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SUMMARY

Apoptosis is a biological process relevant to different human diseases stated that is
regulated through protein-protein interactions and complex formation. In this context, one point
of regulation is the formation of the multiprotein complex known as apoptosome. Consequently,
this complex is of interest for the development of apoptosis modulators.
In our group, it has been previously reported a peptidomimetic compound bearing a 3-
substituted-piperazine-2,5-dione moiety as a potent apoptotic inhibitor. Structural studies of this
compound showed the presence of cis/trans isomers of the exocyclic tertiary amide bond in
slow exchange, which should be of high relevance for off-target interaction in front of the
biological target. This information encouraged us to perform an isosteric replacement of the
amide bond by a 1,2,3-triazole moiety, where different substitution patterns would mimic
different amide rotamers. The syntheses of these restricted analogs have been carried out
using the Ugi multicomponent reaction followed by an intramolecular cyclization. Unexpectedly,

for one of the proposed structures, a novel B-lactam compound was formed.

All synthesized compounds showed to efficiently inhibit apoptosis, in vitro and in cellular
extracts, with slight differences for the corresponding regioisomers. Noticeably, the compound
bearing the new B-lactam scaffold showed the highest inhibitory activity. On the other hand,
computational studies also support the hypothesis that these new families of inhibitors exert

their action by binding to Apaf-1, one of the components of the apoptosome complex.

Due to the formation of the unexpected B-lactam scaffold, a reactivity study has been
carried out to explain the course of the intramolecular cyclization of the Ugi adducts. In order to
be able to modulate this cyclization, a small library of compounds bearing both heterocyclic

scaffolds has been synthesized and their activities as apoptosis inhibitors have been evaluated.

Moreover, couplings between some of the apoptosome inhibitors and different
glycodendrimer moieties have been carried out to improve the properties of our compounds as

drug candidates.

As a conclusion, a new family of compounds has been designed, synthesized and
characterized, and most of them showed good apoptosis inhibitory activities in vitro and in
cellular extracts. We deem that the reduction of the conformational freedom achieved in this
new family of inhibitors could be fundamental to increase the selectivity, which is a highly

important condition when regulating such a delicate process
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0. Introduction

0.1. Apoptosis

Apoptosis is a fundamental mechanism of programmed cell death that is physiologically and
genetically regulated and plays a central role in development, normal cell turnover and immune
system function.” Defects in appropriate suppression of apoptosis are observed in cancer
pathogenesis® and autoimmune disorders,” while anomalous induced apoptosis plays an
important role in acquired immunodeficiency disease (AIDS),8 neurodegenerative and heart

diseases.” '°

Diverse apoptotic stimuli, including activation of cell surface death receptors, anti-cancer
agents, irradiation, lack of survival factors, and ischemia,11 induce signalling cascades that
activate the caspase family of cysteine aspartyl proteases. The mechanism of apoptosis is
executed by a family of highly conserved proteases known as caspases.12 These caspases are
essential to the apoptotic process, as they are required for the initiation and execution of
programmed cell death. Effector caspases (e.g., caspases-3 and-7) are responsible for the
disassembly of cellular components,'® while initiator caspases (e.g., caspases-8,-9 and -10) are
responsible for the activation of effector caspases. Defined apoptotic signals activate the
mitochondria-mediated or intrinsic pathway that uses caspase-9 as its initiator. Caspase-9
activation is triggered by the release to the cytoplasm of propapototic proteins from the

14,15

mitochondrial inter-membrane space, cytochrome ¢ and Smac/Diablo, when apoptosis-

inducing signals, such as DNA damage or metabolic dysfunction are perceived by the cell.
0.1.1. Apoptosome

The formation of the macromolecular complex named apoptosome is a key event in this
intrinsic apoptosis pathway. The apoptosome is a holoenzyme multiprotein complex formed by
cytochrome c-activated Apaf-1 (apoptosis protease-activating factor), dATP, and procaspase-
9."” When cytochrome c¢ is released from the mitochondria, it binds to Apaf.1 triggering a
conformational change and the hydrolysis of the Apaf-1 bound dATP/ATP. In a process
dependent on the hydrolysis of ATP or dATP to ADP or dADP respectively, the Apaf-1-
cytochrome ¢ heterodimers'® '® assemble into a seven Apaf-1/cytochrome c-based wheel-like
apoptosome, where the Apaf-1 caspase recruitment domain (CARD) is now accessible to bind
to the CARD domain of procaspase-9.'%% Then, the activated caspase-9 cleaves and activates

executioner caspases such as caspase-3.>?' (Figure 0.1).
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0. Introduction

Apaf1 closed conformation Apaf1 open conformation

domains

emLN
domain
\ CARD domalﬂ

Procaspase-9 \

4

ytochrome

release
\Q‘ o /
el Apopiosome
Procaspase-3 activation

and Apoptosis

Figure 0.1: Conformational changes in the Apaf-1 molecules lead to the apoptosome formation and
activation of the apoptotic cascade.”

Apaf-1 is a rather large cytoplasmatic protein (~130 kDa) that carries multiple functional
domains. First an N-terminal caspase activation recruitment domain (CARD). Then, a CED4
homology domain (which includes the dATP/ATP-binding motif), which is responsible for Apaf-1
conformational changes and it is called NOD (Nucleotide oligomerization domain). Finally, the
C-terminal WD40 repeats domain, which alllows interactions with Cyt ¢ and promotes the
oligomerization.?® This domain can bind the CARD domain but it can probably interact with other

apoptotic regulator proteins as well.?

1 98 412 601 1194
APAF-1-S linker

1 423 612 1248
APAF-1-XL linker

(+11) (+43)

Figure 0.2: Structural domains and Apaf-1-S and Apaf-1-XL isoforms.

In cells, before the release of cytochrome ¢ from the mytochondria, Apaf-1 remains in an
inactive or closed conformation, because the WD40 domain blocks the CARD domain as a
negative mechanism of autoregulation.24 As already explained, the cytochrome ¢ induces a
conformation change in Apaf-1 to an open conformation which exhibits an oligomerization
surface and shows the CARD domain. The dATP union to Apaf-1 in this open conformation is
then available and induces a second conformational change in Apaf-1 that helps the

oligomerization to form the apoptosome.

18



0. Introduction

0.1.2. Apoptosis as therapeutic target

Defects in the regulation of apoptosis are at the root of a variety of diseases. When cells
acquire resistance to induction and execution of apoptosis it frequently correlates with cancer or
autoimmune disease. Thus, important efforts to new anti-cancer therapies rely on inducing
apoptosis. In contrast, tissue infarction, ischemia-reperfusion damage, degenerative diseases,
and AIDS showed in common excessive apoptosis-mediated unwanted cell death.”> % To
identify molecules that could ameliorate disease-associated excessive apoptosis, drug
discovery efforts initially targeted the inhibition of caspase activity, particularly the effector
caspase-3.2 However, caspase-3 inhibitors have encountered problems in their
pharmacological development. Peptidomimetic inhibitors bearing such requirements have been
identified, but they are not compatible with achieving potent cell-based activity.?® The activity of
most of the caspase inhibitors is greatly attenuated, and even in the presence of cell extracts
the reduction in potency is, in most cases, up to two orders of magnitude in comparison to
isolated caspases.29 Thus, there is a considerable need for more selective, stable and cell

permeable caspase inhibitors.

Alternatively, protein-protein interactions upstream of caspase activation can also be
relevant points of intervention for the development of modulators of apoptosis pathways. Recent
data proposed the formation of the multiprotein complex apoptosome as an interesting target for

the development of apoptotic modulators.'” **%*

Understanding the mechanism of functional
activation of the apoptosome has helped to define prospective targets for treating deregulated
apoptosis that is associated with human pathologies.®® Inappropriate apoptosome activity has
been shown to play a role in neurodegenerative disorders and its supression by biological tools
provided resistance to apoptosis induction.** ** Inactivation of the apoptosome might provide a
therapeutic avenue for treating not only neurodegenerative but other pathological disorders as

ischemia, cardiac and renal failure.

As previously mentioned, the chemical modulation of the apoptosome represents potential
pathways for the development of new therapeutic strategies. In this context, Apaf-1 has to be
considered as an attractive target for the development of such modulators; however, small
molecules that regulate Apaf-1 have yet to be discovered. Before mitochondrial-dependent
apoptosis induction, Apaf-1 is monomeric, inactive and the CARD domain is not accessible. 1
Only upon cytochrome c release, Apaf-1 is activated by dATP/ATP-dADP/ADP exchange and
forms the apoptosome.'® '® With these precedents, the pharmacological target Apaf-1 can be
dually seen as a “classical” ATP hydrolase or, alternatively, as a protein-protein interaction-
based target. To our knowledge, no successful attempts to inhibit the hydrolase activity with
small molecules have been reported. The studies carried out since this project started were
addressed to the protein-protein interaction-based formation of the apoptoosme. As Apaf-1 was
a new target, the drug discovery process was based in the screening of large collections of

compound libraries in a suitable high throughput screening (HTS) format. Fortunately, the group
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0. Introduction

of Dr. Enrique Pérez-Paya (CIPF, Valencia) developed an efficient in vitro and ex-vivo

methodology for identifying molecules inhibiting the apoptosome formation.”’.

0.2. Peptidomimetics as potential hits

Oligomers of N-alkylglycines, also known as peptoids, constitute a family of non-natural
molecules attractive for the drug discovery process due to their broad variety of biological
activities and to the proteolytic stability that they exhibit.***® They are structuraly differenced
from peptides because the side chains are linked to the nitrogen atom of the amide bond and

not to the a carbon. (Figure 0.3)

o R 0O Ry Olk R, O R
/,”\/N\H/\NJ\/N\ P N)\WNW)\N)\‘
. H H
O R O Re
PEPTOID PEPTIDE

Figure 0.3: Structure of a peptoid and a peptide, where R', R” and R? represent the diversity
introduced by their side chains.

This structural difference confers to peptoids a higher stablity to the hydrolysis and less
polarity, features that are translated to a high resistance to proteases and a better intestinal
absorption. Although peptoids can adopt secondary structures depending on their size and the
residues linked to the backbone nitrogens,® in general they are highly flexible molecules and
have higher conformational freedom than peptides.*® In peptoids the cis conformation of the
amide bonds that connect the monomer residues can be more highly populated than in

41,42 Nevertheless, not all the cis/trans conformational isomers of the different amide

peptides.
bonds present in a defined peptoid will be biologically active in front of a specific target due to

the high specifity of the ligand-receptor interaction.

Taking advantatge that short peptoids have been subject of intensive research due to their
potential interest in drug discovery, the group of Rabenstein reported the use of NMR tecniques
to study the cis/trans isomerization derived from the rotation of the amide bonds of small
peptoid models.* These authors observed a slow cis/trans exchange rate for even the most
labile of the amide bonds between the two-C terminal residues. This feature can be of
importance with respect to the on/off rate for the ligand-receptor binding or when facing
undesired interactions with other targets causing some secondary effects. Thus, peptoid hits
require some structural optimization. One possibility is the generation of rings in the structure,

such as six or seven-membered ring cycles to constrain the conformational mobility.
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2,5-Diketopiperazines (DKP) are peptidomimetic structures bearing a six-membered
heterocycle and are characterized for possessing a relatively rigid skeleton where different

pharmacophoric groups can be attached. (Figure 0.4).

o)

4 1
R\)J\N,R
oy

o)
Figure 0.4: DKP structure.

The DKPs show selectivity in the recognition of opioid receptors44 and some other uses were
identified, such as ligands of the neurokinin-2 receptor or competitive antagonists of the natural
product substance P in the neurokinin-1 receptor.45 Combinatorial libraries based on DKP

& 47 inhibitors or bradykinins antagonists*® have also

skeletons compounds as collagenase-1
been described. More recently, new bioactive compounds agonists of the FSH receptor,* and

potential and selectives antagonists of the oxytocin recetor®® °' have been identified.

The formation of DKPs has been considered in some cases an undesired secondary
reaction when performing some peptidic sequences. They would be formed after an
intramolecular attack of the N-terminal amino group to the carbonyl group of the second residue

causing the excision of the peptidic chain. (Figure 0.5)°?

O\QVO%HJYNHQ HfﬁNHRz ‘ O\QOH

o

Figure 0.5: DKP formation through the intramolecular attack of the N-terminal group.

The formation of the DKPs has been widely studied.* Different procedures can be followed,
such as the synthesis of the lineal dipeptide using conventional coupling agents, the coupling of

deprotected aminoacids catalized by acylases™ or the Ugi multicomponent rection.>* *°

Scott et al.*®

developed a new route for the synthesis of non-peptidic DKPs libraries where
initially a-bromocarboxylic acids were coupled to the polymeric support followed by a
nucleophylic substitution with a variety of amines. (Figure 0.6) This strategy was developed later
in our research group for the identification of selective inhibitors to the acetylcholinesterase from

a DKPs library.*”
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Figure 0.6: Synthesis of DKPs using a-bromocarboxylic acids and primary amines.

0.3. Group background

A library of N-alkylglycines®® was assayed to find molecules that inhibit the apoptosome
formation with a methodology that was established in the laboratory of Prof. Enrique Pérez-
Paya using a reconstitutive apoptosome assay. This screening lead to the identification of a hit
peptoid called N15-20-15. (Figure 0.7)

o]

N15-20-15C

Figure 0.7: Hit peptoid identified as inhibitor of the apoptosome formation.

In contrast with the wide possibilities of identifying hits againts pharmaceutical targets the
high conformational flexibility given for the free rotation of the amide bonds of peptoids can
generate selectivity problems because of undesired off-target interactions. In our casee, this
drawback was counterbalanced by a second-generation of peptidomimetics in which the original
conformational flexibility was restricted to a certain extent. The formal cyclization through
selected points of the peptoid molecule leads to constrained analogues that improved their

potency and selectivity.>®

The hydrophobicity of this compound also caused some problems in the biological assays
reproducibility and new analogues of N15-20-15C were designed and synthesized. The
analogues synthesized contained a charged residue and the solubility in the in vitro assays was
improved and the therapeutic potency was demonstrated.”’ Despite this improvement, these
compounds showed problems in the cellular extracts assays and high cytotoxicity; thus, some
strategies were designed to facilitate the internalization of the compounds into the cell. First of

all, the synthesis of peptide-peptoid conjugates to improve the efficiency in translocating the
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plasmatic membrane. Secondly, the synthesis of conformationally restricted analoges derived
from this peptoid to delimit its flexibility and to avoid inespecific interactions; and finally the
synthesis of polymer-drug conjugates to improve the intracellular biodisponibility of the

inhibitors. This last strategy is explained in Chapter 4.

The first strategy was developed in the laboratory of Prof. Enrique Pérez-Paya. The peptoid
was linked to two penetrating peptides previoulsy described due to their capacity to facilitate the
cellular internalization (TAT-peptoid and PEN-peptoid).®* ¢'%* Both compounds showed activity
in cellular extracts, but the antiapoptotic activity was not reproducible when working in cell lines,

in addition to show inespecific cellular toxicity.*®

Covalent constraints have been explored in peptoid research mainly by employing
macrocyclization between side chains,®* head-to-tail strategies®® or Ugi four- and three
component reactions.®® In our group, from the different possibilities contemplated to obtain
constrained peptidomimetics derived from the identified peptoid hits, those approaches that
generated the novel 7-substituted perhydro-1,4-diazepine-2,5-dione (A) and the 3-substituted
1,4-piperazine-2,5-dione (B) derivatives were selected (Figure 0.8). In these systems, two of the
three tertiary amide bonds present in the molecules are forced to adopt the cis configuration by
the heterocycle formation. Both compounds were shown to be potent inhibitors of the
apoptosome formation and capable of decreasing cell death in different cellular models of

apoptosis.’
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Figure 0.8: Peptoid N15-20-15C identified as inhibitor of the formation of the apoptosome its formal
chemical modulation to generate the heterocyclic analogues A and B.”

Our group reported an efficient solid-phase-based synthetic approach to the peptidomimetic
families of A and B.* (Figure 0.8). Moreover, an NMR-based structural study of compounds
QM31 and 1 (Figure 0.9) in different solvents was carried out to determine the thermodynamic
and kinetic parameters that define the relative stability of the cis/trans conformers potentially
present in the exocyclic amide bond. Such amide bond is the only one that still shows
conformational flexibility when compared to the original peptoid hit. The conformation of
compounds A-B in solution was important in order to understand their biological activity, as well
as for the future re-design and optimization of the next generation of inhibitors that are
presented in this thesis.
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Figure 0.9: Dynamic process responsible for the conformational behavior of compounds QM31 and 1. ¥

The conformational studies showed a large population of cis amide isomers. It has been
recently reported that the trans configurations in peptoids are predominant in solution, although
important proportions of the cis rotamers are also present.*® In addition, the trans (cis)
configuration is favored even more when the other amide bonds have trans (cis) disposition. In
these peptidomimetic systems two amide bonds are frozen in a cis configuration due to the
constraints of the corresponding cyclic structure. Accordingly, an increased proportion of the cis
rotamer should be expected for the free exocyclic amide bond and is exactly what was
observed. It was demonstrated that the cis/trans ratio is highly affected by the polarity of the

solvent due to the possibility of establishing an intramolecular H-bonding pattern.>®

These studies showed that the cis/trans isomerization of the amide bond is slow in the
NMR time scale. Thus, the binding phenomena must be faster than the amide bond rotation
and, accordingly, both rotamers would look like different molecules to the biomolecular

receptor™.

Therefore, as both isomers could act as different molecules when interacting with the Apaf-
1 protein, the main objective of this thesis was to design and synthesize conformational
restricted analogues refered to the free amide bond of compound 1 and test their activity as
apoptotic modulators. From this general objective that is explained in detail in chapter 1, some
other interesting points appeared during the course of this doctoral research and they are also

developed and explained in next chapters.
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1. Design, synthesis and characterization of new apoptotis inhibitors

1.1. Introduction
1.1.1. Triazole as amide bond mimetic

The biological function of peptides and proteins is defined by their ability to adopt well-
defined conformations that complement those of their corresponding binding partner or
receptor. The ability to access to peptidomimetics that mimic and/or stabilize such secondary
structure then allows the study of the associated biological process, with an opportunity for drug
design.67 In this context, replacement of the amide bond with isosters has been a continuous

goal in many laboratories.

Successful replacements will provide improved stability, lipophilicity and absorption. Many
peptide surrogates have been introduced already. However, the discovery of new peptide
surrogates with easier syntheses is an important achievement that could open new
opportunities for the study of amide-containing molecules and the development of inhibitors with

novel physicochemical properties.®®

During the last decade, structural mimics of cis amides in peptides and proteins have been
reported, among them pseudo-prolines®®’®, disubstituted tetrazoles’' and triazoles’"°.
Disubstituted 1,2,3-triazoles have been shown to be viable surrogates for cis and trans- amide

bonds, depending on their substitution pattern.”* (Figure 1.1).”

a)

trans-amide cis-amide

= mimic & mimic

14 1

1,4-disubstituted 1,2,3-triazole 1,5-disubstituted 1,2,3-triazole

Figure 1.1: Representation of triazolyl amide mimics incorporated into a generic peptide backbone.”

The triazole ring is an interesting structural motif, more than just a passive linker,”® since it
possesses a hydrogen bond donor and an acceptor, a large molecular dipole and also a metal

binding site. It can interact with a wide variety of functionalities, e.g. hydrogen bonding partners
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1. Design, synthesis and characterization of new apoptotis inhibitors

(e.g. amides or anions), molecular dipoles, and metal ions to generate many conformational and

molecular recognition features.””

" e

R,J&,RZ

H bond acceptor/

metal ligating center

trans-amide 1 4-disubstituted triazole ( ) H bond donor
R1R‘H- ,N:N % Dipole moment
| RPN%LH
R? -
F22
cis-amide 1,5-disubstituted triazole

Figure 1.2: Comparison of structural features of 1,2,3-triazoles and secondary amides.”’

For the common trans-amide, the R' to R® distance (3.9 A) is slightly shorter than that of the
1,4-disubstituted triazole (5.0 A), but the lone pairs on the carbonyl oxygen, functioning as
hydrogen bonding acceptors, can be mimicked by those of the N-2 and N-3 atoms. Likewise,
the hydrogen bonding donor capability of the N-H amide could be replaced by the triazole C-H
bond.” Due to that difference in the distances, a CH, will be removed when synthesizing our
triazoles; then the distances would be nearly the same. Strikingly similar structural features can
also be identified between cis-amide and 1,5-disubstituted triazole. In this case, their R' to R
distances (2.4 A) are essentially the same. Another point of interest is that the dipole moment of

the triazole ring has been estimated to be 4.0-5.1 Debye,”® *

which is slightly higher than that of
a secondary amide (3.8 Debye) 8. For the two different lone pairs on the N atoms, theoretical
calculations suggested that the N-3 lone pair has a higher basicity than the N-2 one in the gas
phase.80 This result suggests that the N-3 lone pair may be a better hydrogen bond acceptor

and metal ligating center than N-2.

Thus, 1,2,3-triazoles offer an appealing motif in peptidomimetic research as a non-classical

78.82 hacause their structural and electronic features are similar to those of

67, 83, 84

bioisoster of an amide

a peptide bond. In addition, general methods are now available for their synthesis.

1.1.2. Click Chemistry and Triazole synthesis

Click chemistry is a term that was introduced by K. B. Sharpless in 2001 to describe
reactions that fulfil a set of criteria. The reaction must be modular, wide in scope, render very
high yields, generate only non-toxic by-products that can be removed by non-chromatographic

methods, and be stereospecific. The required process characteristics include simple reaction

30
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conditions, readily available starting materials, the use of no solvent or a solvent that is benign
or easily removed, and simple product isolation. It is important to recognize that click reactions
achieve their required characteristics by having a high thermodynamic driving force, usually

higher than 20 kcal-mol ™.

Applications of click chemistry are increasingly found in all aspects of drug discovery; they
range from lead finding through combinatorial chemistry and target-template in vitro chemistry,
to proteomics and DNA research. Click chemistry features are beautifully represented among
cycloaddition reactions involving heteroatoms, such as hetero-Diels-Alder and, particularly, 1,3-
dipolar cycloadditions. These modular fusion reactions unite two unsaturated reactants and
provide fast access to a wide variety of interesting five- and six-membered heterocycles. Among

these reactions® the Huisgen dipolar cycloaddition is the most useful and reliable.

Huisgen’s dipolar cycloaddition®” of organic azides and alkynes is the most direct route to
1,2,3-triazoles. In the absence of a transition-metal catalyst, these reactions are not
regioselective, relatively slow and require high temperatures and long reaction times to reach

acceptable yields.®

Due to the fact that the reaction is highly exothermic (ca. -50 to 65 kcal/mol), its high
activation barrier (25-26 kcal/mol for methyl azide and propyne)®® results in exceedingly low
reaction rates for unactivated reactants even at elevated temperature. Furthermore, since the
difference in HOMO-LUMO energy levels for both azides and alkynes are of similar magnitude,
both dipole-HOMO- and dipole-LUMO-controlled pathways operate in these cycloadditions. As
a result, a mixture of regioisomeric 1,2,3-triazole products is usually formed when an alkyne is

asymmetrically substituted (Scheme 1.1).%°

e NNLR N=N, 1
R—= + Ns-R —27, g( r A NR
S, R 4
Alkyne Azyde R

Scheme 1.1: Huisgen dipolar cycloaddition reaction.

Copper (I) catalysis discovered independently by the groups of Meldal®* and Sharpless®
accelerates the reaction to minutes and at much lower temperatures. The result of this copper
catalyzed reaction is mostly, if not completely, a 1,4-triazole adduct (Scheme 1.2). The copper
catalyzed reaction proceeds in both aqueous and organic solvents under simple experimental
conditions. These features along with the unnecessary requirement of high temperatures makes
this copper catalyzed azide-alkyne cycloaddition (CUAAC) a useful tool for synthetic chemists.”’

Moreover, the cycloaddition is thermodynamically favourable enough to be irreversible.
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Scheme 1.2: Copper-Catalyzed Azide-Alkyne cycloaddition.

While a number of copper () sources can be used directly, it was found that the catalyst is
better prepared in situ by reduction of Cu(ll) salts, which are less costly and often purer than
Cu(l) salts. As reducing agent, ascorbic acid and/or sodium ascorbate proved to be excellent for
the preparation of a broad spectrum of 1,4-triazole products in high yields and purities at 0.25-2

mol% catalyst loading. *"
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Scheme 1.3: Mechanism for the CuAAC.%

The mechanism proposed for the CUAAC begins with the formation of copper (l) acetylide,
after which the azide displaces another ligand and binds to the metal. Then, an unusual six-
membered copper (lll) metallacycle is formed. The barrier for this process has been calculated
to be considerably lower than the one for the uncatalyzed reaction. Ring contraction to a
triazolyl-copper derivative is followed by protonolysis that delivers the triazole product and

closes the catalytic cycle.®

As it has been shown, the copper-catalyzed 1,3-dipolar azide-alkyne cycloaddition (CuAAC)
was an important advance in the chemistry of 1,2,3-triazoles. A significant rate acceleration (1 0’
to 10° compared to the uncatalyzed process), a remarkably broad scope, a tolerance to
aqueous and oxidative conditions, and an exclusive regioselectivity have enabled a number of
applications in the relatively short time since the reaction was discovered. Examples of these

applications are found in: drug discovery,” bioconjugations,®*%

9% and related areas®® *’ including supramolecular chemistry.

polymer and material

science 98-100
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While Cu (l) catalysis provides reliable means for the assembly of 1,4-disubstituted-1,2,3-
triazoles, a general method for the generation of 1,5-disubstituted regioisomers was lacking.
Although they can be synthesized by the reaction of bromomagnesium acetylides with organic

azides,'"" this procedure lacks the scope and convenience of the CuAAC process.

In fact, 1,5-isomers have been only scarcely explored so far,”*'%

90,103

although Fokin and co-
workers recently reported that their preparation can be accomplished by a ruthenium-
catalyzed azide-alkyne cycloaddition reaction (RUAAC). This reaction furnishes the triazole

derivatives with a virtually total 1,5-regioselectivity.'®*

Catalytic transformations of alkynes mediated by ruthenium complexes were well-known.
Therefore, ruthenium was a logical choice on the research for a catalyst of azide-alkyne
cycloaddition. Different ruthenium complexes were tested by Jia and Fokin and co-workers.
Acetate complex, RuCly(PPhs); or RuHCI(CO)(PPhs); were ineffective. In contrast,
CpRuCI(PPh3), catalyst resulted in 50% conversion of the reactants to a mixture of 1,5- and 1,4-
disubstituted triazoles. Then, a simple switch to the pentamethyl analogue, Cp*RuCI(PPhj),,
resulted in the formation of only 1,5-regicisomer with complete conversion. Reactions with other

[Cp*Ru] complexes gave similar results.'®

The scope of the reaction was also studied and the fact that it is not very sensitive to the
alkyne but to the nature of the azide was proved. Primary azides were more efficient than
secondary ones, while tertiary azides reluctantly participated in the catalysis. These
cycloadditions proceed well in aprotic organic solvents (benzene, toluene, THF, dioxane)

whereas protic solvents have a detrimental effect on both yield and regioselectivity.

Since Cu (I) acetylides seem to be the intermediates in the CuAAC, this transformation is
limited to terminal alkynes. The [Cp*RuCl] system is active with internal alkynes as well,'®
which suggests that ruthenium acetylides are not involved in the catalytic cycle. It was proposed
that the neutral [Cp*RuCl] is the catalytically active species and the following mechanism was

suggested.® '®
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Scheme 1.4: Proposed intermediates in the catalytic cycle of RuAAC reaction.”

The displacement of the spectator ligands (step A) produces the activated complex I, which
is converted, via the oxidative coupling of an alkyne and an azide (step B), to the ruthenacycle
Il. This step controls the 1,5-regioselectivity observed. The new C-N bond is formed between
the most electronegative and less sterically-demanding carbon of the alkyne and the terminal
nitrogen of the azide. The metallacycle intermediate then undergoes reductive elimination (step
C) releasing the aromatic triazole product and regenerating the catalyst (step D) or the activated

complex 1.%°

1.1.3. Ugi reaction

The Ugi reaction, or Ugi four-component coupling (Ugi 4-CC),'®"% is perhaps the best
known example of a multicomponent reaction (MCR). A MCR process is a one-pot reaction that
forms products from three or more different starting compounds.109 This reaction has been
extensively studied since its discovery more than 50 years ago. The large range of structures
accessible through this powerful reaction is continually expanding, through the ongoing
development of variations of the MCR, together with an increasing number of elaborated
postcondensation modifications and cascade processes.''® It was first reported by Ivar Ugi in
1959'® and along with the Passerini reaction, it is classified as an isocyanide-based

multicomponent reaction.
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Passerini Reaction

O
(0] O
S Rs o%l\ Rq
* + C=N-R;, — » N
R1AR2 HO)LRS @ ! Wofm R, M
Ugi Reaction
0 0 e )
o Ry _N Ry
- + + + C=N-R ﬁ)J\N
HN-R, R1)LH HO)LRS NR, — Tof I
;

Scheme 1.5: Passerini and Ugi reaction.

The prototypical reaction (Scheme 1.5) results in the formation of an a-N-acylamino amide.
The reaction is usually conducted in a polar protic solvent such as methanol, and some success

in water has recently been shown.'"

Usually, non-polar halogenated solvents prove to be
detrimental, as most amines are insoluble in those solvents, thus, favoring the occurrence of the
Passerini reaction. The mild reaction conditions of the Ugi reaction allow for inclusion of a

variety of functionality.
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Scheme 1.6: Postulated mechanisms of the U-4CC.

Two possible mechanisms for the Ugi reaction have been postulated.112 In both
mechanisms, the first step involves condensation of aldehyde | and amine Il, followed by
protonation of the imine by Illl (Scheme 1.6). The debate is whether the next step involves
introduction of the carboxylic acid to give X, causing isocyanide IV to react with Xl via an S\2
mechanism, or isocyanide IV first undergoes nucleophilic addition to imine VI, followed by the
addition of carboxylate VIl to VII. Experiments supporting the formation of intermediate VII

versus Xl have not been performed. '
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Major advances in the scope of the Ugi reaction have occurred only within the last 20 years,
mainly because of the limited availability of isocyanides and poor stereocontrol. In the mid
1900’s, only a few isocyanides were available. Today, about 380 isocyanides are commercially

114

available ™ or easily synthesized.

Hulme et al>* described the synthesis in solution of DKPs using the Ugi reaction with the
named Armstrong’s convertible isonitrile (cyclohexenyl isocyanide)'’® followed by the
deprotection of the Boc group and cyclization (Scheme 1.7). This approach can also be used in

solid phase by anchoring the amine'"® or the icocyanide to the solid support.""”

RS
N 1 Q
Boc” W4)J\OH R'-CHO MeOH ES (@] R! H 1. H* R4 N’R2
R Boc” ll\l)\ﬂ/ "R3 5 A N
ta R4 R2 o . R5 R1
R2-NH, R3-CN o

Scheme 1.7: DKPs synthesis through an Ugi multicomponent reaction.

Marcaccini et al., also reported that the Ugi four-component condensation between amines,
aromatic aldehydes, chloroacetic acid and isocyanides afforded the adducts which were

cyclized to title DKPs upon treatment with ethanolic KOH under ultrasonication. (Scheme 1.8)

R—CHO  R,—NC o
cl” >cooH MeOH R1YCONHR2 KOH, EtOH R‘ﬁ)LN’Fb

rt. 68 - 86% R/Nm/\m rt.71-86% R Nm)
o

0]

R—NH;

Scheme 1.8: DKPs synthesis through an Ugi multicomponent reaction followed by a base promoted
cyclization.

1.2. Objectives

The conformational studies™ of compound 1 (Figure 1.3) showed that the cis/trans
isomerization of the amide bond is slow in the NMR timescale. Therefore, the binding
phenomena must be faster than the amide bond rotation and, accordingly, both romaters would
look like different molecules to the biomolecular receptor. The probable different biological

activity of both rotamers exposed the possibility to freeze them separately.

In this regard, we hypothesized that the 1,4- and 1,5-disubstituted triazole moieties (2a, 2b)
could mimic the spatial disposition of the residues for the cis and frans configuration of 1,
respectively. As an intermediate situation, we also envisioned the preparation of the 2,4-

disubstituted triazole derivative (2c).
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In our case, the comparison is done between the peptoid moiety and the triazole, whereas in
the previous examples (Figure 1.2), the amides compared were from peptides and the
nomenclature is quite different. In the called cis-isomer in peptoid 1 (Figure 1.3), the substituent
R. is in trans with respect to the DKP moiety, while the in 1-trans R, is much nearer to the
carbonyl of the DKP.

A)

|
CONH, © Ro ©
1-cis 1-trans
B)
O (0] fe)

Figure 1.3: A) Structure of the apoptotic inhibitor 1. B) Proposed conformationally restricted analogs
bearing the 1,2,3-triazole residue.

Taking all this into account, we planned the following aims:

1. To design and synthesize conformationally restricted analogs of 1 using 1,4-, 2,4- and

1,5- disubstituted triazole moieties to mimic the cis or trans isomer.

2. To evaluate the biological activity of these analogs as inhibitors of the apoptosome
formation.

3. To study the mode of interaction of these compounds in the Apaf-1 protein by using a
computational approach.
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1.3. Results and discussion

For the syntheses of these conformationally restricted analogs (2a-c), we planned a strategy
(Scheme 1.9) based on the previously mentioned Ugi four-component coupling reaction (Ugi-
4CC) 2210710189 oomprising a primary amine 4, an aldehyde 5, an isocyanide 6 and a
carboxylic acid 7, that are condensed to yield the single product 3. After the formation of the

open products, a base-promoted intramolecular cyclization would yield the final compounds 2.

O intramolecular O Ugi 4CC
cyclization

O
|
C Cl

C| NHV\@ — O HV\@C.
U

Cl Cl
CHO
NH2 (%/N N
NN
+ + + O
OH
Cl
Cl
4 5a-c

6 7

S}

Scheme 1.9: Retrosynthesis of 2a-c¢ comprising an Ugi-4CC reaction followed by an intramolecular
cyclization.

In the proposed scheme, the amine and the acid are commercially available, whereas the
isocyanide and the aldehydes must be synthesised. The isocyanide was obtained as described

in the literature. (Scheme 1.10)'2%'?!

0
)i ;
NH H™ NH N
cl HCOOH ¢ POCI;/TEA ¢
DCM
Cl Cl o]
8 6

Scheme 1.10: Synthesis of isocyanide 6.
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First of all, we obtained the N-(2,4-dichlorophenethyl)formamide (9) from the reaction of 2-
(2,4-dichlorophenyl)ethanamine (8) with formic acid under microwave activation; then, the
desired isocyanide was obtained by treatment of the formamide intermediate with phosphoroyl
trichloride under anhydrous conditions. The first step was optimized using different conditions
under microwave irradiation. But the limitant step is the dehydratation of the formamide because
the phosphoroyl trichloride is very sensitive and is hydrolyzed easily to the phosphoric acid, thus
avoiding the desired reaction. The isocyanide was obtained as brown oil and as it was not
possible to check it by mass-spectrometry, the disappearance of the amide signal in the 'H
NMR and the changes in the chemical shifts of the protons linked to the nitrogen were enough
to check that the product had been synthesized. The disgusting smell was also a clue to know
that the isocyanide was obtained. (Figure 1.4) Since isocyanides are stable to strong base but
sensitive to acid, some precautions had to be taken. Thus, in the presence of aqueous acid,
isocyanides undergo hydrolysis back to the corresponding formamides. Moreover, some
isocyanides can polymerize in the presence of acid and metal species.'®® '®* Actually, we
observed this polymerization for the case of isocyanide 6 by the appearance of broad signals in
the '"H NMR spectra. (Figure 1.4). In addition, due to the unpleasant smell and suspected
toxicity of isocyanides, we tried the one-pot four-component reaction without any manipulation

of isocyanide, as described by El Kaim et al.'®

Unfortunately, this strategy where the
isocyanide is synthesized in situ while performing the Ugi coupling, did not work with our
products. Therefore, the synthesis depicted in Scheme 1.10 was used for our required

isocyanides.

45 40 35 30 25 2 15 10
f1 (ppm)

Figure 1.4: Comparison between the "H NMR of the formamide intermediate (red), the isocyanide
(green) and the polymer of the isocyanide (blue) accidentally formed.
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1.3.1. Synthesis of aldehydes bearing the appropriate triazole pattern
substitution

The key triazole aldehydes bearing different substitution patterns 5a-c were synthesized by

using modifications of synthetic methods described in the literature.

