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ABSTRACT

The introduction of antibiotics to treat infectious diseases transformed the landscape of
medical science. However, the emergence of multidrug-resistant bacteria has been rising,
reaching alarming levels worldwide and jeopardizing their value. For this reason, it is
urgent to develop novel and alternative therapies by identifying unexplored bacterial
targets. This project aims to study the therapeutic potential of EPSP synthase (EPSPS),
the sixth enzyme of the shikimic acid metabolic pathway, involved in the biosynthesis of
aromatic amino acids and other essential metabolites for bacteria. Irreversible inhibition
of this enzyme from the target compound (amide 19), capable of modulating its reactivity
upon binding to the specific target, will be studied. This compound will have a
chloroacetamide group as a latent electrophile that will covalently modify the Lys23

residue, located in the active site and essential in the mechanism of action of the enzyme.

RESUMEN

La introduccion de los antibioticos para el tratamiento de enfermedades infecciosas
supuso una transformacion en el panorama de las ciencias meédicas. Sin embargo, la
aparicion de bacterias multirresistentes ha ido en aumento, alcanzando niveles alarmantes
en todo el mundo y poniendo en peligro su valor. Por este motivo, es urgente desarrollar
terapias novedosas y alternativas, identificando dianas bacterianas inexploradas. Este
trabajo pretende estudiar el potencial terapéutico de la EPSP sintasa (EPSPS), la sexta
enzima de la ruta metabdlica del &cido siquimico, involucrada en la biosintesis de los
aminoacidos aromaticos y otros metabolitos esenciales para las bacterias. Se estudiara la
inhibicion irreversible de esta enzima a partir del compuesto objetivo (amida 19), capaz
de modular su reactividad al unirse con la diana especifica. Este compuesto presentara un
grupo cloroacetamida como electrofilo latente que modificara covalentemente el residuo

Lys23, ubicado en el centro activo y esencial en el mecanismo de accién de la enzima.



RESUMO

A introducion dos antibi6ticos para o tratamento de enfermidades infecciosas supuxo
unha transformacion no panorama das ciencias médicas. Con todo, a aparicion de
bacterias multirresistentes foi en aumento, alcanzando niveis alarmantes en todo o mundo
e pofiendo en perigo o valor dos mesmos. Por este motivo, é urxente desenvolver terapias
novas e alternativas, identificando dianas bacterianas inexploradas. Este traballo pretende
estudar o potencial terapéutico da EPSP sintasa (EPSPS), a sexta enzima da ruta
metabdlica do &cido siquimico, involucrada na biosintese dos amino4cidos aromaticos e
outros metabolitos esenciais para as bacterias. Estudarase a inhibicion irreversible da
enzima para partir do composto obxectivo (amida 19), capaz de modular a sua
reactividade ao unirse coa diana especifica. Este composto presentara un ligando cun
grupo cloroacetamida como electréfilo latente que modificara covalentemente o residuo

Lys23, situado no centro activo e esencial no mecanismo de accion da enzima.



1 INTRODUCTION

1.1 Bacterial Resistance to Antibiotics

The introduction of antibiotics almost 50 years ago into clinical practice revolutionized
the treatment and management of infectious diseases and has changed the landscape of
contemporary medicine. Since the discovery of penicillin in 1942, antibiotics have
contributed to reduce global deaths from infectious diseases by over 70%.! This success
led to the false belief that the war against bacteria was over. However, it was soon
discovered that bacteria are able to develop very efficient resistance mechanism to escape
from antibiotic action (Figure 1).2°
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Figure 1. Comparison over time of the clinical introduction of antibiotics and the emergence of bacterial

strains resistant to each antibiotic.

Despite the recognized need for new antibiotics, only four new classes have been
commercialized since the early 1960s.* Research was mainly focused on modifying
existing ones to increase their efficacy against multidrug-resistant bacteria, however all
these efforts have not been enough. The widespread use, misuse, and abuse of antibiotics,
not only in the treatment and prevention of bacterial infections in humans but also in
veterinary medicine, as growth promoters in animal production and agriculture, have
triggered the emergence and spread worldwide of very efficient resistance mechanisms

in various bacterial populations.®

The World Health Organization (WHQ) considers that the emergence of multi-drug
resistant pathogens is a public health emergency of unknown proportions for which new

antibiotics is urgently needed.® Besides this necessity, big pharmaceutical companies
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have largely abandoned the antimicrobial research area and as a result, the pipeline for
antibiotics is almost empty compared to more than 500 drugs for chronic diseases for
which resistance is not an issue.”® If no immediate action is taken, the estimated number
of deaths due to antibiotic resistance will rise to 10 million by 2050, exceeding the

mortality rate from cancer.®

According to the WHO, the most critical group of bacterial pathogens are Acinetobacter
baumannii, Pseudomonas aeruginosa and various Enterobacteriaceae (including
Klebsiella, Escherichia coli, Serratia and Proteus). All these bacteria are resistant to
carbapenems and third generation cephalosporins, which are the best available antibiotics
for treating multidrug resistant bacteria.'® Also relevant is Mycobacterium tuberculosis,
the causative agent of tuberculosis, which is one of the ten most deadly diseases in the

world and a global priority.®

Specifically, Pseudomonas aeruginosa is one of the most frequent and severe causes of
hospital-acquired infections, including pneumonia, bloodstream infections, urinary tract
infections, and surgical site infections. This microorganism is associated with high
morbidity and mortality, particularly affecting immunocompromised patients or those
with chronic debilitating diseases because they cannot respond to conventional
treatments. The European Antimicrobial Resistance Surveillance Network of the
European Centre for Disease Prevention and Control (ECDC) (EARS-Net) has reported
that 32.1% of Pseudomonas aeruginosa isolates in the European Union/European
Economic Area were resistant to at least one of the antimicrobial groups under regular
surveillance and 19.2% of all tested isolates were resistant to two or more antimicrobial
groups.t! The various mechanisms for adaptation, survival, and resistance to multiple
classes of antibiotics of this bacterium are why it is a threat to global public health and

the treatment options are becoming increasingly limited.

