SPPS.%® For the introduction of the carbonyl moiety in oligonucleotides, the common
strategy is the use of a phosphoramidite bearing a masked aldehyde (see below).

This reaction has been used for the modification of both peptides and oligonucleotides.
Peptide dendrimers have been synthesised employing the ligation between an N-
terminal cysteine and an aldehyde.'® This reaction proved to be more useful than
oxime and hydrazine ligations, as it was faster and yielded more stable products. Cyclic

peptides could also be obtained using this strategy, with no apparent size limitation for
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the cyclisation reaction.® More complicated peptide structures such as antibodies
were also modified using thiazolidine ligation. By these means, tumour-targetting ADCs
were synthesised, and their activity tested.'® In this case, the thiazolidine linker was
designed to be hydrolysable, so the drug attached to the antibody could be slowly
released to perform its action.

Oligonucleotides have also been used in thiazolidine ligation methodologies. The group
of Gait and Oretskaya synthesised peptide-oligonucleotide conjugates taking
advantage of a phosphoramidite bearing a protected 1,2-diol in the 2’ position of uracil.
This was introduced at the internal positions of an oligonucleotide chain and oxidised in
mild conditions to render the necessary aldehyde for conjugation.®® Dumy and co-
workers used a different phosphoramidite to link dystamycin-based peptides to the 5'-
end of different oligonucleotide chains.6?

Finally, and taking advantage of the reversibility of the thiazolidine adducts mentioned
above, these have also been used for the protection of N-terminal cysteines in
sequential NCL processes. 52

The reaction, though, is far from perfection. It cannot be performed in vitro or in vivo, as
the acidic conditions needed for its orthogonality are not possible in living systems.
Although normally described to be fast, thiazolidine formation may need really long
reaction times, that can reach four days, to achieve good vyields.'®® This, therefore,
implies that reducing agents have to be added to prevent oxidation of the cysteine thiol.
As many others, the reaction generates two isomers, which can be separated only

when low molecular weight adducts are generated.%®

1.3.9 Oxime and hydrazone ligation

The reaction of carbonyl compounds, especially aldehydes, with hydroxylamines and
hydrazines (Table 1.2, entry 9) has been extensively used for bioconjugation purposes.
The reaction, as in the case of thiazolidine formation (Table 1.2, entry 8), is normally
performed in water, at acidic pH (4.5-5.5) and under mild conditions. It is selective due
to the a-effect, which increases the nitrogen nucleophilicity and allows them to react in
such conditions. This effect also contributes to the major stability of oximes and
hydrazones towards hydrolysis when compared to their imine counterparts, especially
in the case of oximes, which proved to be the most stable linkages.*®? Still, both oxime
and hydrazone formation can be used for the preparation of pH-sensitive biomaterials,
as their stability can be easily modulated by the carbonyl group used for the
conjugation. 63

Peptide conjugates have been synthesised taking advantage of oxime ligation:

daunorubicin-linked peptides have been synthesised for cancer therapy,'®* and sugar
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conjugated peptides have been used as tumour-related antigens.'%® On the other hand,
hydrazone ligation has been employed for the synthesis of antibody-conjugated
quantum dots.%6

Oxime formation has also been investigated as another possible methodology for the
synthesis of cyclic peptides,®” as well as in conjunction with the CUAAC reaction for
the regioselective ligation of cyclic RGD peptides onto cyclopeptide scaffolds.®®
Oligonucleotide-peptide conjugates have been generated through oxime and
hydrazone ligations, as in a paper by Zatsepin et al. where the two methodologies and
the thiazolidine formation reaction are used.'®°

Despite their usefulness, these two reactions also have some limitations. The first, as it
happens with the thiazolidine ligation, is that they cannot be performed in vivo or in
vitro due to pH-related limitations: at neutral pH the reactions are not selective and
need catalysis to proceed at reasonable rates.’®® Although these condensation
reactions are described to be typically high-yielding, there are several examples in
which yields are moderate, especially when working with complex systems.'° Finally, a
fast comparison of the three carbonyl-involving condensation reactions reviewed in this
work shows that both oxime and hydrazone ligations perform worse than thiazolidine
formation, with reaction times that can double those of the latter reaction and lower

product stabilities.*>®

1.3.10 Diels-Alder (DA) ligation

The DA reaction (Table 1.2, entry 10) was discovered by Diels and Alder in 1928 and
has been, since then, one of the most often used reaction in organic chemistry. It is a
[4+2] cycloaddition reaction in which a 1,3-diene reacts with an alkene to yield a
cyclohexene adduct. The driving force of the reaction is the generation of new o-bonds,
which are more stable than 1-bonds. The classical reaction is normally performed with
electron-poor alkenes (or alkynes) and electron-rich dienes, although alternative
versions such as the inverse electron-demand DA (IEDA) reaction exist (see Table 1.2,
entry 11).

The reaction is very selective and almost completely orthogonal, as the reacting groups
are not normally present in biomolecules. The only incompatibility that can be found is
the presence of thiols, which, depending on the nature of the electron-withdrawing
substituent, can react with the electron-poor alkene in a Michael-type reaction (see
Table 1.2, entry 5). Furthermore, the reaction does not need catalysis, although
several catalysts can be used to accelerate this transformation, especially on those
cases that require harsh conditions. Apart from the extremely important influence of the

solvent in the reaction rate, which will be discussed in chapter 2, catalysis by iminium
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ion with a-nucleophiles!’™ and by Lewis acid activation!’? have been described. Another
benefit of the DA reaction is that both the kinetics of the reaction!”® and the stability of
the generated adducts!’* can be tuned. That means that, by just modulating the
substituents present in the reaction partners, acceleration of certain DA reactions is
possible and that, in some cases, reversible adducts can be turned to irreversible, or
vice versa. Generally, though, DA adducts tend to be very stable and need high
temperatures to revert to the starting materials through a retro-Diels-Alder reaction
(rDA).

Thanks to its advantages, the DA reaction has been used for multiple purposes in the
field of bioconjugation. Oligonucleotide conjugation has classically been performed in
water by reacting diene-modified oligonucleotides with maleimide-containing
compounds. A first approach was first performed by Hill et al. when they conjugated 5'-
diene-containing oligonucleotides to small organic molecules such as fluorophores and
biotin.2”® Not long after, our group published methodology to react the same kind of
oligonucleotides with maleimide-containing peptides to render peptide-oligonucleotide
conjugates.®® Other research groups have expanded this strategy, using diene-
modified nucleosides that allowed for the derivatization of oligonucleotides at internal
positions.17®

Another application of the DA reaction related to oligonucleotides is the one developed
in our group some years ago, which consisted in a DA-rDA reaction sequence to allow
for the introduction of maleimides into oligonucleotide chains using standard solid-
phase methodologies (see section 1.3.5). Other biomolecules, such as
carbohydrates,'’” have also been conjugated taking advantage of the this reaction.
Surface immobilization of different biomolecules has been performed using the DA
reaction. Specifically, the DA cycloaddition was used to functionalise a surface with
alkyne moieties that were afterwards used for the derivatization with specific
recognition motifs using the CuAAC reaction. Maleimide-modified peptides have also
been used for DA ligation with other molecules apart from oligonucleotides, although
not so many examples can be found. In one of them, Tischer et al. have used them for
a light-induced DA reaction with modified biosurfaces.'’® Introduction of dienes to
peptide chains for their DA reactions will be discussed in chapter 2.

On the negative side, the DA reaction can furnish different isomers. If the diene or the
dienophile are not symmetrical, different regioisomers might be formed, although
normally some of them are preferred over the others (see Figure 1.4a). This problem is
normally solved by working with symmetrical molecules, such as N-substituted
maleimides. Apart from regioisomers, several stereoisomers can be generated

depending on the relative orientation of the reagents when approximating each other.
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As seen in Figure 1.4b two diastereomeric sets of enantiomers can be generated. The
endo approximation is the most kinetically favourable, although the exo product is
normally also observed. Facial selectivity is only achieved when the faces of the diene
or the dienophile are asymmetrical.
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Figure 1.4. Regioisomers (a) and stereoisomers (b) generated in a Diels-Alder

reaction.

1.3.11 Inverse Electron-demand Diels-Alder (IEDA)

The Inverse Electron-demand Diels-Alder ligation (Table 1.2, entry 11) involves the
reaction of an electron-poor, conjugated diene with an electron-rich or strained double
bond. The archetypical transformation is performed with trans-cyclooctene as the
dienophile and 1,2,4,5-tetrazines as dienes, and proceeds with extrusion of N to yield
the final cycloadduct in extremely short reaction times (k= 2000 M? s?® at room
temperature, although some constants above 106 M s have been measured).'”®
Several articles describe the use of this reaction for the synthesis of conjugates.
Ternary conjugates have been synthesised using tandem SyAr-IEDA reactions on 3,6-
dichloro-1,2,4,5-tetrazines,'®® and the group of Kolmar showed that oxime ligation
allows the site-specific introduction of tetrazines and strained alkenes for peptide
conjugation.'8! The reaction is so selective, fast and clean that has also been used for

several in vivo or in vitro imaging purposes. Tumour pretargetting and imaging was
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accomplished using a trans-cyclooctene/tetrazine reaction,'®? and PET *8F labels have
been successfully developed using similar approaches.®!

Another advantage of the IEDA reaction, besides its bioorthogonality and, most of the
times, fast reaction rates, is its orthogonality to the CuAAC reaction (Table 1.2, entry
1). Taking advantage of this fact, double dye-tagged oligonucleotides have been
synthesised.83

Despite the fact that it is nowadays one of the most commonly used reactions and its
great applicability, several issues still remain fully or partially unsolved. It has been
described that, although trans-cyclooctene reacts readily with tetrazines, it can also
react with thiols and isomerise to the unreactive cis-cyclooctene,'® a fact that imposes
the need to search for other dienes. Apart from trans-cyclooctene, other strained
alkenes have been used for the IEDA, as for example norbornenes!® and modified
cyclopropenes,® although these react hundreds of times more slowly (rate constants
ranging from 10 to 0.1 M? s?). Terminal alkenes, which have also been used as
alternatives to trans-cycloctene and which are expected to be more stable than
strained alkenes, are the ones that react more slowly, with rate constants ranging from
0.1 to 0.001 Mst. On the other hand, 1,2,4,5-tetrazines have dominated the IEDA
landscape, although they also present several problems. The most reactive tetrazines
towards dienophiles tend to be the least stable, and their solubility is, in general, quite
unpredictable.'® Finally, it must be stated that tetrazines are normally quite bulky,
although some exceptions can be found in the literature.'® This has triggered the
search for other alternatives, and it seems that the use of 1,2,4-triazines might solve
some of these problems and rise as a generally applicable alternative to 1,2,4,5-
tetrazines.!®’

Lastly, as both derivatised trans-cyclooctene and tetrazines are unsymmetrical, the
concomitant cycloadditions can form different regioisomers, a fact that does not seem
to have been investigated thoroughly. In the case of terminal alkenes, several regio-

and stereoisomers may also be formed.188

1.4 Objectives

The objectives of this work were:
1- To find an alternative allowing for the use of the Diels-Alder reaction for the
synthesis of conjugates using diene-derivatised polyamides.
2- To explore the use of 2,2-disubstituted cyclopent-4-ene-1,3-diones as
maleimide analogs in Michael-type reactions for the conjugation and cyclisation

of peptides.
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1.5 Abbreviations

ADC: Antibody-Drug Conjugate

CPP: Cell-Penetrating Peptide

CUuAAC: Copper (I)-catalysed azide-alkyne cycloaddition
DA: Diels-Alder

DAR: Drug-to-Antibody Ratio

FDA: Food and Drug Administration

HPLC: High Performance Liquid Chromatography
IEDA: Inverse Electron-demand Diels-Alder

LNA: Locked Nucleic Acids

LPFC: Liquid-Phase Fragment Conjugation

NCL: Native Chemical Ligation

NMR: Nuclear Magnetic Resonance

Npys: 3-Nitropyridylsulfenyl

PEG: Polyethylenglycol

PMO: Phosphorodiamidate morpholino oligonucleotides
PNA: Peptide Nucleic Acid

PSO: Phosphorothioate Oligonucleotides

Pys: Pyridylsunfenyl

SPAAC: Strain-Promoted Azide-Alkyne Cycloaddition
SPFC: Solid-Phase Fragment Conjugation

SPPS: Solid-Phase Peptide Synthesis
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2.1 Conjugation of diene-derivatised polyamides

2.1.1 Background and objectives

As stated in chapter 1, the Diels-Alder (DA) reaction has attracted attention as a powerful
conjugation method due to its water compatibility, orthogonality and no need for
catalysts. For biomolecules that are normally synthesised by solid-phase synthesis, for
example peptides and oligonucleotides, the most straightforward alternative to use this
reaction is to introduce the diene or dienophile while they are still protected and linked to
the solid matrix. Yet, the compatibility of these moieties with the cleavage and
deprotection conditions of the oligomer has to be considered. While maleimides (the
most common dienophile in bioconjugations) are stable to the acidic conditions required
for peptide deprotection, they do not withstand the basic treatments necessary for
oligonucleotide deprotection and Fmoc deprotection during SPPS. The opposite
happens to dienes, which are stable to the final ammonia treatment of oligonucleotides
but not to the TFA/scavengers mixture used with peptides. An obvious consequence is
that the introduction of maleimides into oligonucleotides and of dienes into peptides is,
in principle, precluded. As said in section 1.3.5, some years ago our group developed a

methodology based on a DA-rDA sequence that permitted the introduction of maleimides
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to oligonucleotides and to internal positions in polyamide chains. A logical step
afterwards was, therefore, to find a methodology that allowed the conjugation of diene-
derivatised peptides preventing any harm to the diene moiety by the final acidic cleavage
and deprotection treatment.

; ; Ao oA

| Oligonucleotide | |Po|yamide| |Po|yamide| |O|igonucleotide|

/S % 4

Figure 2.1. Derivatised oligomers for DA reactions that can be obtained by standard

solid-phase synthesis. * As long as the maleimide is protected during the cleavage

step.

2.1.2 Decomposition of dienes under the cleavage and deprotection
conditions

Diene decomposition in the cleavage and deprotection step is due to the ease of
carbocation formation and to the high concentration and strong acidity of the TFA
employed in this treatment. Protonation of the conjugated diene gives rise to a
resonance-stabilised carbocation, which can, afterwards, react with the nucleophilic
scavengers typically present in the deprotection cocktail. Madder and co-workers have
described the decomposition products arising from the cleavage of a furan-containing
peptide that accompanied the desired product.! They basically observed products of
partial or complete reduction, that result from the reaction with triisopropylsilane (TIS),
products arising from hydration and ring-opening, and formation of thioacetals due to
reaction with dithiothreitol (DTT) (see Figure 2.2).