The first step was the tosylation of 10 with tosyl chloride and pyridine in DCM. The purified
tosylate was subjected to azidation with sodium azide in anhydrous conditions and the crude
reaction mixture was used without further purification. Since the 2,4-dichlorophenethyl bromide
was commercially available, we could directly perform the azidation. Then, to synthesize the

different regioisomers, the appropriate cycloaddition reactions were performed. (Scheme 1.11)

OH

N
/\OH N

N3 Cu (Il) / ascorbic Gl
THF

OH

1) TsCl/ pyr/ DCM ClI 12a

N
2) NaN, / DMF Ho\/[ 3
N
FZ

10 11

Cl

Cp*RuCI(PPhs), cl

dioxane
12b

Cl

Scheme 1.11: Synthesis of the 1,4- and 1,5-disubstituted triazoles (12a, 12b).

For the case of 1,4-disubstituted-1,2,3-triazole, the azide 11 was dissolved in THF and a
solution of CuSQ, / ascorbic acid in water was added and stirred under microwave activation
leading to the desired triazole 12a. It is worth mentioning that an extraction with NaHCO; was
sometimes not enough for decomposing the complex of the triazole with the copper species,
and an ammonia solution was then used. The formation of the triazole was observed by 'H
NMR because the triazole proton has a characteristic chemical shift at 7.4 ppm that is not
present in the azide precursor. The product was also confirmed by high-resolution mass
spectrometry where for C;4H{;CI;N3O the calculated mass was 272.0357 (M+H)" and the

experimental one was 272.0368. The yield of this reaction is quite satisfactory (60-70%).

For the case of 1,5-disubstituted 1,2,3-triazole (12b), the mentioned ruthenium catalyst was
used (Scheme 1.11). In this case, the order of addition is important and, after several attempts,
the optimal yield was obtained when a solution of alkyne and azide in dioxane was added to a
dioxane solution of the catalyst. The desired triazole was obtained after a reverse-phase

chromatographic purification. The selectivity of this catalyst is not as good as the copper one.
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After two hours of reaction, the conversion was only 40%, but if the stirring was prolonged, the
1,4-isomer was also formed. Therefore, a compromise solution had to be reached. It is better to
have a pure isomer with low yields than a mixture of the 1,4- and 1,5- compounds. Besides the
low conversion, the final yield is decreased because of the further purification steps. The
triphenylphosphine oxide that was formed during the reaction is not easy to remove by simple
chromatographic column purification. Therefore, a semi preparative HPLC purification was

used, leading to a 13% overall yield of the isolated compound.

These results may explain why CuAAC click reaction is used more frequently. The ruthenium
catalysis is a less straighforward procedure, being more sensitive to experimental variables
(time, temperature, traces of water). Moreover, it usually leads to lower yields and

regioselectivity, as we have experimentally observed.

Finally, a simple oxidation with 2-iodoxybenzoic acid afforded in both cases the desired
aldehydes 5a, 5b in good yields.(90-100%) (Scheme 1.12).

HO N \ N
W N
IBX
ol AcOEt al
cl ¢
12a,b 5a,b

Scheme 1.12: Oxidation of the triazoles 12 to the final aldehydes 5.

On the other hand, although the 2-substituted-2H-1,2,3-triazoles can be obtained by
alkylation of NH-1,2,3-triazoles with the suitable electrophilic reagents, a mixture of the isomeric
products is often produced. Other possibilities are for example the oxidative cyclization of

bishydrazones or bissemicarbazones'®

and the three-component Pd-catalyzed reaction that
form 2-allyl-1,2,3-triazoles.'® Despite these reports, a general and simple method for the
stereoselective formation of the 2H-isomers is still not available. In 2008, Fokin and co-workers
reported a three-component one-pot synthesis of 2-hydroxymethyl-2H-1,2,3-triazoles.'®” As

shown in Scheme 1.13, the reaction afforded a mixture of two compounds.
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NaNj (1.5 eq)
HCHO, (10 eq)
CuSO, (5 mol %) R R
Na-ascorbate (20 mol %) ?/ \ 7_\
R— N. N * Ng N
ACOH (1.5 eq) N N
1,4-dioxane, rt k OH
OH
a. major b. minor

Scheme 1.13: Synthesis of N-hydroxymethyl-1,2,3-triazoles. '*’

These compounds are versatile intermediates that can be used for the preparation of NH-
1,2,3-triazoles. In their method, formaldehyde, sodium azide and a terminal alkyne (propargyl
alcohol in our case) react in a one-pot two-steps process under acid conditions. Azidomethanol
formed in situ from protonated formaldehyde and sodium azide, is a likely intermediate. The
subsequent copper (l)-catalyzed reaction with the alkyne provides the 1-hydroxymethyl-1H-
1,2,3-triazole product. However, the instability of this derivative and its equilibrium with the NH-
triazole and formaldehyde results in the rearrangement of the 1-hydroxymethyl triazole to the
thermodynamically more stable 2-hydroxymethyl isomer. Thus, a mixture of the 1-
hydroxymethyl-1,2,3-triazole (b) and the 2-hydroxymethyl (a) isomers are obtained, being the
desired isomer (a) the major and the most stable one. In Scheme 1.14 the same reaction is
depicted for our case. Basic hydrolysis of the N-hydroxymethylalcohol 13 led to the NH-
compound 14. Considering that 14 is used without further purification, the determination of the
amount of product in the crude mixture is needed. Tert-butyl alcohol was used as an internal

standard in '"H NMR (D20), the amount of product 14 calculated was around 20%.

Br OH
OH
OH cl 4
OH CuSO, ( 5 mol %) NaOH NN
/ . NaN, + HCHO., Na-ascorbate (20 mol %) N/\ \ \ cl 3 \N'21
= AcOH (1.5 eq) J“ W 08O
1,4-dioxane, rt HO H DMF / ACN cl
13 14
12c
cl

Scheme 1.14: Synthesis of the 2,4-disubstituted 1,2,3-triazole (12c).

Then the mixture was reacted with the corresponding bromo derivative to afford the 4-
hydroxymethyl-2,4-disubstitued-triazole 12c via a Sy2 reaction at N2 of the triazole 14 (Scheme
1.14). This reaction was performed in the presence of Cs,CO; to avoid, as far as possible, the
elimination side reaction. The process afforded a crude reaction mixture containing the desired
triazole and small amounts of the 1,4- and 1,5-disubstituted triazoles, that were separated from

the desired product by chromatographic purification (See Experimental Part). Then, compound
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12c was also transformed into the corresponding aldehyde (5c¢) by oxidation with IBX with

complete conversion.

The substitution patterns of the three isomeric triazoles were unambiguously established by
a complete NMR assignment of the signals of 5a-c and those of their corresponding alcohol
precursors (12a-c), including the >N NMR signals from 'H-"°N gHMBC 2D experiments (see
Chapter 2 and Supp. Inf.).

1.3.2. Synthesis of the final products

Once all the reagents for the Ugi-4CC reaction were available, the reaction could be

performed to obtain the open Ugi adducts. (Scheme 1.15).

g 3a
N N Ph
NHz [N Ph o)
Phﬁ)/ Ox 1N 5b JJ\/CI
) Cl+ ¢ >cooH N" cl
Ph MeOH WN
N,
cl NN © cl
o
4 6 ] 3b
4 Ph
N\ N
N s Ph o) N
R N cl

Scheme 1.15: Synthesis of the Ugi adducts (3a-c).

The Ugi reaction requires some considerations. It is favoured by high concentration of the
reactants and is often necessary to add further solvent to achieve an efficient stirring. The order
of addition of compounds is also important. Due to the low stability of isocyanides in acid
medium, addition of the isocyanide to the acid (or vice versa) in the absence of the amine
should be avoided. It is well known that the pre-formation of the imine has a beneficial effect on
the multicomponent reaction. For this reason, the amine and the carbonyl compound are usually
mixed and allowed to react for some time to ensure the formation of the imine before adding the

other reagents.'®
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Considering that the formation of the imine is a key step for the progress of the overall
reaction, it was monitored by '"H NMR. The imine was totally formed after 6 hours; afterwards,
the addition of the isocyanide 6 and the carboxylic acid was done within 30 minutes. The
addition of the acid before this period of time produced the hydrolysis of the imine and

prevented the formation of the Ugi products 3.

The Ugi reaction was monitored by NMR, by observing the formation of the CH (1) (5.41,
5.68, 5.39 ppm for 3a, 3b and 3¢, respectively) in 3, the absence of the aldehyde (~10 ppm) and
the imine protons (~8 ppm), and the formation of a NH bond (~6 ppm). The reported reaction
time is 24 hours, but we have observed that the reaction course between the isomers is quite
different. For the 1,4-disubstituted triazole 5a and the 2,4-disubstituted triazole 5c¢, the Ugi
adducts 3a,c were obtained after 24 hours under the established conditions. However, for 5b,
longer reaction times were needed (more than 48 hours controlled by NMR). The different
reactivity observed could be due to the steric hindrance of the substituent in 5b because of its
proximity to the binding site and also because carbonyl compounds bearing electron-
withdrawing groups, have shown diminished reactivity because of the lower basicity of the imine

and consequent lower concentration of the iminium ion in solution.'®

It has been reported that the Ugi-4CC adducts are usually less soluble than the starting
products and that, in most cases, they precipitate in high yields and in almost pure form. '® As
we had not observed this precipitation with our products, some purification steps were required
except for 3¢, where the crude reaction mixture was pure enough for characterization purposes
and then to perform the following reaction. In the 1,4-disubstituted case, as the major impurity
was the unreacted aldehyde 5a, a resin scavenger AM-NH, was used to remove this reagent,

whereas for 3b a flash chromatography purification step was needed.

To afford the final DKP products from 3a-c, two different base treatments were used due to
the different reactivity of the structures (Scheme 1.16). For 3a, a KOH /MeOH mixture was used
and the desired product 2a was formed with 58% yield; but when the same method was used
for 3b, the hydrolyzed product 15 (Figure 1.5) was obtained. Then, a NaH/THF system was
assayed and the cyclic compound 2b was isolated after preparative TLC purification, but with

lower yield than the previous one (26%).
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Scheme 1.16: Cyclization of 3a,b to afford the final DKP products 2a,b.

Ph

Phj)ivn $\©
i,

15

Figure 1.5: Product generated from the hydrolysis of 3b with NaOH.

The course of the cyclization reactions was monitored by HPLC and NMR. In the
chromatogram profile, both products eluted within 1 minute, although both of them are non-polar
and exhibit long retention times (~18 min). (Supp. Inf.) The HPLC was performed using a
gradient method from 20% to 100% CH3;CN in 20 min. It was not possible to start with lower

amounts of CH3CN because of the low solubility of our products.

45



1. Design, synthesis and characterization of new apoptotis inhibitors

10

U

10

I It R

280 78 76 74 72 70 68 65 64 62 60 58 56 54 5fzﬁ(5fo ) 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20
ppm

Figure 1.6: Comparison between the 'H NMR (CDCl;, 500 MHz, 25 °C) of the open and the cyclic
compounds 3a and 2a respectively.

Figure 1.6 shows the 'H NMR spectra of the open product 3a and of the diketopiperazine 2a,
where the differences observed between them were used to follow the cyclization. Thus, in 2a,
the NH signal (6.48 ppm) of the open product 3a has disappeared. The shielding observed in
H1 and H10 is another clue that a cycle is formed due to the increse of rigidity on the structure.
Another noticeable change is the anisochrony of the two H2 in 2a, which is also caused by the
rigidity of the ring formation. A similar effect is observed in the protons of H6 that appear with

different chemical shifts in 2a but not in 3a.

Moreover, the *C NMR spectra show also slight differences between both structures; for
instance, the carbonyl groups once the cycle is formed appear at lower chemical shift than in

3a, and C2 changes from 40.7 to 51.0 ppm.
The changes observed for 3b and 2b are nearly the same than those mentioned above.

The use of any of the cyclization methods (NaOH/MeOH or NaH/THF), with intermediate 3¢
led to an unexpected product. This compound had the same mass of 2¢ in the ESI-MS
spectrum (m/z = 720.14 for MH*), but the 'H NMR spectrum showed some differences respect
to the changes that were expected. The most surprising was the presence of an amide NH
signal that should have disappeared when forming the DKP and that the CH (H1) of the chiral

center of the DKP was absent, suggesting that the intramolecular cyclization had occurred in a

46



1. Design, synthesis and characterization of new apoptotis inhibitors

different way. In Figures 1.7 and 1.8, the 'H NMR spectra of the 1,4-disubstituted triazole DKP
and the new compound can be compared.
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Figure 1.7: 'H NMR (CDCl;, 500MHz, 25 °C) of 2a.
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Figure 1.8: "H NMR (CDCl;, 500MHz, 25°C) of the unknown product isolated from the cyclization
reaction of 3c.

To identify the unknown structure, it is useful to understand how the cyclization takes place
and which other possible compounds are accessible with 3¢ as a reagent in basic conditions.
Thus, the possible anions formed after the addition of a base to the open compound 3c are

depicted in Scheme 1.17.

47



1. Design, synthesis and characterization of new apoptotis inhibitors

0
Rip A Cl

W(N)
N T Rs
N-N

NWO B° 0 0 0
NN RN L Riy A C Rixp A Gl Riy A Ol
/ 3
R2 S) -~ -~

y 0 4\T/h%7o 4\T7LT7O

3c N | N | N

N-N  HN. N-N  HN. N-N  HN.

/ Rs / Rs /O Rs

Rz Rz Rz

a b c
17

Scheme 1.17: Possible anions formed after adding base to 3c.

First of all, it was proposed that the base removes the proton from the NH which would
originate the anion 16 and as shown in Scheme 1.18, the final product would be the DKP 2c.

But, as commented above, this is not the way the cyclization took place.

o 0
R1\NJJ\/G R1\ )J\
S)

NB N
. _ N.
Nm R Nm)\ﬂ/ R
N/N O N—N (6]
R
R 16 2 2¢

Scheme 1.18: Formation of the diketopiperazine 2c¢ from the anion 16.

Observing the canonical structural resonance of 17 (Scheme 1.17), some compounds can

be proposed. (Scheme 1.19).
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Scheme 1.19: Possible cyclization compounds formed from the different canonical resonance structure
16.

One possibility would be compound 20 (Figure 1.9), where the cyclization has taken place
through the nitrogen at position 3 of the triazole (NA). This process would have afforded a new

bicyclic compound bearing a rigid scaffold with a very similar disposition of the residues.

4 0
5
Cl N 2
° N 9 N
2 A,
8 = l/\lB 6
0 =N
cl H

Figure 1.9: Compound 20

Cl Cl
7

We thought that this was the compound formed due to the correlations obtained in the 'H-
>N HMBC NMR spectrum (Figure 1.10), where Ng seems to correlate with H2, which is not
possible in any of the other possibilities. As one of the protons of H7 has the same chemical
shift than H2, the peak correlation that is observed in the spectrum is the correlation between Ng
and H7. This was confirmed with the synthesis of a benzylic substituent without H7 (See
Chapter 3), where the mentioned correlation was not presented. Moreover, the N chemical
shifts (referenced to MeNO,) of this compound (N4 = -55.9, Ng = -124.2 and N¢ = -48.6 ppm) did
not show large differences compared with the open compound 3c (where, Np = -52.4, Ng = -
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125.3 and N¢g = -48.9 ppm). This fact was surprising because a shifted upfield was expected

due to the alkylation suffered by Na. Therefore, this cyclization possibility was discarded.
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Figure 1.10: 'H-""N HMBC spectrum (CDCls, 500 MHz, at 25°C referenced to MeNO,) of the unknown

cyclization compound.

Another possibility was derived from 17a which is the cyclization through the oxygen of the

amide bond, to give the compound 18. (Figure 1.11)
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Figure 1.11: Compound 18

In this case, the similar >N chemical shift in the triazole before and after the cyclization was

in accordance with the proposed structure, because the N triazoles do not participate in the
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reaction. However, the carbon at 58.9 ppm does not show correlations in the 'H-"*C HSQC and
as it correlates with H2 and H5 in the 'H-"*C HMBC (Figure 1.12) it must be C10. This chemical
shift is too low for a sp2 carbon; moreover, the correlation of C10 with H2 is through 4 bonds

and is quite long distance to be able to observe its correlation peak.
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Figure 1.12: 'H-"C HMBC (CDCls, 500 MHz, 25 °C) of the unknown cyclization compound.

Finally the third option, compound 19 (Figure 1.13) was considered. In this case, the
cyclization has taken place through the CH contiguous to the triazole ring. In this structure, the
nitrogen chemical shifts of the triazole will be very similar to those of the open compound 3¢ (N4
= -52.4, Ng = -125.3 and N¢ = -48.9 ppm) as it was observed in the N NMR. Moreover, the
chemical shift of C10 is in accordance with the B-lactam structure, where a quaternary sp3
carbon appears at 58.9 ppm and it correlates with H2 and H5 in the 'H-"*C HMBC. (Figure
1.12).
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Cl

Figure 1.13: Compound 19

With the 'H-'C HMBC (Figure 1.14), all the *C NMR signal of the structure can be
assigned. For example, C29 is the quaternary carbon (no correlations in the 'H-'>°C HSQC) that
correlates with H2. The carbonyl groups can also be assigned, where the one at 166.8 ppm is
C27 (166.8 ppm) correlating with H5 and H2, whereas C28 (169.1 ppm) correlates with H8 and
H2.

It is also important to mention that, in the diketopiperazines, the 3C of the carbonyl groups
appeared shifted upfield with respect to the open compound. However, the inverse
phenomenon is observed for the B-lactam, and C28, which is outside the ring, shows a very

high chemical shift.

In the NOESY ampilification (Figure 1.15), the correlation through the space between one of
the H2 with the proton of the triazole H1 and both of the H2 with the NH of the amide bond, are
also in accordance to structure 19. On the other hand, it can also be said that the amide bond

has a free rotation because both of the protons in H2 are able to “see” the NH.
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Figure 1.14: Amplification of the "H-">C HMBC (CDCl;, 500 MHz, 25 °C) of the unknown cyclization

compound.
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Figure 1.15: Amplification of the NOESY (CDCl3, 500 MHz, 25°C) of compound 19.
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After carefully analyzing again the NOESY, 'H-"°C gHSQC/gHMBC, and 'H-"°N gHMBC
NMR spectra, as well as the FT-IR spectrum of the unknown structure, the proposed structure
19 was assigned. For the call of the FT-IR spectrum, (Figure 1.16) it is observed that in the case
of 2a, there is only one carbonyl absorption band (1670 cm") because the two amides of the
DKP are very similar. However, in the case of 19, two carbonyl bands are observed. One of
them (the one in the B-lactam ring) appears at higher wavenumber (1756 cm™), which means
higher frequency due to the ring strain that reduces the conjugation of that carbonyl increasing
the frequency in comparison with a secondary non-tensioned amide."® The carbony! group of

the other amide appears at 1679 cm™.

The formation of a similar two-step synthesis of B-lactams starting from isocyanides was also
found in the literature,™'"® but no reasonable explanation for the observed reactivity was

reported. A deep study of this unexpected reaction will be discussed in Chapter 3.
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Figure 1.16: IR spectra of compounds 2a and 19.

54



1. Design, synthesis and characterization of new apoptotis inhibitors

1.3.3. Biological assays

The biological assays of compounds 2a, 2b and 19 were carried out in collaboration with the
group of Prof. Enriqgue Pérez-Paya in Centro de Investigaciones Principe Felipe (Valencia) who
had previously developed an efficient in vitro and ex-vivo methodology for measuring activity of

molecules that inhibit the apoptosome formation.

All the compounds (1, 2a,b and 19) showed potent in vitro inhibition of the apoptosome-
dependent activation of procaspase-9 activity (Figure 1.17 and Supp Info). Moreover, none of
them was a direct inhibitor of the activity of recombinant caspase-9, which suggests that the
most probable target is the apoptosome formation. As shown in Figure 1.17, a slight
improvement of the activity was obtained in the triazole compounds, with non significant
differences for the two regioisomers 2a and 2b. It is also worth mentioning that the B-lactam
structure 19 exhibited the best activity. Similar inhibitory trends are observed in cellular extracts,
although the standard deviations are quite high. Taken overall, this is an interesting starting

point to further study this new scaffold for the design of optimized apoptosis inhibitors.

Apoptosome inhibition
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Figure 1.17: In vitro inhibitory activities of the apoptosome formation (for experimental details, see
Experimental Part)
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1.3.4. Computational studies

All the computational experiments were carried out in collaboration with Dr. Jordi Bujons.

As mentioned in the Introduction, the apoptotic protease-activating factor 1 (Apaf-1) controls
caspase activation downstream to mitochondria. During apoptosis, Apaf-1 binds to cytochrome
c and in the presence of ATP/dATP forms an apoptosome, leading to the recruitment and
activation of the initiator caspase, caspase-9.'” The mechanisms underlying Apaf-1 function
are largely unknown and most of the structures of Apaf-1 found in the Protein Data Bank'® are
limited to the CARD domain. Riedl et al. published in 2005 the first structure of an Apaf-1
construct (Apaf-1 1-591) that involved the CARD and NOD domains (Figure 1.18)." This
structure was representative of a significant part of the holo-Apaf-1 protein (1248 aa’s in total)
as to propose to carry out computational structure-based studies to determine potential modes
of interaction of Apaf-1 ligands. It is significant to mention that with the structure of the protein, a
molecule of ADP bound into a buried cavity was also detected. Consequently, this cavity was
identified as the putative nucleotide binding site (NBD) where the ATP required for activation of

the apoptosome would bind.
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Figure 1.10: Overall structure of the WD40-deleted Apaf-1 bound to ADP. a) A ribbon diagram of the
structure of Apaf-1 (residues 1-591) bound to ADP. Apaf-1 sequentially comprises five distinct domains:
CARD (coloured green), an a/p fold (blue), helical domain I (cyan), a winged-helix domain (magenta)
and helical domain II (red). These five domains pack against one another to generate a relatively compact
structure. ADP binds to the hinge region between the a/f fold and helical domain I but is also coordinated
by two critical residues from the winged-helix domain. b) The structure of Apaf-1 in another orientation.
Relative to a, Apaf-1 is rotated 90° along a vertical axis within the plane of paper. ¢) A stereo view
showing the binding of ADP in the Apaf-1 structure. (Modification of the Riedl’s paper')

Molecular docking is one of the most widely used methodologies for receptor-base drug
design (F{BDD).131 It allows to propose hypotheses of how ligands interact with target proteins
and screen compound libraries to identify potential binder candidates, prior to experimental
HTS.'®® Despite significant successes,'®® molecular docking still faces a lot of challenges,
especially for efficiently exploring the conformational space of target proteins and ligands, and

developing scoring functions to estimate the free energies of protein-ligand binding.
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There are different available scoring functions,’®* "> put in spite of the continuous efforts
to improve them, their accuracy to rank the binding poses and to predict the binding free

energies still remains unsatisfactory.'®’

Combining molecular mechanics and implicit solvation models, such as Molecular
Mechanics/Generalized Born Surface Area (MM/GBSA) became popular in free energy
calculations and molecular docking studies.’**"** And some studies revealed that MM/GBSA
performs well for both binding pose predictions and binding free energy estimations and is

efficient to re-score the top-hit poses produced by other less accurate scoring functions.'’

In order to identify possible sites of interaction on Apaf-1 for compound QM31, a related 7-
membered cyclic analogue of 1, preliminary blind docking screening targeting the reported
human Apaf-1 1-591 (CARD-NOD) structure' was previously carried out in our research group.
2 This blind docking protocol involved: (i) a search for cavities in the Apaf-1 CARD-NOD
structure to identify potential ligand binding sites, and (ii) a flexible docking of the ligand on to

the different sites located.

143-145

The program SiteMap was used to identify and score potential binding sites on the
protein. The score provided by SiteMap is constructed and calibrated so that the average
SiteScore for 157 investigated submicromolar sites is 1.0. Therefore, a score = 1.0 suggests a
site of particular promise, while a score < 0.8 has been found to accurately distinguish between
drug-binding and non-drug-binding sites. The best scored sites were used as targets for docking

of the QM31 ligand with the program Glide XP.>*
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Figure 1.19: Human Apaf-1 CARD-NOD structure (PDB 1Z6T, Apaf-1 residues 1-
591" showing the two domains (CARD in green, NOD in gray) and the
computationally identified ligand binding sites, mapped as hydrophilic (magenta) and
hydrophobic (yellow) mesh surfaces.

Figure 1.19 shows the best scored sites for interaction detected within the target structure
and Table 1.1 summarizes the site scores. Thus, three main potential sites were identified. The
first one (Site 1) is located on a large cleft at the CARD-NOD interface and is formed by helices
a2, a3, a5, a7, a8, and the loop between residues 117-129. The second one (Site 2) is
constituted by a relatively large cavity that coincides with the crystallographically identified ADP
binding site (NBD), and implies helices a10, a15 and a17, sheets 2, 6 and 7, and loops
between residues 117-129, 154-159 and 389-394. Finally, the third one (Site 3) is a nearly
located cavity delimited by helices a12 and a25, sheets 2, 6 and 37, and loops between
residues 207-219, 386-397 and 468-479. Docking at the three sites rendered plausible binding
poses for QM31 (Figure 1.20). The (R)-enantiomer was the best scored at all sites, although
poses with similar conformations were also obtained for the (S)-enantiomer. At the most solvent
exposed Site 1, binding was mainly stabilized through hydrogen-bond and 1-cation interactions
with different residues from the protein, while at the other two sites hydrophobic interactions

were the main stabilizing contributions.
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Table 1.1: Site scores for the best sites identified and docking scores for the best poses obtained for
compound QM31. Residues that stabilize the docked poses through hydrogen-bonding, hydrophobic, -
cation or TT-stacking interactions are listed.

Site Docking score®  H-Bond Hydrophobic m-cation Tr-stacking
score®

Site 1 1.07 -6.86 Lys100 lle106, Val124 Lys100
Arg122 Val125, Leu297  Argi11
Phe126
Arg428

Site 2 1.14 -8.52 Val124 Pro120, Pro123 Phe425
Ser422 Val124, Val127 His438

Val 162, Ala165

Trp184, 11e294

Pro321, Leu322
Val419

Site 3 1.07 -7-71 GIn477 Leu216, Val393
Met481 Pro396, Pro475
Met481, Tyr482

Val517

* SiteMap scores > 1.0 suggest sites with properties (hydrophobicity, hydrophilicity, H-bond donor or
acceptor, and metal binding properties) of high suitability for ligand binding. ® Glide XP docking scores
in kcal mol™.

Figure 1.20: Human Apaf-1 CARD-NOD structure with the best docked poses determined for QM31 at
the CARD-NOD interface (orange), the nucleotide binding site (cyan) and the third closely located site
(purple). On the inset, the docked poses at the first two sites surrounded by interacting Apaf-1 residues,
and a mesh representation of the protein surface that reveals a narrow channel connecting both sites, are
shown.
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Interestingly, in the reported crystal structure the first and the second binding sites (Sites 1
and 2) are connected through a narrow channel, which constitutes the only apparent entrance
to the deeply buried nucleotide binding site (NBS), suggesting that access to this site requires
unpacking of the CARD-NOD interface.” Thus, inhibitor binding at Site 1 could obstruct the
access of dATP to the NBS by blocking the entrance to this channel and, possibly, by stabilizing
Apaf-1 into a “locked” conformation that would hinder unpacking of the CARD-NOD interface.
Alternatively, binding at Site 2 would directly block the NBS. Therefore, interaction with any of
these sites, or both, would hamper dATP binding, and consequently would interfere with
apoptosome formation. Furthermore, these two predicted binding sites on Apaf-1 were
consistent with preliminary NMR and fluorescence experimental results that suggested the

interaction between QM31 and Apaf-1.

Docking Analysis

The above mentioned docking studies were extended to compounds 1, 2a, 2b and 19,
however in this case only Sites 1 and 2 were considered since the relevance of the interaction
at Site 3 for apoptosome inhibition was less clear. Since all the compounds have a single
stereogenic center on their structures, independent docking runs were carried out for each
enantiomer. Figure 1.21 shows the docking results obtained for compound (R)-19, on which the
following discussion is focused. Figures 1.22 and 1.23 show the best poses of the other

compounds, as well as the corresponding interaction diagrams.
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Figure 1.21: A) Best docked poses of compound (R)-19 bound at the putative binding Sites 1 (orange)
and 2 (cyan). B) View of (R)-19 bound at the narrow cleft that constitutes Site 1. C and D) Detailed view
of the above docked poses at the two sites surrounded by interacting Apaf-1 residues. Docking was
performed with the program Glide XP.>**

According to our docking results, at Site 1 compound (R)-19 is disposed along the cleft
covering the entrance to the NBS access channel, with its diphenylmethyl moiety occupying a
cavity formed by residues His28, Asp32, His77, Lys100, Arg111, and Arg122 (Figure 1.21B,C).
The two aromatic rings of this moiety establish 1-cation and T, m-stacking interactions with
residues Lys100 and His77, respectively. All the other compounds similarly showed occupation
of this cavity by their diphenylmethyl or one of their dichlorophenyl moieties, which were also
stabilized by similar interactions with the cited residues (Figure 1.22). On the other hand, one of
the dichlorophenyl substituents of (R)-19 extents to the other side of the cleft and forms a -
cation interaction with residue Arg332, while the second dichlorophenyl group is oriented
towards the more solvent exposed part and is disposed on top of a small hydrophobic patch on
the surface of the protein, formed by residues Val125 and Leu297. Finally, the exocyclic amide
as well as the carbonyl group of the -lactam ring contribute to stabilize the docked pose of (R)-
19 by participating on hydrogen-bond interactions with residues Val124 and Arg428. Analysis of
the docking poses obtained for the enantiomeric (S)-19 and the rest of the compounds studied
showed similar results (Figure 1.22). Hence, a common feature of the compounds bound at Site
1 was the formation of several 1r-cation interactions with different cationic residues (i.e. Lys100,
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Arg111, Arg122 and Arg332), as well as hydrogen bond interactions with the polar side-chains
or the backbone of close residues, while the contribution of hydrophobic interactions at this site

was in general less important (Table 1.2), as already observed for QM31.

Table 1.2: Apaf-1 residues that participate in stabilizing the docked poses of compounds 1, 2a, 2b and 19
through hydrogen-bonding, hydrophobic, TT-cation or Tr-stacking interactions.

H-Bond Hydrophobic m-cation m-stacking
104
f\frmz Tyr24 Ala74 Lys100
St v3124 le106 Pro123 Arg111 His28
Phe126 Val124 Val125 Arg122 His77
Phe126 Leu297 A 2
Arg428 e126 Leu29 rg33
Pro120 Pro123
Val124 Val125
Phe126 Val127
Ala156 Val162
Gly157 a156 vall6
. Ala165 Trp184 Phe425
Site 2 Gly159 .
lle294 Phe298 His438
Ser161

Pro321 Leu322
Vald19 Phe425
Tyr436

Concerning the predicted binding Site 2, the residues that constitute this cavity are mainly
hydrophobic in nature, particularly in the region close to the location of the purine ring of the
bound ADP (ie. residues Pro123, Val125, Phe126, Val127, Val162, lle294 and Pro321). The
best docked pose obtained for compound (R)-19 fills most of the cavity and partially overlaps
with the crystallographically determined ADP molecule (Figure 1.21A,D), suggesting that both
compounds would compete for binding at this Site. Its diphenylmethyl moiety occupies the same
location as the purine system of ADP, while one of the dichlorophenyl rings is disposed in an
approximately parallel orientation, surrounded by residues Pro120, Pro123, Val162 and Ala165,
and the second one extents towards a more hydrophilic region of the cavity, constituted by the
polar residues Lys160, Asp243, Asp244, Arg265, Asp392, His438 and Asp439. Finally, the
triazole ring of (R)-19 occupies the region where the diphosphate group of ADP binds,
establishing a m,1-stacking interaction with His438 and a hydrogen bond with the backbone NH-
group of Gly159, while the B-lactam is disposed close to the location of the ADP-ribose group.
On the other hand, the best docked pose of the sterecisomer (S)-19 shows an inverted
geometry where the diphenylmethyl and dichlorophenyl moieties that were occupying the
hydrophobic locations described above have switched places, while the second dichlorophenyl
ring and the linked triazole still occupy the more hydrophilic region and the diphosphate binding

site, respectively (Figure 1.23). The rest of the compounds considered show best docked poses
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which are similar to that of (S)-19, with the exception of compound (S)-1 which resembles more
to (R)-19. The existence of these alternative docking geometries is derived from the flexibility of
the compounds, as well as the large size of the cavity and the fact that the main stabilizing

interactions with the protein are of hydrophobic, and therefore less specific, nature (Table 1.2).
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Figure 1.22: Best docked poses (left) and interaction diagrams (right) obtained for compound 1, 2a, 2b,
19 bound at Site 1.
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Figure 1.23: Best docked poses (left) and interaction diagrams (right) obtained for compounds 1, 2a, 2b
and 19 bound ate Site 2.
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After analysis of these results, it is worth noting that the relative similarity in bound
geometries and binding interactions at each site is in agreement with the comparable biological
activities observed for these compounds. It is also remarkable that, considering the best poses
obtained for all the compounds (with both enantiomers), the average docking scores for Sites 1
and 2 are 4.9 + 1.0 and 8.1 + 1.7 kcal mol™. Although docking scores alone often show little
correlation with experimental binding affinities, this difference would suggest that binding at Site
2 is stronger than at Site 1. Therefore it could be speculated that Site 1 could act as a vestibule
where the compounds studied could bind with a relatively low affinity before accessing the

higher affinity NBS-Site 2 to exert their apoptosome inhibitory activity.
Induced Fit Docking and Rescoring.

One of the frequent limitations of the docking methodologies is the fact that although the
ligands are usually considered to be flexible, the protein is normally treated as a rigid body. To
further asses the docking and scoring of the compounds studied taking into account the
flexibility of the protein, a redocking analysis was devised using an Induced Fit Docking

prOtOCOl 146-149,150

This protocol consisted on the following steps:

1. Initial docking of each ligand using a softened potential (van der Waals radii scaling).
This has the goal of allowing poses that would “penetrate” into the protein if it was
considered as a rigid body, but that would normally be possible if a small conformational
change is allowed.

2. Side-chain refinement of residues with atoms within a given distance of any ligand
pose. This produces an initial adaptation of the protein to the presence of the ligand.

3. Minimization of the same set of residues and the ligand for each protein/ligand complex
pose. The receptor structure in each pose now reflects an induced fit to the ligand
structure and conformation.

4. Redocking of each protein/ligand complex structure within a specified energy of the
lowest-energy structure. The ligand is now rigorously docked into the induced-fit
receptor structures.

5. Estimation of the binding energy (Glide XP and IFD Scoring) for each output pose. The
scores generated by this protocol are of two types. On one side, poses are scored with
the Glide XP scoring function,®* which tries to correlate binding energies. Secondly, an
IFD score is also generated which is obtained by the sum of the Glide XP score plus 5%
of the Protein energy, as determined by the software Prime."® The IFD score was
parameterized to improve the predicted geometry of the bound poses of compounds
whose binding involve an induced fit adaptation of the protein, therefore it is not
expected that it correlates binding energies, although they contribute somehow to this

Score.
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Analysis of the results from applying this protocol showed, as expected, small changes on
the structure of the protein relative to the original structure. Those changes were essentially
limited to readjusments of the sidechains of the residues interacting with the ligands. Similarly,
small readjustments on the geometries of the best poses were observed. However, comparison
of the new Glide XP scores with the previously obtained showed significantly improved, ie. more
negative, values (Figure 1.24) which suggest a tighter binding at both sites.

-16 1

-12 A

Glide XP Score

(R)-1 (-1  (R)-2a (S)-2a (R)}-2b (S)-2b (R)-19 (S)-19

-16 1

-12 A

Glide XP Score

(R)-1 (S)-1  (R)}-2a (S)-2a  (R)-2b  (S)-2b  (R)-19 (S)-19

Figure 1.24: Glide XP scores obtained for compounds 1, 2a, 2b and 19 at Sites 1 (above) and 2 (below).
Scores from docking with the normal Glide XP protocol are shown in blue, and scores from the Induced
Fit Docking protocol are shown in red.