1.2 Therapeutic Targets of Antibiotics

Antibiotics can either be bactericidal, i.e., exert their effect by killing the bacterium, or
they can be bacteriostatic, i.e., exert their effect by inhibiting the growth of the bacterium
and thus enabling the host's immune system to eliminate the infection.!? There are
currently five main targets for antibiotics: (1) cell-wall biosynthesis, in which the
antibiotic binds to enzymes involved in the synthesis; (2) protein synthesis, through

reversible binding to bacterial 30S and 50S ribosomal subunits; (3) DNA replication and
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repair (RNA polymerase, DNA gyrase); (4) folic acid metabolism, by inhibiting a specific
enzyme called dihydropteroate synthase (DHPS); and (5) membrane structure.®

1.3 Mechanisms of Antimicrobial Resistance

Bacterial resistance is a natural process due to the evolution and adaptability inherent in
bacteria.® Nevertheless, human behavior has undoubtedly been instrumental in bringing
bacterial resistance to its current alarming level. In addition to the mutation of various
genes on the chromosomes of the microorganisms, the exchange of genetic material
between organisms plays a crucial role in the spread of antibiotic resistance.!* The
horizontal gene transfer could happen through three different mechanisms:*® (1)
transformation, in which the bacterium captures DNA from the environment; (2)
transduction, via bacteriophages and (3) conjugation, by plasmids that contain resistance
genes, which is the most important phenomenon. Antibiotics can enhance this process by
inducing the transfer of resistance elements or by exerting selection pressure on the

emergence of resistance.

There are four main resistance mechanisms to antibiotics:® (1) modifications of the drug
target, which decreases the affinity for the antibiotic; (2) changes in the outer membrane
permeability, limiting the uptake of a drug; (3) drug excretion by activation of efflux
pumps; and (4) enzymatic inactivation of the antibiotic, in such a way that it no longer
affects the microorganism (Figure 2). The last mechanism is the most common cause of
antibiotic resistance in Gram-negative bacteria and the most relevant example is the

enzyme-catalyzed hydrolysis of B-lactam antibiotics by p-lactamase enzymes.
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Figure 2.8 Representation of the main mechanisms of bacterial resistance.
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Antibiotic discovery is hindered by several intrinsic factors. For example, the
permeability barrier formed by the outer membrane of Gram-negative prevents antibiotics
from accessing their targets and that is why they usually are more resistant strains than
Gram-positive bacteria.’* Therefore, treating infections caused by these bacteria by
developing antibiotics remains a challenge.®

1.4 Therapeutic Strategies to Combat Antibiotic Resistance

Much of the research for new antibiotics is still focused on developing improved versions
of existing drugs by targeting a small number and the same type of bacterial targets.
However, bacteria have already developed very efficient resistance mechanism to escape
from them. Therefore, new drugs targeting unexplored bacterial targets to deal with
antibiotic-resistant infections are urgently needed.’ In recent years, much effort has been
devoted to identify genes that are essential for bacterial survival, as well as the enzymes
or receptors encoded by them, as a way to identify new niches for drug discovery. In
addition, the recent advances in the resolution of numerous three-dimensional crystal
structures of various key enzymes/proteins in bacterial metabolism have had a positive

impact on the rational development of inhibitors/antagonists of these targets.*®

1.5 Shikimic Acid Metabolic Pathway

One strategy for obtaining new antibiotics is to develop compounds that can interfere with
crucial bacterial metabolic processes. An example of such a process is the shikimic acid
metabolic pathway through which seven enzymes catalyze the conversion of
phosphoenolpyruvate (1) and erythrose-4-phosphate (2) to chorismate (3) (Scheme 1).1°
The latter compound is the precursor of three aromatic amino acids: phenylalanine,
tyrosine, and tryptophan, as well as many aromatic secondary metabolites, including
folate cofactors, ubiquinone, and vitamins E and K. This metabolic pathway is found
only in plants, bacteria, fungi, and certain apicomplexan parasites,>® Plasmodium
falciparum (the causative agent of malaria), Toxoplasma gondii, and Cryptosporidium
parvum, but not in mammals.?? The fact that the enzymes involved in this metabolic
pathway are essential in certain important microorganisms but absent in mammals makes
them also attractive targets for the development of antimicrobial agents and herbicides.
In particular, the enzymes of this pathway are attractive for anti-TB drug discovery since
five of the seven genes coding for the enzymes of the pathway (aroF, aroG, aroB, aroD,

aroE, aroK and aroA) are essential for Mycobacterium tuberculosis.?
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Scheme 1. Shikimic acid metabolic pathway.

EPSP Synthase Enzyme

This project is focus on the sixth enzyme of the pathway, 5-enolpyruvylshikimate 3-
phosphate (EPSP) synthase. Some of the factors that make this enzyme an attractive

therapeutic target are:

(1) The aroA gene encoding for EPSP synthase from Acinetobacter baumannii is essential
in vivo.2* The EPSP synthase enzyme is also essential for Mycobacterium tuberculosis

and Klebsiella pneumoniae.

(2) Deletion of the aroA gene that encodes for Pseudomonas aeruginosa and Salmonella
typhimurium produces oral vaccines in mice and calves, respectively, so this enzyme

could also act as an in vivo virulence factor in these bacteria.?®
(3) This enzyme does not have any counterpart in humans.

