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THE RESEARCH

Resistance to antibiotics is posing a continuous threat to public health and significant health care costs are
associated to its management. Validating new antibacterial targets against antimicrobial resistance (AMR)
remains highly challenging. In the last decades, modulation/inhibition of bacterial cell-to-cell communication
(i.e., Quorum Sensing, QS) mechanisms has become an appealing therapeutic approach against bacterial
resistance. It is already well known that interference with bacterial QS affects biofilm properties (e.g.,
thickness, mass) as well as biofilm formation. QS is mediated by production and release of small signaling
molecules called autoinducers (Als). Autoinducer-2 (Al-2) is a well-known class of QS signals produced by
several bacterial species and responsible for inter- and intra-species communication and, as a consequence, it
has been termed “universal autoinducer”. The development of small molecules able to modulate the Al-2-
mediated signaling would thus result in broad spectrum antimicrobial activity. 4,5-dihydroxy-2,3-
pentanedione (DPD) is the key compound in the biosynthesis of Al-2 and modulates QS in both Gram-
negative and Gram-positive bacteria. DPD-analogues would therefore have great potential as Quorum
Sensing Inhibitors (QSI) and as antimicrobial drugs. Remarkably, two DPD-analogues (i.e., isobutyl-DPD
and phenyl-DPD) have already shown that, in combination with gentamicin, they are able to almost
completely clear pre-existing biofilms in E. coli and P. aeruginosa, respectively. In enteric bacteria (e.g., E.
coli and S. typhimurium), DPD is phosphorylated by LsrK kinase resulting in phospho-DPD which activates
QS upon interaction with the transcriptional regulator LsrR .

The research performed during my PhD is a part of the program of the INTEGRATE consortium, a
multidisciplinary Marie Curie Educational Training Network (ETN) funded by the EU Horizon 2020
Programme focused on the validation of new Gram-negative antibacterial targets. As part of the
INTEGRATE research program, the main goal of my research activity was to assess the relevance of LsrK
kinase inhibition in the context of QS.

Following a ligand-based approach where DPD was the starting point of the whole research, small series of
DPD-related compounds were designed and synthesized. To do so, the first task in my three-years project
was the development of a new synthetic strategy towards DPD. A novel, robust and short protocol (that
requires only one purification step) was planned and executed and, in order to show its applicability to the
production of different C,;-DPD analogues, phenyl-DPD was also synthesized. The new strategy inspired the
synthesis of eight small libraries of DPD-inspired heterocycles (DPD-Ihs) where the diketo moiety of DPD
was embedded in heteroaromatic rings. All the synthesized compounds were purified and characterized by
proton and carbon nuclear magnetic resonance (i.e., ‘H NMR, *C NMR, respectively) and ultra-high
pressure liquid chromatography-mass spectrometry (i.e., UHPLC-MS, purity > 90%). The majority of the
DPD-analogues reported in the literature suffer from instability/volatility and the absence of ultraviolet
(UV)-active substituents renders their detection as well as their purification very challenging. In the

compounds I’ve synthesized during my PhD, the open/closed equilibrium typical of such compounds is not



possible. Furthermore, the compounds are stable, easy to purify by column chromatography and to detect by
classical analytical methods (e.g., UHPLC-MS) due to the presence of heteroaromatic groups that increase
molecular weight (MW) and UV absorbance.

All the synthesized compounds were evaluated (by our INTEGRATE collaborators at the University of
Helsinki, Finland) against LsrK in a D-luciferin-based bioluminescence assay. Remarkably, four compounds
displayed 1Cs, values comprised between 100 uM and 500 uM and molecular modeling studies (performed
by our INTEGRATE collaborators at the University of Kuopio, Finland) supported the medicinal chemistry
research. The results reached so far, led to two research papers: the first one published in Molecules on
October 6" 2018 and entitled “A Versatile Strategy for the Synthesis of 4,5-Dihydroxy-2,3-Pentanedione
(DPD) and Related Compounds as Potential Modulators of Bacterial Quorum Sensing” (Stotani S. et al.,
Molecules 2018, 23(10), 2545) and the second (submitted to Journal of Medicinal Chemistry on January 5™)
entitled “DPD-inspired discovery of novel LsrK kinase inhibitors: an opportunity to fight antimicrobial
resistance”.

The PhD thesis is organized as follow:

Chapter 1 introduces the concepts of antibiotic and antibiotic resistance and describes some strategies to
circumvent the latter. A brief description of QS, its mechanism and inhibition strategies are also provided,
together with a detailed account of Al-2-mediated QS.

Chapter 2 provides an introduction to kinases and kinase inhibition, particularly focusing on the role of LsrK
kinase in QS. The chapter also details the building of a LsrK homology model and the analysis of the binding
site. Cloning, over-expression, purification and crystallization of LsrK are also reported.

Chapter 3 summarizes the enantioselective and racemic synthesis of DPD reported in the literature.

Chapter 4 discusses the newly-developed synthesis of racemic DPD.

Chapter 5 summarizes the synthesis and biological evaluation of all the DPD-analogues reported in the
literature.

Chapter 6 discusses the design and synthesis of eight new libraries of DPD-IHs.

Chapter 7 describes the assays to evaluate QS inhibition reported in the literature and the D-luciferin-based
bioluminescence assay developed by our collaborators at the University of Helsinki. The chapter also
illustrates the biological activities of the compounds presented in Chapters 4 and 6.

Chapter 8 is a collection of all the experimental procedures and experimental data.

Appendix is the paper published in Molecules on October 6™ 2018 and entitled “A Versatile Strategy for the
Synthesis of 4,5-Dihydroxy-2,3-Pentanedione (DPD) and Related Compounds as Potential Modulators of
Bacterial Quorum Sensing” (Stotani S. et al., Molecules 2018, 23(10), 2545).

A manuscript entitled “DPD-inspired discovery of novel LsrK kinase inhibitors: an opportunity to fight

antimicrobial resistance ” (Stotani S. et al.) submitted to Journal of Medicinal Chemistry on January 5"
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1. INTRODUCTION

Antibiotics and antibacterial targets

Antibiotics are drugs used for the prevention and/or treatment of bacterial infections and they can either kill

bacteria (i.e., bactericidal) or inhibit their growth (i.e., bacteriostatic). Most of the antibiotics currently in use

target a limited number of essential cellular processes and can be classified in (Figure 1.1):

Cell wall synthesis inhibitors: carbapenems, cephalosporines, glycopeptides, monobactams, penicillins

and polypeptides inhibit the synthesis or the cross-linking of peptidoglycan (a component of bacterial
cell wall) resulting in osmotic lysis; lipopetides and polypeptides alter and disrupt the cell-membrane
causing cellular leakage;

Protein synthesis inhibitors: aminoglycosides and tetracyclines bind to the 30S ribosomal subunit

preventing translation, initiation and transfer RNA (tRNA) binding; macrolides, oxazolidinones,
phenicols and streptogramins instead bind to the 50S ribosomal subunit and disrupt peptidyl transferase
activity as well as translocation;

Nucleic acid synthesis inhibitors: rifampin binds to deoxyribonucleic acid (DNA)-directed ribonucleic

acid (RNA) polymerase and inhibit messenger RNA (mRNA) synthesis; quinolones bind to the DNA
gyrase or to the topoisomerase 1V and prevent DNA replication;

Folate metabolism inhibitors: sulfonamides and trimethoprim inhibit the synthesis of nucleic acids by

blocking, respectively, the conversion of para-aminobenzoic acid (PABA) to dihydropteroate (a
precursor of tetrahydrofolic acid, THF A) and the reduction of dihydrofolic acid (DHF A) to THF A.

Some of them (e.g., glycopeptides) have a narrow spectrum of activity while others (e.g., p-lactams) are

considered broad-spectrum antibacterial agents since they target processes that are common across different

bacterial species.

Cell wall synthesis Nucleic acid synthesis
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-lactams
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DNA gyrase/topoisomerase IV
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e

508 subunit
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Aminoglicosides
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Figure 1.1: Mechanisms of action of antibiotics
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With the introduction of B-lactams (1928) and sulfonamides (1932) in the market, the “modern age of
antibacterial treatment” began. The majority of the drugs currently in use were discovered between the 1940s
and the 1960s, in the so called “golden age” of antibiotic discovery. This time lapse was followed by a deep
“innovation gap” where isolation of the 6-aminopenicillanic acid (6-APA) core and advances in synthetic
chemistry allowed the production of new semi-synthetic derivatives that were modified versions of the
existing ones (with the sole exception of the carbapenems) but no new chemical entities were brought into

clinical use (Figure 1.2).%°

1953: Glycopeptides, nitroimidazoles, streptogamins 1955: Cycloserine, novobiocin

1952: Macrolides 1957: Rifamycins
1950: Pleuromutilins 1961: Trimethoprim
(topic al.) 1962: Quinolones, lincosamides
1948: Cephalosporins
1947: Polymyxins, phenicols 1969: Fosfomycin
1946: Nitrofuranes 1971: Mupirocin
1945: Tetracyclines | 1976: Carbapenems
1943: Aminoglicosides, 1978: Oxazolidinones
bacitracin (topical)
1932: Sulfonamides 1979: Monobactams
1928: Penicillins 1987: Lipopeptides

Figure 1.2: Antibiotic discovery timeline (1920 — 1990)

Forty years had to pass before a new scaffold (i.e., the oxazolidinone drug linezolid) was introduced into
clinical practice in 2000. Modification of already approved drugs, despite increasing the number of products
launched, had a huge cost in terms of the spreading of resistance: drugs with the same scaffold act with the
same mode of action (MOA) and resistance to one antibiotic is rapidly followed by cross-resistance to the
whole class.*®
Stringent government regulations as well as the significant investments required to discover and develop new
antibiotics pushed big pharmaceutical companies to partially/completely abandon antibacterial research in
the mid-1990s. For a long time, antibiotic discovery has been considered a target-poor therapeutic area and
industries have preferred to invest in more profitable sectors (e.g., cancer, chronic diseases).” ™ At the
beginning of the new century, completion of bacterial and human genome opened the door to the study of
hundreds of novel potential targets for antibacterial drugs. Together with new advances in combinatorial
chemistry, high-throughput screening (HTS) and molecular biology, a new era of genomic-derived
antibiotics could potentially begin but, unfortunately, this kind of approach failed to identify tractable new
targets and Food and Drug Administration (FDA) antibiotics’ approvals dropped from 29 in the 1980s to
only 9 in the 2000s.”>% From 2000 onwards, five new classes of antibiotics have been developed: (i)
oxazolidinone (linezolid, 2000, Figure 1.3); (ii) lipopeptide (daptomycin, 2003, Figure 1.3); (iii)
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pleuromutilin (retapamulin, 2007, Figure 1.3); (iv) macrolactone (fidaxomicin, 2011, Figure 1.3) and (v)

diarylquinoline (bedaquiline, 2012, Figure 1.3).

o/"\N N \[( o
HN HN_
e NH © © l\OH
N N
Linezolid g ¢ QJ\” \AN oM °
0 A~ O = Bn o_ P OH
NH \[f
o o NH o}

Daptomycin

Bedaquiline

Fidaxomicin

Figure 1.3: Structure of the five novel classes of antibiotics developed since 2000

The recent discoveries are the result of growing antimicrobial stewardship programs and increased
government investments®? to tackle multi-drug resistant (MDR) bacteria and discover new non-essential

targets (see further) before going back to the “pre-antibiotic era”.?**

1.2  Antibiotic resistance and its mechanisms

Antibiotic resistance is an increasingly serious threat to global public health and represents a huge burden for
health care costs. It is dangerously rising to high levels all over the world and it is estimated that, by 2050,
“drug resistant infections will kill an extra 10 million people a year worldwide”.** Inappropriate prescribing
of antibiotics, poor compliance with treatment regimes, the use of antibiotics in agriculture, poor hygiene and
infection control in hospitals are just some of the reasons that contribute to the spread of resistance.®*
Antibiotics are routinely used to grow animal’s food thus facilitating the diffusion of resistance to humans
through ingestion. Pharmaceutical’s waste released in the environment exacerbate even more the problem
and we now live in an era where a growing number of infections (e.g., gonorrhea, pneumonia, tuberculosis)

are hard to treat as antibiotics are becoming less and less effective.*
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Resistance is not a modern phenomenon: a recent study of Beringian permafrost sediments containing 30.000
years-old DNA identified genes encoding resistance to -lactams, glycopeptides and tetracyclines. However,
at that time, the selection pressure necessary to confer them an evolutionary advantage for their expression
was still missing. The beginning of the modern antibiotic era has provided the selection pressure necessary
for the recapture of resistance elements from the resistome (i.e., the global reservoir of resistance elements)
and contributed to the development of multi-drug resistant pathogens.®®** Resistance can arise through
genetic mutations or can be acquired from other bacteria via mobile plasmids or transposons (i.e., horizontal
gene transfer).>> > Over the centuries, bacteria have evolved several protective mechanisms to inactivate,
remove and, in general, circumvent antibiotics’ toxicity. Here we report the most studied (Figure 1.4):
o Efflux pumps: they are membrane proteins that export antibiotics outside the bacterial cell and maintain
their intracellular level low. They can be specific to a certain class of antibiotics but most of them are
60-62

multidrug transporters, thus contributing to the development of multi-drug resistance;

e Target site alterations: variations of the target sites of antibiotics prevent their binding therefore limiting

their efficacy. Modifications in the 30S and 50S ribosomal subunit confer resistance to macrolides,
tetracyclines and all the other drugs that affect protein synthesis; mutations of the penicillin-binding
protein (PBP) reduces the affinity for B-lactams; alterations of the cell wall precursors (e.g., D-alanyl-D-
alanine is changed to D-alanyl-D-lactate) cause resistance to glycopeptides while mutated DNA-gyrase
and topoisomerase 1V originate fluoroquinolones resistance;*

e Enzymatic inactivation: the three main enzymes responsible for antibiotics inactivation are B-lactamases,

aminoglycoside-modifying enzymes (AMESs) and chloramphenicol acetyltransferases (CATSs). About 300
B-lactamases are known and they hydrolyze nearly all B-lactams that have amide and ester bonds (e.g.,
cephalosporins, carbapenems, monobactams, penicillins); AMEs inactivate aminoglycoside through
kinases (aminoglycoside-O-phosphotransferases, APHs), O-adenyltransferases (ANTs) and N-
acetyltransferases (AACs) thus impeding the binding to the 30S ribosomal subunit; AACs acetylate
hydroxyl groups of chloramphenicol disrupting its binding to the 50S ribosomal subunit;*

» ( ‘v L 4

Efflux pumps

Enzymatic
') inactivation

<D

Figure 1.4: Mechanisms of antibiotic resistance
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Decreased uptake: is a common phenomenon in Gram-negative bacteria who are able to modify the
composition of their outer cell membrane in order to reduce antibiotics’ uptake. Changes in the selectivity
and/or concentration of porin channels (i.e., transmembrane proteins that act as cellular pores) also
diminish intracellular antibiotic concentration. If coupled with an increased activity of efflux pumps, the

amount of drug available inside the cell drastically reduces.®®®*%

1.3 Action plans and new strategies to fight antibacterial resistance

The increasing economic and healthcare concerns generated by antibiotic resistance have prompted the

organization of global collective actions to address the threat. The World Health Organization (WHO)

developed a global action plan to tackle this growing problem at the 68"™ World Health Assembly in May

2015.%* The main goal of the plan was to ensure prevention and successful treatments to all who need them,

using effective and safe medicines for as long as possible. Five strategic objectives were set out:

1
2
3

4
5

Raise the awareness about AMR through trainings, education and communication;

Optimize the use of antibiotics in both human and animal health;

Increase the knowledge on incidence, prevalence and spreading of resistance in order to develop new
tools, policies and regulations;

Apply preventive measures to reduce the incidence of infections;

Potentiate investments in vaccines, new diagnostic tools or medicines.

The more effective long-term solutions to address AMR are based on the discovery of (i) novel drugs (e.g.,

antimicrobial peptides and bacteriophages); (ii) “smart” delivery systems (e.g., antimicrobial polymers,

nanoparticles, liposomes) and (iii) innovative combination approaches (e.g., multidrug cocktails). I will

briefly describe below such solutions.

Antimicrobial peptides (AMPs): are 12 to 50 amino acids peptides displaying potent (i.e., micromolar

(M) range) and broad spectrum antibacterial activity. AMPs include (i) anionic peptides (rich in
glutamic acid and aspartic acid); (ii) cationic peptides (rich in arginine, glycine, proline, phenylalanine
and tryptophan); (iii) anionic and cationic peptides that contain cysteine and form disulfide bonds and (iv)
linear cationic a-helical peptides. AMPs act through different mechanisms including inhibition of cell
wall synthesis, formation of pores, alteration of the cell membrane, activation of autolysin, inhibition of
DNA, RNA, and protein synthesis. They are able to kill Gram-negative and Gram-positive bacteria,
enveloped viruses and fungi (just to cite a few) and they also have immunomodulatory functions
including the ability to alter host gene expression, to induce chemokine production and/or act as
chemokines, to inhibit lipopolysaccharide induced pro-inflammatory cytokine production, to promote
wound healing and modulate the responses of dendritic cells and cells of the adaptive immune response.
Their use is generally limited to topical or intravenous administration due to their short half-lives (ty);*
72

Bacteriophages: are viruses specifically designed to recognize bacteria through a cell surface receptor and

infect them. They have been reported to be effective against several Gram-negative (e.g., E. coli, P.
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aeruginosa) as well as Gram-positive bacteria (e.g., E. faecium, S. aureus). As they lack in selectivity,
resistance can arise due to alteration of the bacterial cell surface receptors. They can be used as cocktails
with traditional antibiotics. Alternatively, bacteriophage components (e.g., virolysis) can serve as sources
of potent new antimicrobials;"* "

e Antimicrobial polymers: are produced by insertion of an active antimicrobial onto a polymer via an alkyl

or an acetyl linker. This structure increases antibiotics stability, t;,,, efficacy and selectivity, minimizing

at the same time their toxicity;"®"

o Nanoparticles: improve intracellular delivery and the therapeutic index of antibiotics thus reducing the
dose and frequency of administration. Metal ion nanoparticles, especially silver compounds, have been
recently explored as carriers for antibiotic delivery. Despite their potential, these kind of delivery systems
are not yet well established due to their complicate characterization and short ty,;*° %

e Liposomes: have a membrane-like structure that facilitates drug release in the cytoplasm, potentially
saturating efflux pumps and reducing the emergence of resistance. Unfortunately, they have a short ty,
limited encapsulation efficiency and temperature sensitivity that can lead to inadequate delivery;®

e Multidrug cocktails (e.g., the combination of antibiotics targeting different pathways) are very successful

tools to combat AMR. Often, antibacterial drugs can also be combined with non-antibiotic adjuvants (i.e.,
compounds used to prevent or assist in the amelioration of a disease). Common adjuvants that had clinical
success include antiseptics (e.g., chlorhexidine) and natural (e.g., biosurfactants) or biological (e.g.,
bacteriophages) moieties. Antiseptics are thought to permeate and disrupt the cell wall as well as
inactivate ATPases. Despite their success, resistance can arise locally due to selective pressure and it has
been observed in vitro with combinations of chlorhexidine and minocycline (or rifampicin). Recent
combination therapies couple antibiotics with natural and biological adjuvants. Bacteriophages paired
with antibiotics proved to be more effective than either components delivered individually. Plant-derived
compounds (e.g., thymol), biosurfactants (e.g., sophorolipid) and antibodies (IgG classes) can also be
used as adjuvants to enhance antimicrobial efficacy.’

An emerging innovative approach to fight AMR is the modulation/inhibition of QS. In the following
paragraphs | will describe the QS systems in bacteria, the enzymes and molecules involved and all the recent

advances reported in the literature particularly focusing on Al-2-mediated QS.

1.4 Quorum Sensing (QS)

QS is a cell-to-cell communication mechanism that allows bacteria to coordinate their gene expression and
act as a population.** This phenomenon is detrimental for humans as QS regulates pathogenic processes

99100 5ysceptibility to antibiotics'® and biofilm formation. %% In the last

such as virulence factor production,
decades, the modulation of QS has emerged as a potential therapeutic target to fight AMR: a treatment that
doesn’t inhibit bacterial growth will not generate selective pressure and, therefore, the chance for resistance
to arise can be significantly reduced.’®%® QS is mediated by production, release and response to Als.

Conventionally, Als have been divided into three main categories: (i) N-Acyl homoserine lactones
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(AHLSs)™ ™™ ysed by Gram-negative bacteria; (ii) oligopeptides, used by Gram-positive bacteria and (iii) Al-
2 used by both Gram-positive and Gram-negative bacteria. Other QS signals include (iv) Pseudomonas

111-113

quinolone signal (PQS), (v) diffusible signal factor (DSF),"***** (vi) y-butyrolactone,™*® (vii) 2-amino

117

acetophenone (2-AA),"" (viii) bradyoxetin."®

I will briefly describe AHLs- and oligopeptides-based QS and, more in details, Al-2-mediated QS.

1.4.1 N-Acyl homoserine lactone (AHL)-based Quorum Sensing

AHLs are formed by a homoserine lactone (HSL) ring attached to an acyl chain (4 to 18 carbon long). AHLs
differ in the length of the acyl chain, in the oxidation state at position 3 and in the saturation of the chain
itself (Figure 1.5).

NH, 00C._NH, NH,
AHL synthase N N R, O
o 7 3 ~ L} 2
1 g/ (LuxI family) > o]
k\N N> s+\ + R)J\/U\S’ACP i k\N N S + HSACP + R1)\)]\N
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L ] L 3
OH o1 OH OH Acyl chain HLS
SAM Acyl-ACP MTA Holo-ACP AHL
Ry =H, =0, OH
R, = 1-17C

Figure 1.5: Biosynthesis of AHLs

AHLs are biosynthesized from an acylated-acyl carrier protein (acyl-ACP) and S-adenosylmethionine (SAM)
by members of the Luxl family of AHLSs synthases after release of holo-acyl carrier protein (holo-ACP) and
5’-methyl-thioadenosine (MTA) (Figure 1.5). After being biosynthesized, AHLs passively diffuse the
bacterial cell and accumulate in the extracellular medium. There are also evidences of actively transported
AHLs in certain bacteria. Once a threshold concentration is reached, AHLs bind to a cytoplasmic LuxR-type
receptor activating the expression of QS-regulated genes. The AHLs receptor have some degree of
specificity based on the length, oxidation state and saturation of the acyl chain and each bacterial species has

his own pair of synthase/receptor to produce and respond to specific AHLs.*®

1.4.2 Oligopeptides-based Quorum Sensing

Oligopepetides are used as autoinducer molecules by Gram-positive bacteria. They are produced
intracellularly and actively transported outside the cell. Between translation, export and detection, they
undergo several modifications, including cyclization. Some linear oligopeptides are actively transported in
the cell where they interact with specific regulators (e.g., PrgX in E. faecalis and NprR in B. thuringiensis)
but the majority of the autoinducing peptides (AIPs) are detected extracellularly by a membrane-bound

sensor kinase activating or repressing QS gene expression.'?**?!

20



1.4.3 Al-2-based Quorum Sensing

Al-2-mediated QS exists in both Gram-negative and Gram-positive bacteria. Since the synthase responsible
for Al-2 biosynthesis (i.e., LuxS, see further) is present in more than 70 bacterial species, Al-2 is also
defined as the “universal autoinducer”. The first evidence of Al-2-mediated signal date back to 1994 when
Bassler et al. observed QS activity in V. harveyi mutant strains lacking the AHL synthase and proposed the

existence of an alternative QS system.?

A few years later, Al-2 activity was detected in a wide range of
LuxS-containing species suggesting that bacteria use Al-2 to communicate with each other.*?® This prompted
several research groups to investigate more in details Al-2 production and by 2002 two in vitro biosyntheses
were reported.?***® The term Al-2 refers to a group of molecules all having DPD as a common precursor.
This small chemical entity spontaneously rearranges to yield different structures in equilibrium with each
other. In aqueous solution, linear DPD is in equilibrium with its two cyclic isomers S-DHMF and R-DHMF
(Figure 1.6). Their hydration at C; forms the two cyclic tetrahydrated isomers S-THMF and R-THMF (Figure
1.6). X-ray crystallography revealed that R-THMF is the isomer recognized by the plant symbiont S. melioti
(Protein Data Bank ID, PDB ID: 3EJW'®) and by the two human pathogens S. typhimurium (PDB ID:
1TIY*) and Y. pestis (PDB ID: 3T95'%) while isomer S-THMF, in the form of the borate ester S-THMF-
borate, is the active species in V. harveyi and it has been co-crystallized in complex with LuxP (PDB ID:
1JX6'%).

To complicate even more the picture, the hydrated form of linear DPD (i.e., S-THP, Figure 1.6) is
phosphorylated at position 5 by LsrK (to generate phospho-DPD, P-DPD, Figure 1.6) in the members of the
Enterobacteriacee family (e.g., E.coli and S. typhimurium).
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Figure 1.6: Al-2 species in equilibrium in aqueous medium: (2S,4S)-2,4-dihydroxy-2-methyldihydrofuran-3-one (S-DHMF); S-4,5-
dihydroxy-2,3-pentanedione (S-DPD); (2R,4S)-2,4-dihydroxy-2-methyldihydrofuran-3-one (R-DHMF); (2S,4S)-2-methyl-2,3,3,4-
tetrahydroxytetrahydrofuran (S-THMF); S-3,3,4,5-tetrahydroxy-2-pentanone (S-THP); (2R,45)-2-methyl-2,3,3,4-
tetrahydroxytetrahydrofuran (R-THMF); (2S,4S)-2-methyl-2,3,3,4-tetrahydroxytetrahydrofuranborate (S-THMF-borate); S-3,3,4,5-
tetrahydroxy-2-pentanone-5-phosphate (P-DPD)
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Al-2 is biosynthesized in the intracellular medium in a three steps pathway: (i) SAM is demethylated by a
methyltransferase to generate S-adenosylhomocysteine (SAH); (ii) 5’-methylthioadenosine nucleosidase
(MTAN, also known as Pfs) removes the adenine from SAH to produce S-ribosylnomocysteine (SRH); (iii)
LuxS catalyzes the displacement of homocysteine (Hcys) from SRH to form Al-2 (Figure 1.7).
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Figure 1.7: Biosynthesis of Al-2

An alternative pathway for the formation of Al-2 is the isomerization (by ribulosephosphateisomerase) of D-
ribulose-5-phosphate (Ru5P), formed during the catabolism of glucose via the oxidative pentose phosphate
(OPP) pathway (Figure 1.8). This isomerization allows for the production of 4-hydroxy-5-methyl-3(2H)-
furanone (HMF), which has been shown to have moderate bioluminescence activity in V. harveyi. The
production of DPD via this pathway was confirmed by incubation of Ru5P with ribulosephosphateisomerase
in the presence of o-phenylendiamine as carbonyl-trapping reagent and analysis of the corresponding
guinoxaline derivative by high-performance liquid chromatography-electrospray ionization tandem mass
spectrometry (HPLC-ESI-MS/MS, Figure 1.8).**
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Figure 1.8: Isomerization of Ru5P to DPD and HMF
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After being biosynthesized inside bacterial cells, Al-2 is exported in the extracellular medium but it is still
unclear how. Due to its hydrophilic nature, it is unlikely that it can passively cross the cell membrane so the
YdgG protein has been proposed as a potential transporter.’**** Deletion of ydgG resulted in a 6-fold
increase in cell motility as well as in a 7000-fold increase in biofilm thickness in E. coli. However, under
conditions where Al-2 uptake was inhibited, the Al-2 extracellular level was only 2-fold lower compared to
the wild type (WT) suggesting that there should be other mechanism(s) to export Al-2. Al-2 accumulates in
the extracellular medium but, once a threshold concentration is reached, it is internalized through the Lsr
(LuxS regulated) transporter system. In enteric bacteria (e.g., S. typhimurium and E. coli), P-DPD binds to
the repressor LsrR (PDB ID: 4L4Z") that dissociates from the promoter region of the Isr operon thus
starting operon transcription. As a result, the expression of the transporter on the cell surface is increased as
well as the internalization of Al-2 and the expression of LsrK."** P-DPD is then processed by LsrG and LsrF:
LsrG catalyzes its isomerization to 3,4,4-trihydroxy-2-pentanone-5-phosphate (P-TPO, Figure 1.9). Studies
have shown that Isr expression is increased in LsrG mutants as a result of phospho-Al-2 accumulation.*®®
LsrF instead acts as a thyolase that catalyzes the transfer of an acetyl group from the hydrated form of P-TPO
to coenzyme A forming dihydroxyacetone phosphate (DHAP, Figure 1.9) and acetyl-CoA (Figure 1.9). As
for LsrG, LsrF mutants show increased Isr expression and phospho-Al-2 accumulation. With the degradation

of phospo-Al-2 by LsrG and LsrF, the Al-2 signaling cycle closes.™*
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1.5 Inhibition of Quorum Sensing

In the last decades, inhibition of QS has become an appealing strategy to fight AMR. Targeting non-essential
genes for bacterial survival reduces in fact the selective pressure responsible for the rise of resistance.
Through modulation/inhibition of QS, several bacterial virulence factors that facilitate human infections can
be controlled and their negative effects, including mortality, can be reduced.”®” Together with resistance at
cellular level, bacteria can live in biofilm communities gaining additional resistance often defined as
“community resistance”. It is estimated that 80% of human bacterial infections are complicated by the
formation of biofilms where bacteria have 1000-fold higher tolerance to antibiotics compared to the same
organisms in a planktonic state. Biofilms are microbial communities of cells attached to each other (or to a
surface) embedded within an extracellular polymeric matrix. Biofilms are enriched in oxygen and nutrients
that help cell differentiation. Cells in deeper layers need to adapt to the limited nutrients and oxygen
availability (compared to cells on the surface) and have slower metabolism, creating therefore different
subpopulations that respond differently to antibiotic treatment.****3* Components of the biofilm matrix form
a shield that protects against antibiotics and the negative charge of the extracellular DNA that forms the
matrix has been shown to be involved in resistance towards cationic peptides.**® Exposure to sub-inhibitory
concentration of drugs, due to the protection offered by the extracellular matrix, creates favorable conditions
for selection of resistant phenotypes and increases mutation rates. Cells in biofilm can also adopt a slow or
non-growing phenotype (i.e., persister cells) in response to stressful conditions and antibiotics that are
specifically active against dividing cells (e.g., B-lactams) will have limited effects. Furthermore, persister
cells can survive antibiotic treatment and cause relapses.**** Biofilms also promote the development of
resistance at a cellular level: they display a mutation rate 100-fold higher than planktonic cells and the
presence of extracellular DNA in the matrix can facilitate horizontal gene transfer and spread resistance
across different microbial organisms.*****® Several studies have shown that interference with QS affects
biofilm formation and biofilm properties: addition of synthetic Al-2 (6.4 uM) to WT E. coli K-12 MG 1655

increased biofilm mass by 30-fold.*"’

Two Al-2-analogues (i.e., isobutyl-DPD and phenyl-DPD, see Chapter
5) in combination with gentamicin have made almost complete the clearance of pre-existing biofilms in E.
coli and P. aeruginosa, respectively and IsrK and IsrR mutants were found to form biofilms with altered

architecture and significantly thinner.*®

QSIs represent therefore interesting tools to be used, in combination
with “conventional” antibiotic therapies, against AMR."***® The development of QSIs has mostly focused
on AHLs- and oligopeptides-based QS as they are species-specific QS systems and can be directly associated
to particular pathogenesis.™"**? In the last decades, inhibition of Al-2-mediated QS also started to attract the
attention of the scientific community as it would result in broad spectrum antimicrobial activity. Three main
points of QS interception are possible: (i) signal generation, (ii) signal degradation and (iii) signal

detection/transduction and they will be briefly described below.
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1.5.1 Inhibition of Quorum Sensing signal generation

This kind of approach limits signal accumulation and there are evidences of its efficacy both in vitro and in
vivo. Inhibition of AHLs production can be achieved by (i) inhibition of SAM synthesis; (ii) inhibition of
acyl-ACP production or (iii) inactivation of AHL synthase (Figure 1.5). So far, only triclosan**® and

diazobroines®*

(Figure 1.10) are known as inhibitors of Fabl (NADH-dependent enoyl-ACP reductase), an
alcohol dehydrogenase that catalyzes the last step of acyl-ACP biosynthesis.

The synthesis of AIPs is mediated by essential bacterial enzymes such as ribosomes and peptidases so the
inhibition of such kind of enzymes will have an impact on bacterial growth more than an anti-QS effect.
Therefore, only a few studies focused on the inhibition of the biosynthesis of AIPs. Recently, ambuic acid
(Figure 1.10) was found to inhibit (although its target is still unclear) the biosynthesis of cyclic peptides in
several Gram-positive bacteria, including E. faecalis and S. aureus.'

MTAN catalyzes the hydrolytic depurination of SAH to produce SRH. Additionally, MTAN depurinates
MTA in the biosynthesis of AHLs. Together with the disruption of the synthesis of both AHLs and Al-2,
MTAN inhibition interferes also with polyamine biosynthesis, methionine salvage and other important
metabolic pathways. Kinetic isotope effects (KIES) studies, together with co-crystal structures of MTANS
with several transition state analogues enabled the identification of a transition state model of MTAN of
different bacterial species (e.g., S. aureus, E. coli, S. pneumoniae) facilitating the rational design of new
inhibitors.™**®" Here are reported some examples of (i) immucillin (ImmA) derivatives (Figure 1.10) and the
DADMe-ImmA derivatives which mimic, respectively, the early and the late dissociative transition state of
MTAN.162—165
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Figure 1.10: Structures of the signal generation inhibitors of AHL-, oligopeptides- and Al-2-mediated QS
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Most of the analogues developed have been assayed in vitro on purified MTANSs and only some of them
have been tested in vivo to assess their effects on QS and biofilm formation. Several MTAN inhibitors
inhibited AHL production in V. cholera and both Al-2 and AHL production in E. coli and, to a different
extent, biofilm formation.*®17

LuxS is a synthase that generates DPD upon removal of Hcys from SRH. It is present in a wide range of
bacterial species where it is not only involved in Al-2 biosynthesis but also in the activated methyl cycle
(AMC).'"2 LuxS is a homodimer with two identic (highly conserved) active sites at the dimer interface.
Each active site contains a tetrahedrally coordinated divalent ion, usually Fe*? (although only minimal effects
on its activity could be observed by replacement of Fe*? with Co*?). LuxS is not present in mammals and its
inhibition should limit unwanted off-target effects. To date, no potent inhibitors of LuxS have been
identified. The first compounds reported by Alfaro et al. were the two substrate analogues S-anhydroribosyl-
L-homocysteine and S-homoribosyl-L-cysteine (Figure 1.10) that inhibited, respectively, the first and the last
step of the catalytic mechanism.!”® Several substrate analogues bear modifications at C; or on the furanose
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ring (e.g., oxygen is replaced by nitrogen) but they do not display high activity.

1.5.2 Degradation of Quorum Sensing signaling molecules

Enzymatic degradation of oligopeptides-based QS is almost completely unexplored due to the broad
substrate specificity of proteases while degradation of AHLs has extensively been studied as an interesting
QS inhibition strategy. Three classes of enzymes target AHL signals:

o Acylases: irreversibly cleave the bond between the lactone ring and the acyl tail with the release of the
homoserine lactone moiety and the fatty acid chain. They exhibit specificity based on the length of the
acyl chain and its substitution at position 3 because the binding pocket is constrained and needs to adjust
upon ligand binding;'"®*"®

e Lactonases: are metalloproteins that reversibly hydrolize the esteric bond of the lactone ring to yield the
corresponding acyl homoserine molecule. The cleavage can spontaneously occur at basic pH and be
restored in acidic conditions. Lactonases are usually not substrate-specific since the lactone ring is highly

conserved among the AHLs and the variable acyl chain interacts non-specifically with the binding site;*"®"
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o Oxidoreductases: are not very well known enzymes able to oxidize/reduce (and therefore inactivate) the
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AHLs acyl side chain.

1.5.3 Inhibition of Quorum Sensing signal detection/transduction

The generation of analogues of native signals is the most intuitive way to design QSIs that are still able to
interact with the receptor while disrupting the downstream signaling process. An alternative is to modify the
structure of known inhibitors in order to increase their potency.

Numerous natural and non-natural AHL molecules have been evaluated on multiple LuxR-type receptors

exhibiting a wide range (e.g., agonistic, antagonistic) of activity. The general structures of some examples of
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non-natural AHLSs (i.e., thiolactones,”® triazolyldihydrofuranones™® and urea analogues'®’) are reported in
Figure 1.11. Elucidation of several crystal structures (e.g., TraR,"®®*® SdiA,**® LasR™*%) together with
molecular docking/modeling programs have enormously helped scientists in the design of compounds that
would potentially bind the ligand binding pocket of AHL proteins. The studies indicated that favorable
hydrogen bonds as well as hydrophobic van der Walls interactions between the ligand and the binding site
are essential for activity. Changes in the length and/or substitution of the acyl chain together with alteration
of all/part of the lactone ring and of its chirality can also have a huge impact on the activity and selectivity of
a given compound. Unfortunately, most of the studies published so far have focused on the in vitro
evaluation of the potential agonistic/antagonistic activity of AHLs analogues and their in vivo effects on QS,
as well as in vivo studies on their stability have been neglected.

In S. aureus, cyclic AlPs belonging to four different groups (i.e., | — V) interact with specific AgrC sensor
kinases and regulate biofilm and exotoxin production.'*® Several SAR studies focused on the identification of
critical amino acids for each AIP group revealed how small substitutions can have significant impact on AIP
role. Following this strategy, many research group have generated, mutating native AlPs, sets of molecules
with higher/lower activity, no activity, changes from self-activation to self-inhibition activity.*****

Of note, in 2008, Fowler et al. produced a library of analogues of autoinducing peptide I (AIP-1) from S.
aureus where the 14 macrocyclic peptide-peptoid hybrids (peptomers) were lacking the thioester linkage.
One of the macrocyles was found, although with an unknown mechanism, to alter biofilm formation in vitro

(Figure 1.11).*’
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Figure 1.11: Structures of the signal detection/transduction inhibitors of AHL-, oligopeptides- and Al-2-mediated QS

Al-2-based QS is undoubtedly well known but the number of papers focused on the development of small
molecules able to modulate Al-2-based QS is way lower when compared to the extensive amount of data on
LuxR type receptors and AHL-based QS modulation. Furthermore, the rational design of Al-2 modulators
has been thwarted by the lack of structural information as well as by the unstable nature of the Al-2
precursor DPD (see Chapter 3). The studies reported are mostly focused on the discovery of analogues of
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known signaling molecules (e.g., R-THMF, S-THMF). In 2008, Ni et al. screened a small library of boronic
acids envisioning that, due to the similar structure of the boronic acid functional group to S-THMF-borate,
they could bind to LuxP and inhibit QS in V. harveyi. Five phenylboronic acids (the general structure is
shown in Figure 1.11) displayed single-digit micromolar 1Cs, values. The excellent results prompted the
group to further screen a second library of 30 para-subsituted arylboronic acids and additional eleven
molecules were found to exhibit similar 1Cs, values (for additional details, see'®).

The same research group tested also a small set of pyrogallol-derivatives reasoning that, once complexed
with boric acid, they could act as molecular mimic of S-THMF-borate. Five compounds showed ICs, values
in the single-digit micromolar range and none of them was cytotoxic (see Figure 1.11 for the general
structure and ** for more details).**®

In the last decade, a large number of papers focusing on the synthesis of DPD-derivatives has been reported.
This manuscript contains a section dedicated to the DPD-analogues reported in the literature (see Chapter 5)

and a chapter (Chapter 6) that describes my work focused on the synthesis of DPD-Ihs.
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2. LSRK KINASE AS TARGET

Phosphorylation of the linear form of the “universal autoinducer” S-DPD is mediated by the bacterial kinase
LsrK and results in the activation of QS in both in E. coli and S. typhimurium.**** In this chapter, | will
describe LsrK from a biological and computational point of view and explain its catalytic mechanism. When
| started my PhD in 2015, no crystal structure was available for LsrK and | therefore built a LsrK homology
model to guide the design of novel compounds. Furthermore, I’ve also spent four months (March — June
2017) at the University of Cambridge attempting LsrK crystallization. In June 2018, three crystal structures
of LsrK/HPr (a phosphocarrier protein) alone or in complex with adenosine triphosphate (ATP) and
adenosine diphosphate (ADP) (PDB ID: 5YAOQ, 5YA1L, 5YA2, respectively) were published.'*

2.1 Kinase binding site and kinase inhibitors

Kinases are defined as enzymes that transfer a phosphate group (from ATP or guanosine triphosphate, GTP)
to a substrate that contains an alcohol, an amino, a carboxyl or a phosphate group as acceptor. Kinases
represent one of the largest protein family in eukaryotes having 518 members encoded in the human genome.
Kinases play an important role in the regulation of a variety of cellular processes such as apoptosis,
differentiation, proliferation, survival, transcription and their dysregulation often results in diseases like
cancer, inflammation, central nervous system (CNS) disorders, cardiovascular diseases. Kinase
phosphorylation has been identified also in prokaryotic organisms and associated to biofilm formation and
virulence. A variety of small molecules kinase inhibitors (SMKIs) targeting bacterial and/or prokaryotic
kinases has been reported but, so far, no inhibitor has been approved as antimicrobial agent.??® 2%

Despite having different aminoacidic sequences, human kinases have similar 3D structures especially at the
binding site: two domains (N- and C-terminal, B-stranded and a-helical, respectively) and a connecting hinge
region. ATP binds in the cleft between the two domains and its adenine ring forms hydrogen bonds with the
residues in the hinge region. All the kinases have a flexible activation loop starting with the conserved
tripeptide aspartic acid-phenylanaline-glycine (Asp-Phe-Gly, DFG motif) that controls access to the binding
site and it is also called “magnesium positioning loop™” as Asp coordinates a Mg* ion. A conserved region is
also the P-loop (or Walker A motif), a Gly-rich loop between the B; and B, strands of the N-domain
important for phosphate binding and coordination with the p-PO, Deep in the ATP pocket is the
“gatekeeper”, an important residue that controls the access to the back part of the binding site and it is often
mutated in case of resistance. The Phe of the DFG motif makes hydrophobic contacts with one residue from
the C-terminal and one from the N-terminal creating what is called a “DFG-in” conformation. When the Phe
moves out from the hydrophobic pocket, the orientation of the DFG-Asp changes and it is no longer able to

coordinate Mg*? thus resulting in an inactive conformation defined “DFG-out” (Figure 2.1).2%
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Figure 2.1: Schematic representation of kinases’ ATP binding site. Hydrogen bonds are represented in red broken lines

Kinase inhibitors can be divided into two classes, based on their binding modes: (i) irreversible inhibitors
covalently bind to a cysteine residue close to the ATP-binding site thus irreversibly blocking ATP binding;
(ii) reversible inhibitors can be further classified into four different types. Type | inhibitors are ATP-
competitive inhibitors and bind to the active form of kinases (“DFG-in” conformation); type II inhibitors
bind and stabilize the inactive form (“DFG-out” conformation) with the DFG-Asp oriented outside the ATP
binding site; type 1l inhibitors bind in an allosteric pocket close to the ATP binding site while type IV bind
in an allosteric pocket far from the ATP binding site. Bivalent and bisubstrate inhibitors (type V) display
more than one of such binding modes (Figure 2.2). The majority of the SMKIs are interacting with the ATP
binding site which is structurally and functionally conserved. Therefore, a poly-pharmacological effect (i.e.,
a drug that act on multiple targets) is often observed.”*

Selectivity is a very controversial topic when talking about Kinases: target promiscuity may lead to off-target
toxicity and drug’s withdrawal from the market but, for the treatment of certain diseases (e.g., cancer), a
multitarget drug may be advantageous. Most of the type | and type Il inhibitors approved by the FDA are
valuable and effective multitarget anticancer drugs (e.g., pazopanib, ponatinib, sorafenib). Multitarget
inhibitors are more suitable in oncology, where the signal cascade responsible for tumorigenesis is very
complex, while selective SMKIs are used to overcome off-target toxicity and side effects outside the
oncology area.”® " High selectivity can be achieved with the development of allosteric inhibitors that do
not bind to the ATP binding site.
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Figure 2.2: Type | — IV reversible binding mode for kinase inhibitors. For the figure was used the co-crystal structure of PDK1 with
ATP (PDB ID: 4RRV?*®) manipulated with YASARA (version 16.4.6.L.32)%"°

2.2 LsrK and the FGGY carbohydrate kinase family

LsrK belongs to a family of carbohydrate kinases called FGGY family. Over 4000 family members have
been identified in the National Center for Biotechnology Information (NCBI) non-redundant sequence
database® and at least 44 crystal structures have been solved. Members of this family transfer a phosphate
group from ATP to several sugars ranging from trioses to heptoses. Representatives of the FGGY family can
be found in several bacterial genomes where they are involved in the catabolic pathway of carbohydrates.
From a structural point of view, all the described members are constituted by two actin-like ATPase domains
called, respectively, FGGY_N and FGGY_C. The substrate (i.e., the sugar) and ATP bind in the catalytic
cleft between the two domains: the sugar binds deeply in the cleft and interacts mostly with the residues in
the N-domain while the ATP binds near the opening of the cleft and interacts with residues in both the N-
and C-terminal domains. Upon binding of the sugar, the cleft closes to prevent the entrance of solvent and
the phosphorylation takes place (Figure 2.3).7

In 2011, Zhang et al. analyzed, at both the phylogenetic and the molecular level, a set of 446 FGGY kinases.
The analysis revealed that glycerol kinase (GIpK), L-ribulokinase (AraB) and xylulo kinase (XyIB) are
present in the majority of the bacterial species. GlpK’s molecular mechanism and specificity remained
unchanged throughout evolution since glycerol plays a unique role in both carbohydrate and lipid

metabolism and, as it is the smallest sugar substrate in the FGGY family, its specificity has been preserved.
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Figure 2.3: 3D structure of L-rhamnulose kinase from E. coli (PDB ID: 2UYT). The FGGY_N and FGGY_C domains are colored,
respectively, in blue and red. Figure created with YASARA (version 16.4.6.L.32)%°

AraB and XylB instead branched into new functions or into different biochemical mechanisms within the
same function still maintaining their specificity through a small set of specificity-determining residues. In
this evolutionary model, LsrK is predicted to branch from XyIB and, more specifically, it sits between LyxK,
FucK I, Il and RhaB I, 1l (Figure 2.4).

Modem repertoire

Figure 2.4: Proposed evolutionary model for the members of the FGGY kinase family from Zhang et al.?** Figure adapted from

PLOS Comput Biol 2011, 7 (12), e1002318. Copyright © 2011 Zhang et al.?*
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2.3 LsrKanditsrolein QS

Several studies have been performed to better understand LsrK’s activity and its importance in bacterial QS.
In 2007, Xavier et al. demonstrated [with isotope labeling thin layer chromatography (TLC) studies] that
LrsK phosphorylates DPD to produce P-DPD. Tandem mass spectrometry (MS/MS) scanning and
phosphorus nuclear magnetic resonance (**P NMR) revealed that the phosphorylation occurs at position Cs
and further experiments on the repressor LsrR showed that P-DPD binds to it and regulates Isr expression in
enteric bacteria.??? LsrK mutants do not activate Isr transcription because of the lack of phospho-Al-2 and, as
a consequence, the reduced expression of the Lsr transporter results in extracellular Al-2 accumulation.??
Furthermore, when LsrK and ATP were added ex vivo (i.e., in the extracellular medium) to E. coli, S.
typhimurium and V. harveyi (both in pure cultures and in a synthetic ecosystem), the phosphorylation of Al-2
outside the cells impeded the transport of phospho-Al-2 through the Lsr transporter due to its negative
charge. As a result, a reduction in Isr expression and attenuation of QS were observed (both in the single

cultures and in the three species ecosystem).** It

is clear why LsrK represents a really attractive anti-
infective target and how its selective modulation could attenuate Al-2 related pathogenesis. As a first step
towards a better understanding of LsrK’s kinetic mechanisms, in 2013 Zhu et al. developed an accurate UV-
visible assay that allowed for steady-state kinetic analysis. In the assay, ADP production (as a consequence
of LsrK-mediated phosphorylation) was coupled with the oxidation of nicotinamide adenine dinucleotide
(reduced form, NADH) by pyruvate kinase (PK) and lactate dehydrogenase (LDH, Figure 2.5) using
phosphoenolpyruvate (PEP) as starting material. The initial velocity of LsrK catalysis was calculated by
measuring the consumption of NADH at 340 nm. The resulting data were consistent with a model where
ATP is the first substrate and DPD cannot bind without ATP binding first. Important kinetic parameters such
as key (7.4 + 0.6 51, Km, ate (150 = 30 uM) and Kipp), oeo (1.0 £ 0.2 mM) were measured to further

understand the critical role of LsrK in QS and to help the rational design of molecules targeting Al-2-based

QS.
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Figure 2.5: Phosphorylation of S-DPD by LsrK and PK/LDH reaction coupled to it
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2.4  Homology model of LsrK and analysis of the binding site

As the goal of my project was the investigation of the effect(s) of LsrK’s inhibition on QS through design
and synthesis of potential inhibitors, knowing LsrK’s catalytic mechanism and the residues involved in the
catalytic activity was fundamental but impeded by the absence of a 3D structure (not available when | started
my research activity in 2015). In order to have a better understanding of LsrK 3D conformation and of its
binding site, | built a homology model. Since the binding site closes upon binding of the ligand, both an open
and a closed homology model were built.

The first and critical step when building a homology model is to choose a related homologous protein to use
as a template. The easiest method is to run serial pairwise sequence alignments using database search
techniques such as BLAST (Basic Local Alignment Search Tool). After inserting in the software YASARA
(Yet Another Scientific Artificial Reality Application) the sequence of LsrK from S. typhimurium (uniprot
code: Q8ZKQ6, 530 residues, see Chapter 8.2.1 for full sequence), three PSI-BLAST (Position-Specific
Iterative BLAST) iterations (see Chapter 8.2.2 for all the other parameters selected) were run and the
program returned a list of 47 templates (see Table 8.1). A target sequence profile was then generated to help
the alignment of the target sequence and the templates and 25 models for the best aligned templates were

225

built. 3IFR (xylulose kinase from R. rubrum, chain B, 2.3 A, 498 residues”) was selected as “open
homology model” (3IFR_HM) and 3G25 (glycerol kinase from S. aureus in complex with glycerol (GOL),
chain B, 1.9 A, 499 residues®®) as “closed homology model” (3G25_HM). The open (3IFR_HM) and closed
(3G25_HM) models were then aligned to see how much the binding site closes upon binding of the sugar: it
is evident from Figure 2.6 that is the C-terminal domain that is moving towards the sugar (not shown in the

figure) to prevent solvent from entering the catalytic cleft and to start the phosphorylation process.

Figure 2.6: Alignment of 3IFR_HM (blue) and 3G25_HM (red). Figure created with YASARA (version 16.4.6.L.32)%°
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To prove that is the binding of the sugar (and not of ATP) that closes the binding site, a close analogue (i.e.,
1GLF, glycerol kinase from E. coli, co-crystallized with GOL and ADP*") of the closed homology model
was selected and aligned to it: the two 3D structures perfectly align, which means that is the sugar and not
ATP (ADP in this case) responsible for the closing up of the binding site (Figure 2.7).

Figure 2.7: Alignment of 3G25_HM (red) and 1GLF (green). GOL and ADP from 1GLF are shown in stick in the catalytic cleft.
Figure created with YASARA (version 16.4.6.L..32)%"°

A closer look to the binding site of both the open and close models was necessary to identify the conserved
residues typical of kinases (e.g., DFG motif) as well as the amino acids involved in the catalytic mechanism
(e.g., threonine/serine, arginine). Since the open homology model was built using as a template a crystal
structure without both the ligand and ATP/ADP, GOL and ADP were taken from 1GLF and joined into the
model. The same was done for the closed model. For both of the models, key residues were identified, such
as threonine 21 (Thr 21), serine 91 (Ser 91), arginine 93 (Arg 93), aspartic acid 253 (Asp 253), phenylalanine
276 (Phe 276) (Figure 2.8). The same analysis of the binding site was performed also including a closed
sugar inside the binding pocket selecting 2CGJ (L-rhamnulose kinase from E. coli in complex with L-
fructose (LFR) and ADP, chain A, 2.3 A, 489 residues?®®) as source of the ligand (LFR). The results obtained
for all the four combinations (i.e., (i) open model + open sugar; (ii) open model + closed sugar; (iii) closed
model + open sugar and (iv) closed model + closed sugar) were compared with each other and key-residues
for the catalytic activity were identified (Figure 2.8).
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Figure 2.8: A) Analysis of the binding site of 3IFR_HM. GOL and ATP were taken from 1GLF. B) Residues conserved and
involved in the catalytic mechanism

2.5 Cloning, over-expression and purification of LsrK

In collaboration with the research team of professor Martin Welch (member of the INTEGRATE®?®
consortium) at the University of Cambridge (where | spent the four months March — June 2017), several
attempts to solve the X-ray crystal structure of LsrK were performed.

First, LsrK cloning was attempted in E. coli as its maltose-binding protein (MBP)-pMAL-c2X fusion but
without any success (see Chapter 8.3.3). The cloning was then repeated using pET-19m as plasmid to have
LsrK as a Hiss-tagged fusion protein (see Chapter 8.3.4).

Whole genomic DNA of E. coli MG1655 was extracted with Genomic DNA Purification Kit (ThermoFisher
Scientific) and used as a template for LsrK gene amplification. Designated primers were employed to
amplify the LsrK sequence by polymerase chain reaction (PCR). The purified gene was digested with the
two restriction enzymes Ndel and Xhol and cloned into the pET-19m expression vector to generate a Hisg-
tagged construct. The sequence was confirmed by standard sequence analysis (see Chapter 8.3.4).

Four flasks (4 x 250 mL) of Luria Broth (LB) supplemented with carbenicillin disodium salt (50 mg/mL) and
chloramphenicol (34 mg/mL) were inoculated with 250 pL (each) of a 10 mL overnight culture of the E. coli
expression strain, itself grown in LB with carbenicillin disodium salt (50 mg/mL) and chloramphenicol (34
mg/mL). After testing four different conditions for the overexpression (see Chapter 8.3.4 for details and
results), we found that the best ones were the ones already reported in 2013 by Zhu et al.**

The cells were grown in six flasks (6 x 1000 mL) at 37 °C with good aeration shaking at 200 rotations per
minute (rpm) to an approximate optical density at 600 nanometer (ODgg) 0f 0.5. The temperature was then
lowered to 22 °C and when the ODgy reached 0.9, the expression was induced by adding 0.42 mM
isopropyl-B-D-1-thiogalactopyranoside (IPTG). Protein expression was continued at 22 °C overnight. The
cells were then harvested by centrifugation at 4 °C (14.000x g, 30 minutes) and the pellets were resuspended
in a total volume of 100 mL of ice-cold lysis buffer (50 mM sodium phosphate, 200 mM NaCl, 10% (v/v)
glycerol, pH = 8.0) supplemented with an EDTA-free protease inhibitor cocktail tablet. The bacterial

suspension was lysed by sonication with continuous cooling on ice-water (8 x 30 seconds, 13 A, 1 minute
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pause between pulses). The cell lysate was clarified by ultracentrifugation at 4 °C (11.000x g, 30 minutes)
and the clarified supernatant was filtered through a 0.22 um filter. Affinity chromatography was performed
with Ni-NTA column (2 mL packed resin bed volume). The filtered lysate was loaded onto the column and
purified in accordance with the manufacturer’s instruction. The column was washed overnight with
equilibration buffer (50 mM Tris*HCI, 200 mM NaCl, 10% (v/v) glycerol, 10 mM imidazole, pH = 7.4). The
Hiss-tagged protein was eluted with elution buffer (50 mM Tris*HCI, 200 mM NaCl, 10% (v/v) glycerol,
250 mM imidazole, pH = 7.4) and dialyzed overnight against 2 liters of dialysis buffer (50 mM Tris*HCI,
100 mM NaCl, 5% (v/v) glycerol, pH = 7.4) in the presence of Hiss-tagged Tobacco Etch Virus nuclear-
inclusion-a endopeptidase (TEV)-protease. The protein thus released was cleaned up by batch extraction in a
slurry of Ni-NTA resin equilibrated in dialysis buffer and concentrated (Vivaspin, molecular weight cut-off,
MWCO 30.000, Sartorium) to 12 mg/mL (estimated by Aygy using e ~ 93.390 M™ cm™). The mixture was
snap-frozen in liquid nitrogen in aliquots of 1 mL and stored at -80 °C. Sodium Dodecyl Sulphate -
PolyAcrylamide Gel Electrophoresis (SDS-PAGE) confirmed the presence of a protein corresponding to the
mass of the pET-19m-LsrK fusion protein (57.5 kDa) and some impurities (Figure 2.9).

Crystallization conditions were screened using sitting drop vapor diffusion with 12 mg/mL and 6.2 mg/mL
purified protein. Three different crystallization plates (EB Wizard | & II, QN PEGs I, MD JCSG", Molecular
Dimensions) were filled but, even after 21 days, no crystals were observed. Perhaps the lack of the natural
substrate (i.e., S-DPD) and/or ATP in the plates as well as the protein purity (~ 80%, as estimated by SDS-
PAGE) may have affected the crystallization. Therefore, as a target-based design of novel potential LsrK
kinase inhibitors was mined by the lack of a 3D structure, a ligand-based approach was pursued (see Chapter
6).

1 2 3 4

75 kDa

50 kDa

Figure 2.9: Purification of LsrK. The figure shows a Coomassie Brilliant Blue G250-stained polyacrylamide gel (12%) run in SDS
buffer showing the purification of LsrK. Lane 1: protein molecular marker; lane 2: LsrK eluted from Ni-NTA column (20 pL); lane
3: LsrK eluted from Ni-NTA column (10 pL); lane 4: LsrK eluted from Ni-NTA column (5 pL)

In June 2018, three crystal structures of LsrK/HPr (a phosphocarrier protein) alone or in complex with ATP and ADP (PDB ID:
5YAO0, 5YAL, 5YA2, respectively) were published.'®
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3. 4,5-DIHYDROXY-2,3-PENTANEDIONE (DPD): STATE OF THE ART

As discussed in Chapter 1, Quorum Sensing is a cell-to-cell communication process that allows bacteria to
act as a population instead of as single organisms. In both Gram-negative and Gram-positive bacteria, QS is
mediated by the exchange of small signaling molecules collectively termed Al-2. The precursor of Al-2 is
DPD, a small chemical entity that spontaneously rearranges to generate different QS mediators. This
compound has a great interest from a medicinal chemistry stand point and, over the years, numerous
syntheses have been reported and a better knowledge of this molecule has been gained. In this chapter | will
describe its peculiarities and summarize the procedures described in the literature for its synthesis both as a

racemic mixture and as enantiopure S-DPD.

3.1 DPD’s equilibrium and stability

DPD may look like a small, simple, linear molecule but it is actually a complex mixture of different
coexisting structures (see Chapter 1, Figure 1.6). DPD is not stable unless in diluted solutions: Meijler et al.
observed only minimal polymerization (< 1%) when DPD was kept at a concentration lower than 3 mM and
in such conditions it was stable for at least one month while, at higher concentrations (not specified), the

stability decreased significantly.”!

Different results were published in 2005 by Semmelhack’s group: the
stability of a 30 mM DPD solution was monitored via 'H NMR at pH = 1.5 and 20 °C and no decomposition
products were observed after 5 hours. No loss of activity in the V. harveyi assay was also noted by the same
research group for a 100 mM solution kept at 20 °C and pH = 1.3 for 16 hours.” Despite these results may
seem contradictory, it has to be noted that Semmelhack’s experiments were performed over a limited
timeline. Longer experiments (e.g., one month) were done only with diluted solutions so it is still unclear
whether solutions up to 100 mM can be stable for such amount of time or not.

Normal practice in DPD’s reported syntheses (see later) is to remove a protecting group in the last step under
acidic conditions and, in order to avoid further manipulation of such complicated mixture, to use the solution
as such for biological experiments. Therefore, the equilibrium of the different DPD’s species has been
initially studied at pH values between 1 and 2 and it has been noted that, under these strong acidic
conditions, the linear form of DPD is in equilibrium with its two cyclic isomers (i.e., S-DHMF and R-
DHMF, see Chapter 1, Figure 1.6) in a ratio 1:2:2.%** In 2012, Globish et al.?** decided to explore the various
forms of DPD in equilibrium at physiological pH. To do so, an aqueous solution of DPD was buffered to pH
= 7 using 1M phosphate buffer (1M NaD,PO,/Na,DPQ,). The changes in the intensity and number of signals
detected by "H NMR in the methyl region (i.e., 8 = 1.3 ppm — 2.4 ppm) and in core structure (i.e., C4;— Cs, 8
= 3.5 ppm — 4.4 ppm), prompted the group to investigate more deeply the pH-dependency of DPD’s
equilibrium. Therefore, DPD was titrated with NaOD in D,O (0.1 M) to pH = 7 and major changes were
observed in the methyl region where new signals appeared at pH values between 4 and 5.

The signals became even more dominant when DPD was titrated to pH = 10 and the three major methyl
signals typical of acidic conditions completely disappeared. The changes proved to be reversible as

acidification of the solution to pH = 1 resulted in the same "H NMR as before any manipulation.
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These findings revealed an unexpected stability over a wide range of pH values, in complete contrast with
other QS molecules like AHLs and AIPs which are known to be susceptible to hydrolytic degradation.”* 2%

To gain further knowledge in this complicate equilibrium of structures, the same research group synthesized
compounds 1 and 2 (Figure 3.1) as model systems for the linear and cyclic forms of DPD. Methylation of the
Cs-OH (i.e., 1, Figure 3.1) resulted in a linear DPD-analogue, incapable of any ring closure. Titration from
pH = 1 to pH = 7 revealed the presence of only a major species over the entire pH range where only the
ketone at C; was hydrated. For the cyclic model, CF;-DPD 2 was selected as it exists only in the cyclic form.
'H NMR revealed that the equilibrium of 2 is pH-dependent: signal changes in the core structure (i.e., C4-Cs
positions) were very similar to the ones previously observed for the cyclic isomers of DPD. The authors
concluded that, at physiological pH, DPD is hydrated at C; (S-THP, see Chapter 1, Figure 1.6) and in

equilibrium with both the hydrated forms S-THMF and R-THMF (see Chapter 1, Figure 1.6).%
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Figure 3.1: Linear (1) and cyclic (2) model compounds to study DPD’s equilibrium

DPD can be purified from complex mixtures taking advantage of its affinity for boron. In 2004, Semmelhack
et al. developed a “catch-and-release” technique from aminophenylboronic acid immobilized on
polyacrylamide beads. In the protocol, the beads are washed with saturated NaHCO; and the broth
containing DPD is passed through a tube containing the resin. DPD is released from the resin with 20%
aqueous formic acid and the eluate is immediately buffered at pH = 7.8. Further addition of borate to form S-
THMF-borate (see Chapter 1, Figure 1.6) can be used to stabilize the solution and directly test it in the V.
harveyi bioluminescence assay (see further) where it has shown to increase > 600-fold the biological activity

when compared to the crude enzymatic preparation.”’

3.2 ldentification and quantification of DPD

The complex equilibrium of DPD’s structures has hampered its full characterization and quantification: the
low ionization potential, the high polarity, the absence of chromophores and the low concentration of Al-2 in
biological samples have thwarted the development of a robust, reproducible and reliable direct method for its
direct identification and quantification. To date, the most common method used for Al-2 detection is the V.
harveyi bioluminescence assay where, in response to Al-2 in cell-free supernatants, the engineered reporter
strain produces bioluminescence upon binding of S-THMF-borate to LuxP (see Chapter 7.1 for additional
details).?*® Unfortunately, this assay is not quantitative and, despite having a limit of detection (LOD) in the
low nanomolar (nM) range, it is particularly sensitive to assay conditions (e.g., pH, growth conditions and
borate concentration) and to culture to culture variability which affect the reproducibility. In addition, the

sensitivity can be altered by the presence of other molecules in the cell-free supernatants.?***
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Therefore, novel LuxP-FRET-(fluorescence resonance energy transfer) based methods have been developed
over the years. In 2007, Rajamani et al. fused two fluorescent proteins to the N- and C-termini of LuxP to
measure the FRET response upon binding of S-THMF-borate. The assay had limited sensitivity and was
susceptible to the interference from other species in the sample.** Similarly, in 2008 Zhu et al. modified
LuxP and LsrB near their ligand binding sites with environmentally sensitive fluorophores to generate a fast
responding, highly sensitive, novel assay. Unfortunately, this method was time consuming and expensive as
the proteins had to be purified and labeled and suffered from selectivity as compounds other than Al-2 could
be detected.”*

Another common method for Al-2 detection is the reaction of S-DPD with o-phenylendiamine to form

Quinoxaline-S-DPD that can be identified by high performance liquid chromatography (HPLC, Scheme 3.1).

OH O NH, oH
HOM N E:[ . HO N
HO OH NH; AN
S-DPD o-phenylendiamine Quinoxaline-S-DPD

Scheme 3.1: Formation of Quinoxaline-S-DPD

In 2009, Thiel et al. developed a reliable gas chromatography-mass spectrometry (GC-MS) method for the
gualitative and quantitative analysis of Al-2. The trimethylsilylated quinoxaline 3 was produced by treatment
of Quinoxaline-S-DPD with N-methyl-N-(trimethylsilyDtrifluoroacetamide (MSTFA) in order to have a
derivative accessible for GC-MS analysis. In a similar manner, the isotopically labeled derivative 6 was
synthesized as an internal standard and absolute quantification was directly measured by measuring the
relative ion-intensities of the labeled 6 and unlabeled 3 derivatives. This method is reproducible, linear and
sensitive and allows for configuration determination by analysis of derivative 6 with chiral GC-MS (Scheme
3.2).24

A)

OH O HoN OH OTMS
HOM L ]@ a HO__A_N b TMSO_A_N
W e T X1 T X O
HO OH 2 SN SN
S-DPD o-phenylendiamine Quinoxaline-S-DPD 3
B) D OH D OoTMsS D
HoN H,N D HO__~__N D TMSO__A__N D
0 —— —— X —— X
NS NS
HoN H,N D N D N D
D D D
o-phenylendiamine 4 5 6

Scheme 3.2: A) Derivatization of S-DPD for GC-MS analysis and B) Synthesis of the internal standard 6. Reagents and conditions:
(a) DCM, rt; (b) MSTFA, DCM, 60 °C; (c) Pt/C, D,0, 180 °C, 24 h (3 cycles)
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A similar protocol was reported by Campagna et al. and applied to the detection of Al-2 in E. coli and V.
harveyi. Different functionalized o-diaminobenzenes (i.e., 7 — 12, Figure 3.2A) were reacted with synthetic
S-DPD (2.35 mM, pH = 1.8) and analyzed via liquid chromatography tandem mass spectrometry (LC-
MS/MS). With diamine 12, the reaction was completed in ~ one hour and derivative 13 was isolated (Figure
3.2B). *C-DPD 14 and “*C-quinoxaline-DPD-derivative 15 were both used as internal standard and the
concentration of DPD was measured by multiplying the concentration of the standard added with the ratio of
the integrated peak intensity for the labeled and unlabeled derivatives. When *C-DPD 14 was employed as
internal standard, the concentration of S-DPD measured was higher than the one measured through **C-
guinoxaline-DPD-derivative 15 probably because S-DPD was partially lost in the biological matrix during

handling of the sample or (less likely) the Maillard reaction did not go to completion in such a complex

media.?*®
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Figure 3.2: A) o-diaminobenzenes reacted with S-DPD; B) Derivative 13 and C) Isotope labeled standards used for internal

calibration

3.3 Synthesis of racemic and homochiral DPD: literature-reported procedures

The first synthesis of S-DPD was published in 2004 by Meijler et al. The synthesis started from
commercially available S-16 which was oxidized to S-17 in Swern’s conditions. Corey-Fuchs homologation

afforded acetal protected alkyne S-19. Deprotection and conversion to orthoformate S-21 were followed by
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KMnO,-mediated oxidation. Final acidic deprotection under mild acidic buffer afforded S-DPD with an
overall yield of 3.2% (Scheme 3.3).%*
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Scheme 3.3: Synthesis of S-DPD by Meijler et al. Reagents and conditions: (a) oxalyl chloride (1.1 eq), DMSO (2.5 eq), Et;N (5.0
eq), DCM, - 78 °C, 30 min.; (b) CBr, (1.8 eq), PPhs (1.8 eq), Zn° (2.0 eg), DCM, 0 °C, 50 h; (c) n-BuLi (1.6 M in hexane, 3.0 eq),
Mel (5.5 eq), THF, - 78 °C to rt, overnight; (d) AcOH (60%), THF, rt, 4 h (81%); (€) CH(OMe); (neat), H,SO, (cat.), rt, 1 h (73%
over two steps); (f) MgSO, (4.2 eq), NaHCO; (0.6 eq), KMnO, (3.9 eq), acetone, rt, 20 min. (10%); 40 mM phosphate buffer (pH =
6.5), D,0, rt, 36 h**!

Instead of the orthoformate as protecting group, Semmelhack et al. introduced a cyclohexylidene group. L-
gulonic acid y-lactone 23 was prepared in 75% vyield from L-ascorbic acid. Oxidative cleavage with KIO,
resulted in aldehyde S-24. Similarly to Meijler et al., Corey-Fuchs homologation led to the formation of
alkyne S-26a with 43% yield over two steps. The critical oxidation step was performed following Zibuck et
al.*** and RuO,*H,0/NalO, were used to generate diketone S-27a in 70% vyield. Strong acidic deprotection
(i.e., D,SO,) afforded S-DPD with an overall yield of 24% (Scheme 3.4). Notably, the byproduct of the

deprotection (i.e., cyclohexanone) doesn’t inhibit cell growth at concentrations < 1M.?*
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S-26a S-27a

Scheme 3.4: Synthesis of S-DPD by Semmelhack et al. Reagents and conditions: (a) 1,1-dimethoxy cyclohexane (1.7 eq), p-TSA
(cat.), DMF, rt, 36 h — 48 h; (a’) EtzN (cat.), PhMe, -20 °C, 24 h (75% over two steps); (b) KIO, (2.2 eq), KHCO; (4.6 eq),
H,O/DCM (1:1.8), rt, 18 h (76%); (c) CBr, (1.2 eq), PPhs (2.3 eq), DCM, 0 °C, 2 h (67%); (d) n-BuLi (2.5 M in hexane, 1.3 eq), Mel
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(2.0 eg), THF, - 78 °C to rt, 4 h (98%); (e) NalO, (2.3 eq), Ru,0*H,0 (2.5% mol), CCI,/ACN/H,O (1:1:1.5), rt, 15 min. (70%); (f)
D,0, D,SO, (cat., pD = 1.5), rt, 5 h**2

In 2005, Frezza et al. published a three-step synthesis of racemic DPD (rac-DPD). Coupling of
commercially available aldehyde 28 with 2-butenone in Baylis-Hillman’s conditions and further TBAF-
mediated removal of the TBDMS protecting group yielded the a-methylene-f,y-dihydroxy ketone 30.
Reductive ozonolysis of the carbon-carbon double bond using dimethyl sulfide as reducing agent was chosen
because the resulting byproducts (i.e., formaldehyde and dimethylsulfoxide) were reputed non-toxic at least

at low concentrations.?*’

o OH O X OH O ,
a c,C
TBDMSOQJ\H —_— TBDMSOJW(U\ _ HOJW/U\ %% .  racDPD
28 29 30

Scheme 3.5: Synthesis of rac-DPD by Frezza et al. Reagents and conditions: (a) 2-butenone (4.0 eq), DABCO (0.25 eq), THF, 0 °C,
21 h; (b) TBAF (1.0 eq), THF, rt, 21 h; (c) O, MeOH, - 78 °C, 30 min; (¢’) DMS, - 78 °C to rt, 16 h?