The different Glide XP scores among the compounds do not follow the same order of
potency as the experimental values, however this was not unexpected since the admitted error
of the Glide XP scoring function is ~2.3 kcal/mol* although it can be much higher (ie. ~4
kcal/mol; http://www.schrodinger.com/kb/793). However, the differences between the strength
of binding at both sites are still significant: average docking score at Site 1: -6.6 = 1.6 kcal/mol;
at Site 2: -12.3 = 1.8 kcal/mol. Therefore, these results further support the existence of two

potential sites of interaction for our compounds on Apaf-1, and the hypothesis that Site 1 could
act as a vestibule to access Site 2. Reaching the second site would however require that the
protein suffers some conformational change that “opens” the channel so that the ligand can go
through and reach the NBD. As it has already been mentioned, this was previously proposed in
the paper from Riedl et al. to explain how would the ATP/ADP molecule bind into the NBD,’

however it is not clear by which mechanism would that occur.
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Conclusions

A strategy involving an Ugi multicomponent reaction has been developed to synthesize
restricted analogues of the active compound 1, using 1,4-, 2-4 and 1,5-disubstituted

triazoles to mimic the exocyclic tertiary amide bond isomers.

Unexpectedly, for one of the proposed structures, a new compound bearing a p-lactam
structure (19) was characterized and showed to be a potent inhibitor of the formation of

the apoptosome.

The improvement of the inhibitory activity of the newly synthesized compounds supports
the efficiency of our approach. In this sense, it can be anticipated that the lower the

conformational mobility, the lower the risk of unwanted side activities.

Computational studies with the compounds 1, 2a, 2b and 19 have been carried out to
validate the proposed mechanism that would account for their biological effects as

apoptosis inhibitors.
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2.1. Introduction

2.1.1. Isomeric triazoles differentiation

1,2,3-Triazoles are nitrogen heteroarenes that have found a range of important applications
in the pharmaceutical and agricultural industries. As we have already mentioned, the 1,3-dipolar
cycloaddition of organic azides and alkynes is a direct route to 1,2,3-triazoles, but the reaction
course is slow and not regioselective. However, the discovery of the catalytic azide-alkyne
cycloadditions (using CUAAC®**® or RUAAC'®%) provides access to the synthesis of 1,2,3-

triazoles under mild conditions and excellent regioselectivity.

The tautomerism and isomerism of triazoles make the structural analysis of these
compounds troublesome. The structures of many of these triazoles were elucidated by X-ray
crystallography analysis,®" "% ™" %2 or by sophisticated NMR methods, including NOE,%* °" %3
HMQC, HSQC and HMBC studies.” '**

While the structures of triazoles prepared in the Sharpless/Fokin research and in other
studies have been rigorously demonstrated,'® in many subsequent examples the structures of
the isolated triazoles are not proved, but simply assigned using the assumption that Cu (I)
catalysis gives 1,4-disubstituted isomers, while Ru (ll) catalysis gives the 1,5- distribution. In any
case, when a mixture of the two or three possible 1,2,3-triazole isomers is obtained, a method
for the verification of the structure is needed.

Creary et al."®® recently reported a simple method combining '*C NMR and computational
observations for distinguishing between 1,4- and 1,5-disubstituted triazoles. As shown in Figure
2.1, each isomer has a different *C NMR chemical shift. For the 1,4-disubstituted-triazole (A),
the CH signal appears at ~120 ppm for C5, while C4 in B is at ~133 ppm. These *C NMR
signals are readily identified by the large 'Jci coupling constants in the gated decoupled *C
NMR spectrum. These authors also demonstrated that B3LYP/6-31G* GIAO computational
studies agree with this trend, although calculated shifts are consistently about 6 ppm upfield

from the experimental values.

Ph
H H Ph
Cs —T— —
119.5 ppm N N Cy4 /a/<N—CH2Ph
PhHgC/ N 133.3 ppm N:N
A B

Figure 2.1: Characteristic B¢ signal to distinguish between 1,4- (A) and 1,5- (B) disubstituted
triazoles.'®

In Chapter 1, we commented the synthesis of 2-hydroxymethyl-2H 1,2 3-triazoles'®’
(Scheme 1.13, Chapter 1), where a mixture of the 2,4- and the 1,4-disubstiuted triazoles was
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obtained. The structure of the 2,4-disubstituted-1,2,3-triazole was confirmed by X-ray structure
of the purified product by the original authors. However, to confirm that in all the assayed cases
the 2-substituted product was predominant, they used the '*C NMR chemical shift of the
hydroxymethylene carbon. The identification of the minor product as the 1,4-disubstituted-1,2,3-
triazole was carried out by HMQC and HMBC experiments.

In our case, after hydrolyzing the 2-hydroxymethyl-2H-1,2,3-triazole to obtain the NH-1,2,3
triazole, we performed the S\2 reaction where a mixture of the three possible isomers was
formed (Scheme 2.1). With these results, we deemed that an additional method for

characterizing 1,2,3-triazole isomers could be very useful to distinguish between all the isomers.

OH OH
OH
OTs )y N
/ \ \\ HO A\
N
) . DMF N\N,N \/C\]
NN cl
H Na,CO3 ’
ACN cl
14 cl
Cl
12¢ 12a 12b

Scheme 2.1: Synthesis of triazole 12¢ where a mixture of isomers was observed.

2.1.2. 'H-"NHMBC

Long-range heteronuclear chemical shift correlation experiments (HMBC),"’ introduced in
1986 by Summers and Bax, is still the most important NMR experiment for the structure
elucidation of natural products. These experiments yield proton connectivities through
quaternary carbons or heteronuclei and recently their sensitivity has been improved with the
incorporation of pulsed field gradients. The addition of pulsed field gradients to NMR pulse
sequences Yyields spectra with fewer artifacts and reduces the data collection because the
selection of the desired coherence pathways occurs without extensive phase cycling.158
Although the HMBC experiment is widely applied to organic structure determination at '*C
natural abundance,'**"®" less applications for this experiment at >N natural abundance using
pulse field gradients have been reported.'® '¢®

Isomer differentiation has been in many cases troublesome on the basis of spectroscopic
data. N NMR spectroscopy, in particular long-range 'H-"*N heteronuclear multiple-bond
correlation (1H-15N HMBC) experiments, can constitute a useful alternative to differentiate
regioisomers that cannot be distinguished with conventional NMR experiments. Unlike the '3C
counterparts, these >N experiments have been rarely employed due to the low gyromagnetic
ratio Tn of "N and its relatively low natural abundance (0.37%). Despite these shortcomings,
>N NMR spectroscopy has the advantage that '°N chemical shifts span over large range and
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this nuclide still has useful potential as a structural probe even at natural abundance. % In
addition, since the HMBC experiment is based on the indirect detection pulse sequence, where
both the pulse and the acquisition is done through the 'H nuclei, the 'H-'""N HMBC experiment
is only about three times less sensitive than the 'H-'*C HMBC despite the low gyromagnetic
ratio of "°N. Thus, only the natural abundance of "N to "°C is of relevance.'®®

With the recent improved stability of NMR spectrometers and the advent of high-field
magnets, cryoprobes and the use of pulsed gradients for coherence selection, the time required
to obtain a 'H-'°N HMBC spectrum has been shortened considerably. Moreover, the new
electronics of the instruments provides some advantatges. For example, the auto tuning system
can automate all routine measurements of the spectrometer. All together, inverse-detected
NMR methods with natural isotopic abundance will become more popular in structural

determination. ' ¢’

The natural abundance "°N gradient-enhanced HMBC experiment is easy to implement,
provides high-quality spectra and readily distinguishes nitrogen-containing regioisomers. As
already mentioned, because of the availability of pulsed field gradient technology, this
experiment should be implemented routinely for structure elucidation. Actually, some

regioisomerism problems have been resolved via 'H-'">N HMBC,'%%16%165.168.169

2.2. Objectives

Taking the previous information into account, we would like to find a complementary method
using 'H-">N HMBC to characterize and unambiguously assign the different isomers in 1,2,3-
triazoles. Moreover, we have planned to study the NMR effects caused by changing the
substituents (R1 and R) (Figure 2.2) in the 1,2,3-triazoles.

R R

1 N 4

TN ;[“N N
_N R1 N' N. _N
N; 1) )Nz

R) R R

Figure 2.2: 1,2,3-triazole isomers (1,4-, 1,5- and 2,4- respectively).
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2.3. Results and discussion

2.3.1. 1,4-Disubstituted 1,2,3-triazoles

In order to study the effects of the substituents on each isomer, a diversity of compounds
were synthesized. For the synthesis of the different 1,2,3-triazole isomers, the methods
explained in Chapter 1 were used.

First of all, the synthesis of 1,4-disubstituted-1,2,3-triazoles was carried out using the copper

() catalyzed cycloaddition reaction as follows:

OH OH n ; n
/ N
g 5 ~ Ki N cl
Re omE  Re N o
CuSQ, / ascorbic acid i:{ 2
THF - 2 -
11 R; = 2,4-diCl-phen ;3: R - g,:-dlC -phen Cl E

21 R, =Bn
22 R, = p-F-phen

24a R, = p-F-phen 2,4-diCl-phen  Bn p-F-phen

IBX / AcOEt

/
N\
| °N
N
Ry

5a R, =2,4-diCl-phen
25a R, = Bn
26a R, = p-F-phen

Ph
Ph
N Z Zi’\!
Ry ° o
CuSQ, / ascorbic acid 11
THF Rz

27 R, = 2,4-diCl-phen

Scheme 2.2: Synthesis of 1,4-disubstituted 1,2,3-triazoles bearing different substituents.

Scheme 2.2 shows the different substiuents that were used. As we had already synthesized
the 1,4-disubstituted triazole where R, is a 2,4-dichlorophenethyl group, the hydroxymethyl
derivative 12a and the aldehyde 5a were added to the NMR study.

Afterwards, the benzyl and p-fluorophenethyl azides 21, 22 were used to obtain both, the
derivatives with the hydroxyl group 23a, 24a and the aldehydes 25a, 26a. Finally, compound 27
was also prepared from phenylacetylene and 2,4-dichlorophenethyl azide.

The presence of Cu®* traces yields wider signals in the '"H NMR and worse 'H-"°N HMBC
spectra, due to the paramagnetic character of the metal. Thus, extractions with NH; (aq) were
needed to remove the copper that is complexed with the triazole.
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Once all the triazole derivatives described above were available, they were carefully
characterized, acquiring 'H, '*C, 'H-'®C HSQC, 'H-*C HMBC and 'H-"N HMBC NMR
experiments. The 'H NMR spectrum of the 1,4-disubstituted-1,2,3-triazole with the 2,4-
dichlorophenethyl group (12a) is shown in Figure 2.3. Only mention that the characteristic
proton of the triazole (b) appears at 7.36 ppm and that one from the CH, of the hydroxymethyl
group (a) at 4.79 ppm. In all other derivatives bearing different R, groups, the triazole proton
appears between 7.34-7.46, while the CH, (a) practically remains unchanged (4.77-4.79 ppm).

zeaRabaangsy R I3 B8y 8
R NP Sl |
OH
a
N
ol N
N
Cc
Cl
Cl
b a ¢
I
| Wl i,
OH
A
I L . -
88 & S s R & 3

7776 75 74 73 72 71 70 69 68 67 66 6552 51 50 49 48 47 46 f4‘.s( 4.‘4) 43742 41 40 39 38 37 36 35 34 33 32 31 30 29 2821 20 19 18
1 (ppm)]

Figure 2.3: '"H NMR spectrum (CDCl;, 500 MHz, 25°C) of triazole 12a.

The presence of different R, substituents does not have significant effects on the 'H NMR
spectra. When going from the hydroxymethyl group to the aldehyde or in the presence of the
phenyl substituent, the 'H chemical shifts are only slightly different. In the aldehyde
substituents, the triazole proton (b) shows a chemical shift within 7.80-8.0 ppm, which is higher
than the previous 7.36 ppm. The phenyl group in 27 produces a decrease in the shielding (7.53
ppm), but not as much as with the aldehyde derivatives. These anisotropic effects are due to a
higher conjugation with the triazole nucleus.

To identify all the '*C and "°N chemical shifts, the 'H-'*C NMR correlation experiments and

"H-""N HMBC experiment were carried out.
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The "H-"°N HMBC experiment for 12a is depicted in Figure 2.4. The correlations are critical
to assign the nitrogens. This experiment was carried out using a coupling constant of 8 Hz,
which is the standard for this type of experiments. As shown, N; should have a correlation peak
with ¢, d and b. Thus, the N at -134.8 ppm is the alkylated Ny, which is in accordance with the
fact that is the most shielded. The nitrogen at -31.5 ppm must be N3 because correlates with the
CH, of the hydroxymethyl group (a) and because N; is too far from a. Finally, only check that
the last nitrogen (N,) correlates with ¢ and the chemical shift of N, appears at -18.3 ppm.

r-145

F-140

r-125

f1 (ppm)

m-35

r-15

Figure 2.4: 'H-'SN HMBC spectrum (CDCl;, 400 MHz, 25°C referenced to MeNQO,) of 12a.

This experiment was extended to all the other synthesized products. The triazole proton (Hs),
'3C and "N chemical shifts obtained for all products are shown in the Figure 2.5. With this
information, the similarities and differences caused by the different substituents are easily
found.
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4R1
5f<N3 R; = CH,OH, CHO, Ph
NN
Ry N2 R, =24-diCl-phen, Bn, pF-phen

R, R. Cmpd. N, N, N, C. Cs Hs
2,4-diCl-phen | 12a | -1348 | -18.3 315 147.9 122.1 7.36
CHOH Bn 23a | -133.7 | -19.4 372 1477 1218 7.46
pF-phen 24a | -1344 | -19.9 -36.1 1475 122.2 7.34
2,4-diCl-phen | 5a 1309 | -128 189 146.6 125.7 7.89

CHO Bn 25a | -1264 | -11.6 20.9 148 125 8.0
pF-phen 26a | -130.1 2.7 196 1475 1254 7.80
Ph | 2,4-diClphen | 27 1344 | -18.2 34 4 147.6 119.8 753

Figure 2.5: Chemical shifts (ppm) of the 1,4-disubstituted 1,2,3-triazole derivatives.

We have already explained the effects of both substituents in Hs, but in the table is easier to
see the deshielding effect when replacing the hydroxymethyl group by a carbonyl.

Observing the carbon chemical shifts, there are no big differences between the different
compounds. The alkylated carbon (C,) shows a chemical shift between 146.5 and 148 ppm,
whereas the chemical shift of Cs depends more on the nature of Ry, being for the hydroxymethyl
group around 122 ppm and for the aldehyde substituent around 125 ppm. This small
deshielding is due to the same conjugation effect that was observed in Hs, because the
aldehyde produces a -l effect in Cs. In the case of Ry = Ph, Cs shows a lower chemical shift,
which suggests that this carbon atom is more shielded due to the electron cloud produced by
the phenyl electrons.

The "N chemical shifts suffer higher changes, although we have to take into account that
the nitrogen scale range is wider than for '*C or 'H. In the table is shown that there is nearly no
effect when changing R.. However, when oxidizing Ry, the sp2 hybridation of the carbon in the
aldehyde causes also a deshielding in all nitrogens, being more noticeable in N3 because it is
closer to R;.

It was mentioned above that the coupling constant used for these experiments was 8 Hz.
When acquiring the "H-">N HMBC of the aldehyde compounds, this value was changed from J =
8 Hz to J = 3 Hz. The problem was that with J = 8 Hz, the correlation peak between Hs and N;
was not observed. A CIGAR experiment was assayed, but it did not work. CIGAR is an NMR
experiment where the coupling constant is modified during the acquisition to observe correlation
peaks with a higher range of atom distances. Afterwards, an intermediate coupling constant
value was used (J= 5 Hz).
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As already mentioned, it is important to notice that the substituted nitrogen appears always
at the lowest chemical shifts (less than -100 ppm), and that N3 is also more shielded than No,
which means that N3 is more basic than N,. This is in accordance with the theorethical
calculations (mentioned in Chapter 1) reported by Abboud et al® that suggested that the N3
lone pair has a higher basicity than that of the N in the gas phase.

2.3.2. 1,5-Disubstituted 1,2,3-triazoles

In order to perform an alternative method to unambiguously assign the isomerism of the
triazoles, the synthesis of the 1,5-disubstituted triazoles with the same derivatives as with the
1,4-isomer was required. The ruthenium (II) catalyzed reaction explained in Chapter 1 was
performed as follows:

NaNj N /\ OH N,

Ry HO\/S[ N
DMF Cp*RUCI(PPhy), iN

dioxane Ro
11 Rp = 2,4-diCl-phen 12b R, = 2,4-diCl-phen
21 Ry =Bn 23b R, = Bn
22 R, = p-F-phen 24b R, = p-F-phen

B
Ry~

\ IBX / AcOEt

| N

5 ,

O\ 1N
Rz

5b R = 2,4-diCl-phen

25b R, = Bn

Scheme 2.3: Derivatives of the 1,5-disubstituted triazoles bearing different substituents.

After synthesizing the azides 11, 21 and 22, the ruthenium catalyst was used to obtain
compounds 12b, 23b and 24b. As explained in Chapter 1, this catalyst is not as regioselective
as the copper one. In addition, we have observed that this reaction depends also on the
substituent. With 21 and 22, the conversion was much higher than with the 24-
dichlorophenethyl azide 11. There is not an obvious reason to explain this difference, but it can
be hypothesized that the ortho-substituent hinders the formation of the complex needed for the
conversion. In all cases a reverse-phase purification step (semi-preparative HPLC) was needed,
and after the characterization, the treatment with IBX/ EtOAC yielded the aldehydes 5b and
25b.

The 'H NMR spectrum of the 1,5-disubstituted triazole bearing 2,4-dichlorophenethyl as a
substituent (12b) is shown in Figure 2.6.
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Figure 2.6: '"H NMR spectrum (CDCl;, 500 MHz, 25°C) of 12b.

The triazole proton (b) appears at 7.52 ppm, whereas with the benzyl group (23b) the singlet
is at 7.84 ppm and with the p-fluorophenethyl 24b at 7.42. Thus, the chemical shifts are
different. When replacing the hydroxymethyl group by the aldehyde, a deshielding effect is
observed in all cases, mainly due to the conjugation caused by the aldehyde group. This same
effect was observed for the 1,4-disubstituted triazoles.

To characterize the nitrogen chemical shifts, 'H-""N HMBC experiments were also carried

out and Figure 2.7 shows the case for 12b.
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Figure 2.7: 'H >N HMBC (CDCl;, 400 MHz, 25°C referenced to MeNO,) of 12b.

To assign the nitrogen atoms, the same procedure as for 12a was carried out. In this
experiment, there is a nitrogen at -144 ppm that correlates with protons a, b, ¢ and d. This
nitrogen, which is also the one at the lowest chemical shift, must be N;. Then, to distinguish
between N, and N3, we observe that there is one nitrogen that shows correlation peaks with b
and ¢ and it is difficult that N3 can do that because is too far from ¢. Accordingly, the one at -

22.9 ppm is assigned to N, and the one at -40.9 ppm to Ns.

In this case, the other bidimensional NMR experiments were also carried out to assign all the
'H and the ®C, as well as the same 'H-"°N HMBC for the other 1,5-disubstituted triazole
derivatives. Figure 2.8, shows a table that summarizes the most important 'H, '°C and "°N

chemical shifts of these compounds.
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Ry 4
=

5

/N1~'\]/N3 R'l = CHQOH, CHO: Ph

R 2

2 R, = 2,4-diCl-phen, Bn, pF-phen

R, R, Cmpd. N, N, N; C, Cs Hs
2,4-diCl-phen 12b -144 1 -22.9 -40.9 132.9 136.5 7.52

CH,OH Bn 23b -135.7 | -19.9 -58.8 130.5 138.4 7.84
pF-phen 24b -136.1 -16.6 -35.3 132.5 136.4 7.42
2,4-diCl-phen 5b -142.4 -9.3 -38.6 1411 133.9 8.23

CHo Bn 25b -132.4 -2.1 -31.7 1411 133.3 8.25

Figure 2.8: Chemical shifts (ppm) of the 1,5-disubstituted triazole derivatives.

Analyzing the carbon chemical shifts, in all cases the chemical shift of Cs is between 133.9
and 138.4 ppm, which is not a big difference. On the other hand, C, is between 130.5 and 132.9
ppm when R; is the hydroxymethyl group but it is shifted downfield in the aldehyde cases (141
ppm). This tendency is caused by the deshielding effect in C4 produced by the aldehyde moiety
in Ry.

It is also observed that the overall chemical shifts in 23b are slightly different than from 12b
or 24b. This fact can be explained by the purification method used in this case. Although the
three of them were purified using reverse phase chromatography with TFA, in 23b, the
basification and extraction steps required to obtain the product without TFA was not done. The
presence of the salt can modify the chemical shifts of the entire molecule.

When oxidizing the hydroxymethyl group (change from 12b to 5b), the sp2 hybridization of
this carbon atom induces a deshielding effect for all the nitrogens. This effect is higher for N
due to a more effective conjugation between the triazole and the aldehyde moiety. The same
effect is observed with the benzyl derivatives 12b and 25b, where N, shifts from -19.9 ppm to -
2.1 ppm. In this isomer this deshielding effect is more evident than in the 1,4-isomer because of
the conjugation of the triazole ring with the aldehyde.

It is also noticeably that R, causes a larger effect in the nitrogen chemical shifts. Particularly
in N1, where the difference between 12b and 23b or between 5b and 25b is about 10 ppm.

2.3.3. 2,4-Disubstituted 1,2,3-triazoles

Several 2,4-isomers were also synthesized for comparison porposes. Specifically, the
analogous derivatives to those shown before for the 1,4- and 1,5-isomers were prepared. To
this aim, the synthetic procedure explained in Chapter 1 was applied and the following
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compounds were obtained, both bearing the hydroxymethyl and the aldehyde moieties.
(Scheme 2.4)

1) CuSO, / ascorbic

AcOH (15eq)  PH IBX/AcOEt |
/\OH + NaNg + HCHO, —:4-dioxane, it A\, N N
2) NaOH \N,N;Rz -~ N-Re
3) Ry-Br / DMF N
12¢ R, = 2,4-diCl-phen 5¢ R, = 2,4-diCl-phen
23c R, =Bn 25¢c R, = Bn
24c¢c R, = p-F-phen 26¢ R, = p-F-phen

Scheme 2.4: Synthesis of 2,4-disubstituted triazole derivatives by means of an Sy2 reaction on the NH-
triazole.

When performing the S\2 reaction, a mixture of the three disubstituted regioisomers was
obtained. The separation of the desired triazole from the other compounds was easier than
when trying to purify a mixture of the 1,4- and the 1,5-. This is because the 2,4-disubstituted
eluted at a different HPLC retention time than the others, as shown in Figure 2.9. Eventhough,
different purification techniques were assayed. For 12¢ and 24c¢, a chromatographic column
was used to purify the crude reaction mixture, whereas for 23c a reverse phase
chromatographic method was employed. In all cases, the major product was the desired 2,4-
isomer, and the proportion of the other isomers and the formation of by-products (i.e., that from
an elimination process), depended on the reaction conditions. The yield of these reactions
calculated from the propargylic alcohol was low (10-25%). As explained in Chapter 1, the NH-
triazole obtained after the two first steps of the Scheme 2.4, was used without purification and
its amount was calculated by 'H NMR using an internal tert-butyl alcohol standard.
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9944

12a

25 5 75 10 125 15 175 min
10.023
12b
25 5 75 10 125 15 17520 min
11.380
12c
25 5 7.5 10 12.5 15 17.5

Figure 2.9: HPLC profiles for the 1,4- 12a, the 1,5- 12b and the 2,4- 12c¢ triazole derivatives.

With the purified products, the oxidation reactions were carried out to give the expected
aldehyde compounds with conversions from 85 to 91%.

The "H NMR spectrum of 12¢ is depicted in Figure 2.10.
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Figure 2.10: 'H NMR spectrum (CDCl;, 500 MHz, 25°C) of compound 12c.

In this case, the ftriazolic proton shows a singlet at 7.58 ppm and the CH, of the
hydroxymethyl group appears at 4.77 ppm. We also acquired in this case the 'H-'°C and 'H-"°N
NMR correlations for this compound and for all the derivatives synthesized. Figure 2.11 shows

the "H-">N HMBC of 12¢, which was used to characterize the different nitrogen atoms.
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Figure 2.11: '"H-""N HMBC (CDCls, 400 MHz, 25°C, referenced to MeNO,) of 12¢.

The nitrogen with the lowest chemical shift should be the substituted one (N,), and this is
corroborated with the fact that the nitrogen at -127 ppm correlates with protons b, ¢ and d, but
not with the one of the hydroxymethyl group (a), which is too far from N,. Then, the nitrogen with
a correlation peak with proton a must be Nj at -55.9 ppm and that one closer to b is N; at -50.1
ppm. As both nitrogens have more or less the same chemical environment, their chemical shifts

are also similar.

Once the proton chemical shifts were assigned, we showed that with the 'H-""N HMBC
experiment it was easy to characterize the nitrogens present in a compound, because the

correlations were clear.

Figure 2.12 shows the chemical shifts (‘H, '*C and "°N) for all the synthesized compounds

bearing the 2,4- substitution:
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R
o

Y
N1, ° Ri = CHOH, CHO, Ph
\
Rz Ry = 2,4-diCl-phen, Bn, pF-phen

R R, Cp N, N, N; C. Cs Hs
2,4-diCl-phen | 12c | -50.1 | -126.7 | -55.9 | 147.8 1325 7.57

CH,OH Bn 23c | 495 | -124.8 | -55.9 | 148.0 132.9 7.61
pF-phen 24c | 515 | -1275 | -57.6 | 1475 132.4 7.57
2,4-diCl-phen | 5c 414 | -119.0 | 474 | 1469 135.1 8.07

CHO pF-phen 26c | 419 | -119.7 | -488 | 147.0 1346 | 8.04

Figure 2.12: Chemical shifts (ppm) of the 2,4-isomers triazole derivatives.

In these 2,4-isomers, the triazolic proton (Hs) has lower chemical shift variations regardless
of the R substituent, although when R; is an aldehyde, Hs is more deshielded. The same effect
was observed in all the previous cases.

The substituted carbon (C,) appears between 146.4 and 148.0 ppm for all the substituents
as well as Cs, which is between 132.4 and 134.6 ppm. It is surprising in this case that the
aldehyde moiety does not produce changes in the chemical shift. Probably, the lower
conjugation of this isomer is the reason because no difference is observed between the
alcohols and the aldehydes.

For the call of "°N, the same effect of the proton is observed: the aldehyde moiety produces

a deshielding effect of around 8 ppm to all the nitrogens with all the substituents.

2.3.4. Comparison between the triazole isomers

Using NMR techniques we wanted to unambiguously characterize the different possible
isomers of the 1,2,3-triazoles and to find the easiest or complementary way to do this
characterization. Thus, Figure 2.13 depicts the difference in the 'H NMR of the different isomers
bearing the same substituents (R; = CH,OH and R = 2,4-dichlorophenethyl alcohol).
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Figure 2.13: "H NMR spectra of 12¢, 12a and 12b, respectively.

The triazolic proton (b) is slightly different depending on the isomer, being more shielded in
the 1,4-isomer (7.36 ppm) and less for the other isomers (7.52 and 7.57 ppm for 1,5- and 2,4-
isomers, respectively). The same tendency was observed when R; was the aldehyde moiety,
appearing at the lowest chemical shift the proton a of the 1,4-disubstituted isomer (7.89 ppm)
whereas for the other one it appeared over 8 ppm. This tendency was observed with all the
substituents assayed.

As with the triazolic proton is easy to distinguish the 1,4-isomer from the other ones, with the
CH. of the hydroxymethyl group is easy to distinguish the 1,5-isomer. In this isomer, proton a
appears at the lowest chemical shift (4.57 ppm) but at around 4.78 ppm in 12a and 12¢, which
is a notorious difference. The same effect was observed with other R,. For the case of the
benzyl group, proton a showed a chemical shift of 4.63 ppm in the 1,5-isomer 23b, whereas in
23a and 23b the value was higher (4.79 and 4.77, respectively). In the p-fluorophenethyl
derivative, the difference is even higher, being the chemical shift 4.41 ppm for 24b and 4.77 for
the 1,4 and 2,4-isomers. (See Supp. Inf.)

We have shown that the identification of the different isomers is possible only with the 'H
NMR data. However, more than one isomer is needed to compare their spectra and assign the
appropiate isomer. Thus, an effective method for easily distinguish the isomers is still needed.
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On the other hand, as reported in the article of Creary et. al,. the CH carbon of the triazole
can be used to know which of the two isomers (1,4- or 1,5-disubsituted) is formed."*® In our
case, we also wanted to check whether the derivatives discussed above fulfill that assignation.
Figure 2.14 is a summary where an average of the '®C chemical shifts of the alkylated carbon
and the CH of the triazole for all the substituents has been done.

13C NMR Chemical shifts

M 1,4-isomer
M 1,5-isomer

2,4-isomer

alkylated CH

Figure 2.14: BC chemical shifts (ppm, CDCl;, 100 MHz) of the alkylated and the CH carbon of the
different triazole isomers studied.

It is clear that the "°C chemical shift of the CH in the 1,5-isomer (~132 ppm) appears around
10 ppm higher that the same carbon of the 1,4-isomer (~122 ppm). Whereas the alkylated
carbon shows the opposite tendency because the chemical shift of the 1,4-isomer is around 147
ppm and the one for the 1,5-isomer at ~137 ppm. Therefore, by using the '*C NMR technique it
is possible to unambiguously assign the appropriate isomer between 1,4- and 1,5-. This method
is not useful for the 2,4-isomer, because the alkylated carbon has a similar chemical shift to that
of the 1,4-isomer and the CH carbon is similar to that of the 1,5-isomer. This effect is similarly
observed in the 'H NMR, where the 2,4-isomer is a kind of combination of the other ones.

Having in mind these difficulties to assign the triazoles isomers, the 'H-'"°N HMBC
experiments have been compared to see if it is easier the differenentiate characteriation with
this method. The 'H-""N correlations of the three different isomers are shown in Figure 2.15.

1,4-isomer (1) 1,5-isomer (Il) 2,4-isomer (Ill)

Figure 2.15: Peak correlations found in the "H-">’N HMBC spectra for the disubstituted triazole
derivatives.
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As it has been individually discussed for each isomer, the nitrogen that appears at the lowest
chemical shift (less than -100 ppm) is the alkylated one, being N, in I and Il and N, in lil.

N; of 1,5-isomer (Il) shows correlation peaks with protons a, b and ¢ at the same time, which
is impossible in both 1,4- and 2,4-isomers because the alkylated nitrogen (N; and N,
respectively) is too far from the proton a in both cases.

In the 2,4-isomer (lll), N3 has correlation peaks with protons a and ¢. This is not possible in
the 1,4-isomer (l), because Nj in this isomer is too far from the proton ¢ to show a correlation
peak. Likewise N, in the 1,4-isomer, which correlates with proton ¢, is too far from a. Therefore,
the two correlations at the same time are only possible for the 2,4-isomer.

Besides being able to unambiguously characterize all the isomers by their 2D correlations,
we also wanted to explain the different >N chemical shifts observed in each isomer. An average
of all the "N chemical shifts of the different substituents has been calculated and they are
represented in front of the different isomers for comparison purpose. (Figure 2.16)

15N Chemical shifts

0.00

-20.00 =1 —

-40.00 I —

-60.00 I M 1,4-isomer (1)

-80.00 M 1,5-isomer (Il)
-100.00 2,4-isomer (lll)
-120.00 I
-140.00 s

-160.00

Figure 2.16: 5N chemical shifts (CDCls, 400 MHz, referenced to MeNO,) of the isomers for the 1,4-,
1,5- and 2,4-disubstituted triazoles.

As it has already been mentioned, the alkylated nitrogen is the most shielded one, and in the
figure it can be observed that the distribution in the 2,4-isomer is different from the other ones
and that N, is the substituted nitrogen in this isomer (lll). It is also clear that the alkylated
nitrogen Ny in lll shows higher chemical shift compared to the corresponding nitrogen in 1 and Il
(N4). This effect is due to the electronegativities of the nitrogens in alpha, causing a -l effect.

It can be also observed that the two nitrogens (N; and Ns) in Il are more similar among them
because the electronic environment is nearly the same, whereas in | and ll, the chemical shifts
of N and N3 are more different among them. Moreover, the substitution in the central N, (lll)
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causes a +l effect of R, over the two neighboring nitrogens; this is reflected in a shielding in

those nitrogens (~ -50 ppm).

N, is very similar in I and ll, although in Il appears a little bit more shielded, because it has
nearer the other substituent R that produces a —I effect. N, has no remarkable difference
between the isomers (I and ll), because the chemical environment around their atoms is similar.
On the other hand, the chemical shift of N3 in I is higher than in Il, which means that N3 in | is

less shielded because the substituent in alpha causes a -l effect in I. N3 in lll has higher

electron density, therefore it is is more basic than in the other isomers.

Finally, in the following picture, a comparison of the 'H-'"N HMBC of the three isomers with

the 2,4-dichlorophenethyl substituent is represented and the differences already explained are

depicted. (Figure 2.17)
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Figure 2.17: Comparison of the 'H->'N HMBC of the 1,4-, 1,5- and 2,4-isomers being Ar = 2,4-diCIPh.
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Conclusions

A variety of compounds bearing different substituents on the possible disubstituted
1,2,3-triazole isomers has been synthesized.

The full NMR analysis (including 'H-'°N correlations at natural abundance) of all
compounds has led to the unambiguous characterization of the corresponding
substitution patterns.

The "H-""N HMBC experiment has been shown to be an optimal technique to measure
and distinguish N chemical shifts of triazoles as well as unambiguously assign the
correct isomer.

The "N chemical shifts have been correlated with the chemical properties (electronic
density, conjugation, inductive effects...) of all synthesized compounds.
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3. Mechanistic studies, synthesis and biological activities of conformationally restricted
derivatives bearing a triazole moiety

3.1. Introduction

3.3.1. B-Lactams

The B-lactams are among the best known and extensively investigated heterocyclic ring

systems as a result of both their biological activity'’®""

and their utility as synthetic
intermediates.'”*"”® The B-lactam ring is part of the core structure of several antibiotic families,
the principal ones being the penicillins, cephalosporins, carbapenems, and monobactams,
which are, therefore, also called B-lactam antibiotics. Nearly all of these antibiotics work by
inhibiting bacterial cell wall biosynthesis. 3-Lactams play an important role not only in a major
class of antibiotics but also as inhibitors of serine proteases, elastase, cysteine protease and

papain.'”®

Commonly, the lactam ring is formed through either ketene-imine cyclizations'”’” (the

Staudinger reaction) or ester enolateimine condensations'’®'7% '8

(the Gilman-Speeter
reaction). However, other methods are sometimes employed, including photo-induced

rearrangements,'® and radical cyclizations.®

Nevertheless, the synthesis of B-lactams using the Ugi reaction has not been extended too
much. The Pirrung group found a novel variation of the Ugi reaction where the reaction between
acetonedicarboxylic acid, propyl amine, and tert-butyl isocyanide yielded the corresponding -

lactam in 15% yield together with the major Passerini-type reaction product. (Scheme 3.1)183
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Scheme 3.1: Variation of the Ugi reaction where a 3-lactam is obtained as a byproduct.

The reaction of B-ketoacids with primary amines and isocyanides in a 1 M glucose solution in

water also affords a novel type of B-lactams in MCRs reported by Domling et al.’”®

Moreover, the Pepino group also reported a similar synthesis to obtain B-lactams starting
from isocyanides in a facile two-step synthesis.''® (Scheme 3.2). The first step consisted in the
reaction between (E)-cinnamaldehyde, chloroacetic acid, cyclohexyl isocyanide and primary
amines which afforded the expected Ugi adduct. Upon treatment with methanolic KOH under
mild conditions, compound V underwent a ring-closure reaction to give the B-lactam (VI).
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Scheme 3.2: Ugi reaction yielding B-lactam products. ''*

More recently, the same group reported that if saturated aldehydes are employed as starting
materials in the Ugi reaction, it is reasonable to hypothesize that the enolate anions arising from
the corresponding 4-CC adducts are less stable. Thus, a different base-induced cyclization
mode, involving the amide nitrogen, to form DKP would also be possible. This is the same
reaction employed to synthesize the diketopiperazines commented in Chapter 1.%

In our case, in Chapter 1 it was explained that when treating the Ugi adduct (1,4- and 1,5-

disubstituted triazole aldehydes) with basic media, the diketopiperazine scaffold was formed,
but for the 2,4-disubstituted one, a product containing a B-lactam was obtained. (Figure 3.1)
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Figure 3.1: Cyclization compounds obtained from the different disubstituted triazole derivatives
subjected to the Ugi reaction. (cf. Chapter 1)

As the B-lactam product gave the better activity inhibiting the apoptosis pathway, the idea of
expanding the chemical diversity and synthesizing a small library of compounds with the same
scaffold and different substituents was proposed. By observing the different reactivity when
replacing the triazole substituents from 1,4- or 1,5- to the 2,4-disubstituted one, a reactivity
study to better understand the cyclization pathway and to predict which compound could be

formed was needed before starting the mentioned library.