EPSP synthase catalyzes the transfer of the enolpyruvyl moiety from
phosphoenolpyruvate (PEP, 1) to shikimate-3-phosphate (S3P, 4) to vyield 5-
enolpyruvylshikimate 3-phosphate (EPSP, 7) and inorganic phosphate through an
addition-elimination reaction (Scheme 2).% First, the nucleophilic attack by the 5-
hydroxyl group of shikimate-3-phosphate (4) to C2 of PEP (1) affords a tetrahedral
intermediate 5 (THI). Next, this intermediate undergoes an elimination reaction to yield
an intermediate carbocation 6, which subsequent deprotonation reaction affords the final
product, EPSP (7).2?
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Scheme 2. Enzymatic conversion catalyzed by the EPSP synthase enzyme.

EPSP synthase is a monomeric enzyme with a molecular mass of about 46 kDa. The
crystal structure of EPSP synthase from E.coli (EPSPS-Ec) and M. tuberculosis (EPSPS-
Mt) is available.?® The structure shows two domains, namely domains 1 and 2, with the
active site located near the interdomain crossing segment (Figure 3). Comparison of the
wild-type form [open (PDB 2BJB)]?’ and the structure in complex with the
substrates/products [close (PDB 2002)]?® revealed that domain 1 closes over domain 2
for catalysis.’?> Thus, upon substrate binding, a significant substrate-induced
conformational changes occur in domain 1 (> 12 A), resulting in the closed conformation,
which is the active form for catalysis. Shikimate-3-phosphate (4) was thought to initially
bind to domain 2%, triggering the folding of domain 1 to the closed conformation, but
recent molecular dynamics simulation studies carried out in the research group of Prof.
Gonzalez Bello showed the opposite. Thus, it is phosphoenolpyruvate that triggers the
folding of domain 1, creating a small entry channel for S3P (4) to tidily seal the active
site. This indicates that blocking the recognition center of PEP (1) could prevent the

formation of the active conformation for catalysis.
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Inactive Active

Figure 3. X-ray crystal structures of EPSPS-Mt enzyme in the open (wild-type, PDB 2BJB, 1.80 A, left)
and closed form (in complex with S3P and FEP, PDB 200E, 1.81 A, right). S3P (4) and PEP (1) are shown
as yellow and green spheres, respectively.

The analysis of the main interactions observed in PDB 200E structure revealed that S3P
(4) is anchored in the active site through a strong electrostatic interaction between its
carboxylate group and the guanidinium group of Arg28, as well as numerous hydrogen
bonding interactions with the side chains of residues Ser168, Ser196, His336, and His340
(Figure 4). On the other hand, PEP (1) establishes strong electrostatic interactions with
the guanidinium groups of residues Arg385 and Argl24, and hydrogen bonding
interactions with the terminal amino groups of residues Lys410 and Lys23 (Figure 4).
The residue Lys23, which is located near the hinge, is believed to be key for the enzymatic
reaction because it would act in the deprotonation of the C5 hydroxyl group in S3P (4),
facilitating the nucleophilic attack of the latter. Also, it revealed to be involved in the

elimination reaction leading to the product.?

Arg28

Ser24 z#%

N\ iy  Serl68
Lys23 =

[

);?/\#éem 96

Lys410 i 4 .
\\%‘\?/ ), —P ‘f: ‘-§336
ey z,é\\msszto

< Arg124

Figure 4. Detailed view of the main polar contacts of S3P (4) and FEP (1) in PDB 200E. The main
electrostatic and hydrogen bonding interactions are shown as red dashed lines. The side chains of relevant

residues are shown and labeled. The residue Lys23 is highlighted in pink.
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1.6 EPSP Synthase Inhibitors

N-[phosphonomethyl]glycine (8), also known as glyphosate, is the first reported inhibitor
of the EPSPS enzyme and the only one commercially available (Scheme 3).2 This
compound is the broad-spectrum active principle of the herbicides Round® and
TouchdownPremium®. Glyphosate (8) is a competitive reversible inhibitor of the enzyme
that competes with PEP (1) (Ki= 0.2 pM) for binding.* It does not bind to the apo-form
but rather to the binary EPSPS@S3P complex. The positive charge on the amino group
of the herbicide mimics the developing carbocation characteristics of the natural
substrate. The ternary EPSPS@S3P-glyphosate complex has long been considered a
mimic of the transition state in which glyphosate takes the place of PEP, but studies have
shown that, in spite of the competitive nature, glyphosate and PEP binding are not totally
equivalent. For that reason, this inhibition was named an “adventitious allosteric
interaction”.?? It appears that the confined space of the active site of EPSP synthase
prohibits even slight alterations of the glyphosate molecule. More than 1.000 analogs of
glyphosate have been produced and tested for inhibition of EPSP synthase, but they have
failed to improve the binding affinity of the parent compound.®* Glyphosate, which is an
organophosphorus compound, showed to be toxic for use in humans.

On the other hand, Alberg and Bartlett developed two stable analogs of the tetrahedral
intermediate 5 (Scheme 3).3? Both diastereomers showed to be good competitive
reversible inhibitors. Compound 9 proved to be the most potent with K;value of 15 nM
against EPSP synthase from Petunia hybrida, which represents the most potent inhibitor
against this enzyme yet reported. This compound proved to be 50-fold more potent than
its S-isomer 10 (K;j= 750 nM) and has the opposite stereochemistry in the side chain
compared with intermediate 5. Recent crystallographic studies have shown that the
presence of the phosphonate group in compound 9 induces substantial conformational
changes in the side chains of diverse conserved residues within the enzyme active site
that explains its higher potency. On the contrary, compound 10 does not induce
conformational changes on the latter residues and the arrangement of the enzyme active
site is as for the intermediate 5.22 Unfortunately, these inhibitors have the same toxicity

problem as glyphosate because they are organophosphates.
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Scheme 3. Reported inhibitors of EPSP synthase; glyphosate (8), R- (9) and S-phosphonate analogs (10)
of the tetrahedral intermediate.