The same synthetic strategy was also applied to the synthesis of the elongated chain analogue ethyl-DPD 31,
the Cs-methyl-DPD 32, the two 5-O-acylated derivatives 33 and 34 and, two years later, of the bis-
acetylated-DPD 35 (Figure 3.3, see also Chapter 5, Scheme 5.9).%
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Figure 3.3: DPD analogues synthesized by Frezza et al.2*’

A similar approach, where reductive ozonolysis was the key step, was developed in the same year by De
Keersmaecker et al. Commercially available methyl (S)-2,2-dimethyl-1,3-dioxolane-4-carboxylate S-36 was
converted into the corresponding amide S-37. Grignard addition with isopropenylmagnesium bromide and
further acetal deprotection with an acidic Dowex resin resulted in the isolation of enone S-39. Ozonolysis
and in situ reductive cleavage of the ozonide intermediate with dimethylsulfide, followed by addition of

water and evaporation of the volatile byproducts, yielded a solution of S-DPD (Scheme 3.6).252

?LQ a j\Q | b QI\Q c HO ?H d S-DPD
\/'\H/OCH;;" - NO T ~ - - - ¥
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S-36 §-37 S-38 S-39

o

Scheme 3.6: Synthesis of S-DPD by De Keersmaecker et al. Reagents and conditions: (a) dimethylamine (6.0 eq), EtOH, rt, 2 days
(86%); (b) isopropenylmagnesium bromide (0.5 M in THF, 1.4 eq), Et,0, 0 °C, 10 min. (53%); (c) Dowex 50WX8, MeOH, 50 °C,
1.5 h (74%); (d) O3, MeOH, - 78 °C; (d”) DMS, - 78 °C to rt**®
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Following Semmelhack et al.’s strategy, in 2008, Lowery and coworkers synthesized S-DPD and a small set
of six DPD-analogues starting from aldehyde S-24 which was converted, in one step, to the terminal alkyne
S-40. Alkylation with n-BuLi and the corresponding alkyl iodide (methyl iodide in the case of S-DPD) was
followed by RuO,*H,0O/NalO4-mediated oxidation and final acidic removal of the protecting group (Scheme

3.7, see also Chapter 5, Scheme 5.1).%°
a Q b ;O c 20 d
g ¢ — 49 —— d * od : § ——— sboPD

S-24 S-40 S-26a S-27a
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Scheme 3.7: Synthesis of S-DPD by Lowery et al. Reagents and conditions: (a) DIPA (1.5 eq), n-BuL.i (1.4 eq), TMSCHN, (1.6 eq),
THF, - 78 °C to 1t, 7 h (71%); (b) n-BuLi (2.0 eq), Mel (2.0 eq), THF, - 78 °C to rt, 12 h (70%); (c) NalO, (2.3 eq), Ru,0*H,0 (2.5%
mol), CCI,/ACN/H,0 (1:1:1.5), rt, 15 min. (70%); (d) D,SO, (cat.), D,O/dg-DMSO (4:1), rt, 6 h?*

In 2009, Smith’s group developed a two-pot strategy amenable for the synthesis of both rac-DPD and a
variety of C;-DPD-analogues (see also Chapter 5, Scheme 5.4). After coupling acyl chlorides (acetyl
chloride in the case of rac-DPD) with diazomethane, the resulting diazocarbonyls were condensed with
aldehyde 28. TBAF deprotection of the diazo-diol intermediates was followed by oxidation with dimethyl
dioxirane to generate rac-DPD (and C;-DPD-analogues). The oxidizing agent was chosen to minimize
manipulation of sensitive DPD: dioxirane (as well as its byproduct acetone) is volatile and can be easily

evaporated (Scheme 3.8).*°

o OH O OH O
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Scheme 3.8: Synthesis of rac-DPD by Smith et al. Reagents and conditions: (a) 28 (1.0 eq), DBU (20% mol), ACN, rt, 4 h; (b)
TBAF (2.0 eq), THF, 0 °C to rt, 1 h (50% over two steps); (c) dimethyl dioxirane in acetone, rt, 2 h?>°

Kadirvel and coworkers developed a new synthesis for both R- and S-DPD starting from cheap and
commercially available D-mannitol which was first protected as an acetal with 2,2-dimethoxypropane.
Oxidative cleavage with NalO, provided aldehyde R-17. Wittig olefination gave a mixture of E and Z
alkenes and OsO,-mediated dihydroxylation of R-45 and R-46 afforded the diastereoisomeric diols 47/48
and 49/50, respectively. Oxidation with PCC to isolate diketone R-51 and acid-catalyzed deprotection of the
acetonide group led to R-DPD in 6.3% overall yield (Scheme 3.9A).%! The same strategy was also applied to
the synthesis of S-DPD starting from alcohol S-16. PCC-mediated oxidation was followed by Wittig
olefination. Dihydroxylation of the resulting olefins, oxidation and deprotection provided S-DPD (Scheme
3.9B).
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Scheme 3.9: Synthesis of A) R-DPD and B) S-DPD by Kadirvel and coworkers. Reagents and conditions: a) 2,2-dimethoxypropane
(2.1 eq), p-TSA (10% mol), DMF, rt, overnight (57%); (b) NalO, (2.0 eq), NaHCOj (sat. solution), DCM, rt, 3 h (75%); (c) n-BuLi
(1.6 eq), (ethylhtriphenylphosphonium bromide (1.25 eq), THF, - 78 °C, 1 h (70%); (d) NMO (3.25 eq), 4% 0OsO, (5% mol),
acetone/H,0 (1:1), rt, overnight (70%); (e) PCC (3.8 eq), DCM, rt, 1 h (30%); (f) D,SO, (cat.), D,0, rt, 4 h?!

R-bis-acetyl- and bis-benzyl-protected-DPD (57 and 58, respectively, Figure 3.4) were also synthesized from
alkenes R-45 and R-46 by protection, dihydroxylation and PCC-oxidation.”*
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Figure 3.4: R-his-acetyl-DPD 56 and R-bis-benzyl-DPD 57 by Kadirvel and coworkers®!

All the enantioselective syntheses reported so far rely on the use of chiral starting materials. In 2011,
Ascenso et al. reported a novel synthesis where the chiral center was generated from asymmetric reduction
of ketone 62. The hydroxyl group of methyl glycolate 58 was protected with t-butyldiphenylsilyl chloride;
saponification of the ester and Weinreb amide formation were followed by incorporation of the acetylenic
group using lithiated propyne to generate 62. Asymmetric reduction with S-alpine borane and TBAF-
removal of the TBDPS group afforded S-64. Diol S-64 was protected with a cyclohexyliden group, oxidized
with RuO,*H,0/NalO, and final acidic removal of the protecting group led to the formation of S-DPD. The
same procedure was also applied to the synthesis of R-DPD using R-alpine borane as a reducing agent
(Scheme 3.10).%?
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Scheme 3.10: Synthesis of S-DPD by Ascenso et al. Reagents and conditions: (a) TBDPSCI (1.1 eq), DMAP (cat.), pyridine, 0 °C to
rt, overnight (97%); (b) LiOH (2.7 eq), THF/H,0O (4:1), rt (94%); (c) MeNHOMe*HCI (3.0 eq), DCC (3.0 eq), DCM, 40 °C (85%);
(d) Propyne (1.45 M in THF, 1.2 eq), n-BuLi (1.2 eq), THF, - 78 °C to rt, 1 h; (e) (S)-alpine borane (1.5 eq), THF, rt, 2 days (67%);
(f) TBAF (1.2 eq), THF, rt, 1 h (86%); (g) 1,1-dimethoxy cyclohexane (2.0 eq), H,SO, (cat.), DMF, rt, overnight (91%); (h) NalO,
(2.3 eq), Ru,0*H,0 (2.5% mol), CCI,/ACN/H,0 (1:1:1.5), rt, (86%); (i) Dowex 50WX8 100-200 mesh, H,0, rt, overnight®?
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4. SET UP OF ANOVEL SYNTHETIC STRATEGY OF RACEMIC-DPD

As explained in the previous chapters, the goal of my research project was to validate, within the
INTEGRATE? consortium, the impact of LsrK kinase inhibition on Quorum Sensing. To do so, | designed
and synthesized DPD-analogues as potential LsrK kinase inhibitors. Before starting with such plan, |1 wanted
to familiarize myself with the chemistry related to my target and synthesize DPD. The summary of DPD’s
syntheses described in the previous chapter (i.e., Chapter 3) underlines the difficulties that one would face
when trying to synthesize such small, polar and unstable (unless in diluted solutions) molecule.
Enantioselective syntheses are demanding as they require chiral and expensive starting materials (e.g.,
aldehyde S-24) as well as purification of most of the intermediates while the synthesis of racemic-DPD

proceeds smoothly and it can be performed in only three steps and with a single column chromatography (see

| .247 |.250

Frezza et al.”"" and Smith et al.*™). | therefore decided to develop a new synthesis of racemic DPD that does

I 247

not necessitate reductive ozonolysis (see Frezza et al.”"") or the use of dangerous and explosive

I 250

diazomethane (see Smith et al.”") as not all of the laboratories have such equipment or can perform such

reactions. The new strategy is short, robust and it requires only one purification step.
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Scheme 4. 1: Synthesis of rac-DPD (attempt 1). Reagents and conditions: (a) 1-propynylmagnesium bromide (0.5 M in THF, 1.3 eq),
THF, 0 °C to rt, 3 h (96%); (b) TBDMSCI (1.2 eq), NaH (2.0 eq), THF, rt, 3 h (90%); (c) NalO, (4.4 eq), Ru,0*H,0 (2.5% mol),
CHCIs/ACN/H,0 (1:1:1), rt, 1 h (52%); (d) see Table 4.2

Grignard addition of 1-propynylmagnesium bromide to aldehyde 28 was followed by protection of the
resulting secondary alcohol with TBDMSCI. To avoid the use of carcinogenic CCl,, normally employed with
RuO,*H,0/NalO, oxidation, different oxidative conditions (Table 4.1) were screened and the mixture
CHCI3/ACN/H,0 (1:1:1) was found to be suitable to be used with the system RuO,*H,0/NalQ, providing
the desired product in 52% vyield (Table 4.1, entry 5).
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Entry Solvent Oxidant and eq Time Yield (%)
KMnO,/NaHCO3/MgSO, )
1 Acetone Overnight SM
3.8/0.6/2.0
KMnO4/NaHCO3/MgS0O, )
2 Acetone Overnight Traces
3.9/0.6/4.2
Na|04/RUOZ*H20
3 CCI4/ACN (1:1) 3h Traces
2.2 eq/2.5% mol
Na|04/RUOZ*H20
4 CCI/ACN (1:1) 3h 23
4.4 eq/2.5% mol
CHCI3/ACN/H,0 NalO4#/RuO,*H,0
1h 52

(1:1:1)

4.4 eq/2.5% mol

Table 4.1: Screening of oxidative conditions. All the reactions were performed at room temperature

Final acidic removal of the two TBDMS groups proved to be challenging and failed after several attempts.

Decomposition was observed when H,SO, (or D,SO,), TBAF or NH,F were employed (Table 4.2, entry 1 —

6) while partial removal of the two protecting groups (up to a maximum of 30% in total) was achieved with
the use of acetic acid or Dowex50WX8 (Table 4.2, entry 7 — 9).

Deprotecting

Entry Solvent agent Temp (° C) Time Result
D,O/DMSO-g (4:1) D,SO, . .
1 (10 MM conc.) (final 5 mM conc.) Rt Overnight Decomposition
D,0/DMSO-¢ (4:1) D,SO, ) .
2 (10mMconc)  (final 5 mM conc.) 0 Overnight  Decomposition
D,O/DMSO-g (4:1) H,SO, .
3 (10 mM conc.) (cat) 0->100 2 days Decomposition
MeOD D,SO, ) .
4 (10 MM conc.) (final 5 mM conc.) Rt Overnight Decomposition
5 THF TBAF (1.1 eq) Rt Overnight Decomposition
ACN-d3 .
6 (10 MM conc.) NH4F (4.0 eq) Rt Overnight SM
ACN-d,/D,0 (1:1) i ) ~10 %
7 (10 mM conc.) AcOD-d; (3.0 eq) Rt Overnight deprotection
8 MeOD Dowex 50WX8 Rt Overniaht ~30 %
(10 mM conc.) 100-200 mesh g deprotection
- ~ 0,
9 ACN-d; Dowex 50WX8 Rt Overnight 30 %

(120 mM conc.)

100-200 mesh

Table 4.2: Screening of the conditions for the acidic removal of the two TBDMS groups of compound 67

deprotection

As the bulkiness of the TBDMS group was thought to be the reason that impeded the deprotection, TBDMS

was replaced with the smaller TMS group (Scheme 4.2). Unfortunately, the results were similar and a

maximum of 40% cleavage (for both the TBDMS and TMS groups) was achieved when Dowex50W X8 and

ACN-d; were used (data not shown).
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Scheme 4.2: Synthesis of rac-DPD (attempt 2). Reagents and conditions: (a) 1-propynylmagnesium bromide (0.5 M in THF, 1.3 eq),
THF, 0 °C to rt, 3 h (96%); (b) TMSCI (1.2 eq), NaH (2.0 eq), THF, rt, 3 h (92%); (c) NalO, (4.4 eq), Ru,0*H,0 (2.5% mol),
CHCIs/ACN/H,0 (1:1:1), rt, 1 h (65%); (d) Dowex50WX8 100-200 mesh, ACN-d3 (10 mM), rt, overnight

Since the main goal of my PhD project was to produce DPD-analogues, a synthetic strategy that allowed to
generate racemic-DPD and was suitable also for the synthesis of small sets of analogues was planned.
Intermediate 65 was deprotected in acidic conditions (Dowex50WX8) and the resulting diol 64a was
protected with a cyclohexyliden group. This two intermediates, slightly modified (see Chapter 6.1), became
the two starting points for the synthesis of all the DPD-related compounds prepared during my PhD.
Oxidation of 26a with our previously established protocol (see Table 4.1, entry 5) was followed by
Dowex50WX8-mediated removal of the protecting group and the success of the reaction was confirmed by
addition of o-phenylendiamine to the mixture to produce Quinoxaline-rac-DPD (Scheme 4.3). 'H NMR was

consistent with previously reported data®’

and Quinoxaline-rac-DPD was also isolated and fully
characterized. To prove the validity of such strategy, phenyl-DPD (Ph-DPD) was also synthesized (Scheme
4.3) using phenylethynylmagnesium bromide as Grignard reagent and confirming once again the positive
results by comparison of"H NMR with literature data and by isolation of Quinoxaline-rac-Ph-DPD.

To sum up, the newly developed approach allows for the rapid production of racemic-DPD in five steps and
it does not require (i) the use of dangerous or expensive reagents nor (ii) of particular equipment (i.e.,
ozonolysator); furthermore, (iii) only one column chromatography is necessary and (iv) it can be employed
for the synthesis of Ph-DPD as well as other C,-DPD analogues (as long as the corresponding Grignard

reagent can be purchased or produced).
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Scheme 4.3: Synthesis of rac-DPD (attempt 3) and Ph-DPD. Reagents and conditions: (a) 1-propynylmagnesium bromide (0.5 M in
THF, 1.3 eq), THF, 0 °C to rt, 3 h (96%); (b) Dowex50WX8 100-200 mesh, MeOH, rt, overnight (98%); (c) 1,1-dimethoxy
cyclohexane (3.0 eq), p-TSA (cat.), rt, overnight (84%); (d) NalO, (4.4 eq), Ru,O*H,0 (2.5% mol), CHCI;/ACN/H,0 (1:1:1), rt, 1 h
(54%); (e) Dowex50WX8 100-200 mesh, D,O (10 mM), rt, overnight; (f) o-phenylendiamine (2.0 eq), rt, overnight

The results described in this chapter have been reported in the manuscript entitled “A Versatile Strategy for
the Synthesis of 4,5-Dihydroxy-2,3-Pentanedione (DPD) and Related Compounds as Potential Modulators of
Bacterial Quorum Sensing” published in Molecules on October 6" 2018 (Stotani S. et al., Molecules 2018,
23(10), 2545)** (see Appendix 1).

4.1 Enzymatic synthesis of DPD

During my four months (March — June 2017) visiting period at the University of Cambridge I've also
produced DPD enzymatically following the procedure described in 2002 by Winzer et al.®* The two
enzymes necessary (i.e., Pfs and LuxS, see Chapter 1.4.3, Figure 1.7) were cloned in E. coli as Hiss-tagged
fusion proteins. Designated primers were employed to amplify both genes by PCR. The purified genes were
digested with restriction enzymes Ndel and Xhol and cloned into the pET-19m expression vector to generate
the corresponding Hise-tagged constructs. The sequences were confirmed by standard sequence analysis (see
Chapter 8.3.2). Two flasks (2 x 1000 mL, one for each protein) of LB supplemented with carbenicillin
disodium salt (50 mg/mL) and chloramphenicol (34 mg/mL) were inoculated with 1 mL (each) of a 10 mL
overnight culture of the E. coli expression strain, itself grown in LB with carbenicillin disodium salt (50
mg/mL) and chloramphenicol (34 mg/mL). The cells were grown at 37 °C with good aeration (shaking at
200 rpm) to an approximate ODgyo Of 0.5. The temperature was then lowered to 20 °C and the expression
was induced by addition of 1 mM IPTG. Protein expression was continued at 20 °C overnight. The cells
were then harvested by centrifugation at 4 °C (14.000x g, 30 minutes) and the pellets were resuspended in a
total volume of 50 mL of ice-cold lysis buffer (50 mM sodium phosphate, 200 mM NaCl, 10% (v/v)
glycerol, pH = 8.0) supplemented with an EDTA-free protease inhibitor cocktail tablet. The bacterial
suspensions were lysed by sonication with continuous cooling on ice-water (8 x 30 seconds, 13 A, 1 minute
pause between pulses). The cell lysates were clarified by ultracentrifugation at 4 °C (11.000x g, 30 minutes)

and the clarified supernatants were filtered through a 0.22 pm filter. Affinity chromatography was performed
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with Ni-NTA columns (2 mL packed resin bed volume). The filtered lysates were loaded onto the columns
and purified in accordance with the manufacturer’s instruction. The columns were washed overnight with
equilibration buffer (50 mM Tris*HCI, 200 mM NaCl, 10% (v/v) glycerol, 10 mM imidazole, pH = 7.4). The
Hisg-tagged proteins were eluted with elution buffer (50 mM Tris*HCI, 200 mM NaCl, 10% (v/v) glycerol,
250 mM imidazole, pH = 7.4) and dialyzed overnight against 1 liter (each) of dialysis buffer (50 mM
Tris*HCI, 100 mM NacCl, 5% (v/v) glycerol, pH = 7.4). The proteins thus released were concentrated
(Vivaspin MWCO 10.000, Sartorium) to 180 mg/mL (Pfs, estimated by A,g using ecac ~ 10.095 M™* cm™)
and 59 mg/mL (LuxS, estimated by Ag using ecac ~ 24.353M™ cm™). The mixtures were snap-frozen in
liquid nitrogen in aliquots of 100 pL and stored at -80 °C. SDS-PAGE confirmed the presence of proteins
corresponding to the mass of the pET-19m-Pfs fusion protein (24 kDa) and of the pET-19m-LuxS fusion
protein (19 kDa) (Figure 4.1).

1 2 3 4 1 2 3 4
! 25 kD!
- S KDa
s J—
e 20kDa —> -
20kDa —> ot
Pfs LuxS

Figure 4.1: Purification of Pfs and LuxS. The figure shows two Coomassie Brilliant Blue G250-stained polyacrylamide gels (12%)
run in SDS buffer showing the purification of Pfs and LuxS. Lane 1: protein molecular marker; lane 2: Pfs (or LuxS) eluted from Ni-
NTA column (20 pL); lane 3: Pfs (or LuxS) eluted from Ni-NTA column (10 pL); lane 4: Pfs (or LuxS) eluted from Ni-NTA column

(5uL)

Having in my hands the two enzymes, following Winzer et al,.>®* 2 mM SAH in 50 mM Tris*HCI buffer pH
= 7.8 was incubated at 37 °C with 100 pg/mL of Pfs under nitrogen atmosphere. The reaction was monitored
by LC-MS: every 30 minutes, a 5 pL aliquot of reaction mixture was diluted with 1 mL of ACN/MeOH
(2:1). The reaction was completed after 30 minutes and was irreversible (Figure 4.2).

SAH

SRH (30 min)

SRH (60 min)

SRH (90 min)

Figure 4.2: SAH conversion to SRH measured after 30, 60 and 90 minutes of incubation at 37 °C with 100 pg/mL of Pfs
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Pfs was filtered off and to the resulting mixture was added 500 pg/mL of LuxS. The solution was incubated
at 37 °C. Homocysteine production (as a result of DPD formation, see Chapter 1.4.3, Figure 1.7) was
measured through the Ellman’s reagent. 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB or Ellman’s reagent)
reacts with free thiols (in this case, the homocysteine released) to generate 2-nitro-5-thiobenzoate (TNB"),
which ionizes to the TNB?™ dianion in water at neutral and alkaline pH. The TNB? ion has a yellow color
and absorbs at 412 nm (Figure 4.3).

O2N COOH COO

DTNB Thiol Disulfide TNBZ

Figure 4.3: Reaction of DTNB with a thiol (R-SH)

The absorbance was measured every 15 minutes incubating at room temperature for 15 minutes 50 pL of
reaction mixture with a previously prepared solution containing 500 mL of reaction buffer (0.1 M sodium
phosphate, pH = 8.0, containing 1 mM EDTA) and 10 pL of Ellman’s reagent solution (containing 4 mg
Ellman’s Reagent in 1 mL of Reaction Buffer). The reaction was completed in 30 minutes (Figure 4.4) and a
decrease in the absorbance was observed over the time, probably due to oxidation of the reaction mixture or
time-dependent decomposition.

Time (min)

Figure 4.4: Absorbance at 412 nm of homocysteine released during DPD’s enzymatic biosynthesis
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5. DPD-ANALOGUES AS QS INHIBITORS: STATE OF THE ART

The goal of my PhD project was to assess the relevance of LsrK kinase inhibition in the QS machinery.
Studies showed that in LsrK mutants, Isr transcription is reduced and, as a result, the production of the Lsr
transporter decreases and Al-2 accumulates in the extracellular medium.?® Potentially, LsrK kinase
inhibition would result in lower Isr transcription and, therefore, in QS quenching. Since at the time | started
my PhD no crystal structure of LsrK was available (and therefore a structure-based design of potential
inhibitors was not possible), I decided to follow a ligand-based approach to validate my hypothesis.

Before rationalizing the design of the different sets of molecules, biological data for natural and synthetic

DPD-analogues reported in the literature will be herein summarized.

5.1 Natural DPD-analogues

Semmelhack et al. tested the ability of six different DPD-related compounds to chelate boron and measured
their biological activity in the V. harveyi bioluminescence assay (see Chapter 7.1 for additional details).?*’
The natural product laurencione (from Laurencia spectabilis, Figure 5.1) had an activity 100-fold lower than
that of enzymatically prepared S-DPD while HMF (Figure 5.1) despite having similar activity, did not show
boron complexation. D-ribose and analogues 70 — 72 (Figure 5.1) were not active and only D-ribose and 70
were able to bind boron.

(@] OH HO (0] o]
o Q OH ©O o o
\ /\)\/U\
HO > " H o
0 o OH OH o

Laurencione HMF D-ribose 70 7 72

Figure 5.1: Structure of the natural DPD-analogues investigated by Semmelhack et al.®’

Similarly, Lowery and coworkers tested a small panel of natural and non-natural DPD-analogues (Figure
5.2) to better understand the importance of the chelation of boron and the position of the hydroxyl group in

the binding to LuxP.**

OH © 0 o OH OH O
Hovfw)l\ Hov\”)k m Hod\ﬂ)k
o ! o o

S-DPD Laurencione HMF R-DPD
ECsp = 0.044 uM ECsp =27 uM ECs0 =39 uM ECsp =84 uM
OH
OH O OH O OH O HO.
Ho N I _on HO/\/HHK HO\/kHK/OH “No
z =z 0
OH OH O OH HO )
OH
D-ribulose DEHD D-xylulose L-ascorbic acid
ECsp = 108 uM ECsp = 429 uM ECsp = 560 uM ECso = 737 uM

Figure 5.2: Structures and activities of natural and non-natural DPD-analogues reported by Lowery and coworkers?®
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The non-natural enantiomer of DPD (i.e., R-DPD, Figure 5.2) displayed only residual QS activity (ECs, = 84
1M, ~2000-fold reduction compared to S-DPD). Analysis of the LuxP crystal structure (PDB ID: 1JX6)**°
suggested the possible inaccessibility of the OH group for H-bonding due to inversion of the
stereochemistry. In a similar manner, laurencione, lacking a hydroxyl group at position 4 (therefore lacking
two potential H-bonds), had an activity ~1000-fold less than S-DPD (approximately in agreement with

Semmelhack’s et al. results®’

). Extension of the backbone by a hydroxymethyl moiety (DEHD, 1-deoxy-D-
erythro-hexo-2,3-diulose, Figure 5.2), resulted also in low QS activity (ECso = 429 uM). All the
modifications to the DPD core structure reported by Lowery and coworkers led to lower bioluminescence

activities and demonstrated the specificity of LuxP towards S-DPD.?*

5.2 Synthetic DPD-analogues

5.2.1 C;-modifications

The majority of the work related to the modulation of Al-2-based QS has focused on the synthesis of Cy-
substituted DPD-analogues. In 2008, Lowery’s research group synthesized six C;-alkyl/aryl DPD-derivatives
and assayed them for QS modulation in V. harveyi and S. typhimurium (Scheme 5.1 and Table 5.1).?* The

synthesis was based on previously reported routes®**?*

and began with the transformation, in one step, of the
known aldehyde S-24 into the terminal alkyne S-40 which was then alkylated with n-BuLi and six different
alkyl iodides. Oxidation and acidic deprotection afforded the desired products S-73b-g (Scheme 5.1 and

Table 5.1).

S-24 S-40 S-26b-g S-27b-g S-73b-g

Scheme 5.1: Synthesis of C;-alkyl/aryl DPD-derivatives S-73b-g from Lowery’s research group. Reagents and conditions: (a) n-
BuLi (1.4 eq), TMSCHN, (2M in hexane, 2.0 eq), DIPA (1.5 eq), THF, - 78 °C to rt, 6 h (71%); (b) n-BuLi (2 M in hexane, 2.0 eq),
RI (2.0 eq), THF, - 78 °C to rt, 12 h (40% — 75%); (c) RuO,*H,0 (2.5% mol), NalO, (2.25 eq), ACN/CCl,/H,0 (1:1:1.5), rt, 15 min.
(36% — 70%); (d) 10 mM, D,S0O, (cat.), DMSO/D,0 (1:4), pD = 1.5, 6 h (99%)%*

Compound R ICs in S. typhimurium (uUM) Fold-activation in V. harveyi
S-73b Ethyl >50 6.30+0.72
S-73c Propyl 5.30+0.43 7.69+0.30
S-73d Butyl 5.04+0.61 6.05+0.93
S-73e Hexyl 24.9+54 2.74+0.24
S-73f Phenyl >50 1.81+0.12
S-73g Azidobutyl 20.3+1.3 7.44+0.77

Table 5.1: Activities of the C;-alkyl/aryl DPD-derivatives S-73b-g from Lowery’s research group?*®
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Modulation of bioluminescence was measured with V. harveyi MM32. Only ethyl-DPD S-73b exhibited
weak agonistic activity (data not shown) while for all the compounds of the series a synergistic agonistic
activity was observed when they were incubated with V. harveyi and 1 uM DPD (Table 5.1). In the presence
of DPD, all the analogues enhanced the bioluminescence detected when compared to the bioluminescence of
DPD alone (i.e., DPD-enhanced Al-2-induced bioluminescence). In S. typhimurium, agonistic (without DPD)
and antagonistic (with 50 uM DPD) activity was measured via the B-galactosidase assay (see Chapter 7.1 for
additional details). No agonists were detected but all the compounds were found to act as antagonists in the
presence of 50 uM DPD without affecting bacterial growth. Propyl-DPD S-73c and butyl-DPD S-73d were
the most potent inhibitors, with 1Cs, values of 5.30 pM and 5.04 uM, respectively.?* Similar results were
obtained in 2009 by Ganin and coworkers.”® The group measured the bioluminescence of a series of C;-
alkylated DPD-analogues (ranging from ethyl to heptyl, S-73b-e, S-73h-i, Scheme 5.2 and Table 5.2) and
observed a synergistic activity which decreased as the length of the alkyl chain increased. The synthesis
followed again previously reported strategies>“?*? but this time the terminal alkyne S-40 was obtained in two

I 259

steps by Corey-Fuchs homologation of aldehyde S-24. Alkylation according to Shintani et al.” and further

oxidation and deprotection yielded the six analogues S-73b-e, S-73h-i (Scheme 5.2 and Table 5.2).

o:g; G e
H R B
H
Y \/I \/\\\
Br Br
S-24 S-26 S-40

R O
S-26b-e S-27b-e S-73b-e
S-26h-i S-27h-i S-73h-i

Scheme 5.2: Synthesis of the C;-alkyl DPD-derivatives S-73b-e, S-73h-i from Ganin and coworkers. Reagents and conditions: (a)
PPhs, CBr,, DCM (40%); (b) n-BulLi, - 78 °C to rt, 1.5 h, H,O (67%); (c) n-BuLi, RI, - 78 °C to — 55 °C to 50 °C, 19 h (51% — 83%);

(d) RuO,*H,0 (2.5% mol), NalO, (2.3 eq), ACN/CClI,/H,0 (1:1:1.5), rt, 30 min. (25% — 70%); (e) 10 mM, H,SO4 (cat.), H,O, rt, 24
h258

Since the compounds displayed an agonistic effect only when DPD was present, the authors hypothesized (i)
a possible binding with an allosteric site on LuxP or (ii) the interaction with another protein responsible for
an increment in the synthesis of DPD or a reduction of its degradation (or both). Notably, butyl- and pentyl-
DPD (S-73d and S-73h) reduced the production of pyocyanin, a virulence factor in P. aeruginosa, most

likely by interfering with the LasR system.”®
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Compound R ECs in V. harveyi BB170 (UM)

S-73b Ethyl 0.58+0.24
S-73c Propyl 0.75+0.23
S-73d Butyl 1.01+0.37
S-73h Pentyl 1.35+0.24
S-73e Hexyl 1.52+0.30
S-73i Heptyl 1.81+0.86

Table 5.2: Activities of the C;-alkyl DPD-derivatives S-73b-e, S-73h-i from Ganin and coworkers®®

A naphthalenyl group was installed at C; by Mandabi and coworkers.?®® The Bestmann-Ohira reagent was
employed to convert aldehyde S-24 to alkyne S-40 under mild conditions. Since alkylation with n-BuLi and
bromethylnaphthalene failed, a Sonogashira coupling using PdCI,(CH3CN), and Sphos was performed,
providing the desired alkylated product S-27j in moderate yield (44%). Further oxidation with RuO,/NalO,
and acidic removal of the protecting group afforded naphthalenyl-DPD S-73j which was used to measure V.
harveyi bioluminescence (Scheme 5.3).

s-27j S-73j

Scheme 5.3: Synthesis of naphthalenyl-DPD S-73j by Mandabi and coworkers. Reagents and conditions: (a) Bestmann-Ohira
reagent (1.5 eq), K,CO; (1.5 eq), MeOH, rt, overnight (77%); (b) PdCI(CH;CN), (5% mol), Sphos (10% mol), 2-
(bromomethyl)naphthalene (0.7 eq), THF, 66 °C, 24 h (44%); (c) RuO,*H,0 (2.5% mol), NalO, (5.1 eq), ACN/CCl,/H,0 (1:1:1.5),
rt, 2 h (17% — 22%); (d) H,SO,, pH = 1.5, rt, 24 h (100%)?%°

In V. harveyi BB120, a dose-dependent increase in QS activity was observed. When S-73j was tested in V.
harveyi MM32, no QS response was measured in the absence of DPD while, upon addition of 200 nM DPD,
a synergistic (dose-dependent) activation was observed. To explain the synergism, the authors hypothesized
the binding of naphthalenyl-DPD to one LuxPQ moiety and the binding of DPD to the other domain. This
new hybrid structure would then be responsible for conformational changes able to speed up LuxQ
dimerization and activate QS.%*°

No agonistic activity was measured by Smith et al. in a series of linear, branched, cyclic and deoxy C,-DPD-

261-263

analogues (rac-74b-z, Scheme 5.4, Table 5.3 and Figure 5.3).
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Scheme 5.4: Synthesis of C;- linear, branched and cyclic DPD-analogues rac-74b-v reported by Smith et al. Reagents and
conditions: (a) 28 (1.0 — 1.5 eq), DBU (0.16 — 0.20 eq), ACN, rt, 4 — 8 h; (b) TBAF (1.0 — 2.0 eq), THF, 0 °Ctort, 1 — 3 h (20% —
52%, over two steps); (c) dioxirane, acetone, rt, 1 — 2 h.26%-263

The compounds were synthesized following a two-pot strategy where the appropriate diazocarbonyl was
condensed with aldehyde 28 in the presence of DBU. The resulting products were directly deprotected using
TBAF in THF to give the corresponding diols after column chromatography. Due to the difficulty in
purifying DPD, oxirane was chosen as oxidating agent because it is volatile and the sole byproduct of the
reaction is acetone (Scheme 5.4). Compounds rac-74b-d,h I,m,p were not able to induce bioluminescence in
V. harveyi on their own but, when tested together with DPD, all of them enhanced Al-2-mediated
bioluminescence. Since no trend could be observed based on the size/shape of the analogues and their
activity, the authors suggested promiscuity in the receptors that mediate the synergistic agonism.?*
Compounds rac-74b-k, rac-74w-z were tested in E. coli and S. typhimurium to evaluate their ability to
modulate QS. None of the compounds, except rac-74b, increased Isr expression (agonistic activity). All the
linear analogues with at least three carbons (rac-74c-g, Table 5.3) acted as antagonists in E. coli while only
rac-74d reduced Isr expression in S. typhimurium. Among the non-linear analogues, rac-74h-i, rac-74k
knocked down Isr expression only in E. coli while rac-74j in both the bacterial species being the first
effective cross-species QS inhibitor reported. Based on these results, the authors concluded that the QS
machinery of E. coli is promiscuous because it can be silenced by DPD-analogues having different sizes and
shapes while the S. typhimurium QS circuitry appears to be more specific. In the same paper, the promiscuity
of LsrK was also demonstrated: all the compounds, although to a different extent, were phosphorylated,
except analogues rac-74w-z (Figure 5.3), lacking the primary hydroxyl moiety that is phosphorylated by
LsrK.?? (Note that for the synthesis of the deoxy analogues, instead of aldehyde 28 acetaldehyde was used
and no TBAF-mediated deprotection of the TBDMS moiety was necessary).?®

Phosphorylation was proved to be essential for the analogues to act either as agonists or antagonists (rac-
74b-d did not affect QS in an LsrK knockout strain) but not the only criterion: despite being phosphorylated,
rac-74m did not repress Isr expression; on the other hand, rac-74f, which was less phosphorylated than rac-

74m, repressed Isr expression to a higher extent.?*?
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Compound R Ref.
261,262

rac-74b Ethyl
rac-74c Propyl 261,262
rac-74d Butyl 261,262
rac-74e Pentyl 262
rac-74f Hexyl 262
rac-74g Septyl 262
rac-74h Isopropyl 261,262
rac-74i Neopentyl 262
rac-74j Isobutyl 262
rac-74k Sec-butyl 262
rac-74| Tert-butyl 261
rac-74m Cyclopropyl 261-263
rac-74n Cyclobutyl 23
rac-74o Cyclopentyl 23
rac-74p Cyclohexyl 261,263
rac-74q CH,-cyclohexyl 23
rac-74r Cycloheptyl 263
rac-74s Furanyl %3
rac-74t Phenyl 263
rac-74u p-Fluorophenyl 23
rac-74v p-Nitrophenyl %3

Table 5.3: Structures of C;-linear, branched and cyclic DPD-analogues rac-74b-v reported by Smith et al 261263

In order to better understand the promiscuity/specificity of the QS proteins, the research group expanded the
set of C,-DPD-analogues including four new cyclic analogues (rac-74n-o, rac-74q-r, Table 5.3) and four
aromatic (rac-74s-v, Table 5.3) C;-DPD-derivatives. The compounds were assayed in E. coli and S.
typhimurium to evaluate their ability to modulate QS. None of them had agonistic activity in both bacterial
species. Different results were obtained when 20 uM DPD was added to the culture: in E. coli all the cyclic
analogues (except rac-74m) reduced Isr expression while in S. typhimurium rac-740 and rac-74p acted as
synergistic agonists increasing Isr expression (for all the other cyclic compounds no significant variation in

Isr expression was observed when compared with DPD alone).*®
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Figure 5.3: C;-deoxy-DPD-analogues rac-74w-z reported by Smith and coworkers®®?

Minimal or no effects were measured with the aromatic compounds (rac-74s-v, Table 5.3) with the exception
of rac-74v that acted as agonist in S. typhimurium. LsrK-mediated phosphorylation was measured for all the
analogues: cyclic compounds with more than five carbons (rac-74p-r, Table 5.3) as well as the aromatic
analogues were weakly or not phosphorylated displaying minimal or no attenuation of Isr expression.?®®

Using a Baylis-Hillman/ozonolysis approach (see Chapter 3, Scheme 3.5), Frezza et al. synthesized CF»-
DPD both as a racemic mixture (rac-83, Scheme 5.5 A) and as S-83 (Schemes 5.5 A and 5.5 B). The Baylis-
Hillmann condensation of aldehyde 28 with 1,1,1,3,3,3,-hexafluoroisopropyl acrylate 75 in the presence of
DABCO afforded a mixture of 76 and 77 which was further converted into the corresponding a-methylene -
hydroxy ester 78. Acetal protection followed by treatment with trifluoromethyltrimethylsilane (TMSCF3) and
acetal deprotection resulted in the hemiketal 82. Reductive ozonolysis generated rac-CFs;-DPD rac-83

(Scheme 5.5 A). The same synthetic approach was applied to produce S-83 with the asymmetric Baylis-

264 26!
46 5

Hillmann step performed using the acrylamide R-84" derived from the Oppolzer sultam (Scheme 5.5 B).
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Scheme 5.5: Synthesis of A) rac-CF;-DPD rac-83 and B) S-CF;-DPD S-83 by Frezza et al. Reagents and conditions: (a) 28 (2.0 eq),
DABCO (0.25 eq), THF, 0 °C, 2 h, (b) Et3N (2.8 eq), MeOH, rt, 2 h (84%); (c) camphorsulfonic acid (cat.), MeOH, rt, 25 min then
2,2-dimethoxypropane, rt, 1 h (78%); (d) TMSCF; (1.5 eq), CsF (2.9% mol), rt, 26 h; (e) 3M HCI, THF, rt, 18 h; (f) O3, MeOD, - 78
°C then DMS (10.0 eq), rt, 24 h*®®

Due to the strong electronegativity of the CF; moiety, S-83 exists only in its hemiketal (hydrated at Cs) form
S-86 and, as the majority of the C,-DPD-analogues, it could not be isolated because of its instability. The
activity of the crude mixture was evaluated in the V. harveyi bioluminescence assay. S-87 was found to act
as a weak agonist being 10-fold less active than rac-DPD with an ICs; value of ~ 30 uM (ICs, for rac-DPD ~
3 UM, Figure 5.4).2%

OH

OH O e} HO - 7
= HO, H,O HO, ¢ OH B(OH) HO, HO,,' O\B’OH
HO [— . OH — " . OH = > /.. S]]
CFa Z Z 2H,0 ©
o) 0 CF3 o] CF3 - 2 o ’,CF3
S-83 S-85 S-86 S-87

Figure 5.4: Structures of S-CF3-DPD S-83 synthesized by Frezza et al.?%
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5.2.2 Cs-modifications

The majority of the modifications to DPD structure have focused on the synthesis of C;-analogues. So far,
the carbonyl group at position C, has never been substituted while there’s only a paper about the replacement
of the ketone at C; with geminal di-halogens. In 2013, the transcriptional regulator LsrR was co-crystallized
with P-DPD (see Chapter 1, Figure 1.6, PDB ID: 4L4Z"%). Therefore, in 2015, Guo et al. rationalized the
insertion of di-halogens at position Cj; as isosteric replacement of the 3-hydrated moiety of DPD, postulating
the possible formation of halogen bonds.

Since the synthesis of the di-halogens-DPD-analogues was hampered by the volatility of the final products,
the corresponding butyl esters rac-91a-f were isolated (Schemes 5.6 A and 5.6 B). Grignard addition to
chlorodifluoroacetic acid 88 was followed by zinc-catalyzed condensation of the resulting intermediate with
previously prepared 90 to afford products rac-91a-b (Scheme 5.6 A). The remaining four analogues rac-91c-
f were produced in one step by condensation of 93 with the corresponding di-halogenated ketones 92c-f
(Scheme 5.7 B).

A) (0] (0] jv OH O
F __a . F%L R 0 b OM
R H R
cl OH cl ) >~
F F (0] 0 F F
88 R = CHs3, 89a 90 R = CHj, rac-91a
R =j-Bu, 89b R =j-Bu, rac-91b
B)
o j\/ o OH O
- . . S
H
R)‘K( \ﬂ/\/ - > \/\g/ N,
X (0]
R = CHj3, X = Br, 92¢ R = CHj3, X = Br, rac-91c
R =j-Bu, X =Br, 92d 03 R =i-Bu, X =Br, rac-91d
R = CHs3, X =Cl, 92e R = CH3, X =Cl, rac-91e
R =j-Bu, X =Cl, 92f R =i-Bu, X =Cl, rac-91f

Scheme 5.6: Synthesis of A) geminal di-halogens rac-91a-b and B) rac-91c-f from Guo et al. Reagents and conditions: (a) RMgBr
(2M in Et,0), Et,0, - 20 °C, 12 h; (b) 93, zn° (3.0 eq), Cul (10% mol), THF, 60 °C to rt, 4 h (rac-91a, 35%; rac-91b, 67%); (c) 93
(1.0 eq), t-BuOK (10% mol), THF, - 78 °C to rt, overnight (rac-91c, 61%; rac-91d, 40%; rac-91e, 64%; rac-91f, 61%)°*

The six compounds were evaluated in the B-galactosidase assay in E. coli. None of them resulted toxic at 100
uM concentration and both rac-91c and rac-91e induced transcription of B-gal. As previously observed by

I 267

Roy et al.”>*, compounds with at least three carbons at position C; act as antagonists. In accordance, the
isobutyl di-bromo rac-91d and di-chloro rac-91f derivatives were found to be antagonists of LsrR. The lack
of activity (both as agonists and as antagonists) of the two di-fluoro analogues rac-91a and rac-91b was
explained with the smaller size of the two fluorine atoms compared to the two hydroxyl groups (steric effect)
and with the higher electron-withdrawing nature of the fluorine which could result in hydration at position C,

(electronic effect).?®®
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5.2.3 C,-modifications

Fluorine is often used as an isosteric and isoelectronic replacement for a hydroxyl group. In 2014, Kadirvel
and coworkers measured the effect of rac-4-fluoro-DPD rac-99 on V. harveyi’s bioluminescence and biofilm
formation. The synthesis of rac-99 started with the benzylation of glycidol followed by organolithium-
mediated ring opening and alkylation of the resulting terminal alkyne. Intermediate 96 was fluorinated with
Xtal-Fluor-E and the F-alkyne was oxidized using RuO,*H,0. Ultimately, the benzyl group was removed to
afford rac-99 (Scheme 5.7). At 12.5 uM concentration, rac-99 completely inhibited V. harveyi BB170’s
bioluminescence and biofilm formation was reduced by over 90% at 200 puM.*®

2 : ©\/ A : ©\/O 4 < @\/O §
HO. — - - - - -
\/A O\/A \)\\\ \/\
95

Glycidol 94 96

F F O (0]
— Ml T oA e A
N
S o
97

98 rac-99

Scheme 5.7: Synthesis of rac-4-fluoro-DPD rac-99 by Kadirvel and coworkers. Reagents and conditions: (a) NaH (1.5 eq), BnBr
(1.3 eq), DMF, 0 °C to rt, 48 h (70%); (b) lithium acetylide ethylendiamine complex (90%) (1.5 eq), DMSO, 0 °C to rt, overnight
(68%); (c) t-BuOK (4.0 eq), DMSO, rt, 1 h (64%); (d) EtsN*3HF (2.2 eq), Xtal-Fluor-E (2.0 eq), EtsN (1.0 eq), DCM, - 72°Ctort, 3
h (73%); (e) NalO, (2.3 eq), RuO,*H,0 (1.4% mol), ACN/CCl,/H,0 (1:1:1.5), rt, 15 min. (71%); (e) DDQ (2.0 eq), DCM/H,0
(10:1), rt, 3 h (40%)*®

All the examples reported so far have underlined how minimal structural changes in DPD’s structure can
significantly impact QS-mediated processes. An interesting finding is the discovery, in 2012, of two QS
agonists (out of five compounds synthesized) 10-fold more potent than DPD in V. harveyi.?®® The small set
of molecules was generated upon protection of the hydroxyl group at position C,. Starting from the readily

available 1-((t-butyldimethylsilyl)oxy)pen-3-yn-2-ol 65

(see Chapter 4, Scheme 4.1 for its synthesis), five
different alkyl groups were installed at C, under standard conditions (Scheme 5.7). Further ruthenium-
catalyzed oxidation and acidic deprotection afforded the desired Cj-alkoxy-5-hydroxy-2,3-pentanediones

(C4-alkoxy-HDPs, rac-102a-e, Scheme 5.8 and Table 5.4).%°

OH OR OR © OR O

TBDMSO\/\ __a TBDMSOQ\ b TBDMSO\)\[HK e, HOM
S N lo) O

65 100a-e 101a-e rac-102a-e

Scheme 5.8: Synthesis of C,-alkoxy-HDPs rac-102a-e from Tsuchikama et al. Reagents and conditions: (a) NaH (1.2 eq), RBr (or
RI) (1.5 eq), THF, 0 °C to rt, 4 h (18% — 68%); (b) NalO, (2.25 eq), RuO,*H,0 (2.5% mol), ACN/CCl,/H,0 (1:1:1), rt, 20 min.
(25% — 67%); (c) D,SO, (5 MM), DMSO-dg/D,0 (1:4), rt, overnight®®
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The analogues were tested in V. harveyi MM32 and S. typhimurium strain Met844. In V. harveyi the activity
was dependent on the length of the alkyl chain: C,-HexO-HDP rac-102d and C,-BnO-HDP rac-102e showed
weak or no bioluminescence induction while C4-MeO-HDP rac-102a displayed moderate activity and C,-
EtO-HDP rac-102b and C4-PrO-HDP rac-102c¢ were better ligands than S-DPD. Remarkably, rac-102c had
an ECsy almost 10-fold lower than the natural ligand S-DPD (ECs, rac-102c = 0.15+0.03 uM and ECs, S-
DPD = 1.07+0.06 uM, Table 5.4). Since the cyclic form is the one that complexes borate to generate S-
THMF-borate, the active specie in V. harveyi, a possible explanation to this phenomenon can be the higher
ratio of linear/cyclic form (~ 10:90) for the five analogues when compared to S-DPD (ratio of linear/cyclic
10:80). Additionally, LuxP can have an allosteric site where analogue rac-102c can access while the bulkier
derivatives rac-102d and rac-102e can’t. In S. typhimurium none of the compounds was found to act as
agonist neither as antagonist. In enteric bacteria, P-DPD is the active form recognized by LsrR. The lack of
activity can be attributed to the absence of LsrK-mediated phosphorylation for all the analogues suggesting

that the hydroxyl group at position C, should be free to allow phosphorylation.?*®

OR O
HOM
0]
B-galactosidase activity in S. ) .
Compound R ) ) ) ECs in V. harveyi MM32 (UM)
typhimurium strain Met844 (uUM)

S-DPD 100+2.9 1.07+0.06
rac-102a Methyl <5 7.6010.45
rac-102b Ethyl <5 0.7940.05
rac-102c Propyl <5 0.15+0.03
rac-102d Hexyl <5 Not determined
rac-102e Benzyl <5 Not determined

Table 5.4: Activities of the C4-alkoxy-HDPs rac-102a-e from Tsuchikama et al.**°

As already explained, the main problem that one would face when synthesizing DPD-analogues is related to
their instability. To overcome this issue, in 2007 Frezza and coworkers prepared the bis-acetate protected
version of DPD (Ac,-DPD) believing that, after in situ hydrolysis of the two esters, it would have the same
activity as DPD.?"* Ac,-DPD was synthesized both as a racemic mixture rac-107 and as enantiopure S-107.
rac-107 was prepared following the methodology previously reported by the group (see Chapter 3, Scheme
3.5)%": acetylation of the Baylis-Hillmann product 105 and subsequent ozonolysis (Scheme 5.9 A). S-107
was instead produced using De Keersmaecker et al.’s methodology starting from the dihydroxy enone S-39
(see Chapter 3, Scheme 3.6) which was first acetylated and then subjected to ozonolysis (Scheme5.9 B).*®
When tested in V. harveyi, both rac-107 and S-107 induced the same activity as rac-DPD and S-DPD with
ICso values of 2.1 uM, 2.6 uM, 2.6 uM and 3.3 pM, respectively. Similar effects were observed in S.
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typhimurium, where S-107 strongly induced B-galactosidase production and in the Gram-positive bacterium

B. cereus where it inhibited biofilm formation.?™*

A)

OAc O OAc O
c
ACO\)L )K/ —> \)WHK —» ACO\)WHK _— ACO\)\H/U\
o
103 104 106 rac-107
B)
OH p OAc C:)Ac o}
- HO\/SHK ¢ . AcO_ - - °c . AcOM
_—
—_—
o ) o
S-39 S-106 S-107

Scheme 5.9: Synthesis of A) rac-107 and B) S-107 by Frezza et al. Reagents and conditions: (a) 104 (4.0 eq), DABCO (0.25 eq),
THF, 0 °C, 20 h (87%); (b) Ac,O (2.5 eq), DMAP (1.0 eq), DCM, rt, 2 h, (70%); (c) Os, MeOH, - 78 °C then DMS (10.0 eq), - 78 °C
to rt, 24 h; (rac-107, 55%; S-107, 87%) (d) Ac,O (5.0 eq), pyridine (2.2 eq), Et;N (0.1 eq), DCM, 0 °C, 18 h (90%)?™

Since ester protection of DPD proved to increase its stability while retaining its activity after in situ
hydrolysis of the protecting groups, Guo and coworkers synthesized a series of bis-ester-protected analogues
of DPD and measured their activity in E. coli and S. typhimurium.?? Protection as esters (methyl, propyl,
butyl, pentyl) of the corresponding methyl-, hexyl- and isobutyl-diazocarbonyls 43a,e,j (produced as in
Scheme 5.4) was followed by oxidation of the diazo bis-esters 108a-I to afford the targeted compounds rac-
109a-1 (Scheme 5.10). In E. coli all the analogues were found to act as agonists, while in S. thypimurium
only bis-butyl-DPD rac-109c¢ was as good as DPD in activating Isr expression. When measuring antagonistic
activity, in E coli both the bis-methyl and the bis-propyl esters of isobutyl (rac-109e and rac-109f,
respectively) and hexyl DPD (rac-109i and rac-109j, respectively) were QS inhibitors but the inhibitory
activity decreased/disappeared as the length of the ester chain increased (bis-butyl and bis-pentyl esters of
isobutyl (rac-109g and rac-109h, respectively) and hexyl (rac-109k and rac-109l, respectively) DPD were
slightly/not active).

O

OH O P g
— HOMR _a R,O™ 0 O b RZO
—— 1 R,O.__O RO (o)
—_—

‘8 hig MF“ ’

O Ny
43a,e,j 108a-I rac-109a-l

Scheme 5.10: Synthesis of bis-ester-protected DPD-analogues rac-109a-1 by Guo and coworkers. Reagents and conditions: (a)
(R,C0O),0 (2 —3 eq), DCM, rt, 2— 3 h; b) dimethyldioxirane (in acetone), acetone, rt, 1 h — 2h?"2

In S. typhimurium instead none the analogues acted as QS antagonists. Despite having similar QS systems

and despite the fact that rac-isobutyl-DPD rac-74j reduces Isr expression in both E. coli and S.

typhimurium,”®’

the lack of activity of all the protected versions of isobutyl-DPD in the latter can allow for
selective QS modulation within the two species. The reason for such selectivity remains unknown, perhaps
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the analogues can permeate the bacterial cell wall in a different rate or the esterases responsible for the in situ

hydrolysis of the protecting groups can have different sensitivity.?"

5.2.4 Cs-modifications

As already underlined in paragraph 5.1, the stereochemistry at position C; of DPD seems to play an
important role in determining its activity.”® To further confirm the importance of the S-sterochemistry, in
2012 Rui et al. introduced a second stereocenter at Cs generating four diastereoisomeric analogues of DPD
(Figure 5.5).27

OH O OH O OH O OH O
Ho\/f\ﬂ)l\ HOM HOM HOM
: 0 0 o) 0

(4S, 5S5)-110 (4R, 55)-110 (4S, 5R)-110 (4R, 5R)-110
Figure 5.5: Cs-DPD-analogues (4S, 55)-126, (4R, 5S)-126, (4S, 5R)-126 and (4S, 5S)-126 synthesized by Rui et al.?"®

The four compounds were prepared starting from S- and R-methyl lactate. For the sake of simplicity, here
below is reported the synthetic procedure only from S-methyl lactate (Scheme 5.11). The starting material
was first protected as TBDPS ether then the ester was hydrolyzed, coupled with N,O-dimethylhydroxylamine
hydrochloride and the corresponding Weinreb amide was homologated to give the silyloxyhexynone S-114.
Two different stereoselective reducing methods were employed: (i) S-alpine borane in THF (Scheme 5.11 A;
with R-methyl lactate, R-alpine borane was used); and (ii) CeCl;*7H,0 with NaBH,; in MeOH (Luche
reduction, Scheme 5.11 B). The resulting alcohols (S-115 and S-119, respectively) were deprotected using
TBAF and protected as cyclohexyliden acetals. Oxidation to diketone and acidic hydrolysis afforded the two
desired isomers ((4S, 5S)-110 and (4R, 5S)-110). The same procedure was applied starting from R-methyl
lactate, to generate (4S, 5R)-110 and (4R, 5R)-110.

The activity of the four diastereoisomers was evaluated in E. coli and V. harveyi. In E. coli none of the
compounds showed agonistic or antagonistic activity but, when tested with 20 uM DPD, the analogues with
natural S configuration (i.e., (4S, 55-110) and (4S, 4R-110)) increased Isr expression (synergistic agonists).
In V. harveyi two different assays were performed: (i) a LuxP-FRET assay to measure binding to LuxP
through measurement of the fluorescence resonance energy transfer and (ii) a bioluminescence assay with
strain MM32. The FRET assay revealed binding for all the four analogues with the S-isomers (4S, 5S)-110
and (4S, 5R)-110 being the most active (Table 5.5). The Cs-configuration affects binding to LuxP with a 10-
fold stronger response to (4S, 5R)-110 than to (4S, 5S)-110 (Table 5.5).
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Scheme 5.11: Synthesis of Cs-DPD-analogues A) (4S, 55)-110, (4R, 5S)-110; B) (4S, 5R)-110 and (4S, 5S)-110 by Rui et al.
Reagents and conditions: (a) TBDPSCI (1.1 eq), EtsN ( 1.1 eq), DMAP (0.4 eq), DCM, rt, 15 h (92%); (b) LiOH (3.0 eq), THF/H,O
(1:5), rt, 18 h (100%); (c) CHsNHOCH3;*HCI (1.0 eq), CDMT (1.2 eq), NMM (3.0 eq), THF, rt, 5 h (84%); (d) propyne (1.5 eq), n-
BuLi (1.4 eq), THF, - 78 °C to — 20 °C, 1 h (73%); (e) (S)-alpine borane (0.5 M in THF, 2.0 eq), THF, rt, 36 h; (f) TBAF (1.0 M in
THF), THF, rt, 5 h (36% over two steps); (g) 1,1-dimethoxy cyclohexane (1.2 eq), H,SO, (cat.), DMF, rt, 30 min (83%); (h) NalO,
(2.25 eq), RuO,*H,0 (2.5% mol), ACN/CCl,/H,0 (1:1:1.4), rt, 5 min (46%); (i) H,SO, 0.01 M, D,0, 4 °C, 18 h; (j) CeCl3*7H,0
(1.2 eq), NaBH, (1.5 eq), MeOH, - 50 °C, 20 min (53%).2"

In the bioluminescence assay, all the diastereoisomers acted as agonists but higher concentrations compared
to DPD were required to reach maximum induction (partial agonists). Once more, the R-configuration is
responsible for higher activity with (4S, 5R)-110 being 10-fold more potent than (4S, 5S)-110 (Table 5.5).
When tested with 0.1 uM DPD, (4S, 5S)-110 was the strongest antagonist (ICso = 57.54+0.29 uM) and at 0.1

mM all the compounds inhibited growth and did not show toxicity.?”

66



ECs in LuxP-FRET assay

ECs in V. harveyi MM32

ICs in V. harveyi MM32

Compound
(uM) (uM)? (uM)°
S-DPD 0.032+0.0015 0.076+0.002 N.D.
(4S, 5R)-110 0.14+0.019 0.65+0.05 169+19
(4s, 55)-110 1.87+0.22 6.21+0.46 57.54+0.29
(4R, 5S)-110 11.6+2.8 19.5+6.3 159.7+8.4
(4R, 5R)-110 10.0+2.4 26.5+8.4 N.D.

Table 5.5: Activities of the four Cs-DPD-analogues (4S, 5S)-110, (4R, 5S)-110, (4S, 5R)-110 and (4S, 5S)-110 synthesized by Rui et
a|.273

Beside the stereochemistry, both hydration at C; and the ratio of open/cyclic form are important in
determining DPD-analogues’ activity (see geminal di-halogens-DPD-analogues®® and C,-alkoxy-HDP*®). In
2016, Collins and coworkers synthesized rac-Cs-SH-DPD, whose closed form was proposed, by DFT
(density functional theory) calculations, to exist mainly hydrated at C; and they also introduced an halide
(i.e., fluoro, chloro, bromo) at Cs as isosteric replacement for the hydroxyl group, to see if the resulting
compounds could mimic S-THP, the linear and hydrated form of S-DPD. Lastly, they measured the activity
of the previously synthesized (but not tested)®*® rac-Cs-OMe-DPD (Scheme 5.12).2* The synthesis started
with the Grignard addition to the Weinreb amides 123a and 123b or with the alkynilation of chloroacetyl
chloride 124. The three resulting ketones 127a-c were reduced under Luche conditions and the chloride in
128c was displaced to introduce a thioacetate group. TBS protection, oxidation and acidic deprotection
afforded the desired compounds rac-131a-d (Scheme 5.12 A). Compound S-131e was instead prepared as
enantiopure. L-gulonic acid y lactone 23 was converted into S-64a in five steps as previously described.?*
After protection of both the primary and the secondary alcohols as tosilate and TBS-ether, respectively,
ruthenium-catalyzed oxidation yielded diketone S-134. Tosyl displacement and installation of the bromine

were followed by acidic deprotection to give S-131e (Scheme 5.12 B).

67



A) BrMg
X\)]\N’O\ \
|
X=F, 123a 125 o OH
X= OMe, 123b X N X
' X X
o ™S X=F, 127a X=F, 128a
. N b X= OMe, 127b X= OMe, 128b
C'\)J\Cl \ _— X=Cl, 127¢ X=Cl, 128¢
d
128d<:l
124 126
TBSO TBSO O OH O
e . X N B X 9 X
X
A 0o HO OH
X=F, 129a X=F, 130a X=F, rac-131a
X= OMe, 129b X= OMe, 130b X= OMe, rac-131b
X=Cl, 129¢ X=Cl, 130c X=Cl, rac-131c
X=SAc, 129d X= SAc, 130d X= SAc, rac-131d
B) OH OH TBSO
S H h H e H
23 _— HO _— TsO. — TsO.
S-64a S-132 S-133
; TBSO O . TBSO O OH O
—— HO - ! > Br. B 9 . Br A
HO OH
S-134 S-135 S-131e

Scheme 5.12: Synthesis of Cs-DPD-analogues A) rac-131a-d and B) S-131e by Collins and coworkers. Reagents and conditions: (a)
125 (1.5 eq), THF, 0 °C, 5h (89%); (b) 126 (1.0 eq), AICI; (1.1 eq), DCM, 0 °C, 3h (97%); (c) CeCl;*7H,0 (1.1 eq), NaBH, (1.2 eq),
MeOH, 0 °C, 1 h (128a, 37%; 128b, 40%; 128c, 66%); (d) KSAc (1.1 eq), DMF, 0 °C to rt, 72 h (60%); (¢) TBDMSCI (2.5 eq),
imidazole (5.0 eq), DCM, rt, 17 h (129a, 77%; 129b, 62%; 129c¢, 74%; 129d, 81%; S-133, 81%); (f) NalO, (2.3 eq), RuO,*H,0 (2%
mol), ACN/CCI,/H,0 (1:1:3.1), rt, 20 min (130a, 40%; 130b, 68%; 130c, 56%; 130d, 38%; 134, 18%); (g) D,SO, (cat.), DMSO-
de/D,0 (1:4), 1t, 24 h; (h) TosCl (1.2 eq), pyridine/DCM (9:5), 0 °C to rt, 22 h; (i) LiBr (1.0 eq), acetone, rt, 24 h (78%).2™

The compounds were tested in S. typhimurium and V. harveyi both as agonists and as antagonists. rac-131a-c
were found to be stable and existed only as their linear form while S-131e slowly hydrolyzed to DPD so its
biological activity was not evaluated. In S. typhimurium none of the compounds was active (neither as
agonist nor as antagonist). In V harveyi no antagonism was observed but rac-131c and rac-131d showed,
respectively, moderate and weak agonism. Since the closed form of DPD (i.e., S-THMF) is the one able to
complex borate and generate the borate ester S-THMF-borate that binds to LuxP, it was proposed that rac-
131c, similarly to S-131e, slowly hydrolyses to form DPD. Indeed, reaction with 1,2-phenylendiamine

showed the formation of the quinoxaline product rac-136, explaining the agonistic activity (Figure 5.6).%™
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Figure 5.6: Reaction of rac-131c with o-phenylendiamine®™

5.2.5 Carbocyclic DPD-analogues

As the synthesis of DPD-analogues is hampered by the rapid interconversion of the latter to different linear
and cyclic structures and since the closed form of DPD is the one recognized by LuxP and by the enteric
LsrB transporter, in 2011 Tsuchikama and coworkers decided to synthesize carbocyclic analogues of this
active form and to investigate them as potential DPD-mimics.?”® The synthesis began with the TBS
protection of commercially available 137. m-CPBA mediated epoxidation followed by reduction with NaBH,
afforded epoxide 140 as a single diastereoisomer. Acidic deprotection yielded racemic cis-2,5-dihydroxy-2-
methylcyclopentanone (cis-DHMP) 141 in quantitative yield. Trans-DHMP 146 was instead produced after
deprotection of trans-145 which was synthesized from 142 through sylilation, OsO,-catalyzed
dihydroxylation and TEMPO oxidation. The synthesis of the four 1,2,3-trihydroxy-1-methylpentane
(TriHMP) started from previously reported 147.2"® 147 was derivatized to the four benzylated diols 148a-d
by osmium-mediated dyhdroxylation and m-CPBA oxidation followed by acidic ring opening. The four diols
were then de-benzylated under standard Pd-catalyzed conditions to give 149a-d. The six compounds were
evaluated in V. harveyi BB170 and MM32 and in S. typhimurium Met844. Both in S. typhimurium and in V.
harveyi MM32 no agonists or antagonists were discovered. In V. harveyi BB170 none of the analogues
displayed agonistic activity but 149a-c exhibited weak (33% inhibition) to moderate (44% and 51%

inhibition, respectively) antagonistic effect.?”
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Scheme 5.13: Synthesis of carbocyclic-DPD-analogues from Tsuchikama et al. Reagents and conditions: (a) TBSCI (1.05 eq), EtsN
(2.0 eq), DMAP (10% mol), DCM, rt, 12 h (88%); (b) m-CPBA (2.0 eq), DCM, rt, 2 h; (c) NaBH, (2.0 eq), MeOH 0 °C, 5 min. (95%
over two steps, single diastereoisomer); (d) H,SO, (pH = 2), D,O/DMSO-ds (1:1), rt, 12 h; (¢) TBMSSCI (1.1 eq), imidazole (2.0
eq), DMF, rt, 12 h; (f) OsO,4 (5% mol), DMAP (1% mol), NMO (1.5 eq), Acetone/H,0 (3:1), rt, 18 h (144a, 43% over two steps;
144b, 7% over two steps); (g) TEMPO (10% mol), KBr (10% mol), NaOCI (2.0 eq), DCM/10% NaHCO; (2.6:1), 0 °C, 20 min.
(98%); (h) OsO, (1% mol), NMO (1.5 eq), Acetone/H,0 (2:1), rt, 16 h (148a, 54%; 148b, 13%); (i) m-CPBA (2.0 eq), NaHCO;
(10.0 eq), DCM, 0 °C, 2 h (150a, 49%; 150b, 19%); (j) Pd(OH),/C (20% mol), THF, rt, 1 h (149a-d, quant.); (k) 1% H,SO,, H,0, rt,
3 h (148c, 70%; 148d, 78%).%™

The complete lack of activity in S. typhimurium can be attributed to the locked cyclopentane scaffold of the
compounds. In enteric bacteria, the LsrB transporter binds to the closed form of DPD (i.e., R-THMF) but
then is the alcohol at Cs of the linear hydrated form (i.e., S-THP) to be phosphorylated by LsrK: the absence
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of a primary alcohol and the locked carbocyclic conformation are preventing phosphorylation and therefore
activity. On the other hand, in V. harveyi the closed conformation is the one recognized by the LuxP
receptor. The absence of activity of the two DHMPs 141 and 146 can be ascribed to the replacement of the
heterocyclic oxygen of DPD with a carbon atom and to the insufficient hydration at C;, both responsible for
the loss of hydrogen bonds in the binding site. The replacement of the ketone at C; with an hydrogen bond
donor (i.e., an hydroxyl group) and the consequent restoration of an hydrogen bond, may be responsible for
the poor activity of 149a-c, although the antagonistic (rather than agonistic) effect is probably caused by the
general toxicity of the TriHMPs analogues.?”

This overview of natural and synthetic DPD-analogues reported in the literature (see Table 5.6 for a
schematic summary) underlines the paucity of natural derivatives tested and the lack of synthetic compounds
derived from modifications at C, (Figure 5.7): the majority of the substitutions on DPD structure have been
performed at C;, where the methyl has been substituted with a wide range of alkyl (short, long, cyclic)
groups, one heteroaromatic and four aromatic rings.2*":249260263.267277278 Tha ketone at C; has been

isosterically replaced with geminal dihalogens®® while the two hydroxyl groups at C, and Cs have been

247,251,271,272 233,280 268274

protected as esters and ethers, exchanged with halogens or removed®’. Lastly, a methyl

has been installed at Cs, resulting in four diastereoisomers.?”

Ester

R, = Ether
‘T F
D Ester
Rg = Ether
F, Cl, SH, OMe
O Ry / Deoxy-DPD
Alkyl Re
R, = Ar - R1
Heteroar Rz R3 R
E
l R5 = Me
R2 = R3
F, Br, Cl

Figure 5.7: DPD-analogues reported in the literature
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Tested in

Entry Compound Structure Compound Name / Ref.
Number V. harveyi S. typhimurium E. coli
0]
1 HO\/\[HK Laurencione MM32 =7
(0]
Q OH 255
2 m HMF MM32
O
OH O
3 HO/\_/'\_)J\H D-ribose MM32 27
OH OH
HO
4 Of; 70 MM32 257
0]
5 2‘_& 71 MM32 27
070
0]
6 %jio 72 MM32 257
OH O
7 R-DPD MM30 25
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Compound Name /

Tested in

Ref.