HO OH i o
0 s
\/D \/O \8?\/\ MS 2—% \M \)\/\SH
S OH
o e 0 Sv}o” < on
| HO
OH o
SH

Figure 2.2. Furan decomposition products found by Madder's group upon acidic

peptide deprotection.
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We decided to evaluate by ourselves the effect of a typical TFA/TIS/H,O deprotection
mixture on a non-aromatic 1,3-diene. For this purpose, the resin-linked, totally protected,
diene-modified peptide 2.4 (see section 2.1.8) was treated for two hours with a 95:2.5:2.5
TFA/TIS/H,O mixture and analysed after a simple work-up aimed to remove any non-
peptidic impurity. HPLC/MS Traces showed no presence of the desired product, contrary
to that described by Madder, suggesting that the aromaticity of furan might help avoid
these secondary reactions (Figure 2.3).

(e}
W\)LAIa-Tyr-Lys—O
'Bu Boc
2.4
TFA/TIS/H,O
2h,rt
0B_112_0_40
0B 112 0 40 C 3: Diode Array
12,97
8.5e-2 Range: 8.667e-2
8.0e-2
75e2] 4 \/\)OJ\ c (0]
70e25 HO /\/\/\)J\
652 Ala-Tyr-Lys-NH, HO N Ala-Tyr-Lys-NH,
6.0e-2 b 0 d 0
5.50-2
HO X “Tvr-l ve—
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Figure 2.3. HPLC/MS Trace (280 nm) showing the decomposition products of 2.4
after acidic treatment. Regioselectivity of the hydrolysis and partial reduction
products ¢ and d has not been determined; only one of the possible regioisomers for

each product is depicted here.

As expected from Madder’s report, we observed partial reduction products (d in Figure
2.3), species arising from double bond hydration (c in Figure 2.3), and, quite
unexpectedly, products generated by fragmentation and hydration (a and b in Figure
2.3). A plausible mechanism for their formation could start with the intramolecular attack
of the amide carbonyl to the generated carbocation, rendering a five- or six-membered
ring, as depicted in Scheme 2.1. Nucleophilic attack of a water molecule on the

heterocycle after double bond protonation would eliminate propene or ethene,
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respectively, and generate, after rearrangement, a terminal aldehyde. This would finally
be reduced by TIS to the terminal alcohol.?

0 \/IOI

AN
+ ® NN% HZO//;)\ NN% + PN = L NN%
H 0 — = N0 W Nt HOY Y

H H
H N
N .
Proton transfer O&\/\n/ \;;’ Reduction by TIS HO/\/\([)]/ \j"
(6]

Scheme 2.1. Plausible mechanism for the formation of by-product a in Figure 2.3.
The formation of subproduct b is analogous, rendering a six-membered ring and

extruding ethane.

2.1.3 Described alternatives to circumvent diene decomposition

Several groups have tried to circumvent the problems imposed by the inherent instability
of the diene moiety to the standard acidic conditions used in SPPS. The group of Kahn
used 1,3-dienes conjugated to electron withdrawing groups to avoid its decomposition,®
but they are far less reactive than the unstable alkyl-substituted 1,3-dienes and therefore
not so interesting.

Waldmann and co-workers employed a completely different strategy that permitted to
obtain the desired diene-derivatised peptides.* Their methodology consisted in the use
of a nucleophile-cleavable peptide-resin linkage, which allowed to simultaneously cleave
the peptide-resin linkage and to introduce the diene by using 2,4-hexadien-1-ol with 4-
(dimethylamino)pyridine catalysis. Peptide protecting groups were chosen so that they
could be removed under basic or mild-acidic conditions in order not to harm the diene
moiety. Specifically, a sulfonamide resin was used, and it was activated with
iodoacetonitrile prior to reaction with 2,4-hexadien-1-ol to allow for the nucleophilic bond
cleavage (see Scheme 2.2). Regarding the protecting groups, the base labile Fmoc
group and the ultra acid-labile Trt and Mtt groups were used for internal alcohol and

amine protection.
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o\ \ \\ //
H N\ //\O Fmoc-Gly-OH _ Fmoc— N\)J\ b //\O __SPPS | Fmoc—{ Peptide | O
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2) HO/\/\/\ Peptide |/ Ne)
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Scheme 2.2. Strategy employed by the Waldmann group to obtain diene-derivatised
peptides.

The technique presents several problems, although it allowed for the synthesis of diene-
derivatised peptides. First, most of the trifunctional amino acids with this protecting group
scheme must be synthesised as they are not commercially available. More importantly,
the sulfonamide linker imposes an important sequence limitation. Due to the poor
nucleophilicity of sulfonamides, the coupling of the first amino acid needs to be extended
for several hours, which may result in racemization. To avoid this problem, the first amino
acid introduced when using this methodology must be glycine in all cases. Finally,
instead of the typical simultaneous cleavage and deprotection, this strategy requires a
two-step procedure to achieve the cleaved and totally unprotected peptide. Furthermore,
the cleavage step is also composed of two different processes: an activation step, which
requires more than 18 h, and the actual scission of the peptide from the resin, which
needs 24 h. This may result in a tedious process lasting more than 2 days, when the
standard methodology yields the cleaved and totally unprotected peptide in just 2 h.
Finally, the in principle ultra-labile Mtt group could not be removed using the standard
1:5:94 TFA/TIS/DCM treatment, and, as higher percentages of TFA caused degradation
of the diene, it had to be left in the final peptide.

Madder and co-workers published two papers dealing with the DA reaction of furan-
derivatised peptides. In one of them,? they observed that decomposition of the furan ring
only happened when it was in the N-terminal position, probably because the more
sterically congested internal positions shielded it. Surprisingly, though, this problem
could be solved by capping the N-terminal position with an aromatic moiety, which was
thought to protect the furan ring from degradation through 1r-11 stacking interactions. In
the other article,® the same group described the DA reaction of a resin-linked, furan-
derivatised peptide with N-phenylmaleimide in toluene. Conversions of ca. 85 % were
obtained, but complete conversions were impossible to achieve due to the reversible
nature of the reaction. Indeed, the labelled peptide was found to completely revert to the
original diene and dienophile when heated at 70 °C for 24 hours, a result consistent with

the described stability of this type of adducts.® Nevertheless, this group did not provide
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a single example in which an actual conjugation reaction was performed, as only the
explained model reactions were described. Moreover, the use of toluene as solvent did

not seem adequate for our purposes, as biomolecules are not soluble in such medium.

2.1.4 Our proposal to solve the problem

Our first proposal to solve the above-exposed problem was to search for a protecting
group for the diene moiety. Our strategy was to find a diene-dienophile couple that would
generate a reversible, yet stable to the peptide deprotection conditions, DA adduct. This
DA adduct would be introduced into the protected, resin-linked peptide, and, after
cleavage and deprotection, be heated to yield a diene-modified peptide and a free
dienophile through a rDA reaction (see Scheme 2.3). Of course, said DA adduct would
need to show a proper balance between stability and heat-lability in order to be handled
comfortably and reversed in mild conditions.

An intensive search into the literature did not provide any example of such a strategy in
the field of bioconjugation, so we decided to run some assays. Several diene-dienophile
partners were tested for stability to the cleavage and deprotection mixture and for their
rDA reaction. Unluckily, all efforts made to find a combination that matched the above-
mentioned requisites met only with failure. A more detailed explanation can be found in

Appendix 1.

O SPPS  Fmoc () 1) Piperidine 5 )

2) Protected diene

PG introduction PG
- retro-Diels-Alder
TFA cleavage 6 Peptide reaction / \ y—
- -ep| e

Scheme 2.3. Protection strategy for the incorporation of dienes to peptides through
SPPS.

Our second idea for the conjugation of diene-modified peptides, after all our attempts to
find an appropriate protecting group for a diene failed, was to perform the DA conjugation
reaction on-resin. In this procedure, the diene would not be exposed to the acidic final
treatment, as it would have already reacted with the dienophile to furnish the DA
cycloadduct. This was expected to be less easily protonated than the conjugated 1,3-
diene, as carbocations would not be resonance-stabilised, therefore preventing any
further reactions with the scavengers present in the deprotection cocktail. Further, this

strategy would not require the use on non-standard SPPS methods, overcoming the
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limitations imposed by the Waldmann’s methodology, and would allow for removal of any
possible dienophile excess by a simple resin wash. It was clear that maleimides would
be used as dienophiles, as they incorporate some of the most reactive double bonds
and, also, a lot of common labelling agents, such as fluorophores, are commercially
available with maleimide modifications. Some tests were performed to decide which
diene would perform better (see section 2.1.8). Regarding the reaction conditions,
parameters such as concentration, molar ratios and temperature should have to be
optimised with model reactions. What we knew for sure was that we would use water as
solvent for the on-resin DA reaction, something that, to our knowledge, had never been
done before. The reasons for this solvent choice are that it is the best option to dissolve
biomolecules and it strongly accelerates the reaction rate (see below). The procedure is
schematically depicted in Scheme 2.4.

: 1) Piperidine Di Peptid
Q SPPS  Fmoc ® iene *

PG 2) Diene introduction PG

O

N-R
X X
Peptide )  TFA cleavage Peptide
o)
o) iR 7o
Hzo /N /N
R O R O

Scheme 2.4. Our strategy for the conjugation of diene-derivatised peptides.

2.1.5 The effect of water in Diels-Alder reactions

The rate enhancement effect of water in DA reactions was discovered in 1980 by Rideout
and Breslow, who described reaction rates more than 700 times higher in water than in
organic solvents.” Since then, many groups have investigated this phenomenon, both
experimentally and computationally, and three main reasons can be held responsible for
the observed acceleration: the hydrophobic effect, an H-bond stabilizing effect and the
high cohesive energy density (CED) of the solvent.

The hydrophobic effect is the tendency of nonpolar organic molecules dissolved in water
to group together. This helps minimize their surface in contact with water, reducing the
destabilizing interactions with this highly polar liquid and maintaining the water-water
hydrogen-bond pattern as intact as possible. Furthermore, from an entropic point of view,
the solvation of organic molecules by water is strongly unfavourable, as water molecules
tend to orientate themselves tangential to the apolar solute surface. Aggregation of

organic molecules excludes water molecules from their solvation shells, releasing them
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to the more disordered bulk aqueous medium, therefore gaining entropy.® The final
consequence of this aggregation phenomenon is a higher effective concentration of the
organic reagents, which provokes a rate acceleration. Nevertheless, the hydrophobic
effect cannot be the only explanation for the observed effects, since intramolecular DA
reactions, in which the reagents are already “packed”, are also largely enhanced by
water.

The hydrogen-bonding capacity of water also plays a key role in the DA acceleration.
Engberts and co-workers found out that the carbonyl groups typically present in electron-
poor dienophiles tend to be more polarised in the DA transition state than in the initial
state.® This highly polarised states are stabilised by water through H-bonds, therefore
lowering the energy of the transition state. The same conclusion was also reached by
Jorgensen et al. computationally.’® An indirect evidence for this can be found in
examples in which no H-bond accepting groups are present in the reagents. In these
cases, the rate enhancement in water is not as pronounced as when polarizable groups
are present in the molecule, as can be observed in Figure 2.4.*' Of course, polar
solvents and H-bonding solvents such as alcohols also tend to accelerate the DA

reaction, although not as much as water.

" (1
O3 ®3% R=OCOCH, Kio/Kacn= 102
Br
Figure 2.4. Water acceleration of DA reactions with differently substituted reagents.

Finally, there is another important factor that contributes to the acceleration observed in
water, the Cohesive Energy Density (CED) of a solvent. This parameter is
mathematically described by Equation 2.1, and, in qualitative terms, it is the energy
necessary to separate a solvent molecule from its neighbours, which can be regarded

as the energy necessary to create a cavity in the solvent.*?

_ AHyq, — RT
M;/p

Equation 2.1. Mathematical expression of the cohesive energy density. Mr is the

relative molecular mass and p the density of the solvent.
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Water has a high CED, which implies that the generation of a cavity in its core requires
a lot of energy. It is due to this fact that the reagent molecules are as packed as possible,
in the same way as if they were under the influence of an external pressure. As the DA
reaction has a negative volume of activation, that is, the transition state is more compact
than the separate reagents, any pressure that brings reagents together will lower the
transition state energy.'® The fact that this mechanism is actually operating can be
confirmed by the endo vs exo adduct enhanced selectivity: a high CED will favour the
most compact transition state, which in the case of the DA reaction is the endo one.**

It is important to mention that all these effects are dramatically reduced when an organic
co-solvent is added to the reaction mixture, even in small amounts. Blockzijl et al.*> have
shown that increasing molar fractions of organic co-solvents increase the AG* of the
reaction, although in some cases molar fractions lower than 0.05 can induce small
decreases in the activation Gibbs energy. The endo/exo selectivity is also diminished

with increasing molar fractions of the organic co-solvent.

2.1.6 Selection of the solid support for the on-resin Diels-Alder reaction in
water

Our choice of water as solvent also affected the choice of the polymeric support we were
going to use for the synthesis of the diene-modified polyamide. Since we intended to
perform the DA reaction on a resin-linked, diene-modified peptide in water, the use of
divinylbenzene cross-linked polystyrene resins was precluded, as they do not swell in
polar solvents. Mixed polystyrene/poly(ethylenglycol) (PS/PEG) resins seemed more
adequate, as they are water-compatible and swell in almost every solvent.*® The inherent
low functionality of this kind of resins, which is sometimes viewed as a problem, was in
our case an advantage. Low substitution degrees should decrease interchain
interactions, thus reducing steric hindrance and swelling-related problems during both
the synthesis and the conjugation of the polyamide.’ This would be particularly important
in the conjugation step, where larger molecules, that are more sensitive to steric
hindrance, would be attached to the peptide-resin.

Furthermore, this type of resins is nowadays commonly used for the solid-phase
synthesis of polyamides, and is commercially available at competitive prices. Our
decision was to use the commercial NovaSyn TGR and the TentaGel R RAM resins with
the Rink-Amide linker, for the obtention of C-terminal carboxamide polyamides. These
resins proved to be adequate for the DA reaction and improved the quality of both the

peptides and PNAs synthesised.

55



Chapter 2

2.1.7 Analysis of the reaction outcome

Regarding the conjugation reaction outcome, we decided to assess it by HPLC analyses
of the crudes and MALDI-TOF MS of the collected peaks. Reaction yields given are
based on the relative area of the product peak at 220 nm in the case of resin-linked
peptides, since only at this wavelength the unreacted peptide can be properly quantified.
For similar reasons, when working with resin-linked PNAs 260 nm was the wavelength
of choice. In the cases where isolated yields are given, they are based on the ratio of the
pure, isolated compound to the theoretical amount of product, calculated from the
weighed resin and its substitution degree before the introduction of the diene. No
attempts to separate the exo and endo isomers were made, as most of the times, and

as expected for the size of the molecules, they co-eluted.