More recently, Miller et al. developed other type of inhibitors of EPSP synthase, in which
the cyclohexane ring was replaced by an aryl group (Scheme 4).3® The molecular basis of
the design was based on flattened conformation adopted by the cyclohexane ring in the
substrate and the product for recognition. Among them, compound 11 has been identified
as a good inhibitor and several analogs of 11 have also been synthesized. This is the case
of 12, 13, and 14, in which the 3-phosphate functionality has been replaced with either a
malonate ether group (12 and 13) or the shortened hydroxy malonate moiety (14). The
greater potency of these compounds versus their corresponding phenol analogs 15-17
shows that multiple anionic charges at the dihydroxybenzoate-5 position are required to
achieve effective EPSPS inhibition. Some results have suggested that the 3-malonate
ether moiety represents a less than ideal solution as a spatial mimic of the more labile 3-
phosphate group, that is why the development of aromatic inhibitors incorporating
slightly shortened 3-phosphate mimics as the compound 18 has demonstrated to be more

effective.*
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Scheme 4. Aromatic achiral inhibitors developed by Miller and collaborators.
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1.6.1 Irreversible Inhibitors

For the discover small-scale drug candidates with attractive toxicity profiles, the
pharmaceutical industry has predominantly sought compounds that modulate target
proteins through noncovalent interactions.®® For many years the development of
irreversible inhibitors was hindered due to their potential to react with non-target proteins
and provoke immune responses.®® The more detailed knowledge available today on the
real risks associated with this type of inhibitors and its huge advantages has led to a
dramatic increase in their presence in anti-infective discovery programs. Irreversible
inhibitors bind to the target and then react with it by forming a stable covalent adduct that
permanently blocks its function (Figure 5). This type of inhibitors have many advantages,
such as their increased efficiency and selectivity, prolonged action, and reduced risk of
drug resistance due to active site residue changes.® Besides these advantages, the design
of this kind of ligands remains a challenge due to the need to combine in a single chemical
entity, both, reactivity, and selectivity.3” That is why the design of ligands with high
affinity for the selected target and less reactive electrophiles (“latent electrophiles™) has
become an emerging area in drug development. It is possible to achieve potency without
sacrificing selectivity since they would be hidden to non-specific targets and are only
activated for the chemical modification reaction upon binding. Most of these ligands have
been designed to modify cysteine residues. Targeting lysine residues appears to be more
difficult because their g-amino group is usually not nucleophilic, being protonated at
physiological pH.3” However, over the years, the research group | have worked with has
investigated the development of novel irreversible lysine inhibitors capable of modulating
their reactivity when complementarity with the specific target takes place and obtained

satisfactory results.

— — —
on Inactivation Y
+ —— _—
J o ‘J —J
L*
Complex formation and Covalent adduct

ligand activation

Figure 5. Inhibition of a target by binding of an irreversible inhibitor.
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2 OBJECTIVES AND HYPOTHESIS

The general objective of this bachelor’s final project is the development of a novel
antibiotic with a new mechanism of action to combat the worldwide increasing
appearance of multi-drug resistant bacteria based on the inhibition of the EPSP synthase
enzyme, an essential enzyme for the survival of Pseudomonas aeruginosa and other
relevant pathogens. In particular, the goal of this work is the synthesis of a non-toxic and
selective irreversible inhibitor, compound 19, capable to cause a covalent modification of
the EPSP synthase (Figure 6).

CO,H
o)

cl
\)LN - 0" >COOH

Ho o
19

Figure 6. Target compound 19.

The molecular basis and hypothesis for the design of this compound are the following:

(1) The residue Lys23, which showed to be essential for catalysis, has an estimated
pKa value of 3.5%, and therefore it would be neutral at physiological pH and
suitable for undergoing reactions as a nucleophile.

(2) Preliminary results in the Gonzalez-Bello’s group showed that compound 20,
which has an activated carbon atom (chloromethyl amido group) is suitable for
nucleophilic attack (Figure 7A). This compound showed excellent in vitro activity
against the virulent strain of M. tuberculosis (H37Rv), with a minimum inhibitory
concentration (MIC) of 10 ug mL.8 Incubation studies with EPSPS-Mt and
subsequent proteomic analysis confirmed covalent modification of the enzyme.
Furthermore, Molecular Dynamics (MD) simulation studies carried out by the
research group also showed that the side-chain of Lys23 would have the suitable
arrangement for nucleophilic attack to the aforementioned carbon atom (Figure
7B and 7D).
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Figure 7. (A) Amide 20 previously developed in the research group with excellent in vitro activity. (B)
Proposed covalent modification mechanism of the EPSP synthase enzyme by target compound 19. (C-D)
Binding mode of compounds 19 (C) and 20 (D) in the EPSPS-Mt active site obtained by MD simulation
studies. Relevant electrostatic and hydrogen bonding interactions are shown as blue dashed lines. Relevant
side chain residues involved in ligand binding are shown and labeled. The residue Lys23 is highlighted in

pink. Note the suitable arrangement of e-amino group of residue Lys23 for reaction.

Because of these positive results, we wanted to go one step further in this project by
adding a carboxymethyl group in the C5 hydroxyl group in 20. This group would mimic
the substituent present in the natural substrate and would promote further strong
interactions within the residues in the enzyme’s active site (Figure 7C). In doing so, the

covalent modification of EPSP synthase is predicted to be enhanced.
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3 RESULTS AND DISCUSSION

The synthesis of the target amide 19 is proposed to be carried out from the amine 21,
whose preparation would be achieved in four steps from commercially available shikimic
acid (23) (Scheme 5).