3.2. Objectives

In this chapter a study of the intramolecular cyclization of the Ugi adducts was carried out in
order to predict the final product depending on the substituents used. This reactivity study was
carried out both experimentally and using computational methods.

Once the sort of substituents that would lead to the B-lactam or the diketopiperazine
scaffolds were identified, a small library of compounds was synthesized to test their biological
activity as apoptosome formation inhibitors. Moreover, the selection of the substituents was
carried out in a rational manner. All compounds in Figure 3.1 have three hydrophobic moieties
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that seem to interact with the protein. Then, the removal or change of one of these substituents
and the observation of their behavior as apoptotic modulators, can give a better explanation of
the mode of interaction of our compounds with the Apaf-1 protein target.
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3.3. Results and discussion

3.3.1. Reactivity study

Experimental study

Different experiments were designed to further study how the intramolecular cyclization
occurs and which is the most favorable product in each case.

Taking into account the following structures (Figure 3.2), where the amide anion (A) and the
carbanion (B) previous to the cycle formation are depicted, it is clear that the acidity of the
proton in the NH compared with the one of the CH is important to predict which cycle (DKP of B-
Lac) will be the major one.

o)
Rs\N)K/Cl Ra\N)K/CI

© H

R N
m)\m Ry uﬁ(& Re
< o) N

Rs. O
Rav ~ N
N)K’ R1_N':_:'
A N
N e o
R{N=N (0] =

DKP B-Lact

Figure 3.2: Reaction with the possible formed anions (A/B) and the final products produced.

The factor that would affect the release of these protons when adding base is their pKa. The
pKa of the CH is defined by the triazole and we already know that the result is depending on the
substitution pattern. In order to study the effect of the pKa on the NH, different substituents in R,
were tested.

Four compounds were chosen to study these reactivity effects (Figure 3.3). Two of them
have the 1,4-disubstituted triazole with a benzyl group (29) and with a p-methoxyphenyl (30) as
R., and the others have the same derivatives in R, but using the 2,4-disubstituted triazole (27,
28). After the formation of the Ugi adducts, the addition of base to these intermediates would
afford the DKP or the B-lactam.
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Figure 3.3: Compounds selected for the reactivity study where R = p-fluorophenethyl.

The synthesis of the open compounds was carried out using the same type of Ugi reactions
explained in Chapter 1 (Scheme 3.3):

o)
NH, U
.

R A~
N‘N'N . Cl” “COOH N)K/CI
MeOH H
) rt. Ny N
F

Scheme 3.3: Ugi reaction to synthesize adduct 27.

In this case, the amine and the isocyanide were commercially available, whereas the
synthesis of the aldehyde 25¢ was explained in Chapter 2 (2.3.3.). Once the Ugi adduct was
formed, NaOH in MeOH was added to 27 and Figure 3.4 shows the 'H-NMR of the crude

reaction mixture.
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Figure 3.4: '"H-NMR (CDCl3, 500 MHz, 25°C) of the crude reaction mixture of 27 after the treatment
with base.

In the "H-NMR, the formation of both heterocyclic products was clear when treating the Ugi
adduct 27 with base. Two signals of the triazole moiety appeared in the spectrum (green), and
also the NH (red) and the CH (blue) signal, which are incompatible in the same product. The
ratio between them is 1 : 0.25 determined by 'H-NMR, being the major one the B-lactam product
(33BLac). After checking the ratio, preparative thin layer chromatography allowed us to isolate
both products separately: 8% yield of the B-lactam and 13% of the DKP.

In Chapter 1 it was explained that with the 2,4-disubstituted triazole only the B-lactam
scaffold was formed. The information that the replacement of the 2,4-dichlorophenethyl group
by a benzyl group increased the acidity of the NH in the open compound and allowed the

formation of both scaffolds is quite noticeable.

The second change was done using p-methoxyphenyl isocyanide (34) instead of the benzyl
isocyanide (32) to give adduct 28. A chromatographic column and reverse-phase purification

was needed to obtain the product 28. (Scheme 3.4)
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Scheme 3.4: Synthesis of 28 using the Ugi reaction with 2,4-disubstituted triazole and isocyanide 34
followed by the addition of NaOH to obtain 35BLac and 35DKP.

When treating compound 28 with NaOH, two compounds were also distinguishable by H-
NMR, but in this case the major one was the diketopiperazine 35DKP and the ratio was 0.13 : 1
(35BLac : 35DKP). The separation of both products was not possible due to the small amount
of the B-lactam present in the crude reaction mixture; therefore only 35DKP was characterized.

This increase in the proportion of the DKP compound (35DKP) when changing the
previously used isocyanide 32 for the p-methoxyphenyl (34) indicates that when the acidicity of
the NH is high enough, the favored cyclization is the formation of the 6-membered

diketopiperazine ring because a stabilization of the amide anion is produced.

After the assays of the two 2,4-disubstituted triazoles intermediates 27 and 28, the 1,4-
disubstituted triazoles 29 and 30 were also synthesized. Although with the 24-
dichlorophenethyl isocyanide as a substituent in 2a (Chapter 1) the B-lactam scaffold was not
formed, the full study of 29 and 30 was carried out using the benzyl and the p-methoxyphenyl

isocyanides.

The synthesis of compound 29 is depicted in Scheme 3.5. The prepartion of the aldehyde
25a was explained in Chapter 2. The amine 31 and the isocyanide 32 are the same used to

form compound 27. In all these syntheses, the imine is preformed before adding the isocyanide
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and the acid is the last one to be added. After reverse phase chromatographic purification,
compound 29 was obtained in 19% yield.

F
=0 o
. R CI” ™ COOH ]
MeOH S
rt. N N
F N
A8
31 25a 32 29
NaOH / MeOH
F
F

0]

0]
N% + N NH\/C
O~

36BLac 36DKP

OMe

Scheme 3.5: Synthesis of 29 and reactivity shown after adding base to obtain 36a and 36b.

Surprisingly, after adding NaOH / MeOH to the compound 29, a mixture of two compounds
was formed. In this case, the major product was the B-lactam compound 36BLac and the ratio
between them was 1 : 0.5 as determined by 'H-NMR. Figure 3.5 shows the 'H-NMR of the
crude reaction mixture, that was not easy to separate. The NH of the 3-lactam product (36BLac)
and the CH from the DKP one (36DKP) can be observed, which allows us to ratio the proportion
between both products.

105



3. Mechanistic studies, synthesis and biological activities of conformationally restricted
derivatives bearing a triazole moiety

nonoNaRNTaNNY - = on QLM T RN N EER R SR AVIIILNNRBSN

QNSO EMDNS NN SRLYTOS X QLA T O W SO HOORRN O N DN

MMM ANNNNNNNS S G MY TN = hETTTmmna R ITITTAMNMM =GR O
<

T "y
5@ S
b R 3

)

4 2.1

T T T T
7.5 45 4.0 35 3.0 25
f1 (ppm)

Figure 3.5: 'H-NMR (CDCl,, 500 MHz, 25°C) of the crude reaction mixture containing 36a and 36b.

When instead of NaOH/ MeOH, DBU was used for the cyclization, 100% of the B-lactam
product (36a) was obtained ('H NMR monitoring). The fact that the nature of the base is
decisive in the cyclization pathway indicates that a stabilization of the carbanion (B, Figure 3.2)

facilitates the formation of the B-lactam scaffold.

The fact that in this example the B-lactam was formed was surprising because in Chapter 1,
when R, was 1,4-dichlorophenethyl, only the DKP 2a was observed. We anticipated that when
this substituent was replaced by a benzyl group, only the diketopiperazine would be formed. A
reasonable explanation for these observations would be that the 'H-NMR of the crude reaction

mixture of 2a was complex and after purifying only the diketopyperazine was recovered.

Finally, compound 30 bearing R, as p-methoxyphenyl was synthesized and was obtained
pure after a chromatographic purification. (Scheme 3.6).

106



3. Mechanistic studies, synthesis and biological activities of conformationally restricted
derivatives bearing a triazole moiety

o

=0
NH, !}l{ I o)
N. 1”7 cooH N)K/CI

+ N + = ;
MeOH
r.t? N N
F N | z \©\
N OMe

OMe

31 25a 34 b 30

Scheme 3.6: Synthesis of the compound 30.

When a small sample of 30 was treated with NaOH in CD3;OH (assay carried out directly in
the NMR tube), only the DKP scaffold was observed. This was the expected result because the
acidity of the NH has been increased with the phenyl substituent.

After these experiments, it is clear that compounds bearing the benzyl group in R, (27, 29),
gave higher amoungs of the B-lactam cycle. Moreover, the ratio was higher (1 : 0.25) in 27
which has the 2,4-disubstituted triazole than in 29 (1 : 0.5) with the 1,4-disubstituted triazole.
This is in accordance with the results obtained for 28 and 30, where although in both cases
higher amounts of DKP were produced, due to the phenyl substitutent in Ry, for 30 (1,4-
disubstituted triazole) only this scaffold was formed. It is worth mentioning that in compound 29
where the 1,4-disubstituted triazole favored the DKP scaffold, but the benzyl group in Ry
contributes to the formation of both cycles, when changing the base used (NaOH for DBU) only
the B-lactam scaffold was observed.

Computational calculations

As mentioned in the objectives, a computational study was carried out to find a rational
explanation of the above experimental results. This study was done by Dr. Jordi Bujons using
the program Jaguar (version 7.8, Schrodinger, LCC, N.Y. 2011)

All the examples were done considering methanol in the media and all the substituents were
replaced by methyl groups to simplify the calculations. All the possible steps in the cyclization
reaction were studied, from the open compounds, through the anions, transition states and

finally the cyclic products.

First of all the 1,4-disubsituted triazole (38) is explained. Figure 3.6 shows the reaction
coordinates with their calculated (B3LYP/6-31G**++) AG values. The possible anions that can
be formed when treating 37 with basic media appear in the figure with the corresponding
calculated energy. 37A is the anion formed from releasing the NH proton and it has higher
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energy (AG = 5.42) than the other one. However, these energies were calculated without taking
into account the cations present in the solution which can affect these energies. Both final
products were experimentally observed although the energetic difference between both anions
is high.

37B_TS
—_
A
37A TS /
A AG*= 6.49 kcal/mol
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Figure 3.6: Reaction coordinates and calculated (B3LYP/6-31G**++) AG values for the formation of
compounds 38 (DKP or 3-lactam) from 37.

The energy required to form the transition state 37B-TS that would yield the B-lactam
compound 38B-Lac, is 6.49 kcal/mol, whereas the one to form 38DKP passing through 37A_TS
is 5.62 kcal/mol. The final DKP compound 38DKP is more stable than the B-lactam (38(3-Lac).
From the canonical structural resonances, a 6-membered-ring compound through the oxigen of
the amide bond could also be formed, but in the calculations, the formation of this compound
was energetically expensive and the final product was not very stable.

These calculations suggest that both products (B-lactam or DKP) can be formed. The DKP
scaffold is kinetically favored by 0.87 kcal/mol, and the reaction to form 38DKP is faster than to
form 383-Lac.

This result correlates with the experimental reactivity study explained before, where in most
of the cases the formation of DKP is the major product, but for compound 36, both products
were observed and change of the basic media also changed the ratio of both compounds.
When the Ugi adduct 29 was treated with DBU, 100% of the B-lactam was formed. In Figure
3.6, this result can be better understood by a stabilization of the transition state 37B_TS, thus
reducing the corresponding energetic barrier.
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The same calculations were carried out with the 2,4-disubstituted 1,2,3-triazole and Figure

3.7 shows the main results.
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Figure 3.7: Reaction coordinates and calculated (B3LYP/6-31G**++) AG values for the formation of
compounds 40 (DKP or 3-lactam) from 39.

The calculated energies of the anions, transition states and final compounds are similar to
those of the 1,4-disubstituted triazole (Figure 3.6). The different reactivity observed in both
cases can be explained by the energy needed to form the transition state of the DKP
compounds. In the 2,4-disubstituted triazole, the energy required to form 39A_TS is 8.45
kcal/mol and to form 37A_TS is 5.62 kcal/mol. In Figure 3.7 it can be seen that the energy
needed to obtain the transition state that would yield the B-lactam compound (40B-Lac) is 7.08
kcal/mol and in the previous one was 6.49 kcal/mol. In this example, the B-lactam is 1.37
kcal/mol kinetically more favored; thus, the reaction leading to the B-lactam will be faster than
the other one. If the energetic barrier (AG* = 8.45) is reduced stabilizing the transition state,
higher amounts of DKP will be formed, whereas if it is increased, the B-lactam will be more

favourable.

Finally, the 1,5-disubstituted triazole was also theoretically studied and the energetic barriers

are depicted in Figure 3.8.
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Figure 3.8: Reaction coordinates and calculated (B3LYP/6-31G**++) AG values for the formation of
compounds 42 (DKP of B-lactam) from 41.

In this case the transition state energy to form the diketopiperazine 42DKP is 7.17 kcal/mol
which is between the energy needed in the 1,4-disubstituted triazoles (5.62 kcal/mol) and in the
2,4-disubstituted triazole (8.45 kcal/mol). However, as the energetic barrier to obtain the B-
lactam 42(3-Lac is 8.82 kcal/mol, the diketopyperazine scaffold is 1.66 kcal/mol kinetically
favored. This result is in agreement with the experimental assay where this isomer was the less

reactive.

Observing all the previously exposed data, we propose that the Curtin-Hammett Principle
fulfill the features of our structures. It is a principle in chemical kinetics proposed by David

Yarrow Curtin and Louis Plack Hammett, that taking as an example the following reaction:

k k k
PA é A A B —2> PB
slow kg slow
fast

states that “The Product composition, P, vs Pg is not solely dependent on relative
proportions of the conformational isomers in the substrate; it is controlled by the difference in

standard Gibbs energies (AAG*) of the respective transition states.”%* "%

The A-B equilibrium (Scheme 3.7) in our case is supposed to be fast. Either because it is an
acid-base equilibirium in a protic solvent or because it is a formal 1,3-sigmatropic H-shift. The
Curtin-Hammet Principle states then that for a reaction that has a pair of reactive intermediates
that interconvert rapidly, each one going irreversibly to a different product (DKP or B-Lac), the
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product ratio will depend both on the difference in energy between the two reagants and the
free energy of the transition state leading to each product. As a result, the product distribution

will not necessarily reflect the equilibrium distribution of the two intermediates.
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Scheme 3.7: Equilibrium reaction of the anions formed and the both expected products.

In Scheme 3.7, the general reaction taking place is depicted and is important to remark that:
koke, Kg << Ka,kg. Then, if the reaction rates are much slower than the rate of interconversion,
(AGag' is small relative to AGpke™ and AGg'), then the A/B ratio is constant throughout the

course of the reaction. Some kinetic equations can be written and:

dipLac]

= = kglB] = kg - KegA]
d[DKP] _

T — "“DKP [A]

18] _

]~

d[fLac]

S %)
d[DKP]  kpkp[A]
dt

Considering that the A «<—» B interconversion is fast, the [A]/[B] relationship remains
constant and:

[BLac] kg
= K,
[DKP] kDKP 1

Equation 3.1
With these considerations, three scenarios can be envisioned

- If both anions react at the same rate, the product distribution will be the same as the
ratio of the reagents at equilibrium.

- If the major anion is also the faster reacting, the product from this one should prevail,
and will not reflect the equilibrium distribution.

- If the minor anion is the faster reacting, the product ratio will depend on all three
variables of the equation 3.1 and the observed product distribution will not reflect the
equilibrium distribution.
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As a conclusion from the experimental studies and the calculations, it seems clear that for
the 1,4-disubstituted triazole and the 1,5-disubstituted one, the formation of the diketopiperazine
is favored compared to the B-lactam, whereas for the 2,4-derivative is the other way around.

Two cases are also explained by the principle. Case 1, where the less stable intermediate
leads to the major product and the reaction coordinates would be similar to the graph in Figure
3.9. The less stable anion (A) with the higher energy leads to the major product (DKP).

Energy ——

minor

Rxn. Coord. —

Figure 3.9: Reaction evolution where the major product comes from the less stable reagent.

This first case is the same observed with the 1,4- and the 1,5- disubstituted triazoles where

the DKP was the major product and the amide anion showed less stability than the carbanion.

The other case (Case2) is explained when the less stable intermediate leads to the minor
product, and Figure 3.10 shows how the energetic barriers would be in this case. This example
is in agreement with what was observed and calculated for the 2,4-derivative, where the B-
lactam product is kinetically more favored than the DKP and is the major product coming from

the most stable anion (B).
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Figure 3.10: Reaction evolution where the minor product comes from the less stable reagent.

After all these calculations, it seems clear that in general the DKP scaffold is the most stable,
but the energetic barriers passing through the transition states deppends on the substitution of
the triazole. In the 1,4- and 1,5-disubstituted triazoles, this barrier is lower to form the
diketopiperazine than the B-lactam, whereas in the 2,4-disubstituted triazole is energetically
much easier to obtain the B-lactam than the DKP. However, these barriers can be modified by
reducing the transition states energies of each case. For example, when stabilizing the anion A
(Scheme 3.7) with an aromatic group attached to the nitrogen, the energy of the transition state
to form the DKP will be reduced and the ratio of DKP/B-Lac will be increased. On the other
hand, if the substituent linked to the nitrogen reduces the stabilization of the anion, the transition

state barrier would be higher and the amount of DKP will be reduced.

3.3.2. Scope and limitations of the cyclization

Another objective in this chapter was the synthesis of a small library of compounds

containing the B-lactam scaffold of compound 19 due to its high biological activity.

We know that two products (BLac / DKP in Scheme 3.8) can be formed when treating the
open compounds with base. Fortunately, from the previous reactivity and theorethical studies,
we also knew which substituents will shift the reaction to one side or to the other. With this

information, the appropriate substituents for the construction of the library were chosen.
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Scheme 3.8: Ugi reaction to yield the intermediate that would be cycled to form the BLac of the DKP.

The Ugi reaction was carried out the same way as already explained and after the obtention
of the Ugi adducts, treatment with NaOH / MeOH during 2 hours afforded the cyclic compounds.
Table 3.1 shows the ratio measured in the crude reaction mixture by 'H-NMR between both
structures (B-lactam or DKP) after the intramolecular cyclization.
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Table 3.3: Table with the synthesized compounds and their substituents where the proportion of both
scaffolds determined by 'H-NMR is shown.

The triazole-aldehydes (R,) used are the same described in Chapter 2 for the NMR study of

the different triazole substituents.

The isocyanide substituents (R,) were chosen following the previous reactivity study. If our
predictions were right, the tert-butyl group would yield a major proportion of the B-lactam
because the NH acidity has been reduced. Therefore, the amide anion will be less stable and
the formation of the DKP slower. As shown in the table, all the products where R; is tert-butyl
only yielded the B-lactam. The benzyl group was also used as R, and a mixture of both products
was obtained, being in all cases the B-lactam the major isomer. This is in agreement with the
reactivity study using compound 33 and with Case 2 of the Curtin-Hammett Principle.

Finally, to increase the acidity of the NH proton, phenyl groups were used as R,, which
would increase the stability of the transition states and should yield DKPs as major compounds.
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As seen in the table, the proportion of DKP was increased. Overall, the tendency shown in the
table is clear: from up to down, changing from the tert-butyl to the phenyl substituent, the
proportion of DKP is increased as the NH acidity is increased too.

Some features of the syntheses of these compounds were interesting. When R; is tert-butyl
(43-47), nearly in all cases the cyclization was carried out after the Ugi reaction without an
intermediate purification and the final compounds were purified by reverse-phase
chromatography. Figure 3.11 shows the 'H-NMR of the crude reaction mixture before the
cyclization step of 43 and the HPLC profile of the mixtures. In the case of compound 47,
reverse-phase purification before the cyclization was needed to obtain a pure adduct, whereas
compound 45 was obtained pure enough after both steps.
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Figure 3.11: "H-NMR (CDCl;, 500 MHz, 25°C) and HPLC profile of the crude reaction mixture of the
Ugi adduct before obtaining compound 43.

When R, was the benzyl group (48, 49, 50, 33), the purification steps were more difficult
since mixtures of both structures were formed. After the cyclization step, reverse-phase
chromatography was carried out in all cases and a clean mixture of both products was obtained.
A further purification by thin layer chromatography was carried out for 48, 49 and 33 and the two
pure compounds were separated and characterized. This separation was not possible for 50,
and both compounds were characterized in the mixture. Figure 3.12 shows the 'H-NMR of 50
where the characteristic NH of the B-lactam and the CH of the DKP are present.
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Figure 3.12: "H-NMR (CDCl;, 400 MHz, 25°C) of the mixture of compounds 50.

When the substituent used in R, is the p-methoxyphenyl group (35), a chromatographic
column was needed to purify the Ugi adduct. Then, as already mentioned in 3.3.1. to a
methanol solution of the open product, NaOH was added and a 1 / 0.13 mixture determined by
'H-NMR of the DKP and the B-lactam compound was obtained. This mixture was characterized
as the DKP, due to the low amount of the B-lactam present.

Using 2-chloro-5-methyl-phenylisocyanide, a semi-preparative TLC was needed to obtain the
pure cyclic compound 51. Although only the DKP was formed, the 'H-NMR spectrum revealed
the presence of two conformational isomers of the structure (A and B in a 1 : 0.8 ratio). Both
products are diastereomers and Figure 3.13 shows the 'H-NMR with the NOE correlations of
the ortho-methyl group and the CH, of the DKP. In structure A, the methyl has a correlation
peak with both H,, whereas in the other one, only one of the H, correlates with the methyl
group, indicating that the rotation around the N-C bond of the phenyl ring is not free.
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Figure 3.13: '"H-NMR (CDCl3, 500 MHz, 25°C) of 51 showing the two conformational configurations.

Finally, compound 52 as DKP was obtained pure after the cyclization step followed by a
reverse-phase chromatography. Nevertheless, in the crude reaction mixture a 10% of the B-
lactam compound was observed by 'H-NMR.

Taken together, the synthesis of these compounds has proved that by changing the
isocyanide used in the Ugi reaction, we can address the cyclization to the DKP scaffold
(increasing the acidity of the NH) using a phenyl group or to the B-lactam using a tert-butyl as a
substituent.

The final library contains different type of compounds, some of them with the same
substituents and different scaffolds (such as the ones with benzyl isocyanide), and most of them
with different substituents and the same scaffold (B-lactam). We then envisioned that it would be
interesting to see if replacing the original 2,4-dichlorophenethyl group in one of the substituents
by a shorter tert-butyl or a benzylic chain would produce effects in the biological activity of the

compounds.
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3.3.3. Biological activities

In Chapter 1, the biological activities of the initial synthesized compounds were described.
The most active one was 19 bearing the 3-lactam scaffold (3.94 pM). The biological activities of
the library derivatives were carried out in the group of Dr. Enrique Pérez-Paya. Two different
assays were performed: in vitro and with cellular extracts. In table 3.2, some of the IC5, values
are reflected. (The inhibitory curves of these compounds are shown in the Supp. Inf.) In some

examples the difference between the activities of the same compound in both assays is

noticeable.
CMP ICs_in vitro | 1Cso_cell
43fBLac 11 26.4
46BLac 100 22.8
47BLac 38 93.2
48fBLac 22 25.3
48DKP 100 69.3
33fBLac 78 24.8
33DKP 100 14.7
52DKP 24 24.2

Table 3.4: IC5, (uM) values for selected compounds as apoptosome formation inhibitors.

Taking into account that the activity of the original B-lactam (19) was 3.94 uM in vitro, it is
clear that none of the new compounds has a better inhibitory activity. Despite this fact, the best
result obtained in this batch is for 43 with an ICsy of 11 uM in the in vitro assay. This compound
is very similar to 19 but lacking one of the 2,4-dichlorophenethyl groups. (Figure 3.14).
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Figure 3.14: Compounds 19, 43 and 48a and their in vitro ICsy.

The following better in vitro activity is for 48BLac (22 uM) where the 2,4-dichlorophenethyl
from 19 was replaced by benzyl group. It is interesting to mention that although the substituent
is shorter and without the chloro substituents, the activity has not suffered a large decrease.
This fact is relevant because it suggests that maintaining one of the 2,4-dichlorophenethyl
groups and the diphenylpropyl substituent, the activity is similar both in presence or absence of
the third substituent. If this substituent is not essential for the activity, it can be used as a linking
point for further conjugation. This possibility will be discussed in Chapter 4 in more detail.

With the background for all the tested compounds performed at Prof. Pérez-Pay4 laboratory
until the present time, it seems that the diphenylpropyl group and the 2,4-dichlorophenethyl are
important for good inhibitory values. The table of activities is also in accordance to this
assertion, because the better activities are for compounds that contain these groups (43BLac,
48BLac, 52DKP).

In some cases the difference of activity between the assays in vitro and in cellular extracts is
surprising. For example, compound 47BLac has a good in vitro activity, but it worsens when
tested in cellular extracts. In addition, the inhibitory curve is not very good, indicating that the
value could have a high deviation. The activity of this compound could also decrease due to the
absense of the diphenylpropyl group.

It also seems that the presence of the p-fluorophenethyl group decreases the activity of the
compounds, such as in 46BLac or 33. In compound 46BLac, the difference of activity between

the assay in vitro and in cellular extracts is also high.

The cellular extract activities for the previously mentioned compounds (Figure 3.14) are 26
uM for 43BLac and 25 uM for 48BLac, which are not different between them. On the other
hand, comparison of 48BLac with 48DKP where the scaffold has changed from the B-lactam to
the diketopiperazine, the biological activities in both in vitro and cellular extracts fall away. Once
again, the inhibitory curve for 48DKP in vitro is not good, so the calculated 1Csq could be
doubtful.
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Comparing again the scaffold of the p-lactam with the corresponding DKP such as in 33BLac
and 33DKP, although both results are quite bad due to the p-fluorophenethyl substituent, the
best in vitro result is for the B-lactam and in cellular extract the best one is for the DKP. This
could be because of the different solubility between both scaffolds in different media. Some
preliminary solubility studies have shown that in aqueous media B-lactams are more soluble

than the corresponding DKPs.

The result of 52DKP is surprisingly good, because we have seen that with the DKP scaffold,
inhibitory activities decrease, but in this case, both in vitro and in cellular extracts show good
IC5 values (24 uM). The activity of this compound also supports the hypothesis that the
diphenylpropyl and the dichlorophenethyl groups are relevant for the interaction with the protein

target.

(J
e

Figure 3.15: Compound 52DKP bearing the DKP scaffold.
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Conclusions

A reactivity study has been carried out to discover what affects the intramolecular
cyclization of the Ugi adducts.

The observed behaviour can be explained considering the Curtin-Hammett Principle.
The acidity of the NH proceeding from the isocyanide is the key element to set the
cyclization to form the diketopiperazine, the B-lactam scaffold or a mixture of both.

A small library of compounds has been synthesized in order to explore the B-lactam
scaffold in the inhibition of apoptosis.

The three substituents are not essential for obtaining good activities. In general, the 2,4-
dichlorophenethyl and the diphenylpropyl groups increase the activity values and the 3-
lactam scaffold give better results than the DKP.
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4.1. Introduction

4.1.1. Glycodendrimers

Nanomedicine may be regarded as a field of science that employs nanoparticles for the
development of new diagnostic and therapeutic agents.186 Some of the important polymeric
structures used in nanomedicine are dendrimers. Dendrimers are synthetic polymers with a
highly structured layered architecture, consisting of multiple branched monomers radiating from
a central core. Layers of monomers are attached stepwise during synthesis, with the number of
branch points defining the dendrimer generation.'®” '® Since their discovery, there has been a
wide and increasing interest in dendrimers and their biological, (bio)medical and pharmaceutical

189-191

applications They may be employed as drug carriers, and bioactive molecules can be

either encapsulated inside the dendrimer or attached to its surface.'®

One advantage of this research field is that dendrimers can be synthesized in a controlled
manner to form small or large (macro-)molecules with perfectly branched structures. In most
cases, the success of dendrimers as precisely constructed and multifunctional working tools
arises from their globular shape and the dendritic effect of surface groups. In particular, the
properties of dendrimers in these applications depend strongly on the nature of the surface
groups that combine, for example, solubility, interaction and biocompatibility properties.'®®

The most important drawback of these types of dendrimers (cationic dendrimers) is their
toxicity, which is due to the presence of a positive charge on their surface. This toxicity may be
greatly reduced through the modification of the dendrimers’ surface groups. One modification is
the attachment of carbohydrate moieties to the surface groups of a dendrimer. In the case of
poly(propylene imine) (PPl) dendrimers, it was previously shown that these modifications
substantially reduce dendrimers’ toxicity both in vitro and in vivo.'®® ', The coupling of mono-
and oligosaccharide units to the outer shell has been successfully developed, and these
macromolecules have been explored as carrier systems for drugs'®®'®® and DNA
macromolecules.”” ' Novel oligosaccharide architectures on dendritic polymer surfaces for
their use as nanosized carrier systems for drugs, bioactive molecules, or (noble)metal
nanopaticles have been prepared.'®® 2 Multifunctional carrier systems were set up where the
nature of the oligosaccharide shell, ranging from very dense to very open, exhibited different
structural, physicochemical and biological features.®® Thus, the hyperbranched
polyethyleneimine (PEI) was selected as dendritic core macromolecule stimulated by the fact
that its derivatives has been successfully applied as multifunctional nanocarrier for drugs and
dyes, including the first in vivo imaging studies with a PEI/dye system on tumor tissues.”®?

Appelhans and co-workers'® developed an improved method for replacing the cationic
charges on amino-terminated dendrimers so that they could be used as efficient antiamyloid
agents with low cytotoxicity. The idea was to tune the surface by replacing the cationic charge
with hydrogen-bond forming oligosaccharide units. In addition to being possible that the

125



4. Synthesis of modified dendrimers and conjugation with selected apoptosis inhibitors

oligosaccharide units suppress the biological processes involved in neurodegenerative
disorders by no covalent hydrogen-bonding interactions with prion and Alzheimer peptides and
proteins, this attachment resulted in remarkably low or zero cytotoxicity towards different cell

lines.'®”

The concept developed by Appelhans and co-workers was inspired by the following facts: 1)
PEGylated dendrimer surfaces are nontoxic and nonimmunogenic and led to the development
of unimolecular micelles to encapsulate and release drugs.?®® 2) Glycodendrimers are promising
as multivalent ligands for various biointeractions.?®* 3) No other studies have been devoted to
study nonspecific hydrogen-bonding interactions with proteins and other biological molecules
and systems. 4) Reductive amination is one of the simplest synthetic methods for directly
introduce oligosaccharide units without protective groups onto amino-terminated dendrimer

surfaces in the aqueous phase.?**?%
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Figure 4.1: PPI Dendrimers of 2nd 31 4t and 50 generations without and with maltose in the surface.'*?

Thus, Appelhans and co-workers reported the synthesis and characterization of higher-
generation PPI dendrimers with densely organized oligosaccharide shells in which each
peripheral amino group is modified by two chemically coupled oligosaccharide units (maltose)
(Figure 4.1.). These dendrimer structures will provide a platform for developing the next
generation of dendrimers, combining apparently contradictory properties (e.g., water solubility,
nonionic surface groups, neutral charge, non-specific hydrogen-bond-forming surface groups for
modifying biological processes, high biocompatibility, and drug encapsulation-release), because

having nonionic surface groups is not easily combined with water solubility or with drug
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encapsulation-release. Dendrimers are lipophilic molecules with low solubility in water but good
membrane permeability. Those oligosacharide-decorated dendrimers increase their solubility
resulting in the retainment of the other requiringly biological properties.

In order to couple two maltose units per surface amino group by using a simple one-pot
method, the authors adopted the reductive amination of monodendrons and dendrimers using

206-209

an excess of oligosaccharides generating the third-, fourth-, and fifth-generation PPI

dendrimers.

With these antecedents, our aim was to design, synthesize and characterize conjugated
polymers that enhance the therapeutic possibilities of the active molecules already described in
previous chapters of this thesis. The conjugation of the apoptosome inhibitors with a polymer
would offer a more specific intracellular transport and release to reach the molecular target.
Moreover, it is presumable that the linkage to a hydrophilic polymeric support would increase
the solubility of the compounds. In general, the conjugate is internalized by endocytosis and
then it goes through the endosome to the lysosome, where the proteolytic enzymes or the acid
pH activates the degradation of the polymeric transporter and the drug is released by diffusion
to the cytosol.?'°

4.2. Objectives

During my PhD | spent three and a half months in the group of Dr. Appelhans at the Leibniz
Institute of Polymer Research in Dresden (Germany). All the experiments with dendrimers
described in this chapter were carried out there.

The synthesis of some active compounds during this work and the fact that the group of Dr.
Appelhans is able to perform high-generation glycodendrimers, offered the possibility to couple
the biologically active molecules with a PPI-5G-maltose-glycodendrimer as a nano-carrier. First
of all, the synthesis of a small molecule similar to the previously described active ones but
bearing an appropriate appendix that allows the coupling with the modified glycodendrimers

was required.
Then, the couplings with the dendrimers could be performed in different ways:

- Synthesis of the dense-shell 5" generation glycodendrimer followed by the coupling of
the compounds through a spacer.

- Synthesis of the open-shell 5" generation glycodendrimer followed by the coupling of
the compounds through a spacer.

- Synthesis of the open-shell 5" generation glycodendrimer where the drug is directly
coupled to the dendritic scaffold.
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The difference between the dense-shell and open-shell 5" generation glycodendrimers
remains in the amount of maltose attached to the PPI scaffold. In Figure 4.2 a schematic picture
of each type of dendrimer is depicted. In the dense-shell case, it can be seen that the amount of
blue shapes (maltoses) is higher than in the open-shell. Moreover the blue lines represent the
linkers with the terminal NH, group that can be chemically modified with the drugs. In the open-
shell without spacer, the drugs are directly attached to the PPI, not through a linker.

NH,

NH,

Dense-shell Open-shell Open-shell without spacer

Figure 4.2: Representation of the dense-shell and open-shell glycodendrimers with and without spacer 5t
generation glycodendrimers.
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4.3. Results and discussion

4.3.1. Synthesis of the lead candidates containing a linker moiety

As shown in Chapter 3, the biological activity of compounds 19, 43BLac and 48BLac did not
exhibit big differences. This result suggested that one of the 2,4-dichlorophenethyl substituents
at 19 was not determinant for the interaction with the target protein. Therefore, the possibility to
remove this substituent and use this part of the molecule as a connector to the dendrimers was
contemplated.

Different chemical moieties can be used to attach the compound of interest to a polymer, but
in Dr. Appelhans group, they checked the acid-amine binding, the triazole formation by azide-
alkyne cycloaddition and the thiol groups. The first option seemed to be the easiest for our case.
Thus, the synthesis of the carboxylic acid 55 was devised. (Scheme 4.1):

%__\ Ph
Ph /N

N\N,N 8¢® 0 c” > COOH Ph (0]

Ph)\L . . G N\)ko/\ N)K/CI o
MeOH N
NH, cl N,Nﬂ N\)ko/\
= 0

2eq LiOH

N
54
THF / H,O

Ph

55 OH

Scheme 4.1: Synthesis of B-lactam 55 bearing a carboxylic acid moiety.

The first step was carried out like all the previously Ugi reactions and compound 54 was
obtained with 63% yield after chromatographic purification. The fastest method to achieve the
cyclization of 54 and the deprotection of the ethyl group in one step was using 2 equivalents of
LiOH in a solution of THF : water (1:1). Compound 55 was obtained without any further
chromatographic purification in 85% yield from compound 54. It was fully characterized by NMR
("H, "®C and "N); actually, the disappearance of the CH proton which forms the B-lactam and
the absence of the ethyl group was enough to confirm the structure.
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Moreover, in order to have a longer chain in the molecule and an alternative linkage moiety,
the reaction of 55 with N-Boc-ethylendiamine was carried out. To a DCM solution of the
reagents, HOBt, DIPEA and EDC were added and the mixture was stirred overnight. After
chromatographic purification, the desired product was deprotected with trifluoroacetic acid
giving compound 56 in 24% yield. (Scheme 4.2)

al N H 1) HOB, DIPEA, C'\Q/\/\ I
N EDC, DCM .
\@/\l\\l S O HNT NYO\k N

N

0~ >NH (0] 2) F3C-COOH O~ 'NH
Kfo Kfo
55 OH 56 NH

"HN™ F,c-coo

Scheme 4.2: Synthesis of the B-lactam 56 bearing an amino terminal group.