2.1.8 Selection of the diene

After having decided solvent, resin and the monitoring methodology, it was time to select
an appropriate diene. Our idea was to use either furan or an alkyl substituted 1,3-diene
(at that time the paper by Madder describing the reactivity of furans on solid-phase was
still not published). As they needed to be attached to a peptide chain, it was convenient
to have a proper carboxyl derivative, and therefore 3-(2-furyl)propanoic acid (2.1) and
(E)-4,6-heptadienoic acid (2.2) (Figure 2.5) were selected as possible candidates. 2.2
Was chosen over the diene used by Waldmann and co-workers to reduce the number of
possible stereoisomers after the DA reaction, although it was envisaged that it could be
a little bit less reactive. The stability of the DA cycloadducts generated from maleimides
and furans towards the peptide deprotection conditions was already known, and that of
the cycloadducts generated from 2.2 and maleimides was confirmed in preliminary

experiments (data not shown).

Figure 2.5. Dienes selected to be evaluated in the DA reaction.

Furan derivative 2.1 was commercially available, but 2.2 had to be synthesised as shown
in Scheme 2.5. Basically, 1,4-pentadiene-3-ol was reacted with 8 equivalents of 1,1,1-
triethoxyethane under acid catalysis to render ethyl (E)-4,6-heptadienoate, which was

further hydrolysed using lithium hydroxide to yield the diene acid derivative 2.2.18

56



Chapter 2

Scheme 2.5. Synthetic scheme for the synthesis of diene 2.2.

With both dienes in hand, it was time to test their reactivity and the stability of the
generated DA adducts with a model maleimide. The resin-linked, protected Ala-Tyr('Bu)-
Lys(Boc) sequence was selected as a model peptide due to its water solubility and the
fact that it contained a chromophore, which would facilitate the HPLC analyses of the
crudes. As a model maleimide, the PNA dinucleotide t-t sequence was used, linked to a
Lys residue to ensure solubility (2.5). Both 2.1 and 2.2 were attached to the peptide-
resin, generating the diene-modified peptides 2.3 and 2.4, respectively. These were left
reacting for 70 h at 40 °C with PNA 2.5 (1.5 equiv., 20 mM concentration) to furnish the
corresponding cycloadducts. Conjugates (2.6 for 2.3 and 2.7 for 2.4) were obtained after
cleavage and deprotection using the typical 95:2.5:2.5 TFA/TIS/H,O mixture, and
analysed by HPLC and MALDI-TOF MS.

As can be seen from the HPLC traces (Figure 2.6), the crude from the 2.4 and 2.5
reaction, in which 2.2 was employed as diene, was cleaner than that involving use of the
furan derivative 2.1. While 2.4 rendered 89 % of the conjugate product (2.7, tg= 15.0
min), with no major impurities present, the conjugate (2.6, trg= 12.1 + 12.7 min) yield for
2.3 was less than 80 %. Partial and total reduction of the furan ring was found to account
for approximately 18 % of the crude, with the partially reduced product (tr= 12.6) almost
co-eluting with one of the conjugate peaks. The fully reduced product (tg= 13.6 min) could
be perfectly separated. Curiously, in the case of 2.7 either only one adduct was
generated or the exo and endo adducts co-eluted, whereas in 2.6 these adducts could

be distinguished.

57



Chapter 2

w

Det.A Chil DetA Chl)
150
125

100 300

504
100
25
[ E—
o] — e
T T T T
5 10 15 20

25 30 5 10 15 20 25 30
min min

Structures of the reagents:

o) 0 Q
© “Tyr-Lys<Q) \/\/\)(i N/\)J\t—t—Lys—NHz
\ / Ala tTyr LYS NN AIa—Tyr-Lys—O \
Bu Boc 'Bu Boc o
2.3 24 2.5

t-t-Lys-NH, t-t-Lys-NH,
o:> 03}
o (0]
N 0 N o)
o)
© @ Ala-Tyr-Lys—NH, Ala-Tyr-Lys—NH,
2.6 2.7

Figure 2.6. HPLC traces (220 nm) of the 2.3 + 2.5 reaction crude (left) and of the 2.4

+ 2.5 reaction crude (right). The structures of the reagents are also shown.

Another drawback of the use of a furan derivative as a diene is the reversibility of the
cycloaddition. When 2.6 was analysed by MALDI-TOF MS it was soon discovered that it
had reverted almost completely to the starting materials (see Figure 2.7). On the

contrary, this did not happen when analysing 2.7.

Applied Biosystems 4700 Proteomics Analyzer 2011
4708 Reflector Spec #1[EP = 8206, 12318]
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Figure 2.7. MALDI-TOF MS traces of pure 2.6 (left) and 2.7 (right).
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For all these reasons the use of 2.1 as a diene was ruled out, and 2.2 became the diene
of choice for all the subsequent experiments.

In further experiments, polyamide resins were analysed (by deprotecting and cleaving a
small aliquot and analysing the resulting polyamide by HPLC and MALDI-TOF MS) and

their functionalisation was determined before diene introduction.

2.1.9 Assessment of the solvent influence on the on-resin Diels-Alder
conjugation

We were aware that although pure water was the best solvent in terms of rate
acceleration and biomolecule solubility, some important reporter molecules such as
fluorophores would not be soluble in such a polar medium. For this reason, the influence
of organic co-solvents on this on-resin DA conjugation methodology needed to be
assessed. In order to avoid a wide screening of solvents, DMSO was selected as the
organic co-solvent, as it is known to solubilize a wide variety of molecules with very
different polarities.

For this purpose, the totally protected, resin-linked peptide Gly-Arg-Gly-Ser-Tyr-Glu-Ala-
Tyr-Lys was modified with 2.2, affording the diene-derivatised peptide 2.8. This
sequence was selected because all the different types of amino acid are present:
positively charged, negatively charged, aromatic, nonpolar aliphatic and polar non-
charged residues.

The reaction of 2.8 with 2.5 was conducted both in pure water and in a 1:1 H,O/DMSO
mixture, using the same conditions as before. HPLC Analyses of the crudes after
cleavage and deprotection showed, as expected, a big difference between the two
reactions. In pure water the reaction furnished the expected conjugate (2.9) in 74 % yield
and only little amounts of the diene decomposition products, meaning that only a small
percentage of unreacted diene was present at the cleavage step. Other impurities also
affecting the HPLC-determined vyield arose from the synthesis of the peptide. On the
contrary, when the reaction was performed with the DMSO/water mixture, 2.9 was
formed in 48 % yield, with larger amounts of diene decomposition products indicating

higher amounts of unreacted diene at the moment of the acidic treatment (Figure 2.8).
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Figure 2.8. Comparison of the 2.5 + 2.8 conjugation reaction in water (left) and in a
1:1 DMSO/water mixture (right). The desired conjugate (2.9) is the peak at ~ 16.0

min.

The result is consistent with the described effect that organic co-solvents have in the
activation energy of the DA reaction,*® and pointed out that the use of aqueous/organic
mixtures should be avoided as much as possible. Therefore, working with molecules

sparingly soluble or insoluble in water was expected to be somewhat troublesome.

2.1.10 Optimizing the reaction conditions

The next step was to find appropriate reaction conditions, allowing to use a minimum
excess of the maleimide-derivatised compound and not requiring extremely long reaction
times. The conditions reaching the best balance between these variables would be
chosen as our standard protocol for reactions in water. Again, 2.8 and 2.5 were used as
model compounds.

The first parameter we wanted to change was the long reaction times used in previous
assays, employing pure water as solvent due to its positive effects on the reaction yield
(Table 2.1, entries 1 and 2). For this purpose, temperature was raised from 40 to 65 °C
and the reaction left running for 24 h (Table 2.1, entry 3). Using these conditions the
yield dropped from 74 to 62 %, indicating that the rise in temperature did not fully
compensate for the shorter reaction time. As we considered that higher temperatures
could start harming the peptide chain or any sensitive moiety to be conjugated, other
parameters were changed. Higher conversions were therefore forced by the use of a 3-
fold excess of the maleimide derivative and a 2-fold increase in its concentration (Table

2.1, entry 4). Thus, the reaction with 3 equivalents of 2.5 (40 mM concentration) for 24 h
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at 65 °C provided a satisfactory 79 % vyield. Although the reaction time was somewhat
long, the reaction could be performed in fairly mild conditions and only an affordable,
small excess of the maleimide derivative was needed. As for the reaction set-up a certain
volume of solution is required to fully cover the resin beads, it was not possible to further
increase the maleimide derivative concentration without increasing the total amount
required. We though that a shorter reaction time would not compensate for the increase
of maleimide derivative needed, especially in cases when this would be a precious
compound. Therefore, no more experiments were carried out to further optimize the

reaction parameters, and we decided to test the scope of the reaction.

Mal.
Entry | Equiv. 2.5 Solvent [ ) Time (h) | Temp. (°C) | Yield (%)
(mM)
1 15 H-0 20 70 40 74
2 1.5 DMSO/ H20 1:1 20 70 40 48
3 15 H-0 20 24 65 62
4 3 H20 40 24 65 79
Structures of the reagents:
2 /\)oj\ \/W(J)\ tBlu OtBu Boc
&Z t-t-Lys-NH, GIy-Alrg—GIy-Ser-T?/r-GIu—AIa-;I'?/r-L)IIS—O
5 Pbf Bu Bu
2.5 2.8

Table 2.1. Reaction conditions tested for the 2.5 + 2.8 reaction. Mal.= maleimide

derivative

2.1.11 Broadening the scope of the reaction: conjugation of different
polyamides

The first question that came to our mind after optimization of the reaction conditions was
if other diene-derivatised polyamides could be conjugated employing this methodology.
Among them, we focused in the use of PNAs because of their attractive properties as
oligonucleotide mimics. For comparison purposes, the already optimised 2.5 + 2.8
reaction was performed interchanging each polyamide role, that is, the di-PNA was
derivatised with a diene and the 9-mer peptide was modified with an N-terminal
maleimide and used as the soluble moiety, generating 2.10 and 2.11, respectively (Table
2.2, entry 1). Their conjugation product (2.12) was formed in 92 % vyield, proving that the

methodology was adequate for the conjugation of resin-linked PNA chains. A biologically
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relevant sequence, the anti-lacZ 12-mer diene-derivatised PNA 2.13,'° was then chosen
to test the suitability of this methodology to work in real cases. In a first experiment, 2.13
was reacted with the maleimide-derivatised peptide 2.14 (Table 2.2, entry 2). In this case
3 equivalents of the soluble maleimide at a 40 mM concentration were not enough to
fully cover the PNA resin beads, for which reason a larger excess of peptide, 5
equivalents, was used to avoid lowering its concentration. The reaction furnished the
expected conjugate 2.15 in 72 % yield, demonstrating the utility of our methodology when
working with biologically relevant molecules. The need for extra reagent volume showed
by 2.13 must be attributed to the resin volume increase that accompanies the addition of

each new monomer to the oligomeric chain.?

_ Equiv. [Mal.] | Time | Temp. | Yield
Entry Reaction Solvent
of Mal. (mM) (h) (°C) (%)
1 210+2.11~> 2.12 3 H20 40 24 65 92
2 213+2.14 > 2.15 5 H20 40 24 65 72

Structures of the reagents:

(0]
i P
\/WJ\ N Gly-Arg—-Gly-Ser-Tyr-Glu-Ala-Tyr-Lys—NH,
ttlys—) \
Boc o)

210 211

o) ) Q
N “Ive-Tur-Gly—
?_a_t_?_g_?_t_g_t_t_t_?_O C Ala-Lys-Tyr-Gly—NH,
R R R R o
R= Bhoc 213 2.14

Table 2.2. Conjugation of diene-derivatised PNAs. Mal.= Maleimide derivative.

Another concern was the effect that the chain length would have in the conjugation yield.
We expected larger maleimide derivatives to react more slowly, but at first sight it was
not clear that this would be the case for the immobilised diene-containing compounds.
The fact that in a longer chain the diene is, in principle, more distant from the resin
surface could improve its exposure to the other reagents and facilitate its conversion. To
answer all these questions only an additional experiment had to be done: the 5-mer,
maleimide-derivatised PNA 2.16 was incubated with 2.8 in the optimised conditions,
furnishing 2.17 in 69 % yield. The results of all the experiments performed allowing for

an evaluation of length effects are summarised in Table 2.3. It must be stated that
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although not all experiments were performed with the same protocol, those used in any
comparison were run under identical conditions.

As could be seen, with longer diene-derivatised, fully protected peptides, the yield
dropped (compare entries 1 and 2). Long peptide sequences tend to contain more
impurities arising from their synthesis than their short counterparts, being consequently
normal to observe lower HPLC-based yields even if the extent of the reaction is the same.
Nevertheless, a pronounced fall as the one observed cannot be fully ascribed to this fact,
pointing to a negative effect of chain length on the conjugation yield.

The same undesirable effect was observed when we increased the size of the soluble
maleimide moiety (compare entries 3 and 4). A 10 % drop in yield took place when the
PNA chain was elongated from 2 to 5 residues. In this case, the purity of the diene-
derivatised peptide was the same in both cases as it came from the same synthesis

batch, unambiguously demonstrating the influence of chain lenght on the reaction

outcome.
_ Equiv. [Mal.] Time | Temp. | Yield
Entry Reaction Solvent
of Mal. (mM) (h) (°C) (%)
1 25+24->27 15 H20 20 70 40 89
2 25+28->29 15 H20 20 70 40 74
3 28+25->29 3 H20 40 24 65 79
4 28+2.16 > 2.17 3 H20 40 24 65 69
Structures of the reagents:
o o Q
\/WLAIa tTyr Lys_o @/\)J\H-LVS-NHz
24 Bu Boc o
) 25
o)

be tBu By
2.8 2.16

Bu OtBu Boc
I
\/WJ\GIy Arg Gly-Ser- Tyr Glu Ala- Tyr Lys—O &/\)J\g-t-t-t-c Lys-NH,

Table 2.3. Summary table for the evaluation of the effect of chain length on reaction

yield. Mal.= Maleimide derivative.
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2.1.12 Use of protected maleimides to obtain conjugates with different
linking sites

As mentioned in chapter 1, different linking sites may provide conjugates with different
stabilities or pharmacokinetic and pharmacodynamic properties. Hence, it is interesting
to have a methodology that permits the synthesis of differently linked conjugates.
Stepwise synthesis of peptide-PNA conjugates affords hybrid molecules in which one of
the components is linked through its C-terminus to the N-terminus of the other (Figure
2.9a), while the methodology developed so far in this work granted access to conjugates
linked through their N-terminal positions (Figure 2.9b). We envisaged that, as long as
the soluble molecule had the maleimide at the C-terminal or at an internal position, we
could use the on-resin DA reaction in water to obtain conjugates with different linking
patterns like the ones shown in Figure 2.9a and Figure 2.9c.

a)

N C N C
Oligomer 2 Oligomer 1

b)

o N N Cc
Oligomer 2 Oligomer 1

c)

N C
Oligomer 2
N o

—Oligomer 1

, And <= are the complementary reacting groups

Figure 2.9. Possible linking patterns using the on-resin DA conjugation..