CO,Et
CO,H COE CO,H
o —> —> —>
a N ~ HNT 2 70 0" Y ToH -
N7 T07 coH 5 LS HO™ > YOH
OH TS OH
o 0
19 21 22 23

Scheme 5. Retrosynthetic path of the target compound 19

Cyclic sulfite 223 was prepared as previously described in two steps from (-)-shikimic
acid (23) (Scheme 6). First, the esterification of (-)-shikimic acid (23) by heating in
ethanol in an acidic medium afford ester 24.%° Second, treatment of triol 24 with thionyl
chloride in the presence of dry triethylamine gave the cyclic sulfite 22 in 70% yield. The
formation of 22 was confirmed by its spectroscopic data. Thus, the *H-NMR spectrum
shows a characteristic quartet at 4.25 ppm with a J = 7 Hz that integrates by two hydrogen
atoms, corresponding to the new CH> of the CO.Et group. Also, the spectrum shows two
multiplets, integrated each of them by one hydrogen atom, one at 5.57-5.54 ppm
corresponding to H3, and another between 4.84 and 4.82 ppm corresponding to H4. The
13C-NMR spectrum shows at 94.4 and 79.3 ppm the signals of both C3 and C4. It also
shows at 167.2 ppm the signal corresponding to the CO2Et group, whose presence is also
confirmed by IR with a band centered at 1713 cm™. In addition, a broad band centered at
3487 cm™ due to the free hydroxyl group is also observed. The data proved to be

consistent with those previously described.

CO,H CO,Et COoE
a b :
HOV S "Yon  100%  pov>~"Soy 70% -0‘35 oH
OH OH TR
(0] (0] O/
23 24 22

Scheme 6. Reagents and conditions: (a) EtOH, HCI(c), A. (b) SOClI,, EtzN, EtOAc, DCM, 0°C to rt.

The next step was the introduction of the 2-ethoxy-2-oxoethyl moiety in 22 by alkylation
of its free hydroxyl group by treatment with ethyl diazoacetate and Rh2(OAC)4 as catalyst
(Scheme 7). The *H-NMR spectrum of the resulting product, compound 25, highlights
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two multiplets, one between 4.28 and 4.18 ppm that integrates six hydrogen atoms, and
the other between 1.34 and 1.25 ppm, integrating by six hydrogen atoms corresponding
to the two methyl groups. The *C-NMR spectrum shows a signal at 170.1 ppm
corresponding to the new carbonyl group in the scaffold. The IR spectrum reveals two
characteristic bands centered at 1746 and 1713 cm, corresponding to the two carbonyl
groups. The structure of the compound was further corroborated by mass spectroscopy.

CO,Et
H,NT > Y0
0
Et
COo, CO,Et COLEL . I
a b 21
— - 45%
70% 66%
o Y YoH ° v N0 > CcoEt N 0" COLEL
: wg-0 1 wg-0 3 2 \ CO,Et
O// O// OH
Cc
22 25 26 R
H,N” 7 07 “CO,Et

OH
27

Scheme 7. Reagents and conditions: (a) DAAE, Rhy(OAc)s, DCM, rt (b) NaNs, DMF/H,0 (5:1), rt. (c)
PhsP, THF, H20, 4.

The next step was the nucleophilic ring opening of the cyclic sulfite 25 by treatment with
2.5 equivalents of NaNs*® in aqueous DMF mixture at room temperature, obtaining
compound 26 with a yield of 66%. The (R)-configuration of C3 was inverted into the (S)-
configuration via a typical Walden-type inversion. In the *H-NMR spectrum highlights
the displacement up-field of the signal of the H4 hydrogen atom that appeared at 5.05
ppm in the starting material and at 3.79 ppm in the product. Something similar happens
with H3 hydrogen atom. The IR spectrum shows three bands centered at 3451, 2103, and
1713 cmt, corresponding to the hydroxyl group, azido, and the two carbony!l groups.

Next, the reduction of the azide 26 was carried out. Diverse methods were previously
assayed in the research group, including reduction using sodium borohydride in the
presence of CoCl,*8 catalytic hydrogenation using Lindar'® or Pd/C* catalyst. However,
these methods showed to have distinct issues, such as simultaneous reduction of the
double bond or cleavage of the ether bond. Among the three methods, hydrogenation
using Lindar catalyst gave the desired product in 38% vyield. Fortunately, the Staudinger
reduction using triphenylphosphine gave good results.'® It was observed that concomitant

lactonization between the free hydroxyl group and the terminal ester group occurred. In
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this project, this approach was optimized. Different conditions, solvents, and processing
methods were tested. Initial attempts were carried out using methanol as solvent.
However, as transesterification reactions were observed other solvents were assayed,
specifically ethanol and THF. These modifications provided better results, but it was
found difficult to isolate pure final product due to the formation of triphenylphosphine
oxide. To overcome this issue, the use of triphenylphosphine supported on resin was
attempted. Thus, treatment of azide 26 with 2.4 equivalents of PhsP resin in aqueous THF,
and heating the mixture at 50 °C for days afforded the desired amine 21 with a yield of
45% and with >85% purity. Spectroscopic data shows an intramolecular cyclization
reaction also occurred to give lactone 21. The *H-NMR spectrum highlights two doublets
appearing at 4.19 and 3.95 ppm with a J = 15.5 Hz, corresponding to the methylene group
of the lactone. In addition, the spectrum shows two multiplets, one at 3.90-3.87 ppm
integrated by two hydrogen atoms corresponding to H4 and H5, and another between 3.78
and 3.71 ppm integrated by one hydrogen atom corresponding to H3. The IR spectra
reveals a band centered at 3097 cm™ corresponding to the amine group and the absence

of the band at 2103 cm™ corresponding to the azido group in the starting material.