The same reaction was performed with the seven-membered ring compound®, in order to try
the couplings also with a different type of molecule. Compound 57 is very similar to QM31 (c.f.
Figure 0.9), but with a terminal carboxylic acid instead of the amide present in QM31. This
compound was previously synthesized in our group by Dr. A. Moure.?"" The coupling of 57 with
N-Boc-ethylendiamine was carried out in 90% yield, and the further deprotection in 95%, to give
compound 58. (Scheme 4.3).
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Scheme 4.3: Synthesis of a seven-membered ring molecule bearing an amino terminal group (58).
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4.3.2. Synthesis of dense-shell macromolecules

4.3.2.1. Preparation of the small molecules and the dendrimers

The first strategy proposed required a spacer to attach the synthesized molecules to the
glycodendrimer units. The spacer used to this aim was a PEG spacer (compound 59) which was
commercially available.

0
H
HO)K/O\/\O/\/NT(\O/\/O\/\NH
0 oo
59

Figure 4.3: Spacer 59 used for coupling the molecules to the glycodendrimers.

Before the synthesis of the maltose-modified PPI dendrimer, the spacer had to be linked to
the poly(propylene imine) PPI dendrimer. Scheme 4.2 shows the reaction assayed, where 10
spacers were attached to the dendrimer. If higher amounts of our compounds were linked there,
the macromolecules’ solubility would decrease. This reaction was performed with spacer 59.

BOP
NHz) + 10 Spacer EtN - NHz)
64

DMSO 54
( NHR)
10
60
Q H
R }%JK/O\/\O/\/NT(\O/\/O\/\NH
|
0 Boc
59

Scheme 4.5: Coupling of 10 spacers of 59 and the 5G-PPI giving compound 60.

Thus, a DMSO solution of compound 59 with BOP was added to a DMSO solution of the 5"
generation PPl dendrimer and Et;N. After 24 hours stirring and 24 hours more of dialysis
exchanging water regularly, compound 60 was obtained in 100% yield and was fully
characterized by 'H, >C NMR in D,O and by IR spectroscopy. In Figure 4.4, the 'H NMR of
compound 60 is shown and some of the protons of the spacer are assigned. The other signals
correspond to the dendrimer side-chains.
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Figure 4.4: "H NMR spectrum (500 MHz, D,0) of compound 60.

At this point, the reductive amination method to couple the maltose units to the surface
amino group was carried out (Scheme 4.6). The treatment of 60 with a borane-pyridine complex
in sodium borate buffer at 50°C for 7 days led to the desired maltose-modified PPI dendrimer

61, which was subjected to dialysis in water for 3 days to remove the excess of maltose.

maltose (excess, /R
D, o (Y

54 .
BH3*Pyr R
( NHR) Na-Borate (pH = 9) ( NHR) *
10 10
60 61
0 H
R= ‘}"‘J\/o\/\o/\/N\n/\O/\/o\/\NH
|
o) Boc
OH 59

HO/&% OH
o~ Tl &SH
5
HO OH

Scheme 4.6: Synthesis of the maltose modified PPI dendrimer 61 being R the spacer 59.
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Compound 61 was obtained after freeze drying in 57% yield. Similarly to other compounds
already synthesized in Dr. Appelhans group, the proof of the chemical structure of 61 was
carried using NMR spectra comparisons. Figure 4.5 shows the 3C NMR spectrum of 61 and the
presence of maltose groups was confirmed by the signal at 103 ppm assigned to the anomeric
carbon (C1”) of the maltose residue.
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Figure 4.5: *C NMR (125 MHz, D,0) of compound 61.

The amount of maltose units attached to the dendrimer was calculated by '"H NMR and by
LILBID-MS and they were less than expected. LILBID-MS (Laser Induced Liquid Bead lon
Desorption) is an alternative method developed by Brutschy et. al. to perform mass analysis of
biomolecules. In this method, the solvated ions are laser desorbed from the liquid phase by
exciting a vibration of the solvent with intense, pulsed IR laser radiation. The idea was to bring
the native environment of a biomolecular ion —the solution phase- and the laser desorption

detection method together.?'?%'

Figure 4.6 shows the 'H NMR of compound 61. The integration of the CH, of the PPI (2.00-
1.5 ppm), and the anomeric proton of the maltose (5.12 ppm), shows that there are 100 maltose

residues instead of 108.
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Figure 4.6: '"H NMR spectrum (500 MHz, D,0) of compound 61 showing the integration of the main
signals.

Moreover, a detailed structural characterization of the maltose units chemically coupled to
the dendrimer surface was achieved using LILBID-MS analysis. (Figure 4.7). The measured
molar mass corresponds to the glycodendrimer without 8 maltose units, which is the same value
obtained by integrating the 'H NMR spectrum. This is an interesting result because it means
that the 'H NMR method is reliable to quantify the amount of drug attached to the dendrimer.
The difference in the theorical and the calculated maltoses is normal in this type of structures
because there are a lot of free NH, and the steric effect hinders the bond formations.
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Figure 4.7: LILBID-MS spectrum of 61 (M-8).

In order to couple our inhibitors to the spacers, the deprotection of the BOC group was
carried out using a 4M HCI solution in dioxane. After overnight stirring, dialysis and freeze
drying the compound with the free amine 62 was obtained with complete conversion. The
disappearance of the BOC group is easily distinguished in the 'H NMR spectrum by the
absence of the singlet at 1.43 ppm.

4.3.2.2. Couplings with the maltose dense-shell PPl dendrimer

1% Coupling

The first coupling assayed was carried out with the glycodendrimer bearing the amine and
the small molecule 55 as free acid. (Scheme 4.7).

Ph
Ph Ph

Ph
@ NﬁR> Cl /i 0 R ?
EDC/NHS
R/, cl N s NH
< iNeg > . NS TEA/ DMSO O (SN
\ N=
Wl

0~ "NH 10spacer N-N
(0]
Cl

cl
62 55 OH 63

Scheme 4.7: Coupling of compound 55 with the dense-shell glycodendrimer bearing the amino-terminal
group.
This reaction was performed by dissolving the glycodendrimer 62 in DMSO. It was

necessary to heat up at 80°C to improve the solubility. Then the solution was cooled down again
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at 37°C and TEA was added. Compound 55 (5 eq) was dissolved in DMSO and EDC and NHS
(N-hydroxysuccinimide) were added to the solution within 1 hour difference. Finally this solution
was added to the glycodendrimer solution and stirred overnight. In the 'H NMR spectrum in D,O
(Figure 4.8) of compound 63 a broad signal at 7.0 ppm is observed. This signal corresponds to
the aromatic protons of the small molecule, which means that the coupling worked. Since
compound 55 is not soluble in water, the signals would not be there, if it was not attached to the

glycodendrimer.
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Figure 4.8: '"H NMR (500 MHz, D,0) of compound 63 where the aromatic signals of 55 can be observed.

Moreover, by integration of the maltose signal (100 maltoses) and the aromatic signals, it

could be estimated that the amount of drug coupled was 2 equivalents of drug per polymer.

2" Coupling

Simultaneously, an alternative method using the same dendrimer that was previously
developed in the Appelhans group where two amino groups react with p-nitrophenyl
chloromonocarbonate forming a urea bond was carried out. The reaction assayed is shown in
Scheme 4.8. In this reaction all the reagents and the material should be dried, because the

humidity could disfavor the conversion.
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Scheme 4.8: Coupling of the glycodendrimer 62 bearing an amino-terminal group with molecule 56
bearing a free amino group.

This reaction was performed several times but in the "H NMR spectrum of the crude reaction
mixture obtained after dialysis and freeze drying, only the glycodendrimer 62 was observed.

3" Coupling

Another possibility with the dense-shell maltose PPl dendrimer can also be performed with
the amino group in the small molecule and the acid moiety in the spacer of the glycodendrimer.
For the case of the dendrimer, succinic anhydride was added to compound 62 and an additional
C4 chain was included in the spacer. (Scheme 4.9). This reaction was carried out in 68% yield
and the '"H NMR signals of the additional CH, units confirmed the structure of 65.
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Scheme 4.20: Conversion of the amino-terminal glycodendrimer 62 to the acid 65.

With compound 65, the coupling with a small molecule bearing an amino terminal group
could be possible. To this aim, the seven-member ring molecule 58 was used.
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Scheme 4.10: Coupling of a seven-membered ring small molecule (58) with the glycodendrimer 65 to
yield compound 66.

This reaction was performed several times with no positive results. One possible explanation
is that when treating the glycodendrimer 65 with EDC and NHS, the formation of the five-
member ring within the terminal acid of each spacer was produced (Figure 4.9) thus avoiding
the coupling with compound 58.

Figure 4.9: Possible undesired reaction of compound 65 with NHS /EDC.

After the three described alternatives, the 1 coupling was the most successful. In the other
ones, the aromatic signals of the small molecules were not observed in the '"H NMR spectra.
Thus, the coupling with the acid moiety in the drugs and the amino terminal groups in the
glycodendrimers seems to be the best option.
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4.3.3. Synthesis of open-shell glycodendrimers

4.3.3.1. Preparation of the dendrimers

The high amount of maltose groups in the surface of the dendrimers tried in 4.3.2 could

hinder the contact of the small molecules with the spacers making more difficult its attachment.

Therefore, to overcome that difficulty, a strategy involving an open-shell dendrimer instead of

the dense-shell was assayed using the same methodology as for 61 but with defect of maltose,

to give compound 67 (Figure 4.10). For each NH, present in the molecule 0.5 mol of maltose

were added resulting in compound 67 having approximately 10 spacers and 20 maltoses

(calculated by 'H NMR from the signals of the tert-butyl protecting group, see Figure 4.11). On

the other hand, the difference of size from the maltose signals in the dense-shell molecule and

in the open-shell is clearly observed from the comparision of the spectra.
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Figure 4.10: Compound 67 with open-shell maltose in the 5G PPI dendrimer.
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Figure 4.11: '"H NMR (D,0, 500 MHz) comparison of compound 61 (dense-shell) with 67 (open-shell).
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The same deprotective method used above (HCI 4M dioxane / water) was assayed in this
case and compound 68 containing the free amine was available for the couplings with the small
molecules. This reaction is easily followed by 'H NMR due to the disappearance of the tert-butyl
singlet.

4.3.3.2. Couplings with the open-shell macromolecule bearing the spacer

The coupling in this case was carried out between the synthesized deprotected open-shell
PPI dendrimer 68 and the seven-membered ring molecule 57 bearing the terminal carboxylic
acid moiety. Figure 4.12 shows a schematic picture of the reaction between compound 68, and
the small-molecule 57 leading compound 69. The blue shapes are the maltose units and the
spacers are represented with the NH, groups at the end. The aromatic signals observed in the
'H NMR acquired of compound 69 (blue circle) indicate that the coupling was produced. The
amount of drug attached to the dendrimer was quantified by '"H NMR and the polymer charge

was only 1 equivalent of small molecule per polymer.

¢ Y\(’LWOH NHS / EDC
—_—
TEA/ DMSO

O
Ph

57

68 85 80 JS=70 65 60 55 50 4s 40 35 30 25 20 15

f1(ppim)

1H NMR of compound 69

Figure 4.12: Reaction between the open-shell glycodendrimer 68 and the molecule 57 leading to
compound 69 and its corresponding 'H NMR where the aromatic signals are marked with the blue circle.

4.3.3.3. Couplings with the open-shell macromolecule without spacer

Simultaneously, a coupling strategy without requiring the spacer was proposed. The small-
molecule would be directly linked to the dendrimer surface followed by the reductive amination
to form the open-shell maltose dendrimer. The first step of this reaction is shown in Scheme
4.11. A DMSO solution of compound 55 and BOP was stirred for 1 hour. In parallel, a DMSO
solution of the dendrimer with TEA was prepared. The first solution was added to the dendrimer
and the reaction mixture was stirred for 24 hours. After 1 day dialysis and freeze drying
compound 70 was obtained.
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Scheme 4.11: Coupling of the 5" generation PPI dendrimer with small molecule 55 exhibiting of about
four 55 units in 70.

In the "H NMR (D,0) spectrum of compound 70 (Figure 4.13), the aromatic signals (~ 7 ppm)
corresponding to the aromatic protons and the triazolic proton of the small molecule were
observed, thus indicating that the coupling worked well. From the integration of the signals, it
was possible to establish that 4 equivalents of drug were attached to the dendrimer.
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Figure 4.13: "H NMR (500 MHz, D,0) of compound 70 where small molecule 55 is attached to the PPI.

The reductive amination of compound 70 with defect of maltose (1:0.5) was carried out and

as shown in the '"H NMR of Figure 4.14 the aromatic signals of the small-molecule are still there.
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The integration of the CH, of the PPI, the maltose and the aromatic signals, determined that
compound 71 has 25 maltoses and 4 equivalents of drug per polymer. Different signals for the
anomeric proton of the maltoses (5.1 ppm) are observed in the spectra, this can be due to the

various environment in the aqueous phase.
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Figure 4.14: 'H NMR (500 MHz, D,0) of the glycodendrimer 71 coupled with 55.

4.3.4. Biological assays

As one of the reasons to synthesize the polymer-drugs macromolecules was to improve their
solubility and availabity as apoptosis inhibitors, an ex vivo assay to test the activities of the final
compounds 63, 69 and 71 is in progress in the group of Prof. Enrique Pérez-Paya.
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Conclusions

Several proposed couplings between the active apoptosome inhibitors and the
glycodendrimers were carried out. The best couplings were achieved with the amino
group in the PPI spacers and a carboxylic terminal moiety in the small molecule, both
dense-shell and open-shell as in compounds 63 and 69.

Moreover, the attachement directly to the surface of the PPI without spacer worked
satisfactory and it was the one with higher amounts of attached drug.

The PB-lactam molecule worked in general better than the seven-membered ring
derivative. A future proposal could be the coupling of the open-shell dendrimer 68 with
the B-lactam product 55.

Results of the biological assays are in due course and they will shed additional light on

the best glycodendrimer conjugate system for the apoptosome inhibition.
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5. General Conclusions

A strategy involving an Ugi multicomponent reaction has been developed to synthesize
restricted analogues of the active compound 1, using 1,4-, 2-4 and 1,5-disubstituted
triazoles to mimic the exocyclic tertiary amide bond isomers. The synthesis of the
analogues using 1,4- and 1,5-disubstituted triazoles (2a and 2b) was successful.
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Unexpectedly, for the analog with the 2,4-disubstituted triazole, a new compound
bearing a B-lactam structure (19) was characterized and showed to be the most potent

inhibitor of the formation of the apoptosome.

19 1C50=3.93 uM

Computational studies with compounds 1, 2a, 2b and 19 have been carried out to
validate the proposed mechanism that would account for their biological effects as
apoptosis inhibitors.

A variety of compounds bearing different substituents on the possible disubstituted
1,2,3-triazole isomers has been synthesized and the full NMR analysis (including "H-""N
correlations at natural abundance) of all compounds has led to the unambiguous
characterization of the corresponding substitution patterns.

The "H-'""N HMBC experiment has been shown to be an optimal technique to measure
and distinguish >N chemical shifts of triazoles as well as unambiguously assign the
correct isomer. This technique can be used as a routine experiment for isomer
differentiation.
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A reactivity study has been carried out to better understand the intramolecular
cyclization of the Ugi adducts and the modulation of the cyclization is now available. It
has been shown that the acidity of the NH proceeding from the isocyanide is the key
element to set the cyclization to form the diketopiperazine, the B-lactam scaffold or a
mixture of both.

A new family of compounds has been designed, synthesized and characterized, and
most of them showed good apoptosis inhibitory activities in vitro and in cellular extracts.
We deem that the reduction of the conformational freedom achieved in this new family
of inhibitors could be fundamental to increase the selectivity, which is a highly important
condition when regulating the apoptosis process.

Several proposed couplings between the active apoptosis inhibitors and
glycodendrimers were carried out in order to improve the properties of the drug
candidates. The best couplings were achieved with the amino group in the PPI spacers
and a carboxylic terminal moiety in the small molecule, both with dense- and open-shell
compounds. (63 and 69). The direct attachement to the surface of the PPl without
spacer worked well and it was the one with larger amounts of attached drug.

A further study of the glycodendrimer-drug conjugates should be carried out exploring
other type of couplings. Moreover, a deeper study to increase the solubility of the
candidates should be considered.
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6.1. Materials and Methods

All reagents were obtained from commercial sources and used without further purification.
The anhydrous solvents were obtained from PureSolv M (Solvent Purification System).
Microwave-assisted reactions were performed in a CEM Discover microwave reactor. Analytical
RP-HPLC was performed with a Hewlett Packard Series 110 (UV detector 1315A) modular
system using a reverse-phase Kromasil 100 C8 (15 x 0.46 cm, 5 um) column. CH3CN-H,O
Mixtures containing 0.1% TFA at 1 mL/min were used a mobile phase and monitoring
wavelength was set at 220 nm. A gradient method from 20% to 100% CH3zCN in 20 min. was
used. Semi-preparative RP-HPLC was performed with a Waters (Milford, MA, U.S.A) system
using a X-Terra C18 (19 x 259 mm, 5 um) column and a Biotage Isolera One. High resolution
mass spectra were performed with a LCT premier UPLC /MS Q-TOF (Waters) with an
electrospray ionization detector. Some of the 'H-NMR spectra were recorded with a Varian
Unity Inova 500 spectrometer with an indirect detection probe in CDCl; in & units referred to
TMS. "H NMR, "C NMR and >N NMR were recorded with a VMRS 400 spectrometer with an
OneNMRProbe in CDCl; with TMS as an internal standard of '*C and MeNO, for °N.

The HPLC, HRMS and NMR data of all the synthesized compounds from which the

characterization has been carried out is available in the Supporting Information.

Computational Methods. Molecular simulations were conducted with the package
Schrédinger Suites 2011 and 2012°"°, through its graphical interface Maestro. *'® The program
Macromodel,?'” with its default force field OPLS 2005, a modified version of the OPLS-AA force

field, 2'® and GB/SA water solvation conditions®*'#* 2'°

were used for all energetic calculations
in Chapter 1. The program Jaguar (version 7.8 Schérdinger, LCC, N. Y. 2011) was used for the
energetic calculations in Chapter 3. The coordinates of WD40-deleted human Apaf-1 (residues
1-591, PDB 1Z6T, chain B) were obtained from the Protein Data Bank'*® at Brookhaven
National Laboratory. The structure of the protein was prepared using the Protein Preparation
Wizard included in Maestro to remove the unused subunits as well as the solvent molecules
and ligands, adding hydrogens, setting protonation states and minimizing the energy using the
OPLS force field. SiteMap'**'*® was used to identify and score potential binding sites on the
protein. The best scored sites were used as targets for docking with the program Glide XP.2* '/
The structures of the compounds were built within Maestro and then they were prepared with
the LigPrep application included in the software®® to generate ring conformers of the two
stereoisomers of each compound. In order to ensure a good conformational sampling during the
docking simulations the following settings were used: a maximum of 5¢10° poses per input
structure for the initial phase of docking, the extended sampling protocol, and 50 poses for the
post-docking minimization. Glide XP scores were used to rank the resulting docked poses. The
interaction diagrams for the best poses were built with the Ligand Interaction Diagram

application implemented in Maestro.

151



6. Experimental Part

Induced Fit dockings were carried out with the workflow with the same name included in

Maestro'*®"*® This workflow included the following steps:

1

Initial Glide docking of each ligand using a softened potential (van der Waals radii
scaling). A maximum of 20 poses per ligand were retained, and by default poses to be
retained had a Coulomb-vdW score less than 100 and an H-bond score less than —0.05.
Prime side-chain refinement for each protein/ligand complex, on residues within a given
distance of any ligand pose (default 5 A).

Prime minimization of the same set of residues and the ligand for each protein/ligand
complex pose.

Glide redocking of each protein/ligand complex structure within 30 kcal/mol of the
lowest-energy structure using the extra-precission (XP) Glide settings.

Estimation of the binding energy (Glide XP and IFD scores) for each output pose.
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6.2. Synthesis and characterization of compounds in Chapter 1

6.2.1. N-(2,4-Dichlorophenethyl)formamide (9)

A solution of 2,4-dichlorophenethylamine (2.5 g, 13.2 mmol) and formic acid (1 mL) was
heated at 150°C in a microwave oven for 20 min. After evaporation of the solvent the residue
was poured into water and extracted with CH,Cl,. The combined organic layer was dried over
MgSO, and evaporated in vacuum to give the target compound as pale yellow oil (1.9 g, 8.5

mmol, 65%, 3:1 trans/ cis ratio in the formamide bond, 99% purity calculated by HPLC).

H: 'H-NMR (CDCl,;, 500 MHz): & (ppm): 8.18 (s, 1H, H1), 7.92

Ho K (d, J=12Hz, 1H, H1"), 7.43 (d, J= 2 Hz, 1H, H9), 7.41 (d, J
N° "0 _ 2 Hz 1H, H9), 7.26-7.11 (m, 4H, H6,6,7,7’), 5.84 (s, 1H,

3 H2)), 5.63 (s, 1H, H2), 3.59 (g, J = 7 Hz, 2H, H3), 3.51 (q, J =

105 7 Hz, 2H, H3'), 2.98 (t, J = 7 Hz, 2H, H4), 2.95 (t, J = 7 Hz,
2H, H4’) *C-NMR (CDCl,, 100 MHz): & (ppm) 164.7 (C1’),
NZ T 161.5 (C1), 134.9 (5, 5, 133.9 (C10), 133.4 (C10), 132.2
cl (C8), 131.9 (C8), 129.9 (CF,9"), 129.7 (C6,9), 127.7 (C7),
trans 127.5 (C7), 41.4 (C3'), 37.8 (C3), 35.4 (C4), 33.0 (C4)
HRMS for CyH;(CI;NO: Calculated: 218.0139 (M+H)*; found:

218.0251.

6.2.2. 2,4-Dichlorophenethyl isocyanide (6)

2,4-Dichlorophenethylformamide 9 (1.21 g, 5.56 mmol) was dissolved in 4 mL of anhydrous
CH.Cl,; then NEt; (1.97 mL, 14.9 mmol) was added and the solution was cooled at -60°C. A
solution of POCI; (570 uL, 6.1 mmol) in CH,Cl, (2 mL) was added dropwise during 30 minutes
under argon atmosphere and the resulting reaction mixture was stirred for 12 hours at room
temperature. The mixture was poured into cold water (50 mL) and extracted with CH,Cl, (2 x 50
mL). The organic layer was washed with sat. ag. NaHCO; (3 x 50 mL), dried over MgSO, and
concentrated under reduced pressure to give crude the isocyanide 6 as a brown oil with 85%
purity by HPLC. The product was used without further purification due to the observed instability

during manipulation. The compound was not stable enough for registering a *C NMR spectrum.

'H-NMR (CDCls, 500 MHz): § (ppm): 7.44 (s, 1H, H9), 7.27 (m, 2H, H6,7), 3.68 (t,
J=7Hz, 2H, H4), 3.10 (t, J = 7 Hz, 2H, H3).
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6.2.3. 2,4-dichlorophenethylazide (11)

To a solution of 2,4-dichlorophenethylbromide (1 g, 700 pL, 3.96 mmol) in 80 mL of
anhydrous DMF, sodium azyde (525 mg, 7.9 mmol) was added and the mixture was stirred at
60°C for 10h. The crude reaction mixture was diluted with EtOAc (50 mL) and washed with
water (3 x 25 mL) and brine (3 x 25 mL). The organic layer was dried with MgSO, and
concentrated under reduced pressure to give a yellow liquid (800 mg, 3.67 mmol, 93%, 97%
purity calculated by HPLC).

Ny 'H-NMR (CDCls, 500 MHz): § (ppm): 7.40 (d, J = 1.4 Hz, 1H, H5), 7.22 (m, 2H,

2 H7,8),38.52(t J=7.1Hz 2H, H2), 3.00 (t, J = 7.1 Hz, 2H, H1) *CNMR (CDCls,

clus A2, 100 MH2): 5 (ppm) 134.4 (C3), 134.4 (C4), 133.6 (C6), 132.1 (C8), 129.7 (C5),
127.5 (C7), 50.6 (C1), 32.9 (C2).

6.2.4. Synthesis and characterization of 1,4-disubstituted-1,2,3-triazole

derivatives
1-(2,4-Dichlorophenethyl)-4-hydroxymethyl-1H-1,2,3-triazole (12a)

To a solution of 200 mg (0.92 mmol) of 2,4-dichlorophenethyl azide (11) and 52 mg (0.92
mmol) of propargyl alcohol in 20 mL of THF, a solution of CuSO, (165 mg, 0.92 mmol), ascorbic
acid (325 mg, 1.89 mmol) in 4 mL of water was added. The reaction was stirred under
microwave activation during 2 min. at 100 °C. The THF was evaporated under reduced
pressure, the crude mixture was redissolved in CH,Cl, (25 mL), washed with saturated NaHCO;
(3 x 20 mL), dried with MgSO, and concentrated under reduced pressure to give 150 mg (0.54
mmol, 59%) of the desired product (92% purity by HPLC) as a yellow powder.

OH 'H-NMR (CDCl;, 500 MHz): & (ppm): 7.43 (d, J = 2.1 Hz, 1H, H8), 7.36 (s, 1H, H3)
1, 7.16 (dd, J = 8.2, 2.1 Hz, 1H, H10), 6.97 (d, J = 8.2 Hz, 1H, H11), 4.79 (s, 2H, H1),
5 Nﬁ 462 (t, J = 7.0 Hz, 2H, H4), 3.35 (t, J = 7.0 Hz, 2H, H5) "*C-NMR (CDCl;, 100
Ny © MHz): & (ppm): 147.9 (C2), 134.9 (C7), 134.1 (C9), 133.3 (C6), 132.14 (C11),
A 130.0 (C8), 127.9 (C10), 122.1 (C3), 57.1 (C1), 49.5 (C4), 34.4 (C5) *N-NMR

2 (CDCl, 40.5 MHz): & (ppm): -134.8 (N), -31.5 (Ng), -18.3 (Ng) HRMS for
11 Cy1H11CIoN30: Calculated: 272.0357 (M+H)*; Found: 272.0368.

8 10

1-(2,4-Dichlorophenethyl)-4-formyl-1H-1,2,3-triazole (5a)

A solution of 1-(2,4-dichlorophenethyl)-4-hydroxymethyl- 1H-1,2,3-triazole (12a) (150 mg,
0.54 mmol) and iodoxybenzoic acid (230 mg, 0.81 mmol) in EtOAc (5.3 mL) was stirred under
reflux conditions for 4 hours. The mixture was cooled; the solid was filtered and washed with

154



6. Experimental Part

EtOAc. The filtrate was washed with 5% KHCO; (3 x 20 mL) and brine (3 x 15 mL). Finally, the
organic layer was dried with MgSO, and the EtOAc was eliminated under reduced pressure to
give a pure pale yellow solid (140 mg, 0.51 mmol, 95% yield and 95% purity by
HPLC).

A 'H-NMR (CDCls, 500 MHz): 5 (ppm): 10.14 (s, 1H, H1), 7.89 (s, 1H, H3), 7.44 (d, J

Ng'® =20 Hz, 1H, H8), 7.16 (dd, J = 8.2, 2.0 Hz, 1H, H10), 6.93 (d, J = 8.2 Hz, 1H,
\ H11), 4.72 (t, J = 7.0 Hz, 2H, H4), 3.39 (t, J = 7.0 Hz, 2H, H5) *C-NMR (CDCls,
. 2 100 MHz): & (ppm): 185.2 (C1), 146.6 (C2), 134.8 (C7), 134.5 (C9), 132.6 (C6),

11 131.9 (C11), 130.0 (C8), 127.8 (C10), 125.7 (C3), 49.9 (C4), 34.17 (C5) °*N-NMR
A 10 (CDCl;, 40.5 MHz): 5 (ppm): -130.9 (Na), -18.9 (N¢), -12.8 (Ng) HRMS for
° C,1HoCI;N;0: Calculated: 270.0201 (M+H)™; Found: 270.0209.

N-(2,4-dichlorophenethyl)-2-[1-(2,4-dichlorophenethyl)-1H,1,2,3-triazol-4-
yl]-3-(3,3-diphenylpropyl)aza-4-oxo-5-chloropentanoic acid amide (3a)

3,3-Diphenylpropanamine (32 pL, 0.17 mmol) was added to a solution of 5a (46 mg, 0.17
mmol) in methanol (0.2 mL). The mixture was stirred during 6 hours at room temperature (NMR
control for the formation of the corresponding imine); then, a solution of isocyanide 6 (35 mg,
0.17 mmol) in methanol (0.1 mL) and a solution of chloroacetic acid (15 mg, 0.17 mmol) in
methanol (0.1 mL) were added and the reaction mixture was stirred during 24 hours at room
temperature. Methanol was eliminated under reduced pressure. The crude reaction mixture was
treated with a scavenger resin AM-NH, for 4 hours in DCM to eliminate the residual aldehyde
5a. Once filtered, 75 mg (0.1 mmol, 58%) of the desired product were obtained with enough

purity (92% by HPLC) for its characterization and for the next step.

"H-NMR (CDCls, 500 MHz): § (ppm) 7.52 (s, 1H, H10),

7.36 (d, J = 1.8 Hz, 1H, H13), 7.32 (d, J = 1.6 Hz, 1H,

H16), 7.21 (m, 4H, H18), 7.19 (m, 2H, H19), 7.17 (m, 4H,

H17), 7.15 (m, 1H, H14), 7.14 (d, J = 1.5 Hz, 1H, H15)

7.03 (dd, J = 8.2, 1.8 Hz, 1H, H12), 6.87 (d, J = 8.2 Hz, 1H,

ol H11), 6.48 (t, J = 5.6 Hz, 1H, NH), 5.41 (s, 1H, H1), 4.55 (t,

7,0l J =7 Hz, 2H, H8), 3.83 (t, J = 8.0 Hz, 1H, H3), 3.76 (q, J =

12.7 Hz, 2H, H2), 3.49 (m, 2H, H6), 3.27 (m, 4H, H5, H9),

i ol 2.9 (m, 2H, H7), 2.35 (m, 1H, H4), 2.18 (m, 1H, H4) "*C-

NMR (CDCl;, 100 MHz): 5 (ppm) 167.4 (C28), 166.9

(C27), 143.1 (C26), 142.1 (C29), 134.8 (C20), 134.6 (C25),

134.3 (C23), 134.1 (C21), 132.7 (C24), 132.6 (C22), 131.8

(C11), 131.5 (C14), 129.5 (C13), 129.2 (C16), 127.4 (C12,

C17), 127.2 (C15), 124.5 (C10), 57.6 (C1), 49.5 (C8), 48.5

(C3), 47.8 (C5), 40.7 (C2), 39.2 (C6), 34.7 (C4), 33.9 (C9), 32.5 (C7) "*N-NMR (CDCl,, 40.5

MHz): & (ppm): -274.7 (NH), -260.6 (Ny), -140.7 (Na), -36.3 (No), -25.8 (Ng) HRMS for
C37H34C|5N502: Calculated: 756.1233 (M+H)+, Found: 756.1257.
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1-(2,4-Dichlorophenethyl)-3-[1-(2,4-dichlorophenethyl)-1H,1,2,3-triazol-4-
yl]-4-(3,3-diphenylpropyl)piperazine-2,5-dione (2a)

A solution of KOH (6 mg, 0.1 mmol) in 0.5 mL of methanol was added to the compound 3a
(75 mg, 0.1 mmol) and the mixture was stirred for 48 hours. Methanol was eliminated and the
product was recristallyzed from ethanol to give 30 mg (0.04 mmol, 42%) of a pure pale yellow
solid with 100% purity by HPLC.

'H-NMR (CDCls, 500 MHz): & (ppm) 7.41 (d, J =
2.1 Hz, 1H, H16), 7.36 (s, 1H, H13), 7.33-7.18 (m,
10H, H17,18,19), 7.11 (m, 2H, H11,12), 7.08 (dd, J
= 8.2, 2.1 Hz, 1H, H15), 6.97 (s, 1H, H10), 6.84 (d,
J = 8.2 Hz, 1H, H14), 4.82 (s, 1H, H1), 4.54 (m
2H, H8), 4.36 (d, J = 16.8 Hz, 1H, H2"), 3.90 (m,
3H, H3,5",6), 3.75 (d, J = 16.8 Hz, 1H, H2), 3.40
(m, 1H, H6), 3.27 (t, J = 7.1 Hz, 2H, H9), 2.95 (m,
2H, H7), 2,57 (m, 1H, H5), 2.32 (m, 2H, H4) *C-
NMR (CDCl;, 100 MHz): & (ppm) 164.9 (C28),
164.1 (C27), 144.4 (C26), 143.8 (C26'), 143.0
(C29), 134.9 (C22), 134.8 (C25), 134.4 (C21), 134.2 (C24), 133.5 (C20), 133.0 (C23), 132.2
(C11), 132.0 (C14), 129.9 (C13), 129.6 (C16), 128.9 (C18), 127.9 (C17), 127.8 (C17)), 127.7

), (

(

(C19), 127.5 (C19), 126.7 (C12), 126.6 (C15), 123.0 (C10), 57.0 (C1), 51.0 (C2), 49.6 (C8),
49.2 (C3), 46.4 (C6), 43.8 (C5), 34.3 (C9), 32.9 (C4), 30.7 (C7) ®N-NMR (CDCls, 40.5 MHz): 5
(ppm): -268.5 (Ny), -258.3 (Nx), -133.8 (Na), -30.3 (N¢), -14.9 (Ng) HRMS for C3;H3;CI4N5O,:
Calculated: 720.1467 (M+H)"; Found: 720.1559; Calculated: 742.1286 (M+Na)+; Found:
742.1277.

6.2.5. Synthesis and characterization of 1,5-disubstituted-1,2,3-triazoles
derivatives

1-(2,4-Dichlorophenethyl)-5-hydroxymethyl-1H-1,2,3-triazole (12b)

A solution of propargyl alcohol (140 uL, 2.4 mmol) and 11 (260 mg, 1.2 mmol) in 5 mL of
dioxane was added to a suspension of Cp*RuCI(PPhs), (95 mg, 0.12 mmol) in 6 mL of dioxane.
The round-bottom flask was purged with nitrogen, sealed, and heated at 60°C for 12 hours
under nitrogen atmosphere. The mixture was concentrated under reduced pressure to obtain a
residue of 394 mg, which was purified by semipreparative HPLC (from 20% to 70% of ACN in
H-O + 0.1%TFA in 40 min) to obtain 58 mg as a TFA salt. A solution of 1M NaOH (15 mL) was
added to the product and extracted with DCM (2 x 15 mL), the organic layer was dried with
MgSO, and the solvent was eliminated under reduced pressure to give 41 mg of 12b (0.15
mmol, 13%, 82% purity by HPLC).

\/Z—NC 'H-NMR (CDCl;, 500 MHz): 5 (ppm): 7.52 (s, 1H, H3), 7.41 (d, J = 2.0 Hz, 1H,
HO_2// '\,  HB8),7.12 (dd, J=8.2, 2.0 Hz, 1H, H10), 6.95 (d, J = 8.2 Hz, 1H, H11), 4.65 (.,
1N J=7.2Hz, 2H, H4), 454 (s, 2H, H1), 3.38 (t, J = 7.2 Hz, 2H, H5), 2.02 (s, 1H,
“Ns OH) "*C-NMR (CDCl;, 100 MHz): 5 (ppm): 136.5 (C2), 134.9 (C9), 133.9 (C7),
Cle "¢ 133.7 (C6), 132.9 (C3), 132.2 (C11), 129,7 (C8), 127.6 (C10), 53.12 (C1), 47.6
(C4), 34.3 (C5) ®N-NMR (CDCl;, 40.5 MHz): & (ppm): -144.1 (N,), -40.9 (Ng),
85 10 229 (Ng) HRMS for C;;H;;Cl,N;O: Calculated: 272.0357 (M+H)*; Found:
cl 272.0345.
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1-(2,4-Dichlorophenethyl)-5-formyl-1H-1,2,3-triazole (5b)

Following the same method than for 5a, 30 mg (0.11 mmol) of 12b and 46 mg (0.17 mmol) of
iodoxybenzoic acid in EtOAc (1.1 mL), afforded the desired aldehyde (37 mg, 0.1 mmol,
quantitative, 82% purity).

Ng 'H-NMR (CDCl;, 500 MHz): § (ppm): 9.93 (s, 1H, H1), 8.23 (s, 1H, H3), 7.38 (d,
O 2l '\ J=2.0Hz, 1H, H8), 7.13 (dd, J = 8.2, 2.0 Hz, 1H, H10), 6.99 (d, J = 8.2 Hz, 1H,
1 Na H11), 4.98 (t, J = 7.0 Hz, 2H, H4), 3.32 (t, J = 7.0 Hz, 2H, H5) "*C-NMR (CDCl,,
45 100 MHz): 3 (ppm): 178.4 (C1), 141.1 (C2), 135.2 (C7), 134.0 (C9), 133.9 (C3),
Cl_1¢ 133.1 (C6), 131.9 (C11), 129.7 (C8), 127.8 (C10) °N-NMR (CDCls, 40.5 MHz):
7 S (ppm): -142.4 (Na), -38.6 (N¢), -9.3 (Ng) HRMS for C;;HyCI,N;0: Calculated:

8 g 10 270.0201 (M+H)"; Found: 270.0270.