Locating maleimides at the C-terminal or internal positions of a polyamide chain is
troublesome as they react with piperidine during the Fmoc/'Bu SPPS. A feasible option,
though, is to protect them with 2,5-dimethylfuran as explained in chapter 1, avoiding
nucleophile-promoted side-reactions and allowing for the preparation of internally
maleimide-modified polyamides after thermal deprotection.

It was therefore of interest to study if the one-pot maleimide deprotection/on-resin DA
reaction was feasible. For the proof-of-concept experiment, (2,5-dimethylfuran)-
protected 2-hydroxyethylmaleimide (2.18) was reacted with 2.8, furnishing the expected
DA adduct (2.19) in 82 % yield (Table 2.4, entry 1).
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This good result prompted us to tackle the synthesis of PNA conjugates with peptides
bearing protected maleimides at different positions. In the first place, PNA 2.13a (see
section 2.1.13) was incubated with peptide 2.20 to afford the “T-shaped” conjugate 2.21
in 55 % yield, which was isolated after purification in 30 % overall yield (Table 2.4, entry
2). For the C-terminus to N-terminus linkage we decided to assemble a more complex
architecture. The C-terminal maleimide-derivatised cyclic peptide 2.22 was conjugated
to 2.13a to render 2.23, a peptide-PNA conjugate with a cyclic domain and the same
linking pattern as the one obtained by solid-phase synthesis. 2.23 Was furnished in 58%
yield, and isolated after purification with 28 % overall yield (Table 2.4, entry 3).

_ _ Isolated Yield
Entry Reagents Equiv. of Mal. Yields (%) %)
0
1 28+2.18 > 2.19 3 82 n.d.
2 2.13a+2.20~> 221 5 55 30
3 2.13a+2.22 > 2.23 5 58 28
Structures of the reagents:
NN GIy-AIrg—GIy-Ser-T?/r-GIu-AIa-T}/r-L)I/s—O \/WJ\G|y_?-;l,-t-?.g',-?-t.g',-t-t-t-?_o
Pbf Bu Bu R R R R

2.8 R= Bhoc 2.13a

o)
H
Ac—Ser-Lys-Tyr-Gly—OH H—Lys-GIy-Arg-GIy—N\)J-Tyr-AIa—Tyr-Lys—NH2
(0] :
o :

2.20

Table 2.4. Conjugation reactions affording different linkage patterns. Mal.=

maleimide derivative. All reactions run at 65 °C for 24 h with [Mal.]= 40 mM in water.

2.1.13 Conjugation with molecules sparingly soluble or insoluble in water

After the good results obtained with complex architectures and the generation of
conjugates with different linking sites, it was time to tackle the use of molecules sparingly
soluble or insoluble in water. As described in the literature and confirmed by our
experiments (see section 2.1.9), the use of water/organic solvent mixtures is not

recommended due to its negative effect on the reaction yields. Certain apolar molecules
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such as many fluorophores, though, are not soluble in pure water, leaving no other option
than using organic co-solvents to deal with their solubility issues.

To assess whether polyamides potentially useful in biochemical studies could be
synthesised using our methodology, biotin and dansyl, two well-known reporter
molecules, were chosen to be conjugated to the 9-mer peptide 2.8 and the 12-mer PNA
2.13.

The biotin (2.24) and dansyl (2.25) derivatives were synthesised using (2,5-
dimethylfuran)-protected maleimide instead of the unprotected counterpart, for no other
reason than building block availability. 2.24 Had been previously synthesised in the
group and had to be only washed with DCM (HPLC-quality) to remove certain impurities.
Regarding 2.25, it was easily obtained from commercially available dansyl chloride by
reaction with (2,5-dimethylfuran)-protected 2-aminoethylmaleimide trifluoroacetate in the
presence of 2.5 equivalents of DIPEA in DMF (Scheme 2.6). The product was obtained,

after the appropriate work-up, pure enough to be used in conjugation reactions.

Scheme 2.6. Synthesis of 2.25.

The reaction of 2.24 with PNA 2.13 was troublesome. A first attempt was performed
using an 80:20 water/DMSO mixture as solvent (Table 2.5, entry 1) to ensure solubility
of 2.24, but the reaction yielded a complex crude in which it was not possible to identify
the product (2.26) (Figure 2.10a). We thought that this was caused by a dramatic
reaction rate decrease triggered by the addition of the organic co-solvent, and,
consequently, decided to try to dissolve the biotin derivative in water only. 2.24 Was not
completely soluble in pure water at room temperature, but it could be solubilised by
incubating its suspension in a sand bath at 150 °C for a few seconds, with no appreciable
precipitation upon cooling. When carried out with the usual conjugation protocol, using
pure water as solvent (Table 2.5, entry 2), the reaction rendered a different but still
complex crude (Figure 2.10b), pointing to the change of solvent as not the unique cause

for those bad results.
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Equiv. of Yield Isolated
Entry Reagents Solvent _
Mal. (%) Yield (%)
1 2.13+2.24 > 2.26 5 80:20 H,O/DMSO n.d n.d
2 2.13+2.24 > 2.26 5 H.O n.d n.d
3 2.13a+2.24 > 2.26a 5 H.O 60 n.d
4 2.13b +2.24 > 2.26b 5 H.O 56 n.d
5 2.8+ 2.24 > 2.27 3 H.O 67 n.d
6 2.8+ 2.24 > 2.27 3 80:20 H,O/DMSO 63 n.d
7 2.8+2.25-> 228 3 65:35 H,O/DMSO 88 48
8 2.13a+2.25 > 2.29 5 65:35 H,O/DMSO 72 19
Structures of the reagents:
O
M Bu OtBu Boc
Gly- Arg Gly- Ser Tyr GIu Ala- Tyr Lyso X al \
e ki \/\/\)LC y ‘ tg 4 H;{)
2.8 R= Bhoc n=0 2.13
n=1 2.13a
n=2 213b
9 HHN—° N
N‘\»N \;\/H H o O \
H JN O
2.24 S~/ H S
2.25

Table 2.5. Conjugation reactions dealing with molecules sparingly soluble or
insoluble in water. Mal.= maleimide derivative. All reactions carried out at 65 °C for
24 h with [Mal.]= 40 mM.

We then hypothesised that introduction of a short spacer between the PNA chain and
the diene could increase the conjugation yield and help obtain a cleaner crude. Thus,
one or two glycine residues were coupled to the 12-mer PNA catagctgtttc prior to the
incorporation of the diene, obtaining PNAs 2.13a and 2.13b, respectively. These were
then tested in the reaction with 2.24 using pure water as solvent to give products 2.26a
and 2.26b. A clear major peak was observed in both reaction crudes, with similar relative
peak areas: 60 % for 2.13a and 56 % for 2.13b (Figure 2.10c and d and Table 2.5,
entries 3 and 4). This result provided conclusive evidence that the introduction of a
spacer between the reacting diene and the PNA chain can help improve reaction yields
and obtain cleaner crudes in complicated cases. On the other side, though, the effect of
the spacer length cannot be evaluated from these experiments, as such a small
difference in yield does not seem important, especially taking into account the error made

in the integration of such wide peaks.
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Figure 2.10. HPLC traces of the 2.24 + 2.13 reactions in the 80:20 water/DMSO
mixture (a) and in pure water (b), and of 2.24 + 2.13a (c) and 2.24 + 2.13b (d)

cycloadditions.

2.24 Was also reacted with 2.8 in the typical conditions employed for the diene-modified
peptide conjugations, this time using both pure water and the 80:20 water/DMSO mixture
as solvents. Clean crudes with similar conjugate (2.27) yields, around 65 %, were
obtained in both cases (Table 2.5, entries 5 and 6). This is surprising as, regarding
solvent effects, it does not agree with the previously obtained results (Table 2.1 entries
1 and 2) and what is described in the literature.

More shocking was the outcome of the reactions performed with 2.25. The derivatised
fluorophore had to be dissolved in a 65:35 water/DMSO mixture (in which it was still
sparingly soluble) in order to perform the reactions with 2.8 and 2.13a. Therefore low
conjugation yields were anticipated. However, we were glad to observe an 88 % yield for
the dansyl-peptide conjugate 2.28 and a 72 % yield for 2.29, the dansyl-PNA hybrid
(Table 2.5, entries 7 and 8). These conjugates were isolated in 48 and 19 % vyield,
respectively.

Although satisfied with the good results, we were somewhat intrigued by the unexpected
high yield of the conjugation reactions in the 65:35 water/DMSO mixture. To try to find
an explanation, the 2.25 + 2.8 reaction was repeated and inspected under UV light before

incubation at 65 °C.
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As can be seen in Picture 2.1, the fluorophore seemed to be mainly adsorbed onto the
resin surface, presumably due to hydrophobic interactions between the apolar molecule
and the carbon-rich chains of the polymeric solid support. This could produce an increase
of the effective concentration of 2.25 near the reactive points, the resin surface and inner
channels, as depicted in Figure 2.11, and likely compensate for the rate decrease

expected for a DA reaction performed in a water/organic solvent mixture.

Picture 2.1. Reaction of 2.25 + 2.8 Figure 2.11. Schematic representation of
inspected under UV light (254 nm) at the the adsorption of 2.25 onto the resin

beginning of the process. surface.

Unfortunately, we could not find an explanation accounting for the lack of solvent effects
observed in the 2.24 + 2.8 reaction. Developing a theory that could explain the observed
results would require a lot of experiments, something completely out of the scope of our

project.

2.1.14 Synthesis of double conjugates

The last objective of our work was to test if our methodology would be compatible with
other click chemistries and could enable the synthesis of double conjugates. The double
derivatization of biomolecules is important in situations where more than one goal is to
be achieved. For example, PNAs, which can interact with both DNA and RNA, are unable
to penetrate cell membranes. Conjugation to cell-penetrating peptides (CPPs) allows to
overcome this obstacle, but the fate of the conjugate cannot be monitored unless a
suitable tag is attached to the molecule. PNAs Attached to both CPPs and labelling
agents such as fluorophores are thus molecules of interest, as they can cross the cell

membrane and, at the same time, be localised by fluorescence microscopy.
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We thought that the on-resin DA reaction could be a good platform to obtain this type of
double conjugates through tandem DA and Michael-type (MT) reactions. Our idea, as
depicted in Scheme 2.7, was to add a cysteine residue to the peptide chain prior to the
coupling of the diene moiety, thus introducing the reacting thiol for the MT reaction.
Although we planned to use a maleimide for both reactions, selectivity should not be a
problem as the thiol group of cysteine would be protected during the on-resin DA
reaction. After this, the first conjugate would be deprotected and cleaved from the solid
support to be, after purification, reacted with a second maleimide moiety to furnish the
desired doubly-modified peptide.

O

QN—FIuorophore Q
0} -
Cys PEI;T(;DE—O

\/WJ\ 0
- PG
Cys PEP'IFIDE—O o
PG PG N
o Fluorophore
Cleavage and
deprotection
o
| N—PNA Q
Cys~ PEPT'DE Cys-PEPTIDE
(0] f
o SH
N—PNA N
FIuorophore o \Fluorophore

Scheme 2.7. General scheme for the synthesis of double conjugates through

tandem Diels-Alder and Michael-type reactions.

Regarding the fluorophore, we decided to use the water soluble, commercially available
1-[2-(maleimido)ethyl]-4-[2-(3,4-dihydro-2H-benzopyran-6-yl)-5-oxazolyl]-pyridinium
triflate (2.30). Because the maleimido-PNA derivative would be more valuable than the
commercial fluorophore, the former would be used in the last step of the process, letting
us use less equivalents of the precious reagent.

As for the thiol protecting group of cysteine, we thought the Trt group would be highly
convenient because its cysteine derivative is commercially available and does not
require any additional deprotection treatment, minimizing the number of steps required
for the synthesis of the double conjugate.

On order to evaluate its stability to the on-resin DA reaction conditions, 3-

maleimidopropanoic acid (4 equivalents) was incubated with the resin-linked, protected
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peptide Cys-Gly-Arg-Gly-Ser-Tyr-Glu-Ala-Tyr-Lys for 24 h at 65 °C. The peptide was
deprotected and cleaved from the resin using a 94:2.5:2.5:1 TFA/EDT/H.O/TIS mixture
and analysed by HPLC. MALDI-TOF MS Analysis of the major peak indicated that the
Trt protecting group had remained stable during the thermal treatment, as no
incorporation of 3-maleimidopropanoic acid was found.

Having assessed the stability of the Trt group, we started the synthesis of the double
conjugate.

Resin-linked peptide Cys-Gly-Arg-Gly-Ser-Tyr-Glu-Ala-Tyr-Lys was derivatised with the
diene moiety, affording the diene-derivatised, fully protected peptide 2.31. In parallel, the
maleimide modified PNA Mal-Lys-Lys-catagctgtttc-NH, (2.32) was synthesised and
purified. When assaying the on-resin DA reaction between 2.30 and 2.31, we discovered
that 2.30 was not soluble enough to reach the desired 40 mM concentration in pure
water, which forced us to use an organic co-solvent for the reaction. The previously used
65:35 water/DMSO mixture was tested, but even in this conditions 2.30 proved to be less
soluble than 2.25. As we did not want to further increase the DMSO content, we decided
to use a suspension of 2.30 in this water/organic solvent mixture. Incubation in the usual
peptide conjugation conditions furnished the first conjugate 2.33 in 77 % vyield (Figure
2.12 left) showing that the methodology is flexible and withstands even the use of
suspensions. After purification, 2.33 was reacted with 1.3 equivalents of the maleimido-
PNA 2.32 in very mild conditions (water, room temperature) to provide the double
conjugate 2.34. The 2.33 to 2.34 conversion was quantitative and, apart from the target
double conjugate, only excess PNA 2.32 (and its impurities) could be found in the
reaction crude (Figure 2.12 right).

The yield for the overall process, from the diene-derivatised resin-linked peptide to the
isolated final double conjugate 2.34, was 23 %, demonstrating that our methodology can

indeed furnish this type of structures in good overall yields.
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Figure 2.12. HPLC traces of the reaction crudes after Diels-Alder (left) and Michael-
type (right) ligations. Peaks around 12 minutes in the Michael-type conjugation are
excess PNA and impurities present in the starting material. Structures of the involved

molecules are depicted under the HPLC traces.