Next, for the introduction of the chloroacetyl chain at the C3 position several methods
were tried. At first, the reaction was carried out by treatment of the amine 21 with
chloroacetic acid, previously activated using EDC and DMAP.® After some time, once

the reaction was worked out, the formation of amide 28 was not observed.

CO,Et CO,Et
CO,H

a b
-~ - - O
H,NT 7 Y0 \)J\N Y CI\)L PN
; H A N” > Y07 “CO,H
o) 0 N L
OH
21 28 19

Scheme 8. Reagents and conditions: (a) CICH,COCI, Py, DCM, 0°C to rt, (b) LiOH (aq), THF, rt.

Alternatively, the formation of the amide bond was attempted using 2,5-dioxopyrrolidin-
1-yl-2-chloroacetate (30), diisopropylethylamine and DMF as solvent. Mainly, we
decided to try this reaction since N-hydroxysuccinimide esters are highly reactive.
Compound 30 was synthesized following previously reported protocols from N-

hydroxysuccinimide (29) and chloroacetyl chloride in chloroform and in the presence of
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triethylamine, affording the desired compound with 90% vyield (Scheme 9).42
Unfortunately, peptide coupling also did not give good results.

OH CICH,COCI, CHCl3,

Et;N, 0° A
O%/\b?o N, 0°C 0 %
90% 0)
30

Scheme 9. Synthesis of compound 30

Fortunately, treatment of 21 with chloroacetyl chloride in the presence of EtsN and
dichloromethane as solvent gave the desired product 28 (Scheme 8). The *H-NMR
spectrum shows the characteristic signal for a NH amide group at 6.97 ppm, as well as a
singlet at 4.11 ppm, which integrates by two hydrogen atoms, corresponding to the
methylene group of the chloroacetyl moiety. The mass spectra also confirmed the
formation of amide 28 as the molecular ion (MH") was observed at 318. The presence of
chlorine is further confirmed as the M*2? peak has an intensity of about one-third of the
molecular ion peak (3:1 ratio). However, the reaction yield was 26%, which was relatively
low since most of the product was lost during the processing step, and the compound was
not completely purified after column chromatography. To enhance these results, EtsN was
changed to pyridine, keeping the rest of the conditions the same. As the elaboration
process was more straightforward, since pyridine is easily eliminated by complexing with
CuSOs (sat), the yield of the reaction was improved, reaching 90%. However, we were

unable to get pure compound 28 and was used in the next step.

Finally, hydrolysis of ester 28 was performed by treatment with an aqueous solution of
lithium hydroxide and subsequent protonation with the ion exchange resin Amberlite IR-
120. In *H-NMR spectra of the resulting product, compound 19, highlights the doublet at
4.28 ppm corresponding to the carboxymethoxy group, as well as the singlet at 4.14 ppm
corresponding to the methylene group of the C3 chain. The mass spectra also corroborate
the formation of the desired product since the molecular ion (MH") was observed at
308.05, which coincides with the expected mass for 19. The final product was not fully

characterized due to the lack of time and sample.
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4 EXPERIMENTAL PROCEDURE

4.1 Methods and Equipment

The reactions were monitored by thin-layer chromatography using 20 x 20 cm aluminum
plates with silica gel 60 F2s4 (Merck). The spots were visualized with UV light (254 nm)
and exposed with Ce/Mo solutions (Hanessian), ninhydrin, and in some cases,
permanganate. Purification of the compounds was performed by flash chromatography
using silica gel 60 (230-400 mesh, ASTM, VWR) as a stationary phase.

NMR spectra were recorded on a VARIAN Mercury-300 spectrometer in deuterated
solvents. All assignments were performed by H-NMR, *C-NMR with broadband
decoupling, and DEPT-135. Chemical shifts (8) are given in ppm and coupling constants
(J) in hertz.

IR spectra were recorded on a PerkinElmer Two FTIR spectrometer with attenuated total
reference (ATR).

Mass spectra were recorded on a Bruker Microtof ESI-TOF spectrometer using
electrospray ionization (ESI) as the ionization procedure. The data obtained is expressed

in mass units (m/z).

Optical rotations were determined using a Jasco DIP-370 automatic polarimeter and are

expressed in 107 degrees cm? gt
Water was used, deionized, and purified in a Millipore Milli-Q-POD.

The graphical representations of the proteins and their ligands were made using the