N-(2,4-dichlorophenethyl)-2-[1-(2,4-dichlorophenethyl)- 1H,1,2,3-triazol-5-yl]
-3-(3,3-diphenylpropyl)aza-4-oxo-5-chloropentanoic acid amide (3b)

3,3-Diphenylpropanamine (27 pL, 0.14 mmol) was added to a solution of the aldehyde 5b
(40 mg, 0.14 mmol) in methanol (0.1 mL). The mixture was stirred until the completion of the
imine formation (12 hours, NMR control). Then, a solution of isocyanide 6 (30 mg, 0.14 mmol) in
0.1 mL methanol and a solution of chloroacetic acid (15 mg, 0.14 mmol) in 0.1 mL methanol
were added. The mixture was stirred for 48 hours at room temperature under nitrogen
atmosphere. Although the conversion was not complete, methanol was then eliminated under
reduced pressure and the mixture was purified by flash chromatography (20-34% EtOAC in
hexane) to yield 28 mg (0.04 mmol, 26%) of product 3b with 75% purity.

'H-NMR (CDCl;, 500 MHz): 5 (ppm): 7.97 (s, 1H, H10), 7.38
(d, J = 2.0 Hz, 1H, H16), 7.35 (d, J = 2.0 Hz, 1H, H13), 7.25-
7.18 (m, 6H, H18,19), 7.17 (dd, J = 8.2, 2.0 Hz, 1H, H12),
7.15-7.09 (m, 4H, H17), 7.1 (d, J = 8.2 Hz, 1H, H11), 7.04 (d,
J=85Hz, 1H, H15), 6.89 (d, J = 8 Hz, 1H, H14), 5.83 (, J= 6

g Hz, 1H, NH), 5.68 (s, 1H, H1), 4.55 (m, 1H, H8), 4.22 (m, 1H,

WH 21 H8), 3.79 (s, 2H, H2), 3.64 (t, J = 8.0 Hz, 1H, H3), 3.54 (m, 1H,

NG T 6 ® " He), 3.45 (m, 1H, H6), 3.37 (m, 1H, H9), 3.32 (m, 1H, H9),
Ng~Na_ 4 O 1Fg 3.08 (m, 1H, H5), 2.94 (m, 1H, H5), 2.91 (m, 2H, H7), 2.14 (m

R 12 1H, H4), 1.46 (m, 1H, H4) "*C-NMR (CDCl;, 100 MHz): 5

2 5 (ppm): 168.2 (C27), 166.1 (C28), 142.7 (C26), 142.5 (C26),

it 135.9 (C10), 135.0 (C24), 134.8 (C21), 134.4 (C20), 134.2

16 2°°Cl (C23), 133.9 (C25), 133.4 (C22), 132.3 (C14), 131.8 (C17),
130.4 (C29), 129.5 (C16), 129.5 (C13), 128.9 (C18), 127.6 (C11),127.5 (C15), 127.3 (C12),
127.0 (C19), 126.9 (C19), 50.5 (C1), 48.8 (C5), 47.4 (C8), 44.8 (C3), 40.6 (C2), 39.4 (C6), 35.5
(C4), 33.8 (C9), 32.7 (C7) ®N-NMR (CDCls, 40.5 MHz): & (ppm): -265.8 (NH), -253.4 (Ny), -
136.7 (Np), -31.4 (Ng), -14.5 (Ng) HRMS for Ci7H3,ClsNsO,: Calculated: 756.1233 (M+H)";
Found: 756.1233.
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1-(2,4-Dichlorophenethyl)-3-[3-(2,4-dichlorophenethyl)-3H-1,2,3-triazol-4-
y1]-4-(3,3-diphenylpropyl)piperazine-2,5-dione (2b)

NaH (1 mg, 0.08 mmol) was added under nitrogen conditions to a solution of 25 mg (0.03
mmol) of 3b in THF and the mixture was stirred for 1 hour at room temperature. The reaction
mixture was purified by preparative TLC hexane / EtOAC (3 / 2) to yield 4.5 mg (0.006 mmol,
20%) of a white solid that was identified as 2b with 70% purity. There was not enough sample
for acquiring the '*C NMR.

'H-NMR (CDCl,;, 500MHz): 5 (ppm): 7.45 (d, J = 2 Hz, 1H,

H16), 7.31 (d, J = 2 Hz, 1H, H13), 7.30-7.14 (m, 10H,

H17,18,19), 6.99 (d, J = 8.2 Hz, 1H, H), 6.75 (d, J = 8.3 Hz,

1H, H14), 4.63 (m, 1H, H1), 4.86 (m, 1H, H8), 4.49 (m, 1H,

H8), 3.85 (d, J = 17.5 Hz, 1H, H2), 3.64 (d, J = 17.5 Hz, 1H,
cl H2), 3.49 (m, 1H, H6), 3.38 (t, J = 7.3 Hz, 1H, H3), 3.26 (m,
21 2H, H6,5), 3.15 (m, 1H, H9), 2.87 (m, 3H, H7,9), 2.30 (m, 1H,
H5), 2.24 (m, 2H, H4) HRMS for C3;H33CI;Ns0,: Calculated:
HNZEc) 720.1467 (M+H)*; Found: 720.1474,

6.2.6. 4-Hydroxymethyl-1H-1,2 3-triazole (14)'¥

A mixture of 37% HCHO,, (735 pL, 9.8 mmol), glacial AcOH (85 uL, 1.47 mmol), and 1,4-
dioxane (740 uL) was stirred for 15 min at room temperature. Then NaN3 (95 mg, 1.47 mmol)
was added to the reaction mixture, followed by propargyl alcohol (60 uL, 0.98 mmol). At this
point the pH of the reaction mixture was 6.5. After an additional 10 min of stirring, sodium
ascorbate (35 mg, 0.196 mmol, 20mol %) was added, followed by a CuSO, solution (10 mg,
0.049 mmol, 5mol %) in 40 uL of H,O. The final mixture was stirred for 18 h at room
temperature, then diluted with H,O (3 mL) and washed using DCM (3 x 10 mL). The aqueous
layer was concentrated under vacuum and the residue was treated without further purification
with 20 mL of 2M NaOH, and the solution was stirred for 20 hours at room temperature. Then
the crude reaction mixture was neutralized with 2M HCI and concentrated under vacuum to give
a blue solid residue, which was extracted with methanol. 1.63 g of residue with 12% (202 mg,
2mmol) of the desired triazole were obtained after solvent evaporation used without further

purification.

OH

2
— "H-NMR (D0, 500 MHz): § (ppm): 7.74 (s, 1H, H1), 4.71 (s, 2H, H2).
N\N,N
H
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6.2.7. Synthesis and characterization of 2,4-disubstituted-1,2,3-triazoles

derivatives
2-(2,4-Dichlorophenethyl)-4-hydroxymethyl-1H-1,2,3-triazole (12c)

Anhydrous DMF (10 mL) was added to the residue containing the triazole 14 (202 mg prod,
2 mmol, in 1.63 g crude) and the mixture was heated at 60°C. Then, a solution of p-(2,4-
dichlorophenethyl) tosylate (865 mg, 2.5 mmol) in anhydrous acetonitrile (10 mL) was added,
Cs,CO; was also added and the mixture was stirred for 24 hours at 60°C. The crude reaction
mixture was diluted with EtOAc and the solution was washed with water (2 x 15 mL) and brine
(2 x 15 mL). The residue obtained after solvent elimination (337 mg) was a mixture of the
desired product with the 1,5-disubstituted triazole, the 1,4-disubstituted triazole, the starting
tosylate, the product of the elimination and the chloride. This crude was purified by
chromatography column eluting with 7:3 hexane:EtOAc to yield 112 mg (0.413 mmol, 21%
calculated from the propargy! alcohol) of the desired product 12¢ with 97% purity.

i 'H-NMR (CDCl3, 500 MHz): 5 (ppm): 7.56 (s, 1H, H3), 7.40 (d, J = 2.0 Hz, 1H,
H8), 7.12 (dd, J = 8.2, 2.0 Hz, 1H, H10), 6.99 (d, J = 8.2 Hz, 1H, H11), 4.75 (s,
N . 2H, H1), 465 (t, J = 7.3 Hz, 2H, H4), 3.36 (t, J = 7.3 Hz, 2H, H5), 2.2 (s, 1H,
Na OH) "*C-NMR (CDCl,, 100 MHz): § (ppm): 147.8 (C2), 134.7 (C7), 133.9 (C6),
5 133.7 (C9), 132.5 (C3), 131.6 (C11), 129.7 (C8), 127.5 (C10), 56.6 (C1), 54.0
c A 4 (C4), 33.8 (C5) ’N-NMR (CDCl;, 40.5 M Hz): & (ppm): -50.1 (Na), -126.7 (Ng), -
55.9 (Nc) HRMS for C;:H;;Cl,N;O: Calculated: 272.0357 (M+H)*; found:
5 272.0350: Calculated: 295.0255 (M+NaH)*; found: 295.0514.

2-(2,4-Dichlorophenethyl)-4-formyl-1H-1,2,3-triazole (5c)

Following the same procedure than in 5a and 5b, from 2-(2,4-dichlorophenethyl)-4-
hydroxymethyl-1H-1,2,3-triazole (12¢) (115 mg, 0.4 mmol) and iodoxybenzoic acid (175 mg, 0.6
mmol) in EtOAc (4 mL) the desired aldehyde as a pale yellow solid (95 mg, 0.35 mmol, 85%)
was obtained with 98% purity.

o=, 'H-NMR (CDCl;, 500 MHz): § (ppm): 10.09 (s, 1H, H1), 8.07 (s, 1H, H3), 7.43 (d,
%s J=2.0Hz, 1H, H8), 7.14 (dd, J = 8.2, 2.0 Hz, 1H, H10), 6.98 (d, J = 8.2 Hz, 1H,
N N H11), 4.78 (t, J = 7.2 Hz, 2H, H4), 3.44 (t, J = 7.2 Hz, 2H, H5) *C-NMR (CDCl,,
Na 100 MHz): 5 (ppm): 184.3 (C1), 146.9 (C2), 135.1 (C3), 134.6 (C7), 133.6 (C9),
5 132.8 (C6), 131.4 (C11), 129.7 (C8), 127.4 (C10), 54.88 (C4), 33.58 (C5) °N-
ci_*¢ 11 NMR (CDCl3, 40.5MHz): § (ppm): -41.42 (Ng), -47.40 (N,), -118.97 (Ng) HRMS
for C;1HyCI;N;0: Calculated: 270.0201 (M+H)"; found: 270.0255.

N-(2,4-dichlorophenethyl)-2-[2-(2,4-dichlorophenethyl)-1H,1,2,3-triazol-4-
yl]-3-(3,3-diphenylpropyl)aza-4-oxo-5-chloropentanoic acid amide (3c)

3,3-Diphenylpropanamine (65 pL, 0.14 mmol) was added to a solution of 2-(2,4-
dichlorophenethyl)-4-formyl-1H-1,2,3-triazole (5¢) (95 mg, 0.35 mmol) in methanol (0.1 mL).

The mixture was stirred for 6 hours at room temperature (NMR monitoring for the imine
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formation). Then, a solution of 2,4-dichlorophenethyl isocyanide (6) (70 mg, 0.35 mmol) in 0.1
mL methanol and a solution of chloroacetic acid (35 mg, 0.35 mmol) in 0.1 mL of methanol were
added and the mixture was stirred for 48 hours at room temperature under nitrogen
atmosphere. The solvent was eliminated under reduced pressure and the crude product 3c

(87% purity by HPLC) was used without further purification.

'H-NMR (CDCl,, 500 MHz): § (ppm): 7.72 (s, 1H, H10),
7.39 (d, J =2 Hz, 1H, H13), 7.35 (d, J = 2 Hz, H16), 7.32
(m, 1H, H11), 7.29 (m, 2H, H19), 7.22-7.18 (m, 5H, H18,
H12), 7.18-7.14 (m, 4H, H17), 7.03 (dd, J = 8.2, 2.0 Hz,
1H, H15), 6.86 (d, J = 8.2 Hz, 1H, H14), 6.34 (t, J = 5.7
Hz, 1H, NH), 5.39 (s, 1H, H1), 4.58 (t, J = 7.2 Hz, 2H, H8),
3.8 (m, 1H, H3), 3.77 (g, J = 12.8 Hz, 2H, H2), 3.48 (m,
2H, H6), 3.29 (m, 2H, H5), 3.26 (t, J =7.2 Hz, 2H, H9),
2.89 (m, 2H, H7), 2.35 (m, 1H, H4), 2.11 (m, 1H, H4) C-
NMR (CDCls, 100 MHz): & (ppm) 167.2 (C27), 165.1

24 (23 (C28), 143.1 (C26), 142.4 (C29), 134.8 (C25), 134.7
16 14 (C10), 133.5 (C24), 133.4 (C20), 131.8 (C21), 131.7

% 15 (C11), 131.4 (C14), 131.5 (C23), 129.5 (C13), 129.3
cl (C16), 128.8 (C22), 128.5-126.4 (C12,17,18,19), 127.14
(C15), 57.1 (C1), 53.8 (C8), 48.3 (C3), 47.3 (C5), 40.8 (C2), 34.7 (C4), 33.2 (C9), 32.6 (C7) °N-
NMR (CDCls, 40.5 MHz): § (ppm): -261.9 (NH), -125.3 (Ng), -52.4 (N,), -48.9 (Ng) HRMS for
C37H35CI5N50,: Calculated: 756.1233 (M+H)*; found: 756.1238; Calculated: 778.1053 (M+Na)*;
found: 778.1058.

6.2.8. N-(2,4-Dichlorophenethyl)-2-(2-(2,4-dichlorophenethyl)-2H-1,2,3-triazol-4-
yl)-1-(3,3-diphenylpropyl)-4-oxoazetidine-2-carboxamide (19)

A solution of KOH (20 mg, 0.35 mmol) in 2 mL of methanol was added to the Ugi product 3¢
and the mixture was stirred for 12 hours at room temperature. After the elimination of solvent,
the new residue was purified by column chromatography eluting with EtOAc:hexane to give 50

mg (0.07 mmol, 19% calculated from 5¢) of a white powder with 99% purity.

'H-NMR (CDCls, 500 MHz): § (ppm) 7.54 (s, 1H, H1), 7.38 {
d, J= 2.1 Hz, 1H, H13), 7.36 (d, J = 2.1 Hz, 1H, H16), 7.29-
7.26 (m, 4H, H18,18), 7.20-7.16 (m, 6H, H17,17°,19,19),
7.13 (dd, J = 8.2, 2.1 Hz, 1H, H15), 7.08 (dd, J = 8.2, 2.1 Hz,
1H, H12), 7.06 (d, J = 8.4 Hz, 1H, H14), 6.89 (d, J = 8.2 Hz,
1H, H11), 6.51 (1, J = 5.9 Hz, 1H, NH), 4.59 (1, J = 7.1 Hz,
2H, H6), 3.90 (t, J = 7.7 Hz, 1H, H3), 3.54 (m, 2H, H8), 3.34
(d, J = 14.4 Hz, 1H, H2), 3.27 (t, J = 7.1 Hz, 2H, H7), 3.27 (d,
J = 14.4 Hz, 1H, H2), 3.07 (m, 2H, H5), 2.90 (m, 2H, H9),
2.42 (m, 1H, H4), 2.29 (m, 1H, H4) "*C-NMR (CDCls, 100
MHz): & (ppm) 169.1 (C28), 166.8 (C27), 145 (C29), 143.9
(C26,C26'), 135.0 (C23), 134.9 (C20), 133.9 (C21 i 22 ),
%" 133.6 (C1), 133.54 (C24), 133.47 (C25), 131.9 (C14), 131.7

cl (C11), 129.74 (C13), 129.66 (C16), 128.9 (C18), 128.8

(C18), 127.9 (C17), 127.9 (C17"), 127.5 (C15), 127.47 (C12), 126.72 (C19), 126.68 (C19’), 58.9
(C10), 54.4 (C6), 50.7 (C2), 49.1 (CB), 41.9 (C5), 39.6 (C8), 33.6 (C7), 33.4 (C4 ), 32.7 (C9)
(

*N-NMR (CDCls, 40.5 MHz): & (ppm): -269.2 (NH), -229.4 (Ny), -124.2 (Ng), -55.9 (N,), -48.6
N¢) HRMS for Ci7H34C13N50,: Calculated: 720.1467 (M+H)™; found: 720.1453.
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Computational Methods: Docking results of 1, 2a, 2b, 19

6.3.
Figure 6.1. Best docked poses (left) and interaction diagrams (right) obtained for compounds

(R)-1, (S)-1, (R)-2a, (S)-2a, (R)-2b, (S)-2b, (R)-19 and (S)-19 bound at the CARD (green
ribbons) — NOD (light grey ribbons) interface (Site 1). The interaction diagrams show the Apaf-1

residues with atoms which are at less than 4 A from the ligands.
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Figure 6.2. Best docked poses (left) and interaction diagrams (right) obtained for compounds
(R)-1, (S)-1, (R)-2a, (S)-2a, (R)-2b, (S)-2b, (R)-19 and (S)-19 bound into the ADP binding site
(Site 2). The interaction diagrams show the Apaf-1 residues with atoms which are at less than 4
A from the ligands.
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6.4. Biological assays of compounds 1, 2a, 2b, 19

Apoptosome reconstitution assay

Recombinant Apaf-1 (rApaf-1) produced in insect cells (100 nM) was incubated in the presence
or absence of test compounds in assay buffer (20 mM Hepes-KOH pH 7.5, 10 mM KCI, 1.5 mM
MgCly, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.1 mM PMSF) for 15 min at 30 oC. Then
dATP/Mg (100 pM) and purified horse cytochrome ¢ (100 nM) were added. The mixture was
incubated for 60 min at 30 °C and then E. coli produced recombinant procaspase-9 (100 nM)
was added. Incubation was prolonged for 10 min at the same temperature before the addition
of the caspase-9 fluorogenic substrate Ac-LEDH-afc (50 pM). The caspase activity was
measured continuosly by the release of afc in a Wallac 1420 Workstation (Aexc = 390 nm; Aep =
510 nm).

HEK293 cell-free caspase activation assay

Apoptosome reconstitution in cellular extracts was carried out using cytosolic extracts (S100) of
HEK 293 cells depleted of Apaf-1. To this aim, cytosolic extracts from 2 x 108 cells were
fractionated by ionic exchange chromatography in a MonoQ FPLC column (Amersham
Pharmacia Biotech). Flow through fraction (FT) contained caspase-3, caspase-9 and
cytochrome c; thus, the addition of rApaf-1 and dATP makes possible the apoptosome
reconstitution. Test compounds were preincubated in 100 pL for 30 min at 30 °C in the
presence of rApaf-1 (100 nM). The cytosolic extract (0.1 mg/ml) and dATP (100 uM) were then
added. The mixture was incubated for 30 min at 37 °C, and caspase activity was measured
continuosly by the release of afc from the caspase-3 fluorogenic substrate (afc-DEVD; 20 uM).
in a Wallac 1420 Workstation (Aexc = 390 nm;Aem = 510 nm).

Compound | 1C50 /uyM SD
In vitro assays
1 12.41 1.06
2a 9.72 1.11
2b 6.13 1.18
19 3.94 1.20
Cellular extracts
1 3.49 1.36
2a 0.98 1.49
2b 0.34 2.24
19 0.22 4.32
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6.5. Synthesis and characterization of compounds in Chapter 2

6.5.1. Synthesis and characterization of azides

Benzyl azide (21)**'

To a solution of benzylbromide (210 pL, 1.8 mmol) in 35 mL of anhydrous DMF, sodium
azyde (230 mg, 3.5 mmol) was added and the mixture was stirred at 60°C for 10 h. The crude
reaction mixture was diluted with EtOAc (50 mL) and washed with water (3 x 25 mL) and brine
(3 x 25 mL). The organic layer was dried over MgSO, and concentrated under reduced pressure

to give a yellow liquid (170 mg, 1.3 mmol, 73%).

1N3

2 'H-NMR (CDCl,, 500 MHz): § (ppm): 7.40-7.25 (m, 5H, H2,3,4), 4.37 (s, 2H, H1).

P-Fluorophenethyl azide (22)

Following the above procedure, from a solution of p-fluorophenethyl bromide (1 g, 690 pL,
4.9 mmol) in 98 mL of anhydrous DMF and sodium azyde (650 mg, 9.8 mmol) the desired
product was achieved as a yellow liquid (651 mg, 3.9 mmol, 80%, 99% purity).

N3

™72

'H-NMR (CDCl,, 500 MHz): § (ppm): 7.18 (dd, J = 8.7, 5.4 Hz, 2H, H4), 7.01 (t, 2H,
H5), 3.49 (t, J = 7.1 Hz, 2H, H2), 2.86 (t, J = 7.1 Hz, 2H, H1) *C-NMR (CDCl,, 100
5 MHz): & (ppm) 163.0 (C6), 133.6 (C3), 130.2 (C4), 115.6 (C5), 52.5 (C1), 34.5 (C2).

4

6.5.2. Synthesis and characterization of 1,4-disubstituted-1,2,3-triazole

derivatives
1-Benzyl-4-hydroxymethyl-1H-1,2,3-triazole (23a)

To a solution of 65 mg (0.50 mmol) of azide 21 and 30 pL (0.50 mmol) of propargy! alcohol in
11 mL of THF, a solution of CuSO4 (95 mg, 0.5 mmol), ascorbic acid (175 mg, 1 mmol) in 2 mL
of water was added. The reaction was stirred under microwave activation during 2 min. at
100°C. The THF was evaporated under reduced pressure, the crude mixture was redisolved in
DCM (10 mL), washed with saturated NaHCO3; (3 x 10 mL), dried with MgSO,4 and concentrated
under reduced pressure to give 48 mg (0.23 mmol, 50%) of 23a with 93% purity by HPLC.
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1 —0oH 'H-NMR: (CDCl,, 500 MHz): & (ppm): 7.46 (s, 1H, H3), 7.39-7.37 (m, 3H, H7,
%@ H8), 7.29-7.27 (m, 2H, H6), 5.53 (s, 2H, H4), 4.79 (s, 2H, H1) "*C-NMR: (CDCl,,

s NaggNe 100 MHz): 8 (ppm):147.7 (C2), 134.2 (C5), 129.2 (C7), 128.9 (C8), 128.2 (C6),
, C 121.8 (C3), 56.6 (C1), 54.4 (C4) ""N-NMR (CDCls, 40.5 MHz): & (ppm) -133.7
6 (Na), -37.2 (Ng), -19.4 (Ng) HRMS for C;oH,;N;O: Calculated: 190.098 (M+H)";

7 Found: 190.099.

1-p-Fluorophenethyl-4-hydroxymethyl-1H-1,2,3-triazole (24a)

Following the above procedure, from 200 mg (1.2 mmol) of azide 22, 70 uL (1.2 mmol) of
propargyl alcohol, CuSQ,4 (215 mg, 1.2 mmol), ascorbic acid (425 mg, 2.4 mmol) in water (5 mL)
and THF (20 mL). The solvent was evaporated and 30 mL of DCM were added and washed
with NaHCO; (3 x 25 mL) and NH3; aqueous sol. 30% (3 x 25 mL). After evaporating the organic
phase, 60 mg (0.27 mmol, 25%) of 24a with 100% purity were obtained.

HO— 'H-NMR : (CDCl;, 500 MHz): & (ppm): 7.34 (s, 1H, H3), 7.06 (dd, J = 8.7, 5.4

“Nc  Hz, 2H, H7), 6.98 (t, J = 8.7 Hz, 2H, H8), 4.77 (s, 2H, H1), 4.57 (1, J = 7.2 Hz,

s Ny 2H, H4), 3.2 (t, J = 7.2 Hz, 2H, H5) *C-NMR: (CDCl3, 100 MHz): & (ppm): 161.9

(d, J = 244 Hz, C9), 147.5 (C2), 132.5 (C6), 130.1 (C7), 122.2 (C3), 115.6 (d, J

5 =21 Hz, C8), 56.6 (C1), 51.7 (C4), 35.8 (C5) ) °N-NMR (CDCls, 40.5 MHz): &

(ppm): -134.4 (Npn), -36.1 (Ng), -19.9 (Ng) HRMS for C,;H;,N;OF: Calculated:
221.1043 (M+H)*; Found: 221.1030.

1-(2,4-Dichlorophenethyl)-4-phenyl-1H-1,2,3-triazole (27)

Following the above procedure, from 150 mg (0.7 mmol) of azide 11, 75 uL (0.7 mmol) of
phenylacetylene, CuSO, (125 mg, 0.7 mmol), ascorbic acid (245 mg, 1.4 mmol) in water (3 mL)
and THF (15 mL). The reaction afforded, after reverse phase chromatographic purification, 137
mg (0.31 mmol, 45%) of 27 as TFA salt with 100% purity.

'H-NMR: (CDCl, 500 MHz): 5 (ppm): 7.78 (dd, J = 8.3, 1.3 Hz, 1H, H3), 7.53
(s, 1H, H6), 7.42 (m, 3H, H2, H13), 7.33 (m, 1H, H1), 7.13 (dd, J = 8.2, 2.1 Hz,
1H, H11), 6.97 (d, J = 8.2 Hz, 1H, H10), 4.65 (t, J = 7.1 Hz, 2H, H7), 3.38 (t, J =
7.1 Hz, 2H, H8) "*C-NMR: (CDCl;, 100 MHz): & (ppm): 147.6 (C5), 134.5 (C14),
133.1 (C9), 131.9 (C10), , 130.3 (C4), 129.5 (C13), 128.7 (C11), 128.1 (C1),
708 125.7 (C3), 119.8 (C6), 49.2 (C7), 34.1 (C8) *N-NMR (CDCl;, 40.5 MHz): &
9 (ppm): -134.4 (Np), -34.4 (N¢), -18.16 (Ng) HRMS for C;¢H3N;Cl,: Calculated:
10 318.0565 (M+H)"; Found: 318.0570.

1-Benzyl-4-formyl-1H-1,2,3-triazole (25a)

A solution of 23a (25 mg, 0.13 mmol) and iodoxybenzoic acid (55 mg, 0.19 mmol) in EtOAc

(5 mL) was stirred for 4 hours under reflux conditions. The mixture was cooled; the solid was
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filtered and extracted with EtOAc. The filtrate was washed with 5% KHCO; (3 x 20 mL) and
brine (3 x 15 mL). Finally, the organic layer was dried with MgSO, and the EtOAc was
eliminated under reduced pressure to give 25a as a pure pale (100% purity) yellow solid (22
mg, 0.11 mmol, 85%).

-0 'H-NMR: (CDClj3, 500 MHz): 5 (ppm): 10.1 (s, 1H, H1), 8.0 (s, 1H, H3), 7.42-7.40

3 X2 (m, 3H, H7, H8), 7.33-7.31 (m, 2H, H6), 5.6 (s, 2H, H4) 3C-NMR: (CDCl;, 100

4 NA.N’/NC MHz): 5 (ppm): 185.0 (C1), 148.0 (C2), 133.3 (C5), 129.4 (C6), 129.3 (C8), 128.4

é B (C7), 125.0 (C3), 54.6 (C4) HRMS for C,yHgN;0: Calculated: 188.0824 (M+H)";
6 Found: 188.0827.

7
8

1-(p-Fluorophenethyl)-4-formyl-1H-1,2,3-triazole (26a)

Following the above procedure, from 30 mg (0.13 mmol) of 24a and 55 mg (0.2 mmol) of 2-

iodoxybenzoic acid, 28 mg (0.12 mmol, 94%) of 26a were obtained with 80% purity.

! 'H-NMR: (CDCI3, 500 MHz): & (ppm): 10.1 (s, 1H, H1), 7.8 (s, 1H, H3), 7.00 (m,
Ng 4H, H7, H8), 4.64 (t, J = 7 Hz, 2H, H4), 3.24 (t, J = 7 Hz, H5) 3C-NMR: (CDCl;,
3 Ng 100 MHz): d (ppm): 184.9 (C1), 162.0 (d, J = 246 Hz, C9), 147.5 (C2), 131.8 (C6),

130.1 (d, J =8 Hz, C7), 125.4 (C3), 115.9 (d, J = 21 Hz, C8), 52.1 (C4), 35.6 (C5)
5 N-NMR (CDCI3, 40.5 MHz): 5 (ppm): -130.1 (Na), -19.6 (N¢), -12.7 (Ng) HRMS
. 6 for C41H1FN3O: Calculated: 220.0886 (M+H)"; Found: 220.0873.

6.5.3. Synthesis and characterization of 1,5-disubstituted-1,2,3-triazole
derivatives

1-Benzyl-5-hydroxymethyl-1H-1,2,3-triazole (23b)

A solution of propargyl alcohol (90 uL, 1.4 mmol) and 100 mg (0.75 mmol) benzyl azide (21)
in 5 mL of dioxane was added to a solution of Cp*RuCI(PPhs), (60 mg, 0.08 mmol) in 7 mL of
the same solvent. The round-bottom flask was purged with nitrogen, sealed, and heated for 12
h at 60°C under nitrogen atmosphere. The mixture was concentrated under reduced pressure to
obtain a residue that after a reverse phase chromatographic purification afforded 25 mg (0.12

mmol, 16%) of a pale yellow solid identified as 23b with 99% purity.

3 Ne 'H-NMR (CDCls, 500 MHz): 5 (ppm): 8,1 (s, 1H, OH), 7.84 (s, 1H, H3), 7.35
HO__2/ '\, (m, 3H, H7, H8), 7.24 (m, 2H, H6), 5.66 (s, 2H, H4), 4.63 (s, 2H, H1) *C-
1 Na NMR (CDCI;, 100 MHz): 8 (ppm): 138.4 (C2), 132.7 (C5), 130.5 (G3), 129.2

MHz): § (ppm): -135.7 (Na), -58.8 (Nc), -19.9 (Ng) HRMS for CqoH;:N5O:

1\67 (C6), 129.1 (C8), 127.8 (C7), 53.6 (C1), 52.8 (C4) '°N-NMR (CDCl,, 40.5
8  Calculated: 190.098 (M+H)*; Found: 190.097.
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1-(p-Fluorophenethyl)-5-hydroxymethyl-1H-1,2,3-triazole (24b)

Following the above procedure, from 150 mg (0.90 mmol) of p-fluorophenethylazide (22),
105 pL, (1.8 mmol) of propargyl alcohol and a solution of Cp*RuCI(PPhg), (70 mg, 0.09 mmol) in
9 mL of dioxane, the reaction afforded, after a reverse phase chromatographic purification, 60

mg (0.27 mmol, 30%) of 24b as a yellow pale solid with 83% purity.

HOJNC 'H-NMR (CDCls, 500 MHz): § (ppm): 7,42 (s, 1H, H3), 7.02 (dd, J = 8.7 Hz, 5.4
Ne  Hz, 2H, H7), 6.93 (t, J = 8.7 Hz, 2H, H8), 4.56 (t, J = 7.2 Hz, 2H, H4), 4.41 (s,
2H, H1), 3.21 (t, J = 7.2 Hz, 2H, H5) "*C-NMR (CDCl;, 100 MHz): § (ppm):
s 161.8 (d, J = 260 Hz, C9), 136.4 (C2), 132.5 (C3), 130.4 (C7), 130.1 (C6),
6 _ 115.6 (C8, 52.6 (C1), 49.7 (C4), 35.7 (C5) '°N-NMR (CDCl,, 40.5 MHz): &
(ppm): -136.1 (Np), -35.3 (N¢), -16.6 (Ng) HRMS for C,;H;,FN;O: Calculated:
s & 2221043 (M+H)"; Found: 222.1037.

1 Nj
4

1-Benzyl-5-formyl-1H-1,2,3-triazole (25b)

Following the same procedure described above for 25a, from 23b (25 mg, 0.12 mmol) and
iodoxybenzoic acid (50 mg, 0.18 mmol) in EtOAc (1.2 mL), the reaction afforded the aldehyde
25b (16 mg, 0.09 mmol, 70%) with 78% purity.

o, N 'H-NMR (CDCl3, 500 MHz): & (ppm): 9.95 (s, 1H, H1), 8.25 (s, 1H, H3), 7.33
NN (m, 5H, H6,7,8), 5.88 (s, 2H, H4) "*C-NMR (CDCl;, 100 MHz): 5 (ppm): 178.1
L, s (C1),141.1 (C2), 134.3 (C5), 133.3 (C3), 128.8 (C6), 128.7 (C8), 128.2 (C7),
\©7 53.8 (C4) ""N-NMR (CDCls, 40.5 MHz): § (ppm): -132.4 (N,), -31.7 (Ng), -2.1

s (Ng) HRMS for C4oHgN;O: Calculated: 188.0824 (M+H)*; Found: 188.0847.

6.5.4. Synthesis and characterization of 2,4-disubstituted-1,2,3-triazoles

derivatives
2-Benzyl-4-hydroxymethyl-1H-1,2,3-triazole (23c)

Anhydrous DMF (10 mL) was added to the residue containing triazole 14 (690 mg, 6.8 mmol)
and the mixture was heated at 60°C. A solution of benzyl bromide (830 uL, 6.9 mmol) in
acetonitrile (10 mL) and excess of Cs,CO; were added and the mixture was stirred for 24 hours
at 60°C. The crude reaction mixture was diluted with EtOAc (25 mL) and washed with water (2 x
15 mL) and brine (2 x 15 mL). The elimination of solvents afforded a residue (445 mg) that was
purified by a reverse phase chromatography (from 10% to 40% of ACN in water (0.1% TFA) in
30 min) to give 77 mg (0.41 mmol, 10%) of yellow oil identified as 23¢ with 99% purity.
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HO— 2 , 'H-NMR (CDCls, 500 MHz): & (ppm): 7.61 (s, 1H, H3), 7.36 (m, 5H, H6,7,8),
% 5.57 (s, 2H, H4), 4.77 (H1) *C-NMR (CDCl,, 100 MHz): § (ppm): 148.0 (C2),
Ney N 135.1 (C5), 132.9 (C3), 128.8 (C7), 128.3 (C8), 128.0 (C6), 58.6 (C4), 56.7

458 , (C1) N-NMR (CDCl;, 40.5 MHz): § (ppm): -124.8 (Ng), -55.9 (N¢), -49.5
(Na) HRMS for C,¢H;,N;0: Calculated: 190.098 (M+H)*; found: 190.0989.

2-(p-Fluorophenethyl)-4-hydroxymethyl-1H-1,2,3-triazole (24c)

This compound was prepared as described before for 23¢, but using 800 mg (8.1 mmol) of
14, 960 pL (8.1 mmol) of p-fluorophenethyl bromide and 5 eq of Cs,CO;. The crude reaction
mixture was purified by column chromatography EtOAC / hexane (1 / 9) to give 282 mg (1.27
mmol, 16%) of 24¢ with 98% purity.

Ho— 'H-NMR (CDCl;, 500 MHz): 5 (ppm): 7.57 (s, 1H, H3), 7.12 (m, 2H, H7), 6.98 (m,

$ 2H, H8), 4.77 (s, 2H, H1), 461 (t, J = 7.6 Hz, 2H, H4), 3.25 (t, J = 7.6 Hz, 2H,

nd N, H5) *C-NMR (CDCl,, 100 MHz2): 5 (ppm): 161.8 (d, J = 245 Hz, C9), 147.5 (C2),

Na 133.0 (C6), 132.4 (C3), 130.1 (C7), 115.6 (C8), 115.4 (C8), 56.6 (C1), 55.9 (C4),

5 353 (C5) ""N-NMR (CDCls, 40.5 MHz): & (ppm) -127.5 (Ng), -57.6 (Ng), -51.5

6 (Na) HRMS for C;H;3FN3;O: Calculated: 222.1043 (M+H)"; Found: 222.1038;
Calculated: 245.094 (M+Na); Found: 245.1201.

2-Benzyl-4-formyl-1H-1,2,3-triazole (25c)

A solution of 23¢ (80 mg, 0.4 mmol) and iodoxybenzoic acid (175 mg, 0.6 mmol) in EtOAc (4
mL) was stirred for 4 hours under reflux conditions. The mixture was cooled down; the solid was
filtered and washed with EtOAc. The filirate was washed with 5% KHCO; (3 x 20 mL) and brine
(3 x 15 mL). Finally, the organic layer was dried with MgSO, and the EtOAc was eliminated
under reduced pressure to give 25¢, a pure pale yellow solid (78 mg, 0.4 mmol, 95%) with
100% purity.