2.2 Conjugation of diene-derivatised oligonucleotides

2.2.1 Background and objectives

Peptide-oligonucleotide conjugates (POCs) cannot be obtained by reacting maleimido-

oligonucleotides with resin-linked diene-peptides because oligonucleotides (ONS)
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undergo depurination reactions in acidic medium. Even though maleimido-peptides and
diene-oligonucleotides furnish the target conjugate in solution,?* motivated by the good
results obtained we decided to examine whether the DA reaction could be carried out on
a solid support. In other words, our idea was to react maleimide-derivatised peptides with
resin-linked, protected ONs modified with a diene moiety (Scheme 2.8).

Solid-phase
Oligonucleotide

] Synthesis DMT-Oligonucleotide}4_J) 1) Trichloroacetic acid  Diene—Oligonucleotide]
—_—

PG 2) Diene introduction PG

0O

N-R
AN AN : :
0 O§ ® NH3 Cleavage O
H,O N PG N
R © g O

Scheme 2.8. Our proposal for the synthesis of POCs using a solid-phase fragment

condensation.

This synthetic scheme would avoid the ON moiety to be in contact with the strong acid,
preventing its depurination, and the synthesis of the POC would require less purification
steps than the solution conjugation method, increasing the overall synthesis yield.
Further, the POC was expected to present an HPLC retention time pretty different from
the unconjugated ON, allowing for a better separation from the deletion sequences
arising from the stepwise synthesis.

Other groups have investigated the possibility of synthesizing POCs on a solid matrix
taking advantage of different reactions. Gait and co-workers have described???® the
synthesis of these structures using amide formation. In their studies, a resin-linked 5’-
amino ON was reacted with the C-terminal carboxylic group of a peptide using PyBOP
and HOBt as coupling reagents. They found a great influence of the spacer used
between the ON chain and the amine functionality, as well as the ON sequence and its
hydrophobicity (mostly related to the CNE content) on the coupling yield. Unfortunately,
HPLC conjugation yields of mixed ON sequences with relevant peptides were lower than
50 % in all cases. In addition, no mention to peptide sequences containing amino acids
requiring protection of the side chain (lysine, aspartic or glutamic acid, for instance) can
be found in these papers.

Kubo et al. described methodology in which resin-linked, 5’-amino ONs and peptides
containing one single reactive amine were linked, using a 1,6-diisocyanatohexane linker,

through formation of two urea bonds.?* This methodology allowed for the use of several
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unprotected trifunctional amino acids, including arginine and glutamic acid. The only
requirement was to mask lysine side-chains with the Tfa protecting group, which was
removed in the final ammonia treatment. Unluckily, the methodology needed quite long
reaction times and large excesses of peptide, and rendered the desired conjugates in
poor yields (8-18 %) due to formation of large amounts of by-products.

Finally, Stromberg and co-workers used the Cu (l)-catalysed Huisgen reaction to link
mixed ON sequences to cell-penetrating peptides.® In this strategy, basic lysine residues
could be used either unprotected or Tfa-protected, with no difference in the reaction
outcome, while other trifunctional amino acids (Asp, Arg) were used without protection.
As judged from the HPLC traces, the methodology rendered a non-negligible amount of
side-products, but the target POC seemed to be easily isolable and could be obtained in
good vyields after purification.

2.2.2 Reaction parameters and analysis of the reaction outcome

As before, water was chosen as the solvent to be used routinely and maleimide as the
dienophile. Sensitivity of the succinimide generated upon on-resin DA reaction to basic
media imposed oligonucleotides to be assembled using the UltraMild protecting scheme,
which employs 'PrPac for the protection of G, Pac to protect A and Ac to protect C, and
phenoxyacetic anhydride as capping agent. This protecting scheme allows to perform
the cleavage and deprotection of the ON in mild conditions and short reactions times,
thus reducing the extent of the succinimide hydrolysis side-reaction. Oligonucleotides
are normally synthesised over Controlled Pore Glass (CPG) solid supports, which,
contrary to what happens with PS resins, do not shrink in any solvent. Therefore, this
enabled us to perform the DA conjugation on this support and in water.

The diene moiety used for the on-resin DA reaction of diene-derivatised oligonucleotides
was the same as that employed in the case of diene-derivatised peptides, but in this case
its introduction into the oligomeric chain was accomplished using the corresponding
phosphoramidite (2.35). This was synthesised in two steps from the precursor of 2.2 (see
Scheme 2.5), as shown in Scheme 2.9. Briefly, reduction of the ester moiety by LiAlH4
afforded the expected alcohol in 72 % yield, which was subsequently phosphitilated
using 2-cyanoethyl N,N-diisopropylchlorophosphoramidite to furnish 2.35 in 70 % yield.
This was incorporated into ONs under standard conditions but omitting the capping step,
allowing us to repeat the coupling if judged necessary based on the HPLC analysis of a

small aliquot of the batch.
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Scheme 2.9. Synthesis of phosphoramidite 2.35.

For the study of the reaction outcome, the same analytical methodology as in section 2.1

was employed.

2.2.3 Work with short ON models

The first assays were performed using 2.36, a 5-mer poly-dT incorporating the diene
moiety, as a model substrate for the on-resin DA reaction with the maleimido-modified
tetrapeptide 2.14. The reaction was performed in pure water as described previously,
using 5 equivalents of the soluble reagent due to the low substitution degree of the CPG
support. After 24 h incubation at 65 °C, the resin was thoroughly washed and incubated
with concentrated agueous ammonia for 1 h at room temperature. HPLC analysis of the
crude and MALDI-TOF MS analysis of the collected peaks allowed us to examine the
outcome of the reaction (Figure 2.13).

The conjugate (2.37) was produced in 68 % yield (HPLC-based), accompanied by a 6 %
of unreacted material, a 19 % of ON fragmentation products, a 4 % of hydrolysed
conjugate and a 2 % of Pac acylated product. Water addition to the conjugate was
anticipated due to the already-known succinimide instability to basic media, but the ON
fragmentation and conjugate acylation were not expected beforehand. Curiously, the
fragmentation reaction seemed to have taken place mainly on the last phosphate diester

bond, cleaving the diene moiety from the rest of the ON.
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Figure 2.13. HPLC trace (260 nm) of the reaction between 2.36 and 2.14 and
observed products. Products were identified by MALDI-TOF MS.

A brief search in the literature, though, made us realize that both the acylation and the
fragmentation problems had been described before. Both Richert?® and Stromberg?’ had
reported the acylation of the terminal amine in 5’-aminomodified ONs when tackling the
synthesis of POCs. The former described that t-butylphenoxyacetyl exocyclic amine
protecting groups could spontaneously migrate to the terminal 5’-amine, but that this
acylation problem could be solved with the use of the traditional, less labile, benzoyl and
i-butyryl or dmf protecting groups. However, Strémberg not only found that these less
labile protecting groups also migrated to the 5’-amine terminus, but that nucleobases
acylated during the capping steps tended to transfer their acyl groups to the terminal
amine position. In our case, as the ON bases used in this first experiment did not require
any protection, the source of the conjugate + Pac product had to be the capping reagent.
An alternative to circumvent the acylation problem is to avoid the capping step on the
last ON synthesis cycle (which we already did) and perform a piperidine or morpholine
wash prior to the introduction of the amine functionality.?’ This nucleophilic wash
removes the most labile acyl groups, either they come from the protecting scheme or
from the capping solution, and precludes acylation of the 5’-alkylamine.

Regarding the fragmentation of the ON chain, the Richert group® had described the

cleavage of the phosphodiester backbone to be particularly important when basic peptide
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sequences were synthesised. Further, they described the reaction to be apparently
absent when non-amino acid appendages were coupled to the amino terminus, all
together pointing to the peptide nucleophilic functionalities as the origin of this side-
reaction. More importantly, they could not induce the degradation of the purified POC by
heating it in ammonium hydroxide, indicating that fragmentation had its origin in the
phosphate triester linkage, while the natural diester counterpart was completely stable.
This is easily understood: i) when observing the products generated upon cleavage of
these bonds (a phosphate triester generates a monoanion, whereas the diester moiety
renders a dianion) and ii) taking into account that nucleophilic attack on the phosphorus
atom is favoured when the phosphate is not charged (Scheme 2.10).

a) b)
Ra Ra o® o 0®
CI) Nue (I) R |é> R Nu R |é> o + R,—Nu
+ R3;—Nu INAC TSN~ D2 INA- DN
R1\O/EI\O/R3 R1\O/(IP)I\O® 3 (0) 5 O (o) 6 O

Scheme 2.10. Comparison of the cleavages of a phosphate triester (a) and a

phosphate diester (b).

This explanation made us think that a possible way to prevent ON fragmentation was to
remove the CNE protecting groups prior to the step where fragmentation seemed to took
place. This would generate a phosphate diester linkage that, as mentioned above, is
more difficult to cleave. Furthermore, removal of the CNE groups can be done easily and
several methods are described, among which we chose the protocol based on TEA
washes.??

As for the hydrolysis reaction, we assumed that nothing could be further done, and we
had to accept a 4-5 % of hydrolysis side-products.

With all this information in hand, we then moved to assess if these alternatives would
really help us to reduce the formation of side-products.

A first experiment was carried out performing both the morpholine and TEA washes
before the conjugation reaction (see Scheme 2.11 route A). We gladly observed that the
conjugate 2.37 was obtained in 83 % yield, that fragmentation decreased from 19 % to
less than 2 % and that the acylated product was no longer detectable (see Figure 2.14a).
However, a new unidentified product (peak at 27.5 min in Figure 2.14 a and b) accounted
for 2 % of the crude, the same percentage as the previously observed acylation. A

second experiment, in which the only change was to perform the TEA treatment after the
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conjugation reaction (see Scheme 2.11 route B), yielded very similar results (see Figure
2.14Db).

HO—T—T—T—T—T—O

N(Pr),

2.35

Route A Route B

1) Morpholine (-Pac)
2) TEA (-CNE)
3)2.14

1) Morpholine (-Pac)
2)2.14
3) TEA (-CNE)

O—T—T—T—T—T—O

o

N
[e] \/\H/Ala—Lys-Tyr-Gly—NHz

© NH,OH

Conjugate + Impurities

Scheme 2.11. Different methods followed to reduce the amount of acylated and

fragmentation products.
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Figure 2.14. HPLC traces (260 nm) of the conjugation reactions of 2.36 + 2.14 when
morpholine and TEA treatments are performed before conjugation (a) and when the

TEA treatment is performed after conjugation (b).
In both cases, we had managed to supress most of the fragmentation side-reactions and

increased the conjugation yield to a very good percentage, which prompted us to tackle

the synthesis of larger POCs of mixed sequences.
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2.2.4 Mixed ON sequences

The resin-linked oligonucleotide 5’-d(TGT ACA TCA T)-3’ was derivatised with the diene
moiety to obtain 2.38. This was reacted with 2.14 in the previously optimised conditions
after a morpholine wash, and CNE groups were removed after the conjugation step using
TEA. After a 2 h deprotection with concentrated ammonium hydroxide at room
temperature, chromatographic analysis (Figure 2.15) revealed that side-reactions were
a considerable problem again.

PrPac Ac
\/\/\/\ __________
OTGTACATCAT—O AIaLysTyrGIy NH,
Pac Pac
2.38 214

Figure 2.15. HPLC analysis (260 nm) of the 2.14 + 2.38 reaction. Structures of the

reagents are also shown.

Hydrolysis had raised to 8 %, while acylation (by Ac and Pac) increased to 6 % despite
the morpholine treatment. Even more alarming was fragmentation: almost 20 % of the
ON chains were cleaved, generating a large variety of products (peaks between 10 and
16 min in Figure 2.15). Remarkably, MALDI-TOF MS analysis of these species revealed
that some of them still contained a CNE protecting group. We believed that this was
sitting in the cleaved phosphate bond, as preservation of the CNE protecting group at
this position would avoid the energetically disfavoured generation of a dianionic
phosphate monoester. This indicated that either the TEA treatment was not efficient
enough or that fragmentation had taken place during the DA reaction. All in all, the
conjugate (2.39) yield was 60 %.

As evidences showed that, again, the major problems were basically acylation and
fragmentation, we decided to repeat the reaction but doubling the morpholine washes
and prolonging the TEA treatment (from a total of 45 minutes to almost 3 h). Despite

these efforts, analysis of an aliquot of conjugate resin showed virtually the same
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outcome, with no diminution of the fragmentation or the acylation products. We thought
that the TEA treatment might not be efficient enough, so we applied an extra treatment
with 10% DEA in ACN?® before deprotection with ammonia of the remaining CPG beads.
This extra step did not ameliorate the situation at all, and the reaction outcome was,
again, the same.

The fact that longer TEA treatments or even the harsher DEA procedure did not induce
any change in the reaction outcome made us think that probably fragmentation occurred
during the DA conjugation. In order to confirm this hypothesis, we performed the 2.14 +
2.38 reaction again, but this time applying directly the DEA treatment before the
conjugation. The reaction yielded a complex crude (Figure 2.16) that did not provide any
useful information about the problematic of the fragmentation by-products.

Figure 2.16. HPLC analysis (260 nm) of the 2.14 + 2.38 reaction when the DEA

treatment was performed prior to conjugation.

2.2.5 MALDI-TOF MS monitoring of the conjugation reaction

As the previous experiment did not allow us to verify that fragmentation was taking place
during the DA reaction, we decided to look for alternative ways to proof or refute this
hypothesis.

Vasseur and co-workers published in 2000%° and 2002%° two papers describing the
MALDI-TOF analysis of fully protected, resin-linked ONs to monitor progress of solid-
phase synthesis. This technique relies on the fact that the laser source of the MALDI
mass spectrometer not only ionizes the ON chain but also promotes the cleavage of the
phosphate bond, generating anions detached from the solid support that can be
detected. The key concept is that the detached anion does not suffer any further
fragmentations and, as phosphate bond cleavage takes place only once, information
about the ON sequence can be obtained. In other words, all fragments detected contain
the entire sequence from the 5’ end until the phosphate position where the cleavage has

taken place, as shown in Figure 2.17.
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Figure 2.17. MALDI-TOF analysis of a protected ON linked to the solid support.

Reproduced from reference 29.

All the observations made by Vasseur’s group showed that, in the negative mode, among
all the possible bond breakings (Figure 2.18) in phosphate triester unions, only the “d”
fragmentation, the one between the 5’-hydroxyl and the sugar ring actually takes place.
This leads to clean and easily interpretable mass spectra. Apart from the peaks
corresponding to these ions, other peaks of minor intensity, attributed to the loss of labile
groups such as CNE or DMT (when the analysis was performed on 5’-DMT ONs) were
also observed. No loss of the usual Bz (for A and C protection) and 'Bu (for G protection)
protecting groups was observed.

On the other hand, when mass spectral analyses were performed in positive mode,

results were more complex, although they did not provide much extra useful information.

WoXp Y2 Z94 WiXq Yq Z

-

cqy dqy ax b, co d

Figure 2.18. Possible ON fragmentations and their nomenclature.