PyMOL program.*®

24



4.2 Preparation of compound 22

o Y TOoH

A solution of commercially available (-)-shikimic acid (23) (10 g, 57.4 mmol) in ethanol
(82 mL) and HCI (c) (3.4 mL) was heated at reflux for 20 h. After cooling to room
temperature, the reaction mixture was concentrated under reduced pressure and the crude
mixture (16.4 g, 81.3 mmol) was dissolved in ethyl acetate (325 mL) under an inert
atmosphere, cooled to 0 °C and then treated with dry triethylamine (17.3 mL, 203.25
mmol). A solution of thionyl chloride (14.8 mL, 203.25 mmol) in dry dichloromethane
(50.8 mL) was added dropwise and the reaction mixture was stirred at room temperature
for 22 h. The reaction was quenched by adding water (~ 20 mL) and an aqueous solution
of potassium carbonate until reaching a pH around 8-9. The organic layer was separated,
and the aqueous phase was extracted with diethyl ether (x3). The organic extracts were
combined, dried (anh. Na>SOs), filtered, and concentrated under reduced pressure. The
resulting residue was purified by flash chromatography on silica gel, using (5:95)
MeOH/CH.CI; as eluent, to get the sulfite 22 (5.61 g, 56%) as a yellow oil. *H-NMR (300
MHz, CDCl3) 6: 6.92 (m, 1H, H2), 5.57-5.54 (m, 1H, H3), 4.84-4.82 (m, 1H, H4), 4.25
(9, J=7.1Hz, 2H, CHy), 3.96-3.93 (m, 1H, H5), 2.88 (dd, J=4.9 and 18.1 Hz, 1H, CHH-
6), 2.33 (dd, J = 8.5 and 17.9 Hz, 1H, CHH-6), 1.32 (t, J = 7.1 Hz, 3H, CH3) ppm.
13C-NMR (63 MHz, CDCl3) 8: 167.2 (C), 137.7 (CH), 128.3 (C), 94.4 (CH), 79.3 (CH),
63.5 (CH), 61.7 (CH), 31.7 (CH2), 14.2 (CH3) ppm. IR (ATR): 3487 (OH) and 1718
(CO) cm™. The spectroscopic data was in agreement with previously reported results by

Liang-Deng Nie et al.

25



4.3 Preparation of compound 25

25

A solution of the sulfite 22 (1.19 g, 4.81 mmol) and Rh2(OAC)4 (34 mg, 77 umol) in dry
dichloromethane (3.2 mL) was treated dropwise for about 1 h with a previously prepared
solution of ethyl diazoacetate (1 mL, 9.63 mmol) in dry dichloromethane (9.6 mL, 1 M).
The reaction mixture was stirred at room temperature for 1 h during which time the
solution becomes medium brown. The solvent was concentrated under reduced pressure
and the crude was purified by flash chromatography on silica gel using (40:60) ethyl
acetate/hexane as eluent. The ether 25 (0.84 g, 70%) was obtained as a yellow oil.
[a]2’ = +83.5° (c 1.0, CHCls). "H-NMR (300 MHz, CDCls) &: 6.88 (m, 1H, H2), 5.59-
5.56 (m, 1H, H3), 5.05 (t, J = 6.7 Hz, 1H, H4), 4.28-4.18 (m, 6H, 3xCH,), 3.86-3.79 (m,
1H, H5), 2.88 (dd, J = 4.7 and 18.2 Hz, 1H, CHH-6), 2.46 (dd, J = 7.3 and 18.2 Hz, 1H,
CHH-6), 1.34-1.25 (m, 6H, 2xCH3) ppm. *C-NMR (63 MHz, CDCl3) 8: 170.1 (C), 165.4
(C), 132.7 (C), 129.4 (CH), 79.3 (CH), 76.3 (CH), 75.5 (CH), 67.9 (CH,), 61.7 (CH>),
61.3 (CH2), 27.3 (CH>), 14.3 (CH3), 14.3 (CH3) ppm. IR (ATR): 1746 (CO) and 1713
(CO) cm™t. MS (ESI) m/z = 357 (MNa"). HRMS calculated for C13H1s0sSNa (MNa*):
357.0615; found, 357.0616.

4.4 Preparation of compound 26

CO,Et

Ny~ > 07 COo,Et
OH
26
A solution of the cyclic sulfite 25 (835.5 mg, 2.50 mmol) in DMF (10.4 mL) and water
(2.1 mL) at room temperature was treated with sodium azide (410 mg, 6.25 mmol) and
stirred for 24 h. During this time a change of color from strong yellow to pale yellow was
observed. The reaction mixture was diluted with ethyl acetate and water in a 1:4 ratio.

The organic phase was separated, and the aqueous layer was extracted with ethyl acetate
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(x2). The organic phases were combined and successively washed with water and brine.
The organic extract was dried (anh. Na>SQg), filtered, and concentrated under reduced
pressure. The crude mixture was purified by flash chromatography on silica gel, eluting
with (70:30) ethyl acetate/hexane, to obtain the azide 26 (438.8 mg, 66%) as a yellow oil.
[a]2° =—6.8° (¢ 1.0, CHCIs). *H-NMR (300 MHz, CDCl3) 8: 6.61 (m, 1H, H2), 4.40-4.13
(m, 7H, 3xCHz, H3), 3.79 (t, J = 9 Hz, 1H, H4), 3.53-3.44 (td, J = 5.7 and 9.9 Hz, 1H,
H5), 2.95 (dd, J = 6 and 18 Hz, 1H, CHH-6), 2.30-2.04 (m, 1H, CHH-6), 1.30 (t, J = 6
Hz, 6H, 2xCHs) ppm. 3C-NMR (63 MHz, CDCls) 8: 171.6 (CO), 165.4 (CO), 134.3 (C),
129.8 (C), 80.0 (CH), 74.3 (CH), 67.3 (CH>), 63.8 (CH), 61.6 (CH>), 61.2 (CH>), 29.7
(CHy), 14.2 (CH3), 14.1 (CH3) ppm. IR (ATR): 3451 (OH), 2103 (N3) and 1713 (CO)
cm . MS (ESI) m/z = 336 (MNa*). HRMS calculated for CisHigN3sNaOg (MNa®):
336.1166; found, 336.1172.