Entry Compound Structure
Number V. harveyi S. typhimurium E. coli
OH O
8 HOMOH D-ribulose MM30 255
OH
OH O
9 HO/\./'\H/\k DEHD MM30 29
OH O
OH O
10 HOMOH D-xylulose MM30 255
OH
OH
HO
-
11 . o L-ascorbic acid MM30 2%
o Y ©
OH
OH O
E MM32, BB170,
12 HO\/}‘)J\/ S-73b Met844 20258
MM30
o}
9H Q MM32, BB170, pt0.258
13 HO S-73c Met844 :
MM30
o
on 0 32 0
: MM32, BB170,
14 HOV\H)k/\/ S-73d Met844 249,258
MM30
o}

73



Compound Name /

Tested in

Entry Compound Structure Ref
Number V. harveyi S. typhimurium E. coli
OH O
: MM32, BB170,
15 HO\/}‘)K/\/\/ S-73e Met844 249.258
MM30
(0]
OH O
16 HO_~ S-73f MM32 Met844 28
o}
QH (6]
HO_ ~ 249
17 NWM S-73g MM32 Met844
(e}
QH O
18 HO\/'W)J\/\/\ S-73h BB170, MM30 258
O
QH (0] 258
19 HONK/\/\/\ S-73i BB170, MM30
(0]
23 L
20 HO__~ S-73j BB120, MM32 260
(e}
OH O LW7 pLW11,
21 HOVK(U\/ rac-74b MM32, BB170 Met715, Met708 ZK126 pLW11, 247,261,267
o} W3110 pCT6
OH O LW7 pLW11,
22 HO rac-74c MM32, BB170 Met715, Met708 ZK126 pLW11, 261,267
o} W3110 pCT6
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Compound Name /

Tested in

Entry Compound Structure _ _ _ Ref
Number V. harveyi S. typhimurium E. coli

OH O LW7 pLW11,

23 HOW rac-74d MM32, BB170 Met715, Met708 ZK126 pLW11, 261,267

o) W3110 pCT6

OH O LW7 pLW11,

24 HO\)}H\/\/\ rac-74e BB170 Met715, Met708 ZK126 pLW11, 267
o W3110 pCT6
OH O LW7 pLW11,

25 HOVSHK/\/\/ rac-74f BB170 Met715, Met708 ZK126 pLW11, 267
° W3110 pCT6
T LW?7 pLW11,

26 HOW\/\ rac-74g BB170 Met715, Met708 ZK126 pLW11, 207
© W3110 pCT6
OH O LW?7 pLW11,

27 HOWH/ rac-74h MM32, BB170 Met715, Met708 ZK126 pLW11, 261,267

o) W3110 pCT6
OH O LW7 pLW11,

28 HOW rac-74i BB170 Met715, Met708 ZK126 pLW11, 267
o) W3110 pCT6
OH O LW7 pLW11,

29 HOW rac-74j BB170 Met715, Met708 ZK126 pLW11, 267
o) W3110 pCT6
OH O LW7 pLW11,

30 HO\)\H/\H/\ rac-74k BB170 Met715, Met708 ZK126 pLW11, 27
o) W3110 pCT6
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Compound Name /

Tested in

W3110 pCT6 dsRED

Entry Compound Structure _ _ i Ref
Number V. harveyi S. typhimurium E. coli
OH O
31 HOVK”/L* rac-74l MM32 261
o}
OH O LW7 pLW11,
32 HOV\[& rac-74m MM32, BB170 Met715, Met708 ZK126 pLW11, 261,263,267
o} W3110 pCT6
OH O
ZK126 pLW11,
33 HO rac-74n Met708, Met715 P 263
W3110 pCT6 dsRED
O
OH O
ZK126 pLW11,
34 HO rac-740 Met708, Met715 P 263
W3110 pCT6 dsRED
o)
OH O
ZK126 pLW11,
35 HO rac-74p MM32 Met708, Met715 P 261,263
o W3110 pCT6 dsRED
oH 0 ZK126 pLW11
36 HO rac-74q Met708, Met715 P ‘ 263
W3110 pCT6 dsRED
o}
OH O
ZK126 pLW11,
37 HO% rac-74r Met708, Met715 P 263
O
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Compound Name /

Tested in

Entry Compound Structure Ref
Number V. harveyi S. typhimurium E. coli
OH O
ZK126 pLW11,
38 HO O rac-74s Met708, Met715 P 263
\ Y W3110 pCT6 dsRED
o)
OH O
ZK126 pLW11,
39 HO rac-74t Met708, Met715 P 263
o W3110 pCT6 dsRED
OH O
HO ZK126 pLW11,
40 rac-74u Met708, Met715 P 263
o} W3110 pCT6 dsRED
F
OH O
HO ZK126 pLW11, 263
41 rac-74v Met708, Met715
o) W3110 pCT6 dsRED
NO,
OH O LW7 pLW11, -
42 )ﬁl)k rac-74w BB170 Met715, Met708 ZK126 pLW11,
o) W3110 pCT6
OH O LW7 pLW11,
43 )\H)U\ rac-74z BB170 Met715, Met708 ZK126 pLW11, 267
o} W3110 pCT6

77



Compound Name /

Tested in

Entry Compound Structure Ref
Number V. harveyi S. typhimurium E. coli
O
44 Ho OH 265
rac-83 BB170
o CF5
O
45 HO"'ﬁg/OH S-83 BB170 265
o ‘CFs
OH O
46 o rac-9la LT, 206
\/\f( W3110 pCT6
O F F
OH O
47 \/\H/OW rac-91b LW, 266
o) F F W3110 pCT6
OH O
48 \/\n/o rac-91c LT, 266
S 8¢ Br W3110 pCT6
OH O
49 WOVW rac-91d LW, 266
& B Br W3110 pCT6
OH O
50 \/\n/o rac-9le LW, 208
S o ol W3110 pCT6
OH O
51 WO rac-91f L7, 266
o) cl’ cl W3110 pCT6
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Compound Name /

Tested in

Entry Compound Structure Ref
Number V. harveyi S. typhimurium E. coli
F O
52 HO\)\H)K rac-99 BB170 .
o)
~o 0
53 HOM rac-102a MM32 Met844 269
)
S0 0o
54 HOJYJ\ rac-102b MM32 Met844 269
)
\/\O o
55 HOM rac-102c MM32 Met844 269
o)
/\/\/\o o
56 HOM rac-102d MM32 Met844 269
o}
O O
57 KKH/U\ rac-102e MM32 Met844 269



Compound Name /

Tested in

Entry Compound Structure Ref
Number V. harveyi S. typhimurium E. coli
X
0 O _ 271
58 0 rac-107 BB170 Met844
0] O
X
Q O _ 271
59 0 - S-107 BB170 Met844
0] O
X
O O
60 o rac-109a Met715 LW7 212
0 0
/\)OJ\
61 WOM rac-109b Met715 LW7 212
o] o)
\/\)CJ)\
62 WOM rac-109c Met715 Lw7 212
o] o}
0
/\/\)J\o o} 212
63 kaﬂ/k rac-109d Met715 LW7
R Sy
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Compound Name /

Tested in

Entry Compound Structure Ref
Number V. harveyi S. typhimurium E. coli
B
64 YOW rac-109e Met715 LW7 272
(e} (e}
Pyt
65 OVW rac-125f Met715 LW7 2r2
\/\n/
(e] O
o
\/\)J\o o) 272
66 OW rac-109g Met715 LW7
/\/\n/
[¢] [¢]
/\/\/ﬁ
67 OW rac-109h Met715 LW7 2
\Mg T
Bt
68 OJC%(‘LW rac-109i Met715 LW7 2r2
g
(e] [¢]
Pt
69 OM rac-109j Met715 LW7 27
W
(0] o]
o)
70 WO)LO i rac-109k Met715 LW7 212
/\/\Ig wa
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Compound Name /

Tested in

Entry Compound Structure Ref
Number V. harveyi S. typhimurium E. coli
0
71 MOA" i rac-100I Met715 LW7 22
Y
OH O
72 HO_~ (4S, 55)-110 MM32 KX1446 213
:0
OH O
73 HO_J\H)K (4R, 55)-110 MM32 KX1446 273
20
OH O
74 HOM (4S, 5R)-110 MM32 KX1446 213
o)
OH O
75 HOM (4R, 5R)-110 MM32 KX1446 273
o]
OH O
76 F%(“\ rac-131a BB170, MM32%™ Met844 274
HO OH
OH O
77 /OM rac-131b BB170, MM32%™ Met844 223274
HO OH
OH O
78 C'M rac-131c BB170, MM32 Met844 214

HO OH
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Compound Name /

Tested in

Entry Compound Structure Ref
Number V. harveyi S. typhimurium E. coli
OH O
79 HSM rac-131d BB170, MM32 Met844 274
HO OH
OH O
80 Br\/%K S-131e BB170, MM32 Met844 214
HG OH
0
81 HO... é\\oH 141 BB170, MM32 Met844 215
o)
82 HO.., é{?“ 146 BB170, MM32 Met844 215
OH
83 HO,. G,OH 1493 BB170, MM32 Met844 215
.
QH
84 HO... OH 149b BB170, MM32 Met844 215
OH
85 HO... éﬁ” 149¢ BB170, MM32 Met844 215
OH
86 OH 149d BB170, MM32 Met844 215

HO/;,@W

Table 5.6: Summary of the DPD-analogues reported in the literature
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6. SYNTHESIS OF SMALL SETS OF DPD-RELATED COMPOUNDS

With the “state of the art” of all the DPD-analogues reported in the literature in my hands, | decided to move
forward to the design and synthesis of novel DPD-related compounds. Considering that (i) no modifications
at C, have been reported; (ii) position Cz has poorly been explored and (iii) no heteroaromatic substituents
(except for a furan) were installed on the DPD-scaffold by other research groups, | designed eight series of
compounds where the diketo moiety of DPD was embedded in heteroaromatic rings (Figure 6.1). This choice
was made because (i) a locked and stable conformation where the open/closed equilibrium (typical of the
majority of DPD-analogues reported) is not possible would allow for column chromatography purification of
the samples and (ii) the increased UV activity and MW (due to the addition of heteroaromatic groups) would
make compound detection by classical analytical methods (e.g., UHPLC-MS) easier compared to non UV
active and very polar analogues.

Diol-based compounds Acetal-based compounds

HO OH O Q
HO HO_5 3
Heterocyclic moiety| <—— \/%W/sz\1 > g o
o Heterocyclic moiety

DPD

x%l)n N\\rR2 o ,\?2
\ | X )
N/ R, _N | OR, | N

_— ~
R4 Ri N R4

Figure 6.1: DPD-related compounds presented in this chapter

When selecting the heterocyclic moieties to install as a replacement of the dicarbonyl system of DPD,
triazole, isoxazole, isoquinoline, pyrimidine, pyridine and pyrazole were selected as they can be found in

many natural products as well as in marketed drugs. Such heterocycles play crucial roles in medicinal

281-285

chemistry, being used as antifungal (hedaquinium chloride, fluconazole, terconazole), anticancer

286 287-289

(crizotinib),”” antibacterial (sulfamethoxazole, trimethoprim, sulfamethazine), anti-inflammatory

287,290,291 287 290,291

(valdecoxib, lonazolac, celecoxib), anti-reumatic (leflunomide),”" antidepressant (fezolamine),

290,291 286

antiobesity (rimonabant),
286,288,289

anti-acid (esomeprazole),
287,288

antihistaminic (tripelennamine, mepyramine,

thonzylamine), antihypertensive (minoxidil), anestetic (dimethisoquin),?®>?* disinfectant (N-

laurylisoquinolinium bromide)*®* 2% (Figure 6.2).
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A)
//—N
" NS
F = | o
N‘N/ ., ]
°N
« cl cl \©\
/
N—/ N/H
&NY
Fluconazole (antifungal) Terconazole (antifungal)
B) A _NH, o
o H O 3 HoT on
NN N Y
S W
) \
HoN N E
) F
Sulfamethoxazole (antibacterial) Valdecoxib (anti-inflammatory) Leflunomide (anti-reumatic)
Q)
N
-~ = =
J/ CigHas + X Nf/)'l‘\
>N a ta
|
Dimethisoquin (anestetic) N-laurylisoquinolinium bromide (disinfectant) Hedaquinium chloride (antifungal)

OCH
D) ®
OCH3 N H 0 O S
H4CO. HoN_ _N___NH, SOs N /NYNHZ [ N
g | % ‘ PR
| _N O N
~_N S "o N N
H3CO NH, d
NH,
/N\
Trimethoprim (antibacterial) Sulfamethazine (antibacterial) Minoxidil (antihypertensive) Thonzylamine (antihistaminic)
E)
| OCHg
| _N N
e LD ’ P
\L » N~ N7 g o N NH
NN w &N F . | NN
N._Ss H
S ca =
K<j\ o HN" N7
o HsCO N
\
Tripellennamine (antihistaminic) Mepyramine (antihistaminic) Esomeprazole (antiacid) Crizotinib (anticancer)
Cl
F) NH; |
© 0=8=0 N_
Cl
N\N Kf “ N
°N
o )\ \N~N W
! o
) O O
Lonazolac (anti-inflammatory) Celecoxib (anti-inflammatory) Fezolamine (antidepressant) Rimonabant (anti-obesity)

Figure 6.2: Examples of heterocyclic-containing drugs: A) triazoles; B) isoxazoles; C) isoquinolines; D) pyrimidines; E) pyridines
and F) pyrazoles
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All the compounds were purified before being assayed and characterized by UHPLC-MS (purity > 90%), *H
NMR and **C NMR. At this stage of the research, | decided to prepare racemic compounds to speed up the
synthetic protocol and the achievement of the results, having in mind that, for the most active compounds
(i.e., ICs in the nM range), preparation of homochiral derivatives would have been necessary. The newly
established synthesis of racemic-DPD (see Chapter 4) was used as a template to design the synthetic routes
towards all the DPD-analogues. Two building blocks (i.e., 150 and 40, Scheme 6.1) were used as starting
materials for all the planned synthesis and all the compounds were obtained from them in a few (maximum
four) synthetic steps in such a way that, in case of positive hit(s), further derivatization and SAR studies
would have not required to start from the very first step but directly from one of the two precursors.

6.1  Synthesis of the starting materials

The first of the two building blocks necessary to start the synthesis of all the analogues presented in this
chapter was produced by Grignard addition of ethynylmagnesium bromide to the readily available (t-
butyldimethylsilyloxy)acetaldehyde®? 28 followed by acidic removal of the TBDMS protecting group.
Further protection of the resulting diol 152 as acetal using 1,1-dimethoxy cyclohexane afforded the second
building block compound 40 (Scheme 6.1).

o A OH b OH . Q
TBDMSO . TBDMSOJ\ - Hov\ - g @
\)J\H \\ % \)\\
N

28 151 152 40

Scheme 6.1: Synthesis of the starting materials 152 and 40. Reagents and conditions: (a) ethynylmagnesium bromide (0.5 M in THF,
1.3 eq), THF, 0 °C to rt, 3h (99%); (b) Dowex50WX8 100-200 mesh, MeOH, rt, overnight (99%); (c) 1,1-dimethoxy cyclohexane
(3.0 eq), p-TSA (cat.), rt, overnight (57%)

As compounds 152 and 40 were necessary in high amounts (at least 30g each) to proceed towards the
synthesis of all of our sets analogues, we needed to purchase aldehyde 28 in big quantity (> 50g). After
checking several suppliers we found out that the price was really demanding (254 € / 5g) and the estimated
delivery was 4 — 6 weeks. To avoid to waste time and money, we produced compound 28 by ourselves
(following the previously reported procedure from Paterson et a.I*®?) in 75g scale (Scheme 6.2). TBDMS
protection of cheap glycerol (50€ / 1L) and oxidation of the resulting intermediate allowed us to have, in one

day, the required amount of 28 spending ~ 80€ / 5g thus saving more than 1/3 of money and plenty of time.

O
HO™ > oH ab
OH > TBDMSO\)kH
Glycerol 28

Scheme 6.2: Synthesis of aldehyde 28. Reagents and conditions: (a) imidazole (0.15 eq), TBDMSCI (0.05 eq), DCM/DMF (3:1), rt,
2h; (b) NalO, (3.3 eq), DCM/H,0 (1:1), rt, overnight (80% over two steps)
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6.2  Synthesis of 1,4- and 1,5-disubstituted 1,2,3-triazoles

1,2,3-triazoles (both 1,4- and 1,5-disubstituted) can be synthesized applying azide-alkyne Huisgen
cycloaddition conditions where an azide is reacted with an alkyne in a 1,3-dipolar cycloaddition reaction.
The limitations of such a procedure (i.e., it requires high temperatures and produces mixtures of two
regioisomers) were overcome in 2002 by Sharpless et al. with the introduction of a copper (I)-catalyzed
variant termed the Copper (1)-catalyzed Azide-Alkyne Cycloaddition (CUAAC).** The addition of a catalyst
(i.e., copper) increases the reaction rate of 10" to 10° when compared to the uncatalyzed cycloaddition. A
broad range of functional groups are tolerated as well as an extended range of temperatures (0 °C — 160 °C).
The reaction proceeds well in aqueous conditions, is insensitive to pH variations (4 — 12), is highly
regioselective towards 1,4-disubstitution and pure products can be easily isolated by filtration or extraction.
The in situ generation of Cu(l) catalyst by reduction of Cu(ll) with a reducing agent (e.g., sodium ascorbate)
is usually preferred over the use of Cu(l) salts (e.g., bromide or iodide) as it eliminates the need of a base.
Polar aprotic solvents (e.g., THF, DMSO, ACN, DMF) are commonly used as well as mixtures such as t-
BuOH/H,0. The in situ generated Cu(l) forms a n-complex with the triple bond of the terminal alkyne
(Figure 6.3, step A). The acidic proton of the alkyne is abstracted by a base forming a Cu-acetylide
intermediate where one copper atom activates the azide while the other is bound to the acetylide. The azide
coordinates the copper complex to generate a copper-azide-acetylide complex (Figure 6.3, step B).
Cyclization (Figure 6.3, step C) and further protonation (by the hydrogen removed from the terminal alkyne
by the base) results in the formation of product and the release of the catalyst which is re-used for another
catalytic cycle (Figure 6.3, step D). The addition of ligands is essential to prevent Cu(l) oxidation to Cu(ll)

and, as they can function as proton acceptor, they make the base no longer necessary.”**?%

N//N\N,Rz [cuL,J*
R? H
StepE
H*
N_ R?
$ N
. R'—==—Cul,
./_(
R Cul,
StepD Step B NZN N o R2
N R? N
N7 TN NZ N —R

e Step C

Figure 6.3: CUAAC reaction mechanism. Figure adapted with permission from Coord. Chem. Rev. 2011, 255 (23), 2933-2945.
Copyright © 2011 Elsevier
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Before starting with the synthesis of a small library of 1,2,3-triazoles, | decided to test three different
CuAAC conditions in order to establish the best ones and apply them to synthesize all the planned
compounds. (2-Azidoethyl)benzene 154a was chosen as reference azide (Table 6.1). First we used Cul (10%
mol) and DIPEA (15% mol) in nonaqueous, nonprotic THF to afford the desired product with 58% isolated
yield (Table 6.1, entry 1).*® As the addition of AcOH was found to accelerate the protonation of the Cu-C
bond*** 3% (thus facilitating the formation of the product), a catalytic amount of AcOH was added to the
mixture (containing 2% mol Cul and 4% mol DIPEA) and this acid-base jointly promoted CuAAC resulted
in a 14% increase of the isolated yield (Table 6.1, entry 2) when compared to the previous conditions (Table
6.1, entry 1).*** As previously explained, the use of ligands is beneficial for the reaction as it prevents Cu(l)
oxidation and avoids the use of base. Therefore it is not surprising that the in situ generation of Cu(l) by
reduction of CuSO4*5H,0 from sodium ascorbate together with the use of L-ascorbic acid (both as a ligand

and acidic source) raised the yield up to 89% (Table 6.1, entry 3).3%
HO OH

OH N3 \’g_j
HO + _ =
J\ Ej/v N\\N/N\/\©
152 153a 154a
Entry 153a (Eq) Solvent Cu species Yield 154a (%0)? Ref.
1 11 THF Cul (10% mol) 58 300

DIPEA (15% mol)
Cul (2% mol)

304

2 1.05 DCM DIPEA (4% mol) [
AcOH (cat)
3 1.0 t-BUOH/H,0 CuSO,*5H,0 (5% mol) 89 35
(1:1) Na ascorbate (0.5 eq)

Table 6.1: Screening of conditions for the CUAAC. All the reactions were performed overnight at room temperature

%Isolated yield

Once optimal conditions for the regioselective synthesis of 1,4-disubstituted 1,2,3-triazoles were established,
five different azides (aromatic, heteroaromatic, aliphatic) were produced by stirring overnight at room
temperature the corresponding bromo compounds with an excess (1.5 eq) of sodium azide. The five azides
were reacted with alkyne 152 applying the previously found conditions and products 154b-f were isolated in
good yields (Table 6.2).

Entry R, Product Yield (%)
1 (CHy)-Ph 154b 73
2 (CHy),-0-F-Ph 154c 60
3 (CHy)o-m-Pyr 154d 72
4 (CH,)s-CN 154e 62
5 (CH,),-CyH 154f 88

Table 6.2: Isolated yields for the 1,4-disubstituted triazoles 154b-f
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The 1,4-disubstitution was confirmed by HMBC (Heteronuclear Multiple Bond Correlation) of compound
154a (see Chapter 8.1.4 and Appendix I, SI) and, as a proof of concept, the corresponding 1,5-disubstituted
1,2,3-triazole 155a was synthesized. The regioselective synthesis of 1,5-disubstituted 1,2,3-triazoles is
achieved with the use of Ruthenium-catalyzed Azide-Alkyne Cycloaddition (RUAAC) conditions. RUAAC
can be used also with internal alkynes affording fully substituted 1,2,3-triazoles. The reaction starts (Figure
6.4, step A) with the displacement of the ligand (from the ruthenium-ligand complex) to generate an
activated complex (not shown) which is converted, via oxidative coupling of the alkyne and the azide, to a
six-membered ruthenium containing metallocycle (ruthenacycle, Figure 6.4, step B). The new C-N bond is
formed between the terminal electrophilic nitrogen of the azide and the more electronegative carbon of the
alkyne (Figure 6.4, step C). Reductive elimination and release of the triazole product regenerate the catalyst
for further reaction cycles (Figure 6.4, step D). The most common ruthenium catalysts are Cp*RuCI(PPhs),,
Cp*Ru(COD) and Cp*[RuCl,].*%%"

¢ "
2L
Step D Step A
R ﬁz
Ku |
CIv" s, =N ) 2
NZ P RuL .R
L /\N—R c 7 N
‘p N7
Step C Step B
*)T;Q*R:
Cly U‘N'
7 \
r1 ‘\ _N
N

Figure 6.4: RUAAC reaction mechanism. Figure adapted with permission from J. Am. Chem. Soc., 2008, 130 (28), 8923-8930.
Copyright © 2008 American Chemical Society

Azide 153a was reacted with terminal alkyne 152 in the presence of 2% mol pentamethylcyclopentadienylbis
(triphenylphosphine)ruthenium(Il) chloride (Cp*RuCI(PPhs),) regioselectively vyielding, after stirring
overnight the mixture in refluxing 1,4-dioxane, the corresponding 1,5-disubstituted 1,2,3-triazole 155a
(Scheme 6.3). *H NMR, **C NMR, TLC, UHPLC-MS, HMBC definitely confirm the different nature of the

307

two compounds (see Chapter 8.1.4 and Appendix I, SI).

HO  on
OH N3 /_58\/
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152 153a 155a

Scheme 6.3: Synthesis of 1,5-disubstituted 1,2,3-triazole 155a. Reagents and conditions: (a) 153a (1.0 ), Cp*RuCI(PPhs), (2%
mol), 1,4-dioxane, 60 °C, overnight (87%)
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As the synthesis of trialzoles substituted with short alkyl chains (e.g., methyl, butyl) was mined by safety
issues related to the explosive and unstable nature of the small azides necessary, the desired substituents
were installed on the triazole scaffold via alkylation. The use of a single, small and dangerous azide (i.e.,
TMSN3) was privileged over the use of four different ones. The acetal protected terminal alkyne 40 was
carefully reacted with an excess (10.0 eq) of TMSN; under previously established CUAAC conditions. The
resulting unsubstituted triazole (156, Scheme 6.4) was both deprotected under acidic conditions (154g,
Scheme 6.4) and, to install the desired substituents, alkylated with four different (methyl, cyclopropylmethyl,
butyl, ethoxyethyl) bromides (Scheme 6.4).
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\/\ \)\%NH
N Ney
40 156 ( ;
OH
. HO
— L N
Ny
/,N R{ N
Ny
R{ N
158h-k 155h-k

Scheme 6.4: Synthesis of 1,4-disubstituted 1,2,3-triazoles 154g-k and 1,5-disubstituted 1,2,3-triazoles 155h-k. Reagents and
conditions: (a) TMSN; (10.0 eq), CuSO,*5H,0 (5% mol), Na ascorbate (0.5 eq), t-BuOH/H,0 (1:1), rt, overnight (36%); (b) 12M
HCI (cat.), 1,4-dioxane, 0 °C to rt, 3h (98%); (c) RiBr (1.5 eq), K,CO; (2.0 eq), THF, 40 °C, overnight; (29% — 62%).

As expected, no regioselectivity was observed and both the 1,4- and the 1,5-disubstituted 1,2,3-triazoles
formed. Playing with the equivalent of the base (i.e., 1.1 eq, 1.3 eq and 1.5 eq of K,CO;) and/or the
alkylbromides (i.e., 0.8 eg and 0.9 eq of R,Br) did not consistently changed the ratio of the two regioisomers
(data not shown). For each substituent, the two corresponding regioisomers were isolated by preparative
HPLC. The resulting eight products 157h-k and 158h-k were lastly deprotected with catalytic amount of
concentrated hydrochloric acid. The ratio of the two regioisomers was determined by crude *H NMR: for all
of the four couples, the 1,4-dibustituted 1,2,3-triazoles formed in excess when compared to the respective
1,5-regioisomers and, as predictable, the ratio decreases as the sterical hindrance of the R; substituent
increases (Table 6.3). Concentrated HCI was preferred over Dowex 50WX8 100-200 mesh for the removal
of the acetal protecting group for (i) the shorter reaction time (1 hour vs overnight) and (ii) the simpler

workup (no filtration to remove the acidic resin required).
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Entry R; Product Ratio 170:171

157h

1 CH3 - 10:1
158h
157i

2 CH,-Cyp - 6:1
158i
157j

3 n-Bu - 31
158j
157k

4 CH-O-CHCH, 2:1
158k

Table 6.3: 'H NMR ratio of the regioisomers 157h-k:158h-k

6.3  Synthesis of 3,5-disubstituted isoxazoles

The first step in the synthesis of the set of 3,5-disubstituted isoxazoles was the production of the chloro-
oximes necessary for the 1,3-dipolar cycloaddition with diol 152. Seven aldehydes were converted into their
corresponding oximes using an excess (3.0 eq) of hydroxylamine hydrochloride and the resulting crudes
were directly chlorinated by reaction with N-chlorosuccinimide. The same conditions as for the synthesis of
the 1,4-disubstituted 1,2,3-triazoles (i.e., 5% mol CuSO,*5H,0 and 0.5 eq of Na ascorbate in a 1:1 mixture
of t-BuOH/H,0, see Table 6.1) were applied, with the addition of an excess of potassium bicarbonate (4.3
eq) to form the nitrile oxide necessary for the cycloaddition. Seven 3,5-disubstituted isoxazoles 162a-g were
obtained in good to excellent yield (i.e., 63% — 89%, Table 6.4) after preparative HPLC purification (Scheme
6.5).%%

Ho ~ OH
(0] Cl
a _,,.OH b c 0
R N - = OH —— —= I
R1)J\ H ! R1/k\ N
R4
159a-g 160a-g 161a-g 162a-g

Scheme 6.5: Synthesis 3,5-disubstituted isoxazoles 162a-g. Reagents and conditions: (a) NH,OH*HCI (3.0 eq), EtzN (1.5 eq),
H,O/EtOH (1:1), rt, 1 — 3 h (80% — 98%); (b) NCS (1.0 eq), DMF, rt, 1 — 2 h (75% — 92%); (c) 152 (1.0 eq), CuSO,*5H,0 (5% mol),
Na ascorbate (0.5 eq), KHCO; (4.3 eq), t-BuOH/H,0 (1:1), rt, overnight (63% — 89%)

Entry R, Product Yield (%)
1 p-CHg-Ph 162a 82
2 m-CI-Ph 162b 87
3 0,p-di-F-Ph 162¢ 78
4 m-Pyr 162d 71
5 Cyp 162e 63
6 m-THF 162f 77
7 CyH 1629 89

Table 6.4: Isolated yields for the 3,5-disubstituted isoxazoles 162a-g
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To produce the series of DPD-analogues where an amide moiety was installed at position 3 of the 3,5-
disubstituted isoxazoles, the synthetic strategy was slightly modified and the protected precursor 40 was
employed for the 1,3-dipolar cycloaddition instead of its unprotected version 152, due to incompatibility of a
free 1,3-diol with the reagents necessary in the following steps (e.g., NaOH, DIPEA, Scheme 6.8). Formation
of the nitrile oxide for the cycloaddition was attempted by dehydration of ethyl nitroacetate with several
bases (i.e., DABCO, DMAP, DBU, NMI, Scheme 6.6 conditions a) and also with a combination of
PhNCO/Et;N (Scheme 6.6 conditions b), commonly used to activate nitro groups. All of the aforementioned

methods resulted in a mixture of unreacted starting materials.**®%

40 Ethyl nitroacetate 163

Scheme 6.6: Attempts for the synthesis of intermediate 163. Reagents and conditions: (a) base (1.5 eq), CHCls3, 60 °C, 3 days; (b)
PhNCO (2.0 eq), EtsN (1.5 eq), PhMe, 100 °C, 3 days

The 1,3-dipole specie was then changed to the chloro-oxime of ethyl glyoxalate (50% solution in toluene)
which was synthesized as previously described (see Scheme 6.5, conditions a and b). Classical Sharpless
conditions (see Scheme 6.5, conditions ¢) did not yield the desired product while the simple use of an
equimolar amount of Et;N gave only traces of 163,33

O
Q (0] X, ,-OH ¢l ° O
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Scheme 6.7: Attempts for the synthesis of intermediate 163. Reagents and conditions: (a) NH,OH*HCI (3.0 eq), EtsN (1.5 eq),
H,O/EtOH (1:1), rt, 3 h (80%); (b) NCS (1.0 eq), DMF, rt, 2 h (70%); (c) 40 (1.0 eq), CuSO,*5H,0 (5% mol), Na ascorbate (0.5 eq),
KHCO; (4.3 eq), t-BuOH/H,0 (1:1), rt, overnight; (d) 40 (1.0 eq), EtsN (1.0 eq), THF, rt, overnight

The oxime of ethyl glyoxalate (i.e., compound 165) was then reacted with an excess (40.0 eq) of sodium
hypochlorite, both as a chlorinating agent and as base to form the corresponding nitrile oxide.*"* Different
reaction times as well as ratios of dipolarophile 40 and 1,3-dipole 165 were tested (Table 6.5) in order to
improve the initially poor yield (i.e., 16%, Table 6.5, entry 1). Increasing the equivalents of 1,3-dipole
enhanced the formation of intermediate 163 up to a maximum of 36% isolated yield (Table 6.5, entry 4) with
complete consumption of the dipolarophile 40 followed by removal of the excess of 165 by column
chromatography.
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165 163
Entry 40 (Eq) 165 (Eq) Time ()  Yield 163 (%)*
1 1.2 1 96 16
2 1 1.2 72 18
3 1 15 24 21
4 1 2 12 36

Table 6.5: Different ratios of dipolarophile 40 and 1,3-dipole 165 tested for the synthesis of intermediate 163

2 Isolated yield

Once a solution for the key 1,3-dipolar cycloaddition step was found, the rest of the synthetic pathway

proceeded smoothly. Saponification of the ethyl ester was followed by amidification of the resulting

carboxylic acid moiety using HOBt as coupling agent and employing both primary and secondary amines

(aliphatic, aromatic, heteroaromatic). Final acidic removal of the acetal protecting g

roup afforded nine 3,5-

disubstituted isoxazoles (with an amide moiety at position 3) 170h-m in moderate to very good vyields (i.e.,

42% — 89%, Table 6.6). Two more products were isolated after acidic deprotection o
167 (i.e., 166 and 168, respectively).
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- . [ - >
/ \ | N
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b b
OH
Ho O HO
o] o}
| N LN
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166 168

f intermediates 163 and

170h-m

Scheme 6.8: Synthesis of 3,5-disubstituted isoxazoles with an amide moiety at position 3 170h-m. Reagents and conditions: (a)
NaOH 1M (3.0 eq), THF, rt, overnight (99%); (b) 12 M HCI (cat.), 1,4-dioxane, 0 °C to rt, 1h — 3h (166, 46%; 168, 55%, 170h-m,
42% — 89%); (c) amine (2.0 eq), HOBL (2.0 eq), EDC*HCI (2.0 eq), Et3N, DCM, rt, overnight (35% — 78%)
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Entry R; R» Product Yield (%)

1 H CH,-Ph 170h 56
2 H p-F-Ph 170i 53
3 H CHy-thiophene 170j 45
4 H CH,-m-Pyr 170k 42
5 H (CH,),-O-CHj 1701 78
6 Pyrrolidine 170m 68

Table 6.6: Isolated yields for the 3,5-disubstituted isoxazoles with an amide moiety at position 3 170h-m

The results described in paragraphs 2 and 3 have been reported in the manuscript entitled “A Versatile
Strategy for the Synthesis of 4,5-Dihydroxy-2,3-Pentanedione (DPD) and Related Compounds as Potential
Modulators of Bacterial Quorum Sensing” published in Molecules on 6" October 2018 (Stotani S. et al.,
Molecules 2018, 23(10), 2545)** (see Appendix 1).

6.4  Synthesis of monosubstituted isoquinolines and derivatives

Traditional isoquinoline synthetic methods based on strong acidic catalysis (e.g., Pomeranz—Fritsch,*?

Bischler-Napieralski,*** Pictet-Spengler®*

) have been superseded over the years with milder late transition
metal catalyzed approaches. For the synthesis of the set of monosubstituted isoquinolines (and derivatives) a
one pot, microwave-assisted and palladium catalyzed strategy where terminal alkyne 40 was coupled with o-
bromoaldehydes was selected. The resulting Sonogashira products were then reacted with ammonium acetate
as imination reagent and, lastly, deprotected.*® Following Yang et al., alkyne 40 was dissolved in DMF
together with Pd(OAc),, PPhs, KOAc and the corresponding o-bromoaldehyde. After microwave irradiation
for 1h — 2h, disappearance of the starting material and formation of the corresponding alkynilation products
were confirmed by UHPLC. Further addition of an excess (1.8 eq) of ammonium acetate resulted, after 2h —

3h, in the formation of the desired protected products 173a-g (Scheme 6.9).

Q 0 Q OH  X-n
' Y
o . H aa J 9 X’<’\\\)(n b Ho\)\(\tr
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40 171a-g 172a-g 173a-g

Scheme 6.9: Synthesis of monosubstituted isoquinolines and derivatives 173a-g. Reagents and conditions: (a) 171a-g (0.9 eq),
Pd(OAC), (1.8% mol), PPh; (3.6% mol), KOAc (1.8 eq), DMF, MW, 80 °C, 1h — 2h; (a’) NH4OAc (1.8 eq), MW, 150 °C, 2h — 3h;
(b) 12M HCI (cat.), 1,4-dioxane, 0°C to rt, 1h — 3h

Both electron donating (i.e., CHs and OH, 171b and 171c, respectively) and electron withdrawing groups
(i.e., F, 171d) in different positions on the o-bromobenzaldehyde were well tolerated. To further increase the
variability of our set of compounds, heteroaromatic o-bromoaldehydes (i.e., 3-bromo-2-formylfuran, 3-
bromothiophene-2-carbaldehyde and 5-bromo-2-methyl-4-thiazolecarboxaldehyde) were selected to isolate

the corresponding furopyridine, thienopyridine and thiazolopyridine 172e-g. Final acidic removal of the
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acetal protecting group yielded the desired seven novel monosubstituted isoquinolines (and derivatives)

compounds 173a-g (Table 6.7).

Entry n X Y R, Product Yield (%)
1 2 H H H 173a 90
2 2 H H p-CHy-Ph 173b 54
3 2 H H m-OH-Ph 173c 67
4 2 H H 0-F-Ph 173d 42
5 1 o] H H 173e 48
6 1 S H H 173f 73
7 1 S N CH, 173g 70

Table 6.7: Isolated yields for monosubstituted isoquinolines and derivatives 173a-g

6.5 Synthesis of 2,4,6-trisubstituted pyrimidines

From a synthetic point of view, pyrimidines are versatile substrates and this has facilitated, over the years,
the generation of several structurally diverse derivatives bearing substitutions at C,, C4, Cs, Cs Or on the
pyrimidinic nitrogen.****"" To access to the small set of 2,4,6-trisubstituted pyrimidines DPD-related
compounds, was originally selected a one pot Sonogashira coupling of terminal alkyne 40 and acyl chlorides,
followed by addition, to the corresponding ynone, of amidinium salts.**® Choosing benzoyl chloride as
acylating agent and acetamidine hydrochloride as amidinium salt and performing the reaction in one pot

(following Karpov et al.**®

) resulted in a complex mixture and no formation of the corresponding ynone was
observed. Ynone 174a was therefore isolated prior to add the amidinium salt and, surprisingly, the yield was

only 15%.

§ 3 Q } HO
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40 174a-f 175a-f 176a-f

Scheme 6.10: Synthesis of 2,4,6-trisubstituted pyrimidines 190a-f. Reagents and conditions: (a) R;COCI (1.5 eq), PdCI,(PPhs), (9%
mol), Cul (3% mol), EtzN (1.25 eq), THF, rt, overnight (52% — 71%); (b) R,NHNH,*HCI (1.2 eq), Na,CO3*10 H,0 (3.0 eq), 40 °C,
overnight (42% — 62%); (c) 12M HCI (cat.), 1,4-dioxane, 0 °C to rt, 3h (43% — 82%).

Three different conditions were therefore tested to optimize ynone formation. (Table 6.8). Copper-, ligand-
and solvent-free acylation (Table 6.8, entry 1)*° as well as the use of a mixture of PdCl,(CH;CN),, Sphos
and Cs,COs (Table 6.8, entry 2)?° didn’t show product formation by UHPLC. Lastly, the use of the copper-
and palladium-catalyzed system proposed by Karpov et al.**® resulted in 174a with 87% yield.
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Entry PhCOCI (eq) Solvent Catalyst/Base Time(h) Temp (°C) Yield (%) Ref.
Pd(OAC), (2% mol)

319
1 1.0 THF EGN (1.0 Q) 12 rt -
PACI,(CD5CN), (5% mol)
2 15 THF Sphos (10% mol) 24 60 - 260
Cs,CO3 (1.2 eq)
PACI,(PPhs), (9% mol)
3 15 THF Cul (3% mol) 12 rt 87 320

EtsN (1.25 eq)

Table 6.8: Screening of the conditions for the synthesis of ynone 174a

Three different acyl chlorides (i.e., benzoyl chloride, cyclopropane carbonyl chloride and 2-
thiophenecarbonyl chloride) were selected to be coupled with terminal alkyne 40. To further speed up the
synthetic protocol, the corresponding ynones were not isolated but the reaction mixtures were worked up to
remove salts and metal catalysts before addition of six different amidinium salts. Final acidic deprotection
under acidic conditions afforded the desired 2,4,6-trisubstituted pyrimidines 176a-f with moderate to
excellent yields (i.e., 43% — 82%, Table 6.9).

Entry R; R, Product Yield (%)
1 Ph CH; 176a 54
2 Ph Cyp 176b 53
3 Cyp Ph 176¢ 46
4 Cyp p-Pyr 176d 67
5 2-thiophene n-Propyl 176e 71
6 2-thiophene m-F-Ph 176f 82

Table 6.9: Isolated yields for the 2,4,6-trisubstituted pyrimidines 176a-f

6.6  Synthesis of 2,3,4,6-tetrasubstituted pyridines

Since the development of the Bohlmann-Rahtz pyridine synthesis in 1957,

many variations of this Michael
addition between an enamine with an electron-withdrawing (EWG) group and an ynone have been reported.
Having established optimal conditions to produce the Michael acceptors (i.e., ynones), B-aminocrotonate was
selected as nucleophile. Following Bagley et al., to a mixture of the latter and 174a was added acetic acid as
Bransted acid to promote the conjugate addition (Table 6.10, entry 1).%?? Neither the pyridine product nor the
intermediate (i.e., the Michael adduct) could be observed by *H NMR and UHPLC. Following a microwave-
assisted protocol developed by the same research group to prepare tri- or tetrasubstituted pyridines, the
desired 2,3,4,6-tetrasubstituted pyridine 177a could be isolated after 20 minutes of microwave irradiation at
170 °C of a DMSO solution of the two starting materials (Table 6.10, entry 2).3® The absence of the
Brensted acid (i.e., acetic acid) proved to be beneficial for the success of the reaction and prompted me to
test a new, one-pot, three-component and acid-free methodology developed by Bagley’s group. This
heteroannulation combines an alkynone (i.e., the Michael acceptor) with a 1,3-dicarbonyl compound (i.e., the

nucleophile) in the presence of an excess (10.0 eq) of ammonium acetate (to generate, in situ, the
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enamine).** Ethyl acetoacetate was selected as nucleophile to have, as for the case of p-aminocrotonate, an
additional diversification point (i.e., the carboxylic ester moiety) and reaction with 174a in refluxing ethanol
provided intermediate 177a with 92% yield (Table 6.10, entry 3).

2, Qs

Qo (o]

AN o * Nucleophile e Q o~

174a 177a

Entry Nucleophile, eq Solvent  Time (h) Temp (°C) Yield 191a(%)  Ref.

-aminocrotonate, PhMe:
1 08 AcOH 12 50 - 322
) (5:1)
-aminocrotonate,
2 20 DMSO 0.3 170 (MW) 6 823
Ethyl acetoacetate,
3 100 EtOH 12 50 92 324

Table 6.10: Screening of the conditions for the synthesis of 177a

Having in my hands tetrasubstituted pyridines 177a-b, my plan was to follow two different strategies: (i)
remove the acetal to have the corresponding free diols 178a-b still maintaining the carboxylic ester moiety
and (ii) hydrolize the ester and deprotect the acetal to isolate the free diols 180a-b with a carboxylic acid

HO
HO
(0]
a | A o
%
R'"N7

R, = Ph, 178a
R, = Cyp, 178b

moiety at position 3 (Scheme 6.11).

HO
HO,
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R4 =Ph, 179a R4 =Ph, 180a
R4 =Cyp, 179b R4 = Cyp, 180b

Scheme 6.11: Different strategies for the manipulation of 177a-b. Reagents and conditions: (a) 12M HCI (cat.), 1,4-dioxane, 0°C to
rt, 1h — 3h (80% for 180a and 72% for 180b); (b) 1M NaOH (3.0 eq), EtOH, 0 °C to rt, overnight.

This second approach proceeded smoothly: basic hydrolysis of the ester was followed by acidic removal of
the acetal protecting group to isolate the desired compounds 180a-b with excellent yields (i.e., 80% and
72%, respectively). Deprotect the acetal while keeping the carboxylic ester moiety at position 3 proved to be

challenging: five different conditions were screened and none of them was successful. The use of our
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standard deprotection protocol (i.e., 12M HCI (cat.), 1,4-dioxane, 0 °C to rt) on intermediate 177b resulted in
acetal removal as well as hydrolysis of the ester to obtain compound 180b instead of 178b (Table 6.11, entry
1). The same outcome was achieved with EtOH as a solvent and diluted HCI. (Table 6.11, entry 2). Milder
conditions (i.e., AcOH, Dowex50WX8, TFA Table 6.11, entry 3 — 5) were not able to remove the protecting
group even when the mixtures were stirred for longer time (i.e., 12 hours instead of one hour) and at 40 °C.

Entry Acid Solvent Temp (°C) Time (h) Result
1 12M HCI (cat.) 1,4-dioxane Otort 1 180b
2 1M HCI (cat.) EtOH Otort 1 180b
3 AcOH - 0 to 40 12 177b
4 Dowex50WX8 100-200 mesh MeOH Rt 12 177b
S TFA - 0 to 40 12 177b

Table 6.11: Acidic conditions tested for the deprotection of 177b

6.7 Synthesis of 3,5-disubtituted and 1,3,5-trisubstituted pyrazoles

Classical synthetic approaches towards substituted pyrazoles are based on the condensation between
hydrazines and 1,3-dicarbonyls (or a,B-unsaturated carbonyls) such as the Paal-Knorr synthesis or on [3+2]
intermolecular cycloadditions of dipolarophiles (e.g., alkenes and alkynes) with diazo compounds (e.g.,
Pechmann-pyrazole synthesis).®**** Novel methodologies have been developed during the years like the
regioselective condensation of ynones and (un)substituted hydrazines. The regioselectivity is the result of an
initial 1,4-conjugate addition of the more nucleophilic hydrazinic nitrogen to the ynone’s triple bond
followed by cyclization of the second hydrazinic nitrogen with the carbonyl group in a favored 5-exo-trig

process and final dehydration (Figure 6.5).3*

NH Reg R
O] Ra. N2
NH,NHR 3~ \
R—— Chalahl) N o) R / ,N‘lH R/[;fN
R, RN, N -H,0 N
R3 R3

Figure 6.5: Mechanism of the regioselective condensation of ynones and (un)substituted hydrazines

Three additional aliphatic (i.e., isopropyl, cyclopentyl and adamantane) and one aromatic (i.e., furanyl)
ynones were synthesized and each of the seven ynones in my hands was reacted with two different
hydrazines (i.e., hydrazine and methylhydrazine) to generate, respectively, 3,5-disubstituted and 1,3,5-
trisubstituted protected pyrazoles. Final acidic deprotection afforded the targeted products 183a-g and 184a-
g with excellent yields (i.e., 67% — 92%, Scheme 6.12 and Table 6.12).
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Scheme 6.12: Synthesis of 3,5-disubstituted and 1,3,5-trisubstitted pyrazoles 183a-g and 184a-g. Reagents and conditions: (a)
R;COCI (1.5 eq), PdCI,(PPhs), (9% mol), Cul (3% mol), Et;N (1.25 eq), THF, rt, overnight (49% — 80%); (b) R,NHNH, (1.3 eq),
EtOH, rt, overnight (52% — 89%); (c) 12 M HCI (cat.), 1,4-dioxane, 0 °C to rt, 1h — 3h (67% — 92%)

Entry R; R, Product Yield (%)
1 Ph H 183a 88
2 Ph CH; 184a 79
3 2-furanyl H 183b 82
4 2-furanyl CH; 184b 85
5 2-thiophene H 183c 83
6 2-thiophene CH; 174c¢ 76
7 i-Pr H 183d 87
8 i-Pr CH; 184d 77
9 Cyp H 183e 89
10 Cyp CH,3 184e 92
11 Cypentyl H 183f 82
12 Cyclopentyl CH, 184f 78
13 Adamantane H 183g 75
14 Adamantane CH,3 184g 67

Table 6.12: Isolated yields for the 3,5-disubstituted and 1,3,5-trisubstituted pyrazoles 183a-g and 184a-g.

An additional set of six 1,3,5-trisubstituted pyrazoles was prepared strating from ynone 174a. The Ni-

nitrogen was derivatized with aliphatic (linear, branched and cyclic) and aromatic substituents by addition of

an excess (1.3 eq) of the corresponding hydrazine. No final acidic deprotection was required in order to keep

constant the six member ring protection of the acetal (Scheme 6.13 and Table 6.13).
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174a 185a-f

Scheme 6.13: Synthesis of the first new set of 1,3,5-trisubstituted pyrazoles 185a-f. Reagents and conditions: (a) R,NHNH, (1.3 eq),
EtOH, rt, overnight (41% — 70%).

Entry R, Product Yield (%)
1 CH;-CHs 185a 44
2 i-Pr 185b 60
3 Cyp 185¢c 54
4 (CH,)-CN 185d a1
5 Cyclopentyl 185e 70
6 Ph 185f 55

Table 6.13: Isolated yields for the first new set of 1,3,5-trisubstituted pyrazoles 185a-f

To generate the second new set of pyrazoles where the phenyl at position three was replaced with other
aliphatic, aromatic and heteroaromatic rings, the same conditions as Scheme 6.12 were reproduced and seven

ynones were synthesized and afterward condensed with methylhydrazine (Scheme 6.14 and Table 6.14).

Scheme 6.14: Synthesis of the second new set of 1,3,5-trisubstituted pyrazoles 184h-o. Reagents and conditions: (a) R;COCI (1.5
eq), PdCI,(PPh3), (9% mol), Cul (3% mol), EtzN (1.25 eq), THF, rt, overnight (52% — 81%); (b) MeNHNH, (1.3 eq), EtOH, rt,
overnight (41% — 65%)

Entry R, Product Yield (%)
- m-CHz-Ph 184h 54
2 m-CN-Ph 184i 65
3 m-F, m-CI-Ph 184 61
4 p-NH,-Ph 184k 41
5 3-isoxazole 1841 55
6 2-indole 184m 46
7 m-Pyr 184n 47
8 CyHex 1840 55

Table 3.14: Isolated yields for the second new set of 1,3,5-trisubstituted pyrazoles 184h-o
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More efforts were required for the third and last set of diversifications concerning the acetal protection. To
completely remove the latter (and therefore the diol moiety), benzoyl chloride was reacted with 1-propyne
and the resulting ynone with methylhydrazine (Scheme 6.15 A). To change the size of the protecting group,
free diol 152 was protected with an excess (3.0 eq) of the corresponding ketone and a catalytic amount of p-
TSA in neat conditions. Further acylation with benzoyl chloride and condensation with methylhydrazine
afforded the desired five new pyrazoles 189a-d (Scheme 6.15 B and Table 6.15). 4-piperidone was found not
to be suitable for our purpose as the free basic nitrogen impeded the Sonogashira coupling with benzoyl
chloride while N-acetylpiperidone did not show any reactivity issue and compound 189d could be isolated
with good yield (i.e., 44%, Table 6.15, entry 3).
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Scheme 6.15: Synthesis of the third new set of 1,3,5-trisubstituted pyrazoles. A) Synthesis of compound 186 and B) Synthesis of
compounds 189a-d. Reagents and conditions: (a) 1-propyne (1.5 eq), PdCl,(PPhs), (9% mol), Cul (3% mol), EtsN (1.25 eq), THF, rt,
overnight (42% — 79%); (b) MeNHNH, (1.3 eq), EtOH, rt, overnight (44% — 85%); (c) Ketone (3.0 eq), p-TSA (cat.), rt, overnight
(35% — 72%)

Entry X n Product Yield (%)
1 H 0 189a 69
2 H 2 189b 57
3 6] 1 189c 85
4 N-Ac 1 189d 44

Table 6.15: Isolated yields for the third new set of 1,3,5-trisubstituted pyrazoles 189a-d

The results described in paragraphs 4 — 7 have and 3 have been submitted to Journal of Medicinal Chemistry
on January 5" in a manuscript entitled “DPD-inspired discovery of novel LsrK kinase inhibitors: an

opportunity to fight antimicrobial resistance”.

6.8 Synthesis of disubstituted indoles and derivatives

In this paragraph | will describe the attempts to synthesize an additional series of DPD-derivatives with an
indole core. Indole is a popular pharmacophore in several research areas (e.g., agrochemicals, fragrances,
pharmaceuticals) and many efforts have been devoted in the last decades to the development of more and

efficient synthetic protocols towards its preparation and functionalization.
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Four different one pot synthetic strategies, all based on consecutive metal-catalyzed Sonogashira coupling
followed by intramolecular cyclization, were screened in parallel (Table 6.16).

The coupling of o-chloroiodobenzene 190a with 40 in a multicatalytic system (HIPrCl, Pd(OAc), and Cul)
and subsequent addition of p-fluoroaniline in basic conditions (Table 6.16, entry 1) did not show any sign of
product formation by UHPLC.*** Same unsuccessful outcome derived from a one pot three component
Sonogashira-Cacchi domino reaction where o-iodo-N-trifluoroacetylanilide 190b was mixed with 40,
catalytic amounts of Pd(OAc), and PPh; and an excess of K,CO; and PhBr in DMF and stirred at 60 °C
overnight: a complicate mixture was observed by UHPLC and the major peaks could not be identified (Table
6.16, entry 2).** Inconclusive chromatogram was the result of a one pot consecutive palladium-catalyzed
Sonogashira reaction followed by amidopalladation and reductive elimination (Table 6.16, entry 3).%%

Lastly, a palladium-free domino coupling/cyclization of 40 with o-bromo-N-trifluoroacetylanilide 190c
afforded the desired indole 191b (Table 6.16, entry 4). The Cul/L-proline system and the ortho-substituent
effect of the trifluoroacetamido group allowed coupling and the subsequent Cul-mediated cyclization

process.**’

X O
G —
Y
u\\

40 190a-c 191a-b

Temp Ref

Entry 190a-c,eq X Y R, Solvent Catalyst/Base Product Time(h) “C)

Cul (10% mol)
- Pd(OAc), (10% mol)
1 190,07 | cl (plz g’h) PhMe  HIPICI (10% mol) 191a 20 105
< €4 Cs,CO; (1.5 eq)
t-BuOK (1.5 eq)

Pd(OAc), (5% mol)
PPh; (0.2 eq)
K,CO3 (4.0 eq)
PhBr (1.2 eq)

2 190b,08 | NHCOCF, H DMF 191b 12 60 35

PdCI,(PhCN); (3% mol)
X-Phos (12% mol)
Cs,CO3 (3.0 eq)
PhBr (1.2 eq)

3 190c, 1.0 Br  NHCOCF, H DMF 191b 12 80 836

Cul (2% mol)
4 190c,1.0  Br NHCOCF, H DMF L-proline (6% mol) 191b 24 80 87
K,CO;3 (2.0 eq)

Table 6.16: Screening of the conditions for the synthesis of indoles 191a-b

Prompted by the success of the last conditions screened (intermediate 191b was isolated in 50% yield), |
proceeded further with the production of a small indole-based library of DPD-related compounds. The
starting materials for the coupling (i.e., the o-bromotrifluroacetanylides) were synthesized in excellent yields

(i.e., 80% — 97%, see Chapter 8.1.10) by acylation of the corresponding o-bromoanilines.
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40 190c-h 191b-g

Scheme 6.16: Synthesis of substituted indoles 191b-g. Reagents and conditions: (a) 190c-h (1.0 eq), Cul (2% mol), L-proline (6%
mol) K,CO; (2.0 eq), DMF, 80 °C, 2d — 7d (3% — 14%); (b) see Table 6.18

Entry X R, Product Yield (%)
- H H 191b 50
2 H p-OMe 191c 7
3 H m-CF, 191d 14
4 H p-COOMe 191e 3
5 H m-Cl 191f 5
6 N H 191g 9

Table 6.17: Isolated yields for the substituted indoles and derivatives 191b-g

Independently from the electron withdrawing or electron donating nature of the substituents on the starting
materials, all of the products were isolated with insignificant yields (i.e., <15%, Table 6.17) and the reactions
proceeded very slow (2 days — 7 days). Additional problems were encountered in the removal of the acetal
protecting group as none of the conditions tested was effective. Decomposition was observed when using a
catalytic amount of concentrated or diluted HCI in both 1,4-dioxane and THF (Table 6.18, entry 1 —3 and 5
— 6). Milder acidic conditions (i.e., TFA or AcOH, Table 6.18, entry 4 and 8, respectively) resulted in
unreacted starting materials. Transacetalization with acetone and p-TSA (Table 6.18, entry 9), deprotection
with Dowex 50WX8 (Table 6.18, entry 7) or the use of p-toluenesulfonyl hydrazide polymer as ketone
scavenger (Table 6.18, entry 10) caused, respectively, decomposition or no reaction. Unfortunately, the
desired DPD-analogues with an indole core could not be synthesized and we were able to isolate, with very
poor yields, only their corresponding acetal protected precursors 191b-g. As the removal of the acetal failed,

I decided not to focus on increasing the yields for the indole formation.
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Starting

Entry ) Acid Solvent  Temp (°C) Result
material
1 191b 12M HCI (cat.) d'll4- Otort Decomposition
ioxane
2 191b 1M HClI (cat.) d'll4- Otort Decomposition
ioxane
3 191b 1M HCI (cat.) THF Otort Decomposition
4 191b TFA - Rt 190c
5 14- .
191c 1M HCI (cat.) di Otort Decomposition
ioxane
6 191c 1M HCI (cat.) THF Otort Decomposition
7 191c Dowex 50WX8 100-200 MeOH Rt Decomposition
mesh
8 191c AcOH (cat.) Water Rt 190d
9 191c p-TSA (cat.) Acetone Rt Decomposition
In(Otf)5 (cat.)
10 191c p-toluenesulfonyl hydrazide THF rt to 40 190d

polymer

Table 6.18: Conditions tested to deprotect indoles 191b-c
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7. BIOLOGICAL RESULTS

In Chapter 5 | described the state of the art of all the DPD-analogues reported in the literature. The
compounds were often evaluated as QSI in E. coli, S. thyphimurium and V. harveyi using mostly two types of
assays: QS-induced bioluminescence (for V. harveyi strains BB120, BB170, MM30, MM32) and QS-
mediated induction of B-galactosidase (for E. coli and S. thyphimurium). In this chapter | will briefly describe
this two assays and the D-luciferin-based assay developed by my collaborators at the University of Helsinki
(Finland) to evaluate LsrK kinase inhibition. The chapter also includes the results of the biological
evaluation of the sets of compounds described in Chapter 6.

7.1 V. harveyi and B-galactosidase bioluminescence assays

Three different QS signals have been identified in V. harveyi:
1) AHL, produced by LuxM it binds to the membrane bound protein LuxN;
2) Al-2, produced by LuxS it binds (in the form of the furanosyl borate ester ,S-THMF-borate) to LuxP
(PDB ID: 1JX6') and the S-THMF-borate-LuxP-complex interacts with LuxQ in the membrane;
3) CAI-1, produced by CgsA, it interacts with CgsS.

The three cognate receptors (i.e., LuxN, LuxQ and CsqQ) are histidine sensor kinases bound to the cell
membrane. At low cell density, the three receptors phosphorylate LuxO (via LuxU) to form phospho-LuxO
(P-LuxO). Together with os4, P-LUXO synthesizes silent RNAs (SRNASs) that, upon interaction with the RNA
chaperon hfq, degrade luxR mRNA. At high cell density, the receptors bind their respective autoinducers and
switch from kinases to phosphatases. Phosphate is removed from LuxO allowing translation of luxR mRNA

and LuxR-mediated bioluminescence (Figure 7.1).%12%%%

HAI-1 CAI-1
e @ - ‘.‘A @ - @
@
LuxP A
[SSeed
H1
| Luxh LuxN CgsA CqsS
o1 {
LuxC ' L“U/
""""""" E") H1
o

Sigmas4  + D1 LuxO

sRnas  Hfa

luxR
mRN.ﬁmi\-’
— Target gene

luxR " —— expression

Figure 7.1: Quorum Sensing pathways in V. harveyi. Figure adapted with permission from Enzyme Microb. Technol. 2011, 49 (2),
113-123. Copyright 2011 Elsevier
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In chapter 5, the synthesis and biological evaluation of different DPD-analogues is reported. The strains used
to measure bioluminescence are BB120, BB170, MM30 and MM32.

BB120 is the wild type;

BB170 is a LuxN (-) mutant;

MM30 is a LuxS (-) mutant;

MM32 is a LuxN (-)/ LuxS (-) double mutant

The strains are chosen based on the scope of the authors: a LuxN (-) mutant can produce bioluminescence
through the Al-2-mediated pathway but not through the AHL system. The use of V. harveyi BB170 therefore
excludes the possibility of the tested compounds to be recognized by the AHL receptor and, if they affect
bioluminescence, they do it through the Al-2 system.

B-galactosidase is an enzyme that breaks glycosidic bonds to hydrolyze p-galactosides into monosaccharides.
In E. coli and S. thyphimurium, the structural gene for B-galactosidase is the lacZ gene. The strains used in
the assays reported in Chapter 5 to measure Al-2 mediated-QS (Met708, Met715 and Met844) are LuxS(-),
Isr-lacZ fusion and they are incapable of producing their own DPD. The Isr-lacZ fusion encodes for -
galactosidase under the control of the Isr promoter and Al-2-dependent Isr expression can be measured based
on the residual B-galactosidase activity: the higher is the residual activity, the lower is the activity of the

inhibitors.>*®

7.2 The D-luciferin-based LsrK kinase assay

The assay developed by Zhu et al.®® to measure LsrK kinase activity is a coupled assay where ATP
consumption (and the corresponding production of ADP) is coupled with pyruvate kinase- and lactate
dehydrogenase-mediated oxidation of NADH (see Chapter 2, Figure 2.5).

My collaborators at the University of Helsinki (Finland) developed a D-luciferin-based bioluminescence
assay that could be automatized to screen up to 1536 well plates.

The previously reported assay requires the overexpression of two additional enzymes (i.e., pyruvate kinase
and lactate dehydrogenase) and also suffers from signal instability. The new assay uses the Glo
Luminescence kit from Promega (USA) where the luminescent signal is inversely proportional to the amount
of kinase activity and supports up to 500 uM ATP. To reduce interference between wells on the 384 well
plate, 100 uM ATP was used. Reagents stability and concentration, DMSO tolerance (up to 5%) and signal
stability (up to 5 hours upon addition of Glo Luminescence kit components) were carefully evaluated.
Optimal reaction time was estimated to be 15 minutes. All the assay components were found to be stable at
room temperature and functional after 5 freeze/thaw cycles with the only exception of S-DPD for which
fresh aliquots should be used each time.

To evaluate enzymatic activity, LsrK was overexpressed and purified as described in Chapter 8.3.5. The
activity was detected in the presence of 200 nM LsrK, 200 uM S-DPD (from OMM Scientific) and 20 uM
ATP in a 96 well plate format (Figure 7.2).
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Figure 7.2: Activity of LsrK. 200 nM LsrK, 20 uM ATP, 200 uM S-DPD. Glycerokinase activity: 0.5 pg/mL glycerokinase, 200 uM
glycerol, 20 uM ATP

LsrK is a member of the FGGY kinase family, a family of kinases that phosphorylate different sugars. To
test LsrK specificity, a small set of sugars (i.e., glycerol, meso erythritol, 6-phosphogluconic acid, D-
ribulose, L-ribulose) with similar structure to DPD was evaluated using the same ATP depletion assay

previously reported. All the compounds were tested at 200 UM and 400 uM (Figure 7.3).

Relative luminescence

Figure 7.3: LsrK activity in the presence of different sugars

7.3 Activity of synthesized DPD and DPD-related compounds

The activity of the synthetized racemic-DPD (see Chapter 4) and DPD-related compounds (see Chapter 6)
was evaluated with the newly developed bioluminescence-based assay against LsrK (see Chapter 8.3.6 and
8.3.7, respectively). Racemic-DPD prepared as described in Chapter 4 is efficiently phosphorylated by LsrK.
In fact, the level of ATP is significantly reduced by the addition of racemic DPD, resulting in a light
emission lower than the sample including only LsrK and ATP. Although phosphorylation of S-DPD, the
enantiomer recognized by the protein, is higher, the results confirmed the validity of the newly developed

racemic synthesis of DPD (described in Chapter 4). The aforementioned results have been reported in the
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manuscript entitled “A Versatile Strategy for the Synthesis of 4,5-Dihydroxy-2,3-Pentanedione (DPD) and
Related Compounds as Potential Modulators of Bacterial Quorum Sensing” published in Molecules on
October 6™ 2018 (Stotani S. et al., Molecules 2018, 23(10), 2545)%* (see Appendix 1, Sl).

The same assay was used to measure LsrK kinase inhibition of the eight small libraries of compounds
described in Chapter 6 in order to assess their ability to compete with DPD in binding LsrK and therefore
their potential as LsrK kinase inhibitors. Table 7.1 shows the percentage of inhibition for each of the
synthesized compounds which was measured at 200 uM in the presence of 300 UM DPD.

Four compounds (i.e., 181a, 182a, 181b, 182b) displayed a percentage of inhibition higher than 40% (Table
7.1) and, for those molecules, dose-response curves were determined at seven different compound
concentrations (i.e., 25 uM, 50 pM, 100 pM, 200 uM, 300 pM, 400 puM, 500 uM) and the corresponding
ICs, values were extrapolated (Figure 7.4). These resulst were submitted to Journal of Medicinal Chemistry
on January 5" in a manuscript entitled “DPD-inspired discovery of novel LsrK kinase inhibitors: an

opportunity to fight antimicrobial resistance”.
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Figure 7.4: 1Csq values for LsrK kinase inhibition of compounds 181a, 182a, 181b, 182b
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Inhibition

Series Structure Compound R? R? X Y N (%) SD
154a (CH,),-Ph 0 0.14
154b (CHy)-Ph 1.9 1.87
154¢ (CHy),-0-F-Ph 3.3 0.54
(CHy)o-m-Pyr . .
HO OH 154d 0.1 0.37
o 154e (CH2)s-CN 22 2.66
1,4-disubstituted
1,2,3-triazoles — 154f (CHy),-CyH - - - — 2.7 0.93
N. _N< 154g H 2.3 0.44
N~ "Ry
154h CH, 2.0 0.12
154i CH,-Cyp 25 0.06
154 n-Bu 55 0.03
(CHy)»-O-
154k CH.CH, 2.2 0.20
HO 155a (CH,),-Ph 2.0 0.31
OH 155h CH; 25 0.04
1,5-disubstituted 155i CH,-Cyp . . . . 1.6 1.16
1,2,3-triazoles N — 155j n-Bu 2.4 8.64
N ,N\ (CHz)Z‘O'

N~ "Ry 155k CH.CH, 2.0 0.32
162a p-CH5-Ph 1.9 0.66
HO OH 162b m-Cl-Ph 0.1 0.40
162¢c 0, p-di-F-Ph 0.2 0.27

3,5-disubstituted o
isoxazoles ! _ N 162d m-Pyr — — — — 4.8 1.90
162e Cyp 8.4 1.13
R1 162f m-THF 0.8 1.18
162g CyH 55 0.27
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Inhibition

H 1 2
Series Structure Compound R R X Y N (%) SD
169h CH,-Ph H 2.9 0.46
169i p-F-Ph H 16.9 23.83
0O o 169j CH,-thiophene H 31.3 14.31
3,5-disubstituted O 169k CH,-m-Pyr H _ _ _ 0 0.52
isoxazoles | /N
169l (CH,),-O-CHj; H 0 0.08
R o -
=N 169m Pyrrolidine 0 0.26
Ro
175h CH,-Ph H 2.5 0.25
170i p-F-Ph H 2.5 0.11
o 170j CH,-thiophene H 2.5 0.15
o] 170k CHp-m-Pyr H 12 115
3,5-disubstituted O 1701 (CH,),-0-CH, H 1.0 0.90
isoxazoles | N o o o
(o) 170m Pyrrolidine 25 0.35
Ri=N
\
R
172a H — H H H 14.91 1.53
172b p-CHj3 H H 2 1.66 1.22
o X4'\> 172c m-OH H H 2 28.55 3.83
Isoquinoline and Wwn
detrivatives e} (L \,Y1 172d o-F H H 2 1.76 0.94
| R 172e H (6] H 1 5.75 141
N~ 172f H s H 1 11.06 4.02
1729 CHs; S N 1 6.32 2.35
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Inhibition

Series Structure Compound R? R? X Y N (%) SD

173a H H H 2 0.48 0.63

173b p-CH3 H H 2 0.40 0.39

o OH X \)n 173¢ m-OH H H 2 1.67 1.55

'Soge‘i'r?\‘/’;?\fez”d HO N \’L 173d o-F — H H 2 0.65 0.41

_ 173e H (0] H 1 2.07 1.00

173f H S H 1 0.17 0.42

1739 CH; S N 1 0.10 0.42

175a Ph CH; 9.41 141

o 175b Ph Cyp 15.18 4.39

2,4,6-trisubstituted ®) N R2 175¢ Cyp Ph _ . . 0.76 0.74

pyrimidines \\( 175d Cyp p-Pyr 21.22 3.23

~N 175e 2-thiophene n-propyl 0.96 0.85

R! 175f 2-thiophene m-F-Ph 0.20 0.33

176a Ph CH, 0.22 0.69

HO HO N R2 176b Ph Cyp 24.48 3.32

2,4,6-trisubstituted N 176c Cyp Ph B B B 21.65 2.37

pyrimidines _N 176d Cyp p-Pyr 2.94 1.11

R 176e 2-thiophene n-propyl 47.76 2.94

176f 2-thiophene m-F-Ph 19.79 1.42

177a Ph CH,CH, 0.10 0.07

177b Cyp CH,CH, 0.36 0.66

2,3,4,6- 179a Ph H 0 1.69
tetrasubstituted — — —

pyridines
179b Cyp H 6.26 0.65
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Inhibition

Series Structure Compound R? R? (%) SD
HO 180a Ph 0.81 0.59
2,3,4,6- HO (o)
tetrasubstituted —
pyridines | A OH 180b Cyp 133 0.49
RN
181a Ph H 53.60 5.67
181b 2-furanyl H 43.48 26.98
181c 2-thiophene H 26.50 5.52
181d i-Pr H 7.14 1.78
181e Cyp H 1.47 0.26
181f Cyclopentyl H 0 0.21
181g Adamantane H 0 0.81
182a Ph CH,3 78.05 3.44
182b 2-furanyl CH, 51.63 11.91
. ] 182c 2-thiophene CH; 0 0.22
3,5-disubstituted o R2 -
and 1,3,5- o ! 182d i-Pr CH; 0 0.67
trisubstitted N, 182e Cyp CHs 0 057
pyrazoles \ N
182f Cyclopentyl CH,3 0 0.82
R’ 182g Adamantane CH, 0 0.11
182h m-CHs-Ph CHs; 1.07 0.91
182i m-CN-Ph CHs; 0 0.51
182j m-Cl-,m-F-Ph CHs; 4.42 214
182k p-N(CH,),-Ph CHs 0.19 1.11
1821 3-isoxazole CH; 9.83 1.74
182m 2-indole CH; 4.38 2.39
182n m-Pyr CH; 4.92 5.13
1820 CyHex CH; 151 1.50
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Inhibition

Series Structure Compound R? R? (%) SD

183a Ph H 0 0.02

183b Cyp H 0 0.05

183c 2-thiophene H 0 1.16

183d i-Pr H 0 0.06

183e Cyclopentyl H 0 0.08

3 5-disubstituted o OH II?Z 183f Adamantane H 0 0.96

and 1.3 5- N, 183g 2-furanyl H 0 0.44

trisubstitted | N Lo4a o ch 0 046
pyrazoles

R 184b Cyp CH, 0 0.66

184c 2-thiophene CH3 0 0.05

184d i-Pr CH; 0 0.24

184e Cyclopentyl CH, 0 0.47

184f Adamantane CH, 0 0.32

184g 2-furanyl CH, 0 0.72

185a CH5CH, 0 0.62

185b i-Pr 0 0.96

185¢ Cyp 0 0.70

3,5-disubstituted 185d (CH,),-CN . 0 0.83

pyrazoles 185¢ Cyclopentyl 0 0.59

185f Ph 0 0.53
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Inhibition

Series Structure Compound R? R? X (%) SD
184h CyHex 1.07 0.91
184i m-CHs-Ph 0 0.51
184j m-CN-Ph 4.42 2.14
3,5-disubstituted o 2 184k m-Cl-,m-F-Ph 0.19 111
pyrazoles TN 1841 p-NH,-Ph N N 9.83 1.74
184m 3-isoxazole 4.38 2.39
R’ 184n 2-indole 4.92 5.13
1840 m-Pyr 1.51 1.50
353}'/?;23}2;”60' 186 — — — 201 0.78
n 489a H 5.56 2.34
189b H 0 0.64
189c (0] 31.13 1.83

3,5-disubstituted . .

pyrazoles

189d N-Ac 2.07 1.65

Table 7.1: Activities of the synthesized DPD-related compounds (reported in Chapter 6)
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8. EXPERIMENTAL
8.1 Chemistry

8.1.1 General

Chemicals and solvents were obtained from commercial suppliers and were used without further purification.
All dry reactions were performed under nitrogen atmosphere using commercial dry solvents. Flash column
chromatography was performed on a silica column using 230400 mesh silica gel or Grace Reveleris X2 flash
chromatography system using silica gel packed Macherey Nagel Chromabond Flash BT cartridges (60 A, 45
um) and Grace Reveleris flash Cartridges (60 A, 40 pm). Thin layer chromatography was performed on
Macherey Nagel precoated TLC aluminum sheets with silica gel 60 UV254 (5um — 17um). TLC
visualization was accomplished by irradiation with a UV lamp (254 nm) and/or staining with KMnO,
solutions. "H NMR spectra were recorded at room temperature on a Bruker Avance spectrometer operating at
300 MHz. Chemical shifts are given in parts per million (8, ppm) from tetramethylsilane as an internal
standard or residual solvent peak. Significant '"H NMR data are tabulated in the following order: multiplicity
(s, singlet; d, doublet; t, triplet; g, quartet; m, multiplet; dd, doublet of doublets; dt, doublet of triplets; td,
triplet of doublets; br, broad), coupling constant(s) in hertz, number of protons. Proton decoupled *C NMR
data were acquired at 100 MHz. **C chemical shifts are reported in parts per million (3, ppm). All NMR data
were collected at room temperature (25 °C). Analytical, preparative HPLC and Electron Spray lonization
(ESI) mass spectra were performed on an Agilent UHPLC (1290 Infinity) and an Agilent Prep-HPLC (1260
Infinity) both equipped with a Diode Array Detector and a Quadrupole MS using mixture gradients of formic
acid/water/acetonitrile as solvents. High-resolution electrospray ionization mass spectra (ESI-FTMS) were
recorded on a Thermo LTQ Orbitrap (high-resolution mass spectrometer from Thermo Electron) coupled to

an ‘Accela’ HPLC system supplied with a ‘Hypersil GOLD’ column (Termo Electron).