We envisaged that this could be a good method to determine if fragmentation products
were already present after the DA reaction and before the final deprotection: any mass
corresponding to the lack of nitrogenous bases and the peptide and cycloadduct
fragments would indicate that the cleavage process had occurred during the conjugation

step.
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Our first step was to assay this technique (and small modifications of this) with ONs
bearing UltraMild protecting groups, in particular the 7-mer ON chains 5’-d(TAGCTCT)-
resin (2.40) and 5’-diene-d(TCATGCT)-resin (2.41), as they would allow us to perform
the MALDI analyses in the reflector mode, giving us more accuracy than the linear mode
(see structures in Figure 2.19).

PrPac “~ Pac Ac
! A N
HO—T-A-G-C-T-C-T—() A 0-T-C-A-T-G-C-T—(Q)
Pac Ac Ac Ac  'PrPac
2.40 2.41

Figure 2.19. Structures of products 2.40 and 2.41.

Samples were prepared as described by the Vasseur group, as small modifications of
their protocol did not give better results. On the other hand, we found that a change in
the matrix composition (from 92:8 w/w THAP/CA to 17:83) ameliorated the results
obtained with the one described, as high masses were observed with higher intensity
and using lower laser energies.

As can be seen in Figure 2.20, not only the mass of a given fragment was observed, but
also three other main peaks could be distinguished. One, with mass a 42 Da lower, could
correspond to the loss of an Ac protecting group. However, the fact that ON fragments
that did not contain dC also showed this peak while fragments not containing dG did not
present this behaviour pointed to the 'PrPac-dG protecting group being replaced by Pac,
as a result of an exchange with the capping agent.®* The other two main peaks present
corresponded to the loss of a CNE group from both the original ON and that in which
'PrPac-Pac exchange had taken place. Occasionally, loss of other protecting groups
such as Pac or 'PrPac could be detected in very low intensity, and addition of an extra
Pac group, arising from nucleobase acylation with the capping agent, was sometimes

observed in low intensity (not observed in Figure 2.20).
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Figure 2.20. Mass spectrum showing the four major peaks observed for the
TAGCTC “d” fragment when analysing the solid support by MALDI-TOF MS. The
peak with a mass of 2558.0 Da corresponds to the fragment with all the protecting

groups (and no iPrPac-Pac exchange).

As we planned to control the process also after the CNE removal treatment, we decided
to perform the same experiment with an ON that had been subjected to the DEA
treatment. We observed almost complete removal of the CNE protecting groups, as only
peaks corresponding to fragments bearing 0 or 1 CNE could be detected. Curiously,
removal of the exocyclic amine protecting groups was not detected. This was rather
intriguing because Stromberg had described?’ that washings with morpholine, reduced
the percentage of acylation by 'Bu and Bz, meaning that at least some of this groups had
to be removed during said treatment. Based on this report and the fact that we were
using much more labile protecting groups, we expected to observe partial loss of Pac
and 'PrPac groups even though DEA is somewhat less nucleophilic than morpholine.

With all this information in hand, we moved to analyse by MALDI-TOF MS of the solid
support the outcome of the conjugation reaction between 2.14 and 2.41. This time, the
morpholine treatment was not performed in order to prevent any loss of protecting
groups, which would generate a very complicated mass spectrum. As can be seen in
Figure 2.21, many peaks whose mass corresponded to ON backbone cleavage could
be detected (red marks). This was the first direct evidence that cleavage of the
oligonucleotide backbone had taken place during conjugation, explaining the fact that
the different CNE removal processes performed after the DA reaction did not provide

different results.
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Aside from the previously observed exchange of 'PrPac for Pac and loss of a CNE group,
transamidation reactions between the ON and the peptide chains could be detected. This
was indicated by the fact that several Pac-acylated conjugate fragments (violet marks in
Figure 2.21) were detected, along with the intact conjugate (green marks) and ON
cleavage products lacking the Pac group. This result was also confirmed after cleavage
and inspection of the HPLC and the MALDI-TOF MS of the collected peaks, which
corroborated that the conjugate (2.42) had been partially acylated in a permanent

manner.
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Figure 2.21. MALDI-TOF mass spectrum of the solid support after conjugation
reaction. Peaks marked in red correspond to ON backbone cleavage during the DA
reaction. Green and violet marked peaks are the conjugate and Pac-acylated
conjugate, respectively. The fragmentation points are represented by a red wavy

line.

On the other hand, no acetylation products were observed by MALDI-TOF MS of the

solid support, but their presence could be detected after cleavage.
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2.2.6 Assessment of the fragmentation in the conjugation reaction
conditions

To further confirm the results obtained with the mass spectrometric analyses of the solid
support, that is, that fragmentation was taking place during the DA reaction, two different
experiments were carried out. First of all, the resin-linked diene-derivatised
oligonucleotide 2.41 was incubated without 2.14 in the reaction conditions to ensure that
the maleimido-peptide was not the cause of fragmentation. This experiment was carried
out at slightly acidic, neutral and slightly basic pHs (5.5, 7.0 and 8.3) in order to discard
any base or acid catalysed mechanism. The results of these experiments, in which the
fragmentation of the ON chains accounted for 15-25 % of the crude, suggested that there
was not a clear relationship between pH and fragmentation, as both the slightly basic
and slightly acidic pHs yielded higher fragmentation levels than neutral pH. More
importantly, they confirmed that the conditions employed for the DA conjugations were
harming the oligonucleotide even in the absence of the basic amine groups of 2.14. To
ensure that fragmentation was not induced by the CPG support, the cleaved and totally
deprotected d(TCATGCT) (2.43) was incubated for 24 h at 65 °C in the presence and
absence of CPG beads, observing in both cases that fragmentation had taken place
(actually CPG beads seemed to protect the ON from decomposition). Temperature was
found to be the actual problem leading to the ON fragmentation, as incubation of the
same ON at 37 °C did not produce any appreciable side-reaction after 24 h.

However, a clear sequence dependence was found when comparing the fragmentation
of a diene-derivatised, resin-linked dTio(2.44) and 2.41, showing that poly-dT ONs were
more stable than those containing all the bases.

A last attempt to reduce the ON backbone cleavage, consequently, was performed
lowering the reaction temperature and increasing the time span. Again, 2.41 was
incubated with 2.14 in water, this time at 40 °C for 48 h. Unfortunately, the outcome of
the reaction did not vary significantly, with fragmentation products still accounting for
almost 15 % of the crude.

In view of these results, all pointing to the impossibility of avoiding the fragmentation
reaction, we decided to stop working on this project. We thought that the fact that not
even the deprotected ON could withstand the reaction conditions indicated that it would
not be possible to circumvent the fragmentation problem. Although the ON backbone
cleavage was not extremely high, one must take into account that we had been working
with really short sequences, and that for commonly used sequences, about or longer

than 20-mer, the problem would probably increase.
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2.3 Critical overview of the methodology developed

The developed methodology for polyamide conjugation has several positive aspects and

offers certain advantages over other processes:

1-

2-

7-

The reaction tolerates a wide range of molecule polarities and can be performed
either in pure water or in mixtures with organic solvents.

Good conjugate yields are obtained using fairly mild conditions and little reagent
excesses.

Compared to methodologies carried out in solution, one purification step is
avoided, as the diene-derivatised polyamide is reacted directly after its synthesis.
This, apart from reducing the number of these tedious and time-consuming
processes, entails an increase in the overall yield.

All side-chain functional groups of the resin-linked polyamide are protected,
avoiding any undesired reaction with the soluble maleimide-derivative.

The polyamide synthesis is performed using standard methods and commercial
reagents, eliminating all restrictions imposed by the previously described
methodologies and saving the time and resources needed for the preparation of
special amino acid derivatives.

As the conjugate will have a very different molecular weight and size compared
to the unreacted diene-derivatised polyamide and all the by-products generated
during solid-phase synthesis, purification of the conjugate should be, in principle,
quite easy.

The adduct formed is stable and does not reverse during routine handling of the

product or under the mass spectrometric analyses conditions.

On the negative side, though, some drawbacks must be taken into account:
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1-

2-

More than one isomer is formed during the DA reaction, and their separation is
normally not possible due to the size of the conjugated molecules.

The methodology is limited to the use of molecules compatible with the final acidic
treatment required for polyamide deprotection and cleavage. Among the
molecules that would not withstand this process, oligonucleotides (ONs), which
tend to undergo depurination reactions in acidic media, are the most relevant
ones, impeding the synthesis of peptide-oligonucleotide conjugates (POCSs).
Relatively long reaction times are needed.

The synthesis of POCs cannot be performed employing this strategy. Neither the
use of resin-linked diene-derivatised oligonucleotides nor that of diene-modified

peptides is adequate to furnish the desired conjugates in good yields.
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2.4 Abbreviations

Ac: Acetyl

AC: Ammonium citrate

CED: Cohesive Energy Density

CNE: Cyanoethyl

CPG: Controlled Pore Glass

CPP: Cell-Penetrating Peptide

DCM: Dichloromethane

DEA: Diethylamine

DIPEA: N,N-Diisopropylethylamine

DMF: Dimethylformamide

DTT: Dithiothreitol

EDT: Ethandithiol

HOBt: 1-hydroxybenzotriazole

HPLC: High Performance Liquid Chromatography
HPLC/MS: High Performance Liquid Chromatography-Mass Spectrometry
'PrPac: 4-isopropyl-phenoxyacetyl

LPFC: Liquid-Phase Fragment Conjugation
MALDI-TOF MS: Matrix-Assisted Laser Desorption lonization-Time Of Flight Mass
Spectrometry

MT: Michael-Type

ON: Oligonucleotide

Pac: phenoxyacety

PEG: Polyethylenglycol

PS: Polystyrene

PyBOP: benzotriazole-I-yl-oxy-trispyrrolidinophosphonium hexafluorophosphate
SPFC: Solid-Phase Fragment Conjugation
SPPS: Solid-Phase Peptide Synthesis

TEA: Triethylamine

THAP: 2,4,6-trihydroxyacetophenone

Tfa: Trifluoroacetate

TFA: Trifluoroacetic acid

TIS: Triisopropylsilane
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Chapter 3

3.1 Background and objectives

The Michael-type reaction between a thiol and a maleimide is one of the most commonly
used reactions for bioconjugations (see section 1.3.5). Its usefulness relies on the
specificity of maleimides for thiols, the fast kinetics of the reaction, its water compatibility,
lack of by-products and the stability of the generated Michael-type adduct (MTA).! The
reaction has been widely applied in the biochemistry field due to the natural presence of
thiols in biomolecules such as peptides, proteins and antibodies, allowing the use of
these entities without modification and avoiding the need to introduce a suitable reacting
group. The thiol-maleimide reaction has been applied for PEGylation,? fluorescent
labelling,® conjugation,* etc. Remarkably, it has also been used for the synthesis of
several ADCs, some of which are commercial or in clinical trials.>®

Despite its positive aspects, there are two main problems with the thiol-malemide
reaction: thiol-exchange and hydrolysis of the generated succinimide (see Scheme
3.1a).
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Scheme 3.1. The two side reactions taking place on maleimide Michael-type adducts

(MTAS) (a) and mechanism for the retro Michael-type reaction and thiol exchange

(b).

Thiol exchange is an important problem, especially when the synthesised conjugates are
intended to have a therapeutic application, as for example ADCs. Antitumor activity may
diminish due to reduced exposure to the antibody-conjugated form of the drug, while
toxicity may increase due to the premature cleavage of the drug-linker union, which may
liberate the cytotoxic drug far from the targeted tissue.”® The mechanism of the thiol
exchange reaction is depicted in Scheme 3.1b, and occurs through the retro-Michael
reaction of the generated MTA. Reversion of said product is not detectable unless other
thiols are present, indicating that the position of the equilibrium in the Michael-type
reaction is largely displaced towards product formation.! Reversion is strongly influenced
by the thiol pKa: the more acidic the thiol, the more easily the MTA will revert (as more
stable the leaving thiolate will be). Also, the concentration of thiols will affect the half-life
of the MTA, according to the general rules of an equilibrium reaction. Practically, this
means that thiol exchange will be important only inside cells, where concentrations of
free thiols such as glutathione and cysteine are high, whereas during circulation MTAs
will be essentially stable.?

A possible way to avoid thiol exchange is to favour the other naturally occurring side-

reaction, that is, hydrolysis. As the pKa of the hydrolysed succinimide (see structure in
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Scheme 3.1a) is considerable higher than that of the cyclic counterpart, formation of the
enolate that leads to the retro-Michael reaction is even less favourable.’” Several groups
have studied this process and proposed different strategies to favour the hydrolysis
reaction and avoid thiol exchange. Raines and co-workers, for example, studied several
anions capable of catalysing the ring-opening reaction.® Other groups decided to modify
the structure of the linker at the N position of the maleimide ring®° or to directly incubate
the generated MTAs at basic pH to ensure hydrolysis.’

All these studies demonstrated that, basically, the stability of the succinimide ring
towards hydrolysis depends on the substituent at the N position.*°

Albeit hydrolysis can solve the thiol exchange problem, it also presents several problems
on its own. Firstly, intentional hydrolysis of MTAs and can be difficult to drive to
completion, it is normally time-consuming and the time needed is substrate-depending.®
On the second place, side-reactions can occur during this process, as for example
deamidation of asparagine residues,” and OH" anions present in the basic media can
trigger a decrease in the drug-to-antibody ratio (DAR).” Furthermore, intentional
hydrolysis of the MTA increases the number of synthetic and purification steps required
for the synthesis of a given compound, with the corresponding negative effects on the
final yield. Importantly, as the nucleophilic attack of the hydroxy anion is not
regioselective, the opening of the succinimide ring furnishes two constitutional isomers
that might complicate analysis and purification of the target compound in addition to
having different biochemical properties. Finally, ring-opening of the succinimide
generates a carboxylic function that will be negatively charged at physiological pH, which
can negatively affect cellular internalization in those cases where this depends on the
cationic charge.

Given the inherent problems of hydrolysis and that thiol exchange may not be intrinsically
negative (it can be regarded as a platform for controlled drug release), we decided to
develop a non-hydrolizable maleimide analog and study its stability and thiol exchange
behaviour.