1 'H-NMR (CDCls, 500 MHz): 5 (ppm): 10.12 (s, 1H, H1), 8.11 (s, 1H, H3), 7.39

O% (m, 5H, H6,7,8), 5.67 (s, 2H, H4) *C-NMR (CDCl,, 100 MHz): & (ppm): 184.1
N, N (C1), 147.4 (C2), 134.9 (C3), 133.9 (C5), 129.0 (C7), 128.9 (C8), 128.3 (CH),
4N 6 59.5 (C4) HRMS for C;oH;(N;O: Calculated: 188.0824 (M+H)"; found:
\© 7 188.0816.
8
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2-(p-Fluorophenethyl)-4-formyl-1H-1,2,3-triazole (26c)

This compound was prepared as described above for 25¢, but using 280 mg (1.3 mmol) of
24c and 535 mg (1.91 mmol) of iodoxybenzoic acid, to give 255 mg (1.16 mmol, 91%) of a

white powder.

OM 'H-NMR (CDCl3, 500 MHz): & (ppm): 10.06 (s, 1H, H1), 8.04 (s, 1H, H3), 7.1-7.08
Ng  (m, 2H, H7), 6.98-6.95 (m, 2H, H8), 4.71 (t, J = 7.4 Hz, 2H, H4), 3.29 (t, J= 7.4
TA Hz, 2H, H5) *C-NMR (CDCl3, 100 MHz): & (ppm): 183.9 (C1), 161.9 (d, J = 245
Hz, C9), 147.0 (C2), 134.6 (C3), 132.3 (C6), 130.1 (C7), 115.6 (C8), 56.8 (C4),
34.9 (C6) ) °N-NMR (CDCls;, 40.5 MHz): & (ppm) -119.7 (Na), -48.8 (Ng), -41.9

7 (Ng) HRMS for C;;H;FN;O: Calculated: 220.0886 (M+H)*; found:220.0899.
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6.6. Synthesis and characterization of compounds in Chapter 3

6.6.1. Compounds from the reactivity study

N-benzyl-2-(2-benzyl-2H-1,2,3-triazol-4-yl)-1-(4-fluorophenethyl)-4-
oxoazetidine-2-carboxamide (33BLac) and 1-(2’,4’-dichlorophenethyl)-3-[2’-
(benzyl)-2H-1,2,3-triazol-4’-yl]-4-(p-fluorophenethyl) piperazine-2,5-dione
(33DKP)

Following the same Ugi reaction used in compounds 3, p-fluorophenethylamine (25 uL, 0.19
mmol) was added to a solution of 25¢ (35 mg, 0.19 mmol) in methanol (0.1 mL). The mixture
was stirred for 6 hours at room temperature. Then, a solution of benzyl isocyanide (20 mg, 0.19
mmol) in 0.1 mL of methanol and a solution of chloroacetic acid (20 mg, 0.19 mmol) in 0.1 mL
methanol were added and the mixture was stirred for 48 hours at room temperature under
nitrogen atmosphere. Straightaway, a solution of KOH (15 mg, 0.2 mmol) in 2 mL of MeOH was
added into the Ugi adduct and afforded a crude reaction mixture containing a 1: 0.3 mixture of
the B-lactam derivative (33BLac) and the DKP (33DKP), that was separated by preparative thin
layer chromatography (hexane: EtOAc) to give 6 mg (0.014 mmol, 8%) of 33BLac and 12 mg
(0.024 mmol, 13%) of 33DKP.

'H-NMR: (CDCl,, 500 MHz2): & (ppm): 7.59 (s, 1H, H7), 7.33-

Rz 1 7.28 (m, 8H, H15, 19, 14,18), 7.17 (m, 2H, H20,16), 7.02 (dd, J

10 — 8.5, 5.4 Hz, 2H, H10), 6.87 (t, J = 8.7 Hz, 2H, H11), 6.61 (s,

9 1H, NH), 5.54 (s, 2H, H4), 4.42 (dd, J = 14.8, 6.0 Hz, 1H, H3),

10 4.30 (dd, J = 14.8, 6 Hz, 1H, H3), 3.42 (m, 1H, H5), 3.0 (m, 1H,

1810 N2 = H6), 2.85 (m, 1H, H6) '*C-NMR: (CDCl,, 100 MHz): § (ppm):

7N 168.9 (C22), 167.4 (C21), 161.8 (C12), 145.0 (C8), 137.4

N A2 (C13), 134.5 (C17), 134.2 (C9), 133.7 (C7), 130.1 (C10), 128.9

(C19), 128.8 (C18), 128.6 (C20), 127.7, 128.1 (C15), 127.7

15 (C14), 115.4 (C11), 59.1 (C4), 58.9 (C1), 50.6 (C2), 44.9 (C5),

33pLac . 439 (C3), 32.9 (C6) HRMS for CagHFNsO,: Calculated:
484.2149 (M+H)*; Found:484.2122.

'H-NMR: (CDCls, 500 MHz): 5 (ppm): 7.58 (s, 1H, H7’), 7.33-
7.28 (m, 8H, H15", 19’, 14°,18"), 7.17 (m, 2H, H20",16’), 7.08
(dd, J = 8.8, 5.5 Hz, 2H, H10), 6.95 (1, J = 8.7 Hz, 2H, H11),

o . 5.52 (s, 1H, H4), 5.0 (s, 1H, H1’), 4.56 (dd, J = 66, 15 Hz, 2H,
: N);ﬁzv 19 X,y H3), 4.02 (m, 1H, H5’), 3.91 (dd, J = 112, 16 Hz, 2H, H2),
N 17 3.42 (m, 1H, H5'), 2 (m, 1H, H6’), 2.71 (m, 1H, H6E’) *C-NMR:
; (CDCls, 100 MH2): & (ppm): 164.9 (C22), 163.9 (C21’), 161.8

0O (C12’), 143.9 (C8’), 134.8 (C17’), 134.5 (C13’), 133.6 (C9),
130.0 (C10’), 128.9 (C15'), 128.8 (C14’), 128.5 (C16’), 128.1

33DKP (C20'), 128.1 (C19’), 128.0 (C18’), 115.5 (C11’), 59.0 (C4),

57.8 (C1’), 49.6 (C3), 49.3 (C2), 46.7 (C5), 32.7 (C6’) HRMS for CasHFNsO,: Calculated:
484.2149 (M+H)"; Found:484.2195.
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N-(p-methoxyphenyl)-2-[2-benzyl-1H,1,2,3-triazol-4-yl]-3-(p-
fluorophenethyl)aza-4-oxo-5-chloropentanoic acid amide (28)

Following the above procedure, from p-fluorophenethylamine (25 uL, 0.20 mmol), 25¢ (35
mg, 0.2 mmol), p-methoxyphenyl isocyanide (25 mg, 0.2 mmol) and chloroacetic acid (20 mg,
0.2 mmol), the Ugi reaction afforded after a chromatographic column purification 45 mg (0.069
mmol, 35%) of the desired compound 28 with 98% of purity by HPLC.

Fl s 'H-NMR: (CDCl,, 500 MHz): 5 (ppm): 8.4 (s, 1H, NH), 7.9 (s,
1H, H8), 7.36-7.30 (m, 7H, H12,13,14,17), 6.97-6.91 (m, 4H,

QPN H8,9), 6.83 (d, J = 8.9 Hz, 2H, H16), 5.92 (s, 1H, H1), 5.61
1o (s, 2H, H5), 3.8 (s, 2H, H2), 3.78 (s, 3H, H3), 3.59 (m, 2H,

N2 H3), 2.74 (m, 1H, H4), 2.61 (m, 1H, H4) *C-NMR: (CDCl,,

s Nuas 2 N.as 8 1 100 MHz): & (ppm): 167.7 (C20), 165.2 (C21), 161.8 (d, J =

2y N @ 245 Hz, C10), 156.7 (C18), 142.5 (C19), 135.4 (C6), 134.7

0~ (C11), 133.2 (C7), 130.4 (C15) 130.2 (C), 130.1 (C8), 128.9

: (C13), 128.6 (C14), 128.2 (C12), 121.9 (C17), 115.8 (C9),

115.6 (C9), 114.1 (C16), 59.1 (C5), 57.3 (C1), 55.5 (CMe),

49.9 (C3), 40.9 (C2), 34.7 (C4) HRMS for C,sHsCIFNsO5: Calculated: 536.1865 (M+H)™;
Found: 536.1863.

1-(p-methoxyphenyl)-3-[2’-(benzyl)-1,2,3-triazol-4’-yl]-4-(p-fluorophenethyl)
piperazine-2,5-dione (35DKP)

To a methanol solution of 28 (5 mg, 0.009 mmol), NaOH (0.5 mg / 0.01 mmol) was added
and a mixture 1: 0.1 of the DKP (35DKP) and the B-lactam (35BLac) was obtained. This mixture
was characterized as product 35DKP due to the low amount of 35BLac.

Foo 'H-NMR: (CDCl;, 500 MHz): § (ppm): 7.64 (s, 1H, H6), 7.36-

8 7.30 (m, 5H, H12, 13, 14), 7.13 (dd, J = 8.5, 5.5 Hz, 2H, H8),

4 5 7.08 (d, J = 9 Hz, H17), 6.98 (t, J = 8.5 Hz, H9), 6.91 (d, J =

9 Hz, H16), 5.56 (d, J = 2 Hz, H5), 5.11 (s, 1H, H1), 4.58 (d,

N2NE J=17 Hz, 1H, H2), 4.12 (d, J = 17 Hz, 1H, H2), 4.05 (m, 1H,

R s N2INIER H3), 3.81 (s, 3H, HMe), 3.19 (m, 1H, H3), 2.90 (m, 1H, H4),

5 1 N\N,h o \©1\8 2.80 (m, 1H, H4) "*C-NMR: (CDCl;, 100 MHz): § (ppm):
1 i) OMe 165.1 (C20), 163.8 (C21), 161.6 (d, J = 260 Hz, C10), 158.7

(C18), 143.9 (C19), 134.5 (C11), 133.5 (C7), 133.2 (C6),
132.3 (C15), 130.1 (C8), 128.8 (C14), 128.6 (C13), 128.2
(C12), 126.4 (C17), 115.5 (d, J = 21.2 Hz, C9), 114.6 (C16), 59.1 (C5), 58.5 (C1), 55.5 (CMe),
53.4 (C2), 47.1 (C3), 32.9 (C4) HRMS for CagH»sFN5O5: Calculated: 500.2098 (M+H)*; Found:
500.2128.

N-benzyl-2-[1-benzyl-1H,1,2,3-triazol-4-yl]-3-(p-fluorophenethyl)aza-4-oxo-
5-chloropentanoic acid amide (29)

Following the above procedure, from p-fluorophenethylamine (20 uL, 0.14 mmol), 25a (25
mg, 0.14 mmol), benzyl isocyanide (15 pL, 0.14 mmol) and chloroacetic acid (15 mg, 0.14

mmol), the Ugi reaction afforded after a reverse phase purification 17 mg (0.03 mmol, 19%) of
29 with 98% purity by HPLC.
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'H-NMR: (CDCl3, 500 MHz): & (ppm): 7.95 (s, 1H, H7), 7.39-
7.30 (m, 6H, H14, 15, 18, 19), 7.26-7.25 (m, 4H, H13, H17),
6.94 (dd, J = 8, 5.8 Hz, 2H, H9), 6.9 (m, 1H, NH), 6.89 (1, J =
8 Hz, 2H, H10), 5.81 (s, 1H, H1), 5.59 (d, J = 14.5 Hz, 1H,

M zcl
N"21 H&Q” H5), 5.49 (d, J = 14.5 Hz, 1H, H5), 4.47 (m, 2H, H6), 3.87

8 (dd, J = 15, 13 Hz, 2H, H2), 3.6 (m, 2H, H4), 2.8 (m, 1H, H3),
2.67 (m, 1H, H3) "*C-NMR: (CDCl,;, 100 MHz): & (ppm):
167.4 (C22), 167.2 (C21), 161.7 (d, J = 246 Hz, C11), 142.5
(C20), 137.5 (C16), 133.9 (C12), 133.3 (C8), 130.1 (C9),

129.2 (C14), 128.9 (C15), 128.7 (C18), 128.1 (C13, 19), 127.5 (C17), 124.8 (C7), 115.7 (C10),
57.5 (C1), 54.5 (C5), 50.5 (C4), 43.8 (C6), 40.9 (C2), 34.3 (C3) HRMS for CugH;CIFN5O,:
Calculated: 520.1916 (M+H)*; Found: 520.1898.

N-benzyl-2-(1-benzyl-2H-1,2,3-triazol-4-yl)-1-(4-fluorophenethyl)-4-

oxoazetidine-2-carboxamide (36BLac) and 1-(2’,4’-dichlorophenethyl)-3-[1’-
(benzyl)-2H-1,2,3-triazol-4’-yl]-4-(p-fluorophenethyl) piperazine-2,5-dione
(36DKP)

To 5 mg (0.009 mmol) of 29, 0.5 mg of NaOD in 50 pL of MeOD were added and a 1/ 2
mixture of the DKP (36DKP) and the B-lactam (36BLac) compound was obtained.

36DKP

'H-NMR: (CDCls, 500 MHz): & (ppm): 7.48 (t, J = 5.7 Hz, NH),
7.42 (s, 1H, H7), 7.39-7.14 (m, 20H, H13, 13", 14, 14, 15, 15", 17,
17', 18, 18, 19, 19'), 7.19 (s, 1H, H7"), 7.07 (m, 4H, H9,9’), 6.92
(m, 2H, H10), 6.87 (m, 2H, H10’), 5.49 (dd, J = 28, 15 Hz, 2H,
H5), 5.45 (dd, J = 18.3, 14.8 Hz, 2H, H5"), 4.95 (s, 1H, H1), 4.62
(d, J = 14.7 Hz, 1H, H6), 4.47 (d, J = 14.7 Hz, 1H, H6), 4.43 (dd, J
=14.8, 6 Hz, 1H, H6'), 4.32 (dd, J = 14.8, 6 Hz, 1H, H6’), 4.28 (d,
J =17 Hz, 1H, H2), 4.02 (m, 1H, H4), 3.79 (d, J = 17 Hz, 1H, H2),
3.39 (t, J = 7.2 Hz, 2H, H4'), 3.38 (d, J = 14.5 Hz, 1H, H2)), 3.18
(d, J=14.5 Hz, 1H, H2'), 3.05 (m, 1H, H4), 2.97 (t, J = 7.2 Hz, 2H,
H3"), 2.86 (m, 1H, H3), 2.70 (m, 1H, H3) *C-NMR: (CDCl;, 100
MHz): 168.9 (C22)), 167.5 (C21’), 164.8 (C21), 164.1 (C22), 161
(C11), 145.1 (C20°), 143.2 (C20), 137.5 (C16’), 134.9 (C16), 134.5
(C8'), 133.9 (C8), 130.3 (C9’), 130.0 (C9), 129.3-127.3 (Ar), 122.7
(C7’),121.9 (C7), 115 (C10, 10"), 58.7 (C1"), 57.6 (C1), 54.4 (C2)),
51.3 (2'), 49.5 (C6), 49.4 (C2), 46.8 (C4), 45.2 (C4’), 43.8 (C6),
32.7 C3), 32.6 (C3)).

When instead of NaOH/ MeOH, DBU is used for the cyclization, a 100% of the B-lactam

product (36BLac) was obtained.

F11 10

'H-NMR: (CDCls, 500 MHz): § (ppm): 7.49 (1H, NH), 7.39-7.37
(m, Ar), 7.31-7.29 (m, Ar), 7.20 (s, 1H, H7), 7.07 (dd, J = 8.6, 5.4
Hz, 2H, H9), 6.88 (t, J = 8.6 Hz, 2H, H10), 5.45 (d, J = 3.5 Hz, 2H,
H5), 4.44 (dd, J = 14.8, 6 Hz, 1H, H6), 4.32 (dd, J = 14.8, 6 Hz,
1H, H6), 3.41-3.39 (m, 3H, H2, H4), 3.19 (d, J = 14.5 Hz, 1H, H2),
2.97 (t, J = 7.2 Hz, 2H, H3) "’N-NMR (CDCl;, 40 MHz): § (ppm): -
263.7 (NH), -231.3 (Ny), -130.4 (Np) -35.1 (Ng), -16.0 (Npg).
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6.6.2. Compounds of the section 3.3.2.

N-tert-Butyl-2-(2-(2,4-dichlorophenethyl)-2 H-1,2,3-triazol-4-yl)1-(3,3-
diphenylpropyl)-4-oxoazetidine-2-carboxamide (43)

Following the above procedure, from 3,3-diphenylpropanamine (35 uL, 0.20 mmol), aldehyde
5¢ (55 mg, 0.2 mmol), tert-butyl isocyanide (15 mg, 0.2 mmol) and chloroacetic acid (20 mg, 0.2
mmol), the Ugi reaction followed by the cyclization in basic media (1 mg, 0.2 mmol of KOH)
afforded after a reverse phase purification 38 mg (0.06 mmol, 21%) of the B-lactam 43 as a

yellow oil.

i3 'H-NMR: (CDCls, 500 MHz): & (ppm): 7.56 (s, 1H, H9), 7.36 (d, J

12 = 2.1 Hz, 1H, H18), 7.29-7.22 (m, 4H, H12), 7.21-7.10 (m, 6H,

Q )5, H11,13),7.06 (dd, J = 8.2, 2.1 Hz, 1H, H16), 6.89 (d, J = 8.2 Hz,

4 1H, H15), 6.43 (s, 1H, NH), 4.60 (t, J = 7.0 Hz, 2H, H6), 3.88 (t, J

. i o =7.8Hz 1H, H3),3.38 (d, J= 14.3 Hz, 1H, H2), 3.28 (t, J = 7.0

6 L8, 7 N=V N~ Hz 2H,H7),3.25(d, J= 14.3 Hz, 1H, H2), 8.17 (m, 1H, H5), 3.05

@/YN\N/ 11" (m, 1H, H5), 2.36 (m, 2H, H4), 1.32 (s, 9H, H8) "*C-NMR: (CDCls,

cl 15 07 w4 100 MHz): § (ppm): 167.7 (C23), 166.9 (C22), 147.1 (C19), 145.5

(C17), 145.0 (C21), 143.6 (C10), 134.6 (C14), 133.4 (C9), 129.6

8 (C18), 128.6 (C12), 127.7 (C11), 127.3 (C15), 127.2 (C16), 126.4

(C13), 59.0 (C1), 54.1 (C6), 51.6 (C20), 50.3 (C2), 48.9 (C3), 41.4 (C5), 33.3 (C7), 33.2 (C4),
28.4 (C8) HRMS for Ca3HssCloNsO,: Calculated: 604.2246 (M+H)*; Found: 604.2273.

1
6 2

N-tert-Butyl-2-(2-(4-fluorophenetyl)-2H-1,2,3-triazol-4-yl)-1-(4-methoxy
phenethyl)-4-oxoazetidine-2-carboxamide (44)

Following the above procedure, from p-methoxyphenethylamine (35 pL, 0.24 mmol), 2-(p-
fluorophenethyl)-4-formyl-1H-1,2,3-triazole (26¢) (55 mg, 0.24 mmol), tert-butyl isocyanide (20
mg, 0.24 mmol) and chloroacetic acid (25 mg, 0.24 mmol), the Ugi reaction followed by the
cyclization in basic media (15 mg, 0.24 mmol of KOH) afforded after a reverse phase

purification 35 mg (0.07 mmol, 29%) of product 44.

'H-NMR: (CDCls, 500 MHz): & (ppm): 7.55 (s, 1H, H7), 7.05 (m, 4H, H10, H14), 6.91 (t, J = 8.6

MeO_15 11 Hz, 2H, H15), 6.81 (d, J = 8.6 Hz, 2H, H11), 6.29 (s, 1H, NH), 4.62

10 (t, J= 7.3 Hz, 2H, H5), 3.77 (s, 3H, Me), 3.38 (m, 1H, H4), 3.34 (q,

o J = 14.5 Hz, 2H, H2), 3.23 (m, 1H, H4), 3.23 (t, J = 7.3 Hz, 2H,

\ ’ H6), 2.86 (m, 2H, H3) "*C-NMR: (CDCl;, 100 MHz): & (ppm):

1 N Ny 181.2 (C20), 167.4 (C19), 161.6 (C16), 158.1 (C12), 144.6 (C18),

N8R N, M1 )7 183.4 (C7), 132.5 (C13), 130.2 (C9), 129.5 (C10, C14), 1155

- 5N (C15), 113.9 (C11), 58.8 (C1), 56.0 (C5), 54.9 (CMe), 51.4 (C17),
NH

/K 50.3 (C2), 44.3 (C4), 34.8 (C6), 32.6 (C3), 28.1 (C8) E.NMR:
g 17 (CDCl;, 500 MHz): & (ppm): -115.6 (m, 1F) HRMS for
C7H33FNsO3: Calculated: 494.2567 (M+H)*; Found: 494.2458.
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N-tert-Butyl-2-(2-(4-fluorophenethyl)-2H-1,2,3-triazol-4-yl)-oxo-1-(4-
(trifluoromethoxy)benzyl)azetidine-2-carboxamide (45)

Following the above procedure, from 4-trifluoromethoxybenzylamine (35 pL, 0.24 mmol), 26¢
(55 mg, 0.24 mmol), tert-butyl isocyanide (20 mg, 0.24 mmol) and chloroacetic acid (25 mg,
0.24 mmol), the Ugi reaction followed by the cyclization in basic media (15 mg, 0.24 mmol of
KOH) afforded 95 mg (0.18 mmol, 75%) of a yellow oil, product 45.

F _ 'H-NMR: (CDCls, 500 MHz): 5 (ppm): 7.60 (s, TH, H7), 7.27 (d, J
ok F  —8Hz 2H, H8), 7.17 (d, J = 8 Hz, 2H, H9), 7.08 (dd, J = 8.5, 5.4
0 P Hz 2H, H12), .94 (t, J = 8.6 Hz, 2H, H13), 5.8 (s, 1H, NH), 4.63

(t, J = 7.3 Hz, 2H, H5), 4.58 (d, J = 15.5 Hz, 1H, H3), 3.88 (d, J =

9

= 15.5 Hz, 1H, H3), 3.43 (d, J = 14.8 Hz, 1H, H2), 3.39 (d, J = 14.8

” N O Hz, 1H, H2), 3.23 (1, J = 7.3 Hz, 2H, H4), 1.08 (s, 9H, H6) *C-
gt e [ NMR: (CDCl;, 100 MHz): 5 (ppm): 167.8 (G17), 167.6 (C18),
” 5 N 172 161.8 (d, J = 245 Hz, C14), 148.9 (C10), 144.1 (C16), 134.9
F O7°NH  (C20), 134.1 (C7), 132.8 (C11), 130.4 (C8), 130.2 (C12), 121.5

K (C9), 120.3 (q, J = 257.5 Hz, C19), 115.6 (C13), 60.04 (C1), 56.2

(C5), 51.5 (C2), 51.4 (C15), 44.7 (C3), 35.1 (C4), 27.9 (C6) "°F-
NMR: (CDCls, 500 MHz): § (ppm): -115.7 (m, 1F), -47.9 (s, 3F) HRMS for CgH,sFsNsO;:
Calculated: 534.2128 (M+H)*; Found: 534.2111.

N-tert-Butyl-1-(3,3-diphenylpropyl)-2-(2-(4-fluorophenetyl)-2H-1,2,3-triazol-
4-yl)-4-oxoazetidine-2-carboxamide (46)

Following the above procedure, from 3,3-diphenylpropanamine (55 uL, 0.24 mmol), 26¢ (55
mg, 0.24 mmol), tert-butyl isocyanide (20 mg, 0.24 mmol) and chloroacetic acid (25 mg, 0.24
mmol), the Ugi reaction followed by the cyclization in basic media (15 mg, 0.24 mmol of KOH)

afforded after a reverse phase purification 60 mg (0.011 mmol, 46%) of product 46.

13 "H-NMR: (CDCl,, 500 MHz): § (ppm): 7.57 (s, 1H, H9), 7.29-7.22
12 (m, 4H, H12), 7.21-7.10 (m, 6H, H11, 13), 7.02 (dd, J = 8.5, 5.4
Q .5t Hz, 2H, H15),6.92 (t, J = 8.5 Hz, H16), 6.37 (s, 1H, NH), 4.55 (t, J
. = 7.4 Hz, 2H, H6), 3.87 (t, J = 7.8 Hz, 1H, H3), 3.38 (d, J = 14.4
5 Hz, 1H, H2), 3.28 (d, J = 14.4 Hz, 1H, H2), 3.19 (m, 1H, H5), 3.16
6 57 NR\ N~ (1 J=7.4 Hz, 2H, H7), 8.05 (m, 1H, H5), 2.36 (m, 2H, H4), 1.32 (s,
1/7©/\6/N\N/ —2 9H, H8) *C-NMR: (CDCl,, 100 MHz): § (ppm): 166.9 (C20), 161.7
F 0\ (d, J = 243 Hz, C17), 161.2 (C21), 144.8 (C9), 143.5 (C10),
s 133.24 (C9),132.6 (C14), 129.9 (C15), 127.6 (C11), 115.4 (C16),
56.2 (C6), 51.7 (C18), 50.3 (C2), 48.8 (C3), 41.3 (C5), 34.9 (C7),
33.3 (C4), 28.3 (C8) HRMS for C33H3;FN50,: Calculated: 554.2931 (M+H)"; Found: 554.2902.

0
0

NT=Z

2-(2-Benzyl-2H-1,2,3-triazol-4-yl)-N-tert-butyl-1-(2,4-dichlorophenethyl)-4-
oxoazetidine-2-carboxamide (47)

Following the above procedure, from 2,4-dichlorophenethylamine (25 pL, 0.15 mmol),
aldehyde 25¢ (30 mg, 0.15 mmol), tert-butyl isocyanide (20 pL, 0.15 mmol) and chloroacetic
acid (15 mg, 0.15 mmol), the Ugi reaction afforded a crude that was purified with reverse phase

chromatographic column and 40 mg (0.076 mmol, 51%) of a white powder was obtained. A
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solution of KOH (5 mg, 0.076 mmol) in MeOH (1mL) was added to the product and stirred
during 3 hours. The crude reaction mixture was purified by reverse phase chromatography to
give 15 mg (34%) of the expected final product 47.

Cl. 12 'H-NMR: (CDCls, 500 MHz): & (ppm): 7.55 (s, 1H, H18), 7.33-7.31 (m,
1= N2l 5H, H15, 16, 17), 7.12 (d, J = 1.2 Hz, 2H, H9,10), 6.33 (s, 1H, NH),
5.55 (s, 1H, H5), 3.42 (d, J = 14.2 Hz, 1H, H2), 3.40 (m, 2H, H4), 3.30
o (d, J =14.2 Hz, 1H, H2), 3.01 (m, 2H, H3), 1.28 (s, 9H, H6) "*C-NMR:

18

17
@ YRS © (CDCl;, 100 MHz): 8 (ppm): 167.6 (C21), 167.0 (C20), 1455 (C19),
! in N ]

15 2

. 2 134.6 (C13), 134.5 (C8), 134.5 (C14), 133.3 (C18), 133.1 (C11), 133.6

s N2, (C9),120.2 (C17), 128.9 (C16), 128.7 (C12), 128.2 (C15), 127.2 (C10),

A 59.2 (C5), 59.1 (C1), 51.9 (C7), 49.8 (C2), 41.9 (C4), 31.4 (C3), 28.4

5 (C6) HRMS for C,sHasCloNsO,: Calculated: 500.162 (M+H)*; Found:
500.1599.

N-Benzyl-2-(2-(2,4-dichlorophenthyl)-2H-1,2,3-triazol-4-yl)-1-(3,3-
diphenylpropyl)-4-oxoazetidine-2-carboxamide (48B8Lac) and 1-benzyl-3-
[2’-(2”,3”-dichlorophenethyl)-1,2,3-triazol-4’-yl]-4-(3’,3’-diphenylpropyl)
piperazine-2,5-dione (48DKP))

Following the above procedure, from 3,3-diphenylpropanamine (45 uL, 0.24 mmol), 5¢ (65
mg, 0.24 mmol), benzyl isocyanide (30 mg, 0.24 mmol) and chloroacetic acid (25 mg, 0.24
mmol), the Ugi reaction followed by the cyclization in basic media (15 mg, 0.24 mmol of KOH)
afforded after a reverse phase purification 70 mg of a mixture containing a 1: 0.2 proportion of
the B-lactam derivative (48BLac) and the DKP (48DKP). This mixture was purified by
preparative thin layer chromatography (hexane:EtOAc 3: 2) to give 50 mg (0.08 mmol, 34%) of

48BLac and 8 mg (0.01 mmol, 5%) of 48DKP.

12 'H-NMR: (CDCl;, 500 MHz): & (ppm): 7.57 (s, 1H, H23),

1 7.31 (d, J = 2.2 Hz, 1H, H19), 7.3 (m, 4H, H11), 7.28-7.19

Q 3/9 10 (m, 5H, H10, H16), 7.17-7.13 (m, 6H, H12, 14, 15), 7.01 (dd,

4 J=8.2 Hz, 2.1 Hz, 1H, H21), 6.83 (d, J = 8.2 Hz, 1H, H22),

cl 2 0 6.78 (t, J = 5.6 Hz, 1H, NH), 4.58 (t, J = 7.1 Hz, 2H, H6),

1918 47 7 NE\pgN 2 4.44 (dd, J = 5.7, 2.3 Hz, 2H, H8), 3.86 (t, J = 7.8 Hz, 1H,

2 N7 2 H3), 3.44 (d, J = 14.4 Hz, 1H, H2), 3.30 (d, J =14.4 Hz, 1H,
CIm e 072 NH H2), 3.24 (t, J = 7.1 Hz, 2H, H7), 3.16 (m, 1H, H5), 3.04 (m,

slig 14 1H, H5), 2.33 (m, 2H, H4) *C-NMR: (CDCl,, 100 MHz): &

° (ppm): 168.8 (C26), 166.7 (C25), 144.8 (C24), 143.7 (C9),

16 143.6 (C9), 137.4 (C13), 134.7 (C17), 133.6 (C23), 133.4

48plLac (C18), 133.3 (C20), 131.5 (C22), 129.5 (C19), 128.9 (C15),

128.6 (C11), 128.5 (C11), 127.8 (C10), 127.7 (C10), 127.7 (C16), 127.6 (C21), 127.2 (C14),

126.4 (C12), 126.4 (C12), 58.8 (C1), 54.2 (C6), 50.5 (C2), 48.9 (C3), 44.0 (C8), 41.6 (C5), 33.4
(C7), 33.3 (C4) HRMS for C3sH34CloN50,: Calculated: 638.209 (M+H)*; Found: 638.2076.
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'H-NMR: (CDCls, 500 MHz): & (ppm): 7.34 (s, 1H, H23), 7.33
(d, J = 2.2 Hz, H19), 7.31-7.26 (m, 5H, H12, 14, 16), 7.25-7.16
(m, 10H, H10, 11, 15), 6.98 (dd, J = 8.2, 2.2 Hz, 1H, H21),
6,78 (d, J = 8.2 Hz, 1H, H22), 5.00 (s, 1H, H1), 4.75 (d, J =
14.6 Hz, 1H, H8), 4.57 (td, J = 7, 1.9 Hz, 2H, H6), 4.31 (d, J =
14.6 Hz, 1H, H8), 3.93 (d, J = 17.1 Hz, 1H, H2), 3.91 (t, J= 10
Hz, 1H, H3), 3.83 (m, 1H, H5), 3.69 (d, J = 17.2 Hz, 1H, H2),
3.23 (t, J = 7 Hz, 2H, H7), 2.7 (m, 1H, H5), 2.32 (m, 2H, H4)
*C-NMR: (CDCl;, 100 MHz): § (ppm): 164.6 (C26), 163.7
(C25), 143.9 (C9), 143.8 (C9), 143.6 (C24), 134.9 (C20),
134.7 (C18), 133.5 (C17), 133.4 (C13), 132.9 (C22), 131.5

N\ /% 43DKP (C19), 129.5 (C21), 128.9 (C15), 128.7 (C11), 128.2 (C14),
A 128.1 (C12), 127.5 (C10), 127.2 (C12), 126.5 (C16), 57.3

(C1), 54.2 (C6), 49.7 (C3), 49.4 (C8), 49.1 (C2), 44.1 (C5),
33.4 (C7), 32.7 (C4) HRMS for CsHs,Cl,NsO,: Calculated: 660.1909 (M+Na)*; Found:
660.1934, Calculated (M+K)*; 676.1648; Found: 676.1672.

N-benzyl-2-(2-(4-fluorophenethyl)-2 H-1,2,3-triazol-4-yl)-1-(4-methoxy
phenethyl)-4-oxoazetidine-2-carboxamide (49B8Lac) and 1-(benzyl)-3-[2’-(p-
fluorophenethyl)-2H-1,2,3-triazol-4’-yl]-4-(p-methoxyphenethyl) piperazine-
2,5-dione (49DKP)

Following the above procedure, from p-methoxyphenethylamine (35 pL, 0.24 mmol),
aldehyde 26¢ (50 mg, 0.24 mmol), benzyl isocyanide (30 mg, 0.24 mmol) and chloroacetic acid
(25 mg, 0.24 mmol), the Ugi reaction followed by the cyclization in basic media (15 mg, 0.24
mmol of KOH) afforded after a reverse phase purification 55 mg of a mixture containing 1: 0.25
of the B-lactam derivative (49BLac) and the DKP (49DKP). This mixture was purified by
preparative thin layer chromatography (hexane:EtOAc) to give 35 mg (0.06 mmol, 27%) of
49BLac and 7 mg (0.01 mmol, 5%) of 49DKP.

MeO_jp 11 'H-NMR: (CDCls, 500 MHz): § (ppm): 7.62 (s, 1H, H8), 7.31

(m, 2H, H19), 7.29 (m, 1H, H20), 7.14 (m, 2H, H18), 7.08 (d,

J = 8.6 Hz, 2H, H10), 7.03 (m, 2H, H14), 6.9 (m, 2H, H15),

6.76 (d, J = 8.6 Hz, 2H, H11), 6.34 (m, 1H, NH), 4.61 (t, J =

7.3 Hz, 2H, H5), 4.36 (dd, J = 14.9, 6.4 Hz, 1H, H7), 4.13 (dd,

22 J = 14.9, 5.7 Hz, 1H, H7), 3.71 (s, 3H, OMe), 3.41 (m, 1H,

Fm 23 2 H4), 3.32 (s, 2H, H2), 3.20 (t, 2H, H6), 3.06 (m, 1H, H4), 2.99

(ppm): 168.8 (C23), 167.6 (C22), 160.3 (C16), 158.4 (C12),

144.0 (C21), 137.2 (C17), 133.6 (C8), 132.5 (C13), 130.2

a9pLac (C9), 129.9 (C14), 129.6 (C10), 128.7 (C19), 127.5 (C20),

127.1 (C18), 115.2 (C15), 114.2 (C11), 58.8 (C1), 56.1 (C5),

55.2 (CMe), 50.5 (C2), 45.1 (C4), 43.5 (C7), 34.8 (C6), 32.4 (C3) "*F-NMR: (CDCl;, 500 MHz):

3 (ppm): -115.7 (m, 1F) HRMS for Cg3H3;FNsO;: Calculated: 528.2411 (M+H)"; Found:
528.2410.

(m, 1H, H3), 2.79 (m, 1H, H3) *C-NMR: (CDCls, 100 MHz): 5

MeO_12 U 0 'H-NMR: (CDCl;, 500 MHz): & (ppm): 7.52 (s, 1H, H8),
7.30-7.27 (m, 3H, H19, 20), 7.17 (m, 2H, H18), 7.08 (d, J =

™3 O 8.6 Hz, 2H, H10), 7.03 (m, 2H, H14), 6.9 (m, 2H, H15),
) N%%Z 8 6.82 (d, J = 8.7 Hz, 2H, H11), 4.99 (s, 1H, H1), 4.57 (t, J =
Q 7.3 Hz, 2H, H5), 4.55 (s, 2H, H7), 4.03 (m, 1H, H4), 3.97

(d, J = 17.1 Hz, 1H, H2), 3.78 (s, 3H, OMe), 3.76 (d, J =

17.1 Hz, 1H, H2), 3.16 (t, J = 7.4 Hz, 2H, HB6), 2.91 (m, 1H,

15 44
S e
1

o

49DKP
178



6. Experimental Part

H4), 2.82 (m, 1H, H3), 2.71 (m, 1H, H3) *C-NMR: (CDCl;, 100 MHz): 5 (ppm): 164.7 (C22),
163.9 (C23), 162.9 (C16), 158.4 (C12), 134.9 (C17), 132.7 (C8), 130.1 (C13), 130.0 (C9), 129.9
(C14), 129.5 (C10), 128.9 (C19), 128.2 (C18), 128.1 (C20), 115.6 (C15), 115.3 (C15), 114.1
(C11), 57.7 (C1), 56.3 (C5), 55.2 (Cme), 49.5 (C2), 49.2 (C7), 46.8 (C4), 35.1 (C6), 32.6 (C3).