8.1.2 Failed attempts for the synthesis of DPD

Synthesis of 66 and 68: the procedure for the synthesis of compounds 66 and 68 is described in Molecules
2018, 23(10), 2545 (see Appendix 1, SI).*

2,2,3,3,8,8,9,9-octamethyl-5-(prop-1-yn-1-yl)-4,7-dioxa-3,8-disiladecane (66): the compound is described
in Molecules 2018, 23(10), 2545 (see Appendix 1, SI).%*

2,2,7,7,8,8-hexamethyl-4-(prop-1-yn-1-yl)-3,6-dioxa-2,7-disilanonane (68): the compound is described in
Molecules 2018, 23(10), 2545 (see Appendix 1, SI).*®

Synthesis of 67 and 69: the procedure for the synthesis of compounds 67 and 69 is described in Molecules
2018, 23(10), 2545 (see Appendix 1, SI).%®

4,5-bis[(t-butyldimethylsilyl)oxy]pentane-2,3-dione (67): the compound is described in Molecules 2018,
23(10), 2545 (see Appendix 1, SI).*
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5-[(t-butyldimethylsilyl)oxy]-4-[(trimethylsilyl)oxy]pentane-2,3-dione (69): the compound is described in
Molecules 2018, 23(10), 2545 (see Appendix 1, SI).%®

8.1.3 Successful synthesis of rac-DPD and rac-Ph-DPD

Synthesis of 65a and 65b: the procedure for the synthesis of compounds 65a and 65b is described in
Molecules 2018, 23(10), 2545 (see Appendix 1).%°

1-[(t-butyldimethylsilyl)oxy]pent-3-yn-2-ol (65a): the compound is described in Molecules 2018, 23(10),
2545 (see Appendix 1).2>3

1-[(t-butyldimethylsilyl)oxy]-4-phenylbut-3-yn-2-ol (65b): the compound is described in Molecules 2018,
23(10), 2545 (see Appendix 1).2*°

Synthesis of 64a and 64b: the procedure for the synthesis of compounds 66 and 73 is described in
Molecules 2018, 23(10), 2545 (see Appendix 1).%°

Pent-3-yne-1,2-diol (64a): the compound is described in Molecules 2018, 23(10), 2545 (see Appendix 1).%°

4-phenylbut-3-yne-1,2-diol (64b): the compound is described in Molecules 2018, 23(10), 2545 (see

253

Appendix 1).

Synthesis of 26a and 26b: the procedure for the synthesis of compounds 26a and 26b is described in
Molecules 2018, 23(10), 2545 (see Appendix 1, SI).%®

2-(prop-1-yn-1-yl)-1,4-dioxaspiro[4.5]decane (26a): the compound is described in Molecules 2018, 23(10),
2545 (see Appendix 1).°

2-(2-phenylethynyl)-1,4-dioxaspiro[4.5]decane (26b): the compound is described in Molecules 2018,
23(10), 2545 (see Appendix 1).°®

Synthesis of 27a and 27b: the procedure for the synthesis of compounds 27a and 27b is described in
Molecules 2018, 23(10), 2545 (see Appendix 1).%°

1-{1,4-dioxaspiro[4.5]decan-2-yl}propane-1,2-dione (27a): the compound is described in Molecules 2018,
23(10), 2545 (see Appendix 1).2*3

1-{1,4-dioxaspiro[4.5]decan-2-yl}-2-phenylethane-1,2-dione (27b): the compound is described in
Molecules 2018, 23(10), 2545 (see Appendix 1).%*

Synthesis of rac-DPD and rac-Ph-DPD: the procedure for the synthesis of compounds rac-DPD and rac-
Ph-DPD is described in Molecules 2018, 23(10), 2545 (see Appendix 1).%
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4,5-dihydroxy-2,3-pentanedione (rac-DPD): the compound is described in Molecules 2018, 23(10), 2545

(see Appendix 1).%®

3,4-dihydroxy-1-phenylbutane-1,2-dione (rac-Ph-DPD): the compound is described in Molecules 2018,
23(10), 2545 (see Appendix 1).%

8.1.4 Synthesis, 'H and *C NMR of 1,4- and 1,5-disubstituted triazoles

Synthesis of 153a-f: the procedure for the synthesis of compounds 153a-f is described in Molecules 2018,
23(10), 2545 (see Appendix 1).2*3

(2-azidoethyl)benzene (153a): the compound is described in Molecules 2018, 23(10), 2545 (see Appendix
1, SI).>*

(azidomethyl)benzene (153b): the compound is described in Molecules 2018, 23(10), 2545 (see Appendix
1, SI1).**

1-(2-azidoethyl)-2-fluorobenzene (153c): the compound is described in Molecules 2018, 23(10), 2545 (see
Appendix 1, SI).%®

2-(2-azidoethyl)pyridine (153d): the compound is described in Molecules 2018, 23(10), 2545 (see
Appendix 1, SI).%®

6-azidohexanenitrile (153e): the compound is described in Molecules 2018, 23(10), 2545 (see Appendix 1,
SI).253

(2-azidoethyl)cyclohexane (153f): the compound is described in Molecules 2018, 23(10), 2545 (see
Appendix 1, SI).*3

Different conditions tested for the synthesis of 154a: three different conditions for the synthesis of 154a
are described in Molecules 2018, 23(10), 2545 (see Appendix 1, SI).%*

Synthesis of 154a-f: the procedure for the synthesis of compounds 167a-f is described in Molecules 2018,
23(10), 2545 (see Appendix 1).2*3

1-[1-(2-phenylethyl)-1H-1,2,3-triazol-4-yl]ethane-1,2-diol (154a): the compound is described in Molecules
2018, 23(10), 2545 (see Appendix 1).2%

1-(1-benzyl-1H-1,2,3-triazol-4-yl)ethane-1,2-diol (154b): the compound is described in Molecules 2018,
23(10), 2545 (see Appendix 1).2%3

1-{1-[2-(2-fluorophenyl)ethyl]-1H-1,2,3-triazol-4-yl}ethane-1,2-diol (154c): the compound is described in
Molecules 2018, 23(10), 2545 (see Appendix 1).%*
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1-{1-[2-(pyridin-2-yl)ethyl]-1H-1,2,3-triazol-4-yl}ethane-1,2-diol (154d): the compound is described in
Molecules 2018, 23(10), 2545 (see Appendix 1).%

6-[4-(1,2-dihydroxyethyl)-1H-1,2,3-triazol-1-yl]Jhexanenitrile (154e): the compound is described in
Molecules 2018, 23(10), 2545 (see Appendix 1).2

1-[1-(2-cyclohexylethyl)-1H-1,2,3-triazol-4-yl]ethane-1,2-diol (154f): the compound is described in
Molecules 2018, 23(10), 2545 (see Appendix 1).2

Synthesis of 155a: the procedure for the synthesis of compound 155a is described in Molecules 2018,
23(10), 2545 (see Appendix 1).2>°

1,5-disubstitution was confirmed by HMBC and by comparison of the HMBC spectrum with the one’s
of 1,4-disubstituted triazole 154a. Additional data are available in Molecules 2018, 23(10), 2545 (see
Appendix 1, SI).%

1-[1-(2-phenylethyl)-1H-1,2,3-triazol-5-yl]ethane-1,2-diol (155a): the compound is described in Molecules
2018, 23(10), 2545 (see Appendix 1).2%

Synthesis of 156: the procedure for the synthesis of compound 156 is described in Molecules 2018, 23(10),
2545 (see Appendix 1).23

4-{1,4-dioxaspiro[4.5]decan-2-yl}-1H-1,2,3-triazole (156): the compound is described in Molecules 2018,
23(10), 2545 (see Appendix 1).%

Synthesis of 157h-k and 158h-k: the procedure for the synthesis of compounds 157h-k and 158h-k is
described in Molecules 2018, 23(10), 2545 (see Appendix 1).

1,4- and 1,5-disubstitution was determined by HMBC of one representative sample (157h, see
Appendix 1, SI).*3

4-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-1H-1,2,3-triazole (157h): the compound is described in
Molecules 2018, 23(10), 2545 (see Appendix 1, SI).*

5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-1H-1,2,3-triazole (158h): the compound is described in
Molecules 2018, 23(10), 2545 (see Appendix 1, SI).>

1-(cyclopropylmethyl)-4-{1,4-dioxaspiro[4.5]decan-2-yl}-1H-1,2,3-triazole (157i): the compound is
described in Molecules 2018, 23(10), 2545 (see Appendix 1, SI).%*

1-(cyclopropylmethyl)-5-{1,4-dioxaspiro[4.5]decan-2-yl}-1H-1,2,3-triazole (158i): the compound is
described in Molecules 2018, 23(10), 2545 (see Appendix 1, SI).%*
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1-butyl-4-{1,4-dioxaspiro[4.5]decan-2-yI}-1H-1,2,3-triazole (157j): the compound is described in
Molecules 2018, 23(10), 2545 (see Appendix 1, SI).%®

1-butyl-4-{1,4-dioxaspiro[4.5]decan-2-yI}-1H-1,2,3-triazole (158j): the compound is described in
Molecules 2018, 23(10), 2545 (see Appendix 1, SI).%®

4-{1,4-dioxaspiro[4.5]decan-2-yl}-1-(2-ethoxyethyl)-1H-1,2,3-triazole (157k): the compound is described
in Molecules 2018, 23(10), 2545 (see Appendix 1, SI).*®

4-{1,4-dioxaspiro[4.5]decan-2-yl}-1-(2-ethoxyethyl)-1H-1,2,3-triazole (158k): the compound is described
in Molecules 2018, 23(10), 2545 (see Appendix 1, SI).>

Synthesis of 154g-k and 155h-k: the procedure for the synthesis of compounds 154g-k and 155h-k is
described in Molecules 2018, 23(10), 2545 (see Appendix 1).%°

1-(1H-1,2,3-triazol-4-yl)ethane-1,2-diol (1549): the compound is described in Molecules 2018, 23(10),
2545 (see Appendix 1).23

1-(1-methyl-1H-1,2,3-triazol-4-yl)ethane-1,2-diol (154h): the compound is described in Molecules 2018,
23(10), 2545 (see Appendix 1).23

1-(1-methyl-1H-1,2,3-triazol-5-yl)ethane-1,2-diol (155h): the compound is described in Molecules 2018,
23(10), 2545 (see Appendix 1).23

1-[1-(cyclopropylmethyl)-1H-1,2,3-triazol-4-yl]ethane-1,2-diol (154i): the compound is described in
Molecules 2018, 23(10), 2545 (see Appendix 1).2>

1-[1-(cyclopropylmethyl)-1H-1,2,3-triazol-5-yl]ethane-1,2-diol (155i): the compound is described in
Molecules 2018, 23(10), 2545 (see Appendix 1).>

1-(1-butyl-1H-1,2,3-triazol-4-yl)ethane-1,2-diol (154j): the compound is described in Molecules 2018,
23(10), 2545 (see Appendix 1).°®

1-(1-butyl-1H-1,2,3-triazol-5-yl)ethane-1,2-diol (155j): the compound is described in Molecules 2018,
23(10), 2545 (see Appendix 1).°

1-[1-(2-ethoxyethyl)-1H-1,2,3-triazol-4-yl]ethane-1,2-diol (154k): the compound is described in Molecules
2018, 23(10), 2545 (see Appendix 1).2%

1-[1-(2-ethoxyethyl)-1H-1,2,3-triazol-4-yl]ethane-1,2-diol (155k): the compound is described in Molecules
2018, 23(10), 2545 (see Appendix 1).2%
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'H NMR (300 MHz, CD5CN) 1-[1-(2-phenylethyl)-1H-1,2,3-triazol-4-yl]ethane-1,2-diol (154a)
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3C NMR (100 MHz, CD5CN) 1-[1-(2-phenylethyl)-1H-1,2,3-triazol-4-yl]ethane-1,2-diol (154a)
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'H NMR (300 MHz, CD5CN) 1-(1-benzyl-1H-1,2,3-triazol-4-yl)ethane-1,2-diol (154b)
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13C NMR (100 MHz, CD;CN) 1-(1-benzyl-1H-1,2,3-triazol-4-yl)ethane-1,2-diol (154b)
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'H NMR (300 MHz, CD5CN) 1-{1-[2-(2-fluorophenyl)ethyl]-1H-1,2,3-triazol-4-yl}ethane-1,2-diol (154c)
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®C NMR (100 MHz, CDCN) 1-{1-[2-(2-fluorophenyl)ethyl]-1H-1,2,3-triazol-4-yl}ethane-1,2-diol
(154c)
OH
Nljg"“" 6o B OOESdNCN - 25 o =.
: N R A
[
|1 ‘ | 1 | NL
T |
T I T T T T T T T T . . . . |
200 150 100 50 o
ppm (1)

122



'"H NMR (300 MHz, CD5CN) 1-{1-[2-(pyridin-2-yl)ethyl]-1H-1,2,3-triazol-4-yl}ethane-1,2-diol (154d)
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3C NMR (100 MHz, CD5CN) 1-{1-[2-(pyridin-2-yl)ethyl]-1H-1,2,3-triazol-4-yl}ethane-1,2-diol (154d)
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'H NMR (300 MHz, CD5CN) 6-[4-(1,2-dihydroxyethyl)-1H-1,2 3-triazol-1-ylJhexanenitrile (154e)
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B3C NMR (100 MHz, CD;CN) 6-[4-(1,2-dihydroxyethyl)-1H-1,2,3-triazol-1-yl]hexanenitrile (154e)
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'H NMR (300 MHz, CD5CN) 1-[1-(2-cyclohexylethyl)-1H-1,2,3-triazol-4-yl]ethane-1,2-diol (154f)
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3C NMR (100 MHz, CD5CN) 1-[1-(2-cyclohexylethyl)-1H-1,2,3-triazol-4-yl]ethane-1,2-diol (154f)
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'H NMR (300 MHz, CD5CN) 1-[1-(2-phenylethyl)-1H-1,2,3-triazol-5-yl]ethane-1,2-diol (155a)
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3C NMR (100 MHz, CD5CN) 1-[1-(2-phenylethyl)-1H-1,2,3-triazol-5-yl]ethane-1,2-diol (155a)

N

NN ~om S

W P g wo T o
FFFFF a 2e 2 5

Y /

T | T | T T T T
200 150 100 50 0
ppm (t1)

126



'"H NMR (300 MHz, CD5CN) 4-{1,4-dioxaspiro[4.5]decan-2-yl}-1H-1,2 3-triazole (156)
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'H NMR (300 MHz, CDCls) 4-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-1H-1,2 3-triazole (157h)
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C NMR (100 MHz, CDCls) 4-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-1H-1,2,3-triazole (157h)
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'H NMR (300 MHz, CDCls) 5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-1H-1,2 3-triazole (157h)
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C NMR (100 MHz, CDCls) 5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-1H-1,2,3-triazole (157h)
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'H NMR (300 MHz, CDCls) 1-(cyclopropylmethyl)-4-{1,4-dioxaspiro[4.5]decan-2-yl}-1H-1,2,3-triazole

(157i)
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3C NMR (100 MHz, CDCI5) 1-(cyclopropylmethyl)-4-{1,4-dioxaspiro[4.5]decan-2-yl}-1H-1,2,3-triazole
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'H NMR (300 MHz, CDCls) 1-(cyclopropylmethyl)-5-{1,4-dioxaspiro[4.5]decan-2-yl}-1H-1,2,3-triazole
(157i)

o T DOW®mO~0 R~ D DT M OoOND DT N D
T o M= o680 AN 900 © @D QO T MG e T T

¢ B & T S P P s g
-

A

7.59

e _
—

v 1y L L i
Z L B - o L0
[=] =] oo o = wo
(=] L) wo -l - B @ K
T T T | T T T T ‘ T T T T ‘ T T T T ‘ T T T T | T T T T | T T T T | T T T T | T T T T ‘ T T
8.0 7.0 6.0 5.0 40 3.0 20 1.0 0.0

ppm (i1}

3C NMR (100 MHz, CDCls) 1-(cyclopropylmethyl)-5-{1,4-dioxaspiro[4.5]decan-2-yl}-1H-1,2,3-triazole
(157i)
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'H NMR (300 MHz, CDCls) 1-butyl-4-{1,4-dioxaspiro[4.5]decan-2-yI}-1H-1,2,3-triazole (157j)
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3C NMR (100 MHz, CDCls) 1-butyl-4-{1,4-dioxaspiro[4.5]decan-2-yl}-1H-1,2,3-triazole (157j)
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'H NMR (300 MHz, CDCls) 1-butyl-4-{1,4-dioxaspiro[4.5]decan-2-yI}-1H-1,2,3-triazole (158))
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3C NMR (100 MHz, CDCI5) 1-butyl-4-{1,4-dioxaspiro[4.5]decan-2-ylI}-1H-1,2,3-triazole (158j)
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'H NMR (300 MHz, CDCls) 4-{1,4-dioxaspiro[4.5]decan-2-yl}-1-(2-ethoxyethyl)-1H-1,2,3-triazole
(158k)
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3C NMR (100 MHz, CDCI5) 4-{1,4-dioxaspiro[4.5]decan-2-yl}-1-(2-ethoxyethyl)-1H-1,2,3-triazole
(158k)
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'H NMR (300 MHz, CDCls) 4-{1,4-dioxaspiro[4.5]decan-2-yl}-1-(2-ethoxyethyl)-1H-1,2,3-triazole
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3C NMR (100 MHz, CDCls) 4-{1,4-dioxaspiro[4.5]decan-2-yl}-1-(2-ethoxyethyl)-1H-1,2,3-triazole
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'H NMR (300 MHz, MeOD) 1-(1H-1,2,3-triazol-4-yl)ethane-1,2-diol (154g)
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3C NMR (100 MHz, MeOD) 1-(1H-1,2,3-triazol-4-yl)ethane-1,2-diol (1549)
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'H NMR (300 MHz, MeOD) 1-(1-methyl-1H-1,2,3-triazol-4-yl)ethane-1,2-diol (154h)
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3C NMR (100 MHz, MeOD) 1-(1-methyl-1H-1,2,3-triazol-4-yl)ethane-1,2-diol (154h)
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'H NMR (300 MHz, MeOD) 1-(1-methyl-1H-1,2,3-triazol-5-yl)ethane-1,2-diol (155h)
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3C NMR (100 MHz, MeOD) 1-(1-methyl-1H-1,2,3-triazol-5-yl)ethane-1,2-diol (155h)
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'H NMR (300 MHz, CD5CN) 1-[1-(cyclopropylmethyl)-1H-1,2, 3-triazol-4-yl]ethane-1,2-diol (154i)
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'C NMR (100 MHz, CD5CN) 1-[1-(cyclopropylmethyl)-1H-1,2 3-triazol-4-yl]ethane-1,2-diol (154i)

HO  OH
N
NS

N

J

146.8
1258
66.9
65.7
T 578
111
45

200
ppm (t1)

139



'H NMR (300 MHz, CD5CN) 1-[1-(cyclopropylmethyl)-1H-1,2, 3-triazol-5-yl]ethane-1,2-diol (155i)
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'C NMR (100 MHz, CD5CN) 1-[1-(cyclopropylmethyl)-1H-1,2,3-triazol-5-yl]ethane-1,2-diol (155i)
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'H NMR (300 MHz, MeOD) 1-(1-butyl-1H-1,2,3-triazol-4-yl)ethane-1,2-diol (154j)
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3C NMR (100 MHz, MeOD) 1-(1-butyl-1H-1,2,3-triazol-4-yl)ethane-1,2-diol (154j)
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'H NMR (300 MHz, MeOD) 1-(1-butyl-1H-1,2,3-triazol-5-yl)ethane-1,2-diol (155j)
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3C NMR (100 MHz, MeOD) 1-(1-butyl-1H-1,2,3-triazol-5-yl)ethane-1,2-diol (155j)
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'H NMR (300 MHz, CD5CN) 1-[1-(2-ethoxyethyl)-1H-1,2,3-triazol-4-yl]ethane-1,2-diol (154k)
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3C NMR (100 MHz, CD5CN) 1-[1-(2-ethoxyethyl)-1H-1,2,3-triazol-4-yl]ethane-1,2-diol (154k)
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'H NMR (300 MHz, MeOD) 1-[1-(2-ethoxyethyl)-1H-1,2,3-triazol-4-yl]ethane-1,2-diol (155k)
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8.1.5 Synthesis, ‘*H and **C NMR of 3,5-disubstituted isoxazoles

Synthesis of 160a-g: the procedure for the synthesis of compounds 160a-g is described in Molecules 2018,
23(10), 2545 (see Appendix 1).2*3

(E)-N-[(4-methylphenyl)methylidene]hydroxylamine (160a): the compound is described in Molecules
2018, 23(10), 2545 (see Appendix 1, SI).**

(E)-N-[(3-chlorophenyl)methylidene]hydroxylamine (160b): the compound is described in Molecules
2018, 23(10), 2545 (see Appendix 1, SI).*

(E)-N-[(2,4-difluorophenyl)methylidene]hydroxylamine (160c): the compound is described in Molecules
2018, 23(10), 2545 (see Appendix 1, SI).*

(E)-N-[(pyridin-3-yl)methylidene]hydroxylamine (160d): the compound is described in Molecules 2018,
23(10), 2545 (see Appendix 1, SI).*

(E)-N-(cyclopropylmethylidene)hydroxylamine (160e): the compound is described in Molecules 2018,
23(10), 2545 (see Appendix 1, SI).*

(E)-N-[(oxolan-3-yl)methylidene]hydroxylamine (160f): the compound is described in Molecules 2018,
23(10), 2545 (see Appendix 1, SI).*

(E)-N-(cyclohexylmethylidene)hydroxylamine (160g): the compound is described in Molecules 2018,
23(10), 2545 (see Appendix 1, SI).>

Synthesis of 161a-g: the procedure for the synthesis of compounds 161a-g is described in Molecules 2018,
23(10), 2545 (see Appendix 1).2*3

(2)-N-hydroxy-4-methylbenzene-1-carbonimidoyl chloride (161a): the compound is described in
Molecules 2018, 23(10), 2545 (see Appendix 1, SI).>®

(2)-3-chloro-N-hydroxybenzene-1-carbonimidoyl chloride (161b): the compound is described in
Molecules 2018, 23(10), 2545 (see Appendix 1, SI).>®

(2)-2,4-difluoro-N-hydroxybenzene-1-carbonimidoyl chloride (161c): the compound is described in
Molecules 2018, 23(10), 2545 (see Appendix 1, SI).*®

(2)-N-hydroxypyridine-3-carbonimidoyl chloride (161d): the compound is described in Molecules 2018,
23(10), 2545 (see Appendix 1, SI).*®

(2)-N-hydroxycyclopropanecarbonimidoyl chloride (161e): the compound is described in Molecules
2018, 23(10), 2545 (see Appendix 1, SI).*
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(2)-N-hydroxyoxolane-3-carbonimidoyl chloride (161f): the compound is described in Molecules 2018,
23(10), 2545 (see Appendix 1, SI).?*

(2)-N-hydroxycyclohexanecarbonimidoyl chloride (161g): the compound is described in Molecules 2018,
23(10), 2545 (see Appendix 1, SI).*

Synthesis of 162a-g: the procedure for the synthesis of compounds 162a-g is described in Molecules 2018,
23(10), 2545 (see Appendix 1).%

1-[3-(4-methylphenyl)-1,2-oxazol-5-yl]ethane-1,2-diol (162a): the compound is described in Molecules
2018, 23(10), 2545 (see Appendix 1).2%

1-[3-(3-chlorophenyl)-1,2-oxazol-5-yl]ethane-1,2-diol (162b): the compound is described in Molecules
2018, 23(10), 2545 (see Appendix 1).2%

1-[3-(2,4-difluorophenyl)-1,2-oxazol-5-yl]ethane-1,2-diol (162c): the compound is described in Molecules
2018, 23(10), 2545 (see Appendix 1).2%

1-[3-(pyridin-3-yl)-1,2-oxazol-5-yl]ethane-1,2-diol (126d): the compound is described in Molecules 2018,
23(10), 2545 (see Appendix 1).23

1-(3-cyclopropyl-1,2-oxazol-5-yl)ethane-1,2-diol (162e): the compound is described in Molecules 2018,
23(10), 2545 (see Appendix 1).23

1-[3-(oxolan-3-yl)-1,2-oxazol-5-yl]ethane-1,2-diol (162f): the compound is described in Molecules 2018,
23(10), 2545 (see Appendix 1).°®

1-(3-cyclohexyl-1,2-oxazol-5-yl)ethane-1,2-diol (162g): the compound is described in Molecules 2018,
23(10), 2545 (see Appendix 1).°®

Synthesis of 164: the procedure for the synthesis of compound 4 is described in Molecules 2018, 23(10),
2545 (see Appendix 1).%

Ethyl (2E)-2-(hydroxyimino)acetate (164): the compound is described in Molecules 2018, 23(10), 2545

253

(see Appendix 1).

Synthesis of 163: the procedure for the synthesis of compound 163 is described in Molecules 2018, 23(10),
2545 (see Appendix 1).22

Ethyl 5-{1,4-dioxaspiro[4.5]decan-2-yl}-1,2-oxazole-3-carboxylate (163): the compound is described in
Molecules 2018, 23(10), 2545 (see Appendix 1).%*
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Synthesis of 167: the procedure for the synthesis of compound 167 is described in Molecules 2018, 23(10),
2545 (see Appendix 1).%®

5-{1,4-dioxaspiro[4.5]decan-2-yl}-1,2-oxazole-3-carboxylic acid (167): the compound is described in
Molecules 2018, 23(10), 2545 (see Appendix 1).2

Synthesis of 169h-m: the procedure for the synthesis of compounds 169h-m is described in Molecules 2018,
23(10), 2545 (see Appendix 1).%

N-benzyl-5-{1,4-dioxaspiro[4.5]decan-2-yl}-1,2-oxazole-3-carboxamide (169h): the compound is
described in Molecules 2018, 23(10), 2545 (see Appendix 1, SI).%*

5-{1,4-dioxaspiro[4.5]decan-2-yl}-N-(4-fluorophenyl)- 1,2-oxazole-3-carboxamide (169i): the compound
is described in Molecules 2018, 23(10), 2545 (see Appendix 1, SI).**

5-{1,4-dioxaspiro[4.5]decan-2-yl}-N-[(thiophen-2-yl)methyl]-1,2-oxazole-3-carboxamide  (169j): the
compound is described in Molecules 2018, 23(10), 2545 (see Appendix 1, SI).%

5-{1,4-dioxaspiro[4.5]decan-2-yl}-N-[(pyridin-3-yl)methyl]-1,2-0xazole-3-carboxamide  (169k): the
compound is described in Molecules 2018, 23(10), 2545 (see Appendix 1, SI).%

5-{1,4-dioxaspiro[4.5]decan-2-yl}-N-(2-methoxyethyl)-1,2-oxazole-3-carboxamide (169l): the compound
is described in Molecules 2018, 23(10), 2545 (see Appendix 1, SI).%*

5-{1,4-dioxaspiro[4.5]decan-2-yl}-3-(pyrrolidine-1-carbonyl)-1,2-oxazole (169m): the compound is
described in Molecules 2018, 23(10), 2545 (see Appendix 1, SI).>

Synthesis of 166, 168, 170h-m: the procedure for the synthesis of compounds 166, 168, 1704h-m is
described in Molecules 2018, 23(10), 2545 (see Appendix 1).

Ethyl 5-(1,2-dihydroxyethyl)-1,2-oxazole-3-carboxylate (166): the compound is described in Molecules
2018, 23(10), 2545 (see Appendix 1).%

5-(1,2-dihydroxyethyl)-1,2-oxazole-3-carboxylic acid (168): the compound is described in Molecules
2018, 23(10), 2545 (see Appendix 1).>

N-benzyl-5-(1,2-dihydroxyethyl)-1,2-oxazole-3-carboxamide (170h): the compound is described in
Molecules 2018, 23(10), 2545 (see Appendix 1).%*

5-(1,2-dihydroxyethyl)-N-(4-fluorophenyl)-1,2-oxazole-3-carboxamide (170i): the compound is described
in Molecules 2018, 23(10), 2545 (see Appendix 1).%%
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5-(1,2-dihydroxyethyl)-N-[(thiophen-2-yl)methyl]-1,2-oxazole-3-carboxamide (170j): the compound is
described in Molecules 2018, 23(10), 2545 (see Appendix 1).

5-(1,2-dihydroxyethyl)-N-[(pyridin-3-yl)methyl]-1,2-oxazole-3-carboxamide (170k): the compound is
described in Molecules 2018, 23(10), 2545 (see Appendix 1).2

5-(1,2-dihydroxyethyl)-N-(2-methoxyethyl)-1,2-oxazole-3-carboxamide  (1701): the compound s
described in Molecules 2018, 23(10), 2545 (see Appendix 1).2

1-[3-(pyrrolidine-1-carbonyl)-1,2-oxazol-5-yl]ethane-1,2-diol (170m): the compound is described in
Molecules 2018, 23(10), 2545 (see Appendix 1).%°
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'H NMR (300 MHz, CD5CN) 1-[3-(4-methylphenyl)-1,2-oxazol-5-yl]ethane-1,2-diol (162a)
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3C NMR (100 MHz, CD;CN) 1-[3-(4-methylphenyl)-1,2-oxazol-5-yl]ethane-1,2-diol (162a)
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'H NMR (300 MHz, CD5CN) 1-[3-(3-chlorophenyl)-1,2-oxazol-5-yl]ethane-1,2-diol (162b)
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3C NMR (100 MHz, CD;CN) 1-[3-(3-chlorophenyl)-1,2-oxazol-5-yl]ethane-1,2-diol (162b)
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'H NMR (300 MHz, CD5CN) 1-[3-(2,4-difluorophenyl)-1,2-oxazol-5-yl]ethane-1,2-diol (162c)
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3C NMR (100 MHz, CD;CN) 1-[3-(2,4-difluorophenyl)-1,2-oxazol-5-yl]Jethane-1,2-diol (162c)

HO, OH
MO T NN—O @~ & ~own @00 mnnoo g@©m-©
T OW MmEE H®H === TTT T oM mm O o 20
T2 oL R 2222 DD 22282 88
|
|
|
|
| |
|
||Il |
LA . —
T T T T T T T T T T T T T T T T T T T T T
200 150 100 50 0
ppm (t1)

151



'"H NMR (300 MHz, CD5CN) 1-[3-(pyridin-3-yl)-1,2-oxazol-5-yl]ethane-1,2-diol (162d)
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3C NMR (100 MHz, CD5CN) 1-[3-(pyridin-3-yl)-1,2-oxazol-5-yl]ethane-1,2-diol (162d)

Ho  OH
Ry <« @ @~ o oo ~
—{ 7] =] = © woo@ T =] oo
- 2 e =% ® &8 8 C
TN
g ) ) )
N
| | !
1 |
|
— |
| .
T T T T T T T T T T T T T T T
200 150 100 50 0
ppm (1)

152



'H NMR (300 MHz, CD5CN) 1-(3-cyclopropyl-1,2-oxazol-5-yl)ethane-1,2-diol (162e)
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3C NMR (100 MHz, CD;CN) 1-(3-cyclopropyl-1,2-oxazol-5-yl)ethane-1,2-diol (162e)
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'H NMR (300 MHz, CD5CN) 1-[3-(oxolan-3-yl)-1,2-oxazol-5-yl]ethane-1,2-diol (162f)
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3C NMR (100 MHz, CD;CN) 1-[3-(oxolan-3-yl)-1,2-oxazol-5-yl]ethane-1,2-diol (162f)
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'"H NMR (300 MHz, CD5CN) 1-(3-cyclohexyl-1,2-oxazol-5-yl)ethane-1,2-diol (162g)
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B3C NMR (100 MHz, CD;CN) 1-(3-cyclohexyl-1,2-oxazol-5-yl)ethane-1,2-diol (162g)
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'H NMR (300 MHz, CDClI;) ethyl 5-{1,4-dioxaspiro[4.5]decan-2-yl}-1,2-oxazole-3-carboxylate
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3C NMR (100 MHz, CDCI,) ethyl 5-{1,4-dioxaspiro[4.5]decan-2-yl}-1,2-oxazole-3-carboxylate
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'H NMR (300 MHz, CDCls) 5-{1,4-dioxaspiro[4.5]decan-2-yl}-1,2-oxazole-3-carboxylic acid
(167)
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3C NMR (100 MHz, CDCI5) 5-{1,4-dioxaspiro[4.5]decan-2-yl}-1,2-oxazole-3-carboxylic acid
(167)
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'H NMR (300 MHz, CDCl;) N-benzyl-5-{1,4-dioxaspiro[4.5]decan-2-yl}-1,2-oxazole-3-
carboxamide (169h)
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3C NMR (100 MHz, CDCI5) N-benzyl-5-{1,4-dioxaspiro[4.5]decan-2-yl}-1,2-oxazole-3-
carboxamide (169h)

[.J o« =] T N @ oe @ o
< o oo [= T = — — | - N L@ o @mm
o o 2 3 I EERSE = 5 e o o ow B ;o
g — — — e o — — © o =T [ I IS o o]
O
LN
HN‘LO
I
I
| | b T
I
. | } H i “
‘ T T T | T T | T T T T T T |
200 150 100 50 0
ppm (t1)

158



'"H NMR (300 MHz, CDClI;) 5-{1,4-dioxaspiro[4.5]decan-2-yI}-N-(4-fluorophenyl)- 1,2-oxazole-3-
carboxamide (169i)
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3C NMR (100 MHz, CDCI;) 5-{1,4-dioxaspiro[4.5]decan-2-yI}-N-(4-fluorophenyl)- 1,2-oxazole-
3-carboxamide (169i)
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'H NMR (300 MHz, CDCls) 5-{1,4-dioxaspiro[4.5]decan-2-yI}-N-[(thiophen-2-yl)methyl]-1,2-

oxazole-3-carboxamide (169j)
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3C NMR (100 MHz, CDCls) 5-{1,4-dioxaspiro[4.5]decan-2-yl}-N-[(thiophen-2-yl)methyl]-1,2-
oxazole-3-carboxamide (169j)
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'H NMR (300 MHz, CDCls) 5-{1,4-dioxaspiro[4.5]decan-2-yI}-N-[(pyridin-3-yl)methyl]-1,2-
oxazole-3-carboxamide (169k)
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BC NMR (100 MHz, CDCIl;) 5-{1,4-dioxaspiro[4.5]decan-2-yl}-N-[(pyridin-3-yl)methyl]-1,2-
oxazole-3-carboxamide (169K)
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'H NMR (300 MHz, CDCls) 5-{1,4-dioxaspiro[4.5]decan-2-yl}-N-(2-methoxyethyl)-1,2-oxazole-3-
carboxamide (169I)
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3C NMR (100 MHz, CDCl5) 5-{1,4-dioxaspiro[4.5]decan-2-yl}-N-(2-methoxyethyl)-1,2-oxazole-
3-carboxamide (169I)
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'H NMR (300 MHz, CDCls) 5-{1,4-dioxaspiro[4.5]decan-2-yl}-3-(pyrrolidine-1-carbonyl)-1,2-
oxazole (169m)

P
[’J - TN O © T - - O@M DN N NG WM O WMo
e w NN OmM M-+~ 0O00MmOO ©O®o® o 0d e - 000 =
0" o © 0B N T TT T TTTTMME MMM e e e o e oo e =
\_[
o
{_n
A
(NO
"
e
|
I
i

b L o oy

- — BT Boam

[=] o 0 = = = L= =]

(=} (=1 0 O b ow B ® @
LA B B A B B B B R L L L L L L L L L

8.0 7.0 6.0 5.0 4.0 3.0 20 1.0 0.0

ppm (t1)

3C NMR (100 MHz, CDCl5) 5-{1,4-dioxaspiro[4.5]decan-2-yl}-3-(pyrrolidine-1-carbonyl)-1,2-
oxazole (169m)
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'H NMR (300 MHz, CD5CN) ethyl 5-(1,2-dihydroxyethyl)-1,2-oxazole-3-carboxylate (166)

{ W O T M — @@ T ~©O®©T ] [T ]
h @ W mo= MM M e — m o m
-0 @ T T T T T T T @M m o - - -
I
o
[Sae! K K%% K)
J
|
|
v oo y - !
— - ] ] o w
o o = (=] @ w
=] @ -~ a @ =
LI L B B B B LI L B B I AL B A B L L
8.0 70 6.0 5.0 40 3.0 20 1.0 0.0
ppm (1)

3C NMR (100 MHz, CD,CN) ethyl 5-(1,2-dihydroxyethyl)-1,2-oxazole-3-carboxylate (166)
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'H NMR (300 MHz, CD5CN) 5-(1,2-dihydroxyethyl)-1,2-oxazole-3-carboxylic acid (168)
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3C NMR (100 MHz, CD;CN) 5-(1,2-dihydroxyethyl)-1,2-oxazole-3-carboxylic acid (168)
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'H NMR (300 MHz, Acetone-ds) N-benzyl-5-(1,2-dihydroxyethyl)-1,2-oxazole-3-carboxamide
(170h)
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BC NMR (100 MHz, Acetone-ds) N-benzyl-5-(1,2-dihydroxyethyl)-1,2-oxazole-3-carboxamide
(170h)
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'H NMR (300 MHz, Acetone-ds) 5-(1,2-dihydroxyethyl)-N-(4-fluorophenyl)-1,2-oxazole-3-

carboxamide (170i)
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BC NMR (100 MHz, Acetone-ds) 5-(1,2-dihydroxyethyl)-N-(4-fluorophenyl)-1,2-oxazole-3-

carboxamide (170i)
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'H NMR (300 MHz, Acetone-ds) 5-(1,2-dihydroxyethyl)-N-[(thiophen-2-yl)methyl]-1,2-oxazole-3-
carboxamide (170j)
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B3C NMR (100 MHz, Acetone-ds) 5-(1,2-dihydroxyethyl)-N-[(thiophen-2-yl)methyl]-1,2-oxazole-
3-carboxamide (170j)

o = oY me e o @ o « HO  OH
- w ¥ T oNN™N (=1 @ w0 [=)] \
[ © IZ ooy = 28 2 \
e
Y
WL,
e
s
b
| I
I
L ¥
I ' I I I I
200 150 100 50 0

ppm (t1)

168



'H NMR (300 MHz,
carboxamide (170k)
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'H NMR (300 MHz, Acetone-dg) 5-(1,2-dihydroxyethyl)-N-(2-methoxyethyl)-1,2-oxazole-3-
carboxamide (170I)
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BC NMR (100 MHz, Acetone-ds) 5-(1,2-dihydroxyethyl)-N-(2-methoxyethyl)-1,2-oxazole-3-
carboxamide (170I)
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'H NMR (300 MHz, Acetone-dg) 1-[3-(pyrrolidine-1-carbonyl)-1,2-oxazol-5-yl]ethane-1,2-diol

(170m)
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BC NMR (100 MHz, Acetone-ds) 1-[3-(pyrrolidine-1-carbonyl)-1,2-oxazol-5-yl]ethane-1,2-diol

(170m)
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8.1.6 Synthesis, 'H and *C NMR of monosubstituted isoquinolines and derivatives

Synthesis of 172a-g: 41 (1.1 eq), Pd(OAc), (2%mol), PPh; (4% mol), KOAc (2.0 eq) and the
corresponding 2-bromoaryl(heteroaryl)aldehyde (1.0 eq) in dry DMF were mixed in a 5 mL
microwave vial under N, atmosphere. The mixture was stirred at 80 °C under microwave irradiation
until starting material disappearance (usually 1 — 2 hours). After cooling to room temperature,
NH,OAc (2.0 eq) was added and the mixture was stirred at 150 °C under microwave irradiation until
disappearance of the corresponding Sonogashira product (usually 2 — 3 hours). The mixture was
diluted with EtOAc and washed five times with water. The organic layer was dried over MgSQy,
filtered and concentrated in vacuo. The crude was redissolved in ACN (1 mL), filtered and purified by

preparative HPLC.>*

=

NS 3-{1,4-dioxaspiro[4.5]decan-2-yl}isoquinoline (172a): brown oil, 55%, R =

0.15 (CyH/EtOAc 9:1), UHPLC-ESI-MS: R, = 2.96, m/z = 270.2 [M + H] *. 'H NMR (300 MHz,
CDCly) §9.18 (s, 1H), 7.95 (d, J = 8.1 Hz, 1H), 7.87 — 7.82 (m, 2H), 7.68 (t, J = 7.5 Hz, 1H), 7.57 (t, J
= 7.5 Hz, 1H), 5.39 (t, J = 6.7 Hz, 1H), 4.55 (t, J = 7.5 Hz, 1H), 4.01 (t, J = 7.5 Hz, 1H), 1.86 — 1.63
(m, 8H), 1.49 — 1.46 (m, 2H) ppm; *C NMR (100 MHz, CDCls) § 153.7, 152.1, 136.3, 130.5, 127.9,
127.5,127.0, 126.7, 116.1, 110.8, 77.8, 70.1, 36.1, 35.2, 25.2, 24.0, 23.9 ppm.

=

NS 3-{1,4-dioxaspiro[4.5]decan-2-yl}-7-methylisoquinoline (172b): orange

oil, 43%, Ry = 0.45 (CyH/EtOAc 3:1), UHPLC-ESI-MS: R, = 2.94, m/z = 284.2 [M + H] *. 'H NMR
(300 MHz, CDCly) § 9.11 (s, 1H), 7.85 (d, J = 4.8 Hz, 1H), 7.79 (s, 1H), 7.61 (s, 1H), 7.41 (dd, J = 1.5
Hz, J = 8.4 Hz, 1H), 5.37 (t, J = 7.0 Hz, 1H), 4.54 (dd, J = 6.8 Hz, J = 8.2 Hz, 1H), 4.00 (dd, J = 6.8
Hz, J = 8.2 Hz, 1H), 2.54 (s, 3H), 1.86 — 1.77 (m, 4H), 1.74 — 1.63 (m, 4H), 1.49 — 1.47 (m, 2H) ppm;
3C NMR (100 MHz, CDCly) & 153.7, 151.6, 140.9, 136.6, 129.3, 127.3, 126.4, 125.7, 115.6, 110.8,
77.8,70.2, 36.1, 35.3, 25.2, 24.1, 23.9, 22.1 ppm.
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4

N
S OH 3-{1,4-dioxaspiro[4.5]decan-2-yl}isoquinolin-7-ol (172c): brown oil,

45%, Ry = 0.25 (CyH/EtOAC 3:1), UHPLC-ESI-MS: R, = 2.29, m/z = 286.2 [M + H] *. *H NMR (300
MHz, MeOD) & 8.99 (s, 1H), 8.21 (s, 1H), 7.85 (s, 1H), 7.38 (dd, J = 2.4 Hz, J = 8.9 Hz, 1H), 7.30 (d,
J=2.4Hz, 1H), 5.29 (t, = 6.7 Hz, 1H), 4.47 (dd, J = 6.6 Hz, J = 8.1 Hz, 1H), 3.92 (dd, J = 7.1 Hz, J
= 8.1 Hz, 1H), 1.87 — 1.67 (m, 8H), 1.52 — 1.48 (m, 2H), ppm; **C NMR (100 MHz, MeOD) 5 158.2,
151.2, 149.7, 131.2, 129.6, 125.2, 122.1, 118.1, 112.0, 109.2, 78.9, 71.2, 37.3, 36.3, 26.4, 25.2, 25.0

ppm.

NX 3-{1,4-dioxaspiro[4.5]decan-2-yl}-5-fluoroisoquinoline (172d): brown oil,

73%, Ry = 0.22 (CyH/EtOAC 9:1), UHPLC-ESI-MS: R, = 3.27, m/z = 288.2 [M + H] *. *H NMR (300
MHz, CDCls) 5 9.18 (s, 1H), 8.08 (s, 1H), 7.72 (d, J = 8.2 Hz, 1H), 7.48 (dt, J = 5.1 Hz, J = 7.9 Hz,
1H), 7.36 — 7.30 (m, 1H), 5.37 (t, J = 6.6 Hz, 1H), 4.53 (dd, J = 6.8 Hz, J = 8.2 Hz, 1H), 4.01 (dd, J =
6.6 Hz, J = 8.2 Hz, 1H), 1.85 — 1.73 (m, 4H), 1.68 — 1.61 (M, 4H), 1.48 — 1.45 (m, 2H) ppm; *C NMR
(100 MHz, CDCly) § 157.6 (d, J = 254.1 Hz), 154.4, 151.5 (d, J = 3.0 Hz), 128.8 (d, J = 4.9 Hz), 126.9
(d, J = 7.5 Hz), 126.6, 123.2 (d, J = 4.4 Hz), 114.0 (d, J = 19.1 Hz), 111.0, 109.1 (d, J = 3.7 Hz), 77.0,
70.0, 36.1, 35.2, 25.1, 24.0 (d, J = 8.3 Hz) ppm.

2

0]
= | A

Nx O 5-{1,4-dioxaspiro[4.5]decan-2-yl}furo[2,3-c]pyridine (172e): brown oil, 53%,
Ri = 0.22 (CyH/EtOAc 9:1), UHPLC-ESI-MS: R; = 2.54, m/z = 260.2 [M + H] *. *H NMR (300 MHz,
CDCl3) 4 8.79 (s, 1H), 7.81 (s, 1H), 7.76 (d, J = 2.0 Hz, 1H), 6.82 (d, J = 1.2 Hz, 1H), 5.32 (t, J = 6.7
Hz, 1H), 4.49 (t, J = 8.1 Hz, 1H), 3.95 (t, J = 7.5 Hz, 1H), 1.81 — 1.75 (m, 5H), 1.71 — 1.64 (m, 3H),
1.50 — 1.46 (m, 2H) ppm; *C NMR (100 MHz, CDCl3) & 153.2, 151.5, 148.5, 134.8, 132.8, 112.4,
110.8, 106.3, 77.9, 70.4, 36.2, 35.2, 25.2, 24.1, 23.9 ppm.
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5-{1,4-dioxaspiro[4.5]decan-2-yl}thieno[2,3-c]pyridine (172f): brown oil,
66%, R; = 0.24 (CyH/EtOAc 9:1), UHPLC-ESI-MS: R, = 2.67, m/z = 276.2 [M + H] *. *H NMR (300
MHz, CDCl3) 6 9.05 (s, 1H), 7.95 (s, 1H), 7.72 (d, J = 5.3 Hz, 1H), 7.37 (d, J = 5.3 Hz, 1H), 5.35 (t, J
= 6.7 Hz, 1H), 4.52 (t, J = 7.5 Hz, 1H), 3.96 (t, J = 7.5 Hz, 1H), 1.81 — 1.75 (m, 4H), 1.71 — 1.64 (m,
4H), 1.49 — 1.45 (m, 2H) ppm; *C NMR (100 MHz, CDCl;) & 154.1, 145.6, 143.8, 135.2, 132.5,

123.2,114.0, 110.8, 77.7,70.3, 36.1, 35.2, 25.2, 24.0 (d, J = 12.1 Hz) ppm.

o3

(0]
= | N,
Nx S 6-{1,4-dioxaspiro[4.5]decan-2-yl}-2-methyl-[1,3]thiazolo[5,4-c]pyridine
(172g): brown oil, 59%, Ry = 0.23 (CyH/EtOAc 3:1), UHPLC-ESI-MS: R, = 2.80, m/z = 291.2 [M +
H]*. *"H NMR (300 MHz, CDCl3) & 9.13 (s, 1H), 8.03 (s, 1H), 5.33 (t, J = 6.6 Hz, 1H), 452 (t, J= 7.5
Hz, 1H), 3.97 (t, J = 7.5 Hz, 1H), 2.87 (s, 3H), 1.82 — 1.62 (m, 8H), 1.50 — 1.46 (m, 2H) ppm; *C
NMR (100 MHz, CDCly) & 168.2, 154.9, 149.2, 144.8, 143.3, 112.5, 111.0, 77.7, 70.2, 36.2, 35.1,

25.2, 24.1, 23.9, 20.2 ppm.

Synthesis of 173a-g: a stirred solution of the protected isoquinoline 172a-g in 1,4-dioxane was cooled
to 0 °C using an ice bath. A catalytic amount of concentrated HCI was added. The reaction was stirred
at room temperature overnight. Solvent was evaporated under reduced pressure, the crude was
redissolved in ACN (1 mL), filtered and purified by preparative HPLC.

HO

HO
=

Nx 1-(isoquinolin-3-yl)ethane-1,2-diol (173a): white solid, 90%, R = 0.41

(CHCIy/MeOH 9:1), UHPLC-ESI-MS: R, = 1.12, m/z = 190.2 [M + H]*. *H NMR (300 MHz, MeOD)
§9.20 (s, 1H), 8.08 (d, J = 8.2 Hz, 1H), 7.94 (d, J = 7.6 Hz, 2H), 7.78 (t, J = 7.3 Hz, 1H), 7.66 (t, J =
7.4 Hz, 1H), 4.95 — 4.92 (m, 1H), 3.98 — 3.88 (m, 1H), 3.79 — 3.70 (m, 1H) ppm; *C NMR (100 MHz,
MeOD) 5 155.5, 152.7, 135.1, 132.3, 128.9, 128.6, 127.8, 124.4, 118.9, 76.2, 67.7 ppm

HO
HO
=
Nx 1-(6-methylisoquinolin-3-yl)ethane-1,2-diol (173b): yellowish solid, 54%,
Ri = 0.23 (DCM/MeOH 19:1), UHPLC-ESI-MS: R, = 1.31, m/z = 204.2 [M + H] *. 'H NMR (300
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MHz, MeOD) § 9.11 (s, 1H), 7.97 (d, J = 8.4 Hz, 1H), 7.86 (s, 1H), 7.71 (s, 1H), 7.51 (dd, J = 1.4 Hz,
J=8.4 Hz, 1H), 4.95 — 4.91 (m, 1H), 3.93 (dd, J = 4.0 Hz, J = 11.3 Hz, 1H), 3.74 (dd, J = 6.8 Hz, J =
11.3 Hz, 1H), 2.56 (s, 3H) ppm; C NMR (100 MHz, MeOD) & 155.4, 152.2, 143.3, 138.4, 130.9,
128.7,127.9, 126.7, 118.5, 76.1, 67.7, 22.1 ppm.

HO,
=
Na
OH 1-(7-hydroxyisoquinolin-3-yl)ethane-1,2-diol (173c): yellow oil, 67%,

Rf = 0.50 (CHCIy/MeOH 9:1), UHPLC-ESI-MS: R, = 0.41, m/z = 206.0 [M + H] *. '"H NMR (300
MHz, MeOD) § 9.14 (s, 1H), 7.97 (dd, J = 9.4 Hz, J = 16.6 Hz, 2H), 7.51 (dd, J = 1.5 Hz, J = 8.7 Hz,
1H), 7.41 (s, 1H), 4.98 — 4.95 (m, 1H), 3.89 (dd, J = 4.5 Hz, J = 11.3 Hz, 1H), 3.79 (dd, J = 6.2 Hz, J
= 11.2 Hz, 1H) ppm; **C NMR (100 MHz, MeOD) § 164.9, 159.2, 148.5, 133.8, 130.8, 129.9, 127.5,
120.7, 109.8, 74.4, 67.4 ppm.

HO F

HO
=
Nx 1-(5-fluoroisoquinolin-3-yl)ethane-1,2-diol (173d): white solid, 42%, Ry =

0.47 (CHCIly/MeOH 9:1), UHPLC-ESI-MS: R, = 1.44, m/z = 208.2 [M + H] *. 'H NMR (300 MHz,
MeOD) 6 9.25 (s, 1H), 8.11 (s, 1H), 7.91 (d, J = 7.8 Hz, 1H), 7.65 — 7.58 (m, 1H), 7.52 — 7.46 (m,
1H), 4.97 — 4.94 (m, 1H), 3.97 (dd, J = 3.9 Hz, J = 11.3 Hz, 1H), 3.77 (dd, J = 6.4 Hz, J = 11.3 Hz,
1H) ppm; *C NMR (100 MHz, MeOD) & 158.6 (d, J = 252.4 Hz), 156.3 (d, J = 1.5 Hz), 152.3 (d, J =
2.9 Hz), 130.1 (d, J = 4.6 Hz), 128.4 (d, J = 7.7 Hz), 127.8 (d, J = 17.9 Hz), 124.6 (d, J = 4.4 Hz),
115.3 (d, J = 19.3 Hz), 111.0 (d, J = 3.9 Hz),75.9, 67.3 ppm.

HO
HO

= | A

Nx O 1-{furo[3,2-c]pyridin-6-yl}ethane-1,2-diol (173e): yellow oil, 48%, R; = 0.33
(CHCIly/MeOH 9:1), UHPLC-ESI-MS: R, = 0.48, m/z = 180.1 [M + H]*. *H NMR (300 MHz, MeOD)
§ 8.84 (s, 1H), 8.12 (s, 1H), 7.93 (s, 1H), 7.05 (s, 1H), 4.96 — 4.91 (m, 1H), 3.86 (dd, J = 4.2 Hz, J =
11.2 Hz, 1H), 3.73 (dd, J = 6.6 Hz, J = 11.2 Hz, 1H) ppm; *C NMR (100 MHz, MeOD) & 154.7,
152.5, 1435, 139.9, 132.1, 115.4, 107.7, 75.4, 67.8 ppm.

HO
HO

= | A

Nx S 1-{thieno[3,2-c]pyridin-6-yl}ethane-1,2-diol (173f): white solid, 73%, R; =
0.35 (CHCIy/MeOH 9:1), UHPLC-ESI-MS: R, = 0.64, m/z = 196.0 [M + H] *. '"H NMR (300 MHz,
MeOD) 6 8.97 (s, 1H), 7.91 — 7.87 (m, 2H), 7.39 (d, J = 5.3 Hz, 1H), 4.82 (s, 1H), 3.80 (dd, J = 3.9
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Hz, J = 11.2 Hz, 1H), 3.63 (dd, J = 6.8 Hz, J = 11.2 Hz, 1H) ppm; **C NMR (100 MHz, MeOD) §
156.1, 147.7, 144.5, 136.8, 134.9, 124.3, 116.5, 76.1, 67.9 ppm.

HO
HO
= | N\
Nx S 1-{2-methyl-[1,3]thiazolo[4,5-c]pyridin-6-yl}ethane-1,2-diol (1739):
yellow oil, 70%, R; = 0.39 (CHCIy/MeOH 9:1), UHPLC-ESI-MS: R, = 1.12, m/z = 211.2 [M + H] *. 'H
NMR (300 MHz, MeOD) & 9.03 (s, 1H), 8.16 (s, 1H), 4.91 (s, 1H), 3.90 (dd, J = 3.9 Hz, J = 11.3 Hz,
1H), 3.73 (dd, J = 6.4 Hz, J = 11.1 Hz, 1H), 3.70 (s, 3H) ppm; *C NMR (100 MHz, MeOD) & 171.6,

157.2, 150.4, 146.7, 143.2, 115.4, 76.0, 67.7, 19.9 ppm.
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'H NMR (300 MHz, CDClIs,) 3-{1,4-dioxaspiro[4.5]decan-2-yl}isoquinoline (172a)
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3C NMR (100 MHz, CDCI5) 3-{1,4-dioxaspiro[4.5]decan-2-yl}isoquinoline (172a)
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'H NMR (300 MHz, CDCls) 3-{1,4-dioxaspiro[4.5]decan-2-yl}-7-methylisoquinoline (172b)
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'H NMR (300 MHz, MeOD) 3-{1,4-dioxaspiro[4.5]decan-2-yl}isoquinolin-7-ol (172c)
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B3C NMR (100 MHz, MeOD) 3-{1,4-dioxaspiro[4.5]decan-2-yl}isoquinolin-7-ol (172c)
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'H NMR (300 MHz, CDClIs) 3-{1,4-dioxaspiro[4.5]decan-2-yl}-5-fluoroisoquinoline (172d)
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3C NMR (100 MHz, CDCl5) 3-{1,4-dioxaspiro[4.5]decan-2-yl}-5-fluoroisoquinoline (172d)
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'H NMR (300 MHz, CDCls) 5-{1,4-dioxaspiro[4.5]decan-2-yl}uro[2,3-c]pyridine (172¢)
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3C NMR (100 MHz, CDCI5) 5-{1,4-dioxaspiro[4.5]decan-2-yl}furo[2,3-c]pyridine (172e)
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'H NMR (300 MHz, CDCls) 5-{1,4-dioxaspiro[4.5]decan-2-yl}thieno[2,3-c]pyridine (172f)
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3C NMR (100 MHz, CDCI5) 5-{1,4-dioxaspiro[4.5]decan-2-yl}thieno[2,3-c]pyridine (172f)
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'H NMR (300 MHz,

c]pyridine (1729)
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'H NMR (300 MHz, MeOD) 1-(isoquinolin-3-yl)ethane-1,2-diol (173a)
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3C NMR (100 MHz, MeOD) 1-(isoquinolin-3-yl)ethane-1,2-diol (173a)
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'H NMR (300 MHz, MeOD) 1-(7-methylisoquinolin-3-yl)ethane-1,2-diol (173b)
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'"H NMR (300 MHz, MeOD) 1-(7-hydroxyisoquinolin-3-yl)ethane-1,2-diol (173c)
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3C NMR (100 MHz, MeOD) 1-(7-hydroxyisoquinolin-3-yl)ethane-1,2-diol (173c)
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'H NMR (300 MHz, MeOD) 1-(5-fluoroisoquinolin-3-yl)ethane-1,2-diol (173d)
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3C NMR (100 MHz, MeOD) 1-(5-fluoroisoquinolin-3-yl)ethane-1,2-diol (173d)
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'H NMR (300 MHz, MeOD) 1-{furo[3,2-c]pyridin-6-yl}ethane-1,2-diol (173e)
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3C NMR (100 MHz, MeOD) 1-{furo[3,2-c]pyridin-6-yl}ethane-1,2-diol (173e)
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'H NMR (300 MHz, MeOD) 1-{thieno[3,2-c]pyridin-6-yl}ethane-1,2-diol (173f)
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3C NMR (100 MHz, MeOD) 1-{thieno[3,2-c]pyridin-6-yl}ethane-1,2-diol (173f)
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'H NMR (300 MHz, MeOD) 1-{2-methyl-[1,3]thiazolo[4,5-c]pyridin-6-yl}ethane-1,2-diol (173g)
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B3C NMR (100 MHz, MeOD) 1-{2-methyl-[1,3]thiazolo[4,5-c]pyridin-6-yl}ethane-1,2-diol (173g)
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8.1.7 Synthesis, 'H and *C NMR of 2,4,6-trisubstituted pyrimidines

Synthesis of 174a-p: to a stirred solution of 40 (1.0 eq) in dry THF were added PdCI,(PPhs),
(9%mol), Cul (3% mol) and the corresponding acyl chloride (1.5 eq). The reaction was stirred at room
temperature for 2 minutes under N, atmosphere. EtsN (1.25 eq) was added and the mixture was stirred
at room temperature overnight. Solvent was removed under reduced pressure, the crude redissolved in
EtOAc and extracted three times with water. The organic layer was dried over MgSQ,, filtered and
concentrated in vacuo to yield the corresponding ynone. The products were used without being

purified.

Synthesis of 175a-f: to a stirred solution of the corresponding ynone (1.0 eq) in THF was added
Na,CO; (2.4 eq) and the corresponding amidine hydrochloride (1.2 eq). The mixture was stirred at
reflux overnight. Solvent was evaporated under reduced pressure, the crude was redissolved in EtOAc
and washed three times with water. The organic layer was dried over MgSQ,, filtered and concentrated
in vacuo. The crude was redissolved in ACN (1 mL), filtered and purified by preparative HPLC.**

4-{1,4-dioxaspiro[4.5]decan-2-yl}-2-methyl-6-phenylpyrimidine (175a):
orange oil, 42%, R; = 0.44 (CyH/EtOAc 9:1), UHPLC-ESI-MS: R, = 3.48, m/z = 311.2 [M + H] *. 'H
NMR (300 MHz, CDCls) 6 8.09 — 8.07 (m, 2H), 7.78 (s, 1H), 7.51 — 7.50 (m, 3H), 5.15 (t, J = 6.6 Hz,
1H), 4.52 (t, J = 7.8 Hz, 1H), 4.01 (dd, J = 6.2 Hz, J = 8.3 Hz, 1H), 2.76 (s, 3H), 1.76 — 1.66 (m, 8H),
1.48 — 1.46 (m, 2H) ppm; *C NMR (100 MHz, CDCl;) & 170.1, 167.7, 164.8, 137.2, 130.8, 128.9,
127.3,111.4,109.7, 77.3, 69.5, 36.0, 35.0, 26.1, 25.1, 24.0, 23.9 ppm.

2-cyclopropyl-4-{1,4-dioxaspiro[4.5]decan-2-yI}-6-phenylpyrimidine

(175b): orange oil, 51%, R¢ = 0.51 (CHCl3/MeOH 9:1), UHPLC-ESI-MS: R; = 3.85, m/z = 337.2 [M +
H]*. "H NMR (300 MHz, CDCls) § 8.09 — 8.07 (m, 2H), 7.71 (s, 1H), 7.50 — 7.48 (m, 3H), 5.13 (t, J =
6.6 Hz, 1H), 4.49 (t, J = 7.8 Hz, 1H), 4.01 (dd, J = 6.7 Hz, J = 7.8 Hz, 1H), 2.29 — 2.26 (m, 1H), 1.80 —

1.63 (m, 8H), 1.47 (s, 2H), 1.21 (d, J = 4.7 Hz, 2H), 1.09 — 1.05 (m, 2H) ppm; *C NMR (100 MHz,
191



CDCly) & 171.5, 169.6, 164.3, 137.3, 130.7, 128.8, 127.2, 111.3, 109.3, 77.2, 69.5, 36.0, 35.0, 25.1,
24.0, 23.9, 18.0, 10.8 (d, J = 5.2 Hz) ppm.

%o

_N

4-cyclopropyl-6-{1,4-dioxaspiro[4.5]decan-2-yl}-2-phenylpyrimidine
(175c): brown oil, 54%, R; = 0.48 (CyH/EtOAc 9:1), UHPLC-ESI-MS: R; = 3.94, m/z = 337.2 [M +
H]*. "H NMR (300 MHz, CDCls) 6 8.44 — 8.41 (m, 2H), 7.47 — 7.44 (m, 3H), 7.31 (s, 1H), 5.17 (t, J =
6.9 Hz, 1H), 4.53 (dd, J = 7.1 Hz, J = 8.4 Hz, 1H), 4.07 (dd, J = 6.3 Hz, J = 8.4 Hz, 1H), 2.09 — 2.02
(m, 1H), 1.82 — 1.64 (m, 8H), 1.51— 1.46 (m, 2H), 1.32 — 1.27 (m, 2H), 1.13 — 1.07 (m, 2H) ppm; *C
NMR (100 MHz, CDCly) 6 172.4, 168.2, 163.4, 137.8, 130.3, 128.3, 128.1, 112.5, 111.2, 77.0, 69.5,
36.0,35.1,25.1, 24.0, 23.8, 17.2, 11.1 (d, J = 7.3 Hz) ppm.

4-cyclopropyl-6-{1,4-dioxaspiro[4.5]decan-2-yl}-2-(pyridin-2-

yl)pyrimidine (175d): brown oil, 62%, R; = 0.52 (CHCI3/MeOH 5:1), UHPLC-ESI-MS: R, = 2.62,
m/z = 338.2 [M + H] *. *"H NMR (300 MHz, CDCl;) § 8.82 (ddd, J = 0.9 Hz, J = 1.8 Hz, J = 4.8 Hz,
1H), 8.44 (td, J = 1.0 Hz, J = 8.0 Hz, 1H), 7.82 (dt, J = 1.8 Hz, J = 7.8 Hz, 1H), 7.38 — 7.36 (m, 2H),
5.29 (t, J = 6.6 Hz, 1H), 4.55 (dd, J = 7.1 Hz, J = 8.5 Hz, 1H), 3.99 (dd, J = 6.0 Hz, J = 8.5 Hz, 1H),
2.18 — 2.12 (m, 1H), 1.79 — 1.62 (m, 8H), 1.47— 1.44 (m, 2H), 1.26 — 1.22 (m, 2H), 1.18 — 1.11 (m,
2H) ppm; *C NMR (100 MHz, CDCl;) & 173.1, 169.4, 162.6, 155.1, 149.9, 136.8, 124.6, 123.9,
113.0, 111.3, 77.1, 69.8, 36.0, 34.8, 25.1, 24.0, 23.8, 17.5, 11.4 (d, J = 2.8 Hz) ppm.
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4-{1,4-dioxaspiro[4.5]decan-2-yl}-2-(3-fluorophenyl)-6-(thiophen-2-
yl)pyrimidine (175e): orange oil, 57%, Ry = 0.66 (CyH/EtOAc 9:1), UHPLC-ESI-MS: R, = 4.03, m/z
=397.2[M + H]". "H NMR (300 MHz, CDCl;) & 8.33 — 8.30 (m, 1H), 8.24 — 8.19 (m, 1H), 7.85 (dd, J
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=1.1Hz,J=3.7 Hz, 1H), 7.72 (s, 1H) 7.54 (dd, J = 1.0 Hz, J = 5.0 Hz, 1H), 7.49 — 7.42 (m, 1H), 7.21
—7.15 (m, 2H), 5.21 (t, J = 6.6 Hz, 1H), 4.56 (dd, J = 7.1 Hz, J = 8.5 Hz, 1H), 4.13 (dd, J = 6.0 Hz, J
= 8.5 Hz, 1H), 1.81 — 1.67 (m, 8H), 1.51 — 1.49 (m, 2H) ppm; *C NMR (100 MHz, CDCl;) & 170.3,
164.7, 162.7 (d, J = 3.2 Hz), 161.5, 159.6, 142.8, 139.7 (d, J = 7.8 Hz), 130.2, 129.9 (d, J = 8.0 Hz),
128.3,127.6, 123.9 (d, J = 2.7 Hz), 117.6 (d, J = 21.4 Hz), 115.1 (d, J = 23.2 Hz), 111.4, 109.0, 77.2,
69.4, 36.0, 35.1, 25.1, 24.0, 23.9 ppm.

4-{1,4-dioxaspiro[4.5]decan-2-yl}-2-propyl-6-(thiophen-2-yl)pyrimidine
(175f): orange oil, 57%, Ry = 0.57 (CyH/EtOAc 9:1), UHPLC-ESI-MS: R, = 3.77, m/z = 345.2 [M +
H]*. *"H NMR (300 MHz, CDCls) & 7.77 (dd, J = 1.0 Hz, J = 3.7 Hz, 1H), 7.61 (s, 1H), 7.48 (dd, J =
1.0 Hz, J = 5.0 Hz, 1H), 7.12 (dd, J = 3.8 Hz, J = 5.0 Hz, 1H), 5.10 (t, J = 6.5 Hz, 1H), 4.48 (dd, J =
7.2 Hz,J=8.4 Hz, 1H), 3.99 (dd, J = 6.0 Hz, J = 8.4 Hz, 1H), 2.88 (t, J = 7.5 Hz, 2H), 1.89 — 1.80 (m,
2H), 1.74 — 1.62 (m, 8H), 1.45 (s, 2H), 1.00 (t, J = 7.4 Hz, 3H) ppm; **C NMR (100 MHz, CDCls) &
170.9, 169.7, 159.3, 143.0, 129.7, 128.2, 127.2, 111.3, 107.8, 76.9, 69.4, 41.1, 35.9, 34.9, 25.1, 24.0,
23.8,21.8,13.8 ppm.

Synthesis of 176a-f: a stirred solution of the protected pyrimidine189a-f in 1,4-dioxane was cooled to
0 °C using an ice bath. A catalytic amount of concentrated HCI was added. The reaction was stirred at
room temperature overnight. Solvent was evaporated under reduced pressure, the crude was
redissolved in ACN (1 mL), filtered and purified by preparative HPLC.