Our idea was to use cyclopent-4-ene-1,3-diones, which can be formally regarded as
maleimide analogues according to their structural resemblance, as an alternative to
maleimides (Figure 3.1a). Substituting the nitrogen in the maleimide ring by a carbon
atom should avoid addition of water to the MTA and, in principle, not worsen the reactivity
properties regarding the Michael-type and Diels-Alder (DA) transformations. Actually, we
believed that both the Michael-type and the DA reactions should be more favoured in the
case of cyclopent-4-ene-1,3-diones due to the more electro-withdrawing effect of the two
keto groups compared to the imido functionality. On the other hand, though, replacement

of nitrogen with a carbon atom also entailed the introduction of additional substituents.
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The first step was, then, to decide whether one of these substituents would be a
hydrogen atom or not, that is, if it was better to use mono- or di-substituted cyclopent-4-
en-1,3-diones (Figure 3.1b).

a)
0 0
o] o]
Maleimide  Cyclopent-4-ene-1,3-dione
b)
0 0
H R,
R R
o] o]
2-Monosubstituted 2,2-Disubstituted

cyclopent-4-ene-1,3-dione  cyclopent-4-ene-1,3-dione

Figure 3.1. Basic structures of maleimides and cyclopent-4-ene-1,3-diones (a), and

the corresponding mono- and disubstituted cyclopent-4-ene-1,3-diones (b).

We surmised that using 2,2-disubstituted cyclopent-4-ene-1,3-diones (CPDs) would be
advantageous as it would avoid enolization of the 2 position, which was envisaged as
somewhat problematic due to the possibility of triggering the polymerization of the
cyclopentendione and secondary reactions of the Michael-type and DA adducts.

Since our intention was to use CPDs for the conjugation of peptides and possibly other
polyamides, the molecule had to incorporate a carboxylic derivative to allow for its
introduction into polyamide chains by standard SPPS methods. Although previous work
described the synthesis of some CPDs,! we decided to synthesise derivative 3.1 (see
Scheme 3.2) because its synthesis started from cheap and commercial materials, and
seemed easy and short. The two methylene groups spacer between the carboxylic acid
and the five-membered ring was considered long enough to avoid steric hindrance on
the conjugated double bond, as judged from the experience with 3-maleimidopropanoic
acid, and allowed to perform a simple Michael reaction to introduce the masked acid
functionality. As expected, the synthesis of 3.1 was simple and, after small adjustments,
could be performed with only one chromatographic purification step.

Previous experiments to obtain CPDs similar to 3.1 involving alkylation of 2-
methylcyclopentan-1,3-dione with haloalkanes rendered mixtures of O- and C-alkylated

products and were, consequently, abandoned (data not shown).
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As depicted in Scheme 3.2, 2-methyl-1,3-cyclopentanedione was reacted with tert-butyl
acrylate in refluxing TEA to yield the Michael adduct in 78 % yield. This was reacted with
TFA to generate the carboxylic acid from the tert-butyl ester in 99 % vyield prior to
oxidation of the a position with CuCl,.1? Generation of the conjugated double bond in 3.1
was the only step requiring chromatographic separation, and was also the process with
the lowest yield of the sequence (48 % yield). Inversion of the oxidation and acidolysis
steps did not render better results.

0O
/\"/ \~/NEt3 TFA OH CuCI2 LiCl
78 % 99 % 48 %
0]

Scheme 3.2. Synthesis of the CPD carboxylic acid derivative 3.1.

The synthesis of derivative 3.1 is more straightforward than that of the CPD analogue
previously described and does not require any special equipment (such as an ozone

generator).t

3.2 Examining CPDs reactivity

With 3.1 in our hands, we moved to assess its reactivity.

We first assayed the DA reaction of 3.1 with diene 2.2 (see section 2.1.8) in water. Albeit
the reaction was left stirring at 37 °C for a week, no product could be detected by NMR.
A possible explanation for this was found in the literature: a report dealing with the use
of CPDs pointed towards steric hindrance precluding the DA reaction.'® The kinetically
favoured endo approximation, which was even more favoured by the solvent (section
2.1.5), was congested due to the interaction of the substituents at the 2 position of the
CPD ring with the dienophile, as depicted in Figure 3.2. Furthermore, most probably the
exo approximation, which would circumvent this problem, required too much energy to
take place in the tested conditions.

As judged from the mentioned report, the reaction would require too harsh conditions to
be used for the conjugation of biomolecules, which made us us rule out any further
attempts to make the reaction happen.

After this result, we moved to the Michael-type reaction, which was, actually, our main

objective.
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Figure 3.2. The endo approximations of a CPD towards a diene are stericaly
hindred.

The analytical methodology to study the reaction outcome was, as in chapter 2, HPLC
analysis of the crude and MALDI-TOF MS of the collected peaks.

In a couple of preliminary experiments, peptide H-Lys-Tyr-Ala-Tyr-Cys-Gly-NH, (3.2)
containing a cysteine at an internal position and peptide H-Cys-Tyr-Gly-NH, (3.3)
containing this amino acid at the N-terminal position were reacted with 5 equivalents of
CPD 3.1 at pH 7.8. To our surprise, the outcome of the reaction with peptide 3.2 was
completely different from that of peptide 3.3, as judged from the HPLC and MALDI-TOF

MS analyses, and, therefore, we decided to study each situation independently.

3.2.1 Reaction of CPDs with peptides containing internal or C-terminal
cysteines

Peptide 3.2 was reacted at room temperature with five equivalents of the CPD derivative
3.1in 0.1 M phosphate buffer at pH 7.8 (typical conditions for the Michael-type addition
of a thiol to a maleimide). HPLC Analysis of the reaction crude after 1 h showed two
different peaks instead of the four expected for four MTAs (3.4," see Scheme 3.3), likely
resulting from the co-elution of some of the products. More importantly, only a half of the
starting peptide had reacted (Figure 3.3a), which, as mentioned before, was surprising
as the Michael-type reaction of maleimides is fast. For this reason, temperature was
increased to 45 °C after a total of two hours reaction time.

4.5 h Later, the crude was analysed again to find that considerable formation of the
peptide disulfide dimer had taken place, and that there was still an important amount of
unreacted reduced peptide (Figure 3.3b). More surprising than the fact that conversion
was still low was to find, after integration of the corresponding peaks, that the ratio of

MTAs to peptide (monomer + dimer) had decreased with time.

" As the stereoisomeric MTAs were not separated, we refer to all the MTAs formed in the reaction
with the same number. This applies to all the MTAs appearing in this chapter.
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Figure 3.3. HPLC Traces (280 nm, 3.1 is not detected) of the Michael-type reaction
between 3.1 and 3.2 after 1 h (a) and 6.5 h (b). Peak at 18.6 min is peptide
monomer, peak at 19.8 min is the peptide dimer and the two twin peaks at 21.5 and
22.2 min the MTAs.

As no decomposition products were found in the reaction crude, our only explanation to
this fact was to consider that this Michael-type reaction was reversible. According to this
hypothesis, decrease of the MTA concentration would have happened, following the
principle of Le Chéatelier, to compensate for the reduction in peptide concentration
caused by peptide disulfide dimer formation (Scheme 3.3). The low conversions found
in the first analysis could then be explained by the equilibrium position as being displaced

towards the starting materials.
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Scheme 3.3. The disulfide dimeric form of the peptide increases with time, which

triggers reduction of the MTA concentration (following the principle of Le Chéatelier).
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Another evidence supporting this hypothesis was found when analysing the HPLC peaks
corresponding to 3.4 by MALDI-TOF MS. Mass spectra of these peaks revealed the
presence of the parent free peptide along with the expected MTA, indicating that 3.4 had
reversed either during the process of isolation, lyophilisation and sample preparation,
under the MALDI conditions, or both.

If our hypothesis was correct, pure 3.4 should not be stable when removed from the
reaction crude, and therefore reversion to the parent compounds (3.1 + 3.2) should be
observed when incubating any of the isomers after isolation. Indeed, it was observed
that after independently collecting each of the peaks, lyophilisation and reinjection in the
liquid chromatograph, equilibration to the other peak had taken place (Figure 3.4a and
c). Free peptide 3.2 and CPD 3.1 could be detected at that point, but only in small
amounts. However, incubation of the isolated MTAs at room temperature for 4.5 h
triggered their practically total reversion to the starting materials (Figure 3.4b and d),
corroborating the fact that the Michael-type reaction of thiols and CPD 3.1 is reversible,

and that the equilibrium position is greatly displaced to the left.
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Figure 3.4. HPLC Traces (220 nm, 3.1 is detected) obtained upon analysing the
collected MTA peak eluting at 21.5 min (blue mark, see Figure 3.3) immediately after
lyophilisation (a) and after 4.5 h incubation in water (b). Profiles (c) and (d) show the

corresponding results, respectively, for the MTA peak eluting at 22.2 min (brown

mark). Red and green marks are the starting peptide and 3.1, respectively.
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To further confirm and gain insight into the reversibility of the MTAs obtained from CPDs
and peptides containing non N-terminal cysteines, reactions of 3.2 and H-Trp-Gly-Arg-
Gly-Cys-NH; (3.5) with 2,2-dimethylcyclopent-4-ene-1,3-dione (3.6), as well as the
stability of the corresponding MTAs (3.7 for peptide 3.2 and 3.8 for peptide 3.5), were
studied. Use of CPD 3.6 was expected to be advantageous because it would render less
diastereomeric MTAs and, at the same time, discard any influence of the substituent at
the 2 position of the CPD. This time, both the direct and inverse reactions were
conducted in pure water (pH~6) to reduce the extent of disulfide formation. In both cases
peptides were only partially consumed, as expected for an equilibrium reaction, and 3.7
and 3.8 were found to reverse to the parent compounds to reach the equilibrium point in
less than 1 h (although reversion might had started during the isolation process).

To summarize, all these experiments demonstrated that the Michael-type reaction of
peptides containing internal or C-terminal cysteines with CPDs is reversible and that,
contrary to the case of maleimides, whose MTAs can be regarded as basically
irreversible if no thiols are present, the equilibrium is greatly displaced to the starting

materials.

3.2.2 Reaction of CPDs with peptides containing N-terminal cysteines

The reaction of peptide 3.3, containing an N-terminal cysteine, with 5 equivalents of 3.1
neither reproduced the results found with peptides 3.2 and 3.5, nor those of thiol-
maleimide reactions.

HPLC Analysis of the crude at 280 nm, where CPD cannot be detected, revealed the
presence of peptide dimer, which was already observed in the starting material, and the
appearance of four new peaks, but this time no unreacted peptide could be detected.
These four peaks seemed to be split in two different sets (* and #), whose relative ratios
surprisingly changed with time (Figure 3.5) and depending on the reaction conditions
(data not shown). We discovered that higher temperatures favoured the set with a shorter
retention time (set * in Figure 3.5), and that made us wonder if we were facing a reaction
that could give either kinetically or thermodynamically favoured products. More shocking
was to find, after MALDI-TOF MS of the collected products, that none of them had the
mass expected for a MTA (further referred to as M Da), but one corresponding to a

product with a mass 20 Da lower (M-20 Da).
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Figure 3.5. HPLC traces (280 nm) of the 3.1 + 3.3 reaction after 2 h (a) and 6 h (b).
Peak set *: tr=25.0 and 26.2 min; peak set #: trg=25.7 and 27.1 min. Peak at 17.0

min is peptide dimer, 3.1 is not detected at this wavelength.

A fact we had not previously considered was that replacement of the nitrogen atom of
the maleimide ring with a carbon would also entail that the carbonyl groups of the
resulting CPD would be more prone to nucleophilic attacks. In CPDs there is no electron
delocalisation from the imide N atom, and thus the carbonyl groups are more
electrophilic. Close inspection of the CPD-generated MTA structure revealed that
intramolecular imine formation would be highly favoured since it would generate a six-
membered ring, as depicted in Scheme 3.4. This would displace the equilibrium of the
Michael-type reaction into a new product, accounting for quantitative conversions.
Assuming that this reaction was potentially feasible, only two H atoms should be
eliminated to explain the observed M-20 Da mass. Oxidation of the 4 and 5 positions of
the CPD ring would generate a highly conjugated adduct whose formation would be, in
principle, energetically favoured (see Scheme 3.4). Therefore, we hypothesised that the
observed M-20 Da products could be the result of the sequential Michael-type reaction,
intramolecular imine formation and oxidation of the CPD 4 and 5 positions. These last
reactions would eliminate a water molecule (18 Da) and two hydrogen atoms (2 Da),
explaining the loss of 20 Da in relation to the MTA. Of course, an alternative reaction
path in which oxidation took place before cyclization could also explain the formation of
an M-20 Da adduct.
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Scheme 3.4. Hypothetical reaction path to explain formation of the observed M-20
Da adduct.

Unfortunately, this mechanistic proposal was not able to explain the formation of four
products with the same M-20 Da mass, as only one new chiral centre was generated
upon formation of the M-20 Da adduct (marked with an asterisk in Scheme 3.4) and
therefore only two diastereomers should be formed and only two peaks should be
observed. Furthermore, the fact that the relative ratios of the generated peaks changed
with time was still puzzling for us.

To assess whether this behaviour could be reproduced with a different CPD, 3.6 was
used instead of 3.1. The reaction between 3.3 and 3.6 was performed, again with an
excess of CPD, to find equivalent results: formation of two peaks with a mass of M-20
Da when analysed by MALDI-TOF MS. This time, analysis of the reaction crude at
different reaction times, that is, after 15 min, 1, 3, 6 and 24 h, allowed us to observe the
complete conversion of one of the peaks into the other (Figure 3.6). Further confirmation
of this behaviour was found when the two peaks were independently collected,
lyophilised and reincubated in water. The peak with the smaller retention time was found
to be completely stable after a 24 h incubation, while that appearing at 23.6 min was
slowly converted into the stable one over the same time period.

Given that these results were puzzling, we decided to change our analytical methodology
to gain insight into the reaction evolution. Instead of analysing the crude by HPLC and
collecting the peaks to characterize them by MALDI-TOF MS after lyophilisation, we
started working with HPLC/MS (ESI). This implied a change in the sample ionization
process (ESI rather than MALDI) and allowed us to characterize by MS each peak
without the need for isolation, lyophilisation and sample preparation, avoiding any

reaction taking place during these processes.
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Figure 3.6. HPLC traces (280 nm) of the 3.6+3.3 reaction at 15 min (a), 1 h (b), 3 h
(c), 6 h (d) and 24 h (e).

3.3 Was again reacted with 3.6 and the crude analysed after 2 h by HPLC/MS. This was,
actually, the experiment that shed light into the process that was taking place. ESI MS
analyses indicated that, contrary to what we had previously observed with the MALDI-
TOF MS technique, both peaks did not have the same mass. While the stable peak was
found to be the expected M-20 Da adduct (3.9), the other one did not possess the
previously observed M-20 Da mass but instead a mass of M-18 Da (3.10). These results
were in perfect agreement with our proposed reaction pathway. The M-18 Da adduct
corresponded to the dehydration product furnished by intramolecular imine formation,
and slowly evolved into the final M-20 Da adduct through loss of two H atoms. The M-20
Da adduct was, then, the final stable compound. This finding explained why we were
observing in the case of both CPDs double the amount of expected products: one peak
set (one product for 3.6 and two for 3.1) corresponded to the diastereomeric final

products and the other set to the diastereomeric intermediates (again, one product for
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3.6 and two for 3.1). Noteworthy, the MTA was at no time detected, suggesting that it
had a really short half-life due to fast intramolecular imine formation.t

The disagreement found upon between the two analysis methodologies could be
explained by the fact that the MALDI conditions can trigger certain chemical reactions,
and, in our case, could be promoting the oxidation of the M-18 Da adduct. In addition to
the possibility that the dehydrated intermediate could undergo oxidation during the
isolation, lyophilisation and sample preparation processes, this explains why the M-18
Da adduct was never detected using the HPLC + MALDI-TOF methodology.