N-benzl-2-(2-benzyl-2H-1,2,3-triazol-4-yl)-4-oxo0-1-(2-(thiophen-2-
yl)ethyl)azetidine 2-carboxamide (50B8Lac) and 1-(benzyl)-3-[2’-(benzyl)-
1,2,3-triazol-4’-yl]-4-(2-thiophen -2-yl)piperazine-2,5-dione (50DKP)

Following the above procedure, from 2-(thiphen-2-yl)ethanamine (15 pL, 0.13 mmol),
aldehyde 25¢ (25 mg, 0.13 mmol), benzyl isocyanide (15 uL, 0.13 mmol) and cloroacetic acid
(10 mg, 0.13 mmol), the Ugi reaction was performed. The cyclization was done with KOH (7 mg,
0.13 mmmol) in MeOH. After reverse phase purification, a mixture of two products was obtained
18 mg (0.04 mol, 29%, 50BLac) and a 20% of the DKP 50DKP.

'H-NMR: (CDCl;, 500 MHz): & (ppm): 7.60 (s, 1H, H1), 7.32-
7.30 (m, 4H, H11, 14), 7.28 (m, 3H, H13, 15), 7.18-7.15 (m, 3H,
H10, 12), 7.08 (dd, J = 5.1 Hz, 1H, H9), 6.8 (dd, J = 5, 3.4 Hz,
1H, H8), 6.79 (dd, J = 3.4, 1 Hz, 1H, H7), 6.75 (t, J = 6 Hz, 1H,
NH), 5.54 (s, 2H, H6), 4.44 (dd, J = 14.8, 6 Hz, 1H, H5), 4.27
(dd, J = 14.8, 6 Hz, 1H, H5), 3.52 (m, 1H, H4), 3.37 (m, 2H,
H2), 3.32 (m, 1H, H4), 3.27 (m, 1H, H3), 3.11 (m, 1H, H3) *C-
NMR: (CDCl;, 100 MHz): 6 (ppm): 168.8 (C22), 167.3 (C21),
144.8 (C19), 140.5 (C16), 137.4 (C17), 134.4 (C18), 133.7
(C1), 128.4 (C14, 15), 127.9 (C13), 127.5 (C11), 127.4 (C10),
127.0 (C8), 125.6 (C7), 124.3 (C12), 124.1 (C9), 58.8 (C6),
58.7 (C20), 50.6 (C2), 44.7 (C4), 43.7 (C5), 27.5 (C3) HRMS for C,sH2sNs0,S: Calculated:
472.1807 (M+H)"; Found: 472.1794.

'H-NMR: (CDCl;, 500 MHz): & (ppm): 7.57 (s, 1H, H1’), 7.32-
7.15 (m, 10H, Ar), 7.09 (m, 1H, H9’), 6.92 (dd, J = 5, 3.5 Hz,
1H, H8"), 6.75 (m, 1H, H7"), 5.5 (s, 2H, H6’), 4.99 (s, 1H, H10),
457 (dd, J = 67, 14 Hz, 2H, H5'), 4.07 (m, 1H, H4’), 3.92 (dd, J
= 104, 16 Hz, 2H, H2), 3.15 (m, 1H, H3"), 3.09 (m, 1H, H4"),
2.98 (m, 1H, H3’) "*C-NMR: (CDCl,, 100 MHz): 5 (ppm): 164.9
(C21"), 163.8 (C22'), 143.6 (C20"), 140.1 (C16’), 134.7 (C17)),
133.2 (C1), 127.9 (C11’), 127.1 (C8), 125.4 (C7’), 58.9 (C6),
58.2 (C10'), 49.5 (C5'), 49.2 (C2'), 47.0 (C4), 27.5 (C3)).

1-(2’-chloro-5’-methyl-phenyl)-3-[2’-(benzyl)-1,2,3-triazol-4’-yl]-4-(p-fluoro
phenethyl) piperazine-2,5-dione (51)

Following the above procedure, from p-fluorophenethylamine (20 uL, 0.15 mmol), 25¢ (28
mg, 0.15 mmol), 2-chloro-5-methyl-isocyanide (25 mg, 0.14 mmol) and chloroacetic acid (15
mg, 0.15 mmol), the Ugi reaction followed by the cyclization in basic media (8 mg, 0.15 mmol of

KOH) afforded after a TLC semipreparative purification 15 mg (0.03 mmol, 19%) of product 51.

After the analysis of the product, two conformational isomers were observed by NMR; A and
B with a ratio of 1: 0.8.
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'H-NMR (500 MHz, CDCls): 5 (ppm) 7.73 (s, 1H, H6B), 7.69 (s,
1H, H6A), 7.42-7.33 (m, Ar), 7.33-7.30 (m, Ar), 7.26-7.15 (m,
Ar), 7.09 (d, J = 7.0 Hz, 2H, H11A), 7.01 (t, J = 8.5 Hz, 1H,
H15A), 7.00 (t, J = 8.5 Hz, 1H, H15B), 5.59 (dd, J = 19.5, 13.5
Hz, 1H, H5B), 5.58 (dd, J = 35.5, 14.5 Hz, 1H, H5A), 5.14 (s,
1H, H1B), 5.01 (s, 1H, H1A), 4.71 (dd, J = 17.0, 1.8 Hz, 1H,
H2'B), 4.49 (dd, J = 16.8, 1.8 Hz, 1H, H2'A), 4.24 (m, 2H,
H4A,B), 4.01 (d, J = 16.8 Hz, 1H, H2A), 3.77 (d, J = 16.9 Hz,
1H, H2B), 3.18 (m, 1H, H4B), 3.09 (m, 1H, H4A), 2.99 (m, 2H,
H3AIB), 2.84 (m, 2H, H3A,B), 2.18 (s, 3H, MeB), 1.78 (s, 3H,
MeA) *C-NMR (100 MHz, CDCl3): & (ppm) 164.81 (C21A),
162.89 (C22B), 162.61 (C22A), 161.64 (C16), 143.79 (C23A),
143.02 (C23B), 138.55 (C12A), 137.55 (C12B), 135.1 (C7B),
134.99 (C7A), 134.57 (C17), 133.5 (C13), 133.35 (C6A),
133.17 (C6B), 132.72 (C8A), 132.03 (C8B), 129.36 (C11A),
128.77 (C9A), 127.89 (C18), 115.59 (C15A), 115.36 (C15B),
58.95 (C5), 58.16 (C1A), 58.09 (C1B), 46.87 (C4A), 46.46
(C4B), 32.80 (C3), 17.62 (CMeB), 17.05 (CMeA) "N-NMR
(CDCl3, 40.5 MHz): & (ppm): -264.7(NY), -259.2 (NX), -121.7
(NBg), -120.8 (NBa), -54.6 (NA), -53.6 (NAg), -46.9 (NC)

HRMS for CysH25CIFN5O,: Calculated: 518.1759 (M+H)*; Found: 518.1774.

1-(2,6-Dimethylphenyl)-3-[2’-(2,4-dichlorophenehyl)-1,2,3-triazol-4’-yl]-4-
(3,3-diphenylpropyl) piperazine-2,5-dione (52)

Following the above procedure, from 3,3-diphenylpropylamine (45 puL, 0.24 mmol), aldehyde

5¢ (65 mg, 0.24 mmol), 2,6-dimethylphenylisocyanide (30 mg, 0.24 mmol) and chloroacetic acid

(25 mg, 0.24 mmol), the Ugi reaction was performed followed by the cyclization in basic media
(15 mg, 0.24 mmol of KOH in 3 mL of MeOH) and although the major compound was the DKP
scaffold (52DKP), 10% of the B-lactam (52) was observed in the 'H NMR before purification.
After a reverse-phase chromatography 35 mg (0.05 mmol, 21%) of product 52BLac were

obtained.
12
O
10
9
8

3
4 0

171 cl N2
cl-8 13 N —
7 N
15 14

Found: 652.2231.

0]

'H-NMR: (CDCl;, 500 MHz): 5 (ppm): 7.41 (s, 1H, H8),
7.36 (d, J = 2.1 Hz, 1H, H17), 7.31-7.27 (m, 6H, H11,
12), 7.24-7.17 (m, 4H, H10), 7.14 (d, J = 6 Hz, 2H, H21),
7.07 (m, 1H, H22), 7.04 (dd, J = 8.2, 2.1 Hz, 1H, H15),
6.89 (d, J = 8.2 Hz, 1H, H14), 5.09 (s, 1H, H1), 4.62 (m,
2H, H6), 4.53 (d, J = 17.2 Hz, 1H, H2), 3.96 (t, J = 7.8

21 H5), 3.29 (m, 2H, H7), 2.82 (m, 1H, H5), 2.42 (m, 1H,
22 H4), 2.34 (m, 1H, H4), 2.25 (s, 3H, Me), 1.98 (s, 3H, Me)
HRMS for C3;H;5CI:N50,: Calculated: 652.2246 (M+H);

N™ 242
125 N 1? {zo Hz, 1H, H3), 3.85 (d, J = 17.2 Hz, 1H, H2), 3.83 (m, 1H,
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6.7. Synthesis and characterization of compounds in Chapter 4

6.7.1. Synthesis of small molecules

N-(Ethyl-2-acetate)-2-[2-(2,4-dichlorophenethyl-1H,1,2,3-triazol-4-yl]-3-(3,3-
diphenylpropyl)aza-4-oxo-5-chloropentanoic acid amide (54)

Following the procedures of the Ugi reaction described in 6.2, from 3,3-diphenylpropylamine
(120 mg, 0.58 mmol), aldehyde 5¢ (155 mg, 0.58 mmol), ethyl-2-isocyanoacetate (65 puL, 0.57
mmol) and chloroacetic acid (55 mg, 0.58 mmol), the reaction afforded after a chromatographic

column purification, 242 mg (0.36 mmol, 63%) of compound 54.

'H-NMR (CDCl3, 500 MHz): & (ppm): 7.76 (s, 1H,
H11), 7.35 (d, J = 2 Hz, 1H, H14), 7.30-7.27 (m, 4H,
H16), 7.21-7.16 (m, 6H, H15, 17), 7.05 (dd, J = 8.2, 2
Hz, 1H, H13), 6.9 (m, 1H, NH), 6.89 (d, J = 8.2 Hz,
1H, H12), 5.54 (s, 1H, H1), 4.63 (t, J = 7.1 Hz, 2H,
H6), 4.19 (g, J = 7.1 Hz, H9), 4.09 (dd, J = 18, 5 Hz,
1H, H8), 3.97 (dd, J = 18, 5 Hz, 1H, H8), 3.83 (1, J =
8 Hz, 1H, H3), 3.77 (s, 2H, H2), 3.3 (m, 4H, H7, H5),
2.3 (m, 1H, H4), 2.2 (m, 1H, H4), 1.27 (t, J = 7.1 Hz,
3H, H10) *C-NMR (CDCl,, 100 MHz): 5 (ppm) 169.3
(C25), 167.3 (C24), 167.2 (C23), 143.3 (C22), 143.2
(C22), 142.4 (C18), 134.9 (C11), 134.8 (C20), 133.5 (2C, C19,21), 131.6 (C12), 129.5 (C14),
128.8 (2C, C16), 128.7 (2C, C16), 127.6 (2C, C15), 127.5 (2C, C15), 127.2 (C13), 126.8 (C17),
126.7 (C17), 61.5 (C9), 56.9 (C1), 54.0 (C6), 48.4 (C3), 47.4 (C7), 41.6 (C8), 40.9 (C2), 34.8
(C4), 33.5 (C5), 14.1 (C10) HRMS for C33H35CIsNsO,: Calculated: 670.1755 (M+H)™; found:
670.1794; Calculated: 693.1652 (M+Na)+; found: 693.1608.

N-Carboxymethyl-2[2-(2,4-dichlorophenethyl)-2H-1,2,3-triazol-4-yl]-1-(3,3-
diphenyl propyl)-4-oxoazetidine-2-carboxamide (55)

To a 190 mg (0.28 mmol) of 54 solved in 10 mL THF: H,O (1:1), 15 mg (2 eq) of LiOH were
added and stirred for 6 hours at room temperature. The solvent was evaporated and the mixture
was treated with 10 mL of HCI and extracted with EtOAC (3 x 20 mL), dried with MgSO, and

evaporated, obtaining 144 mg (0.24 mmol, 85%) of the acid 55
with 95% purity.

12
1 'H-NMR (CDCls, 500 MHz): § (ppm): 7.61 (s, 1H, H9), 7.36 (d,
o J = 2.1 Hz, 1H, H16), 7.24-7.21 (m, 4H, H12), 7.18-7.14 (m,
O 4 6H, H11, H13), 7.09 (t, J = 5.2 Hz, 1H, NH), 7.05 (dd, J = 2.1,
16, 0 s { o 82Hz 1H, H18), 6.89 (d, J = 8.2 Hz, 1H, H19), 4.60 (t, J =

Nxf% 7.1 Hz, 2H, H6), 4.05 (dd, J = 5.3, 1.6 Hz, 2H, H8), 3.88 (t, J =
7.8 Hz, 1H, H3), 3.46 (d, J = 14.5 Hz, 1H, H2), 3.35 (d, J =
14.5 Hz, 1H, H2), 3.28 (t, J = 7.1 Hz, 2H, H7), 3.14 (m, 1H,
o Hb),3.09 (m, 1H, H5), 2.35 (m, 2H, H4) *C-NMR (CDCl;, 100
Ssz MHz): & (ppm): 171.1 (C23), 169.3 (C21), 167.2 (C22), 144.1
OH  (C20), 143.5 (C10), 134.7 (C15), 133.5 (C17), 133.3 (C14),

131.4 (C19), 129.3 (C16), 127.6 (C18), 127.5 (C11), 128.4 (CAr), 126.3 (CAr), 58.5 (C1), 53.8
(C6), 48.6 (C3), 41.3 (C5), 33.0 (C7), 32.7 (C4) ®N-NMR (CDCl,, 41.5 MHz): § (ppm): -277.7

17 14 GN/NA_
B 20 21

2
18 7 —
19 Ne=J07 “NH
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(NH), -227.6 (Nx), -123.9 (Ng), -55.3 (Na), -48.9 (Nc) HRMS for CsiH2Cl,NsO,: Calculated:
606.1675 (M+H)"; found: 606.1711.

N-((2-Aminoethylcarbamoyl)methyl)-2-(2,4-dichlorophenethyl)-2H-1,2,3-
triazol-4-yl)-1-(3,3-diphenylpropyl)-4-oxoazetidine-2-carboxamide (56)

70 mg (0.12 mmol) of compound 55, 20 pyL (0.12 mmol) of N-Boc-ethylenediamine and 15
mg (1.1 eq) of HOBt were dissolved in DCM and treated with N, N-diisopropylethylamine (40 uL,
2 eq) and then with EDC (25 mg, 1.1 eq) and stirred overnight at room temperature. Then DCM
was added and the solution was washed with water (3 x 10 mL) and brine (3 x 10 mL), dried
over MgSO4 and the solvent was evaporated under reduced pressure to give 95 mg that were
purified by column chromatography EtOAC/ hexane (1/4) to obtain 40 mg (0.06 mmol, 49%) of
the desired compound with the Boc-Nprotected group. Then, to 40 mg (0.06 mmol) of the
previous compound dissolved in DCM (5 mL), excess of trifluoroacetic acid was added and
stirred 2 hours at room temperature. The reaction was washed with water (3 x 10 mL) and dried
over MgSO4 to obtain 20 mg (0.02 mmol, 24%) of compound 56.

13 'H-NMR (CDCl;, 500 MHz): & (ppm): 7.63 (s, 1H, H9), 7.35
12 (d, J = 2.1 Hz, 1H, H16), 7.24-7.21 (m, 4H, H12), 7.18-7.14
1 (m, 6H, H11, H13), 7.04 (dd, J = 2.1, 8.2 Hz, 1H, H18),
6.89 (d, J = 8.2 Hz, 1H, H19), 4.54 (t, J = 7.1 Hz, 2H, H6),
4 3.94 (m, 2H, H8), 3.84 (t, J = 7.8 Hz, 1H, H3), 3.56 (d, J =
16 45 Cl 5 o 14.5 Hz, 1H, H2), 3.39 (d, J = 14.5 Hz, 1H, H2), 3.8 (m,
H s N g2 2H, H24), 3.23 (t, J = 7.1 Hz, 2H, H7), 3.14 (m, 2H, H5),
8%y 7 N a0, 2 2.95 (m, 2H, H25), 2.3 (m, 2H, H4) HRMS for
N=567 >NH CasH3sCILN,O5:  Calculated: 648.2257 (M+H)*; found:

O 648.2258.

1-(3’,3’-Diphenylpropyl)-4-[2’-(2”*,4”’-dichlorophenyl)ethyl]-7-[ N-( N-(2-
aminoethyl)carbamoyl)-N-[2’-(2°,4’-dichlorophenyl)ethyl]aminocarbonyl]
perhydro-1,4-diazepin-2,4-dione (58)

Following the previous procedure, 74 mg (0.096 mmol) of compound 57,15 uL (0.09 mmol)
of N-Boc-ethylendiamine, 14 mg (1.1 eq) of HOBt were dissolved in DCM and treated with 33
uL (2 eq) of N,N-diisopropylethylamine and then with 20 mg (1.1 eq) of EDC and stirred
overnight at room temperature. After washing and drying, 80 mg (0.09 mmol, 90%) of the
compound with the N-Boc-ethylenediamine were obtained. The deprotection step was carried
out by treatment with TFA. A solution of this compound in DCM was stirred for 2 hours at room
temperature, followed by washes with water (3 x 10 mL) and drying over MgSQ,, to finally yield
75 mg (0.09 mmol, 95%) of compound 58.
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H-NMR (CDCl;, 500 MHz): & (ppm): 7.45-7.06

(16H, CHay), 4.52 (dd, J = 9.2 y 6.6 Hz, 1H, NCH),

4.45 (d, J = 16.8 Hz, 1H, COCH,), 4.41 (t, J = 8.4

N ~,. Hz 1H, NCH) 435(d, J=17.1 Hz, 1H COCH,),
M '

4.18 (d, J = 17.1 Hz, 1H, COCH,), 3.90-3.56 (1H

Fs€~COO" x CH + 2H x COCH, + 4 H x NCH,CH,), 3.8 (m,
O 2H, CO-NH-CH,CH,), 3.37-240 (8H, 2H x
NCH.CH, + 4H x NCH,CH, + 2H x COCH,CH),

29 (m, 2H, CHrNHy, 231-220 (2H,
O NCH,CH,CH).

6.7.2. Preparation of dense-shell glycodendrimers

Coupling of the spacer with the 5™ Generation PPI (60)

Boc-020c¢-020c¢-OH spacer (0.465 g, 1.14 mmol) was dissolved in 20 mL of DMSO, BOP
(504 mg, 1.14 mmol) was added to the solution and the mixture was stirred for 1 hour at room
temperature. 5" Generation PPI dendrimer (DAB/Am64) (815 mg, 0.114 mmol) and Et;N (0.6
mL) were dissolved in 20 mL DMSO and the spacer solution was added over this one. The
reaction was stirred for 24 hours. Then, the crude mixture product was purified by dialysis with
deionised water for 1 day, exchanging water regularly. Compound 60 with 10 spacers was

obtained from freeze drying as a white solid. (1.35 g, 0.12 mmol, 100%).

"H-NMR (D,0, 500 MHz): § (ppm): 4.07 (s, H8), 4.05 (s, H2), 3.72 (m, H3, 4, 9, 10), 3.66 (1, J =
5.1 Hz, H5), 3.60 (t, J = 5.3 Hz, H11), 3.48 (, J = 5.5 Hz, H6), 3.27 (m, H12), 3.25 (m, Hq), 2.75
(-CHa-NHy), 2.55-2.47 (b,c,e,f,h,i,k,1,n,0), 1.69-1.65 (a,d,g,j,m,p), 1.43 (s, H15). *C-NMR (DO,
125 MHz): § (ppm): 175.3 (C7), 174.9 (C1), 160.7 (C13), 83.5 (C14), 73.3 (C3), 73.2 (C9), 72.4
(C2,8), 72.2 (C4,10,11), 71.7 (C5), 55-53 (Cb,c,e,f,h,1,k,,n,0), 42.5 (C12), 41.7 (CHx-NH,), 4.13
(C6), 40.2 (Ca), 30.7 (C15), 29.4-24.9 (Cd, g, j, m, p).
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Dense-shell glycodendrimer containing the spacer (61)

The previous dendrimer 60, (0.3 g, 0,027 mmol), maltose (14.6 g, 40 mmol) and borane-
pyridine complex (10 mL, 81 mmol, 8M solution) were taken up in a sodium borate buffer (50
mL, 0.1 M, pH = 9). The reaction mixture was stirred at 50°C for 7 days. Then, the crude mixture
product was purified by dialysis with deionised water for 4 days and after freeze drying, 744 mg

(0,015mmol, 57%) of the glycodendrimer 61 were obtained.

'H-NMR (D,0, 500 MHz): 5 (ppm): 5.12 (H1”), 4.08 (H2), 3.98 (s, H8), 3.85-3.78 (H3,4,5), 3.73
(H9,10), 3.60 (H11), 3.48 (H6), 3.43-3.90 (2',2",3',3",4',4”,5',5",6',6"), 3.27 (H12,9), 2.86 (H1’),
2.52-2.95 (b,c,e,f,h,ik,,n,0), 1.75 (a,d,g,j,m,p), 1.43 (H15) 3C-NMR (D20, 125 MHz): & (ppm):
175.4 (C7), 175.5 (C1), 160.8 (C13), 103.5 (C1”), 85.4 (C4’), 83.6 (C14), 79.2 (C2"), 73.3 (C3,
9), 72.4-72.2 (C2,4,8,10,11,2’,3”,4”,5",5”), 71.7 (C5), 70.9 (C2"), 65.6 (CH’), 65.2 (C6”), 59.9
(C1’), 52-56 (Cb,c,e,f,h,ik,|l,n,0), 42.5 (C12), 41.3 (C6), 40.0 (Ca), 30.7 (C15), 27,7-24.4
(Cd,g,j,m,p). LILBID-MS: m/z calcd for Cg4oH3743N14601160: 46511 (relating to 108 maltose units
connected to the surface of 5" generation PPI; found 42850 [M-8maltose] .
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Dense-shell glycodendrimer containing the deprotected spacer (62)

A solution of the previous glycodendrimer 61 (600 mg, 0.012 mmol) in 15 mL of water was
treated with 30 mL of HCI (4M in dioxane). The mixture was stirred overnight and purified by
dialysis with deionised water for 6 hours exchanging water frequently. After freeze drying, 202
mg (0.004 mmol, 100%) of the deprotected product 62 were obtained.

'"H-NMR (D,0, 500 MHz): 6 (ppm): 5.12 (H1"), 4.11 (H2,8), 3.87-3.78 (H3,4,5), 3,75 (H9,10),
3.60 (H11), 3.48 (H6), 3.43-3.90 (2',27,3',3", 4,4”,5",5”,6',6”), 3.30 (Hq), 3.20 (H12), 2.86 (H1’),
2.60-3.0 (b,c,e,f,h,ik,l,n), 1.90-1.75 (a,d,g,j,mp) BC-NMR (DO, 125 MHz): & (ppm): 175.3
(C1,7), 163.0 (C13), 103.5 (C1”), 85.2 (C4’), 75.8 (C2”), 75.4 (C5,5”), 74.5 (C2',3"), 73.2
(C3,9), 72.3 (C2,8, 4’), 71.6 (C5), 70.8 (C2"), 65.2 (CF’), 63.4 (C6”), 59.7 (C1’), 52.7-55.1
(Cb,c,e,f,h,i,k,l,n,0), 41.9 (C6), 41.2 (C12), 39.4 (Cq), 23.5 (Cd,g,j,m,p). IR: v = 3300 (OH), 2900
(CH, CH,), 1660 (C=0 amide st), 1560 (NH 8), 1440 (CH, ©), 1015 (C-N amine st).
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6.7.3. Couplings with the maltose dense-shell PPl glycodendrimers

1Sl

Coupling: Compound 63

Ph
Ph 0

Ph N
o HN N
O N-N
= o @u
N X
N= "TEA/DMSO. 10spacer cl
»
cl
< NH3+C|>
10

62 55 63

A mixture of 100 mg (0.002 mmol) of glycodendrimer 62 and 10 mL of DMSO was heated at

80°C until a solution was formed and then it was cooled down at 37°C. At his point, 0.2 mL of
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EtsN was added. Simultaneously, 5 eq. (6.5 mg, 0.01 mmol) of the small molecule (cf. 6.7.1)
were dissolved in 10 mL DMSO, EDC (0.8 mg, 0.004 mmol) was added to this solution and
stirred for 1 hour. Then NHS (0.9 mg, 0.004 mmol) was added and the new mixture was stirred
for more 2 hours. Finally this solution was added to the glycodendrimer solution and stirred
overnight. The crude reaction mixture was purified by dyalisis exchanging water, water/THF and
water again regularly. This solution was washed with CHCI; (3 x 20 mL) and after freeze drying,

90 mg (0.002 mmol, 95%) of product were obtained.

The aromatic signals present in the 'H NMR (D,O) allowed us to know that the desired
coupling took place. By integration it was estimated an average of 2 equivalents of 55 per

polymer unit.

'H-NMR (D0, 500 MHz): & (ppm): 7.30-6.90 (Ar), 5.12 (H1”), 4.10 (H2,8), 3.89-3.80 (H3,4,5),
3.75 (H9,10), 3.60 (H11), 3.48 (He), 3.43-3.90 (2',2",3',3",4’,4"5',5",6',6"), 3.30 (Hq), 3.20
(H12), 2.86 (H1"), 2.60-3.0 (b,c,e,fh,ik,,n), 1.90-1.75 (a,d,g,,m,p). IR: v = 3340 (OH), 2950
(CH, CH,), 1660 (C=0 amide st), 1570 (NH &), 1450 (CH. 8), 1030 (C-N amine st).
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2"? Coupling: Compound 64
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Modified PPl dendrimer 62 (100 mg, 0.002 mmol) was dissolved in dried DMSO, EtsN (3 eq,
0.45 mL) was added and the mixture was stirred for 30 min. On the other hand, a solution of the
small molecule 56 (of section 5.7.1) (5 eq, 0.01 mmol, 6.5 mg) in dry DMSO was treated with
EsN (1.5 eq, 1.1 mL) and p-nitrophenyl chloroformate (1.2 eq, 2.42 mg) and stirred for 30 min at
room temperature. Then this solution was added to the glycodendrimer solution and the mixture
was stirred overnight at the same temperature. After 24h dyalisis and freeze drying, the analysis
of the crude reaction mixture revealed that the reaction did not work as expected, the coupling

had not been produced.

3" Coupling:

- Preparation of compound 65

O
H
O 62

Z\Fol TEA/ DMSO
o

o
Q H
= N
R=) O/\/O\/\HJ\/O\/\O/\/ ~go0
0

0 65

A solution of the maltose-modificed dendrimer 62 (100 mg, 0.002 mmol) in 15 mL of DMSO
was heated at 35°C under argon atmosphere. Then, this solution was treated with 0.05 mL of
EtsN and succinic anhydride (13 mg, 0.128 mmol) and the mixture was stirred overnight at room
temperature. The crude reaction mixture was subjected to dyalisis for 2 days and freeze drying,
to give 65 mg (0.00135 mmol, 68%) of the desired product.
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'H-NMR (D0, 500 MHz): & (ppm): 5.12 (H1”), 4.11 (H2,8), 3.87-3.78 (H3,4,5), 3.75 (H9), 3.60
(H11), 3.45 (H10), 3.42 (H6), 3.43-4.00 (2’,2",3,3", 4',4",5',5”,6',6”), 3.33 (Hq), 3.50 (H12), 2.86
(H1), 2.60-3.0 (b,c,e.f,h,ik,,n), 2.54-2.44 (H14,H15),1.90-1.75 (a,d,g,j,mp) °C-NMR (D,O, 125

MHz): § (ppm): 178.7 (C16), 178.3 (C13), 175.4 (C1), 175.3 (C7), 103.5 (C1”), 85.2 (C4’), 75.8
(C27), 75.2 (C5',57), 74.5 (C2',3”), 73.5 (C3,11), 72,5 (C9), 72.2 (C2,8), 71.7 (C5), 71.6 (C10),
70.8 (C2”), 65.2 (C6’, 6”), 63.4 (C4), 59.7 (C1’), 52.3-55.7 (Cb,c,e,f,h,i,k,l,n,0), 41.8 (C6), 41.2
(C12), 39.3 (Cq), 35.9, 35.2 (C15, C14), 23.5 (Ca,d,g,j,m,p). IR: v = 3400 (OH), 2960 (CH,
CH,), 1740 (C=0, acid st),1660 (C=0 amide st), 1570 (NH &), 1420 (CH, 5),1030 (C-N amine
st).
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- Compound 66
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A mixture of the glycodendrimer 65 (100 mg, 0.002 mmol) and 5 mL of DMSO was heated at
80°C and then cooled down. This solution was treated with EDC (0.79 mg, 0.004 mmol) and
stirred for 1 hour at room temperature. Then N-hydroxysulfosuccinimide sodium salt (0.9 mg,
0.004 mmol) was added and the new mixture was stirred for 2 hours at the same temperature.
Separately, compound 58 (8.5 mg, 0.01 mmol) was dissolved in 5 mL DMSO and EtsN (0.2 mL)
and this solution was mixed with the glycodendrimer solution and stirred for 24 hours at the
same temperature. The crude reaction mixture was subjected to a dialysis process exchanging
water every 30 minuts with water, water / THF and water again. Finally, the solution was
washed with CHCI; (3 x 20 mL) and after freeze drying, 67 mg were obtained. The analysis of
the residue by 'H NMR (D,0O) did not show the aromatic rings of the small molecule. Then,
evaporation of the organic phase from the extractions showed the signals corresponding to
compound 58.

6.7.4. Preparation of open-shell glycodendrimers

Open-shell maltose-PPI-5G-PEG spacer (67)

5™ Generation PPI dendrimer 60 (250 mg, 0.022 mmol), D-(+)-maltose monohydrate (190
mg, 0.56 mmol) and the borane-pyridine complex (10 mL, 81 mmol, 8M solution) were dissolved
in a sodium borate buffer (50 mL, 0.1 M, pH = 9) solution. The solution was stirred at 50°C for 7
days. The crude product was then purified by dialysis towards deionized water for 3 days.
Dendrimer 67 was obtained (286 mg, 0.016 mmol, 73%) from freeze-drying.

NHR)
67
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'H-NMR (D,0, 500 MHz): & (ppm): 5.12 (H1”), 4.09 (H2), 4.08 (H8), 3.88-3.80 (H3,4,5), 3.74-
3.70 (H9,10), 3.62 (H11), 3.50 (H6), 3.43-3.99 (2',2”,3’,3",4',4”,5',5”,6’,6”), 3.27 (H12), 3.05
(Hq), 2.88 (H1’), 2.52-2.88 (b,c,e,f,h,i,k,l,n,0), 1.78-1.68 (a,d,g,j,m,p), 1.45 (H15). IR: v = 3300
(OH), 2900 (CH, CH,), 1660 (C=0O amide st), 1550 (NH 8), 1470 (CH, ©), 1370 (CH3; & sim,
1050 (C-N amine st).
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Open-shell glycodendrimer containing the deprotected spacers (68)

A solution of the previous glycodendrimer 67 (200 mg, 0.01 mmol) in 15 mL of water was
treated with 30 mL of HCI (4M in dioxane). The mixture was stirred overnight and purified by
dialysis exchanging water regularly and freeze drying to give 77 mg (0.005 mmol, 50%) of
product.

'H-NMR (D,0, 500 MHz): 5 (ppm): 5.12 (H1”), 4.12 (H2), 4.09 (H8), 3.88-3.78 (H3,4,5), 3.77
(H9), 3.75 (H10), 3.68 (H11), 3.49 (H6), 3.43-3.90 (2',27,3',3",4',4”,5',5",6’,6”), 3.29 (H12,q),
3.02 (H1"), 2.55-2.80 (b,c,e,f,h,i,k,I,n,0), 1.91.71 (a, d, g, j, m, p)

In the "H NMR, an impurity from the HCl in dioxane can be seen at 7.52 and 7.29 ppm.
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6.7.5. Couplings with the maltose open-shell PPI glycodendrimers (69)
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A mixture of 70 mg (0.0045 mmol) of glycodendrimer 68 and 10 mL of DMSO was heated at
80°C until a solution was formed and then in was cooled down at 40°C. At this point, 0.2 mL of
EtsN were added. Simultanoeulsy, 5 eq. of compound 57 (c.f. 5.7.1) (17.5 mg, 0.023 mmol)
were dissolved in DMSO, EDC (0.8 mg, 0.013 mmol) was added and the solution was stirred for
1 hour. Then, NHS (3 mg, 0.013 mmol) was added and the new mixture was stirred for 2 more
hours. Finally this solution was added to the glycodendrimer solution and stirred for 24 hours at
room temperature. After dialysis with combinations of water /THF and freeze drying, 74 mg
(100%) of compound 69 was obtained.

The aromatic signals observed in the '"H NMR spectrum revealed that the coupling goal
worked out satisfactorily. The amount of drug attached was quantified and the average was 1

equivalent of molecule per polymer unit.

'H-NMR (D0, 500 MHz): § (ppm): 7.44-7.16 (Ar), 5.12 (H1"), 4.12-4.08 (H2,H8), (3.88-3.76
(H3,4,5), 3.75 (H9, H10), 3.60 (H11), 3.49 (H6), 3.43-4.00 (2,2",3',3",4',4" 5" 5",6',6"), 3.27
(H12,g), 3.10 (H1’), 2.36-3.00 (b,c,e,f,h,i,k,I,n,0), 1.91.60 (a, d, g, j, m, p)
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6.7.6. Coupling with the open-shell PPl without spacer

Coupling of small molecule with 5™ generation PPI (70)
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A mixture of compound 55 (30 mg, 0.05 mmol) and BOP (22 mg, 0.05 mmol) in 2 mL of DMSO
was stirred for 1 hour. This mixture was added over a solution of the 5" generation PPI
dendrimer (DAB /Am64) (72 mg, 0.01 mmol) and Et;N (0.06 mL) in 2 mL. The reaction was
stirred for 24 hours at room temperature. Then, the crude mixture product was purified by
dialysis with deionized water for 1 day exchanging water regularly and after freeze drying 86 mg
(0.009 mmol, 86%) of product were obtained. By integration it was estimated an average of 4

equivalents of small drug per polymer unit.

'H-NMR (D,0, 500 MHz): & (ppm): 7.81 (m, triazole), 6.97 (m, Ar), 3.04 (Hq), 2.91-2.35 ((b, ¢, e,
f,h,i, k,I,n), 1.82-1.61 (a,d, g, j, m, p).
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Open-shell glycodendrimer without spacer (71)

6. Experimental Part

Dendrimer 70 (60 mg, 0.005 mmol), D-(+)-maltose monohydrate (51 mg, 0.125 mmol, 25

maltoses) and borane-pyridine complex (31 yL, 0.25 mmol, 8M solution,) were taken up in a

sodium borate buffer (8.3 mL, 0.1M, pH = 9) solution. The reaction solution was stirred at 50°C

for 7 days. The crude mixture was then purified by dialysis towards deionized water for 3 days.

Glycodendrimer 71 was obtained (90 mg, 85%) from freeze drying.

The signals at ~7 ppm on the 'H NMR spectrum were assigned to the aromatic protons of

the small molecule. By integration of the CH, of the PPI and the maltoses, it can be determined

that the compound 71 has 25 maltoses and 4 equivalents of drug per polymer unit.

"H-NMR (D,O, 500 MHz): & (ppm): 7.30-6.90 (Ar), 5.16-5.12 (H1”), 3.40-4.00
(2',27,3,37,4,4” 5 5”,6°,6”), 3.05 (Hq), 2.94 (H1’), 2.30-2.88 (b,c,e,f,h,i,k,I,n,0), 1.82-1.61 (a, d,
g.j, m, p).
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