1-(2-methyl-6-phenylpyrimidin-4-yl)ethane-1,2-diol (176a): yellowish solid,
54%, R; = 0.58 (CHCIly/MeOH 9:1), UHPLC-ESI-MS: R, = 1.92, m/z = 231.2 [M + H] *. 'H NMR
(300 MHz, MeOD) § 8.13 — 8.11 (m, 2H), 7.90 (s, 1H), 7.54 — 7.52 (m, 3H), 4.75 — 4.72 (m, 1H), 3.92
(dd, J = 3.8 Hz, J = 11.3 Hz, 1H), 3.78 (dd, J = 5.8 Hz, J = 11.3 Hz, 1H), 2.73 (s, 3H) ppm; *C NMR
(100 MHz, MeOD) & 172.7, 168.7, 166.2, 138.4, 132.1, 130.1, 128.5, 112.4, 75.7, 67.2, 25.8 ppm.
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1-(2-cyclopropyl-6-phenylpyrimidin-4-yl)ethane-1,2-diol (176b): brown oil,
53%, R; = 0.58 (CHCly/MeOH 9:1), UHPLC-ESI-MS: R; = 2.38, m/z = 257.2 [M + H] *. 'H NMR
(300 MHz, MeOD) 6 8.12 — 8.10 (m, 2H), 7.82 (s, 1H), 7.51 — 7.49 (m, 3H), 4.72 — 4.69 (m, 1H), 3.92
(dd, J=3.8 Hz, J = 11.3 Hz, 1H), 3.76 (dd, J = 6.0 Hz, J = 11.2 Hz, 1H), 2.31 - 2.24 (m, 1H), 1.19 -
1.18 (m, 2H), 1.09 — 1.06 (m, 2H) ppm; *C NMR (100 MHz, MeOD) & 172.6, 172.1, 165.7, 138.5,
132.0, 130.0, 128.3, 111.7, 75.7, 67.2, 18.7, 11.0 ppm.

HO
HO N
| N

_N

1-(6-cyclopropyl-2-phenylpyrimidin-4-yl)ethane-1,2-diol  (176c): brown
oil, 46%, R; = 0.62 (CHCIy/MeOH 9:1), UHPLC-ESI-MS: R, = 2.55, m/z = 257.2 [M + H] *. '"H NMR
(300 MHz, MeOD) & 8.30 — 8.26 (m, 1H), 7.58 — 7.51 (m, 1H), 7.49 — 7.45 (m, 1H), 7.36 — 7.34 (m,
2H), 7.28 (s, 1H), 4.63 (dd, J = 3.9 Hz, J = 6.1 Hz, 1H), 3.87 (dd, J = 3.9 Hz, J = 11.3 Hz, 1H), 3.69
(dd, J =6.2 Hz, J = 11.3 Hz, 1H), 2.07 — 2.00 (m, 1H), 1.15 - 1.11 (m, 2H), 1.04 — 1.00 (m, 2H) ppm;
3C NMR (100 MHz, MeOD) & 174.0, 170.7, 164.6, 139.3, 131.5, 130.1, 129.4, 114.8, 75.7, 67.3,
17.9,11.6 (d, J=7.0 Hz) ppm.

1-[6-cyclopropyl-2-(pyridin-2-yl)pyrimidin-4-yl]ethane-1,2-diol  (176d):
yellowish solid, 67%, R =0.62 (CHCIs/MeOH 9:1), UHPLC-ESI-MS: R; = 1.50, m/z = 258.2 [M + H]
*."H NMR (300 MHz, MeOD) & 8.71 (d, J = 4.2 Hz, 1H), 8.50 (d, J = 7.9 Hz, 1H), 7.99 (t, J = 7.0 Hz,
1H), 7.55 — 7.51 (m, 1H), 7.49 — 7.47 (m, 1H), 4.80 — 4.77 (m, 1H), 3.94 (dd, J = 4.2 Hz, J = 11.3 Hz,
1H), 3.83 (dd, J = 5.8 Hz, J = 11.3 Hz, 1H), 2.23 — 2.17 (m, 1H), 1.27 (d, J = 4.1 Hz, 2H), 1.18 — 1.14
(m, 2H) ppm; *C NMR (100 MHz, MeOD) & 174.7, 171.2, 163.2, 156.1, 150.2, 139.0, 126.5, 125.1,
116.3, 75.6, 67.2, 18.0, 11.9 (d, J = 5.3 Hz) ppm.
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1-[2-(3-fluorophenyl)-6-(thiophen-2-yl)pyrimidin-4-yl]ethane-1,2-diol
(176€): orange solid, 71%, Ry = 0.75 (CHCIs/MeOH 5:1), UHPLC-ESI-MS: R, = 2.80, m/z = 317.0 [M
+ H]*. '"H NMR (300 MHz, MeOD) & 8.29 (d, J = 7.8 Hz, 1H), 8.17 — 8.13 (m, 1H), 7.93 (dd, J = 0.9
Hz, J = 3.7 Hz, 1H), 7.84 (s, 1H), 7.64 (dd, J = 0.9 Hz, J = 5.0 Hz, 1H), 7.51 — 7.43 (m, 1H), 7.23 -
7.16 (m, 2H), 4.80 (dd, J = 3.8 Hz, J = 5.8 Hz, 1H), 4.03 (dd, J = 3.8 Hz, J = 11.3 Hz, 1H), 3.87 (dd, J
= 6.0 Hz, J = 11.3 Hz, 1H) ppm; *C NMR (100 MHz, MeOD) & 172.6, 166.1, 163.7 (d, J = 3.2 Hz),
162.9, 161.0, 144.0, 141.4 (d, J = 7.8 Hz), 131.5, 131.2 (d, J = 8.1 Hz), 129.4 (d, J = 36.2 Hz), 125.1
(d, J=2.7 Hz), 118.5 (d, J = 21.6 Hz), 115.8 (d, J = 23.5 HZz), 111.3, 75.8, 67.1 ppm.

1-[2-propyl-6-(thiophen-2-yl)pyrimidin-4-yl]ethane-1,2-diol (176f):
yellow solid, 82%, R; = 0.78 (CHCls/MeOH 5:1), UHPLC-ESI-MS: R, = 2.33, m/z = 265.2 [M + H] .
'H NMR (300 MHz, MeOD) & 7.90 (d, J = 3.6 Hz, 1H), 7.78 (s, 1H), 7.63 (d, J = 4.9 Hz, 1H), 7.17 (¢,
J=45Hz, 1H), 4.72 - 4.69 (m, 1H), 3.91 (dd, J = 3.8 Hz, J = 11.3 Hz, 1H), 3.75 (dd, J = 6.0 Hz, J =
11.3 Hz, 1H), 2.87 (t, J = 7.5 Hz, 2H), 1.90 — 1.82 (m, 2H), 1.01 (t, J = 7.4 Hz, 3H) ppm; *C NMR
(100 MHz, MeOD) § 172.1, 171.7, 161.0, 143.9, 131.4, 129.5, 129.1, 110.4, 75.6, 67.2, 41.8, 22.9,
14.2 ppm.
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'H NMR (300 MHz, CDCls) 4-{1,4-dioxaspiro[4.5]decan-2-yl}-2-methyl-6-phenylpyrimidine
(175a)
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3C NMR (100 MHz, CDCls) 4-{1,4-dioxaspiro[4.5]decan-2-yl}-2-methyl-6-phenylpyrimidine
(175a)
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'H NMR (300 MHz, CDClI,) 2-cyclopropyl-4-{1,4-dioxaspiro[4.5]decan-2-yl}-6-phenylpyrimidine
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BC NMR (100 MHz, CDCl;) 2-cyclopropyl-4-{1,4-dioxaspiro[4.5]decan-2-yl}-6-
phenylpyrimidine (175b)
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'H NMR (300 MHz, CDClIs,) 4-cyclopropyl-6-{1,4-dioxaspiro[4.5]decan-2-yl}-2-phenylpyrimidine
(175c)
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BC NMR (100 MHz, CDCl;) 4-cyclopropyl-6-{1,4-dioxaspiro[4.5]decan-2-yl}-2-
phenylpyrimidine (175c)
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'H NMR (300 MHz, CDCIl;) 4-cyclopropyl-6-{1,4-dioxaspiro[4.5]decan-2-yl}-2-(pyridin-2-
yl)pyrimidine (175d)
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BC NMR (100 MHz, CDCIls) 4-cyclopropyl-6-{1,4-dioxaspiro[4.5]decan-2-yl}-2-(pyridin-2-
yl)pyrimidine (175d)
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'H NMR (300 MHz, CDCls) 4-{1,4-dioxaspiro[4.5]decan-2-yl}-2-(3-fluorophenyl)-6-(thiophen-2-
yl)pyrimidine (175¢)
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3C NMR (100 MHz, CDClI;) 4-{1,4-dioxaspiro[4.5]decan-2-yl}-2-(3-fluorophenyl)-6-(thiophen-2-
yl)pyrimidine (175¢)
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'H NMR (300 MHz, CDCl;) 4-{14-dioxaspiro[4.5]decan-2-yl}-2-propyl-6-(thiophen-2-
yl)pyrimidine (175f)
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BC NMR (100 MHz, CDCl;) 4-{14-dioxaspiro[4.5]decan-2-yl}-2-propyl-6-(thiophen-2-
yl)pyrimidine (175f)
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'H NMR (300 MHz, MeOD) 1-(2-methyl-6-phenylpyrimidin-4-yl)ethane-1,2-diol (176a)
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3C NMR (100 MHz, MeOD) 1-(2-methyl-6-phenylpyrimidin-4-yl)ethane-1,2-diol (176a)
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'H NMR (300 MHz, MeOD) 1-(2-cyclopropyl-6-phenylpyrimidin-4-yl)ethane-1,2-diol (176b)
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3C NMR (100 MHz, MeOD) 1-(2-cyclopropyl-6-phenylpyrimidin-4-yl)ethane-1,2-diol (176b)
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'H NMR (300 MHz, MeOD) 1-(6-cyclopropyl-2-phenylpyrimidin-4-yl)ethane-1,2-diol (176c¢)
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B3C NMR (100 MHz, MeOD) 1-(6-cyclopropyl-2-phenylpyrimidin-4-yl)ethane-1,2-diol (176c)
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'H NMR (300 MHz, MeOD) 1-[6-cyclopropyl-2-(pyridin-2-yl)pyrimidin-4-yl]ethane-1,2-diol
(176d)
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3C NMR (100 MHz, MeOD) 1-[6-cyclopropyl-2-(pyridin-2-yl)pyrimidin-4-yl]ethane-1,2-diol
(1764)
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'H NMR (300 MHz, MeOD) 1-[2-(3-fluorophenyl)-6-(thiophen-2-yl)pyrimidin-4-ylJethane-1,2-
diol (176¢)
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3C NMR (100 MHz, MeOD) 1-[2-(3-fluorophenyl)-6-(thiophen-2-yl)pyrimidin-4-yl]ethane-1,2-
diol (176€)

161.0

206



'H NMR (300 MHz, MeOD) 1-[2-propyl-6-(thiophen-2-yl)pyrimidin-4-yl]ethane-1,2-diol (176f)
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8.1.8 Synthesis, ‘H and *C NMR of 2,3,4,6-tetrasubstituted pyridines

Synthesis of 177a-b: to a stirred solution of the corresponding ynone (0.6 eq) and ethyl acetoacetate
(1.0 eq) in EtOH was added NH4;OAc (10.0 eq). The mixture was stirred at reflux overnight. Solvent
was removed under reduced pressure, the crude was redissolved in EtOAc and washed three times
with NaHCO; (saturated solution). The organic layer was dried over MgSQ,, filtered and concentrated

in vacuo. The crude was redissolved in ACN (1 mL), filtered and purified by preparative HPLC.**

(s

o
O
@Iﬁﬁ o
»
N
ethyl  4-{1,4-dioxaspiro[4.5]decan-2-yl}-2-methyl-6-phenylpyridine-3-

carboxylate (177a): brown oil, 92%, R; = 0.53 (CyH/EtOAc 9:1), UHPLC-ESI-MS: R, = 3.80, m/z =
382.2 [M + H] *. *H NMR (300 MHz, CDCl5)  8.01 (dd, J = 1.5 Hz, J = 8.0 Hz, 2H), 7.87 (s, 1H),
7.51 — 7.43 (m, 3H), 5.22 (t, J = 6.9 Hz, 1H), 4.47 — 4.39 (m, 3H), 3.72 (dd, J = 7.2 Hz, J = 8.4 Hz,
1H), 2.68 (s, 3H), 1.88 — 1.81 (m, 2H), 1.76 — 1.60 (m, 6H), 1.51 — 1.47 (m, 2H), 1.42 (t, J = 7.1 Hz,
3H) ppm; BC NMR (100 MHz, CDCl3) 6 168.2, 158.0, 156.0, 149.2, 138.9, 129.4, 128.8, 127.2,
124.7,114.4,110.9, 74.7, 70.9, 61.7, 35.8, 35.0, 25.2, 24.0, 23.8, 23.7, 14.2 ppm.

ethyl 6-cyclopropyl-4-{1,4-dioxaspiro[4.5]decan-2-yl}-2-methylpyridine-
3-carboxylate (177b): brown oil, 87%, R; = 0.50 (CyH/EtOAc 9:1), UHPLC-ESI-MS: R, = 3.42, m/z
=346.2 [M + H] *. 'H NMR (300 MHz, CDCls) § 7.21 (s, 1H), 5.13 (t, J = 6.9 Hz, 1H), 4.40 — 4.33
(m, 3H), 3.64 (d, J = 7.8 Hz, 1H), 2.50 (s, 3H), 2.08 — 1.99 (m, 1H), 1.82 — 1.73 (m, 2H), 1.70 — 1.59
(m, 6H), 1.48 — 1.44 (m, 2H), 1.37 (t, J = 7.1 Hz, 3H), 1.01 — 0.97 (m, 4H) ppm; *C NMR (100 MHz,
CDCl3) 6 168.4, 164.2, 155.5, 148.1, 123.0, 114.4, 110.6, 74.5, 70.9, 61.4, 35.8, 34.8, 25.1, 23.9, 23.8,
23.6, 17.5, 14.2, 10.1 ppm.

Synthesis of 179a-b: a stirred solution of 177a (or 177b) in EtOH was cooled to 0 °C using an ice
bath. 10 M NaOH (5.0 eq) was added dropwise. The mixture was stirred at reflux overnight. Solvent
was evaporated under reduced pressure, the crude was redissolved in DCM and extracted with water.

The aqueous layer was acidified with 1M HCI until pH = 1 and extracted three times with CHCl/i-
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PrOH (7:3). The organic layer was dried over MgSQ,, filtered and concentrated in vacuo. The crude

was redissolved in ACN (1 mL), filtered and purified by preparative HPLC.

4-{1,4-dioxaspiro[4.5]decan-2-yl}-2-methyl-6-phenylpyridine-3-carboxylic
acid (179a): yellow oil, 80%, R; = 0.23 (CHCIx/MeOH 9:1), UHPLC-ESI-MS: R; = 2.76, m/z = 354.2
[M + H]". "H NMR (300 MHz, CDCls) § 8.01 (d, J = 7.3 Hz, 2H), 7.92 (s, 1H), 7.53 — 7.43 (m, 3H),
5.34 (t, J = 6.9 Hz, 1H), 4.46 (t, J = 7.7 Hz, 1H), 3.73 (t, J = 7.6 Hz, 1H), 2.80 (s, 3H), 1.89 — 1.82 (m,
2H), 1.79 — 1.66 (m, 6H), 1.51 — 1.47 (m, 2H) ppm; *C NMR (100 MHz, CDCl5) & 171.2, 158.2,
156.5, 150.7, 138.2, 129.7, 128.8, 127.4, 115.2, 111.0, 74.7, 71.0, 35.8, 34.8, 25.2, 24.0, 23.8, 23.7

ppm.

6-cyclopropyl-4-{1,4-dioxaspiro[4.5]decan-2-yl}-2-methylpyridine-3-
carboxylic acid (179b): yellow oil, 83%, R; = 0.18 (CHCIy/MeOH 9:1), UHPLC-ESI-MS: R, = 1.98,
m/z = 318.2 [M + H] *. *H NMR (300 MHz, CDCls)  7.20 (s, 1H), 5.40 (t, J = 6.7 Hz, 1H), 4.46 (t, J =
7.9 Hz, 1H), 3.68 (t, J = 7.5 Hz, 1H), 2.77 (s, 3H), 2.54 — 2.49 (m, 1H), 1.71 — 1.59 (m, 8H), 1.42 (s,
2H), 1.22 (d, J = 8.1 Hz, 2H), 1.03 — 1.01 (m, 2H) ppm; **C NMR (100 MHz, CDCl,) & 169.4, 159.5,
154.1, 151.1, 131.5, 113.9, 110.8, 74.6, 70.6, 35.8, 34.5, 25.0, 23.9, 23.6, 19.4, 14.4, 11.4, 11.3 ppm.

Synthesis of 180a-b: a stirred solution of the protected pyridine 177a-b in 1,4-dioxane was cooled to
0 °C using an ice bath. A catalytic amount of concentrated HCI was added. The reaction was stirred at
room temperature overnight. Solvent was evaporated under reduced pressure, the crude was
redissolved in ACN (1 mL), filtered and purified by preparative HPLC.
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OH
HO

4-(1,2-dihydroxyethyl)-2-methyl-6-phenylpyridine-3-carboxylic acid
(180a): white solid, 80%, R; = 0.78 (CHCIs/MeOH 5:1), UHPLC-ESI-MS: Ry = 2.34, m/z = 274.1 [M
+H]*. *H NMR (300 MHz, CDCls)  8.07 — 8.03 (m, 2H), 7.67 (s, 1H), 7.50 — 7.48 (m, 3H), 5.51 (t, J
= 4.3 Hz, 1H), 4.15 (dd, J = 3.8 Hz, J = 12.3 Hz, 1H), 3.98 (dd, J = 4.9 Hz, J = 12.3 Hz, 1H), 2.92 (s,
3H) ppm; *C NMR (100 MHz, CDCl,) & 169.3, 161.0, 159.8, 156.8, 138.1, 130.3, 128.9, 127.7,
118.6, 111.3, 80.3, 63.2, 21.0 ppm.

OH
HO
O
= | OH
NS
N

6-cyclopropyl-4-(1,2-dihydroxyethyl)-2-methylpyridine-3-carboxylic acid
(180b): yellow oil, 72%, Ry = 0.46 (CHCIs/MeOH 9:1), UHPLC-ESI-MS: R, = 1.74, m/z = 238.2 [M +
H]*. '"H NMR (300 MHz, MeOD) & 7.17 (s, 1H), 5.38 (s, 1H), 3.94 (dd, J = 3.2 Hz, J = 12.3 Hz, 1H),
3.80 (dd, J = 3.8 Hz, J = 12.3 Hz, 1H), 2.61 (s, 3H), 2.13 — 2.04 (m, 1H), 0.99 (d, J = 6.9 Hz, 4H)
ppm; *C NMR (100 MHz, MeOD) & 171.5, 169.4, 159.8, 158.5, 118.9, 113.4, 82.3, 63.0, 20.6, 18.7,
11.7 (d, J = 7.9 Hz) ppm.
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'H NMR (300 MHz, CDCls) ethyl 4-{1,4-dioxaspiro[4.5]decan-2-yl}-2-methyl-6-phenylpyridine-
3-carboxylate (177a)
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3-carboxylate (177a)
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'H NMR (300 MHz, CDCI;) ethyl 6-cyclopropyl-4-{1,4-dioxaspiro[4.5]decan-2-yl}-2-
methylpyridine-3-carboxylate (177b)
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BC NMR (100 MHz, CDCIl;) ethyl 6-cyclopropyl-4-{1,4-dioxaspiro[4.5]decan-2-yl}-2-
methylpyridine-3-carboxylate (177b)
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'H NMR (300 MHz, CDCl;) 4-{14-dioxaspiro[4.5]decan-2-ylI}-2-methyl-6-phenylpyridine-3-

carboxylic acid (179a)
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BC NMR (100 MHz, CDCIl;) 4-{14-dioxaspiro[4.5]decan-2-ylI}-2-methyl-6-phenylpyridine-3-

carboxylic acid (179a)
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'H NMR (300 MHz, CDClI;) 6-cyclopropyl-4-{1,4-dioxaspiro[4.5]decan-2-yl}-2-methylpyridine-3-

carboxylic acid (179b)
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3C NMR (100 MHz, CDCl;) 6-cyclopropyl-4-{1,4-dioxaspiro[4.5]decan-2-yl}-2-methylpyridine-

3-carboxylic acid (179b)
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'H NMR (300 MHz, CDCls) 4-(1,2-dihydroxyethyl)-2-methyl-6-phenylpyridine-3-carboxylic acid

(180a)
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'H NMR (300 MHz, MeOD) 6-cyclopropyl-4-(1,2-dihydroxyethyl)-2-methylpyridine-3-
carboxylic acid (180b)
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8.1.9 Synthesis, 'H and *C NMR of 3,5 -disubtituted and 1,3,5-trisubstituted pyrazoles

Synthesis of 181a-g and 182h-o: to a stirred solution of the corresponding ynone (1.0 eq) in EtOH (2
mL) was added the corresponding hydrazine (hydrazine monohydrated or methyl hydrazine) (1.3 eq).
The mixture was stirred at room temperature until starting material consumption (monitored by TLC)
(normally 2 — 3 hours). Solvent was removed under reduced pressure, the crude was redissolved in

ACN (1 mL), filtered and purified by preparative HPLC.>*?

o

o O

5-{1,4-dioxaspiro[4.5]decan-2-yl}-3-phenyl-1H-pyrazole (181a): yellowish oil, 57%,
R¢ = 0.19 (CyH/EtOAC 3:1), UHPLC-ESI-MS: R, = 2.94, m/z = 285.2 [M + H]*. *H NMR (300 MHz,
CDCl3) 8 7.65 (d, J = 7.1 Hz, 2H), 7.42 — 7.30 (m, 3H), 6.55 (s, 1H), 5.21 (t, J = 6.6 Hz, 1H), 4.31 (dd,
J=6.4 Hz, J=8.1Hz 1H), 3.98 (t, J = 8.1 Hz, 1H), 1.76 — 1.61 (m, 8H), 1.43 — 1.40 (m, 2H) ppm;
BC NMR (100 MHz, CDCly) 6 148.6, 147.9, 130.9, 128.9, 128.3, 125.6, 110.7, 100.5, 71.3, 69.5, 36.1,
35.2,25.1, 24.0, 23.8 ppm.

O 5-{1,4-dioxaspiro[4.5]decan-2-yl}-3-(furan-2-yl)-1H-pyrazole (181b): brown oil,
49%, R; = 0.21 (CyH/EtOAc 3:1), UHPLC-ESI-MS: R, = 2.75, m/z = 275.2 [M + H] *. *"H NMR (300
MHz, CDCl3) § 7.42 (d, J = 1.3 Hz, 1H), 6.62 (d, J = 3.3 Hz, 1H), 6.47 (s, 1H) 6.44 (dd, J = 1.8 Hz, J
= 3.3 Hz, 1H), 5.21 (t, J = 6.6 Hz, 1H), 4.31 (dd, J = 6.3 Hz, J = 8.3 Hz, 1H), 3.96 (dd, J =6.9 Hz, J =
8.2 Hz, 1H), 1.73 — 1.57 (m, 8H), 1.45 — 1.38 (m, 2H) ppm; *C NMR (100 MHz, CDCl;) & 148.4,
146.5,142.1,139.7, 111.4, 110.7, 106.4, 99.7, 71.1, 69.4, 36.1, 35.2, 25.1, 23.9, 23.8 ppm.
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S 5-{1,4-dioxaspiro[4.5]decan-2-yl}-3-(thiophen-2-yl)-1H-pyrazole (181c): yellow oil,
63%, R; = 0.32 (CyH/EtOAc 3:1), UHPLC-ESI-MS: R; = 2.88, m/z = 291.2 [M + H] *. *H NMR (300
MHz, CDCls) 8 7.28 — 7.24 (m, 2H), 7.03 (dd, J = 3.6 Hz, J = 5.1 Hz, 1H), 6.42 (s, 1H), 5.19 (t, J =
6.5 Hz, 1H), 4.30 (dd, J = 6.3 Hz, J = 8.3 Hz, 1H), 3.95 (dd, J = 6.7 Hz, J = 8.3 Hz, 1H), 1.73 — 1.59
(m, 8H), 1.44 — 1.38 (m, 2H) ppm; *C NMR (100 MHz, CDCl;) § 146.9, 144.4, 134.5, 127.6, 125.0,
124.1, 110.8, 100.4, 70.8, 69.4, 36.1, 35.1, 25.0, 24.0, 23.8 ppm.

.

o O
NH
/ N

5-{1,4-dioxaspiro[4.5]decan-2-yl}-3-(propan-2-yl)-1H-pyrazole (181d): yellow oil,
68%, R; = 0.25 (CyH/EtOAc 3:1), UHPLC-ESI-MS: R; = 2.76, m/z = 251.6 [M + H] *. *H NMR (300
MHz, CDCl3) 8 6.09 (s, 1H), 5.15 (t, J = 7.2 Hz, 1H), 4.27 (dd, J = 6.3 Hz, J =8.2 Hz, 1H), 3.92 (t, J =
8.1 Hz, 1H), 2.98 (td, J = 6.9 Hz, J = 13.9 Hz, 1H), 1.74 — 1.59 (m, 8H), 1.43 — 1.40 (m, 2H), 1.27 (d,
J = 6.9 Hz, 6H) ppm; *C NMR (100 MHz, CDCl3) § 153.1, 149.4, 110.4, 99.7, 71.8, 69.5, 36.2, 35.3,
26.3, 25.1, 24.0, 23.8, 22.3 ppm.

3-cyclopropyl-5-{1,4-dioxaspiro[4.5]decan-2-yl}-1H-pyrazole (181le): vyellow oil,
49%, R; = 0.12 (CyH/EtOAC 3:1), UHPLC-ESI-MS: R, = 2.66, m/z = 249.2 [M + H] *. "H NMR (300
MHz, CDCl3) 6 5.92 (s, 1H), 5.12 (t, J = 6.8 Hz, 1H), 4.25 (dd, J =6.3 Hz, J = 8.0 Hz, 1H), 3.89 (t, J =
7.7 Hz, 1H), 1.90 — 1.81 (m, 1H), 1.68 — 1.60 (m, 8H), 1.43 — 1.39 (m, 2H), 0.96 — 0.89 (m, 2H), 0.72
—0.67 (m, 2H) ppm; *C NMR (100 MHz, CDCl;)  149.8, 149.1, 110.3, 99.2, 71.8, 69.5, 36.1, 35.2,
25.1, 23.9,23.8, 7.6 (d, J = 3.5 Hz), 7.3 ppm.
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3-cyclopentyl-5-{1,4-dioxaspiro[4.5]decan-2-yl}-1H-pyrazole (181f): yellow oil, 75%,
Ri = 0.14 (CyH/EtOAc 3:1), UHPLC-ESI-MS: R, = 3.01, m/z = 277.4 [M + H] *. *H NMR (300 MHz,
CDCls) 8 6.08 (s, 1H), 5.14 (t, J = 7.2 Hz, 1H), 4.27 (dd, J = 6.3 Hz, J = 8.1 Hz, 1H), 3.93 (, J = 7.8
Hz, 1H), 3.07 -3.02 (m, 1H), 2.09 — 2.03 (m, 2H), 1.78 — 1.59 (m 14H), 1.44 — 1.40 (m, 2H) ppm; *C
NMR (100 MHz, CDCls) & 151.2, 149.8, 110.3, 100.1, 72.0, 69.5, 37.2, 36.2, 35.3, 33.0, 25.1, 24.0,
23.8 ppm.

9

o O

3-(adamantan-1-yl)-5-{1,4-dioxaspiro[4.5]decan-2-yl}-1H-pyrazole (181g): brown
oil, 80%, R; = 0.28 (CyH/EtOAc 3:1), UHPLC-ESI-MS: R, = 3.51, m/z = 343.2 [M + H] *. '"H NMR
(300 MHz, CDCly) § 6.08 (s, 1H), 5.14 (dd, J = 6.4 Hz, J = 7.5 Hz, 1H), 4.27 (dd, J = 6.3 Hz, J = 8.1
Hz, 1H), 3.93 (t, J = 7.9 Hz, 1H), 2.06 (s, 3H), 1.91 (d, J = 2.6 Hz, 6H), 1.75 — 1.62 (m 14H), 1.44 —
1.40 (m, 2H) ppm; *C NMR (100 MHz, CDCl3) & 155.8, 149.5, 110.3, 98.7, 72.1, 69.5, 42.4, 36.5,
36.2, 35.3, 28.3, 25.1, 24.0, 23.8 ppm.

5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-3-phenyl-1H-pyrazole (182a): yellowish
0il, 50%, R; = 0.39 (CyH/EtOAC 3:1), UHPLC-ESI-MS: R, = 3.22, m/z = 299.2 [M + H] *. '"H NMR
(300 MHz, CDCl3) 6 7.74 (d, J = 7.2 Hz, 2H), 7.36 (t, J = 7.4 Hz, 2H), 7.26 (t, J = 7.2 Hz, 1H), 6.48
(s, 1H), 5.14 (t, J = 6.7 Hz, 1H), 4.31 (dd, J = 6.4 Hz, 1H, J = 8.2 Hz, 1H), 3.94 (s, 3H), 1.66 — 1.60
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(m, 8H), 1.44 — 1.40 (m, 2H) ppm; *C NMR (100 MHz, CDCls) § 150.2, 141.5, 133.3, 128.5, 127.6,
125.4,110.0, 101.6, 69.2, 68.3, 37.2, 36.1, 35.2, 25.0, 23.9 (d, J = 2.4 Hz) ppm.

O 5-{1,4-dioxaspiro[4.5]decan-2-yl}-3-(furan-2-yl)-1-methyl-1H-pyrazole (182b): brown
oil, 51%, R; = 0.28 (CyH/EtOAc 3:1), UHPLC-ESI-MS: R, = 2.95, m/z = 289.2 [M + H] *. '"H NMR
(300 MHz, CDCl3) 6 7.41 (d, J = 1.1 Hz, 1H), 6.60 (d, J = 3.0 Hz, 1H), 6.43 (t, J = 1.8 Hz, 1H), 6.42
(s, 1H) 5.13 (t, J = 6.6 Hz, 1H), 4.31 (dd, J = 6.3 Hz, J = 8.3 Hz, 1H), 4.05 (dd, J = 6.9 Hz, J = 8.3 Hz,
1H), 3.93 (s, 3H), 1.69 — 1.58 (m, 8H), 1.42 — 1.38 (m, 2H) ppm; *C NMR (100 MHz, CDCls) &
148.7, 142.7, 141.6, 141.4, 111.2, 110.0, 105.3, 101.3, 69.0, 68.2, 37.2, 36.0, 35.2, 25.0, 23.9, 23.8

ppm.

S 5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-3-(thiophen-2-yl)-1H-pyrazole (182c):
yellow oil, 58%, R; = 0.42 (CyH/EtOAc 3:1), UHPLC-ESI-MS: R = 3.13, m/z = 305.2 [M + H] *. 'H
NMR (300 MHz, CDCly) 6 7.33 (dd, J = 1.0 Hz, J = 3.5 Hz, 1H), 7.27 (dd, J = 1.0 Hz, J = 5.1 Hz,
1H), 7.08 (dd, J = 3.6 Hz, J = 5.1 Hz, 1H), 6.46 (s, 1H), 5.19 (t, J = 6.6 Hz, 1H), 4.38 (dd, J = 6.3 Hz,
J =8.3 Hz, 1H), 4.11 (dd, J = 6.9 Hz, J = 8.3 Hz, 1H), 1.73 — 1.67 (m, 8H), 1.51 — 1.45 (m, 2H) ppm;
3C NMR (100 MHz, CDCls) & 145.5, 141.7, 136.5, 127.3, 124.2, 123.4, 111.0, 101.5, 69.1, 68.2, 37.2,
36.1, 35.2,25.0,23.9 (d, J = 2.4 Hz) ppm.

5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-3-(propan-2-yl)-1H-pyrazole (182d):
yellow oil, 71%, R; = 0.55 (CyH/EtOAc 3:1), UHPLC-ESI-MS: R, = 3.01, m/z = 265.2 [M + H] *. 'H
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NMR (300 MHz, CDCl3) § 6.00 (s, 1H), 5.09 (t, J = 7.2 Hz, 1H), 4.27 (dd, J = 6.3 Hz, J = 8.2 Hz, 1H),
3.98 (t, J = 7.8 Hz, 1H), 3.85 (s, 3H), 2.92 (td, J = 6.9 Hz, J = 13.9 Hz, 1H), 1.66 — 1.62 (m, 8H), 1.41
~1.39 (m, 2H), 1.23 (d, J = 6.9 Hz, 6H) ppm; *C NMR (100 MHz, CDCly) 5 158.0, 140.1, 110.7,
101.0, 69.3, 68.3, 36.7, 36.1, 35.2, 27.8, 25.1, 23.9 (d, J = 4.0 Hz), 22.9 ppm.

3-cyclopropyl-5-{1,4-dioxaspiro[4.5]decan-2-ylI}-1-methyl-1H-pyrazole (182¢): yellow
oil, 69%, R; = 0.28 (CyH/EtOAC 3:1), UHPLC-ESI-MS: R, = 2.88, m/z = 263.2 [M + H] *. '"H NMR
(300 MHz, CDCls) 8 5.84 (s, 1H), 5.07 (t, J = 6.8 Hz, 1H), 4.26 (dd, J = 6.3 Hz, J = 8.2 Hz, 1H), 3.95
(dd, J = 7.4 Hz, J = 8.0 Hz, 1H), 3.82 (s, 3H), 1.91 — 1.82 (m, 1H), 1.64 — 1.60 (m, 8H), 1.41 (d, J =
4.8 Hz, 2H), 0.90 — 0.84 (m, 2H), 0.69 — 0.64 (m, 2H) ppm; *C NMR (100 MHz, CDCl;) & 153.8,
140.5, 110.8, 100.6, 69.2, 68.3, 36.7, 36.1, 35.2, 25.0, 23.9 (d, J = 2.8 Hz), 9.0, 7.7 ppm.

3-cyclopentyl-5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-1H-pyrazole (182f): brown
oil, 66%, R; = 0.36 (CyH/EtOAc 3:1), UHPLC-ESI-MS: R, = 3.25, m/z = 291.2 [M + H] *. '"H NMR
(300 MHz, CDCls) 8 5.99 (s, 1H), 5.08 (t, J = 6.6 Hz, 1H), 4.26 (dd, J = 6.3 Hz, J = 8.2 Hz, 1H), 3.96
(t, J=7.8 Hz, 1H), 3.84 (s, 3H), 3.06 —2.95 (m, 1H), 2.03 — 1.96 (m, 2H), 1.73 — 1.61 (m 14H), 1.43 -
1.38 (m, 2H) ppm; *C NMR (100 MHz, CDCl5) § 156.1, 140.1, 110.7, 101.5, 69.3, 68.3, 39.0, 36.7,
36.1, 35.1, 33.4, 25.3, 25.0, 23.9 (d, J = 3.9 Hz) ppm.
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3-(adamantan-1-yl)-5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-1H-pyrazole (1829):
brown oil, 61%, R; = 0.55 (CyH/EtOAc 3:1), UHPLC-ESI-MS: R, = 3.78, m/z = 357.4 [M + H] *. 'H
NMR (300 MHz, CDCls) 6 6.02 (s, 1H), 5.09 (t, J = 7.2 Hz, 1H), 4.27 (dd, J = 6.3 Hz, J = 8.2 Hz, 1H),
3.97 (t, J = 8.1 Hz, 1H), 3.86 (s, 3H), 2.03 — 1.98 (m, 3H), 1.90 (d, J = 2.9 Hz, 6H), 1.75 — 1.73 (m,
6H), 1.65 — 1.61 (m, 8H), 1.44 — 1.39 (m, 2H) ppm; *C NMR (100 MHz, CDCl3) & 161.1, 139.7,
110.7, 100.2, 69.3, 68.3, 42.7, 36.8, 36.1, 35.1, 33.8, 28.6, 25.0, 23.9 (d, J = 4.5 Hz) ppm.

5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-3-(3-methylphenyl)-1H-pyrazole
(182h): brown oil, 54%, R; = 0.59 (CyH/EtOAC 9:1), UHPLC-ESI-MS: R; = 3.34, m/z = 313.2 [M +
H]* .'H NMR (300 MHz, CDCl3) & 7.61 (s, 1H), 7.54 (d, J = 7.7 Hz, 1H), 7.29 — 7.24 (m, 1H), 7.10
(d, J = 7.5 Hz, 1H), 6.49 (s, 1H), 5.17 (t, J = 6.7 Hz, 1H), 4.34 (dd, J = 6.3 Hz, 8.3 Hz, 1H), 4.08 (dd, J
= 7.1 Hz, 8.2 Hz, 1H), 3.97 (s, 3H), 1.72 — 1.60 (m, 8H), 1.44 — 1.41 (m, 2H) ppm; **C NMR (100
MHz, CDCly) 6 150.1, 141.4, 138.0, 133.1, 128.3, 128.2, 125.9, 122.5, 110.8, 101.4, 69.1, 68.1, 37.0,
36.0, 35.1, 24.9, 23.8 (d, J = 3.9 Hz), 21.3 ppm.

CN 3-(5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-1H-pyrazol-3-yl)benzonitrile

(182i): orange oil, 65%, Ry = 0.30 (CyH/EtOAc 3:1), UHPLC-ESI-MS: R, = 3.14, m/z = 324.2 [M +
H]* .*"H NMR (300 MHz, CDCl5) & 8.04 (s, 1H), 7.97 (dt, J = 1.5 Hz, J = 8.1 Hz, 1H), 7.54 (dt, J = 1.4
Hz, J =7.7 Hz, 1H), 7.45 (t, J = 7.7 Hz, 1H), 6.52 (s, 1H), 5.16 (t, J = 6.6 Hz, 1H), 4.34 (dd, J = 6.3
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Hz, J = 8.3 Hz, 1H), 4.06 (dd, J = 6.9 Hz, J = 8.3 Hz, 1H), 3.96 (s, 3H), 1.70 — 1.59 (m, 8H), 1.45 —
1.39 (m, 2H) ppm; ®C NMR (100 MHz, CDCly) & 147.8, 142.2, 134.6, 130.8, 129.4, 129.3, 128.8,
118.8, 112.7, 111.1, 101.7, 69.0, 68.2, 37.4, 36.1, 35.0, 25.0, 23.8 (d, J = 4.6 Hz) ppm.

CI 3-(3-chloro-5-fluorophenyl)-5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-1H-
pyrazole (182j): yellow oil, 61%, R; = 0.49 (CyH/EtOAc 3:1), UHPLC-ESI-MS: R, = 3.60, m/z =
351.0 [M + H] * ."H NMR (300 MHz, CDCl3) & 7.54 (s, 1H), 7.36 (d, J = 8.9 Hz, 1H), 6.98 (d, J = 8.3
Hz, 1H), 6.47 (s, 1H), 5.14 (t, J = 6.6 Hz, 1H), 4.33 (t, J = 7.5 Hz, 1H), 4.05 (t, J = 7.6 Hz, 1H), 3.94
(s, 3H), 1.67 — 1.65 (m, 8H), 1.42 (d, J = 4.5 Hz, 2H) ppm; *C NMR (100 MHz, CDCl3) & 162.9 (d, J
= 248.2 Hz), 147.7 (d, J = 2.9 Hz), 142.1, 136.5 (d, J = 9.3 Hz), 135.1 (d, J = 11.0 Hz), 121.3 (d, J =
3.1 Hz),114.9 (d, J = 25.0 Hz), 111.1, 110.6 (d, J = 22.8 Hz), 101.8, 69.0, 68.2, 37.3, 36.1, 35.1, 25.0,
23.8 (d, J = 4.0 Hz) ppm.

NS 4-(5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-1H-pyrazol-3-yl)benzamide ~ (182K):
brown oil, 41%, R; = 0.29 (CyH/EtOAc 3:1), UHPLC-ESI-MS: R, = 2.79, m/z = 342.2 [M + H] *. 'H
NMR (300 MHz, CDCl3) & 7.63 (d, J = 8.9 Hz, 2H), 6.74 (d, J = 8.9 Hz, 2H), 6.40 (s, 1H), 5.13 (t, J =
6.7 Hz, 1H), 4.31 (dd, J = 6.3 Hz, J = 8.2 Hz, 1H), 4.06 (dd, J = 7.2 Hz, J = 8.2 Hz, 1H), 3.92 (s, 3H),
2.96 (s, 6H), 1.67 — 1.59 (m, 8H), 1.45 — 1.40 (m, 2H) ppm; *C NMR (100 MHz, CDCl;) & 150.5,
150.0, 141.2, 126.3, 121.8, 112.5, 110.8, 100.6, 69.1, 68.2, 40.5, 36.9, 36.0, 35.1, 25.0, 23.8 ppm.
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SN
\ 0 5-(5-{1,4-dioxaspiro[4.5]decan-2-ylI}-1-methyl-1H-pyrazol-3-yl)-1,2-oxazole ~ (182l):
brown oil, 55%, R; = 0.17 (CyH/EtOAc 3:1), UHPLC-ESI-MS: R, = 2.74, m/z = 290.2 [M + H] *. 'H
NMR (300 MHz, CDCl3) 6 8.27 (s, 1H), 6.64 (s, 1H), 6.54 (s, 1H), 5.17 (t, J = 6.5 Hz, 1H), 4.35 (dd, J
= 6.9 Hz, J=7.8 Hz, 1H), 4.09 (d, J = 4.6 Hz, 1H), 3.99 (s, 3H), 1.73 — 1.61 (m, 8H), 1.42 (d, J = 4.4
Hz, 2H) ppm; *C NMR (100 MHz, CDCl;) § 164.1, 150.5, 142.2, 139.4, 111.3, 103.5, 98.6, 68.9,
68.1, 37.7, 36.0, 35.1, 25.0, 23.9 (d, J = 2.2 Hz) ppm.

2-(5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-1H-pyrazol-3-yl)-1H-indole  (182m):
brown oil, 46%, R; = 0.77 (CHCIs/MeOH 9:1), UHPLC-ESI-MS: R; = 3.19, m/z = 338.2 [M + H] ". H
NMR (300 MHz, CDCls)  9.43 (s br, 1H), 7.62 (d, J = 7.7 Hz, 1H), 7.30 (d, J = 8.4 Hz, 1H), 7.17 (td,
J=6.9Hz, J =15.0 Hz, 1H), 7.10 (td, J = 7.2 Hz, J = 14.7 Hz, 1H), 6.74 (d, J = 1.4 Hz, 1H), 6.56 (s,
1H), 5.16 (t, J = 6.6 Hz, 1H), 4.35 (dd, J = 6.4 Hz, J = 8.3 Hz, 1H), 4.10 (dd, J = 6.9 Hz, J = 8.3 Hz,
1H), 3.93 (s, 3H), 1.71 — 1.65 (m, 8H), 1.49 — 1.45 (m, 2H) ppm; *C NMR (100 MHz, CDCl;) &
143.8, 141.9, 136.2, 131.6, 128.8, 122.0, 120.4, 119.7, 111.1, 110.8, 101.9, 99.4, 69.0, 68.1, 37.1,
36.1, 35.1, 25.0, 23.9 (d, J = 3.4 Hz) ppm.

N N3-(5-{1,4-di0xaspiro[4.5]decan-2-y|}-1-methyl-1H-pyr<31zol-3-yl)pyridine (182n):

brown oil, 47%, R; = 0.76 (CHCly/MeOH 9:1), UHPLC-ESI-MS: R, = 2.11, m/z = 300.2 [M + H] ". H
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NMR (300 MHz, CDCly) & 8.97 (s, 1H), 8.52 (d, J = 3.8 Hz, 1H), 8.09 (dt, J = 1.9 Hz, 7.9 Hz, 1H),
7.33 (dd, J = 4.9 Hz, 7.8 Hz, 1H), 6.55 (s, 1H), 5.18 (t, J = 6.6 Hz, 1H), 4.36 (dd, J = 6.4 Hz, 8.3 Hz,
1H), 4.08 (dd, J = 7.0 Hz, 8.3 Hz, 1H), 3.98 (s, 3H), 1.72 — 1.60 (m, 8H), 1.46 — 1.41 (m, 2H) ppm;
¥C NMR (100 MHz, CDCly) & 148.4, 147.0, 146.8, 142.0, 132.7, 129.3, 123.5, 111.1, 101.7, 69.1,
68.2, 37.3, 36.1, 35.1, 25.0, 23.9 (d, J = 4.1 Hz) ppm.

3-cyclohexyl-5-{1,4-dioxaspiro[4.5]decan-2-ylI}-1-methyl-1H-pyrazole (1820): brown
oil, 55%, R; = 0.29 (CyH/EtOAC 9:1), UHPLC-ESI-MS: R, = 3.40, m/z = 305.2 [M + H] *. '"H NMR
(300 MHz, CDCls) 6 5.99 (s, 1H), 5.10 (t, J = 6.9 Hz, 1H), 4.27 (t, J = 8.1 Hz, 1H), 3.98 (t, J = 7.8 Hz,
1H), 3.85 (s, 3H), 2.61 — 2.54 (m, 1H), 1.94 (d, J = 7.8 Hz, 2H), 1.78 (d, J = 4.5 Hz, 2H), 1.66 — 1.62
(m, 8H), 1.43 — 1.33 (m, 6H), 1.29 — 1.20 (m, 2H) ppm; *C NMR (100 MHz, CDCl,) & 157.1, 139.9,
110.7, 101.2, 69.2, 68.2, 37.5, 36.7, 36.0, 35.1, 33.3, 26.4, 26.1, 25.0, 23.8 (d, J = 3.8 Hz) ppm.

Synthesis of 183a-g and 184a-g: a stirred solution of the protected pyrazole 183a-g and 184a-g in
1,4-dioxane was cooled to 0 °C using an ice bath. A catalytic amount of concentrated HCI was added.
The reaction was stirred at room temperature overnight. Solvent was evaporated under reduced

pressure, the crude was redissolved in ACN (1 mL), filtered and purified by preparative HPLC.

HO OH

NH
/ N

1-(3-phenyl-1H-pyrazol-5-yl)ethane-1,2-diol (183a): yellowish solid, 88%, R; = 0.27
(CHCIy/MeOH 9:1), UHPLC-ESI-MS: R, = 1.76, m/z = 205.4 [M + H] *. "H NMR (300 MHz, MeOD)
8 7.74 —7.71 (m, 2H), 7.43 — 7.38 (m, 2H), 7.34 — 7.29 (m, 1H), 6.62 (s, 1H), 4.81 (dd, J =5.2 Hz, J =
6.6 Hz, 1H), 3.82 — 3.72 (m, 2H) ppm; *C NMR (100 MHz, MeOD) & 151.6, 149.2, 133.0, 129.8,
129.1, 126.6, 101.2, 69.7, 67.3 ppm.
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O 1-[3-(furan-2-yl)-1H-pyrazol-5-yl]ethane-1,2-diol (183b): brown oil, 82%, R; = 0.29
(CHCIy/MeOH 9:1), UHPLC-ESI-MS: R, = 1.50, m/z = 195.2 [M + H] *. "H NMR (300 MHz, MeOD)
3 7.53 (s, 1H), 6.69 (d, J = 3.3 Hz, 1H), 6.50 (d, J = 3.6 Hz, 2H), 4.79 (t, J = 6.3 Hz, 1H), 3.75 (dd, J =
2.5 Hz, J = 5.6 Hz, 2H) ppm; **C NMR (100 MHz, MeOD) & 150.3, 148.8, 143.4, 141.9, 112.4, 107.1,
100.7, 69.4, 67.2 ppm.

HO OH

S 1-[3-(thiophen-2-yl)-1H-pyrazol-5-yl]ethane-1,2-diol (183c): yellow oil, 83%, R; =
0.27 (CHCIy/MeOH 9:1), UHPLC-ESI-MS: R, = 1.68, m/z = 211.0 [M + H] *. *"H NMR (300 MHz,
MeOD) & 7.35 (dd, J = 1.2 Hz, J = 4.3 Hz, 2H), 7.06 (dt, J = 1.3 Hz, J = 4.4 Hz, 1H), 6.49 (s, 1H),
4.80 (t, J = 5.9 Hz, 1H), 3.76 — 3.74 (m, 2H) ppm; *C NMR (100 MHz, MeOD) & 145.7, 145.5, 136.4,
128.6, 125.8, 125.1, 101.3, 69.2, 67.2 ppm.

HO OH

1-[3-(propan-2-yl)-1H-pyrazol-5-yl]ethane-1,2-diol (183d): brown oil, 87%, R; =
0.25 (CHCIy/MeOH 9:1), UHPLC-ESI-MS: R, = 1.37, m/z = 171.2 [M + H] *. *"H NMR (300 MHz,
MeOD) § 6.12 (s, 1H), 4.72 (t, J = 5.9 Hz, 1H), 3.69 (dd, J = 2.8 Hz, J = 4.1 Hz, 2H), 2.98 (td, J = 6.9
Hz, J = 13.8 Hz, 1H), 1.27 (dd, J = 1.3 Hz, J = 6.9 Hz, 6H) ppm; **C NMR (100 MHz, MeOD) §
155.1, 151.9, 100.3, 70.0, 67.3, 27.6, 22.9 ppm.

HO OH
NH
/N

1-(3-cyclopropyl-1H-pyrazol-5-yl)ethane-1,2-diol (183e): yellow oil, 89%, R = 0.16
(CHCIy/MeOH 9:1), UHPLC-ESI-MS: R, = 1.22, m/z = 169.2 [M + H] *. *H NMR (300 MHz, MeOD)
8 6.25 (s, 1H), 4.73 (t, J = 5.3 Hz, 1H), 3.62 (d, J = 5.3 Hz, 2H), 2.00 — 1.91 (m, 1H), 1.14 — 1.07 (m,
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2H), 0.87— 0.80 (m, 2H) ppm; *C NMR (100 MHz, MeOD) & 152.0, 151.7, 99.9, 69.8, 67.3, 8.4, 8.3
ppm.

HO OH

1-(3-cyclopentyl-1H-pyrazol-5-yl)ethane-1,2-diol (183f): brownish solid, 82%, R; =
0.23 (CHCIy/MeOH 9:1), UHPLC-ESI-MS: R, = 1.68, m/z = 197.2 [M + H] *. *"H NMR (300 MHz,
CDsCN) 8 6.01 (s, 1H), 4.63 (t, J = 6.9 Hz, 1H), 3.67 — 3.56 (m, 2H), 3.07 — 3.01 (m, 1H), 2.05 - 1.99
(m, 2H), 1.77 — 1.71 (m, 2H), 1.66 — 1.54 (m, 4H) ppm; *C NMR (100 MHz, CD;CN) & 162.4, 152.0,
100.4, 69.06, 67.0, 38.1, 33.8, 25.8 ppm.

HO OH

1-[3-(adamantan-1-yl)-1H-pyrazol-5-yl]ethane-1,2-diol  (183g): brownish solid,
75%, R; = 0.25 (CHCly/MeOH 9:1), UHPLC-ESI-MS: R; = 2.24, m/z = 263.2 [M + H] *. 'H NMR
(300 MHz, MeQOD) 6 6.08 (s, 1H), 4.71 (dd, J = 5.0 Hz, J = 7.0 Hz, 1H), 3.70 (dd, J = 2.7 Hz, J = 6.0
Hz, 2H), 2.04 (s, 3H), 1.95 (d, J = 2.7 Hz, 6H), 1.81 (s, 6H) ppm; **C NMR (100 MHz, MeOD) §
157.5. 152.0, 99.2, 70.3, 67.4, 43.5, 37.7, 34.3, 30.0 ppm.

HO OH

1-(1-methyl-3-phenyl-1H-pyrazol-5-yl)ethane-1,2-diol (184a): yellowish solid, 79%,
Ri = 0.41 (CHCIy/MeOH 9:1), UHPLC-ESI-MS: R, = 1.88, m/z = 219.1 [M + H] *. '"H NMR (300
MHz, MeOD) & 7.74 (d, J = 7.3 Hz, 2H), 7.37 (t, J = 7.2 Hz, 2H), 7.29 (d, J = 7.4 Hz, 1H), 6.62 (s,
1H), 4.82 (t, J = 5.8 Hz, 1H), 3.94 (s, 3H), 3.82 (s, 2H) ppm; *C NMR (100 MHz, MeOD) & 151.6,
146.4, 134.6, 129.7, 128.8, 126.6, 102.5, 67.6, 66.4, 37.2 ppm.
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O 1-[3-(furan-2-yl)-1-methyl-1H-pyrazol-5-yl]ethane-1,2-diol (184b): brown oil, 85%,
Ri = 0.42 (CHCIy/MeOH 9:1), UHPLC-ESI-MS: R, = 1.57, m/iz = 209.2 [M + H] *. '"H NMR (300
MHz, MeOD) 6 7.50 (d, J = 1.7 Hz, 1H), 6.65 (d, J = 3.3 Hz, 1H), 6.51 (s, 1H), 6.48 (dd, J = 1.8 Hz, J
= 3.3 Hz, 1H), 4.80 (t, J = 6.1 Hz, 1H), 3.92 (s, 3H), 3.80 (dd, J = 4.1 Hz, J = 6.1 Hz, 2H) ppm; B3¢
NMR (100 MHz, MeOD) 4 150.0, 146.2, 143.9, 143.1, 112.3, 106.6, 102.2, 67.5, 66.3, 37.2 ppm.

HO OH

S 1-[1-methyl-3-(thiophen-2-yl)-1H-pyrazol-5-yl]ethane-1,2-diol (184c): yellow oil,
76%, R = 0.44 (CHCIly/MeOH 9:1), UHPLC-ESI-MS: R; = 1.76, m/z = 225.2 [M + H] *. 'H NMR
(300 MHz, MeOD) 4 7.33 — 7.30 (m, 2H), 7.04 (dd, J = 3.6 Hz, J = 5.1 Hz, 1H), 6.51 (s, 1H), 4.80 (t, J
=6.1 Hz, 1H), 3.90 (s, 3H), 3.81 (dd, J = 3.8 Hz, J = 6.1 Hz, 2H) ppm; **C NMR (100 MHz, MeOD) &
146.7, 146.4, 137.4, 128.5, 125.4, 124.8, 102.4, 67.5, 66.3, 37.1 ppm.

HO OH

1-[1-methyl-3-(propan-2-yl)-1H-pyrazol-5-yl]ethane-1,2-diol (184d): brown oil,
77%, Ry = 0.47 (CHCIly/MeOH 9:1), UHPLC-ESI-MS: R, = 1.50, m/z = 185.2 [M + H] *. '"H NMR
(300 MHz, MeOD) & 6.09 (s, 1H), 4.74 (t, J = 6.0 Hz, 1H), 3.83 (s, 3H), 3.75 (dd, J = 4.4 Hz, J = 6.2
Hz, 2H), 2.98 (td, J = 6.9 Hz, J = 13.9 Hz, 1H), 1.22 (d, J = 7.0 Hz, 6H) ppm; *C NMR (100 MHz,
MeOD) & 159.1, 145.3, 101.6, 67.5, 66.3, 36.6, 28.9, 23.3 ppm.

HO OH

N/
/N

1-(3-cyclopropyl-1-methyl-1H-pyrazol-5-yl)ethane-1,2-diol (184e): yellow oil, 92%,
Ri = 0.36 (CHCIy/MeOH 9:1), UHPLC-ESI-MS: R, = 1.37, m/z = 183.2 [M + H] *. 'H NMR (300
MHz, MeOD) & 6.40 (s, 1H), 4.87 (t, J = 5.8 Hz, 1H), 4.05 (s, 3H), 3.83 (dd, J =5.4 Hz, J = 11.3 Hz,
1H), 3.74 (dd, J = 6.1 Hz, J = 11.2 Hz, 1H), 2.10 — 2.01 (m, 1H), 1.25 - 1.18 (m, 2H), 0.97— 0.91 (m,
2H) ppm; *C NMR (100 MHz, MeOD) § 155.0, 146.4, 101.4, 67.5, 66.3, 36.7, 9.5, 8.4 ppm
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HO OH

1-(3-cyclopentyl-1-methyl-1H-pyrazol-5-yl)ethane-1,2-diol (184f): brownish solid,
78%, R = 0.28 (CHCIy/MeOH 9:1), UHPLC-ESI-MS: R, = 1.79, m/z = 211.2 [M + H] *. 'H NMR
(300 MHz, MeQOD) 6 6.08 (s, 1H), 4.74 (t, J = 6.2 Hz, 1H), 3.82 (s, 3H), 3.75 (dd, J = 4.4 Hz, J = 6.2
Hz, 2H), 3.06 — 2.97 (m, 1H), 2.03 — 1.96 (m, 2H), 1.79 — 1.75 (m, 2H), 1.72 — 1.60 (m, 4H) ppm; *C
NMR (100 MHz, MeOD) 6 157.3, 145.3, 102.1, 67.5, 66.3, 40.2, 36.6, 34.5, 26.2 ppm.

HO OH

1-[3-(adamantan-1-yl)-1-methyl-1H-pyrazol-5-yl]ethane-1,2-diol (184g): brownish
solid, 67%, R; = 0.50 (CHCl/MeOH 9:1), UHPLC-ESI-MS: R, = 2.37, m/z = 277.2 [M + H] *. 'H
NMR (300 MHz, MeOD) 5 6.10 (s, 1H), 4.74 (t, J = 6.2 Hz, 1H), 3.83 (s, 3H) 3.75 (dd, J = 4.3 Hz,J =
6.1 Hz, 2H), 2.03 (s, 3H), 1.93 (d, J = 2.7 Hz, 6H), 1.80 (s, 6H) ppm; *C NMR (100 MHz, MeOD) &
162.2, 144.8, 100.9, 67.6, 66.4, 43.9, 38.0, 36.5, 35.0, 30.2 ppm.

Synthesis of 185a-f: to a stirred solution of 174a (1.0 eq) in EtOH (2 mL) was added the
corresponding hydrazine (1.3 eq). The mixture was stirred at room temperature until starting material
consumption (monitored by TLC) (normally 2 — 3 hours). Solvent was removed under reduced

pressure, the crude was redissolved in ACN (1 mL), filtered and purified by preparative HPLC.>*

5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-ethyl-3-phenyl-1H-pyrazole (185a): orange
oil, 44%, R; = 0.32 (CyH/EtOAc 3:1), UHPLC-ESI-MS: R, = 3.36, m/z = 313.2 [M + H] *. '"H NMR
(300 MHz, CDCl3) 6 7.79 — 7.76 (m, 2H), 7.40 — 7.35 (m, 2H), 7.31 - 7.28 (m, 1H), 6.49 (s, 1H), 5.17
(t, J =6.7 Hz, 1H), 4.34 (dd, J = 6.3 Hz, J = 8.2 Hz, 1H), 4.27 (dd, J = 3.6 Hz, J = 7.2 Hz, 2H), 4.09
(dd, J =7.2 Hz, J = 8.1 Hz, 1H), 1.70 — 1.62 (m, 8H), 1.51 (t, J = 7.2 Hz, 3H), 1.46 — 1.38 (m, 2H)
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ppm; *C NMR (100 MHz, CDCl;) § 150.3, 140.8, 133.5, 128.5, 127.5, 125.5, 110.9, 101.3, 69.0, 68.5,
45.0, 36.1, 35.2, 25.1, 23.9, 16.0 ppm.

5-{1,4-dioxaspiro[4.5]decan-2-yl}-3-phenyl-1-(propan-2-yl)-1H-pyrazole (185b):
brown oil, 60%, R; = 0.78 (CyH/EtOAc 3:1), UHPLC-ESI-MS: R, = 3.60, m/z = 327.2 [M + H] *. *H
NMR (300 MHz, CDCl3) 6 7.80 (d, J = 7.2 Hz, 2H), 7.38 (t, J = 7.5 Hz, 2H), 7.29 — 7.26 (m, 1H), 6.47
(s, 1H),5.20 (t, J = 7.5 Hz, 1H), 4.69 — 4.61 (m, 1H), 4.34 (dd, J= 6.4 Hz, J =8.1 Hz, 1H), 4.10 (t, J =
7.5 Hz, 1H), 1.69 — 1.63 (m, 8H), 1.56 (dd, J = 6.7 Hz, J = 8.7 Hz, 6H), 1.46 — 1.42 (m, 2H) ppm; ©*C
NMR (100 MHz, CDCl3) 6 149.9, 140.2, 133.8, 128.5, 127.3, 125.5, 110.8, 100.8, 69.0, 68.4, 50.9,
36.2, 35.3,25.1, 23.9, 22.8 (d, J = 1.8 Hz) ppm.

1-cyclopropyl-5-{1,4-dioxaspiro[4.5]decan-2-yl}-3-phenyl-1H-pyrazole (185¢):
yellow oil, 54%, R; = 0.74 (CyH/EtOAc 3:1), UHPLC-ESI-MS: R, = 3.82, m/z = 325.2 [M + H] *. 'H
NMR (300 MHz, CDCl3) 4 7.89 (dd, J = 1.6 Hz, J = 8.0 Hz, 2H), 7.47 — 7.39 (m, 3H), 6.89 (s, 1H),
5.66 (t, J = 5.7 Hz, 1H), 4.51 (dd, J = 7.0 Hz, J = 8.6 Hz, 1H), 3.82 (dd, J = 5.5 Hz, J = 8.6 Hz, 1H),
3.35-3.30 (m, 1H), 1.84 — 1.79 (m, 2H), 1.74 — 1.63 (m, 6H), 1.50 — 1.45 (m, 2H), 1.27 — 1.24 (m,
2H), 1.18 — 1.14 (m, 2H) ppm; *C NMR (100 MHz, CDCl;) & 154.0, 149.0, 131.9, 129.1, 128.7,
126.3,110.7, 106.4, 72.5, 69.7, 36.1, 34.5, 25.2, 24.1, 23.8, 11.5 (d, J = 3.1 Hz) ppm.
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3-(5-{1,4-dioxaspiro[4.5]decan-2-yl}-3-phenyl-1H-pyrazol-1-yl)propanenitrile
(185d): orange oil, 41%, Ry = 0.28 (CyH/EtOAc 3:1), UHPLC-ESI-MS: R; = 3.15, m/z = 338.2 [M +
H]*. *H NMR (300 MHz, CDCl;) § 7.76 (d, J = 7.4 Hz, 2H), 7.40 (t, J = 7.3 Hz, 2H), 7.33 (d, J = 7.2
Hz, 1H), 6.48 (s, 1H), 5.22 (t, J = 6.6 Hz, 1H), 4.65 — 4.48 (m, 2H), 4.39 (t, J = 7.5 Hz, 1H), 4.16 (t, J
= 7.6 Hz, 1H), 3.04 (dd, J = 7.2 Hz, J = 14.3 Hz, 2H), 1.69 — 1.55 (m, 8H), 1.44 (d, J = 4.8 Hz, 2H)
ppm; *C NMR (100 MHz, CDCl3) & 151.5, 141.8, 132.7, 128.7, 128.0, 125.6, 117.1, 111.4, 102.0,
68.8, 68.2, 45.5, 36.1, 35.0, 25.0, 24.0, 23.9, 19.1 ppm.

1-cyclopentyl-5-{1,4-dioxaspiro[4.5]decan-2-yl}-3-phenyl-1H-pyrazole ~ (185e):
yellow oil, 70%, R; = 0.59 (CyH/EtOAc 3:1), UHPLC-ESI-MS: R, = 3.84, m/z = 353.2 [M + H] *. 'H
NMR (300 MHz, CDCls) 6 7.81 — 7.78 (m, 2H), 7.37 (t, J = 7.5 Hz, 2H), 7.29 — 7.24 (m, 1H), 6.48 (s,
1H), 5.22 (t, J = 6.7 Hz, 1H), 4.82 — 4.72 (m, 1H), 4.34 (dd, J = 6.3 Hz, J = 8.2 Hz, 1H), 4.09 (dd, J =
7.3 Hz, J = 8.0 Hz, 1H), 2.24 — 2.11 (m, 3H), 2.09 — 1.98 (m, 3H), 1.72 — 1.61 (m, 10H), 1.46 — 1.43
(m, 2H) ppm; *C NMR (100 MHz, CDCl3) & 149.7, 141.0, 133.8, 128.4, 127.3, 125.5, 110.8, 100.9,
69.2, 68.5, 60.0, 36.2, 35.3, 33.1 (d, J = 5.8 Hz), 25.1, 24.7 (d, J = 6.2 Hz), 23.9 (d, J = 0.9 Hz) 8 ppm.

5-{1,4-dioxaspiro[4.5]decan-2-yl}-1,3-diphenyl-1H-pyrazole (185f): brown oil,
55%, Ry = 0.81 (CyH/EtOAC 9:1), UHPLC-ESI-MS: R, = 3.56, m/z = 361.2 [M + H] *. "H NMR (300
MHz, CDCl3) & 7.33 — 7.20 (m, 10H), 6.58 (s, 1H), 5.27 (dd, J = 6.4 Hz, 7.4 Hz, 1H), 4.38 (dd, J = 6.3
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Hz, 8.2 Hz, 1H), 4.07 (t, J = 7.8 Hz, 1H), 1.79 — 1.59 (m, 8H), 1.48 — 1.41 (m, 2H) ppm; **C NMR
(100 MHz, CDCly) & 152.1, 144.1, 139.9, 130.4, 128.8, 128.7, 128.4, 128.2, 127.4, 125.2, 110.4,
105.6, 72.4, 69.6, 36.2, 35.3, 25.1, 24.0, 23.8 ppm.

Synthesis of 187a-d: to 40 (1.0 eq) was added the corresponding ketone (3.0 eq) and a catalytic
amount of p-TSA was added. The reaction was stirred at room temperature overnight. The solvent was
removed under reduced pressure and the crude was re-dissolved in Et20 and washed three times with
NaHCO3. The organic layer was dried over Mg

5

o O

\_X\2-ethyny|-1,4-dioxaspiro[4.4]nonane (187a): yellowish oil, 76%, Rf = 0.55
(CyH/EtOAC 9:1). *H NMR (300 MHz, CDCls) & 4.65 (dt, J = 2.1 Hz, J = 6.5 Hz, 1H), 4.13
(dd, J = 6.6 Hz, J = 8.0 Hz, 1H), 3.86 (dd, J = 6.4 Hz, J = 8.0 Hz, 1H), 2.48 (d, J = 2.1 Hz,
1H), 1.98 — 1.89 (m, 1H), 1.86 — 1.84 (m, 1H), 1.81 — 1.75 (m, 2H), 1.73 — 1.64 (m, 4H) ppm;
3C NMR (100 MHz, CDCl3) 5 120.2, 81.4, 73.9, 69.8, 64.8, 36.3, 36.1, 23.6, 23.3 ppm.

CJ

o O

\_X\2-ethyny|-1,4-dioxaspir0[4.6]undecane (187b): yellowish oil, 82%, Ry = 0.48
(CyH/EtOAC 9:1). *H NMR (300 MHz, CDCls) & 4.64 (d, J = 6.0 Hz, 1H), 411 (t, J= 7.5
Hz, 1H), 3.87 (t, J = 7.2 Hz, 1H), 2.47 (s, 1H), 1.94 (d, J = 4.5 Hz, 2H), 1.78 (d, J = 7.4 Hz,
2H), 1.55 (s, 8H) ppm; *C NMR (100 MHz, CDCls) & 115.2, 81.4, 73.8, 69.3, 64.8, 38.9,
38.7,29.3,29.2, 22.4, 22.3 ppm.

O

)

o O

\_X\2-ethyny|-1,4,8-trioxaspiro[4.5]decane (187c): yellowish oil, 68 %, Ry = 0.33
(CyH/EtOAc 9:1). *H NMR (300 MHz, CDCl3) & 4.75 (t, J = 6.1 Hz, 1H), 4.18 (t, J = 6.9 Hz,
1H), 3.98 (t, J = 7.8 Hz, 1H), 3.83 — 3.72 (m, 4H), 2.50 (s, 1H), 1.95 — 1.83 (m, 2H), 1.73 (d, J
= 3.5 Hz, 2H) ppm; *C NMR (100 MHz, CDCl3)  108.2, 81.3, 74.1, 69.6, 65.9 (d, J = 3.7
Hz), 65.1, 36.5, 36.2 ppm.
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LX\1-{2-ethynyl-1,4-dioxa—8-azas,piro[4.5]decan-8-y|}ethan-1-one (187d): yellowish
oil, 72%, Ry = 0.46 (CyH/EtOAC 1:3). *H NMR (300 MHz, CDCl3) & 4.75 — 4.73 (m, 1H),
4.17 (dd, J = 6.3 Hz, J = 8.1 Hz, 1H), 3.96 (dd, J = 5.9 Hz, J = 8.1 Hz, 1H), 3.70 — 3.63 (m,
2H), 3.54 — 3.48 (m, 2H), 2.50 (d, J = 1.9 Hz, 1H), 2.07 (s, 3H), 1.87 — 1.77 (m, 2H), 1.69 —
1.62 (m, 2H) ppm; *C NMR (100 MHz, CDCls) & 168.7, 108.8, 81.0 (d, J = 13.2 Hz), 74.3
(d, J=9.1Hz), 69.7, 65.2, 44.1, 39.3, 35.8 (d, J = 22.0 Hz), 34.9 (d, J = 24.3 Hz), 21.3 ppm.

Synthesis of 186: The compound was synthesized following the general procedure for the synthesis
of ynones (using benzoylchloride and the corresponding terminal alkyne) and pyrazoles (using
methylhydrazine)

1,5-dimethyl-3-phenyl-1H-pyrazole (186): brownish oil, 90%, Ry = 0.38
(CyH/EtOAC 3:1), UHPLC-ESI-MS: R, = 2.50, m/z = 173.2 [M + H] *. *H NMR (300 MHz,
CDCl3) 6 7.78 (d, J = 7.8 Hz, 2H), 7.39 (d, J = 7.6 Hz, 2H), 7.30 (d, J = 7.3 Hz, 1H), 6.33 (s,
1H), 3.81 (s, 3H), 2.29 (s, 3H) ppm; *C NMR (100 MHz, CDCl3) & 149.8, 139.6, 133.6,
128.4.127.2,125.3, 102.4, 36.0, 11.1 ppm.