Additional confirmation for the results obtained with the HPLC/MS methodology was
found in the UV-Vis profiles of both peaks. The final M-20 Da adduct exhibited a
characteristic broad maximum around 330 nm, which fitted with such a conjugated
structure,** while the M-18 Da adduct only showed the typical profile of a tyrosine-
containing peptide. This also indicated that they were, indeed, different products and,

therefore, fully supports the results obtained by ESI MS.

3.3 Structural determination of the M-20 Da adduct

After confirming that our hypothesis regarding the reaction path and the structures of the
adducts fitted with the experimental HPLC/MS results, it was time to fully characterize
the final, stable adduct by NMR.

We decided to work with the simplest possible model of a peptide containing an N-
terminal cysteine, methyl L-cysteinate, because it would be easier to obtain larger
amounts of the corresponding M-20 Da product and, above everything, the resulting
NMR spectra would be easier to interpret. The ester derivative was selected over the
amide version due to its commercial availability and low price.

After ensuring that methyl L-cysteinate reacted in the same way as peptide 3.3 with 3.6
by HPLC/MS, the reaction was repeated at a higher scale and the final M-20 Da adduct
(3.11) isolated (silica gel chromatography) and characterised by NMR. The *H NMR
spectrum (Figure 3.7a) showed the presence of a single proton in the olefinic zone,
which fitted with the sequential Michael-type and oxidation reactions. The chemical shift
found for the a carbon moved almost 2 ppm downfield in comparison to that of methyl
N,S-dimethyl-L-cysteinate in the same solvent,’® suggesting that the nitrogen atom was
participating in a more electron-withdrawing functional group. More informative was the
13C NMR spectrum (Figure 3.7b). Imine formation was confirmed by a signal around 170

ppm (the other signal in this area corresponded to the ester) and the presence of only

T The MTA of a similar reaction could be detected by direct ESI MS analyses as those performed
in the case of the reaction between cysteine and 3.6, although, as in this case, not by HPLC/MS.
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one ketone peak at 204 ppm. Oxidation of the 4 and 5 positions of the CPD was evident
from the two olefinic carbons situated at 130 and 150 ppm, of which only one had a
hydrogen atom (that appearing around 130 ppm, as assessed by DEPT experiments).
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Figure 3.7. *H NMR (400 MHz, a) and **C NMR (101 MHz, b) of the 3.11 M-20 Da

adduct in CDCls. The structure of the adduct is shown in (c).

HRMS analysis of the adduct showed the expected mass for 3.11, and the UV-Vis profile

again showed the characteristic maximum around 330 nm.
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3.4 Summary of the information available at this point

At this point, it was clear that CPDs do not react as maleimides, which is what we had
initially foreseen, but actually present a completely different behaviour towards the DA
and Michael-type reactions. The former does not take place in mild conditions probably
because of steric hindrance, as mentioned before. Regarding the latter, it definitely takes
place but, contrary to what happens with maleimides, the outcome of the reaction
depends on the nature of the reacting thiol. Internal or C-terminal cysteines react with
CPDs in a reversible reaction to furnish a MTA that is in equilibrium with the parent
compounds. All evidences point out to a fast retro-Michael-type reaction and the position
of the equilibrium being displaced to the left. In the case of 1,2-aminothiols with the amine
free (that is, N-terminal cysteines), the Michael-type reaction does take place but the
corresponding adduct is not observed by HPLC. Instead, it immediately evolves into a
dehydrated product through intramolecular imine formation, rendering a product with two
fused rings and explaining the quantitative conversions observed in this case. This
dehydrated intermediate then undergoes oxidation to a final adduct with a mass 20 Da
lower than that expected for the MTA, generating a conjugated system with a

characteristic maximum around 330 nm.

3.5 Screening of reaction conditions favouring the
formation of the M-20 Da adduct

When working with a CPD excess, the M-18 Da adduct was always observed after the
limiting reagent had completely disappeared together with variable amounts of the M-20
DA adduct. This indicated that intramolecular cyclisation to yield the M-18 Da adduct was
quick and that oxidation to the M-20 Da adduct was the rate-limiting step in the overall
process. We considered it would be interesting to study which factors were affecting the
oxidation process, in order to gain control over it and, hopefully, be able to accelerate it.
For this reason, the influence of the solvent composition, temperature, concentration and
reagents ratio were studied. General trends for the effect of these variables were
obtained by following the reaction between 3.1 and methyl cysteinate by HPLC at 240
nm, where areas of the M-18 Da (3.12) and the M-20 Da (3.13) peaks were comparable.
Due to the tendency of methyl cysteinate to dimerize, the concentration of free thiol in a
stock solution of this compound was determined by the Ellman’s test, and said solution
used within the next two days after its preparation (always stored in the freezer while not

in use). The results obtained from these experiments are presented in Table 3.1.
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3.13 to 3.12 relative ratio

Time (min)
Entry [Me.thyl 3.1] Temp.
cysteinate] (mM) Q) Solvent 15 60 120 240 360
(mM)
1 2 2 37 H.O 6:94 | 26:74 | 59:41 | 93:7 -
2 1 1 37 H.O 4:96 | 25:75 | 52:48 | 87:13 | 100:0
3 0.5 0.5 37 H.O 13:87 | 36:64 | 65:35 | 96:4 -
4 0.25 0.25 37 H.O 19:81 | 49:51 | 82:18 | 98:2 -
5 1 1 60 H.O 100:0 | 100:0 - - -
6 1 1 5 H.O 18:82 | 21:79 | 37:63 | 69:31 | 83:17
7 1 1 37 H,O/ACN 1:1 0:100 | 1:99 3:97 15:85 | 48:52
8 1 1 37 H,O/MeOH 1:1 1:99 3:97 | 10:90 | 36:64 | 69:31
9 1 1 37 H,O/DMSO 1:1 1:99 2:98 6:94 | 55:45 | 83:17
10 1 5 37 H.O 17:83 | 92:8 | 100:0 - -
11 1 3 37 H.O 11:89 | 81:19 | 100:0 - -
12 5 1 37 H20 5:95 | 20:80 | 54:46 | 955 -
13 3 1 37 H20 5:95 | 20:80 | 45:55 | 82:18 -

Structures of the reagents:

0 o)
oH o oH o
N \.)J\o/ N \.)J\o/
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3.12

3.13

Table 3.1. 3.13 (M-20 Da adduct) to 3.12 (M-18 Da adduct) ratios at different times

under different reaction conditions. Temp. = Temperature

The effect of reagents concentration, when mixed in a 1:1 molar ratio, was surprising. If

we do not take into account the data obtained at a 2 mM concentration (entry 1), the

oxidation process seemed to be slowed down when concentration was increased (entries

2-4), surprisingly in contrast to the normal tendency of chemical reactions to be

accelerated at high concentrations. Yet, should oxidation be oxygen-promoted (which

seems reasonable), more diluted reaction mixtures would contain a higher oxygen

excess, which could account for the higher reaction rate.

The effect of temperature fitted with the normal tendency of chemical reactions (entries

2, 5 and 6), with high temperatures fastening the oxidation process. This effect was very
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pronounced: while the oxidation of the M-18 Da adduct was completed after 15 min at
60 °C, 6 h were needed to reach a 83:17 3.13/3.12 ratio when the reaction was performed
at 5 °C. A similar conversion was obtained after 4 h when the temperature was 37 °C.
The solvent influence was also clear (entries 2, 7-9). Addition of organic co-solvents
slowed down the oxidation reaction, with acetonitrile having the most marked effect.
DMSO And methanol performed better in terms of reaction rates, with the former being
the one with the best behaviour.

Finally, regarding the reagent ratios, we found a quite curious effect. While an excess of
methyl cysteinate did not substantially affect the oxidation step (entries 2, 12 and 13),
the presence of a CPD excess greatly enhanced the oxidation kinetics (entries 2, 10 and
11). The reaction between equimolar amounts of reagents at 1 mM concentration
presented an approximately 1:1 HPLC ratio between the intermediate and the final
product after 2 h, whereas the same reaction with a 3- or 5-fold CPD excess was finished
after the same time. In the case where 5 equivalents of CPD were present, the reaction

was almost finished after 1 h.

3.6 Attempts to gain insight into the oxidation process

In spite of having information on how the M-18 to M-20 Da adduct transformation could
be accelerated, we did not know which was the reaction mechanism that lead to the final
M-20 Da adduct. A radical mechanism was likely operating, as we could not imagine how
two hydrogen atoms could be removed from the M-18 Da adduct without generating
species with unpaired electrons. Furthermore, formation of a radical species through H
abstraction from the five-membered ring carbon adjacent to the sulfur atom should be
favourable thanks to resonance stabilization, as it would be delocalised over four atoms.
A second abstraction process would then form the conjugated double bond between the
imine and ketone groups, that is, the M-20 Da adduct. However, we had no evidence to
support or reject this proposal nor any idea why an excess of CPD could accelerate the
oxidation step. Since no oxidiser had been added to the reaction medium, the M-18 to
M-20 Da adduct transformation could be oxygen-mediated. Yet, attempts to perform the
reaction in the absence of oxygen were unsuccessful. In other words, the M-20 Da
adduct was also formed.

To try to gain insight into the oxidation step and detect the formation of radical species,
we decided to monitor the reaction by EPR spectroscopy. Our intention was detect the
formation of radical species and to identify them based on their spectra.

With this purpose, the reaction between methyl cysteinate and 3.6 was performed both

at a 1 mM concentration with a 1:1 stoichiometry and at a 5 mM concentration with a 2:1
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methyl cysteinate/3.6 ratio. EPR Measurements were carried out for 20-30 minutes from
2000 to 4000 G. Unfortunately, no radical species could be detected in any case.

It is important to highlight that not detecting a radical using EPR measurements does not
allow to reject the radical oxidation hypothesis, in the same way as not detecting a
species by MS does not mean it is not present. Several factors, such as low
concentration or extremely short half-lives of the radicals could be responsible for the
absence of signal observed.

In view of these results and that other issues were more urgent, no further experiments

dealing with the oxidation mechanism were performed.

3.7 Computational analyses

Intrigued by the unexpected results obtained with CPDs, we started a collaboration with
Carme Rovira and Lluis Raich to try to understand the reasons behind the reversibility
of the Michael-type reaction between internal or C-terminal cysteines and CPDs using
guantum chemical calculations.

In the first place, standard Gibbs free energies of the Michael-type reactions of methyl
cysteinate, which was used as model thiol, with N-methylmaleimide (NMMal) and 3.6
were calculated by means of DFT methods. As can be seen in Figure 3.8a, the reaction
turned out to be highly exergonic in the case of NMMal, with a AG°= -10.6 kcal/mol. In
contrast, the same reaction with 3.6 was more than 4 times less favoured, with a AG°= -
2.4 kcal/mol. This is translated to an equilibrium constant for the maleimide reaction 10°
times larger than that for the CPD reaction, confirming the experimental observation that
the Michael-type reaction for maleimides is basically irreversible, whilst in that with CPDs
an equilibrium is established.

Computational analysis of the structures of both Michael acceptors revealed important
differences that can account for the different reactivity. Analysis of the structure of NMMal
and 3.6 revealed that the C=C bond is slightly longer for 3.6 than for NMMal (1.34 A vs.
1.33 A, respectively) and the CO-CH bond is shorter in 3.6 than in NMMal (1.49 A vs.
1.50 A). Actually, the value for the NMMal C=C bond was found to be the same as for
the pure localised T-system of cyclopentene, while its CO-CH bond was only 0.01 A
shorter in comparison with the same molecule. This was not the case of 3.6, whose bond
distances were half way between cyclopentene and cyclopentadiene, indicating a major
delocalization (Figure 3.8b). Probably, then, the Michael-type reaction involving CPDs
is less favoured than that involving maleimides to preserve the major delocalization found

in the case of the former class of molecules.
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a)
% % AG° =-10.6 kcal/mol
H-Cys-OMe NMMal
g 8 g % E AG°=-24 kcal/mol
H-Cys-OMe
b)
1.33A 1.34 A 1.33A 1.35A
mso A 1.49 A @1 51A @1 47 A
07N (¢} (0] (¢}
I
Localized Delocalized Localized Delocalized
1.33A 1.34 A 1.33A 1.35A
=50 A 149 A @1 51A @; 4T A
o
Delocalized

Figure 3.8. a) Calculated energies for the Michael-type reaction between methyl
cysteinate and NMMal or 3.6. b) Bond distances of NMMal and 3.6 compared to

localised and delocalised systems. H-Cys-OMe stands for methyl cysteinate.

3.8 Reactions with other CPDs

Jordi Agramunt, at that time a master student in our group, was in charge of the synthesis
of new CPD derivatives that could be useful for bioconjugation. For this purpose, the
reporter molecules biotin and dansyl were linked to the carboxylic derivative of 3.1
through an ethylenediamine linker. Their synthesis was accomplished using the synthetic
route depicted in Scheme 3.5a. In short, 3.1 was activated through formation of the
mixed anhydride with isobutylchloroformate. This was in situ reacted with tert-butyl (2-
aminoethyl)carbamate to render the desired amide in 76 % yield.

Other methods for acid activation, such as activation with carbodiimides and formation
of the N-hydroxysuccinimidyl ester were not successful. The first alternative failed to

obtain the desired product, while the formation of the NHS ester was low yielding and
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subsequent nucleophilic attack by the amine required long reaction times and rendered
only small amounts of the desired product.

After quantitative acidic amine deprotection (using hydrochloric acid in dioxane), biotion
was introduced by the method of the mixed anhydride described above and dansyl using
its chloride derivative. Both the biotin-derivatised (3.14) and the dansyl-derivatised (3.15)
CPDs were then studied in the reaction with methyl cysteinate.
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Scheme 3.5. Synthesis of compounds 3.14 and 3.15 (a) and structures of the

products after reaction with methyl cysteinate.
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3.14 And 3.15 were independently incubated with five equivalents of methyl cysteinate
at 37 °C and 60 °C, respectively. Although the oxidation step required longer reaction
times for 3.14, as expected for a lower reaction temperature, both reactions evolved as
previously observed for 3.1 and 3.6. Reaction of the biotin derivative was analysed after
15 min, 1 h and 24 h, allowing the conversion of the M-18 Da intermediate (3.16, see
Scheme 3.5b) to the final M-20 D