4.5 Preparation of compound 21

CO,Et

H.NT Y0

(6]

-

21
A solution of the azide 26 (200 mg, 0.64 mmol) ina (1:1) mixture of THF/H20 (21.4 mL)
at room temperature was treated with triphenylphosphine resin (402.9 mg, 1.54 mmol)
and then heated at 50 °C for four days. After cooling to room temperature, the suspension
was filtered and washed with THF. The filtrate and the washings were concentrated and
the remaining water was eliminated by lyophilization. The amine 21 (90 mg, 45%) was
obtained as a pale-yellow oil. [a]d® = -39.5° (c 1.0, MeOH). H-NMR (300 MHz,
CD30D) &: 6.76 (m, 1H, H2), 4.29 (q, J = 7.1 Hz, 2H, CH2CH3), 4.19 (d, J = 15.5 Hz,
1H, COOCHH), 3.95 (d, J =15.5 Hz, 1H, COOCHH), 3.90-3.87 (m, 2H, H4+H5), 3.78-
3.71 (m, 1H, H3), 2.91 (dd, J = 5.4 and 18.4 Hz, 1H, CHH-6), 2.44 (dd, J = 7.0 and 18.1
Hz, 1H, CHH-6), 1.36 (t, J = 7.2 Hz, 3H, CH3) ppm. C-NMR (63 MHz, CD3;0D) &:
176.8 (C), 165.5 (C), 132.5 (C), 130.2 (CH), 77.4 (CH), 69.4 (CH), 69.2 (CH>), 60.9
(CHy), 52.6 (CH), 28.3 (CH3), 13.0 (CH3) ppm. IR (ATR): 3097 (NH), 1719 (CO) and
1578 (CO) cm™. MS (ESI) m/z = 242.1 (MH").
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4.6 Preparation of compound 28

CO,Et
0
C|\)LN Ao
H 5%
o)

28

Method A

A solution of the amine 21 (75.4 mg, 0.31 mmol) in dry dichloromethane (3.1 mL), under
an inert atmosphere at 0 °C, was successively treated with dry pyridine (30 uL, 0.38
mmol) and a previously prepared solution of chloride chloroacetate (27 uL, 0.34 mmol)
in dry dichloromethane (0.3 mL). It was stirred for 15 min at 0 °C and 3 h at room
temperature. The reaction mixture was diluted with dichloromethane and water, the
aqueous phase was separated, and the organic layer was washed successively with
saturated solution of CuSQOj4 (x3). The organic extract was dried (anh. NaxSOa), filtered,

and concentrated under reduced pressure, to afford the crude amide 28.
Method B

A solution of the amine 21 (80 mg, 0.33 mmol) in dry dichloromethane (3.3 mL), under
an inert atmosphere at 0 °C, was successively treated with dry EtsN (56 pL, 0.40 mmol)
and a previously prepared solution of chloride chloroacetate (29 uL, 0.37 mmol) in dry
dichloromethane (0.4 mL). It was stirred for 15 min at 0 °C and 3 h at room temperature.
The reaction mixture was diluted with dichloromethane (3 mL) and HCI (10%) (3 mL).
The aqueous phase was separated, and the organic layer was washed successively with
saturated NaHCO3 and brine. The organic extract was dried (anh Na,SQOa), filtered, and

concentrated under reduced pressure, to afford the crude amide 28.
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4.7 Preparation of compound 19

CO,H
o}

Cl
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19

A solution of the crude amide 28 (86 mg, 0.27 mmol) in THF (2.7 mL) was treated with
an aqueous lithium hydroxide solution (2.7 mL, 0.5 M) and the reaction mixture was
stirred at room temperature for 2 h. Milli-Q water was added, and the THF was
concentrated under reduced pressure. The aqueous residue obtained was washed with
diethyl ether (x3), and the aqueous phase was treated with Amberlite IR-120 (H*), up to
pH 6. The resin was filtered and washed with Milli-Q water. The filtrate and washings
were lyophilized, providing the crude (48.1 mg) as a white solid, which was purified by
reverse phase obtaining the compound 19 (15 mg, 31%). *H-NMR (300 MHz, D20) §:
6.55 (m, 1H, H2), 4.60-4.54 (m, 1H, H3), 4.28 (d, J = 8.0 Hz, 2H, OCH>), 4.14 (s, 2H,
COCH_Cl), 3.84-3.73 (m, 2H, H4+H5), 2.90 (dd, J=4.9 and 17.1 Hz, 1H, CHH-6), 2.27
(dd, J =8.1 and 14.3 Hz, 1H, CHH-6) ppm. IR (ATR): 3431 (NH+OH), 1719 (CO) and
1653 (CO) cm™. MS (ESI) m/z = 308.0 (MH*). HRMS calculated for C11H15CINO;
(MH"): 308.0532; found, 308.0529.
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5 CONCLUSIONS

From the results obtained, we can conclude that:

e The synthesis of target compound 19 was carried out in seven steps from
commercially available (-)-shikimic acid (23).

e The key step is the nucleophilic ring opening of cyclic sulfite (25) by sodium
azide.

e The reduction of the azide intermediate 26 undergoes with concomitant
intramolecular lactonization between the secondary hydroxyl group and the
terminal carboxylate group.

De los resultados obtenidos se puede concluir que:

e Lasintesis del compuesto diana 19 se llevd a cabo en siete pasos a partir del acido
(-)-siquimico (23) comercial.

e El paso clave es la apertura nucleofilica del anillo del sulfito ciclico (25) con azida
sodica.

e La reduccion del intermedio azida 26 se produce con la lactonizacion

intramolecular entre el grupo hidroxilo secundario y el grupo carboxilato terminal.

Dos resultados obtidos podese concluir que:

e A sintese do composto diana 19 levouse a cabo en sete pasos a partir do acido
(-)-siquimico (23) comercial.

e O paso clave ¢ a apertura nucleofilica do anel do sulfito ciclico (25) con azida
sodica.

e A reducion do intermedio azida 26 producese coa lactonizacion intramolecular

entre o grupo hidroxilo secundario e o grupo carboxilato terminal.
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