Synthesis of 189a-d: to a stirred solution of the corresponding ynone (1.0 eq) in EtOH (2 mL) was
added methyl hydrazine (1.3 eq). The mixture was stirred at room temperature until starting material
consumption (monitored by TLC) (normally 2 — 3 hours). Solvent was removed under reduced

pressure, the crude was redissolved in ACN (1 mL), filtered and purified by preparative HPLC.>*
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5-{1,4-dioxaspiro[4.4]nonan-2-yl}-1-methyl-3-phenyl-1H-pyrazole (189a):
orange oil, 69%, Ry = 0.38 (CyH/EtOAc 3:1), UHPLC-ESI-MS: R, = 3.02, m/z = 285.2 [M + H] ".
'H NMR (300 MHz, CDCl3) § 7.77 (d, J = 7.2, 2H), 7.37 (d, J = 7.7 Hz, 2H), 7.30 — 7.25 (m,
1H), 6.51 (s, 1H), 5.09 (t, J = 6.7 Hz, 1H), 4.26 (dd, J = 6.8 Hz, J = 8.1 Hz, 1H), 4.01 (dd, J =
7.0 Hz, J = 8.0 Hz, 1H), 3.92 (s, 3H), 1.90 — 1.84 (m, 4H), 1.73 — 1.68 (m, 4H) ppm; *C
NMR (100 MHz, CDCl3) 6 150.0, 141.3, 133.2, 128.4, 127.4, 125.3, 120.0, 101.6, 69.1, 68.4,
37.0, 36.4, 36.1, 23.4, 23.3 ppm.

5-{1,4-dioxaspiro[4.6]undecan-2-yl}-1-methyl-3-phenyl-1H-pyrazole  (189b):
orange oil, 57%, Ry = 0.48 (CyH/EtOAc 3:1), UHPLC-ESI-MS: R, = 3.36, m/z = 313.2 [M + H] ".
'H NMR (300 MHz, CDCls) 8 7.76 (d, J = 7.6 Hz, 2H), 7.38 (t, J = 7.5 Hz, 2H), 7.29 (d, J =
7.4 Hz, 1H), 6.50 (s, 1H), 5.11 (t, J = 6.7 Hz, 1H), 4.29 (t, J = 7.8 Hz, 1H), 4.01 (t, J = 7.7 Hz,
1H), 3.95 (s, 3H), 1.97 — 1.83 (m, 4H), 1.65 — 1.58 (m, 8H) ppm; *C NMR (100 MHz,
CDCl3) 6 150.1, 141.2, 133.2, 128.5, 127.5, 125.4, 114.9, 101.6, 69.1, 68.1, 34.9, 38.3, 37.2,
29.2 (d, J = 5.7 Hz), 22.4 (d, J = 7.2 Hz) ppm.

0

1-methyl-3-phenyl-5-{1,4,8-trioxaspiro[4.5]decan-2-yl}-1H-pyrazole  (189c):
brown oil, 85%, R = 0.27 (CyH/EtOAc 3:1), UHPLC-ESI-MS: R, = 2.58, m/z = 301.2 [M + H] *.

234



'H NMR (300 MHz, CDCls) & 7.77 — 7.75 (m, 2H), 7.38 (t, J = 7.4 Hz, 2H), 7.30 (d, J = 7.3
Hz, 1H), 6.50 (s, 1H), 5.20 (t, J = 6.6 Hz, 1H), 4.37 (dd, J = 6.3 Hz, J = 8.4 Hz, 1H), 4.14 (dd,
J=6.8Hz, J = 8.4 Hz, 1H), 3.96 (s, 3H), 3.82 — 3.75 (m, 4H), 1.85 — 1.78 (m, 4H) ppm; *C
NMR (100 MHz, CDCls) & 150.2, 141.1, 133.1, 128.5, 127.6, 125.4, 108.0, 101.4, 69.3, 68.2,
65.9 (d, J = 3.7 Hz), 37.2, 36.9, 36.1 ppm.

1-[2-(1-methyl-3-phenyl-1H-pyrazol-5-yl)-1,4-dioxa-8-azaspiro[4.5]decan-8-
yl]lethan-1-one (189d): yellow oil, 44%, R; = 0.66 (CHCIl3/MeOH 9:1), UHPLC-ESI-MS: R, =
2.40, m/z = 342.2 [M + H] *. *H NMR (300 MHz, CDCl3) & 7.76 (d, J = 7.6 Hz, 2H), 7.39 (t, J =
7.5 Hz, 2H), 7.31 (d, J = 7.2 Hz, 1H), 6.51 (s, 1H), 5.23 (dd, J = 6.1 Hz, J = 10.9 Hz, 1H),
4.40 (t, J = 6.8 Hz, 1H), 4.17 (dd, J = 7.1 Hz, J = 14.6 Hz, 1H), 3.97 (s, 3H), 3.74 — 3.68 (m,
2H), 3.59 — 3.51 (m, 2H), 2.12 (d, J = 5.6 Hz, 3H), 1.83 — 1.74 (m, 4H) ppm; *C NMR (100
MHz, CDClg) 6 169.0, 150.3, 141.1, 132.9, 128.6, 127.8, 125.5, 108.7, 101.4, 69.5 (d, J =
11.7 Hz), 68.4 (d, = 5.7 Hz), 44.2 (d, J = 4.1 Hz), 39.5, 35.6 (d, J = 3.6 Hz), 21.3 ppm.
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'H NMR (300 MHz, CDCls) 5-{1,4-dioxaspiro[4.5]decan-2-yl}-3-phenyl-1H-pyrazole (181a)

mmmmm
hhhhhhhhh

521
519

—NH

mmmmm

RR)

@ 3@

g

00} L Fe———

e v wo o
Now — - = @ N
o = o o o w o
@ N = [T @ @
L L L Y L L L A B B I L B
8.0 70 6.0 5.0 4.0 3.0 20 1.0 0.0

ppm (i1)

3C NMR (100 MHz, CDCl5) 5-{1,4-dioxaspiro[4.5]decan-2-yl}-3-phenyl-1H-pyrazole (181a)
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'H NMR (300 MHz, CDCls) 5-{1,4-dioxaspiro[4.5]decan-2-yl}-3-(furan-2-yl)-1H-pyrazole (181b)
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3C NMR (100 MHz, CDCl5) 5-{1,4-dioxaspiro[4.5]decan-2-yl}-3-(furan-2-yl)-1H-pyrazole (181b)
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'H NMR (300 MHz, CDClI,) 5-{1,4-dioxaspiro[4.5]decan-2-yl}-3-(thiophen-2-yl)-1H-pyrazole
(181c)
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3C NMR (100 MHz, CDCl5) 5-{1,4-dioxaspiro[4.5]decan-2-yl}-3-(thiophen-2-yl)-1H-pyrazole
(181c)
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'H NMR (300 MHz, CDCIl;) 5-{14-dioxaspiro[4.5]decan-2-yl}-3-(propan-2-yl)-1H-pyrazole
(181d)
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BC NMR (100 MHz, CDCl;) 5-{14-dioxaspiro[4.5]decan-2-yl}-3-(propan-2-yl)-1H-pyrazole
(181d)
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'H NMR (300 MHz, CDClIs) 3-cyclopropyl-5-{1,4-dioxaspiro[4.5]decan-2-yl}-1H-pyrazole (181¢)
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B3C NMR (100 MHz, CDCI5) 3-cyclopropyl-5-{1,4-dioxaspiro[4.5]decan-2-yl}-1H-pyrazole (181e)
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'H NMR (300 MHz, CDClIs) 3-cyclopentyl-5-{1,4-dioxaspiro[4.5]decan-2-yl}-1H-pyrazole (181f)
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3C NMR (100 MHz, CDCI5) 3-cyclopentyl-5-{1,4-dioxaspiro[4.5]decan-2-yl}-1H-pyrazole (181f)
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'H NMR (300 MHz, CDCl,) 3-(adamantan-1-yl)-5-{1,4-dioxaspiro[4.5]decan-2-yl}-1H-pyrazole
(181g)
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3C NMR (100 MHz, CDCI5) 3-(adamantan-1-yl)-5-{1,4-dioxaspiro[4.5]decan-2-yl}-1H-pyrazole
(1819)
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'H NMR (300 MHz, CDCl,) 5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-3-phenyl-1H-pyrazole
(182a)
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3C NMR (100 MHz, CDCl5) 5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-3-phenyl-1H-pyrazole
(182a)
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'H NMR (300
pyrazole (182b)
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3C NMR (100 MHz, CDCl5) 5-{1,4-dioxaspiro[4.5]decan-2-yl}-3-(furan-2-yl)-1-methyl-1H-

pyrazole (182b)
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CDClz) 5-{1,4-dioxaspiro[4.5]decan-2-yl}-3-(furan-2-yl)-1-methyl-1H-

244



'H NMR (300 MHz, CDCls) 5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-3-(thiophen-2-yl)-1H-
pyrazole (182c)
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BC NMR (100 MHz, CDCIl;) 5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-3-(thiophen-2-yl)-1H-
pyrazole (182c)
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'H NMR (300 MHz, CDCl;) 5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-3-(propan-2-yl)-1H-
pyrazole (182d)
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BC NMR (100 MHz, CDCIl;) 5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-3-(propan-2-yl)-1H-
pyrazole (182d)
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'H NMR (300 MHz, CDCI;) 3-cyclopropyl-5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-1H-
pyrazole (182¢)
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BC NMR (100 MHz, CDCl;) 3-cyclopropyl-5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-1H-
pyrazole (182¢)
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'"H NMR (300 MHz, CDClIs) 3-cyclopentyl-5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-1H-
pyrazole (182f)
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BC NMR (100 MHz, CDCI;) 3-cyclopentyl-5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-1H-
pyrazole (182f)
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'H NMR (300 MHz, CDCl,) 3-(adamantan-1-yl)-5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-1H-

pyrazole (1829)
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3C NMR (100 MHz, CDCls) 3-(adamantan-1-yl)-5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-1H-

pyrazole (182¢)
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'H NMR (300 MHz, CDCls) 5-{14-dioxaspiro[4.5]decan-2-yl}-1-methyl-3-(3-

methylphenyl)-1H-pyrazole (182h)
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¥C NMR (100 MHz, CDCl;) 5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-3-(3-

methylphenyl)-1H-pyrazole (182h)
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'H NMR (300 MHz, CDClIs) 3-(5-{1,4-dioxaspiro[4.5]decan-2-yI}-1-methyl-1H-pyrazol-3-
yl)benzonitrile (182i)
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3C NMR (100 MHz, CDCls) 3-(5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-1H-pyrazol-
3-yl)benzonitrile (182i)
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'H NMR (300 MHz, CDClI3) 3-(3-chloro-5-fluorophenyl)-5-{1,4-dioxaspiro[4.5]decan-2-
yl}-1-methyl-1H-pyrazole (182])
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3C NMR (100 MHz, CDCl3) 3-(3-chloro-5-fluorophenyl)-5-{1,4-dioxaspiro[4.5]decan-2-
yl}-1-methyl-1H-pyrazole (182j)
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'H NMR (300 MHz, CDCls) 4-(5-{1,4-dioxaspiro[4.5]decan-2-yI}-1-methyl-1H-pyrazol-3-

yl)benzamide (182k)
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3C NMR (100 MHz, CDCls) 4-(5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-1H-pyrazol-

3-yl)benzamide (182k)
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'H NMR (300 MHz, CDCls) 5-(5-{1,4-dioxaspiro[4.5]decan-2-yI}-1-methyl-1H-pyrazol-3-

yl)-1,2-oxazole (182l)
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3C NMR (100 MHz, CDClIs) 5-(5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-1H-pyrazol-

3-yl)-1,2-oxazole (182l)
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'H NMR (300 MHz, CDCls) 2-(5-{1,4-dioxaspiro[4.5]decan-2-yI}-1-methyl-1H-pyrazol-3-
yl)-1H-indole (182m)
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3C NMR (100 MHz, CDCls) 2-(5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-1H-pyrazol-
3-yl)-1H-indole (182m)
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'H NMR (300 MHz, CDCls) 3-(5-{1,4-dioxaspiro[4.5]decan-2-yI}-1-methyl-1H-pyrazol-3-
yl)pyridine (182n)
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3C NMR (100 MHz, CDCls) 3-(5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-1H-pyrazol-
3-yl)pyridine (182n)
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'H NMR (300 MHz, CDCls) 3-cyclohexyl-5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-
1H-pyrazole (1820)
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¥C NMR (100 MHz, CDCIs) 3-cyclohexyl-5-{1,4-dioxaspiro[4.5]decan-2-y[}-1-methyl-
1H-pyrazole (1820)
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'H NMR (300 MHz, MeOD) 1-(3-phenyl-1H-pyrazol-5-yl)ethane-1,2-diol (183a)
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B3C NMR (100 MHz, MeOD) 1-(3-phenyl-1H-pyrazol-5-yl)ethane-1,2-diol (183a)
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'H NMR (300 MHz, MeOD) 1-[3-(furan-2-yl)-1H-pyrazol-5-yl]Jethane-1,2-diol (183b)
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3C NMR (100 MHz, MeOD) 1-[3-(furan-2-yl)-1H-pyrazol-5-yl]ethane-1,2-diol (183b)
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'H NMR (300 MHz, MeOD) 1-[3-(thiophen-2-yl)-1H-pyrazol-5-yl]ethane-1,2-diol (183c)
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3C NMR (100 MHz, MeOD) 1-[3-(thiophen-2-yl)-1H-pyrazol-5-yl]ethane-1,2-diol (183c)
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'H NMR (300 MHz, MeOD) 1-[3-(propan-2-yl)-1H-pyrazol-5-ylJethane-1,2-diol (183d)
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3C NMR (100 MHz, MeOD) 1-[3-(propan-2-yl)-1H-pyrazol-5-yl]ethane-1,2-diol (183d)
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'H NMR (300 MHz, MeOD) 1-(3-cyclopropyl-1H-pyrazol-5-yl)ethane-1,2-diol (183e)
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3C NMR (100 MHz, MeOD) 1-(3-cyclopropyl-1H-pyrazol-5-yl)ethane-1,2-diol (183e)
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'"H NMR (300 MHz, CD5CN) 1-(3-cyclopentyl-1H-pyrazol-5-yl)ethane-1,2-diol (183f)
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3C NMR (100 MHz, CD;CN) 1-(3-cyclopentyl-1H-pyrazol-5-yl)ethane-1,2-diol (183f)
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'H NMR (300 MHz, MeOD) 1-[3-(adamantan-1-yl)-1H-pyrazol-5-yl]ethane-1,2-diol (183g)
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3C NMR (100 MHz, MeOD) 1-[3-(adamantan-1-yl)-1H-pyrazol-5-yl]ethane-1,2-diol (183g)
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'H NMR (300 MHz, MeOD) 1-(1-methyl-3-phenyl-1H-pyrazol-5-yl)ethane-1,2-diol (184a)
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3C NMR (100 MHz, MeOD) 1-(1-methyl-3-phenyl-1H-pyrazol-5-yl)ethane-1,2-diol (184a)
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'H NMR (300 MHz, MeOD) 1-[3-(furan-2-yl)-1-methyl-1H-pyrazol-5-yl]ethane-1,2-diol (184b)
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3C NMR (100 MHz, MeOD) 1-[3-(furan-2-yl)-1-methyl-1H-pyrazol-5-yl]ethane-1,2-diol (184b)
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'H NMR (300 MHz, MeOD) 1-[1-methyl-3-(thiophen-2-yl)-1H-pyrazol-5-yl]ethane-1,2-diol
(184c)
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BC NMR (100 MHz, MeOD) 1-[1-methyl-3-(thiophen-2-yl)-1H-pyrazol-5-yl]ethane-1,2-diol
(184c)
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'H NMR (300 MHz, MeOD) 1-[1-methyl-3-(propan-2-yl)-1H-pyrazol-5-yl]ethane-1,2-diol (184d)
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3C NMR (100 MHz, MeOD) 1-[1-methyl-3-(propan-2-yl)-1H-pyrazol-5-yl]ethane-1,2-diol (184d)
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'"H NMR (300 MHz, MeOD) 1-(3-cyclopropyl-1-methyl-1H-pyrazol-5-yl)ethane-1,2-diol (184e)
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3C NMR (100 MHz, MeOD) 1-(3-cyclopropyl-1-methyl-1H-pyrazol-5-yl)ethane-1,2-diol (184e)
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'H NMR (300 MHz, MeOD) 1-(3-cyclopentyl-1-methyl-1H-pyrazol-5-yl)ethane-1,2-diol (184f)
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3C NMR (100 MHz, MeOD) 1-(3-cyclopentyl-1-methyl-1H-pyrazol-5-yl)ethane-1,2-diol (184f)
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'H NMR (300 MHz, MeOD) 1-[3-(adamantan-1-yl)-1-methyl-1H-pyrazol-5-yl]ethane-1,2-diol
(1849)
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3C NMR (100 MHz, MeOD) 1-[3-(adamantan-1-yl)-1-methyl-1H-pyrazol-5-yl]ethane-1,2-diol
(1849)
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'H NMR (300 MHz, CDCls) 5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-ethyl-3-phenyl-1H-
pyrazole (185a)
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¥C NMR (100 MHz, CDCl;) 5-{14-dioxaspiro[4.5]decan-2-yl}-1-ethyl-3-phenyl-1H-
pyrazole (185a)
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'H NMR (300 MHz, CDCls) 5-{1,4-dioxaspiro[4.5]decan-2-yl}-3-phenyl-1-(propan-2-yl)-
1H-pyrazole (185b)
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3C NMR (100 MHz, CDCls) 5-{1,4-dioxaspiro[4.5]decan-2-yl}-3-phenyl-1-(propan-2-yl)-
1H-pyrazole (185b)
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'H NMR (300 MHz, CDClIs) 1-cyclopropyl-5-{1,4-dioxaspiro[4.5]decan-2-yI}-3-phenyl-1H-
pyrazole (185c)
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'H NMR (300 MHz, CDCls) 3-(5-{1,4-dioxaspiro[4.5]decan-2-yl}-3-phenyl-1H-pyrazol-1-
yl)propanenitrile (185d)
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3C NMR (100 MHz, CDCls) 3-(5-{1,4-dioxaspiro[4.5]decan-2-yl}-3-phenyl-1H-pyrazol-1-
yl)propanenitrile (185d)
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'H NMR (300 MHz, CDCI;) 1-cyclopentyl-5-{1,4-dioxaspiro[4.5]decan-2-yI}-3-phenyl-1H-
pyrazole (185¢)
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3C NMR (100 MHz, CDCls) 1-cyclopentyl-5-{1,4-dioxaspiro[4.5]decan-2-yI}-3-phenyl-1H-
pyrazole (185¢)
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'H NMR (300 MHz, CDCls) 5-{1,4-dioxaspiro[4.5]decan-2-yl}-1,3-diphenyl-1H-pyrazole
(185f)
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3C NMR (100 MHz, CDClI3) 5-{1,4-dioxaspiro[4.5]decan-2-yl}-1,3-diphenyl-1H-pyrazole
(185f)
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'H NMR (300 MHz, CDClI3) 1,5-dimethyl-3-phenyl-1H-pyrazole (186)
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3C NMR (100 MHz, CDCls) 1,5-dimethyl-3-phenyl-1H-pyrazole (186)
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'H NMR (300 MHz, CDCl,)
pyrazole (189a)

5-{1,4-dioxaspiro[4.4]nonan-2-yl}-1-methyl-3-phenyl-1H-
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¥C NMR (100 MHz, CDCIls) 5-{1,4-dioxaspiro[4.4]Jnonan-2-yl}-1-methyl-3-phenyl-1H-

pyrazole (189a)
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'H NMR (300 MHz, CDCls) 5-{1,4-dioxaspiro[4.6]undecan-2-yl}-1-methyl-3-phenyl-1H-
pyrazole (189b)

TN,

e @m0 0 oW — o o 0 me@ @~ T @Ww
e R S @ememd D
hhhhhhh © Ce R T I A ]

AR )

wt L ~—M—m——
—

W B WL L

I o — — = o

(=1 L — o [=] ao e L8]

2 g g8 % 5 08
T ‘ T T T T ‘ T T T T | T T T T | T T T T ‘ T T T T ‘ T T T T | T ‘ T T T T ‘ T T
8.0 7.0 6.0 5.0 4.0 3.0 20 1.0 0.0

ppm (1)
¥C NMR (100 MHz, CDCIls) 5-{1,4-dioxaspiro[4.6]Jundecan-2-yl}-1-methyl-3-phenyl-1H-
pyrazole (189b)

/_\
( 7
o/
< S S emeres % 2 - = T m o N wm
[sle] o] <& N NN — =3 @ W @ 0 @O oo
., £ T oood o = z 2 285 azad
N J
N
(]
|
|
l | I oy
|
I
|
N . l
! l I I I |
ppm (t1) 200 150 100 50 0

280



'H NMR (300 MHz, CDCl;) 1-methyl-3-phenyl-5-{1,4,8-trioxaspiro[4.5]decan-2-yl}-1H-
pyrazole (189c)
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3C NMR (100 MHz, CDCIls) 1-methyl-3-phenyl-5-{1,4,8-trioxaspiro[4.5]decan-2-yl}-1H-
pyrazole (189c)

o - — W) WO =T o =T
> o - © ®r~uw © = m o oo ~N@ =
@ T OA&oN 3 o @ o ww @ o
s o I 2dgd - EBEE 588
v
{\fN
|
|
B!
| |
|
|
|
|
| } } l
‘ \ |
I ! I I I
150 100 50 0
ppm (t1)

281



'H NMR (300 MHz,

CDCI3) 1-[2-(1-methyl-3-phenyl-1H-pyrazol-5-yl)-1,4-dioxa-8-

azaspiro[4.5]decan-8-yl]ethan-1-one (189d)
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8.1.10Synthesis, 'H and 3C NMR of disubstituted indoles and derivatives

Synthesis of 190c-h: a stirred solution of the corresponding 2-bromoanline (1.0 eq) and Et;N (1.4 eq) in
DCM was cooled to 0 °C using an ice bath. Trifluoroacetic anhydride (1.2 eq) was added dropwise. The
mixture was stirred at room temperature overnight. The mixture was diluted with DCM and washed three
times with water. The organic layer was dried over MgSQ,, filtered and concentrated in vacuo to yield the
corresponding 2-bromotrifluoroacetanilide. The resulting compounds were used in the next step without
being purified.>*

Synthesis of 191b-g: a stirred solution of 40 (1.0 eq), the corresponding 2-bromotrifluoroacetanilide (1.1
eq), Cul (2% mol), L-proline (6% mol) and K,COs (2.0 eq) in DMF was heated at 80 °C for 1 — 6 days.
The mixture was diluted with EtOAc and extracted three times with water. The organic layer was dried
over MgSQ,, filtered and concentrated in vacuo to yield the corresponding indole. The crude was
redissolved in ACN (1 mL), filtered and purified by preparative HPLC.>*

3

0]

ZT

2-{1,4-dioxaspiro[4.5]decan-2-yl}-1H-indole (191b): orange oil, 50%, R; = 0.34
(CyH/EtOAc 9:1), UHPLC-ESI-MS: R, = 3.19, m/z = 258.2 [M + H] *. '"H NMR (300 MHz, CDCl;) &
8.33 (s br, 1H), 7.53 (d, J = 7.7 Hz, 1H), 7.27 (d, J = 8.0 Hz, 1H), 7.13 (t, J = 7.4 Hz, 1H), 7.06 (t, J = 7.3
Hz, 1H), 6.36 (s, 1H), 5.21 (t, J = 6.5 Hz, 1H), 4.24 (t, J = 7.2 Hz, 1H), 3.92 (t, J = 7.5 Hz, 1H), 1.73 —
1.62 (m, 8H), 1.40 — 1.37 (m, 2H) ppm; *C NMR (100 MHz, CDCl;) & 136.5, 136.0, 128.1, 122.0, 120.4,
119.8, 110.9, 110.5, 100.1, 71.6, 69.2, 36.1, 34.9, 25.0, 23.9, 23.7 ppm.

2,
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ZT

O—2-{1,4-dioxaspiro[4.5]decan-2-yl}-5-methoxy-1H-indole (191c): orange oil, 7%,
Ri = 0.24 (CyH/EtOAc 9:1), UHPLC-ESI-MS: R, = 3.09, m/z = 288.2 [M + H] *. *H NMR (300 MHz,
CDCl3) 6 8.22 (s br, 1H), 7.25 (d, J = 8.4 Hz, 1H), 7.03 (s, 1H), 6.84 (dd, J = 2.1 Hz, J = 8.8 Hz, 1H),
6.34 (s, 1H), 5.27 (t, J = 6.5 Hz, 1H), 4.31 (t, J = 7.2 Hz, 1H), 3.96 (t, J = 7.5 Hz, 1H), 3.84 (s, 3H), 1.75
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— 1.65 (m, 8H), 1.45 (d, J = 5.6 Hz, 2H) ppm; **C NMR (100 MHz, CDCl;) § 154.2, 137.3, 131.2, 128.7,
112.3, 111.6, 110.5, 102.3, 100.0, 71.8, 69.4, 55.8, 36.2, 35.0, 25.1, 24.0, 23.8 ppm.

.
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l F
F

F 2-{1,4-dioxaspiro[4.5]decan-2-yl}-6-(trifluoromethyl)-1H-indole  (191d):
yellow oil, 14%, R; = 0.28 (CyH/EtOAc 9:1), UHPLC-ESI-MS: R, = 3.43, m/z = 326.2 [M + H] ". H
NMR (300 MHz, CDCls3) 6 8.55 (s br, 1H), 7.64 (d, J = 11.4 Hz, 2H), 7.33 (d, J = 8.3 Hz, 1H), 7.26 (s,
1H), 6.46 (s, 1H), 5.33 (t, J = 6.3 Hz, 1H), 4.36 (t, J = 7.2 Hz, 1H), 3.99 (t, J = 6.9 Hz, 1H), 1.73 — 1.66
(m, 8H), 1.47 — 1.41 (m, 2H) ppm; ¥C NMR (100 MHz, CDCl,) & 139.8, 134.7, 130.7, 126.9, 124.4,
120.8, 116.7 (q, J = 3.5 Hz), 110.9, 108.5 (q, J = 4.4 Hz), 100.0, 71.5, 69.4, 36.2, 34.9, 25.0, 24.0, 23.8
ppm.

<,
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o\methyl 2-{1,4-dioxaspiro[4.5]decan-2-yl}-1H-indole-5-carboxylate  (191f):
yellow oil, 3%, R; = 0.60 (CHCIy/MeOH 9:1), UHPLC-ESI-MS: R, = 3.07, m/z = 316.2 [M + H] *. *H
NMR (300 MHz, CDCly) 4 8.47 (s br, 1H), 8.33 (s, 1H), 7.89 (d, J = 8.6 Hz, 1H), 7.37 (d, J = 8.6 Hz,
1H), 6.49 (s, 1H), 5.31 (t, J = 6.3 Hz, 1H), 4.35 (dd, J = 6.9 Hz, J = 7.8 Hz, 1H), 3.99 (t, J = 7.2 Hz, 1H),
3.92 (s, 3H), 1.76 — 1.64 (m, 8H), 1.46 — 1.42 (m, 2H) ppm; *C NMR (100 MHz, CDCl5) & 168.1, 138.6,
138.2,127.8, 123.6, 123.5, 122.1, 110.7, 110.6, 101.3, 71.5, 69.3, 51.8, 36.3, 34.8, 25.1, 24.0, 23.8 ppm.

<,
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Cl
5-chloro-2-{1,4-dioxaspiro[4.5]decan-2-yl}-1H-indole (191e): brownish solid,
5%, R = 0.63 (CyH/EtOAc 3:1), UHPLC-ESI-MS: R, = 3.38, m/z = 292.0 [M + H] *. *H NMR (300 MHz,
CDCls) 6 8.36 (s br, 1H), 7.53 (s, 1H), 7.27 (d, J = 8.3 Hz, 1H), 7.13 (dd, J = 0.9 Hz, J = 8.5 Hz, 1H),
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6.35 (s, 1H), 5.29 (t, J = 6.4 Hz, 1H), 4.33 (t, J = 8.1 Hz, 1H), 3.96 (t, J = 7.2 Hz, 1H), 1.74 — 1.65 (m,
8H), 1.46 — 1.43 (m, 2H) ppm; *C NMR (100 MHz, CDCls) & 138.2, 134.3, 129.3, 125.5, 122.4, 119.9,
111.9, 110.7, 99.7, 71.5, 69.4, 36.2, 34.9, 25.0, 24.0, 23.8 ppm.

2,

O H
N

7\

N=/"2-{1,4-dioxaspiro[4.5]decan-2-yl}-1H-pyrrolo[3,2-b]pyridine (191g): brown oil,
9%, Ry = 0.50 (CHCly/MeOH 9:1), UHPLC-ESI-MS: R, = 1.76, m/z = 259.2 [M + H] *. *H NMR (300
MHz, CDCl3) 6 9.13 (s, 1H), 8.43 (s br, 1H), 7.66 (d, J = 7.5 Hz, 1H), 7.11 (s, 1H), 6.61 (s, 1H), 5.35 (t, J
= 6.2 Hz, 1H), 4.36 (t, J = 7.2 Hz, 1H), 3.97 (t, J = 7.2 Hz, 1H), 1.71 — 1.64 (m, 8H), 1.44 — 1.39 (m, 2H)
ppm; *C NMR (100 MHz, CDCls) § 146.4, 140.9, 139.1, 131.7, 119.3, 118.3, 110.8, 100.5, 71.6, 69.5,
36.1, 34.9, 25.0, 24.0, 23.8 ppm.
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'H NMR (300 MHz, CDCls) 2-{1,4-dioxaspiro[4.5]decan-2-yl}-1H-indole (191b)
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3C NMR (100 MHz CDCls) 2-{1,4-dioxaspiro[4.5]decan-2-ylI}-1H-indole (191b)
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'H NMR (300 MHz, CDCls) 2-{1,4-dioxaspiro[4.5]decan-2-ylI}-5-methoxy-1H-indole (191c)
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3C NMR (100 MHz, CDClI;) 2-{1,4-dioxaspiro[4.5]decan-2-yl}-5-methoxy-1H-indole (191c)
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'H NMR (300 MHz, CDCls) 2-{1,4-dioxaspiro[4.5]decan-2-yl}-6-(trifluoromethyl)-1H-indole (191d)
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3C NMR (100 MHz, CDClI;) 2-{1,4-dioxaspiro[4.5]decan-2-yl}-6-(trifluoromethyl)-1H-indole (191d)
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'H NMR (300 MHz, CDCIl;) methyl 2-{14-dioxaspiro[4.5]decan-2-yl}-1H-indole-5-carboxylate
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BC NMR (100 MHz, CDCIl;) methyl 2-{14-dioxaspiro[4.5]decan-2-yl}-1H-indole-5-carboxylate
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'H NMR (300 MHz, CDCls) 5-chloro-2-{1,4-dioxaspiro[4.5]decan-2-yl}-1H-indole (191f)
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3C NMR (100 MHz, CDCIg) 5-chloro-2-{1,4-dioxaspiro[4.5]decan-2-yl}-1H-indole (191f)
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'H NMR (300 MHz, CDCls) 2-{1,4-dioxaspiro[4.5]decan-2-ylI}-1H-pyrrolo[3,2-b]pyridine (191g)
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3C NMR (100 MHz, CDClI;) 2-{1,4-dioxaspiro[4.5]decan-2-yI}-1H-pyrrolo[3,2-b]pyridine (191g)
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8.2 Computational

8.2.1 LsrK amino acid sequence

The three-dimensional structure of the following target sequence has been predicted by YASARA's

homology modeling experiment, Version 16.4.6.L.32:

MARLFTLSESKYYLMALDAGTGSIRAVIFDLEGNQIAVGQAEWRHLAVPDVPGSMEFDLNKNWQL
ACECMRQALHNAGIAPEYIAAVSACSMREGIVLYNNEGAPIWACANVDARAAREVSELKELHNNT
FENEVYRATGQTLALSAIPRLLWLAHHRSDIYRQASTITMISDWLAYMLSGELAVDPSNAGTTGLLD
LTTRDWKPALLDMAGLRADILSPVKETGTLLGVVSSQAAELCGLKAGTPVVVGGGDVQLGCLGLG
VVRPAQTAVLGGTFWQQVVNLAAPVTDPEMNVRVNPHVIPGMVQAESISFFTGLTMRWFRDAFCA
EEKLIAERLGIDTYTLLEEMASRVPPGSWGVMPIFSDRMRFKTWYHAAPSFINLSIDPDKCNKATLFR
ALEENAAIVSACNLQQIADFSNIHPSSLVFAGGGSKGKLWSQILADVSGLPVNIPVVKEATALGCAIA
AGVGAGIFSSMAETGERLVRWERTHTPDPEKHELYQDSRDKWQAVYQDQLGLVDHGLTTSLWKA
PGL

Uniprot code: Q8ZKQ6 (LsrK from S. thyphimurium, strain LT2). The target sequence contains 530

residues in one molecule.

8.2.2 Homology modeling parameters

The following parameters have been chosen for this target:

Modeling speed (slow = best): Slow

o Number of PSI-BLAST iterations in template search (PSI-BLASTS): 3

o Maximum allowed (PSI-)BLAST E-value to consider template (EValue Max): 0.5
e Maximum number of templates to be used (Templates Total): 5

o Maximum number of templates with same sequence (Templates SameSeq): 1

e Maximum oligomerization state (OligoState): 4 (tetrameric)

e Maximum number of alignment variations per template: (Alignments): 5

o Maximum number of conformations tried per loop (LoopSamples): 50

e Maximum number of residues added to the termini (TermExtension): 10
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http://www.uniprot.org/uniprot/P77432

8.2.3 Homology modeling templates

Since the target sequence was the only available information, possible templates were identified by
running 3 PSI-BLAST iterations to extract a position specific scoring matrix (PSSM) from UniRef90, and

then searching the PDB for a match (i.e. hits with an E-value below the homology modeling cutoff 0.5).

The following 47 hits were found:
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Total BLAST Align Res
Entry score** E-value score Cover ID A) Header
Crystal Structure Of A Hyperactive E. coli Glycerol Kinase
Mutant Gly230 -> Asp Obtained Using Microfluidic
0, -
1 135.33 0 305.0 90% 3EZW-A 2.00 Crystallization Devices (498 residues with quality score 0.493),
released 2008-11-04
The Crystal Structure Of Xylulose Kinase From R. rubrum (480
- 0, -
2 132.43 2e-115 321.0 90% 3IFR-B 2.30 residues with quality score 0.450), released 2009-08-25
1.9 Angstrom Crystal Structure Of Glycerol Kinase (Glpk) From
3 121.28 0 263.0 91% 3G25-B 1.90 S. aureus In Complex With Glycerol. (499 residues with quality
score 0.506), released 2009-02-17
Crystal Structure Of Highly Thermostable Glycerol Kinase From
4 119.75 0 321.0 89% 2ZF5-Y 2.40 A Hyperthermophilic Archaeon (494 residues with quality score
0.418), released 2008-05-06
5 119.63 6e-154 264.0 89% 3WXL-A 1.90 C (513 residues with quality score 0.511), released 2014-12-24
Glycerol Kinase H232r With Glycerol (501 residues with quality
- 0, - -
115.72 0 2410 91%  3H3N-O score 0.528), released 2009-06-02.*
Crystal Structure Of The E. coli Xylulose Kinase Complexed
- - 0, - -
115.64 6e-168 291.0 88% 2ITM-B With Xylulose (475 residues with quality score 0.451)*
Crystal Structure Of Glycerol Kinase From Cellulomonas Sp.
- 0, - -
114.93 0 259.0 0% 2D4W-B Nt3060 (503 residues with quality score 0.491)*
Glycerol Kinase H232e With Glycerol (500 residues with quality
- 0, - -
111.37 0 243.0 91% 3H46-0 score 0.505), released 2009-06-02.*
E. casseliflavus Glycerol Kinase Mutant His232ala Complexed
- 111.13 0 252.0 90% 3D7E-O - With Glycerol (495 residues with quality score 0.491), released

2009-04-28.*
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Entry

Total
score

BLAST
E-value

Align
score

Cover

Res
A)

Header

110.17

Te-78

266.0

92%

3QDK-D

Structural Insight On Mechanism And Diverse Substrate Selection
Strategy Of Ribulokinase (554 residues with quality score 0.448),
released 2011-02-09.*

109.54

le-72

242.0

90%

3L0Q-A

The Crystal Structure Of Xlylulose Kinase From Y.
pseudotuberculosis (541 residues with quality score 0.504),
released 2010-01-05.*

106.63

2e-131

250.0

85%

3LL3-B

The Crystal Structure Of Ligand Bound Xylulose Kinase From L.
Acidophilus (490 residues with quality score 0.499), released
2010-03-23.*

105.10

1e-80

217.0

89%

3HZ6-A

Crystal Structure Of Xylulokinase From C. violaceum (497
residues with quality score 0.545), released 2009-07-21.*

101.49

259.0

89%

4E1J-B

Crystal Structure Of Glycerol Kinase In Complex With Glycerol
From S. meliloti 1021 (484 residues with quality score 0.440),
released 2012-03-21.*

97.62

299.0

90%

1BUG-Y

Crystal Structures Of E. coli Glycerol Kinase And The Mutant
A65t In An Inactive Tetramer: Conformational Changes And
Implications For Allosteric Regulation (499 residues with quality
score 0.362), released 1998-09-16.*

96.95

1le-133

191.0

91%

2W40-D

Crystal Structure Of P. falciparum Glycerol Kinase With Bound
Glycerol (503 residues with quality score 0.557), released 2008-
12-02.*

95.22

0

269.0

88%

2DPN-A

Crystal Structure Of The Glycerol Kinase From T. thermophilus
Hb8 (492 residues with quality score 0.400), released 2006-11-
12.*
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Total BLAST Align Res
Entry score E-value score Cover ID A) Header
Structure Of The Regulatory Complex Of E. coli Iliglc With
- 91.96 0 299.0 90% 1GLA-G - Glycerol Kinase (489 residues with quality score 0.341), released
1993-10-31.*
E. coli Glycerol Kinase Mutant With Bound Atp Analog Showing
- 77.99 0 296.0 90% 1GLJ-Y - Substantial Domain Motion (494 residues with quality score
0.294), released 1999-05-18.*
L-fuculose Kinase (468 residues with quality score 0.469),
- - 0, - -
66.25 5e-37 161.0 88% 4C23-B released 2013-12-11 %
The Crystal Structure Of Xylulose Kinase From B. adolescentis
- - 0, - -
53.68 2e-67 129.0 83% 318B-A (506 residues with quality score 0.499), released 2009-08-04.*
Structure Of L-Rhamnulose Kinase In Complex With Adp And
- 48.82 le-27 105.0 88% 2UYT-A - Beta-L-Rhamnulose (479 residues with quality score 0.530),
released 2007-06-26.*
Crystal Structure Of L-Rhamnulose Kinase From E. coli In
Complex With L-Fructose, Adp And A Modeled Atp Gamma
- - 0, - -
46.36 2e-24 105.0 88% 2CGL-A Phosphate (479 residues with quality score 0.500), released 2006-
05-31.*
Putative Sugar Kinases From S. elongatus Pcc7942 In Complex
- 42.88 3e-32 104.0 79% 5HUX-A - With Adp (429 residues with quality score 0.524), released 2016-
06-08.*
Putative Sugar Kinases From S. elongatus Pcc7942-d8a (419
- - 0, - -
42.05 3e-30 103.0 7% SHTJA residues with quality score 0.529), released 2016-06-08.*
Putative Sugar Kinases From A. thaliana In Complex With
- 41.01 3e-38 96.0 79% 5HTV-A - Amppnp (424 residues with quality score 0.543), released 2016-

06-08.*
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Total BLAST Align Res
Entry score E-value score Cover ID A) Header
Sugar Kinases From S. elongatus Pcc7942-t11a (420 residues with
- - 0, - -
40.69 2e-30 105.0 7% SHUZ-A quality score 0.501), released 2016-06-08.*
Sugar Kinases From S. elongatus Pcc7942-d221a (420 residues
- - 0, - -
36.77 2e-30 1020 77% - SHTY-A with quality score 0.466), released 2016-06-08.*
Crystal Structure Of Human D-xylulokinase In Complex With
- 33.86 3e-46 72.0 91% 4BC5-A - Inhibitor 5-deoxy-5-fluoro-d-xylulose (524 residues with quality
score 0.515), released 2012-11-28.*
Crystal Structure Of Human D-xylulokinase In Complex With D-
- 28.63 3e-42 62.0 90% 4BC4-C - Xylulose (524 residues with quality score 0.513), released 2012-
11-28.*
E. casseliflavus Glycerol Kinase Complexed With Glycerol (487
- 0, - -
22.177 0 248.0 88% 1XUP-X residues with quality score 0.104), released 2004-12-14.*
The Crystal Structure Of A Carbohydrate Kinase From N.
- 9.15 9e-07 25.0 82% 3H6E-B - aromaticivorans (467 residues with quality score 0.445), released
2009-06-02.*
Crystal Structure Of A Rok Family Glucokinase From S. griseus
- 8.17 0.088 37.0 40% 3VGM-A - In Complex With Glucose (312 residues with quality score 0.547),
released 2011-12-07.*
Structure Of N-Acetylmannosamine Kinase In Complex With N-
- 2.05 0.037 7.0 53% 2YHY-A - Acetylmannosamine And Adp (308 residues with quality score
0.550), released 2012-02-29.*
Structure Of Heat Shock-related 70kda Protein 2 With Small-
i 197 0.32 10.0 34% 5EPD-B i molecule Ligand Pyrazine-2-carboxamide (at513) In An Alternate

Binding Site. (377 residues with quality score 0.587), released
2015-12-16.*
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Total BLAST Align Res
Entry score E-value score Cover ID A) Header
Crystal Structure Of The Human Mortalin (grp75) Atpase Domain
- 0.98 0.032 12.0 18% 4KBO-A - In The Apo Form (374 residues with quality score 0.454), released
2014-04-02.*.
Activator Of The 2-Hydroxyisocaproyl-Coa Dehydratase From C.
- 0.77 0.29 10.0 13% 4EHU-A - difficile With Bound Adpnp (268 residues with quality score
0.583), released 2012-08-08.*
Crystal Structure Analysis Of Cell Division Protein (378 residues
- 0, - -
0.56 0.09 8.0 12% 3WT0-D with quality score 0.570), released 2015-04-29.*
Crystal Structure Of The Tex Protein From P. aeruginosa, Crystal
- 0.39 0.047 8.0 9% 3BZK-A - Form 2 (728 residues with quality score 0.546), released 2008-04-
08.*.
Reductive Activator For Corrinoid, Iron-Sulfur Protein (628
- 0, - - '
0.37 0.17 150 5% 3ZYY-X residues with quality score 0.478), released 2012-04-04.*
Crystal Structure Of A Functionally Unknown Protein (So_1313)
- 0.29 0.42 9.0 6% 3CQY-B - From S. oneidensis Mr-1 (369 residues with quality score 0.506),
released 2008-04-22.*
Crystal Structure Of S. tokodaii Hexokinase In Complex With
- 0.21 0.48 6.0 6% 2E20-A - Glucose (299 residues with quality score 0.608), released 2007-
01-16.*
Crystal Structure Of A Heat Shock 70kda Protein 2 (hspa2) From
- 0.06 0.28 11.0 1% 4FSV-A - Homo Sapiens At 1.80 A Resolution (380 residues with quality
score 0.580), released 2012-07-18.*.
Crystal Structure Of A Fusion Protein Containing The Nbd Of
- 0.05 0.12 7.0 2% 4J8F-A - Hsp70 And The Middle Domain Of Hip (551 residues with quality

score 0.486), released 2013-07-03.*

298



Total BLAST Align Res
Entry score E-value score Cover ID A) Header
Structure Of Conserved Protein Mth1747 Of Unknown Function
Reveals Structural Similarity With 3-Hydroxyacid
- 0, - -
0.05 0.31 70 1% 1136-A Dehydrogenases (258 residues with quality score 0.575), released
2002-05-15.*
Crystal Structure Of The A. fermentans (R)-2- Hydroxyglutaryl-
- 0.01 0.43 5.0 1% 1IHUX-A - Coa Dehydratase Component A (259 residues with quality score

Table 8.1: Homology modeling templates

*NOTE: Starting from entry 6, each template was deliberately discarded as the maximum number of templates to use was selected as 5 (see Chapter 8.2.2).

0.447), released 2001-03-21.*

**The “Total score” in the second column is the product of the BLAST alignment score, the “WHAT_CHECK** quality score in the PDBFinder2 database

and the target coverage. This makes sure that good template structures are used even if the alignment score is lower. The quality score ranges from 0.000

(terrible) to 1.000 (perfect). The target coverage can be artificially low if the alignment scores so badly, that unaligned overhangs on both sides are more

favorable.

299



8.2.4 The secondary structure prediction

To aid alignment correction and loop modeling, a secondary structure prediction for the target sequence
had to be obtained. This was achieved by running PSI-BLAST to create a target sequence profile and
feeding it to the PSI-Pred secondary structure prediction algorithm.**

The resulting prediction is listed below :'PreHel’, 'PreStr' and 'PreCoi' indicate the estimated probability for

the three secondary structure classes helix, strand and coil.

SecStr
CCCCCCCCCCCCEEEEEECCCCCCEEEEECCCCCEEEEEEECCCCCCCCCCCCCCCCCHHHHHHH
HHHHHHHHHHHCCCCCCCEEEEEECCCCCEEEEECCCCCCEEEHHCCCCCCHHHHHHHHHHCC
CCHHHHHHHHHCCCCCCCHHHHHHHHHHCCCHHHHHHCCCCCCHHHHHHHHCCCCCCCHHH
HCCCcccccccCcCCCHHHHHHHCCCCCccccccCcCCCCCCEECCHHHHHHCCCCCCCCEEEEHH
HHHHHHHCCCCCCCCCEEEEECCCEEEEEECCCCCCCCCCCEEEEEEECCCEEEEECHHHHHHHH
HHHHHHHHCHHHHHHHHHCCCCHHHHHHHHHHCCCCCCCCCCCCCCCCCCCCCCCCCCCEEE
ecccccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHCCCCCEEEEECCCCCCHHHHHHHH
HHCCCEEEEECCCCCHHHHHHHHHHHHCCCCCCHHHHHHHCCCCCCEEECCCCCHHHHHHHH
HHHHHHHHHHHHHHHCCCCCCCCCCCCC

PreHel
011110000000000000002222342100000000000000000100000000100088999999999999999830001000000
021100000000000000023455234329999999987310368999999700000005889999876104689887443003577
887851000001544443222100000015899998300000000000000011100188888820000001000045899988733
210121000000011111111000000000000000000000000013444456789998887535899999995000589999988
520000000122110000000000000100000000000008999999999999999999999998750000000000012233778
999876620000000000145899999997653000009889886432100000002119999999999999999999888744322
21100000

PreStr
011111000023899996200023577883000188999654443331000001222000000000000000000000000017688
883100247887300004563255100000000000000000000000000000121000000000000000000000001100000
001101103442000001111121000000000000000000000012101233564200000000000014988620000000000
112101388866202467644100121000026666545400699843111100000000000000000000000000000000000
000000022222111100000100001478861210000000000000000000000000000000000000189997211000000
000000000069865322100000000000000011000000000001104885100000000000000000000000000000013
22210000
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PreCoi

987778898876100003786654200006899811000345556668999997667911000000000000000069998992400
106788742012689994422211366670000000011588631000000299888893110000123895310012455795311
111147886455444455566667889974100001699998989876577555446711111169999995000233100011266
677767611022664421133788767999983333454599200123444432200001101464100000005999410000011
478988655555655667887799998421148889999991100000000000000000000001249999810003777666221
000123389951144677654200000002345888990100013567796214898780000000000000000000110255554

56679999

8.2.5 The target sequence profile

To help align target and templates, a target sequence profile has been created from the multiple sequence

alignment of the UniRef90 sequences listed below:

UniRef90 Protein Taxonomy

D8BSF2 Carbohydrate kinase Enterobacteriaceae

Autoinducer 2 kinase LsrK Enterobacteriaceae
A7ZLW9

Putative sugar kinase, actin-like ATPase domain Xenorhabdus

D3V6E2

Autoinducer 2 kinase LsrK Photorhabdus
Q7N2E1

Autoinducer 2 kinase LsrK Yersinia
A7TFMJ5

Carbohydrate kinase FGGY Serratia
A8GBJ6

Autoinducer-2 (Al-2) kinase Serratia odorifera
D4E993

Carbohydrate kinase, FGGY -like protein Rahnella sp Y9602
E8XTU1L
Carbohydrate kinase, FGGY -like protein Pantoea sp. At-9b

E6WS8ES

Autoinducer 2 kinase LsrK Enterobacteriaceae
AGTECO:

) ) ) Pasteurella multocida subsp.
Putative uncharacterized protein )
Q9CLG3 multocida str. Pm70
) ) Aggregatibacter
Autoinducer-2 (Al-2) kinase ] ]
9R4P4 actinomycetemcomitans

Autoinducer-2 (Al-2) kinase Haemophilus influenzae

CAEXE3
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UniRef90 Protein Taxonomy
Histophilus somni
BOUXO03 Carbohydrate kinase FGGY P
i Sulfurimonas denitrificans DSM 1251
Q30QH7 Carbohydrate kinase, FGGY
. Sulfurovum sp. NBC37-1
A6Q6H0 Sugar kinase
Campylobacterales bacterium GD 1
B6BKLO Carbohydrate kinase, fggy 24
Sulfurimonas autotrophica DSM
EOUURO Carbohydrate kinase, FGGY 16294
i Arcobacter nitrofigilis DSM 7299
D5V4S3 Carbohydrate kinase, FGGY
. Shewanella woodyi ATCC 51908
B1KEOQ2 Carbohydrate kinase FGGY
. . Shewanella violacea DSS12
D4ZBQ5 Sugar kinase, putative
. Bacillus cereus Rock3-44
C2W951 Carbohydrate kinase FGGY
D5APP4 Carbohydrate kinase, FGGY Rhodobacter capsulatus SB 1003
Bacillus cereus grou
AIVIG5 Carbohydrate kinase, FGGY grotp
. Bacillus
C3BLJ1 Carbohydrate kinase FGGY
i . . Sinorhizobium meliloti
EOK6T9 Carbohydrate kinase, FGGY -like protein
Bacillus cereus grou
AORFF4 Carbohydrate kinase, FGGY family group
. Rhodobacter sp. SW2
C8s4J3 Carbohydrate kinase FGGY
Oceanithermus profundus DSM
E4U7P3 Carbohydrate kinase, FGGY 14977
i Sulfuricurvum kujiense DSM 16994
E4TXQ1 Carbohydrate kinase, FGGY
Anaerotruncus colihominis DSM
BOP8Y8 Putative uncharacterized protein 17241
. . Clostridiales bacterium 1_7_47FAA
C5EKU1L Autoinducer-2 kinase -
. Rhodobacter sphaeroides
A3PPI5 Carbohydrate kinase, FGGY
. i i Clostridium hylemonae DSM 15053
COBWTO Putative uncharacterized protein
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UniRef90

Protein

Taxonomy

Carbohydrate kinase domain protein, fggy

Silicibacter sp. TrichCH4B

C9CTR1 .
family
i i Sinorhizobium meliloti
Q92VV3 Probable sugar kinase, pr_obably EGGY family
protein
. . ) Treponema primitia ZAS-2 R
UP100020 FGGY domain-containing protein
) Spirochaeta smaragdinae DSM 11293
E1R7F9 Carbohydrate kinase, FGGY
) ) Granulicatella adiacens ATCC 49175
C8NF98 FGGY family carbohydrate kinase

Table 8.2: UniRef90 sequences used to create the target sequence profile

8.2.6 The homology models

For each of the templates listed above, models were built. Either a single model if the alignment was

certain, or a number of alternative models if the alignment was ambiguous. 25 models were generated and

sorted by their overall quality Z-scores.***

Rank Z-score State Model ID Original Residues ~ Comment
number

1 -1.603 Monomer 3IFR-B01 6 14-518 Satisfactory
2 -1.626 Monomer 3IFR-B04 9 14-518 Satisfactory
3 -1.695 Monomer 3IFR-B05 10 14-518 Satisfactory
4 -1.745 Monomer 3IFR-B03 8 14-518 Satisfactory
5 -1.765 Monomer 3IFR-B02 7 14-518 Satisfactory
6 -2.137 Homodimer  3WXL-~03 23 12-509 Poor
7 -2.155 Homodimer ~ 3WXL-~01 21 12-509 Poor
8 -2.171 Homodimer  3WXL-~04 24 12-509 Poor
9 -2.225 Homodimer ~ 3WXL-~05 25 12-509 Poor
10 -2.258 Homodimer ~ 3WXL-~02 22 12-509 Poor
11 -2.298 Homodimer 2ZF5-~01 16 13-510 Poor
12 -2.340 Homodimer 2ZF5-~02 17 13-510 Poor
13 -2.368 Homodimer 2ZF5-~04 19 13-510 Poor
14 -2.414 Homodimer 2ZF5-~05 20 13-514 Poor
15 -2.488 Homodimer 2ZF5-~03 18 13-510 Poor
16 -2.504 Homotetramer 3EZW-~02 2 12-510 Poor
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Original

Rank Z-score State Model ID number Residues ~ Comment
17 -2.527 Homotetramer  3EZW-~03 3 12-510 Poor
18 -2.545 Homotetramer ~ 3G25-~05 15 12-513 Poor
19 -2.548 Homotetramer  3EZW-~04 4 12-510 Poor
20 -2.557 Homotetramer  3EZW-~01 1 12-510 Poor
21 -2.576 Homotetramer  3G25-~01 11 12-513 Poor
22 -2.585 Homotetramer ~ 3G25-~03 13 12-513 Poor
23 -2.599 Homotetramer 3EZW-~05 5 12-510 Poor
24 -2.632 Homotetramer  3G25-~02 12 12-513 Poor
25 -2.667 Homotetramer  3G25-~04 14 12-517 Poor

Table 8.3: Homology models generated by YASARA

***NOTE: A Z-score describes how many standard deviations the model quality is away from the
average high-resolution X-ray structure. Higher values are better, negative values indicate that the
homology model looks worse than a high-resolution X-ray structure. The overall Z-scores for all models
have been calculated as the weighted averages of the individual Z-scores using the formula Overall =
0.145*Dihedrals + 0.390*PackinglD + 0.465*Packing3D. The overall score thus captures the correctness
of backbone- (Ramachandran plot) and side-chain dihedrals, as well as packing interactions. It applies to
globular proteins only, and can be mislead by artificial structures like long single alpha helices (which

have perfect dihedrals and are free of packing errors, since there is no packing).

8.2.7 Molecular modeling

In June 2018, three crystal structures of LsrK/HPr (a phosphocarrier protein) alone or in complex with ATP
and ADP (PDB ID: 5YAQ, 5YA1, 5YA2, respectively) were published.’*® All the synthesized compounds
were docked into LsrK kinase binding site (PDB ID: 5YA1) and the resulting docking poses were analyzed
for the interactions and geometry. Compound 181a interacts with D 253, T 275 and K 453 (Figure 8.1);
compound 182a has a similar binding pose and the higher activity (ICsy 181a = 475 (x11) UM, 1Cs, 182a =
119 (£3) uM) 13a can be attributed to the methyl stabilization energy and the electrostatic potential of N-
CHs. The higher activity of compound 182a in comparison to 181b (182a = 119 (£3) uM, ICs, 181b = 384
(x15) uM) can be attributed to the negative electrostatic potential near the oxygen of the furan ring (i.e.,

compound 181b) and the local binding site environment (i.e., electrostatic repulsion of Thr 456).
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Figure 8.1: Binding pose of compound 182a in the binding site of LsrK kinase. Hydrogen bonds are shown in red dashed lines.
Electrostatic potential surfaces are shown as mesh (blue-positive potential and red-negative potential)
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8.3 Microbiology
8.3.1 General

The following strains and plasmids were used in this work:

Strain or plasmid Description Source or reference
Strains
Rosetta DE3 E. coli BL21 derivative, pRare2, Cm' Tegel et al.®’
E. coli MG 1655 MG 1655 derivative of E. coli K-12 Soupene et al. 3@
E. coli DH5a DH5a derivative of E. coli K-12 Woodcock et al.>*
Plasmids

MBP-pMAL-c2X MBP fusion cloning vector, Ap' New England Biolabs

Hiss- fusion cloning vector, Ap' (modified pET-

350
pET-19m 19b, Novagen) Dolan et al.
MBP-pMAL-c2X-LsrK MBP-pMAL containing LsrK from E. coli; Ap"  This study
PET-19m-LsrK PET-19m containing LsrK from E. coli; Ap' This study

The following primers were used in this work:

Primer Sequence Source
LsrK Ecorl forward GATCGAATTCATGGCTCGACTCTTTACCCTTTCAGAATC Sigma-Aldrich
LsrK Sall reverse GATCGTCGACCTATAACCCAGGCGCTTTCCATAACG Sigma-Aldrich
:C\QFWP;%MAL'CZX GGTCTGACCTTCCTGGTTGA Sigma-Aldrich
MR PMAL-C2X ACGGCGTTTCACTTCTGAGT Sigma-Aldrich
pET-19m forward ACCATGGGCCATCATCATCA Sigma-Aldrich
pET-19m reverse CCAACTCAGCTTCCTTTCGG Sigma-Aldrich
LsrK Ndel forward ~ CATGCATATGGCTCGACTCTTTACCCTTTCAGAATC Sigma-Aldrich
LsrK Xhol reverss ~~ CATGCTCGAGCTATAACCCAGGCGCTTTCCATAACG Sigma-Aldrich
LuxS Ndel forward ~ ATAAAAAACATATGCCGTTGTTAGATAGCTTCAC Sigma-Aldrich
LuxS Xhol reverse  AAAACTCGAGTAGATGTGCAGTTCCTGCAACT Sigma-Aldrich
Mtn Ndel forward ~ ATAAAAAACATATGATGAAAATCGGCATCATTGGTGC — Sigma-Aldrich
Mtn Xhol reverse AAAACTCGAGTTAGCCATGTGCAAGTTTCTGCA Sigma-Aldrich
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The following media were used in this work:

LB Broth (Lennox)

Tryptone (1% w/v), yeast extract (0.5% wi/v) and sodium chloride (1% w/v) in water; adjusted to pH 7.0 with
1M NaOH and sterilized.

LB Agar

Tryptone (1% w/v), yeast extract (0.5% wi/v), agar (1.5% w/v g) and sodium chloride (1% w/v) in water;
adjusted to pH 7.0 with 1M NaOH and sterilized.

Carbenicillin stock

Carbenicillin disodium salt (50 mg/mL) in 50% aqueous EtOH (5 mL); filtered (0.22 pm); stored at — 20 °C.

Chloramphenicol stock

Chloramphenicol (34 mg/mL) in 50% aqueous EtOH (5 mL); filtered (0.22 um); stored at — 20 °C.
IPTG stock
Isopropyl-p-D-1-thiogalactopyranoside (1 mM) in water; filtered (0.22 pum); stored at 4 °C.

1XTAE electrophoresis buffer

Tris (free base, 10 mM), acetic acid (20 mM) and EDTA (1mM) in water; adjusted to pH 7.6; stored at room

temperature.

6XDNA loading dye

Gel loading dye purple (6x) purchased from BioLabs; stored at — 20 °C.

1Kb DNA ladder

HyperLadder™ 1 Kb purchased from Bioline; stored at — 20 °C.

5xlower buffer (SDS-PAGE)

Tris*HCI (1.25 M) and sodium dodecyl sulfate (0.5% wi/v) in water; adjusted to pH 8.8; stored at room

temperature.
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5xupper buffer (SDS-PAGE)

Tris*HCI (0.5 M) and sodium dodecyl sulfate (0.5% wi/v) in water; adjusted to pH 6.8; stored at room

temperature.

1Xx running buffer (SDS-PAGE)

Tris*HCI (25 mM), glycine (250 mM), sodium dodecyl sulfate (0.1% wi/v) in water; adjusted to pH 7.5;

stored at room temperature.

4xloading buffer (SDS-PAGE)

Tris*HCI (200 mM), DTT (400 mM), glycerol (40% v/v), sodium dodecyl sulfate (8% wi/v) and
bromophenol blue (0.4% w/v) in water; adjusted to pH 6.8; stored at — 20 °C.

Ladder (SDS-PAGE)

Precision Plus Protein™ purchased from Bio-Rad; stored at — 20 °C.

Coomassie brilliant blue G-250 staining solution (SDS-PAGE)

Coomassie brilliant blue G-250 (0.1% wi/v), methanol (50% v/v), acetic acid (10% v/v) in water; filtered

through cotton; stored at room temperature.

Destain solution | (SDS-PAGE)

Methanol (50% v/v) and acetic acid (7% v/v) in water; stored at room temperature.

Destain solution Il (SDS-PAGE)

Methanol (10% v/v) and acetic acid (7% v/v) in water; stored at room temperature.

Ammonium persulfate (APS, SDS-PAGE)

Ammonium persulfate (10% w/v) in water; stored at 4 °C.

Ni-NTA lysis buffer

Sodium phosphate (50 mM), NaCl (200 mM), glycerol (10% v/v) in water; adjusted to pH 8.0; stored at 4
°C.
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Ni-NTA equilibration buffer

Tris*HCI (50 mM), NaCl (200 mM), imidazole (10 mM) and glycerol (10% v/v) in water; adjusted to pH
7.8; stored at 4 °C.

Ni-NTA elution buffer

Tris*HCI (50 mM), NaCl (200 mM), imidazole (250 mM) and glycerol (10% v/v) in water; adjusted to pH
7.4; stored at 4 °C.

Ni-NTA dialysis buffer

Tris*HCI (50 mM), NaCl (100 mM) and glycerol (5% v/v) in water; adjusted to pH 7.4; stored at 4 °C.
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8.3.2 General procedures

General

LB refers to Luria Bertani Broth (Lennox); LBA refers to Luria Bertani Broth (Lennox) supplemented with
1.5% wi/v agar. All growth media were sterilized prior to use. All reagents (analytical or molecular biology
grade) were purchased from commercial vendors and used as received in accordance with the manufacturer’s
instructions where applicable. Spectrophotometry was performed at 280 nm or 600 nm using a Model 6715
UV-Vis spectrophotometer (Jenway) or nanodrop ND-1000 spectrophotometer (ThermoFisher).
Centrifugation at 3.200x g was performed using an Avanti J-5810 R centrifuge (Eppendorf); centrifugation at
14.000x g was performed using an Avanti J-26 XPI centrifuge (Beckman Coulter). Sanger sequencing was
performed by GATC Biotech.

Growth

Bacteria were grown at 37 °C on LBA plates. LB media (10 mL) was inoculated with a single colony and
then grown as a planktonic culture (37 °C). Carbenicillin disodium salt selection (50 mg/mL) and/or
chloramphenicol (34 mg/mL) were used to maintain transformed E. coli.

Polymerase Chain Reaction (PCR)

PCR was performed using a Veriti 96-well thermocycler (Applied Biosystems). E. coli genomic DNA
(gDNA) was purified using a GeneJET Genomic DNA Purification kit (ThermoScientific) in accordance
with the manufacturer’s instructions. Oligonucleotides were purchased from Sigma-Aldrich and diluted
according to the manufacturer’s instructions. dNTP mixes, Phusion HF DNA polymerase and Taq DNA

polymerase kits were purchased from New England Biolabs.

Pulsed-Field Gel Electrophoresis

DNA samples were separated by pulsed-field gel electrophoresis (10 V/cm) using a 1% wi/v agarose gel in 1x
TAE buffer. HyperLadder™ 1 Kb (Bioline) was used as a molecular weight marker. Gels were visualized by
fluorescence using a Gene Genius Bio-Imaging system (Syngene). DNA was excised from the gel and
purified using a GeneJET Gel Extraction kit (ThermoScientific) in accordance with the manufacturer’s

instructions.

Enzymatic Digestion
Ndel, Xhol, Sall, EcoRI enzymes were purchased from New England Biolabs and used in accordance with

the manufacturer’s instructions.

Enzymatic Ligation
T4 DNA ligase enzyme kit was purchased from New England Biolabs and used in accordance with the

manufacturer’s instructions.
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Transformation of E. coli by heat shock

To 60 pL of chemically competent E. coli DH5a were added 10 uL of ligation mixture. The mixture was
incubated on ice for 30 minutes, at 42 °C for 90 seconds and on ice for 2 minutes. After addition of 1 mL of
LB, the mixture was incubated at 37 °C while shaking. The mixture was centrifuged (3.200x g, 5 minutes),
part of the supernatant (800 pL) was removed and three aliquots (30 pL, 60 pL and 100 pL) of the
resuspended mixture were spread onto LBA plates with carbenicillin disodium salt (50 mg/mL) and/or
chloramphenicol (34 mg/mL) selection and grown overnight at 37 °C. Transformants were screened by
colony PCR. The plasmid from a positive transformant was purified using a GeneJET Plasmid Miniprep kit
(ThermoScientific) in accordance with the manufacturer’s instructions; its identity was confirmed by Sanger

sequencing.

Transformation of E. coli by electroporation

Electrocompetent Rosetta DE3 (BL21) were grown to stationary phase in LB (10 mL) at 37 °C. The cells
were harvested by centrifugation at 4 °C (3.200x g, 5 minutes). The pellet was washed with ice-cold agueous
glycerol (10% v/v, 1 mL) and sedimented again at 4 °C (3.200x g, 5 minutes). This process was repeated
three times in total. The ice-cold electroporation mixture containing the bacterial suspension (200 uL) and
the ligation mixture (2 puL) was transformed by electroporation at 2.500 V using an Electroporator 2510
(Eppendorf). The parent plasmids were used as negative control. After electroporation, the mixture was
allowed to regenerated for one hour in LB (1 mL) with gentle mixing. Aliquots (30 pL, 60 pL and 100 pL)
of the mixture were spread onto LBA plates with carbenicillin disodium salt (50 mg/mL) and
chloramphenicol (34 mg/mL) selection and grown overnight at 37 °C. Transformant were screened by
colony PCR. The plasmid from a positive transformant was purified using a GeneJET Plasmid Miniprep kit
(ThermoScientific) in accordance with the manufacturer’s instructions; its identity was confirmed by Sanger

sequencing.

Sanger sequencing
The samples were sent to GATC Biotech as 10 pL solutions containing 5 pL of 5mM primer (reverse or
forward) and 80 — 100 ng/uL of DNA.

Recombinant protein expression

The growth medium, supplemented with carbenicillin disodium salt (50 mg/mL) and/or chloramphenicol (34
mg/mL) was inoculated with 0.1% v/v of a 10 mL overnight culture of the E. coli expression strain grown in
LB supplemented with carbenicillin disodium salt (50 mg/mL) and/or chloramphenicol (34 mg/mL). The
expression strain was grown to an ODgq Of 0.5 — 0.6 at 37 °C with shaking (200 rpm) using an Innova 43
Incubator (New Brunswick). The lac promoter was induced with isopropyl-p-D-1-thiogalactopyranoside
(0.42 mM — 1.0 mM). The cultures were left to grown at 22 °C — 37 °C. The cells were harvested by
centrifugation at 4 °C (3.200x g, 10 — 30 minutes). The pellets were resuspended in ice-cold lysis buffer

containing cOmplete EDTA-free protease inhibitor cocktail tablet (Roche).
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The bacterial suspension was lysed by sonication with continuous cooling on ice-water using a Soniprep
fitted with an exponential microprobe (Measuring and Scientific equipment). Cellular debris was removed by
centrifugation at 4°C (3.200x g, 10 — 30 minutes). The clarified supernatants were filtered with a 0.22 pm
filter and purified either manually or using AKTA Avant FPLC system (GE Healthcare). After purification,
the mixtures were concentrated using Vivaspin columns (Sartorius) of the appropriate MWCO size.

SDS-PAGE

The separating and stacking gels were prepared as follow:

Separating gel (12% acrylamide): acrylamide (4 mL), 5xlower buffer (2 mL), APS 10% w/v (200 pL), water
(3.8 mL) and tetramethylethylenediamine (TMEDA, 5 pL).

Stacking gel (5% acrylamide): acrylamide (1.7 mL), 5xupper buffer (2 mL), APS 10% w/v (200 uL), water
(6.1 mL) and tetramethylethylenediamine (TMEDA, 5 pL).

40 pL of protein sample were diluted with 4x loading buffer and denaturated by heating at 95 °C for 10
mins. Precision Plus Protein™ (Bio-Rad) was used as a molecular weight marker. Gels were developed by

staining with Coomassie brilliant blue G-250 staining solution.
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8.3.3 Cloning of LsrK (MBP-pMAL-c2X plasmid)

Amplification of LsrK

PCR was performed on E. coli gDNA using the following conditions:

Component Per reaction / pL
LsrK Ndel forward 2.5 (10 mM)
LsrK Xhol reverse 2.5 (10 mM)
dNTP mix 1 (10 mM)
DMSO 15
5X Phusion HF Buffer 10
Taq DNA polymerase (40.000 units/mL) 0.5
E. coli MG 1655 gDNA (61.9 ng/pL) 2

Each PCR tube was loaded with 50 pL of reaction mixture. The following conditions were then used:

Stage 1: 98 °C (3 minutes);
Stage 2: 35 cycles of: 98 °C (5 sec); 58 °C (30 sec); 72 °C (25 sec);

Stage 3: 72 °C (5 minutes)

The samples were combined and separated by pulse-field gel electrophoresis. The band corresponding to the

amplicon size (1593 bp, Figure 8.2) was excised from the gel and purified with GeneJET PCR Purification

kit (ThermoScientific) in accordance with the manufacturer’s instructions.

Ladder Sample

BT

g8

Figure 8.2: DNA agarose gel for LsrK
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Restriction and ligation of LsrK into MBP-pMAL-c2X

gDNA and MBP-pMAL-c2X were each restricted as follow:

Reagent

Plasmid

MBP-pMAL-c2X (79.6 ng/uL)
EcoRlI

Sall

CutSmart

Water

Gene

LsrK gene (173.5 ng/pL)
EcoRl

Sall

CutSmart

Water

Amount (uL)

31

10

41

The mixtures were incubated for 3 hours at 37 °C and purified with GeneJET PCR Purification kit

(ThermoScientific) in accordance with the manufacturer’s instructions.

5:1 w/w mixture of the LsrK insert and the linear vector (50 ng) were ligated with T4 DNA ligase (1 pL) in

10xT4 DNA ligase buffer (2 uL) and water (up to 20 pL in total) and incubated for one hour on ice and one

hour at room temperature.
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Transformation

The MBP-pMAL-c2X-LsrK plasmid (10 pL) was transformed into E. coli DH5a (60 uL) in accordance with
the above instructions (Chapter 6.3.2). The resulting mixture was transformed into three LBA plates (30 pL,

60 pL and 100 pL) with carbenicillin disodium salt (50 mg/mL) selection and grown overnight at 37 °C.

Positive transformants were identified by colony PCR using the following conditions:

Component Per reaction / pL
MBP-pMAL-c2X forward 2.5 (10 mM)
MBP-pMAL-c2X reverse 2.5 (10 mM)
dNTP mix 1 (10 mM)
DMSO 15
5X Phusion HF Buffer 10
Taq DNA polymerase (40.000 units/mL) 0.5
Colony suspension 2

Each colony was picked and suspended in water (50 uL), of which 2 puL was used as source of DNA. Each
PCR tube was loaded with 50 pL of reaction mixture and the same conditions as for in Chapter 8.3.3.1 were
used. Two positive hits were identified (shown in red in Figure 8.3). Each of the positive colony was grown
overnight in 10 mL of LB containing carbenicillin disodium salt (50 mg/mL). After concentrating (3.200x g,
5 minutes), the supernatant was removed and the pellet was purified with GeneJET Plasmid Miniprep kit
(ThermoScientific) in accordance with the manufacturer’s instructions. The two samples were sent for
Sanger sequencing but the results were not matching with positive transformants therefore a different

construct (pET-19m) was employed.

Ladder Samples

Figure 8.3: Transformants from pMAL-c2X-LsrK colony PCR
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8.3.4 Cloning of LsrK (pET-19m plasmid)

Amplification of LsrK

PCR was performed on E. coli gDNA using the following conditions:

Component Per reaction / pL
LsrK EcoRI forward 2.5 (10 mM)
LsrK Sall reverse 2.5 (10 mM)
dNTP mix 1 (10 mM)
DMSO 15
5X Phusion HF Buffer 10
Taq DNA polymerase (40.000 units/mL) 0.5
E. coli MG 1655 gDNA (61.9 ng/pL) 2

Each PCR tube was loaded with 50 pL of reaction mixture. The following conditions were then used:

Stage 1: 98 °C (3 minutes);

Stage 2: 35 cycles of: 98 °C (5 sec); 58 °C (30 sec); 72 °C (25 sec);

Stage 3: 72 °C (5 minutes)

The samples were combined and separated by pulse-field gel electrophoresis. The band corresponding to the

amplicon size was excised from the gel and purified with GeneJET PCR Purification kit (ThermoScientific)

in accordance with the manufacturer’s instructions.
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Restriction and ligation of LsrK into pET-19m

gDNA and pET-19m were each restricted as follow:

Reagent

Plasmid

PET-19m (113.7 ng/uL)
Ndel

Xhol

CutSmart

Water

Gene

LsrK gene (89.4 ng/uL)
Ndel

Xhol

CutSmart

Water

Amount (uL)

(G2 G2 B ) ST

41

The mixtures were incubated for 3 hours at 37 °C and purified with GeneJET PCR Purification kit

(ThermoScientific) in accordance with the manufacturer’s instructions.

5:1 w/w mixture of the LsrK insert and the linear vector (50 ng) were ligated with T4 DNA ligase (1 pL) in

10xT4 DNA ligase buffer (2 uL) and water (up to 20 pL in total) and incubated for one hour on ice and one

hour at room temperature.
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Transformation by heat shock

The pET19m-LsrK plasmid (10 pL) was transformed into E. coli DH5a (60 uL) in accordance with the
above instructions (Chapter 8.3.2). The resulting mixture was transformed into three LBA plates (30 pL, 60
pL and 100 pL) with carbenicillin disodium salt (50 mg/mL) sand chloramphenicol (34 mg/mL) selection
and grown overnight at 37 °C. No viable colonies were observed, therefore, transformation was repeated by

electroporation.

Transformation by electroporation

The pET19m-LsrK plasmid was electroporated into electrocompetent Rosetta DE3 (BL21) in accordance
with the above instructions (Chapter 8.3.2). Positive transformants were identified by colony PCR using the

following conditions:

Component Per reaction / pL
pET-19m forward 2.5 (10 mM)
PET-19m reverse 2.5 (10 mM)
dNTP mix 1 (10 mM)
DMSO 15
5X Phusion HF Buffer 10
Taq DNA polymerase (40.000 units/mL) 0.5
Colony suspension 2

Each colony was picked and suspended in water (50 L), of which 2 pyL was used as source of DNA. Each
PCR tube was loaded with 50 pL of reaction mixture and the same conditions as for in Chapter 6.2.4.1 were
used. Three positive hits were identified (shown in red in Figure 8.4). Each of the positive colony was grown
overnight in 10 mL of LB containing carbenicillin disodium salt (50 mg/mL) and chloramphenicol (34
mg/mL). After concentrating (3.200x g, 5 minutes), the supernatant was removed and the pellet was purified
with GeneJET Plasmid Miniprep kit (ThermoScientific) in accordance with the manufacturer’s instructions.

A positive transformant was confirmed by Sanger sequencing.

Ladder Samples

Figure 8.4: Transformants from pET-19m-LsrK colony PCR
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Optimization of the expression conditions of Hisge-pET-19m-LsrK

Rosetta DE3 (BL21) containing the E. coli LsrK (1593 bp) open reading frame (cloned into a Hisg-pET-19m
plasmid) was used for expression of pET-19m-LsrK fusion protein.
Four different temperatures and IPTG concentrations were screened as follow:
Conditions 1: LB medium (250 mL) supplemented with carbenicillin disodium salt (50 mg/mL) and
chloramphenicol (34 mg/mL) was inoculated with 250 uL of a 10 mL overnight culture of the E. coli
expression strain grown in LB supplemented with carbenicillin disodium salt (50 mg/mL) and
chloramphenicol (34 mg/mL).
The E. coli culture was grown at 37 °C with shaking (200 rpm) to and approximate ODgg Of 0.5. The
temperature was then lowered to 22 °C and when the ODg reached 0.9, the lac promoter was induced with
0.42 mM IPTG. The culture was left grown at 22 °C overnight.
The cells were harvested by centrifugation at 4 °C (3.200x g, 10 minutes) and the pellets were resuspended
in 5 mL of ice-cold lysis buffer containing a cOmpete EDTA-free protease inhibitor cocktail tablet.
The bacterial suspension was lysed by sonication with continuous cooling on ice-water (3 x 5 secs, 13 A, 1
min. pause between pulses). The cell lysate was clarified by ultracentrifugation at 4 °C (3.200x g, 10
minutes) and the clarified supernatant was filtered through a 0.45 pum filter. Samples of the lysis mixtures
and supernatants were analyzed by SDS-PAGE (Figure 8.5).%!
Conditions 2: LB medium (250 mL) supplemented with carbenicillin disodium salt (50 mg/mL) and
chloramphenicol (34 mg/mL) was inoculated with 250 uL of a 10 mL overnight culture of the E. coli
expression strain grown in LB supplemented with carbenicillin disodium salt (50 mg/mL) and
chloramphenicol (34 mg/mL).
The E. coli culture was grown at 37 °C with shaking (200 rpm) to and approximate ODgy 0f 0.5. The tac
promoter was induced with 1.0 mM IPTG. The culture was left grown at 37 °C overnight.
The cells were harvested by centrifugation at 4 °C (3.200x g, 10 minutes) and the pellets were resuspended
in 5 mL of ice-cold lysis buffer containing a cOmpete EDTA-free protease inhibitor cocktail tablet.
The bacterial suspension was lysed by sonication with continuous cooling on ice-water (3 x 5 secs, 13 A, 1
min. pause between pulses). The cell lysate was clarified by ultracentrifugation at 4 °C (3.200x g, 10
minutes) and the clarified supernatant was filtered through a 0.45 pum filter. Samples of the lysis mixtures
and supernatants were analyzed by SDS-PAGE (Figure 8.5).
Conditions 3: LB medium (250 mL) supplemented with carbenicillin disodium salt (50 mg/mL) and
chloramphenicol (34 mg/mL) was inoculated with 250 puL of a 10 mL overnight culture of the E. coli
expression strain grown in LB supplemented with carbenicillin disodium salt (50 mg/mL) and
chloramphenicol (34 mg/mL).
The E. coli culture was grown at 37 °C with shaking (200 rpm) to and approximate ODgy 0f 0.5. The tac
promoter was induced with 0.5 mM IPTG. The culture was left grown at 22 °C overnight
The cells were harvested by centrifugation at 4 °C (3.200x g, 10 minutes) and the pellets were resuspended
in 5 mL of ice-cold lysis buffer containing a cOmpete EDTA-free protease inhibitor cocktail tablet.
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The bacterial suspension was lysed by sonication with continuous cooling on ice-water (3 x 5 secs, 13 A, 1
min. pause between pulses). The cell lysate was clarified by ultracentrifugation at 4 °C (3.200x g, 10
minutes) and the clarified supernatant was filtered through a 0.45 pum filter. Samples of the lysis mixtures
and supernatants were analyzed by SDS-PAGE (Figure 8.5).

Conditions 4: LB medium (250 mL) supplemented with carbenicillin disodium salt (50 mg/mL) and
chloramphenicol (34 mg/mL) was inoculated with 250 puL of a 10 mL overnight culture of the E. coli
expression strain grown in LB supplemented with carbenicillin disodium salt (50 mg/mL) and
chloramphenicol (34 mg/mL).

The E. coli culture was grown at 37 °C with shaking (200 rpm) to and approximate ODgy 0f 0.5. The tac
promoter was induced with 1.0 mM IPTG. The culture was left grown at 16 °C overnight

The cells were harvested by centrifugation at 4 °C (3.200x g, 10 minutes) and the pellets were resuspended
in 5 mL of ice-cold lysis buffer containing a cOmpete EDTA-free protease inhibitor cocktail tablet.

The bacterial suspension was lysed by sonication with continuous cooling on ice-water (3 x 5 secs, 13 A, 1
min. pause between pulses). The cell lysate was clarified by ultracentrifugation at 4 °C (3.200x ¢, 10
minutes) and the clarified supernatant was filtered through a 0.45 pum filter. Samples of the lysis mixtures

and supernatants were analyzed by SDS-PAGE (Figure 8.5).

Conditions 1 Conditions 2

12 3 4 56 7 12 3 4 56 7

Conditions 3 Conditions 4

1 2 3 45 6 12 3 4 56 7

Figure 8.5: Screening of conditions for Hisg-pET-19m-LsrK expression. The figure shows a Coomassie Brilliant Blue G250-stained
12% polyacrylamide gel run in SDS buffer. Lane 1: protein molecular marker; lane 2: crude cell-free lysate (20 pL); lane 3: crude
cell-free lysate (10 uL); lane 4: crude cell-free lysate (5 pL); lane 5: supernatant (20 pL); lane 6: supernatant (10 pL); lane 7:
supernatant (5 pL).

With all of the four conditions, the recombinant protein was well expressed but conditions 1 (already
reported by Zhu et al.) were the ones where less material was lost as inclusion bodies (lanes 2 — 4). |

therefore decided to apply such conditions for the expression of Hiss-pET-19m-LsrK.
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Expression of Hisg-pET-19m-LsrK

LB medium (6 x 1000 mL) each supplemented with carbenicillin disodium salt (50 mg/mL) and
chloramphenicol (34 mg/mL) was inoculated with 1 mL of a 10 mL overnight culture of the E. coli
expression strain grown in LB supplemented with carbenicillin disodium salt (50 mg/mL) and
chloramphenicol (34 mg/mL).

The E. coli culture was grown at 37 °C with shaking (200 rpm) to and approximate ODgg Of 0.5. The
temperature was then lowered to 22 °C and when the ODgq reached 0.9, the tac promoter was induced with
0.42 mM IPTG. The culture was left grown at 22 °C overnight.

The cells were harvested by centrifugation at 4 °C (14.000x g, 30 minutes) and the pellets were resuspended
in a total volume of 100 mL of ice-cold lysis buffer containing a cOmpete EDTA-free protease inhibitor
cocktail tablet.

The bacterial suspension was lysed by sonication with continuous cooling on ice-water (8 x 30 seconds, 13
A, 1 min. pause between pulses). The cell lysate was clarified by ultracentrifugation at 4 °C (11.000x g, 30
minutes) and the clarified supernatant was filtered through a 0.22 um filter.**

Ni-NTA affinity chromatography of Hisg-pET-19m-LsrK

Affinity chromatography was performed with Ni-NTA column (2 mL packed resin bed volume). The
combined cell lysate was loaded onto the column and purified in accordance with the manufacturer’s
instruction. The column was washed overnight with equilibration buffer at 4 °C and afterward eluted with
elution buffer. The protein was dialyzed overnight against two liters of dialysis buffer and the Hisg-tag was
removed using Hise-tagged TEV protease. The protein thus released was cleaned up by batch extraction in a
slurry of Ni-NTA resin equilibrated in dialysis buffer and concentrated (Vivaspin MWCO 30.000,
Sartorium) to 12 mg/mL (estimated by Ag using €cac ~ 93.390 M™* cm™). The mixture was snap-frozen in
liquid nitrogen in aliquots of 1 mL and stored at -80 °C. SDS-PAGE confirmed the presence of a protein
corresponding to the mass of the pET-19m-LsrK fusion protein (57.5 kDa) and some impurities (see Chapter
2, Figure 2.9).
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8.3.5 LsrK overexpression and purification (University of Helsinki)

E. coli MET1158 [E. coli, amp resistance, BL21 (DE3) luxS-, with pMET1144 (IsrK-His in pET21b)],

%2 \was used for the

kindly donated by Prof. Karina Xavier (Instituto Gulbenkian de Ciéncia, Portugal)
overexpression of LsrK from S. typhimurium. Bacteria were grown overnight in 2xYPTG (yeast, tryptone,
phosphate buffer and glucose) medium supplemented with 100 pg/ml ampicillin. At exponential phase,
protein expression was induced by addition of 0.1 mM isopropyl B-D-1 thiogalactopyranoside for 9h at 22°C
(250 rpm). Cells were harvested and frozen overnight before proceeding with lysis and purification,

according to literature.?®

8.3.6 DPD activity evaluation (University of Helsinki)

Phosphorylation of DPD by LsrK was evaluated with a bioluminescence-based assay,(ATP Bioluminescence
kit CLSII (Roche) as previously described **°. DPD was plated at 200 uM and 400 uM and a reaction
mixture containing 200 nM Lsrk and 20 uM ATP in assay buffer (25 mM triethanolamine, pH 7.4, 200 pM
MgCl,). Commercially available DPD was tested for comparison at 200 pM. The level of ATP was
monitored by ATP Bioluminescence kit CLSII following manufacturer’s instruction. Experiment was
performed in Kinetic-mode, monitoring luminescence every 2 minutes within a time window of 30 minutes at

the Varioskan LUX plate reader (Thermo Fisher Scientific, Finland).

8.3.7 Screening of DPD-related compounds (University of Helsinki)

Activity of DPD-related compounds was evaluated in an LsrK inhibition assay. Compounds were plated in
384 well-plate to a final concentration of 200 uM in triplicate. 300 nM LsrK and 300 uM DPD diluted in
assay buffer (25 mM triethanolamine, pH 7.4, 200 uM MgCl,, 0.1 mg/ml BSA) were added to the plate
followed by 100 uM ATP to start the reaction. After 15 minutes of reaction, Kinase Glo Luminescence assay
reagent was added according to manufacturer’s instruction. Experiment was carried on in end-point mode

and luminescence was recorded at the Varioskan LUX plate reader.
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Abstract: Resistance to antibiotics is an increasingly serious threat to global public health and its
management translates to significant health care costs. The validation of new Gram-negative antibacterial
targets as sources for potential new antibiotics remains a challenge for all the scientists working in this
field. The interference with bacterial Quorum Sensing (QS) mechanisms represents a potentially interesting
approach to control bacterial growth and pursue the next generation of antimicrobials. In this context, our
research is focused on the discovery of novel compounds structurally related to (S)-4,5-dihydroxy-2,3-
pentanedione, commonly known as (5)-DPD, a small signaling molecule able to modulate bacterial QS in
both Gram-negative and Gram-positive bacteria. In this study, a practical and versatile synthesis of racemic
DPD is presented. Compared to previously reported syntheses, the proposed strategy is short and robust: it
requires only one purification step and avoids the use of expensive or hazardous starting materials as well
as the use of specific equipment. It is therefore well suited to the synthesis of derivatives for pharmaceutical
research, as demonstrated by four series of novel DPD-related compounds described herein.

Keywords: antibiotic resistance; quorum sensing; DPD; DPD-related compounds

1. Introduction

Bacterial chemical communication (i.e., quorum sensing, QS) allows bacteria to coordinate their gene
expression and act as a population [1-5]. This phenomenon is detrimental for humans as QS regulates
pathogenic processes such as the virulence factor production [6,7], susceptibility to antibiotics [8] and biofilm
formation [9-11]. In recent decades, the modulation of QS has therefore emerged as a potential therapeutic
approach to fight bacterial infections [12-17].

QS is mediated by production and release of and response to small molecules called autoinducers (Als).
Among these Als, Autoinducer-2 (AI-2) is responsible for intra- and interspecies bacterial communication
and, as a consequence, it has been termed the “universal autoinducer”. The development of small molecules
able to modulate the Al-2-mediated signaling would possibly result in broad-spectrum antimicrobial
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activity. However, targeting the Al-2-based QS remains challenging mostly because of the rapid
interconversion of the AI-2 precursor (S)-DPD (Figure 1) to several linear and cyclic forms recognized by
different bacteria [18] (Figure 1). In aqueous solutions, (S)-DPD is in equilibrium with its two cyclic
stereoisomers (S-DHMF and R-DHMEF; Figure 1) [19]. Hydration of the Cs carbonyl group of both the cyclic
and linear structures was confirmed by X-ray crystallography. In the presence of boric acid, S-THMF (Figure
1) forms a borate ester (S-THMF-borate; Figure 1) which is recognized by LuxP in V. harveyi (PDB ID: 1JX6)
[20]. R-THMF instead (Figure 1) does not coordinate boron and binds to the transporter LsrB which is
responsible for its internalization and acts as the active species in S. thyphimurium Al-2-mediated QS (PDB
ID: 1TJY) [21]. The hydrated form of linear (S)-DPD (S-THP, Figurel) is phosphorylated by LsrK, resulting in
phospho-DPD (P-DPD, Figure 1) [22] recognized by the transcriptional repressor LsrR (PDB ID: 4L4Z) [23]
and responsible for E coli and S. typhimurium Al-2-mediated signaling.

HO, o HO_ o = 0
e H,O e B(OH), HO P‘Q
XA\' L 8 - B
d  ‘ou "% on 2H,0 HO' 90" by OH
S-THMF S-THMF-borate
OH O - OH O
H,0 : LsrK =
‘—27~ HOM ‘é O\p’o\/%
< S\
HO ©OH HO™% WO OoH
S-THP P-DPD
o} o
HO — M0 . HOv
& HO": =
O OH HO OH
R-DHME R-THMF

Figure 1. (5)-DPD in an aqueous medium: all species in equilibrium. (25,4S5)-2,4-dihydroxy-2-
methyldihydrofuran-3-one (S-DHMEF); (S)-4,5-dihydroxy-2,3-pentanedione (DPD); (2R,4S)-2,4-dihydroxy-2-
methyldihydrofuran-3-one (R-DHMF); (25,45)-2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran (S THMEF); (S)-
3,3,4,5-tetrahydroxy-2-pentanone (S-THP); (2R,45)-2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran (R-THMF);
(25,45)-2-methyl-2,3,3,4-tetrahydroxytetrahydrofuranborate ~ (S-THMEF-borate);  (S)-3,3,4,5-tetrahydroxy-2-
pentanone-5-phosphate (P-DPD).

Modulation/inhibition of QS can control several bacterial virulence factors (e.g., biofilm formation) that
facilitate human infections and reduce their negative effects, including mortality [24]. Quorum Sensing
Inhibitors (QSI) therefore represent interesting tools to use in combination with “conventional” antibiotic
therapies against antimicrobial resistance (AMR) [25,26].

In this work, we describe the set-up of a new protocol for the synthesis of racemic DPD and its
application to the synthesis of four novel small libraries of DPD-related compounds (Figure 2), designed to
target LsrK kinase, a key mediator in Al-2-mediated QS in enteric bacteria. The essential role of the enzyme
has been demonstrated by LsrK gene deletion in E. coli, generating a mutant strain unable to activate Al-2-
mediated QS [27]. Therefore, we believe that the generation of DPD-related compounds for the inhibition of
LsrK may be the starting point for the development of new QSI that will serve as potential tools for
overcoming antimicrobial resistance.
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Figure 2. The DPD-related compounds presented in this work.
2. Results and discussion

Since 2004, much effort has been devoted to the study of synthetic pathways for the preparation of DPD
and analogs in both racemic and enantiomeric forms. Literature analysis revealed that the synthesis of
homochiral DPD requires the use of expensive (i.e., (5)-1,4-dioxaspiro[4.5]decane-2-carboxaldehyde) or
unstable (i.e., (S)-glyceraldehyde acetonide) chiral starting materials and of further time-consuming
purification steps [18,28-33]. Conversely, the synthetic procedures published so far to obtain racemic DPD
proceed smoothly but suffer from hazardous chemical steps (i.e, reductive ozonolysis or the use of
diazomethane) [34,35].

Starting from these considerations and keeping in mind that in the initial phase of the drug discovery
process racemic compounds are usually evaluated and only once the most active ones have been identified
both enantiomers must be prepared for biological testing [36], herein we studied a novel versatile strategy
for the synthesis of racemic DPD suitable for readily supporting practical chemical diversification. The
proposed synthetic strategy leading to DPD could be useful for the preparation of Ci1 DPD-analogs and for
the synthesis of DPD structurally related compounds, where the two carbonyl groups of DPD at Cz and Cs
are embedded in heteroaromatic rings (Figure 2). To the best of our knowledge, no modification at C2 have
been reported and position Cs has been barely explored and no heteroaromatic substituents (except for a
furan at C1) were previously described.

9.2 Synthesis of DPD and Ph-DPD

The synthetic strategies originally evaluated are outlined in Scheme 1.
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R4= Ph, Quinoxaline-Ph-DPD scheme 1.
The synthesis of racemic DPD, Ph-DPD, quinoxaline-DPD and quinoxaline-Ph-DPD. Reagents and
conditions: (a) 1-propynylmagnesium bromide (0.5 M in THF, 1.3 eq), THF, 0 °C to rt, 3 h; (a’)
phenylethynylmagnesium bromide (1.0 M in THF, 1.3 eq), THF, 0 °C to rt, 3 h; (b) TBDMSCI (1.2 eq), NaH
(2.0 eq), THF, rt, 3 h; (b”) TMSCI (1.2 eq), NaH (2.0 eq), THF, rt, 3 h; (c) NalOs (4.4 eq), Ru20-H20 (2.5% mol),
CHCIs/ACN/H20 (1:1:1), rt, 1 h; (d) see Table S1; (e) Dowex50WX8 100-200 mesh, MeOH, rt, overnight; (f)
cyclohexanone dimethyl ketal (3.0 eq), p-TSA (cat.), rt, overnight; (g) Dowex50WX8 100-200 mesh, D20 (10
mM), rt, overnight; (h) o-phenylendiamine (2.0 eq), rt, overnight.

Briefly, the addition of 1-propynylmagnesium bromide to (t-butyldimethylsilyloxy)acetaldehyde [37] (1,
Scheme 1), followed by the protection of the resulting secondary alcohol with TBDMSCI or TMSCI afforded
compounds 3 or 4, respectively (Scheme 1). The subsequent oxidation of the internal alkyne to yield diketone
5 or 6 was performed under optimized RuO:*H20/NalOs-catalyzed conditions (Table 1, entry 5) using
CHCIs/ACN/H20 (1:1:1) as the solvent.

Table 1. The optimization of the conditions for the oxidation of compound 3. All the reactions were
performed at room temperature.

Entry Solvent Oxidant and eq Time Yield (%)
1 Acetone KMnOs/NaHCOs/MgS04 3.8/0.6/2.0 Overnight No reaction
2 Acetone KMnOs/NaHCOs/MgS04 3.9/0.6/4.2 Overnight Traces

NalO«/RuO2-H20
1 1:1 h
3 CCl4/ACN (1:1) 2 eq/2.5% mol 3 Traces
NalOs/RuO2-H20
4 1 1:1 h
CCL/ACN (1:1) 4.4 eq/2.5% mol 3 >3
NalO«/RuO2-H20
5 CHCls/ACN/H:0 (1:1:1) 4.4 eq/2.5% mol 3h 52

The final acidic removal of the two TBDMS groups of compound 5 was performed under different
conditions, but resulted in being unsuccessful (Table S1). Particularly, decomposition was observed when
H2504 (or D2504) and TBAF were employed (Table S1). The partial removal of the two protecting groups (up
to a maximum of 30% in total) was achieved with the use of acetic acid or Dowex50WX8 (Table S1). When
the bulky protecting TBDMS group was replaced with TMS, (Scheme 1), similar results were obtained and a
maximum of 40% cleavage was achieved using Dowex50WX8 in ACN-ds.

A different approach was then investigated: compound 2 and the analogous 7 were deprotected in
acidic conditions (Dowex50WX8), affording diols 8 and 9, respectively. These intermediates were then
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protected with a cyclohexyliden group and oxidized under the previously described conditions (Table 1).
The oxidation of 10 and 11 was followed by the Dowex50WX8-mediated removal of the protecting group.
TH-NMR analysis of the crude products was consistent with the literature-reported data and revealed the
presence of a mixture of structures in equilibrium with each other (see SI for additional details). To further
confirm the success of our procedure, the mixtures were treated with o-phenilendiamine to form,
respectively, quinoxaline-DPD and quinoxaline-Ph-DPD (Scheme 1), which were isolated and fully
characterized.

To sum up, the approach described above allows for the rapid production of racemic DPD in five steps
and it does not require the use of dangerous or expensive reagents nor of particular equipment (i.e.
ozonolysator); furthermore, only one purification step via column chromatography is necessary. Not less
important, this procedure is suitable for the synthesis of Ci-DPD analogs (as long as the corresponding
Grignard reagent can be purchased or produced) as the synthesis of Ph-DPD demonstrated. Additionally,
the ethyne function introduced in the first step is a practical synthetic handle for further chemical
derivatization, as demonstrated by the four small series of derivatives described below.

2.2 Synthesis of DPD-Related Compounds

As anticipated, we designed novel DPD-related compounds in which the carbonyl groups at Cz2 and Cs
are embedded in heteroaromatic moiety to obtain compounds stable in solution, thus avoiding the
open/closed equilibrium typical of the majority of the DPD-analogs reported so far (Figure 1). As
heteroaromatic rings, we selected 1,2,3-triazole and isoxazole, two scaffolds common in medicinal chemistry
present in several natural and synthetic drugs including antimicrobial, anticancer, anti-inflammatory and
antireumatic drugs [38-43].

The newly designed compounds can be obtained starting from the two common intermediates 15 and
16 (Scheme 2) strictly related to 2 and 7 (Scheme 1). In details, as in the case of DPD, the first of the two
building blocks necessary to start the synthesis of all the analogs presented in this work was produced by the
Grignard addition of ethynylmagnesium bromide to aldehyde 1, followed by acidic removal of the TBDMS
protecting group. Further protection of the resulting diol 15 as acetal, using cyclohexanone dimethyl ketal,
afforded the second building block compound 16 (Scheme 2).

o) a OH b OH c Q
TBDMSO TBDMSOQ\ Hov\ — 0
A X X O\)\
A
1 14, 99% 15, 99% 16, 57%

Scheme 2. The synthesis of intermediates 15 and 16. Reagents and conditions: (a) ethynylmagnesium bromide
(0.5 M in THF, 1.3 eq), THF, 0 °C to rt, 3h; (b) Dowex50WX8 100-200 mesh, MeOH, rt, overnight; (c)
cyclohexanone dimethyl ketal (3.0 eq), p-TSA (cat.), rt, overnight.

2.2.1. 1,4- and 1,5-Disubstituted 1,2,3-Triazoles DPD-Derivatives (Series I and II)

1,2,3-triazoles (both 1,4- and 1,5-disubstituted) can be synthesized applying azide-alkyne Huisgen
cycloaddition conditions where an azide is reacted with an alkyne in a 1,3-dipolar cycloaddition reaction. At
first, we tested three different Copper-Catalyzed Azide-Alkyne Cycloaddition (CuAAC) conditions to select
the best procedure for the synthesis of the planned compounds. For this purpose, (2-azidoethyl)benzene
(17a) was chosen as the reference azide (Table 2). First, we used Cul (10% mol) and DIPEA (15% mol) in
nonaqueous, nonprotic THF to afford the desired product with 58% isolated yield (Table 2, entry 1) [44]. As
the addition of AcOH was found to accelerate the protonation of the Cu-C bond [45-47] (thus facilitating the
formation of the product), a catalytic amount of AcOH was added to the mixture (containing 2% mol Cul
and 4% mol DIPEA). This acid-base system jointly promoted CuAAC and resulted in a 14% increase of the
isolated yield (Table 2, entry 2) when compared to the previous conditions (Table 2, entry 1) [48]. It is known
that the use of ligands is beneficial for the reaction as it prevents Cu(l) oxidation and avoids the use of a
base. Therefore, it is not surprising that the in situ generation of Cu(I) by the reduction of CuSO+*5H20 from
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sodium ascorbate together with the formation of L-ascorbic acid (that acts both as a ligand and as acidic
source) raised the yield up to 89% (Table 2, entry 3) [49]. The 1,4-disubstitution was confirmed by the HMBC
of compound 18a (see Supporting Information).

Table 2. The reaction conditions to obtain 18a—f and 19a. All reactions were performed overnight at room
temperature except for entry 4 where the mixture was heated at 60 °C.

HO OH HO
OH OH
HOJ\\ : R(Ns - = or =
A N s
N‘N’N\R1 N\N’N\R1
15 17a-f 18a-f 19a
Entry R: Azide, eq Solvent Catalyst Product Yield (%) * Ref.
Cul (10% mol)
1 (CH2)2-Ph 17a, 1.1 THF DIPEA (15% mol) 18a 58 [44]
Cul (2% mol)
2 (CH2)>-Ph 17a, 1.05 DCM DIPEA (4% mol) 18a 72 [48]
AcOH (cat)

+-BuOH/H20 CuSO+5H20 (5% mol)

3 (CHz)>-Ph 17a, 1.0 a:1) Na Ascorbate (0.5 eq) 18a 89 [49]

4 (CH2)2-Ph 17a, 1.0 1,4-dioxane (Cp*RuCl(PPhs)2) (2% mol) 19a 87 [50]
+-BuOH/H20 CuSO4+5H20 (5% mol)

H2)-Ph 17b, 1. 1 4

> (CH) b, 1.0 1:1) Na Ascorbate (0.5 eq) 8b 60 [49]
+-BuOH/H20 CuSO+5H20 (5% mol)

6  (CH2z0-F-Ph  17¢ 1.0 a:1) Na Ascorbate (0.5 eq) 18¢ 62 [49]
+-BuOH/H20 CuSO+5H20 (5% mol)

7 CHz)2-m-P 17d,1.0 18d 88 49

(CHz)e-m-Pyr (1:1) Na Ascorbate (0.5 eq) 8 [49]
t-BuOH/H:20 CuS0O4+5H20 (5% mol)

8 CH>)s-CN 17e, 1.0 1 72 49

(CH)s € (1:1) Na Ascorbate (0.5 eq) Be [49]
t+-BuOH/H20 CuSO4+5H20 (5% mol)

H2)-CyH 171, 1. 18f 7. 4
? (CHa-Cy ,1.0 (1:1) Na Ascorbate (0.5 eq) 8 3 [49]
a]solated yield.

The corresponding 1,5-disubstituted 1,2,3-triazole 19a was also synthesized by varying the experimental
conditions: the regioselective synthesis was achieved with the use of Ruthenium-catalyzed Azide-Alkyne
Cycloaddition (RuAAC) conditions. Azide 17a was reacted with terminal alkyne 15 in the presence of 2%
mol pentamethylcyclopentadienylbis chloride (Cp*RuCl(PPhs)2)
regioselectively yielding, after stirring overnight the mixture in refluxing 1,4-dioxane, the corresponding 1,5-
disubstituted 1,2,3-triazole 19a (Table 2, entry 4). 'H, “C, TLC, UHPLC, and HMBC unambiguously
confirmed the different nature of the two compounds (see Supporting Information) [50].

(triphenylphosphine)ruthenium(II)

Once optimal conditions for the regioselective synthesis of 1,4-disubstituted 1,2,3-triazoles were
established, we synthesized five azides of different chemical nature including aromatic, heteroaromatic and
aliphatic elements (17b—f). This was achieved by stirring overnight at room temperature the corresponding
bromo compounds with an excess (1.5 eq) of sodium azide. The five azides were reacted with alkyne 15
applying the previously found conditions and products 18b—f were isolated in good to excellent yields (60—
88%, Table 2, entry 5-9).

As the synthesis of triazoles substituted with short alkyl chains (e.g., methyl, butyl) was unattainable by
this route because of safety issues related to the explosive and unstable nature of the required azides, we
installed the desired substituents on the triazole scaffold via alkylation. We elected to use a single, small and
dangerous azide (i.e., TMSNGs) over the use of four different ones. The acetal protected terminal alkyne 16
was carefully reacted with an excess (10.0 eq) of TMSNs under previously established CuAAC conditions.
The resulting unsubstituted triazole (20, Scheme 3) was both deprotected under acidic conditions (18g,
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Scheme 3) and, to install the desired substituents, alkylated with four different (i.e., methyl,
cyclopropylmethyl, butyl, ethoxyethyl) bromides (Scheme 3).

< Ny
Nsy N RN
16 20, 36% 21h-k 22h-k Ratio 21:22
h, 10:1
i,6:1
b b b J, 31
k, 2:1
HO OH OH
HO\)O:/\ HO\)\/\
— Ca =
N-Ry N
N¢N,NH Ny RN
18g, 98% 18h-k 19h-k
18h R, = CH3, 66% 19h, 65%
18i R; = CH,-Cyp, 73% 19i, 77%
18j R, = n-Bu, 85% 19j, 95%

18k Ry = (CH,)-O-CH3CH,, 91% 19k, 82%

Scheme 3. The synthesis of 1,4-disubstituted 1,2,3-triazoles 18g-k and 1,5-disubstituted 1,2,3-triazoles 19h-k.
Reagents and conditions: (a) TMSNs (10.0 eq), CuSO4+-5H20 (5% mol), Na ascorbate (0.5 eq), +-BuOH/H20 (1:1),
rt, overnight; (b) 12M HCI (cat.), 1,4-dioxane, 0 °C to rt, 1-3 h; (c) RiBr (1.5 eq), K2COs (2.0 eq), THF, 40 °C,
overnight; preparative HPLC.

As expected, no regioselectivity was observed and both the 1,4- and the 1,5-disubstituted 1,2,3-triazoles
formed. Experimenting with base (i.e, 1.1 eq, 1.3 eq and 1.5 eq of K2COs) and/or the alkylbromides (i.e., 0.8 eq
and 0.9 eq of RiBr) stoichiometry did not consistently changed the ratio of the two regioisomers (data not
shown). For each substituent, the two corresponding regioisomers were isolated by preparative HPLC. The
resulting eight products (21h-k and 22h-k, Scheme 3) were lastly deprotected with a catalytic amount of
concentrated hydrochloric acid. The ratio of the two regioisomers was determined by crude NMR. For all of
the four regioisomeric pairs, the 1,4-dibustituted 1,2,3-triazoles formed in excess when compared to the
respective 1,5-regioisomers and, as predictable, the ratio decreased as the sterical hindrance of the Ri
substituent increased (Scheme 3). Concentrated HCl was preferred over Dowex 50WX8 for the removal of
the acetal protecting group due to the shorter reaction time (1-3 h vs overnight) and shorter workup (no
filtration to remove the acidic resin required).

2.2.2. 3,5-Disubstituted Isoxazoles DPD-Derivatives (Series III and IV)

Compound 15 (Scheme 2) is also the key intermediate for the synthesis of 3,5-disubstituded DPD
related compounds 26l-r (Scheme 4). Briefly, aldehydes 23l-r were converted into their corresponding
oximes 24l-r using NH2OH-HCl. The resulting crude compounds were directly chlorinated by a reaction
with N-chlorosuccinimide (NCS). According to Himo et al. [49], the addition of CuSO45H20, Na ascorbate,
and KHCO:s in #~-BuOH/H20 (1:1) to the isolated chloro-oximes allowed them to form the nitrile oxide which
reacted by 1,3-dipolar cycloaddition with 15. After preparative HPLC purification, the targeted isoxazoles
26l-r were, therefore, obtained in good to excellent yields (i.e., 63-89%, Scheme 4).
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HO OH
cl OH
__a . N\ .OH b . e )
RN _OH HO /
R/MH 1 R1)\\ N X N
Ry
231r 241-r 251-r 15 261-r

261 Ry = p-CHg-Ph, 82%

26m R = m-Cl-Ph, 87%

26n R, = o, p-di-F-Ph, 78%

260 Ry = m-Pyr, 71%

26p R, = Cyp, 63%

26q Ry = m-THF, 7%

26r R1 = CyH, 89%
Scheme 4. The synthesis of 3,5-disubstituted isoxazoles 26l-r. Reagents and conditions: (a) NH2OH-HCI (3.0
eq), EtsN (1.5 eq), H2O/EtOH (1:1), rt, 1-3 h; (b) NCS (1.0 eq), DMF, rt, 1-2 h; (c) 15 (1.0 eq), CuSOs+5H20 (5%

mol), Na ascorbate (0.5 eq), KHCOs, --BuOH/H20 (1:1), rt, overnight.

The same procedure was attempted to obtain 3,5-disubstituted isoxazoles of DPD-analogs bearing an
amide moiety at position 3, but starting from the protected precursor 16 instead of 15 due to the cross-
reactivity between the 1,3-diol and the reagents necessary in the following steps (e.g., NaOH, DIPEA,
Scheme 5). Formation of the nitrile oxide for the cycloaddition was attempted using the dehydration of ethyl
nitroacetate with several bases (i.e., DABCO, DMAP, DBU, NMI, Scheme S1, conditions a) and also with a
combination of PANCO/EtsN (Scheme S1, conditions b), commonly used to activate nitro groups. All of the
aforementioned methods resulted in a mixture of unreacted starting materials [51,52].

The 1,3-dipole species was then changed to the chloro-oxime of ethyl glyoxalate (50% solution in
toluene) but the employment of the same conditions as above (CuSOs5H20 (5% mol), Na ascorbate (0.5 eq),
KHCO:s, t-BuOH/H20 (1:1), Scheme 4) did not yield the desired product while the simple use of an
equimolar amount of EtsN gave only traces of 28 (Scheme 5) [49,53].

We then change our strategy and employed the oxime of ethyl glyoxalate 27 together with an excess
(40.0 eq) of sodium hypochlorite, both as a chlorinating agent and as a base to form the corresponding nitrile
oxide, following the procedure already described by Quan et al. [54]. Compound 28 was successfully
obtained, even if with a low yield (16%). Different reaction times, as well as ratios of dipolarophile 16 and
1,3-dipole 28, were then tested (Table S2) in order to improve the initially poor yield (i.e., 16%, Table S2).
Increasing the concentration of 1,3-dipole 27 enhanced the formation of intermediate 28 up to a maximum of
36% isolated yield (Table S2) with the complete consumption of the dipolarophile 16, followed by removal of
the excess of 27 by column chromatography.

Once a solution for the key 1,3-dipolar cycloaddition step was found, the rest of the synthetic pathway
proceeded smoothly (Scheme 5). Saponification of the ethylic ester was followed by the amidification of the
resulting carboxylic acid moiety using HOBt as the coupling agent and employing both primary and
secondary amines (aromatic, heteroaromatic, aliphatic). The final acidic removal of the acetal protecting
group afforded six 3,5-disubstituted isoxazoles (with an amide moiety at position 3) 33b, 33s-z in moderate
to excellent yields (i.e., 37-79%, Scheme 5). Two more products were isolated after the acidic deprotection of
intermediates 28 and 30 (i.e., 29 and 31, respectively, Scheme 5).
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Scheme 5. The synthesis of 3,5-disubstituted isoxazoles (with an amide moiety at position 3) 33b, 33s—z.
Reagents and conditions: (a) 27 (2.0 eq), NaOCl (40.0 eq), THF, rt, 12 h; (b) 12M HCl (cat.), 1,4-dioxane, 0 °C to
rt, 1-3 h; (c) NaOH 1M (3.0 eq), THF, rt, overnight; (d) amine (2.0 eq), HOBt (2.0 eq), EDC*HCI (2.0 eq), EtsN,
DCM, rt, overnight.

2. Biological Evaluation of Synthesized Compounds

The activity of the synthetized compounds was evaluated with a bioluminescence-based assay against
the target enzyme. Our results clearly highlight that racemic DPD prepared using our procedure is
efficiently phosphorylated by LsrK (see Supporting Information, Figure S1). In fact, the level of ATP is
significantly reduced by the addition of racemic DPD, resulting in a light emission lower than the sample
including only LsrK and ATP.

These results confirmed the validity of the approach adopted. Indeed, in this initial phase of the drug
discovery process, we prepared racemic DPD and studied a versatile synthesis suitable for readily
supporting practical chemical diversification racemic compounds. Only once the most active ones have been
identified will both enantiomers be prepared for biological testing. Accordingly, the activity of racemic DPD
is essential for demonstrating that our approach has a valid basis. Regarding the DPD-derivatives,
unfortunately, they did not show any activity (the data are reported in Supporting Information, Table S3).

3. Experimental
3.1 Chemistry

Chemicals and solvents were obtained from commercial suppliers and were used without further
purification. All dry reactions were performed under a nitrogen atmosphere using commercial dry solvents.
Flash column chromatography was performed on a silica column using 230-400 mesh silica gel or the Grace
Reveleris X2 flash chromatography system using silica gel packed Macherey Nagel Chromabond Flash BT
cartridges (60 A, 45 um) and Grace Reveleris flash Cartridges (60 A, 40 um). Thin layer chromatography was
performed on Macherey Nagel precoated TLC aluminum sheets with silica gel 60 UV254 (5-17 pum). TLC
visualization was accomplished by irradiation with a UV lamp (254 nm) and/or staining with KMnOs
solutions. 'H-NMR spectra were recorded at room temperature on a Bruker Avance spectrometer operating
at 300 MHz (Hamburg, Germany). Chemical shifts are given in ppm (0) from tetramethylsilane as an internal
standard or residual solvent peak. Significant 'H-NMR data are tabulated in the following order: multiplicity
(s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; dd, doublet of doublets; dt, doublet of triplets; td,
triplet of doublets; br, broad), coupling constant(s) in hertz, number of protons. Proton decoupled *C-NMR
data were acquired at 100 MHz. *C chemical shifts are reported in parts per million (6, ppm). All NMR data
were collected at room temperature (25 °C). Analytical, preparative HPLC and Electron Spray lonization
(ESI) mass spectra were performed on an Agilent UHPLC (1290 Infinity, Santa Clara, CA, USA) and an
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Agilent Prep-HPLC (1260 Infinity), both equipped with a Diode Array Detector and a Quadrupole MS using
mixture gradients of formic acid/water/acetonitrile as solvents. High-resolution electrospray ionization mass
spectra (ESI-FTMS) were recorded on a Thermo LTQ Orbitrap (Thermo Electron, Dreieich, Germany)
coupled to an “Accela” HPLC system supplied with a ‘Hypersil GOLD’ column (Termo Electron).

3.2 Synthesis of DPD and Ph-DPD

Synthesis of 2 and 7: to a stirred solution of (t-butyldimethylsilyloxy)acetaldehyde (1.0 eq) in dry THF,
1-propynylmagnesium bromide was added (over 15 min; 05 M in THF, 13 eq) (or
phenylethynylmagnesium bromide (1.0 M in THF, 1.3 eq) at 0° C). After the addition, the reaction was
allowed to reach room temperature and stirred for 3 h. The solvent was removed under reduced pressure,
the residue was poured into a cold saturated solution of NH4Cl and extracted three times with Et2O. The
organic layer was washed twice with water and once with brine, dried over MgSOs, filtered and
concentrated in vacuo to yield 2 as a yellowish oil (96%) or 7 as a yellow oil (98%).

1-[(t-Butyldimethylsilyl)oxyJpent-3-yn-2-ol (2): yellowish oil, 96%, Rr = 0.20 (CyH/EtOAc 9:1). 'H-NMR (300
MHz, CDCls)  4.36—4.34 (m, 1H), 3.73 (dd, | = 3.6 Hz, | = 10.0 Hz, 1H), 3.59 (dd, | =7.7 Hz, ] = 10.0 Hz,1H),
2.57 (s br, 1H), 1.83 (d, ] = 1.9 Hz, 3H), 0.91 (s, 9H), 0.08 (d, ] = 1.3 Hz, 6H) ppm; *C-NMR (100 MHz, CDCls) d
81.8,79.6, 67.3, 66.3, 25.8, 18.3, 3.5, -5.4 ppm [55]

1-[(t-Butyldimethylsilyl)oxy]-4-phenylbut-3-yn-2-ol (7): yellow oil, 98%, Rr=0.72 (CyH/EtOAc 9:1). 'H-NMR (300
MHz, CDCls) 6 7.45-7.42 (m, 2H), 7.32-7.29 (m, 3H), 4.65-4.60 (m, 1H), 3.87 (dd, | = 3.8 Hz, ] = 10.0 Hz, 1H),
3.75 (dd, ] =6.9 Hz, | =10.0 Hz, 1H), 2.71 (d, | = 4.9 Hz, 1H), 0.93 (s, 9H), 0.13 (d, ] = 3.1 Hz, 6H) ppm; 13C-
NMR (100 MHz, CDCls) 6 131.8, 128.4, 128.2, 122.5, 87.0, 85.3, 67.0, 63.6, 25.9, 18.4, 5.3 ppm [56]

Synthesis of 8 and 9: to a stirred solution of 2 (or 7) (1.0 eq) in MeOH, Dowex50WX8 100-200 mesh (100
mg/1 mL) was added. The reaction was stirred at room temperature overnight. The mixture was filtered
through paper and the solvent was evaporated under reduced pressure to yield 8 as an orange oil (98%) or 9
as an orange o0il (97%).

Pent-3-yne-1,2-diol (8): orange oil, 98%, Rr = 0.38 (CHCls/MeOH 9:1). 'H-NMR (300 MHz, CDCls) & 4.44-4.39
(m, 1H), 3.70 (dd, ] = 3.8 Hz, ] = 11.3 Hz, 1H), 3.62 (dd, ] = 6.6 Hz, ] = 11.3 Hz, 1H), 2.41 (s br, 2H), 1.85 (d, ] =
2.1 Hz, 3H) ppm; ®C-NMR (100 MHz, CDCls) & 82.8, 79.7, 66.8, 63.4, 3.5 ppm [32].

4-Phenylbut-3-yne-1,2-diol (9): orange oil, 97%, Rr = 0.44 (CHCIs/MeOH 9:1). "H-NMR (300 MHz, CDCls) 6
7.46-7.42 (m, 2H), 7.36-7.29 (m, 3H), 4.69 (dd, ] = 3.9 Hz, | = 6.5 Hz, 1H), 3.87-3.74 (m, 2H), 2.23 (s br, 2H)
ppm; BC-NMR (100 MHz, CDCls) 8 131.8, 128.7, 128.3, 122.0, 86.5, 86.3, 66.6, 63.7 ppm [56]

Synthesis of 10 and 11: to 8 (or 9) (1.0 eq) cyclohexanone dimethyl ketal (3.0 eq) and a catalytic amount
of p-TSA was added. The reaction was stirred at room temperature overnight. The solvent was removed
under reduced pressure and the crude was re-dissolved in Et2O and washed three times with NaHCOs. The
organic layer was dried over MgSQOs, filtered and concentrated in vacuo to yield 10 as a yellow oil (64%) or
11 as a yellow oil (72%).

2-(Prop-1-yn-1-yl)-1,4-dioxaspiro[4.5]decane (10): yellow oil, 64%, Rf = 0.50 (CyH/EtOAc 9:1). TH-NMR (300
MHz, CDCls) d 4.70-4.64 (m, 1H), 4.11 (dd, ] = 6.2 Hz, ] = 7.9 Hz, 1H), 3.81 (t, ] = 7.5 Hz, 1H), 1.85 (d, = 2.1
Hz, 3H), 1.74-1.70 (m, 2H), 1.65-1.57 (m, 6H), 1.43-1.38 (m, 2H) ppm; *C-NMR (100 MHz, CDCls) 5 110.5,
85.8, 82.3, 69.7, 65.5, 35.8, 25.1, 23.9, 3.7 ppm [32].

2-(2-Phenylethynyl)-1,4-dioxaspiro[4.5]decane (11): yellow oil, 72%, Ry = 0.60 (CyH/EtOAc 9:1). 'H-NMR (300
MHz, CDCls)  7.46-7.42 (m, 2H), 7.33-7.28 (m, 3H), 4.95 (t, ] = 6.4 Hz, 1H), 4.23 (dd, ] = 6.3 Hz, | = 7.9 Hz,
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1H), 4.01 (dd, ] = 6.5 Hz, ] = 7.9 Hz, 1H), 1.81-1.77 (m, 2H), 1.68-1.56 (m, 6H), 1.44-1.41 (m, 2H), ppm; 3C-
NMR (100 MHz, CDCls) 6 131.8, 128.5, 128.2, 122.4, 111.0, 86.6, 85.6, 69.7, 65.7, 35.5, 25.1, 23.9 ppm.

Synthesis of 12 and 13: to a stirred solution of 10 (or 11) (1.0 eq) in a 1:1:1 mixture of CHCIs/ACN/H:0,
NalOs: (44 eq) and RuOH:0 (2.5% mol) were added. The mixture was vigorously stirred at room
temperature overnight. The solvent was evaporated under reduced pressure and the crude was re-dissolved
in CHCIs and filtered through a silica pad. The eluate was washed three times with water, dried over MgSOs,
filtered and concentrated in vacuo to yield 12 as a yellow oil (54%) or 13 as yellow oil (47%).

1-{1,4-Dioxaspiro[4.5]decan-2-yl}propane-1,2-dione (12): yellow oil, 54%, Rf = 0.42 (CyH/EtOAc 3:1). 'TH-NMR
(300 MHz, CDCls) 6 5.14 (dd, ] =5.3 Hz, ] =7.9 Hz, 1H), 4.35 (dd, ] = 8.0 Hz, ] = 8.9 Hz, 1H), 3.99 (dd, ] = 5.3
Hz, ] = 8.9 Hz, 1H), 2.39 (s, 3H), 1.66-1.57 (m, 8H), 1.45-1.42 (m, 2H) ppm; BC-NMR (100 MHz, CDCls) d
197.5,190.0, 109.2, 75.9, 66.9, 36.4, 35.6, 25.9, 24.8, 24.0 ppm [28].

1-{1,4-Dioxaspiro[4.5]decan-2-yl}-2-phenylethane-1,2-dione (13): yellow oil, 47%, Rf = 0.46 (CyH/EtOAc 9:1). 'H-
NMR (300 MHz, CDCls), 8 7.98 (d, ] = 7.1 Hz, 2H), 7.66 (d, J=7.4 Hz, 1H), 7.51 (t, | = 7.7 Hz, 2H), 512 (t, ] =
6.2 Hz, 1H), 4.34 (d, ] = 6.4 Hz, 2H), 1.65-1.49 (m, 8H), 1.39-1.32 (m, 2H) ppm; *C-NMR (100 MHz, CDCls) d
200.5, 193.0, 134.9, 132.2, 129.9, 128.9, 112.2, 77.9, 65.9, 35.4, 34.6, 24.9, 23.8, 23.0 ppm.

Synthesis of DPD and Ph-DPD: to a stirred solution of 12 (or 13) (10 mM) in D20, Dowex 50WX8 resin
was added (100 mg/1 mL). The mixture was stirred at room temperature overnight. The mixture was filtered
to remove the resin and extracted with CDCls to remove the released cyclohexanone.

4,5-Dihydroxy-2,3-pentanedione (DPD): 'TH-NMR (300 MHz, D20) d 4.41-4.37 (m, 1H), 4.21-4.14 (m, 2H), 4.07
(dd, J=3.2Hz, | =6.0 Hz, 1H), 3.99 (dd, | = 3.8 Hz, | = 7.4 Hz, 1H), 3.86-3.78 (m, 2H), 3.69-3.65 (m, 1H), 3.59
(dd, J=5.6 Hz, ] = 9.4 Hz, 1H), 2.39 (s, 3H), 1.46 (s, 3H), 1.43 (s, 3H) ppm [34]. The NMR shows that some
cyclohexanone is left as two multiplets at 1.88-1.86 and 1.75-1.74 ppm.

3,4-Dihydroxy-1-phenylbutane-1,2-dione (Ph-DPD): 'TH-NMR (300 MHz, D20) 6 8.25-8.15 (m, 2H), 8.07-7.92 (m,
2H), 7.73-7.68 (m, 1H), 7.62-7.59 (m, 5H), 7.48-7.46 (m, 5H), 4.49-4.42 (m, 1H), 4.40-4.36 (m, 1H), 4.13 (dd, | =
2.7 Hz, ] =5.6 Hz, 1H), 4.09 (d, | = 2.8 Hz, 1H), 4.06 (d, ] = 2.6 Hz, 1H), 3.88 (d, | = 4.0 Hz, 1H), 3.85-3.79 (m,
1H), 3.73-3.66 (m, 1H) ppm [30].

Synthesis of quinoxaline-DPD and quinoxaline-Ph-DPD: to a stirred solution of DPD (or Ph-DPD) in
D20, o-phenylendiamine (2.0 eq) was added. The reaction was stirred at room temperature overnight. The
solvent was evaporated under reduced pressure, the crude was re-dissolved in ACN (1 mL), filtered and
purified by preparative HPLC.

1-(3-Methylquinoxalin-2-yl)ethane-1,2-diol (Quinoxaline-DPD): orange solid, Rr= 0.52 (CHCIs/MeOH 9:1). H-
NMR (700 MHz, MeOD) d 8.09-8.07 (m, 1H), 7.98-7.97 (m, 1H), 7.76 (pd, ] =7.0 Hz, ] = 1.6 Hz, 2H), 5.15-5.13
(m, 1H), 4.02 (dd, ] =11.4 Hz, ] = 5.4 Hz, 1H), 3.96 (dd, | =11.4 Hz, | = 6.3 Hz, 1H), 2.84 (s, 3H) ppm; *C-NMR
(176 MHz, MeOD) d 156.6, 154.7, 142.3, 141. 8, 131.2, 130.5, 129.9, 128.8, 72.9, 66.3, 22.3 ppm; HRMS (ESI-MS)
caled. for CutHN202 [M + HJ* = 205.0899. Found: 205.0972. The NMR was consistent with previously
reported data [18]. The NMR was measured with a Bruker DRX700 (700 MHz).

1-(3-Phenylquinoxalin-2-yl)ethane-1,2-diol (Quinoxaline-Ph-DPD): orange solid, Rr= 0.48 (CHCls/MeOH 9:1).
'H-NMR (700 MHz, CDCls)  8.18 (dd, /] = 6.4 Hz, | =3.3 Hz, 1H), 8.13 (dd, ] = 6.1 Hz, | = 3.6 Hz, 1H), 7.82 (dd,
J=6.4Hz, | =34 Hz 2H), 7.68 (dd, | = 7.8 Hz, | = 1.3 Hz, 2H), 7.57-7.53 (m, 3H), 5.30 (dd, ] =4.9 Hz, ] = 3.6
Hz, 1H), 3.74 (dd, ] = 11.7 Hz, | = 3.4 Hz, 1H), 3.54 (dd, | = 11.7 Hz, 5.1 Hz, 1H) ppm; ®*C-NMR (176 MHz,
CDCls) 9 153.7, 152.5, 141.8, 139.6, 137.6, 130.5, 130.4, 129.6, 129.4, 129.0, 128.8, 128.4, 70.6, 65.7 ppm. HRMS
(ESI-MS) calcd. for C16H14N202 [M + HJ* = 267.1055. Found: 267.1129. The NMR was consistent with
previously reported data [57]. The NMR was measured with a Bruker DRX700 (700 MHz).
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3.3 General Procedures for the Synthesis of 1,4- and 1,5-Disubstituted Triazoles DPD-Derivatives (Series I and II)

Synthesis of 1-[(t-butyldimethylsilyl)oxy]but-3-yn-2-01 (14): to a stirred solution of (¢-
butyldimethylsilyloxy)acetaldehyde (1.0 eq) in dry THF, ethynylmagnesium bromide (0.50 M in THF, 1.3 eq)
was added over 15 minutes at 0 °C. After the addition, the reaction was allowed to reach room temperature
and stirred for 3 hours. The solvent was removed under reduced pressure, the residue was poured into a
cold saturated solution of NH4Cl and extracted three times with Et2O. The organic layer was washed twice
with water and once with brine, dried over MgSOj, filtered and concentrated in vacuo to yield 14 as a yellow
oil, 99%, Rr=0.55 (CyH/EtOAc 3:1). 'TH-NMR (300 MHz, CDCls) d 4.40-4.37 (m, 1H), 3.79 (dd, J=3.8 Hz, ] =
10.1 Hz, 1H), 3.66 (dd, | = 6.8 Hz, ] =10.0 Hz, 1H), 2.62 (d, | =5.1 Hz, 1H), 2.42 (d, ] =2.2 Hz, 1H), 0.91 (s, 9H),
0.10 (d, / = 1.5 Hz, 6H) ppm; ¥C-NMR (100 MHz, CDCls) d 81.9, 73.4, 66.8, 62.9, 25.8, 18.3, -5.4 ppm [58].

Synthesis of but-3-yne-1,2-diol (15): to a stirred solution of 14 in MeOH, a Dowex50WX8 100-200 mesh
(100 mg/1 mL) was added. The reaction was stirred at room temperature overnight. The mixture was filtered
through paper and the solvent was evaporated under reduced pressure to yield 15 as an orange oil, 99%, Rr=
0.50 (CHCls/MeOH 9:1). 'H-NMR (300 MHz, CDCls) 6 4.49-4.45 (m, 1H), 3.80-3.68 (m, 1H), 2.51 (d, ] =2.2 Hz,
1H), 2.31 (s, 2H) ppm; *C-NMR (100 MHz, CDCls) 6 81.5, 74.3, 66.3, 63.0 ppm [59].

Synthesis of 2-ethynyl-1,4-dioxaspiro[4.5]decane (16): to 15 (1.0 eq) cyclohexanone dimethyl ketal (10.0
eq) and a catalytic amount of p-TSA were added. The reaction was stirred at room temperature overnight.
The solvent was removed under reduced pressure and the crude was re-dissolved in Et20 and washed three
times with NaHCOs. The organic layer was dried over MgSQsy, filtered and concentrated in vacuo to yield 16
as a yellow oil, 57%, R¢= 0.42 (CyH/EtOAc 9:1). 'H-NMR (300 MHz, CDCls) d 4.71 (dt, ] =2.0 Hz, ] = 6.3 Hz,
1H), 4.16 (dd, ] = 6.4 Hz, ] = 8.0 Hz, 1H), 3.94 (dd, ] = 6.3 Hz, ] = 8.0 Hz, 1H), 2.48 (d, ] = 2.0 Hz, 1H), 1.77-1.72
(m, 2H), 1.65-1.59 (m, 6H), 1.42-1.39 (m, 2H) ppm; 3C-NMR (100 MHz, CDCls) d 111.2, 81.6, 73.7, 69.5, 64.9,
35.6, 25.0, 23.8 ppm [30]

General procedure for the synthesis of 17a—f: to a stirred suspension of NaNs (1.5 eq) in DMSO (5 mL),
the corresponding bromo compound (1.0 eq) was added. The reaction was stirred at room temperature
overnight. The mixture was diluted with diethyl ether and extracted five times with water and once with
brine, dried over MgSOs, filtered and concentrated in vacuo to yield the desired azide as a
colorless/yellowish oil.

General procedure for the synthesis of 18a—f: to a stirred solution of 15 (1.0 eq) in a 1:1 mixture of
H:0/t-BuOH, the corresponding azide (1.0 eq), sodium ascorbate (0.5 eq) and CuSO+5H20 (5% mol) were
added. The reaction was stirred at room temperature overnight. The solvent was evaporated under reduced
pressure, the crude was redissolved in ACN (1 mL), filtered and purified by preparative HPLC [49].

1-[1-(2-Phenylethyl)-1H-1,2,3-triazol-4-ylJethane-1,2-diol (18a): orange oil, 89%, Rr = 0.24 (CHCls/MeOH 9:1),
UHPLC-ESI-MS: R: = 1.80, m/z = 234.2 [M + H]*. 'TH-NMR (300 MHz, CDsCN) d 7.56 (s, 1H), 7.31-7.20 (m, 3H),
7.15(d, ] =6.7 Hz, 2H), 4.75 (dd, ] =4.3 Hz, | = 6.7 Hz, 1H), 4.57 (t, | = 7.3 Hz, 2H), 3.72 (dd, ] =4.2 Hz, ] = 11.2
Hz, 1H), 3.60 (dd, | = 6.9 Hz, | = 11.2 Hz, 1H), 3.17 (t, ] = 7.2 Hz, 2H), 2.23 (s br, 1H) ppm; *C-NMR (100 MHz,
CDsCN) 6 149.4, 138.8, 129.7, 129.4, 127.6, 122.8, 68.5, 66.8, 51.9, 36.9 ppm.

1-(1-Benzyl-1H-1,2,3-triazol-4-yl)ethane-1,2-diol (18b): yellowish oil, 60%, Rf=0.24 (CHCls/MeOH 9:1), UHPLC-
ESI-MS: R: = 1.70, m/z = 220.2 [M + H]*. 'TH-NMR (300 MHz, CD3sCN) d 7.72 (s, 1H), 7.38-7.29 (m, 5H), 5.51 (s,
2H), 4.79 (dd, J=4.4 Hz, ] = 6.3 Hz, 1H), 3.75 (dd, ] =4.2 Hz, ] = 11.2 Hz, 1H), 3.64 (dd, ] =6.7 Hz, | = 11.2 Hz,
1H) ppm; BC-NMR (100 MHz, CDsCN) 6 150.1, 136.9, 129.8, 129.3, 128.9, 123.0, 68.5, 66.7, 54.4 ppm.

1-{1-[.2-(2-Fluorophenyl)ethyl]-1H-1,2,3-triazol-4-yl}ethane-1,2-diol ~ (18c): colorless oil, 62%, Rf = 049
(CHCls/MeOH 9:1), UHPLC-ESI-MS: Rt = 1.82, m/z = 252.2 [M + H]*. 'H-NMR (300 MHz, CDsCN) & 7.58 (s,
1H), 7.30-7.23 (m, 1H), 7.14-7.04(m, 3H), 4.75(dd, ] = 4.3 Hz, | = 6.8 Hz, 1H), 4.58 (t, ] =7.1 Hz, 2H), 3.71 (dd, |
=4.2Hz, ]=11.2 Hz, 1H), 3.59 (dd, ] =6.9 Hz, ] =11.2 Hz, 1H), 3.21 (t, ] = 7.1 Hz, 2H), 2.23 (s br, 1H) ppm; *C-
NMR (100 MHz, CDsCN) 0 162.8 (d, | = 243.8 Hz), 150.2, 132.9 (d, ] = 4.6 Hz), 130.6 (d, ] = 8.2 Hz), 126.2, 126.0
(d, J=3.5Hz), 123.6, 116.8 (d, ] =22.0 Hz), 69.2, 67.5, 51.2, 31.3 (d, ] = 2.4 Hz) ppm.
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1-{1-[2-(Pyridin-2-yDethyl]-1H-1,2,3-triazol-4-yl}ethane-1,2-diol (18d): yellow oil, 88%, Rr= 0.28 (CHCls/MeOH
9:1), UHPLC-ESI-MS: R: = 0.38, m/z = 232.2 [M + HJ*. TH-NMR (300 MHz, CDsCN) 8 8.51 (s, 1H), 7.66-7.59 (m,
2H), 7.21-7.12 (m, 2H), 4.75 (t, ] = 7.1 Hz, 3H), 3.71 (dd, ] = 4.1 Hz, ] = 11.2 Hz, 1H), 3.59 (dd, J=6.8 Hz, ] = 11.1
Hz, 1H), 3.33 (t, ] = 7.1 Hz, 2H) ppm; BC-NMR (100 MHz, CDsCN) d 158.5, 150.3, 143.3, 137.5, 124.4, 123.2,
122.8, 68.5, 66.8, 50.0, 38.8 ppm.

6-[4-(1,2-Dihydroxyethyl)-1H-1,2,3-triazol-1-yl[hexanenitrile (18e): orange oil, 72%, Rr= 0.54 (CHCls/MeOH 9:1),
UHPLC-ESI-MS: R: = 1.39, m/z = 225.2 [M + H]*. 'TH-NMR (300 MHz, CDsCN) d 7.68 (s, 1H), 4.78 (s, 1H), 4.34
(dt, ] =1.9 Hz, ] = 7.1 Hz, 2H), 3.76-3.73 (m, 1H), 3.66-3.57 (m, 1H), 3.08 (s br, 1H), 2.37 (dt, J=19 Hz, J=7.1
Hz, 2H), 1.88-1.83 (m, 2H), 1.68-1.58 (m, 2H), 1.44-1.34 (m, 2H) ppm; BC-NMR (100 MHz, CDsCN) d 1484,
121.5,119.8, 67.3, 65.6, 49.2, 28.8, 24.9, 24.2, 16.0 ppm.

1-[1-(2-Cyclohexylethyl)-1H-1,2,3-triazol-4-ylJethane-1,2-diol (18f): orange oil, 73%, Rr= 0.43 (CHCls/MeOH 9:1),
UHPLC-ESI-MS: Rt =2.20, m/z = 240.2 [M + H]*. 'TH-NMR (300 MHz, CDsCN) & 7.69 (s, 1H), 4.78 (t, ] = 5.3 Hz,
1H), 4.35 (t, ] = 7.5 Hz, 2H), 3.74 (s, 1H), 3.67-3.62 (m, 1H), 2.21 (s br, 1H), 1.78-1.63 (m, 7H), 1.24-1.17 (m,
4H), 1.0-0.94 (m, 2H) ppm; *C-NMR (100 MHz, CDsCN) d 150.4, 123.5, 69.2, 67.5, 49.4, 39.0, 36.4, 34.2, 27.8,
27.5 ppm.

Synthesis of 1-[1-(2-phenylethyl)-1H-1,2,3-triazol-5-yl]lethane-1,2-diol (19a): to a stirred solution of 15
(1.0 eq) in 1,4-dioxane, (2-azidoethyl)benzene (17a) (1.0 eq) and Cp*RuCl(PPhs)2 (2% mol) were added. The
reaction was stirred at reflux overnight. The solvent was evaporated under reduced pressure, the crude was
re-dissolved in ACN (1 mL), filtered and purified by preparative HPLC to yield 19a as a yellow solid, 87%, Rr
= 0.17 (CHCIs/MeOH 9:1), UHPLC-ESI-MS: Rt = 1.75, m/z = 234.2 [M + H] *. 'TH-NMR (300 MHz, CDsCN) d
7.51 (s, 1H), 7.28 (t, ] = 7.3 Hz, 2H), 7.23 (t, | = 7.3 Hz, 1H), 7.15 (d, ] = 7.1 Hz, 2H), 4.62 (d, ] = 6.3 Hz, 1H),
4.61-4.58 (m, 2H), 3.70 (s br, 1H), 3.62 (dd, | = 6.6 Hz, | = 11.3 Hz, 1H), 3.56 (dd, ] = 4.9 Hz, | =11.3 Hz, 1H),
3.21 (t, J=7.4 Hz, 2H), 2.21 (s, 1H) ppm; C-NMR (100 MHz, CDsCN) 9 139.0, 138.5, 132.1, 129.7, 129.4, 127.6,
65.5(d, ] =7.6 Hz), 50.4, 37.0 ppm.

Synthesis of 4-{1,4-dioxaspiro[4.5]decan-2-yl}-1H-1,2,3-triazole (20): to a stirred solution of 16 (1.0 eq)
in a 1:1 mixture of H20/t-BuOH, trimethylsilyl azide (10.0 eq), sodium ascorbate (0.5 eq) and CuSO4+5H20
(5% mol) were added. The reaction was stirred at room temperature overnight. The solvent was evaporated
under reduced pressure, the crude was re-dissolved in EtOAc and extracted three times with water. The
organic layer was dried over MgSQO,, filtered and concentrated in vacuo. The crude was purified using
CyH/TBME (3:1) as an eluent to yield 20 as a yellowish oil, 36%, Rf= 0.61 (CHCls/MeOH 9:1), UHPLC-ESI-
MS: Rt =2.13, m/z=210.2 [M + H] *. 'TH-NMR (300 MHz, CDsCN) 6 7.72 (s, 1H), 5.25 (t, ] = 6.6 Hz, 1H), 4.31-
4.26 (m, 1H), 4.00-3.95 (m, 1H), 2.37 (s br, 1-1.58 (m, 8H), 1.43-1.40 (m, 2H) ppm; *C-NMR (100 MHz,
CDsCN) 6 147.4, 130.0, 111.1, 70.9, 69.8, 36.8, 35.9, 25.8, 24.7, 24.6 ppm.

General procedure for the synthesis of 21h-k and 22h-k: to a stirred solution of 20 (1.0 eq) in dry THF,
K2COs (2.0 eq) and the corresponding alkyl halide (bromide or iodide) were added. The reaction was stirred
at reflux overnight. The solvent was evaporated under reduced pressure, the crude was re-dissolved in ACN
(1 mL), filtered and purified by preparative HPLC.

For each compound, two different fractions were isolated corresponding to the 1,4- and 1,5-disubstitued
products. The different substitution was determined by HMBC of two representative samples (21i, 22i).

General procedure for the synthesis of 18g-k and 19h-k: a stirred solution of 20 (or 21h-k, or 22h-k)
in 1,4-dioxane was cooled to 0 °C using an ice bath. A catalytic amount of 12M HCI was added. The reaction
was stirred at room temperature overnight. The solvent was evaporated under reduced pressure; the crude
was re-dissolved in Et20 and extracted with water. The aqueous layer was extracted three times with EtoO
and dried in vacuo to yield the corresponding products 18g-k and 19h-k.

1-(1H-1,2,3-Triazol-4-yl)ethane-1,2-diol (18g): yellowish oil, 98%, Rr= 0.13 (CHCls/MeOH 9:1), UHPLC-ESI-MS:
Rt=0.32, m/z=130.3 [M + HJ*. 'TH-NMR (300 MHz, MeOD) 0 8.38 (s, 1H), 5.05 (t, ] = 5.5 Hz, 1H), 3.86-3.74 (m,
2H) ppm; ¥C-NMR (100 MHz, MeOD) © 146.0, 126.4, 67.0, 66.2 ppm.
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1-(1-Methyl-1H-1,2,3-triazol-4-yl)ethane-1,2-diol (18h): colorless oil, 66%, Rr=0.29 (CHCIs/MeOH 9:1), UHPLC-
ESI-MS: Rt = 0.45, m/z = 144.2 [M + H]*. 'TH-NMR (300 MHz, MeOD) 0 8.40 (s, 1H), 5.04 (t, ] = 5.5 Hz, 1H), 4.35
(s, 3H), 3.94-3.80 (m, 2H) ppm; 3C-NMR (100 MHz, MeOD)  151.9, 133.5, 70.0, 68.2, 42.9 ppm.

1-(1-Methyl-1H-1,2,3-triazol-5-yl)ethane-1,2-diol (19h): colorless oil, 65%, Rr=0.32 (CHCIs/MeOH 9:1), UHPLC-
ESI-MS: R: = 0.65, m/z = 144.1 [M + H]*. TH-NMR (300 MHz, MeOD) d 7.60 (s, 1H), 4.81 (dd, J=4.8 Hz, [ = 6.8
Hz, 1H), 4.13 (s, 3H), 3.81-3.68 (m, 2H) ppm; *C-NMR (100 MHz, MeOD) d 150.6, 133.4, 68.7, 67.0, 41.7 ppm.

1-[1-(Cyclopropylmethyl)-1H-1,2,3-triazol-4-ylethane-1,2-diol (18i): colorless oil, 73%, Ry = 0.32 (CHCls/MeOH
9:1), UHPLC-ESI-MS: Rt = 1.25, m/z = 184.2 [M + H]*. 'TH-NMR (300 MHz, CDsCN) 9 8.29 (d, | =9.1 Hz, 1H),
6.21 (s br, 2H), 5.02 (dd, ] =3.9 Hz, | = 6.4 Hz, 1H), 4.36 (dd, ] =2.5 Hz, | =7.4 Hz, 2H), 3.80 (d, ] = 5.3 Hz, 2H),
1.40-1.35 (m, 1H), 0.70-0.64 (m, 2H), 0.52-0.47 (m, 2H) ppm; *C-NMR (100 MHz, CDsCN) d 146.8, 125.8, 66.9,
65.7,57.8,11.1, 4.5 ppm.

1-[1-(Cyclopropylmethyl)-1H-1,2,3-triazol-5-ylJethane-1,2-diol (19i): colorless oil, 77%, Rr = 0.35 (CHCls/MeOH
9:1), UHPLC-ESI-MS: R:=1.31, m/z =184.2 [M + H]*. 'TH-NMR (300 MHz, CDsCN) 0 7.87 (s, 1H), 491 (t, ] =5.5
Hz, 1H), 4.34 (d, ] = 7.3 Hz, 2H), 3.76 (d, ] = 5.5 Hz, 2H), 1.43-1.38 (m, 1H), 0.64-0.58 (m, 2H), 0.49-0.46 (m,
2H) ppm; ¥C-NMR (100 MHz, CDsCN) 6 140.3, 130.7, 65.5, 65.4, 55.2, 11.7, 4.6 ppm.

1-(1-Butyl-1H-1,2,3-triazol-4-yl)ethane-1,2-diol (18j): colorless oil, 85%, R = 0.37 (CHCIs/MeOH 9:1), UHPLC-
ESI-MS: Rt =1.45, m/z = 186.2 [M + H]*. 'TH-NMR (300 MHz, MeOD) d 8.28 (s, 1H), 4.77 (t, ] = 5.5 Hz, 1H), 4.39
(t, ] =7.2 Hz, 2H), 3.63-3.49 (m, 2H), 1.81-1.71(m, 2H), 1.23-1.11 (m, 2H), 0.76 (t, ] = 7.4 Hz, 3H) ppm; *C-
NMR (100 MHz, MeOD) & 147.5, 126.7, 67.2, 66.1, 53.8, 32.6, 20.5, 13.7 ppm.

1-(1-Butyl-1H-1,2,3-triazol-5-yl)ethane-1,2-diol (19j): colorless oil, 95%, Rr = 0.39 (CHCIs/MeOH 9:1), UHPLC-
ESI-MS: Rt = 1.50, m/z = 186.2 [M + H]*. TH-NMR (300 MHz, MeOD) d 8.21 (s, 1H), 4.98 (t, ] = 5.7 Hz, 1H), 4.62
(dd, ] = 6.5 Hz, ] = 8.4 Hz, 2H), 3.91-3.78 (m, 2H), 2.04-1.94 (m, 2H), 1.49-1.37 (m, 2H), 1.00 (t, ] = 7.3 Hz, 3H)
ppm; BC-NMR (100 MHz, MeOD) & 142.7, 130.1, 65.9, 65.8, 51.5, 32.8, 20.7, 13.8 ppm.

1-[1-(2-Ethoxyethyl)-1H-1,2,3-triazol-4-yllethane-1,2-diol (18k): colorless oil, 91%, Rf = 0.31 (CHCls/MeOH 9:1),
UHPLC-ESI-MS: R: = 1.21, m/z = 202.2 [M + H]*. 'TH-NMR (300 MHz, CDsCN) d 7.92 (s, 1H), 4.89 (t, ] = 5.1 Hz,
1H), 4.54 (t, ] = 5.1 Hz, 2H), 3.83-3.68 (m, 4H), 3.47 (q, ] = 7.0 Hz, 2H), 1.10 (t, ] = 7.0 Hz, 3H) ppm; *C-NMR
(100 MHz, CDsCN) d 148.3, 124.9, 68.8, 67.7, 66.9, 66.3, 52.1, 15.2 ppm.

1-[1-(2-Ethoxyethyl)-1H-1,2,3-triazol-4-yllethane-1,2-diol (19k): colorless oil, 82%, Rf= 0.37 (CHCls/MeOH 9:1),
UHPLC-ESI-MS: Rt = 1.23, m/z = 202.2 [M + H]*. 'TH-NMR (300 MHz, MeOD) 9 8.10 (s, 1H), 5.00 (t, ] = 5.5 Hz,
1H), 4.74 (dd, ] = 3.7 Hz, ] = 5.3 Hz, 2H), 3.84 (t, ] = 5.2 Hz, 2H), 3.77 (t, ] = 5.8 Hz, 2H), 3.46-3.38 (m, 2H), 1.05
(t, J=7.0 Hz, 3H) ppm; *C-NMR (100 MHz, MeOD) d 143.4, 130.3, 69.6, 67.7, 66.0, 65.9, 51.7, 15.3 ppm.

3.4 General Procedures for the Synthesis of 3,5-Disubstituted Isoxazoles DPD Derivatives (Series Il and IV)

General procedure for the synthesis of 241-r: to a stirred solution of the corresponding aldehyde (1.0
eq) in EtOH (10 mL), EtsN (1.5 eq) and NH:OH*HCI (1.5 eq) dissolved in water (10 mL) were added. The
reaction was stirred at room temperature for 1-3 hours (monitored by TLC). The solvent was evaporated
under reduced pressure; the crude was re-dissolved in EtOAc and extracted three times with water. The
organic layer was dried over MgSQOy, filtered and concentrated in vacuo to yield the corresponding oxime.
All the resulting compounds were used in the next step without being purified.

General procedure for the synthesis of 251-r: to a stirred solution of the corresponding oxime (1.0 eq)
in DMF, N-chlorosuccinimide (1.0 eq) was added in two portions. The reaction was stirred at room
temperature for 1-2 h (monitored by TLC). The crude was diluted with Et2O and extracted five times with
water and once with brine. The organic layer was dried over MgSOy, filtered and concentrated in vacuo to
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yield the corresponding chloro-oxime. All the resulting compounds were used in the next step without being
purified.

General procedure for the synthesis of 26l-1: to a stirred solution of 15 (1.0 eq) in a 1:1 mixture of
H:0/t-BuOH, the corresponding chloro-oxime (1.0 eq), sodium ascorbate (0.5 eq), CuSO+5H20 (5% mol) and
KHCOs (4.3 eq) were added. The mixture was stirred at room temperature overnight. The solvent was
evaporated under reduced pressure; the crude was redissolved in ACN (1 mL), filtered and purified by
preparative HPLC [49].

1-[3-(4-Methylphenyl)-1,2-oxazol-5-ylJethane-1,2-diol (261): white solid, 82%, Rf = 0.38 (CHCI:s/MeOH 9:1),
UHPLC-ESI-MS: R: = 2.15, m/z = 220.1 [M + H]*. "H-NMR (300 MHz, CDsCN) 6 7.73 (d, ] = 8.0 Hz, 2H), 7.31
(d, ]=7.9 Hz, 2H), 6.67 (s, 1H), 4.82 (d, ] = 5.2 Hz, 1H), 3.92 (s br, 1H), 3.83-3.71 (m, 2H), 3.14 (s br, 1H), 2.38
(s, 3H) ppm; 2C-NMR (100 MHz, CDsCN) 8 175.3, 163.7, 142.0, 131.3, 128.2, 127.9, 101.2, 69.2, 66.0, 22.0 ppm.

1-[3-(3-Chlorophenyl)-1,2-oxazol-5-ylJethane-1,2-diol (26m): white solid, 87%, Rr = 0.51 (CHCls/MeOH 9:1),
UHPLC-ESI-MS: R: = 2.24, m/z = 240.0 [M + H]*. 'TH-NMR (300 MHz, CDsCN) 0 7.87 (s, 1H), 7.77 (dd, ] = 5.4
Hz, |=6.8 Hz, 1H), 7.48 (d, ] = 5.8 Hz, 2H), 6.74 (s, 1H), 4.84 (t, ] =5.3 Hz, 1H), 3.78 (dq, ] =5.3 Hz, ] =11.4 Hz,
2H) ppm; BC-NMR (100 MHz, CDsCN) & 175.2, 162.0, 135.4, 132.0, 131.6, 130.9, 127.5, 126.1, 100.8, 68.5, 65.2

1-[3-(2,4-Difluorophenyl)-1,2-oxazol-5-yllethane-1,2-diol (26n): white solid, 78%, Rf = 0.49 (CHCls/MeOH 9:1),
UHPLC-ESI-MS: Rt = 2.06, m/z = 242.2 [M + HJ*. 'TH-NMR (300 MHz, CDsCN) d 7.97-7.89 (m, 1H), 7.14-7.06
(m, 2H), 6.69 (d, | = 3.3 Hz, 1H), 4.86 (t, ] = 5.3 Hz, 1H), 3.85-3.73 (m, 2H) ppm; ¥*C-NMR (100 MHz, CDsCN)
0174.8,164.9 (dd, | =8.5 Hz, | =246.4 Hz), 161.4 (dd, | =8.5 Hz, | =249.4 Hz), 1579, 131.6 (dd, ] =4.6 Hz, | =
10.1 Hz), 114.7 (dd, ] = 3.9 Hz, ] = 12.6 Hz), 113.2 (dd, ] = 3.6 Hz, | =21.9 Hz), 105.6 (t, ] =26.1 Hz), 102.7 (d, | =
7.4 Hz), 68.5, 65.3 ppm.

1-[3-(Pyridin-3-yl)-1,2-0xazol-5-ylJethane-1,2-diol (260): orange solid, 71%, Rf = 0.22 (CHCls/MeOH 9:1),
UHPLC-ESI-MS: R: = 1.14, m/z = 207.2 [M + H]*. 'TH-NMR (300 MHz, CDsCN) & 9.04 (s, 1H), 8.67 (s, 1H), 8.18
(d, ] =7.9 Hz, 1H), 7.46 (dd, ] =5.3 Hz, | = 7.2 Hz, 1H), 6.79 (s, 1H), 4.87 (t, ] = 5.3 Hz, 1H), 3.85-3.73 (m, 2H)
ppm; BC-NMR (100 MHz, CDsCN) d 175.4, 160.9, 151.9, 148.7, 135.0, 126.2, 124.9, 100.7, 68.5, 65.3 ppm.

1-(3-Cyclopropyl-1,2-oxazol-5-yl)ethane-1,2-diol (26p): yellow oil, 63%, Rr = 0.12 (CHCIs/MeOH 9:1), UHPLC-
ESI-MS: Rt =191, m/z = 170.2 [M + H]*. 'TH-NMR (300 MHz, CDsCN) © 5.98 (s, 1H), 4.71 (ddd, | = 0.6 Hz, | =
4.6 Hz, | = 6.1 Hz, 1H), 3.74-3.62 (m, 2H), 2.00-1.91 (m, 1H), 1.03-0.97 (m, 2H), 0.78-0.72 (m, 2H) ppm; *C-
NMR (100 MHz, CDsCN) d 173.5, 167.3, 99.7, 68.3, 65.2, 8.3, 7.8 ppm.

1-[3-(Oxolan-3-yl)-1,2-oxazol-5-yllethane-1,2-diol (26q): yellow oil, 77%, Rf= 0.50 (CHCls/MeOH 9:1), UHPLC-
ESI-MS: Rt = 1.53, m/z = 200.2 [M + H]*. 'TH-NMR (300 MHz, CDsCN) 0 6.22 (s, 1H), 4.77-4.73 (m, 1H), 4.03-
3.98 (m, 1H), 3.94-3.85 (m, 1H), 3.82-3.76 (m, 1H), 3.74-3.65 (m, 2H), 3.55-3.47 (m, 1H), 2.37-2.25 (m, 2H),
2.09-2.00 (m, 1H) ppm; ¥C-NMR (100 MHz, CDsCN) 0 174.1, 166.1, 101.2, 72.7, 68.5, 65.3, 63.7, 37.4, 32.5 ppm.

1-(3-Cyclohexyl-1,2-oxazol-5-yl)ethane-1,2-diol (26r): yellow oil, 89%, Rr= 0.31 (CHCls/MeOH 9:1), UHPLC-ESI-
MS: Rt = 2.13, m/z = 212.2 [M + H]*. TH-NMR (300 MHz, CDsCN) 0 6.18 (s, 1H), 4.73 (t, ] = 5.4 Hz, 1H), 3.71
(dq, J=5.4Hz | =11.3 Hz, 2H), 2.70 (dt, ] = 3.3 Hz, ] = 10.7 Hz, 1H), 2.21 (s br, 2H), 1.90-1.69 (m, 5H), 1.50-
1.25 (m, 5H) ppm; ¥*C-NMR (100 MHz, CDsCN) 0 173.9, 169.8, 101.5, 69.2, 66.0, 37.3, 33.4, 27.3, 27.2 ppm.

Synthesis of ethyl (2E)-2-(hydroxyimino)acetate (27): to a stirred solution of ethyl glyoxalate (50%
solution in toluene, 1.0 eq) in EtOH, EtsN (1.5 eq) and NH20H-HCI (1.5 eq) dissolved in water (10 mL) were
added. The reaction was stirred at room temperature for 2 hours (monitored by TLC). The solvent was
evaporated under reduced pressure; the crude was re-dissolved in Et2O and extracted three times with
water. The organic layer was dried over MgSQs, filtered and concentrated in vacuo to yield 27 as a colorless
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oil, 84%, Rr= 0.64 (CHCls/MeOH 9:1). "H-NMR (300 MHz, CDCls)  9.83 (s br, 1H), 7.56 (s, 1H), 4.32 (q, ] =7.1
Hz, 2H), 1.34 (t, ] = 7.1 Hz, 3H) ppm; *C-NMR (100 MHz, CDCls) d 162.4, 141.6, 61.8, 13.8 ppm [60].

Synthesis of ethyl 5-{1,4-dioxaspiro[4.5]decan-2-yl}-1,2-0xazole-3-carboxylate (28): to a stirred solution
of 16 (1.0 eq) in THF, 27 (2.0 eq) and NaOCl (40.0 eq portion wise over 12 hours) were added. The reaction
was stirred at room temperature for 12 hours. The solvent was evaporated under reduced pressure, the
crude was re-dissolved in DCM and washed three times with water. The organic layer was dried over
MgSQ,, filtered and concentrated in vacuo. The crude was re-dissolved in ACN (1 mL), filtered and purified
by preparative HPLC to yield 28 as a yellowish oil, 36%, Rr= 0.57 (CyH/EtOAC 3:1), UHPLC-ESI-MS: R: =
3.04, m/z=282.2 [M + H]*. 'TH-NMR (300 MHz, CDCls) d 6.67 (s, 1H), 5.23 (t, ] = 6.0 Hz, 1H), 4.43 (q, ] =7.2 Hz,
2H), 4.35 (dd, ] = 6.7 Hz, ] = 8.6 Hz, 1H), 4.09 (dd, ] =5.4 Hz, ] = 8.6 Hz, 1H), 1.71-1.62 (m, 9H), 1.41 (t, [=7.1
Hz, 4H) ppm; 3C-NMR (100 MHz, CDCls) 6 173.5, 159.8, 156.3, 111.9, 102.5, 69.8, 68.1, 62.2, 35.8, 34.9, 25.0,
23.9,23.8, 14.1 ppm.

Synthesis of 5-{1,4-dioxaspiro[4.5]decan-2-yl}-1,2-oxazole-3-carboxylic acid (30): a stirred solution of 28
in THF was cooled to 0 °C using an ice bath. A solution of 10 M NaOH (5.0 eq) was added dropwise and the
reaction was stirred at room temperature overnight. The solvent was evaporated under reduced pressure;
the crude was re-dissolved in DCM and extracted with water. The aqueous layer was acidified with 1M HCl
until pH = 1 and extracted three times with CHCls/i-PrOH (7:3). The organic layer was dried over MgSOs,
filtered and concentrated in vacuo to yield 30 as a white solid, 99%, Rf=0.17(CHCIls/MeOH 5:1), UHPLC-ESI-
MS: R:=2.37, m/z =254.2 [M + H] *. 'TH-NMR (300 MHz, CDCls) 6 6.74 (s, 1H), 5.26 (t, ] = 5.9 Hz, 1H), 4.38 (dd,
J=6.6 Hz, | =8.7 Hz, 1H), 4.12 (dd, ] = 5.3 Hz, ] = 8.7 Hz, 1H), 1.73-1.60 (m, 8H), 1.47-1.43 (m, 2H) ppm; *C-
NMR (100 MHz, CDCls) 5 174.2, 162.4, 155.6, 112.1, 102.8, 69.8, 68.1, 35.9, 34.9, 24.9, 23.9, 23.8 ppm.

General procedure for the synthesis of 32b, 32s-z: the reactions were performed in parallel in 15 ml
reaction tubes in a 24 position Mettler-Toledo Miniblock® equipped with a heat transfer block and inert gas
manifold. Each reaction tube was loaded with a previously prepared solution of 30 mg of 28 (1.0 eq) in 2 mL
of DMF, DIPEA (5.0 eq), HOBt (2.0 eq), EDC-HCI (2.5 eq). Then the corresponding amine was added (2.0 eq).
The reaction mixtures were stirred at room temperature overnight. The reaction conversion was confirmed
through a UHPLC check of some representative samples. The mixtures were evaporated until dryness. The
crudes were re-dissolved in 1.0 mL of ACN, filtered and purified with preparative HPLC (gradient
acetonitrile/water with 0.1% formic acid, 2-98%).

General procedure for the synthesis of 29, 31, 33b, 33s—z: a stirred solution of 28 (or 30, or 32b, or 32s—
z) was cooled to 0 °C using an ice bath. A catalytic amount of concentrated HCI was added. The reactions
were stirred at room temperature overnight. The solvent was evaporated under reduced pressure, the crudes
were re-dissolved in ACN (1 mL), filtered and purified by preparative HPLC.

Ethyl 5-(1,2-dihydroxyethyl)-1,2-oxazole-3-carboxylate (29): colorless oil, 46%, Rf = 0.44 (CHClIs/MeOH 9:1),
UHPLC-ESI-MS: Rt = 1.51, m/z = 202.2 [M + H]*. tH-NMR (300 MHz, CDsCN) d 6.65 (s, 1H), 4.84 (t, ] =5.3 Hz,
1H), 4.37 (q, ] = 7.1 Hz, 2H), 3.76 (dd, ] = 4.2 Hz, | = 5.2 Hz, 2H), 2.18 (s br, 1H), 1.35 (t, ] = 7.1 Hz, 3H) ppm;
13C-NMR (100 MHz, CDsCN) 6 176.2, 160.8, 157.4, 103.0, 68.3, 65.1, 62.9, 14.3 ppm.

5-(1,2-Dihydroxyethyl)-1,2-oxazole-3-carboxylic acid (31): colorless oil, 55%, Rf = 0.11 (CHCls/MeOH 9:1),
UHPLC-ESI-MS: R: = 0.42, m/z = 174.2 [M + H]*. 'TH-NMR (300 MHz, CDsCN) d 6.65 (s, 1H), 4.84 (t, ] = 5.1 Hz,
1H), 3.81-3.70 (m, 2H) ppm; BC-NMR (100 MHz, CDsCN) d 176.2, 161.0, 157.2, 103.2, 68.3, 65.1 ppm.

N-Benzyl-5-(1,2-dihydroxyethyl)-1,2-oxazole-3-carboxamide (33b): white solid, 58%, Rf= 0.25 (CHCIs/MeOH 9:1),
UHPLC-ESI-MS: R = 1.89, m/z = 263.2 [M + H]*. 'TH-NMR (300 MHz, Acetone-ds) d 7.40-7.27 (m, 4H), 7.26—
7.22 (m, 1H), 6.68 (s, 1H), 4.91 (t, ] = 5.4 Hz, 1H), 4.59 (s, 2H), 3.89-3.78 (m, 2H) ppm; ®C-NMR (100 MHz,
Acetone-ds) d 177.2, 160.6, 141.0, 137.3, 130.2, 129.4, 128.9, 102.9, 69.5, 66.4, 44.4 ppm.

5-(1,2-Dihydroxyethyl)-N-(4-fluorophenyl)-1,2-oxazole-3-carboxamide ~(33s): white solid, 58%, Rr = 0.25

(CHClI3/MeOH 9:1), UHPLC-ESI-MS: Rt =1.97, m/z = 267.2 [M + H]*. 'TH-NMR (300 MHz, Acetone-ds) 0 7.92—
7.88 (m, 2H), 7.16 (t, ] = 8.8 Hz, 2H), 6.76 (s, 1H), 4.95 (t, ] = 5.4 Hz, 1H), 3.92-3.81 (m, 2H) ppm; *C-NMR (100
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MHz, Acetone-ds) d 177.6, 162.8, 159.8 (d, ] = 133.8 Hz), 159.6, 136.3 (d, ] = 2.7 Hz), 124.1 (d, ] = 7.7 Hz), 117.2
(d, ] =22.6 Hz), 103.1, 69.5, 66.4 ppm.

5-(1,2-Dihydroxyethyl)-N-[(thiophen-2-yl)methyl]-1,2-oxazole-3-carboxamide (33t): white solid, 65%, Rr = 0.34
(CHCl3/MeOH 9:1), UHPLC-ESI-MS: Rt = 1.79, m/z = 269.2 [M + H]*. 'TH-NMR (300 MHz, Acetone-ds) d 8.43 (s
br, 0.5H), 7.32 (dd, ] =1.3 Hz, ] =5.1 Hz, 1H), 7.06 (dd, ] =1.1 Hz, ] =3.4 Hz, 1H), 6.95 (dd, ] =3.5Hz, J=5.1
Hz, 1H), 6.68 (s, 1H), 4.99 (s br, 0.5H), 4.90 (t, ] =5.1 Hz, 1H), 4.77-4.75 (m, 2H), 4.15 (s br, 0.5H), 3.84-3.81 (m,
2H), 2.87 (s br, 0.5H) ppm; ¥C-NMR (100 MHz, Acetone-ds) 0 177.3, 160.4, 143.6, 141.4, 128.5, 127.8, 126.8,
102.9, 69.6, 66.5, 39.3 ppm.

5-(1,2-Dihydroxyethyl)-N-[(pyridin-3-yl)methyl]-1,2-oxazole-3-carboxamide (33u): yellow oil, 37%, Rr = 0.33
(CHCl3/MeOH 9:1), UHPLC-ESI-MS: R: = 0.38, m/z = 264.2 [M + H]*. 'TH-NMR (300 MHz, MeOD) d 8.56 (s,
1H), 8.44 (s br, 1H), 7.86 (d, ] =7.9 Hz, 1H), 7.43 (dd, J=4.9 Hz, | = 7.8 Hz, 1H), 6.70 (s, 1H), 4.84 (d, J=5.8 Hz,
1H), 4.59 (s, 1H), 3.80 (dd, ] = 3.3 Hz, ] = 5.6 Hz, 2H) ppm; ¥C-NMR (100 MHz, MeOD) d 176.6, 161.6, 159.6,
149.6, 149.0, 137.8, 136.5, 125.3, 102.1, 68.8, 65.6, 41.6 ppm.

5-(1,2-Dihydroxyethyl)-N-(2-methoxyethyl)-1,2-oxazole-3-carboxamide  (33v): yellow oil, 78%, Rr = 0.38
(CHCl3/MeOH 9:1), UHPLC-ESI-MS: R: = 1.23, m/z = 231.2 [M + H]*. 'H-NMR (300 MHz, Acetone-ds) d 6.64 (s,
1H), 4.90 (t, ] = 5.4 Hz, 1H), 3.83 (dd, ] = 3.6 Hz, | = 5.4 Hz, 2H), 3.58-3.50 (m, 4H), 3.32 (s, 3H), 2.85 (s br, 2H)
ppm; BC-NMR (100 MHz, Acetone-de) d 177.3, 160.5, 147.7, 102.8, 72.4, 69.6, 66.5, 59.6, 40.5 ppm.

1-[3-(Pyrrolidine-1-carbonyl)-1,2-0xazol-5-yllethane-1,2-diol (33z): yellow oil, 79%, Rr= 0.30 (CHCls/MeOH 9:1),
UHPLC-ESI-MS: R: = 1.51, m/z = 227.2 [M + H] *. 'TH-NMR (300 MHz, Acetone-de) d 6.58 (s, 1H), 4.90 (t, ] =5.3
Hz, 1H), 3.83 (t, ] = 5.1 Hz, 2H), 3.76 (t, ] = 6.6 Hz, 2H), 3.54 (t, ] = 6.6 Hz, 2H), 2.84 (s br, 2H), 1.99-1.89 (m,
4H) ppm; *C-NMR (100 MHz, Acetone-ds) 5 175.8, 161.7, 149.6, 104.2, 69.6, 66.6, 50.0, 48.2, 27.8, 25.5 ppm.

3.5 Biology

All chemicals were purchased from Sigma (Hamburg, Germany) if not otherwise stated. (5)-DPD was
purchased from OMM Scientific (Dallas, TX, USA). The ATP Bioluminescence kit CLS II and Kinase Glo
Luminescence assay kit were respectively purchased from Roche Scientific (Manheim, Germany) and
Promega (Madison, W1, USA)

3.5.1 LsrK Overexpression and Purification

E. coli MET1158 (E. coli, amp resistance, BL21 (DE3) luxS-, with pMET1144 (IsrK-His in pET21b)), kindly
donated by Prof. Karina Xavier (Instituto Gulbenkian de Ciéncia, Portugal) [61], was used for the
overexpression of LstK from S. typhimurium. The bacteria were grown overnight in 2 x YPTG (yeast,
tryptone, phosphate buffer and glucose) mediums supplemented with 100 pg/ml ampicillin. At the
exponential phase, protein expression was induced by the addition of 0.1 mM isopropyl [-D-1
thiogalactopyranoside for 9h at 22 °C (250 rpm). Cells were harvested and frozen overnight before
proceeding with lysis and purification, according to the literature [62].

3.5.2 DPD Activity Evaluation

Phosphorylation of DPD by LsrK was evaluated with a bioluminescence-based assay, ATP
Bioluminescence kit CLSII (Roche) as previously described in Reference [61]. DPD was plated at 200 uM and
400 puM and a reaction mixture containing 200 nM Lsrk and 20 pM ATP in assay buffer (25 mM
triethanolamine, pH 7.4, 200 uM MgClz). Commercially available DPD was tested for comparison at 200 M.
The level of ATP was monitored by the ATP Bioluminescence kit CLSII following the manufacturer’s
instructions. The experiment was performed in the kinetic-mode, monitoring the luminescence every 2 min
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within a time window of 30 min at the Varioskan LUX plate reader (Thermo Fisher Scientific, Vantaa,
Finland).

3.5.3 Screening of DPD-Related Compounds

The activity of DPD-related compounds was evaluated in an LsrK inhibition assay. Compounds were
plated in a 384 well-plate to a final concentration of 200 uM in triplicate. A 300 nM LsrK and 300 pM DPD
diluted in an assay buffer (25 mM triethanolamine, pH 7.4, 200 uM MgCl:, 0.1 mg/mL BSA) were added to
the plate followed by 100 uM ATP to start the reaction. After 15 minutes of reaction, the Kinase Glo
Luminescence assay reagent was added according to the manufacturer’s instructions. The experiment was
carried on in end-point mode and the luminescence was recorded at the Varioskan LUX plate reader.

4. Conclusions

Resistance to antibiotics poses a continuous threat to public health. In the last few decades, receptors
able to modulate QS started to be considered interesting targets for anti-infective therapy and the
modulation/inhibition of QS has become an appealing strategy against bacterial resistance. Several studies
have already shown that interference with QS affects biofilm formation and biofilm properties (e.g.,
thickness, mass). Particularly, DPD, the key compound in the biosynthesis of AI-2, is able to modulate QS in
both Gram-negative and Gram-positive bacteria. Accordingly, DPD-analogs may have great potential as QSI
and, therefore, as antimicrobial drugs. Of note, two different DPD-related compounds (i.e. isobutyl-DPD and
phenyl-DPD) in combination with gentamicin have almost completely cleared the pre-existing biofilms in E.
coli and P. aeruginosa, respectively [63].

In this work, we successfully developed a new short and robust strategy for the synthesis of DPD which
requires only one purification step. Ph-DPD was also synthesized to show the applicability of our protocol to
the production of different Ci-DPD analogs. The new strategy inspired the synthesis of 30 novel DPD-related
compounds: the cycloaddition to two common precursors was employed to produce (in maximum four
steps) four different small libraries where the diketo moiety of DPD was embedded in heteroaromatic rings.
All the designed compounds were purified and characterized by 'H-NMR, *C-NMR, and UHPLC-MS
(purity > 90%). It is worth noting that in these compounds the open/closed equilibrium (typical of the
majority of the DPD-analogs reported so far, Figure 1) is not possible. The so-obtained more stable
compounds were easily purify by column chromatography. Moreover, the presence of heteroaromatic
groups increases the UV absorbance and MW, rendering the compound detection by the classical analytical
method (e.g., LC-MS) easier compared to previously reported analogs (e.g., ethyl-DPD).

Our new synthetic approach allowed us to synthetize a small set of racemic DPD-related compounds in
a relatively easy and fast way. We demonstrated that racemic DPD is efficiently phosphorylated by LsrK,
corroborating the validity of our approach. On the other hand, all compounds of our library of DPD-related
did not show any activity on LsrK. Nevertheless, the synthetic procedure herein proposed might lead to the
preparation of a wider compound library, thus, allowing for the discovery of a new class of LsrK inhibitors
as potential antivirulence agents. Moreover, we decided to add these products to the library of MuTaLig, an
innovative ligand identification platform for the drug-discovery process.
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General information

Chemicals and solvents were obtained from commercial suppliers and were used without further
purification. All dry reactions were performed under nitrogen atmosphere using commercial dry solvents.
Flash column chromatography was performed on a silica column using 230400 mesh silica gel or Grace
Reveleris X2 flash chromatography system using silica gel packed Macherey Nagel Chromabond Flash BT
cartridges (60 A, 45 um) and Grace Reveleris flash Cartridges (60 A, 40 um). Thin layer chromatography was
performed on Macherey Nagel precoated TLC aluminum sheets with silica gel 60 UV254 (5 pm — 17 pm).
TLC visualization was accomplished by irradiation with a UV lamp (254 nm) and/or staining with KMnOs
solutions. 'H NMR spectra were recorded at room temperature on a Bruker Avance spectrometer operating
at 300 MHz. Chemical shifts are given in ppm () from tetramethylsilane as an internal standard or residual
solvent peak. Significant 'TH NMR data are tabulated in the following order: multiplicity (s, singlet; d,
doublet; t, triplet; q, quartet; m, multiplet; dd, doublet of doublets; dt, doublet of triplets; td, triplet of
doublets; br, broad), coupling constant(s) in hertz, number of protons. Proton decoupled *C NMR data were
acquired at 100 MHz. *C chemical shifts are reported in parts per million (5, ppm). All NMR data were
collected at room temperature (25 °C). Analytical, preparative HPLC and Electron Spray lonization (ESI)
mass spectra were performed on an Agilent UHPLC (1290 Infinity) and an Agilent Prep-HPLC (1260
Infinity) both equipped with a Diode Array Detector and a Quadrupole MS using mixture gradients of
formic acid/water/acetonitrile as solvents. High-resolution electrospray ionization mass spectra (ESI-FTMS)
were recorded on a Thermo LTQ Orbitrap (high-resolution mass spectrometer from Thermo Electron)

coupled to an ‘Accela’” HPLC system supplied with a “Hypersil GOLD’ column (Termo Electron).
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Tables
Entry Solvent Deprotecting agent Temp (° ©) Time Result
D20/DMSO-ds (4:1) D2SO4 . L
1 (10 mM) (Final 5 mM) rt Overnight Decomposition
2 DZO/I()ll\(/)[Sr‘nol\gs (1) (Fiij?lm) 0 Overnight Decomposition
3 D0/ 1()11\(/)1?1\;5 (1) 1({;;0)4 0100 2 days Decomposition
MeOD D2S04 . -
4 (10 mM) (Final 5 mM) rt Overnight Decomposition
5 THF TBAF (1.1 eq) rt Overnight Decomposition
ACN-d3 .
6 (10 mM) NH4F (4.0 eq) rt Overnight SM
ACN-ds/D20 (1:1) . ~10 %
7 (10 mM) ACOD-45(3.0 eq) rt Overnight deprotection
8 MeOD Dowex 50WX8 ot Overnieht ~30 %
(10 mM) 100-200 mesh vernig deprotection
9 ACN-d3 Dowex 50WX8 ot Overnieht ~30 %
(10 mM) 100-200 mesh & deprotection

Table S1: Screening of the conditions for the acidic removal of the two TBDMS groups of compound 5.

;}o
< 5 (0]
(0] X, .OH (0]
o N \/ \H/\N - | \N
O\)\ o) /
N 0
)

16 27 28
Entry 16 (Eq) 27 (Eq) Time (h) Yield (%)?

1 1.2 1 96 16

2 1 1.2 72 18

3 1 1.5 24 21

4 1 2.0 12 36

Table S2: Different ratios of dipolarophile 16 and 1,3-dipole 27 tested for the synthesis of intermediate 28.

aJsolated yield
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Series Structure Compound R! Inhibition (%)
18a (CH:):-Ph 0
18b (CHz)-Ph 1.9
18¢ (CH2)2-0-F-Ph 33
oH 18d (CHz)2-m-Pyr 0.1
Series I HO
CH2)5-CN
1,4-disubstituted \—_g\\ 18e (CFL)s 2.2
1,2,3-triazoles N — 18f (CH2)-CyH 2.7
DPD-derivatives NVR, 18g H 2.3
18h CHs 2.0
18i CH2-Cyp 2.5
18j n-Bu 5.5
(CH2)2-O-
18k CH-CH: 2.2
19a (CH:)-Ph 2.0
Series II HO  oh 19h CH> 2.5
1,5-disubstituted /\8\/ 19i CH2-Cyp 1.6
1,2,3-triazoles N — 19j n-Bu 2.4
DPD-derivatives N VR, ok (CH2)»-O- 20
CHsCH:2 )
261 p-CHs-Ph 1.9
. HO  OH 26m m-Cl-Ph 0.1
, 5?;“25 I , 5 26n o, p-di-F-Ph 0.2
,5-disubstitute
\ 2 - .
isoxazoles DPD- / _N 6o m-Pyr 4.8
derivatives 26p Cyp 8.4
R 26q m-THF 0.8
26r CyH 55
HO OH 33b CH>-Ph 25
Series IV Q 333 p 'F_'Ph 2.5
isoxazoles DPD- 33u CHe-m-Pyr 1.2
derivatives Ri~N 33v (CH2)>-O-CH3s 1.0
fqz 33z Pyrrolidine 2.5
OH
HO
O\
| N
Other 29 — 3.1
@)
3
OH
HO
O\
Other | N 31 — 2.1
@]
HO
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OH
Ho\)IN
’
N

Quinoxaline-

Other DPD 10.9
OH
HO N ouinoxali
uinoxaline-
Other \ND Ph-DPD 0

Table S3: Biological activity of the synthesized compounds measured at 200 uM

NOTE: No positive control was used in the present study as there was no known inhibitor of LsrK kinase at

the time the study started.
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Schemes
; ?O
o o
EtO ©%e) aorb O\
— %
TN LN
(@] (e}
o (@]
Ethylnitro 28
acetate

Scheme S1: Attempts for the synthesis of intermediate 28. Reagents and conditions: (a) 16 (1.0 eq), base (1.5 eq), CHCls,
60 °C, 3 days; (b) 16 (1.0 eq), PANCO (2.0 eq), EtsN (1.5 eq), PhMe, 100 °C, 3 days.
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Synthesis of DPD: failed routes

Synthesis of 3 and 4: To a stirred suspension of NaH (2.0 eq) in THF was added 2 (1.0 eq). The
suspension was stirred at room temperature for 45 min and afterwards it was cooled to 0 °C using an ice
bath. TBDMSCI (or TMSCI) (1.3 eq) in THF was added dropwise. The reaction was vigorously stirred at
room temperature for 2 hours. The mixture was poured slowly onto a cold solution of aqueous K2COs (10%)
and extracted three times with Et2O. The organic layer was dried over MgSOy, filtered and concentrated in
vacuo to yield 3 as a yellowish o0il (90%) or 4 as a colorless 0il (92%).

2,2,3,3,8,8,9,9-octamethyl-5-(prop-1-yn-1-y1)-4,7-dioxa-3,8-disiladecane (3): yellowish oil, 90%, Rr = 0.65
(CyH/EtOAc 9:1). 'H NMR (300 MHz, CDCls) 6 4.37 — 4.33 (m, 1H), 3.63 (s, 1H), 3.61 (s, 1H), 1.81 (d, ] = 2.1
Hz, 3H), 0.90 (d, ] =4.3 Hz, 18H), 0.11 (d, ] = 5.9 Hz, 6H), 0.07 (d, ] =2.2 Hz, 6H) ppm.

2,2,7,7,8,8-hexamethyl-4-(prop-1-yn-1-yl)-3,6-dioxa-2,7-disilanonane (4): colorless oil, 92%, Ry = 0.73
(CyH/EtOAc 9:1). 'H NMR (300 MHz, CDCls) d 4.39 — 4.31 (m, 1H), 3.64 — 3.62 (m, 1H), 3.60 — 3.56 (m, 1H),
1.85-1.81 (m, 3H), 0.91 (d, ] = 3.3 Hz, 9H), 0.17 (s, 6H), 0.12 — 0.07 (m, 9H) ppm.

Synthesis of 5 and 6: To a stirred solution of 3 (or 4) (1.0 eq) in a 1:1:1 mixture of CHCls/ACN/H20
was added NalOxs (4.4 eq) and RuO2*H20 (2.5% mol). The mixture was vigorously stirred for 3 hours. Solvent
was evaporated under reduced pressure, the residue was redissolved in EtOAc and filtered through a silica
pad. The eluate was extracted three times with water, dried over MgSOs, filtered and concentrated in vacuo.
Flash chromatography using CyH/EtOAc (3:1) afforded 5 as a yellow oil (52%) and 6 as a yellow oil (65%).

4,5-bis[(t-butyldimethylsilyl)oxylpentane-2,3-dione (5): yellow oil, 52%, Rf = 0.25 (CyH/EtOAc 9:1). 'H
NMR (300 MHz, CDCls) 6 4.96 (t, ] =4.9 Hz, 1H), 4.00 (dd, ] =5.0 Hz, ] =10.3 Hz, 1H), 3.76 (dd, | =4.7 Hz, | =
10.3 Hz, 1H), 2.32 (s, 3H), 0.89 (s, 10H), 0.85 (s, 8H), 0.09 - 0.07 (m, 4H), 0.04 — 0.03 (m, 8H) ppm.

5-[(t-butyldimethylsilyl)oxy]-4-[(trimethylsilyl)oxylpentane-2,3-dione (6): yellow oil, 65%, Rf = 0.75

(CHCl5/MeOH 5:1). 'H NMR (300 MHz, CDCls) d 4.90 (s, 1H), 4.14 (dd, ] = 3.0 Hz, ] = 10.8 Hz, 1H), 3.86 (dd, ]
=2.8 Hz, | = 10.8 Hz, 1H), 2.39 (s, 3H), 0.91 (s, 9H), 0.83 (s, 9H), 0.01 (d, ] = 8.3 Hz, 6H) ppm.
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Characterization of compounds 17a-f

(2-azidoethyl)benzene (17a): yellow oil, 85%. 'H NMR (300 MHz, CDCls) 6 7.31 — 7.28 (m, 2H), 7.23 - 7.17
(m, 3H), 3.46 (dt, ] =2.8 Hz, ] = 7.2 Hz, 2H), 2.85 (t, ] = 7.3 Hz, 2H) ppm; C NMR (100 MHz, CDCls) d 138.0,
128.7, 128.6, 126.7, 52.4, 35.3 ppm [1].

(azidomethyl)benzene (17b): colorless oil, 70%. "H NMR (300 MHz, CDCls) 6 7.44 — 7.32 (m, 5H), 4.35 (s, 2H)
ppm; 3C NMR (100 MHz, CDCls) 8 135.4, 128.8, 128.3, 128.2, 54.8 ppm [2].

1-(2-azidoethyl)-2-fluorobenzene (17¢) colorless oil, 86%. 'H NMR (300 MHz, CDCls) d 7.26 (t, ] = 7.2 Hz,
2H), 7.15 — 7.04 (m, 2H), 3.54 (t, ] = 7.1 Hz, 2H), 2.97 (t, ] = 7.2 Hz, 2H) ppm;3C NMR (100 MHz, CDCls) d
161.2 (d, ] = 245.5 Hz), 131.1 (d, | = 4.8 Hz), 128.7 (d, ] = 8.2 Hz), 124.9 (d, ] = 15.8 Hz), 124.2 (d, | = 3.5 Hz),
115.5 (d, J=22.0 Hz), 51.1 (d, ] = 1.5 Hz), 29.0 (d, ] = 2.2 Hz) ppm [3]

2-(2-azidoethyl)pyridine (17d): yellowish oil, 30%. 'H NMR (300 MHz, CDCls) 6 8.55 (d, ] = 4.4 Hz, 1H), 7.62
(dt, ] = 1.8 Hz, | = 7.7 Hz, 1H), 7.21 - 7.14 (m, 2H), 3.71 (t, ] = 6.9 Hz, 2H), 3.05 (t, ] = 6.9 Hz, 2H) ppm; 1°C
NMR (100 MHz, CDCls) 6 158.0, 149.5, 136.5, 123.5, 121.8, 50.6, 37.5 ppm [4].

6-azidohexanenitrile (17e): colorless oil, 48%. "TH NMR (300 MHz, CDCls) 6 3.30 (t, | = 6.5 Hz, 2H), 2.36 (t, | =
6.9 Hz, 2H), 1.74 - 1.50 (m, 6H) ppm; 13C NMR (100 MHz, CDCls) 8 119.4, 51.0, 28.1, 25.8, 25.0, 17.1 ppm [5].

(2-azidoethyl)cyclohexane (17f): colorless oil, 64%. 'TH NMR (300 MHz, CDCls) 8 3.28 (t, ] = 7.2 Hz, 2H), 1.72

- 1.64 (m, 5H), 1.49 (dd, ] =7.0 Hz, | = 14.1 Hz, 2H), 1.40 — 1.30 (m, 1H), 1.26 — 1.12 (m, 3H), 0.91 (q, ] = 11.5
Hz, 2H) ppm; *C NMR (100 MHz, CDCls) 6 49.2, 36.0, 35.0, 33.0, 26.4, 26.1 ppm [6].
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A)

B)

Q)

Different conditions tested for the synthesis of triazole 18a

To a stirred solution of 15 (1.0 eq) in THF was added Cul (10% mol), DIPEA (15% mol) and (2-
azidoethyl)benzene (17a) (1.1 eq). The mixture was stirred at room temperature overnight. Solvent was
evaporated under reduced pressure, the crude was redissolved in ACN (1 mL), filtered and purified by
preparative HPLC to yield 18a as an orange oil (58%) [7].

To a stirred solution of 15 (1.0 eq), Cul (2%mol), DIPEA (15%mol) and AcOH (cat.) in DCM was added
(2-azidoethyl)benzene (17a) (1.05 eq). The mixture was stirred at room temperature overnight. Solvent
was evaporated under reduced pressure, the crude was redissolved in ACN (1 mL), filtered and
purified by preparative HPLC to yield 18a as an orange oil (72%) [8].

To a stirred solution of 15 (1.0 eq) in a 1:1 mixture of H20/t-BuOH were added (2-azidoethyl)benzene
(17a) (1.0 eq), sodium ascorbate (0.5 eq) and CuSO4+*5H20 (5% mol). The reaction was stirred at room
temperature overnight. Solvent was evaporated under reduced pressure, the crude was redissolved in
ACN (1 mL), filtered and purified by preparative HPLC to yield 18a as an orange oil (89%) [9].
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Characterization of compounds 21h-k and 22h-k

4-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-1H-1,2,3-triazole (21h): yellowish oil, 53%, Rf= 0.48 (CyH/EtOAC
3:1), UHPLC-ESI-MS: Rt = 2.30, m/z =224.2 [M + H] *. 'TH NMR (300 MHz, CDCls) & 7.59 (s, 1H), 520 (t, = 6.4
Hz, 1H), 4.35 (dd, ] = 6.4 Hz, | = 8.5 Hz, 1H), 4.11 (s, 3H), 4.06 (dd, ] = 6.5 Hz, | = 8.5 Hz, 1H), — 1.56 (m, 8H),
1.42 - 1.41 (m, 2H) ppm; *C NMR (100 MHz, CDCls)  135.3, 131.9, 111.5, 67.9, 67.5, 35.9, 35.4, 34.9, 24.9, 23.9,
23.8 ppm.

5-{1,4-dioxaspiro[4.5]decan-2-yl}-1-methyl-1H-1,2,3-triazole (22h): yellowish oil, 62%, Rf= 0.50 (CyH/EtOAC
3:1), UHPLC-ESI-MS: Rt = 2.54, m/z =224.0 [M + H] *. 'H NMR (300 MHz, CDCls) & 7.57 (s, 1H), 522 (t, ] = 6.6
Hz, 1H), 4.32 (dd, ] = 6.3 Hz, | = 8.3 Hz, 1H), 4.16 (s, 3H), 3.99 (dd, ] = 7.0 Hz, | = 8.3 Hz, 1H), — 1.60 (m, 8H),
1.44 - 1.41 (m, 2H) ppm; 3C NMR (100 MHz, CDCls) d 147.5, 132.4, 110.7, 70.2, 69.3, 41.6, 36.0, 35.2, 25.1, 23.9,
23.8 ppm.

1-(cyclopropylmethyl)-4-{1,4-dioxaspirol[4.5]decan-2-yl}-1H-1,2,3-triazole (21i): colorless oil, 47%, Rf = 0.29
(CHCl5/MeOH 9:1), UHPLC-ESI-MS: R: = 2.61, m/z = 264.2 [M + H] . 'TH NMR (300 MHz, CDCls) 5 7.63 (s,
1H), 5.29 (t, ] = 6.6 Hz, 1H), 4.36 (t, ] = 7.3 Hz, 1H), 4.18 (d, ] = 7.2 Hz, 2H), 4.03 (t, ] = 7.6 Hz, 1H), 1.69 — 1.62
(m, 8H), 1.41 - 1.39 (m, 2H), 1.28 - 1.25 (m, 1H), 0.68 (d, ] = 7.3 Hz, 2H), 0.42 (d, ] = 4.3 Hz, 2H) ppm; 13C NMR
(100 MHz, CDCls) 6 147.5, 120.9, 1104, 70.6, 69.4, 54.9, 36.1, 35.1, 25.0, 23.9, 23.8, 10.9, 4.2 (d, ] =4.1 Hz) ppm.

1-(cyclopropylmethyl)-5-{1,4-dioxaspiro[4.5]decan-2-yl}-1H-1,2,3-triazole (22i): colorless oil, 42%, R = 0.31
(CHCI3/MeOH 9:1), UHPLC-ESI-MS: R: = 2.72, m/z = 264.2 [M + H] *. 'TH NMR (300 MHz, CDCls) 6 7.59 (s,
1H), 5.21 (t, ] = 6.4 Hz, 1H), 4.36 (dd, ] =6.3 Hz, ] = 8.4 Hz, 1H), 4.28 (d, ] =7.2 Hz, 2H), 4.07 (dd, J=6.6 Hz, | =
8.4 Hz, 1H), 1.65 - 1.60 (m, 8H), 1.42 — 1.38 (m, 3H), 0.63 (d, | = 8.1 Hz, 2H), 0.48 (d, | = 4.8 Hz, 2H) ppm; 3C
NMR (100 MHz, CDCls) 6 134.8, 131.6, 111.4, 68.2, 67.4, 53.3, 35.9, 35.0, 24.9, 23.8, 11.3, 4.5, 4.0 ppm.

1-butyl-4-{1,4-dioxaspiro[4.5]decan-2-y1}-1H-1,2,3-triazole (21j): colorless oil, 37%, R = 0.23 (CyH/EtOAC
3:1), UHPLC-ESI-MS: Rt = 2.77, m/z = 266.2 [M + H] *. 'TH NMR (300 MHz, CDCls)  7.51 (s, 1H), 5.29 (t, ] = 6.6
Hz, 1H), 4.39 - 4.31 (m, 3H), 4.02 (dd, ] =7.0 Hz, | = 8.2 Hz, 1H), 1.88 (td, ] = 7.4 Hz, | = 14.9 Hz, 2H), 1.70 -
1.62 (m, 8H), 1.44 - 1.32 (m, 4H), 0.95 (t, ] = 7.3 Hz, 3H) ppm; *C NMR (100 MHz, CDCls) d 147.7, 121.2, 110.4,
70.7,69.5,50.1, 36.2, 35.2, 32.2, 25.1, 24.0, 23.8, 19.7, 13.4 ppm.

1-butyl-4-{1,4-dioxaspiro[4.5]decan-2-yl}-1H-1,2,3-triazole (22j): colorless oil, 31%, Rf = 0.26 (CyH/EtOAC
3:1), UHPLC-ESI-MS: R: = 2.89, m/z = 266.2 [M + H] *. 'TH NMR (300 MHz, CDCls)  7.59 (s, 1H), 5.17 (t, ] = 6.5
Hz, 1H), 4.43 — 4.33 (m, 3H), 4.06 (dd, | = 6.6 Hz, | = 84 Hz, 1H), 1.93 (td, ] = 7.4 Hz, | = 15.1 Hz, 2H), 1.69 -
1.58 (m, 8H), 1.43 - 1.36 (m, 4H), 0.97 (t, ] = 7.3 Hz, 3H) ppm; *C NMR (100 MHz, CDCls) d 144.8, 135.1, 111.5,
68.2, 67.5, 48.6, 36.0, 35.1, 32.2, 25.0, 23.9, 19.8, 13.6 ppm.

4-{1,4-dioxaspiro[4.5]decan-2-yl}-1-(2-ethoxyethyl)-1H-1,2,3-triazole (21k): colorless oil, 38%, Rr = 0.21
(CyH/EtOAC 3:1), UHPLC-ESI-MS: Rt =2.51, m/z = 282.2 [M + H]*. 'TH NMR (300 MHz, CDCls) & 7.69 (s, 1H),
5.30 (t, ] = 6.6 Hz, 1H), 4.51 (t, ] = 5.1 Hz, 2H), 4.37 (dd, ] = 6.3 Hz, | = 8.3 Hz, 1H), 4.06 (dd, ] =6.9 Hz, | = 8.3
Hz, 1H), 3.78 (t, ] = 5.4 Hz, 2H), 3.48 (t, ] = 7.0 Hz, 2H), 1.72 - 1.62 (m, 8H), 1.45 - 1.41 (m, 2H), 1.17 (t, ] =7.0
Hz, 3H) ppm; *C NMR (100 MHz, CDCls) d 147.6, 122.7, 110.5, 70.7, 69.5, 68.7, 66.8, 50.5, 36.2, 35.3, 25.1, 24.0,
23.9,15.0 ppm.

4-{1,4-dioxaspiro[4.5]decan-2-yl}-1-(2-ethoxyethyl)-1H-1,2,3-triazole (22k): colorless oil, 29%, Rr=0.23
(CyH/EtOAC 3:1), UHPLC-ESI-MS: R: = 2.64, m/z =282.2 [M + H]*. 'TH NMR (300 MHz, CDCls) 0 7.61 (s, 1H),
5.31 (t, ] = 6.3 Hz, 1H), 4.59 — 4.55 (m, 2H), 4.35 (dd, ] =6.3 Hz, | = 8.4 Hz, 1H), 4.03 (dd, ] =6.5 Hz, | = 8.4 Hz,
1H), 3.85 — 3.80 (m, 2H), 3.46 — 3.41 (m, 2H), 1.66 — 1.57 (m, 8H), 1.43 - 1.41 (m, 2H), 1.12 (t, ] = 7.0 Hz, 3H)
ppm; *C NMR (100 MHz, CDCls) 0 146.0, 122.1, 111.2, 69.2, 68.7, 67.8, 66.8, 48.7, 36.0, 35.1, 25.0, 23.9, 15.0
ppm.
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Characterization of compounds 241-r

(E)-N-[(4-methylphenyl)methylidene]hydroxylamine (241): brownish solid, 90%, Rr = 0.68 (CHCls/MeOH
9:1). 'TH NMR (300 MHz, CDCls) d 8.67 (s br, 1H), 8.14 (s, 1H), 7.48 (d, ] = 8.1 Hz, 2H), 7.20 (d, ] = 7.9 Hz, 2H),
2.38 (s, 3H) ppm; 3C NMR (100 MHz, CDCls) d 150.3, 140.3, 129.5, 129.2, 127.0, 21.4 ppm [10].

(E)-N-[(3-chlorophenyl)methylidenelhydroxylamine (24m): white solid, 98%, Rr = 0.70 (CHCls/MeOH 9:1).
H NMR (300 MHz, CDCls) d 8.10 (s, 1H), 7.59 (d, ] = 1.8 Hz, 1H), 7.44 (td, ] = 1.6 Hz, | = 7.0 Hz, 1H), 7.39 -
7.29 (m, 2H) ppm; C NMR (100 MHz, CDCls) d 149.1, 134.9, 133.8, 130.0, 126.8, 125.2 ppm [10].

(E)-N-[(24-difluorophenyl)methylidene]lhydroxylamine (24n): white solid, 90%, Rr = 0.74 (CHCls/MeOH
9:1). 'TH NMR (300 MHz, CDCls) 5 8.31 (s, 1H), 7.73 (dt, | = 6.5 Hz, | = 8.4 Hz, 1H), 6.94 - 6.82 (m, 2H) ppm; 13C
NMR (100 MHz, CDCls) 6 164.2 (dd, | =12.1 Hz, ] =217.2 Hz), 160.8 (dd, | =12.0 Hz, | =219.3 Hz), 143.6, 128.3
(dd, J=4.4Hz, ]=9.8 Hz), 116.3 (dd, ]=4.0 Hz, ] = 11.0 Hz), 112.2 (dd, ] = 3.6 Hz, ] =21.9 Hz), 104.4 (t, ] = 25.3
Hz) ppm [11].

(E)-N-[(pyridin-3-yl)methylidene]hydroxylamine (240): white solid, 83%, Ry = 0.47 (CHCls/MeOH 9:1). 'H
NMR (300 MHz, DMSO-de) d 11.56 (s, 1H), 8.75 (d, ] = 1.8 Hz, 1H), 8.55 (dd, ] = 1.6 Hz, ] = 4.8 Hz, 1H), 8.20 (s,
1H), 7.99 (td, ] = 1.8 Hz, ] = 7.9 Hz, 1H), 7.42 (dd, ] = 4.8 Hz, ] = 7.9 Hz, 1H) ppm; *C NMR (100 MHz, DMSO-
ds) 0 149.9, 147.7, 145.6, 133.0, 128.9, 123.8 ppm [12].

(E)-N-(cyclopropylmethylidene)hydroxylamine (24p): white solid, 77%, Rf= 0.66 (CHCls/MeOH 9:1). The
compound was obtained as a mixture of syn and anti oximes. The mixture was not separated and the
compound was used for further reaction without purification. Only the major isomer is reported. 'H NMR
(300 MHz, CDCls) 8 6.02 (d, | = 8.8 Hz, 1H), 2.34 — 2.23 (m, 1H), 0.98 — 0.91 (m, 2H), 0.65 - 0.60 (m, 2H) ppm;
13C NMR (100 MHz, CDCls) d 155.4, 10.8, 6.0, 5.5 ppm [13].

(E)-N-[(oxolan-3-yl)methylidene]hydroxylamine (24q): yellowish oil, 76%, Rr= 0.64 (CHCI3/MeOH 9:1). The
compound was obtained as a mixture of syn and anti oximes. The mixture was not separated and the
compound was used for further reaction without purification. Only the major isomer is reported (not all the
peaks are integrated and peaked in order to make the NMR picture easier to understand). 'H NMR (300
MHz, CDCls) d 8.68 (s br), 7.38 (d, ] = 7.2 Hz, 1H), 3.96 — 3.93 (m, 1H), 3.84 — 3.75 (m, 2H), 3.70 - 3.67 (m, 1H),
3.11 - 2.99 (m, 1H), 2.17 - 2.10 (m, 1H), 1.95 - 1.87 (m, 1H) ppm; *C NMR (100 MHz, CDCls) & 152.1, 70.6,
68.0, 39.5, 30.5 ppm [14].

(E)-N-(cyclohexylmethylidene)hydroxylamine (24r): yellowish oil, 98%, Rr = 0.58 (CHCls/MeOH 9:1). The
compound was obtained as a mixture of syn and anti oximes. The mixture was not separated and the
compound was used for further reaction without purification. Only the major isomer is reported. 'H NMR
(300 MHz, CDCls) 8 7.32 (d, | = 6.1 Hz, 1H), 2.25 — 2.16 (m, 1H), 1.81 — 1.15 (m, 15 H, major and minor) ppm;
13C NMR (100 MHz, CDCls) 6 155.9, 38.4, 30.1, 25.8, 25.4 ppm [15].
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Characterization of compounds 25]-r

(Z)-N-hydroxy-4-methylbenzene-1-carbonimidoyl chloride (251): whitish solid, 75%, Rf = 0.64 (CyH/EtOAc
3:1). 'TH NMR (300 MHz, CDCls) 6 8.74 (s br, 1H), 7.73 (d, ] = 8.3 Hz, 2H), 7.21 (d, ] = 8.0 Hz, 2H), 2.39 (s, 3H)
ppm; C NMR (100 MHz, CDCls) 8 150.7, 141.1, 140.4, 129.2, 127.1, 21.3 ppm [16].

(Z)-3-chloro-N-hydroxybenzene-1-carbonimidoyl chloride (25m): white solid, 80%, Rr = 0.66 (CyH/EtOAc
3:1). 'TH NMR (300 MHz, CDCls) 8 8.61 (s, 1H), 7.83 (t, ] = 1.7 Hz, 1H), 7.72 (ddd, J=13Hz, =18 Hz, =78
Hz, 1H), 742 (ddd, ] =12 Hz, =19 Hz, ] = 8.0 Hz, 1H), 7.34 (t, ] = 7.9 Hz, 1H) ppm; *C NMR (100 MHz,
CDCls) 6 138.8, 134.6, 134.1, 130.7, 129.7, 127.2, 125.3 ppm [17].

(2)-2 4-difluoro-N-hydroxybenzene-1-carbonimidoyl chloride (25n): white solid, 73%, Rr = 0.66
(CyH/EtOAc 3:1). 'TH NMR (300 MHz, CDCls) 6 8.81 (s, 1H), 7.67 (dt, ] = 6.3 Hz, ] = 8.4 Hz 1H), 7.00 - 6.88 (m,
2H) ppm; *C NMR (100 MHz, CDCls) d 164.0 (dd, ] = 11.9 Hz, | = 254.4 Hz), 160.4 (dd, ] = 12.3 Hz, | = 258.6
Hz), 1345 (d, ] = 5.5 Hz), 132.1 (dd, ] =2.8 Hz, ] = 10.1 Hz), 117.6 (dd, ] =4.1 Hz, ] = 11.3 Hz), 111.8 (dd, ] = 3.8
Hz, | =21.8 Hz), 105.1 (t, ] =25.8 Hz) ppm [11].

(Z)-N-hydroxypyridine-3-carbonimidoyl chloride (250): orange solid, 38%, Rr = 0.38 (CyH/EtOAc 3:1). 'H
NMR (300 MHz, MeOD) d 8.95 (s, 1H), 8.56 (d, ] = 4.6 Hz, 1H), 8.25 - 8.21 (m, 1H), 7.48 (dd, J=4.9 Hz, J=8.1
Hz, 1H) ppm; *C NMR (100 MHz, MeOD) 6 152.8, 150.9, 147.8, 136.5, 130.1, 125.2 ppm [18].

(Z)-N-hydroxycyclopropanecarbonimidoyl chloride (25p): colorless oil, 66%, Rf= 0.52 (CyH/EtOAc 3:1). 'H
NMR (300 MHz, CDCls)  8.50 (s, 1H), 1.95 - 1.86 (m, 1H), 0.99 — 0.92 (m, 2H), 0.90 — 0.81 (m, 2H) ppm; C
NMR (100 MHz, CDCls) 6 144.4, 15.9, 5.9 ppm [19].

(Z)-N-hydroxyoxolane-3-carbonimidoyl chloride (25q): colorless oil, 52%, Rf = 0.52 (CyH/EtOAc 3:1). 'H
NMR (300 MHz, CDCls) d 9.17 (s, 1H), 4.02 - 3.82 (m, 4H), 3.39 — 3.29 (m, 1H), 2.22 - 2.15 (m, 2H) ppm; 3C
NMR (100 MHz, CDCls) d 141.5, 70.3, 68.2, 45.7, 30.1 ppm [20].

(Z)-N-hydroxycyclohexanecarbonimidoyl chloride (25r): colorless oil, 85%, Rr = 0.36 (CyH/EtOAc 3:1). '"H
NMR (300 MHz, CDCls) d 8.56 (s, 1H), 2.46 (tt, | = 3.4 Hz, ] = 11.4, 1H), 1.96 — 1.92 (m, 2H), 1.83 — 1.78 (m, 2H),
1.71 - 1.66 (m, 1H), 1.50 — 1.35 (m, 2H), 1.35 — 1.23 (m, 3H) ppm; *C NMR (100 MHz, CDCls) 5 146.5, 45.4,
30.2, 25.6, 25.5 ppm [21].
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Characterization of 32b, 32s-z

N-benzyl-5-{1,4-dioxaspiro[4.5]decan-2-yl}-1,2-o0xazole-3-carboxamide (32b): yellowish solid, 68%, Rr= 0.39
(CyH/EtOAc 3:1), UHPLC-ESI-MS: R: = 3.04, m/z = 343.2 [M + H] *. 'H NMR (300 MHz, CDCls)  7.36 — 7.29
(m, 5H), 7.09 (s br, 1H), 6.75 (s, 1H), 5.22 (t, ] = 6.0 Hz, 1H), 4.62 (d, ] = 6.0 Hz, 2H), 4.34 (dd, ] = 6.6 Hz, | = 8.6
Hz, 1H), 4.09 (dd, ] =5.4 Hz, ] =8.6 Hz, 1H), 1.71 - 1.60 (m, 8H), 1.46 — 1.42 (m, 2H) ppm; *C NMR (100 MHz,
CDCls) d 173.3, 158.5, 140.4, 137.2, 128.8, 127.9, 127.8, 111.9, 101.9, 69.8, 68.1, 43.5, 35.8, 34.9, 25.0, 23.9, 23.8

5-{1,4-dioxaspiro[4.5]decan-2-yl}-N-(4-fluorophenyl)- 1,2-oxazole-3-carboxamide (32s): yellowish solid,
58%, Rr=0.53 (CyH/EtOAc 3:1), UHPLC-ESI-MS: R: = 3.14, m/z = 347.2 [M + H] +. 'H NMR (300 MHz, CDCls)
0 8.48 (s, 1H), 7.64 — 7.59 (m, 2H), 7.10 — 7.04 (m, 2H), 6.80 (s, 1H), 5.26 (t, ] = 6.0 Hz, 1H), 4.37 (dd, = 6.6 Hz, |
=8.7 Hz, 1H), 412 (dd, ] =5.4 Hz, ] = 8.7 Hz, 1H), 1.74 - 1.62 (m, 8H), 1.47 — 1.43 (m, 2H) ppm; 3C NMR (100
MHz, CDCls) 5 173.9, 1614, 157.5 (d, ] =171.1 Hz), 156.3, 132.9 (d, ] =2.8 Hz), 121.8 (d, =79 Hz), 1159 (d, ] =
22.6 Hz), 112.0, 101.9, 69.8, 68.1, 35.9, 34.9, 25.0, 23.9, 23.8 ppm.

5-{1,4-dioxaspiro[4.5]decan-2-yl}-N-[(thiophen-2-yl)methyl]-1,2-oxazole-3-carboxamide  (32t): yellowish
solid, 53%, Rr=0.39 (CyH/EtOAc 3:1), UHPLC-ESI-MS: R¢ = 3.00, m/z = 349.2 [M + H] *. '"H NMR (300 MHz,
CDCls) 0 7.25 (dd, J=1.2 Hz, ] =3.9 Hz, 1H), 7.12 (s br, 1H), 7.04 (dd, ] = 1.0 Hz, ] = 3.4 Hz, 1H), 6.97 (dd, | =
3.5 Hz, ] =5.1 Hz, 1H), 6.74 (s, 1H), 5.22 (t, ] =5.8 Hz, 1H), 4.79 (d, ] =5.9 Hz, 2H), 4.34 (dd, ] = 6.6 Hz, | = 8.6
Hz, 1H), 4.09 (dd, ] =5.4 Hz, | =8.6 Hz, 1H), 1.71 - 1.61 (m, 8H), 1.46 — 1.42 (m, 2H) ppm; *C NMR (100 MHz,
CDCls) 0 173.4, 158.3, 143.3, 139.6, 127.0, 126.5, 125.6, 111.9, 101.8, 69.8, 68.1, 38.1, 35.8, 34.9, 25.0, 23.9, 23.8

5-{1,4-dioxaspiro[4.5]decan-2-yl}-N-[(pyridin-3-yl)methyl]-1,2-oxazole-3-carboxamide (32u): yellow oil,
57%, Rf = 0.38 (CHCls/MeOH 5:1), UHPLC-ESI-MS: R: = 2.00, m/z = 3442 [M + H] *. '"H NMR (300 MHz,
CDCls) 8.61 (d, ] = 1.7 Hz, 1H), 8.56 (dd, ] = 1.4 Hz, | = 4.8 Hz, 1H), 7.75 — 7.71 (m, 1H), 7.32 (dd, ] =4.9 Hz, |
=7.8 Hz, 1H), 7.21 (s br, 1H), 6.74 (s, 1H), 5.23 (t, ] = 5.7 Hz, 1H), 4.65 (d, ] = 6.2 Hz, 2H), 4.35 (dd, J=6.6 Hz, |
=8.6 Hz, 1H), 4.09 (dd, ] =5.4 Hz, ] = 8.7 Hz, 1H), 1.71 - 1.62 (m, 8H), 1.46 — 1.42 (m, 2H) ppm; *C NMR (100
MHz, CDCls) d 173.6, 163.3, 158.8, 158.1, 148.8, 136.0, 133.3, 123.8, 111.9, 101.8, 69.8, 68.1, 40.9, 35.8, 34.9, 24.9,
23.9,23.8 ppm.

5-{1,4-dioxaspiro[4.5]decan-2-yl}-N-(2-methoxyethyl)-1,2-oxazole-3-carboxamide (32v): yellow oil, 52%, R =
0.25 (CyH/EtOAc 3:1), UHPLC-ESI-MS: Rt = 2.57, m/z = 311.2 [M + H] *. 'TH NMR (300 MHz, CDCls) 8 6.70 (s,
1H), 5.22 (t, ] = 6.0 Hz, 1H), 4.34 (dd, ] = 6.6 Hz, ] = 8.6 Hz, 1H), 4.08 (dd, | = 5.5 Hz, | = 8.6 Hz, 1H), 3.64 — 3.59
(m, 2H), 3.52 (dd, ] = 2.8 Hz, ] = 7.5 Hz, 2H), 3.37 (s, 3H), 1.70 - 1.61 (m, 8H), 1.45 — 1.41 (m, 2H), ppm; 13C
NMR (100 MHz, CDCls) 8 173.1, 158.7, 158.4, 111.8, 101.8, 70.7, 69.8, 68.1, 58.8, 39.2, 35.8, 34.9, 24.9,23.8 (d, | =
4.2 Hz) ppm.

5-{1,4-dioxaspiro[4.5]decan-2-yl}-3-(pyrrolidine-1-carbonyl)-1,2-oxazole (32z): brown oil, 18%, Rf = 0.25
(CyH/EtOAc 3:1), UHPLC-ESI-MS: Rt = 2.79, m/z = 307.2 [M + H] *. 'H NMR (300 MHz, CDCls) d 6.67 (s, 1H),
522 (t, ] =6.1 Hz, 1H), 4.34 (dd, ] = 6.6 Hz, | = 8.6 Hz, 1H), 4.09 (dd, ] =5.7 Hz, ] =8.6 Hz, 1H), 3.85 (t, ] = 6.5
Hz, 2H), 3.65 (t, | = 6.6 Hz, 2H), 1.99 — 1.91 (m, 4H), 1.74- 1.62 (m, 8H), 1.45 - 1.41 (m, 2H) ppm; *C NMR (100
MHz, CDCls) 0 171.4, 159.7, 158 .4, 111.8, 103.4, 69.8, 68.2, 48.7, 46.9, 35.8, 35.0, 26.2, 25.0, 23.9, 23.8 ppm.
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Biological activity of LsrK
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Figure S1: Activity of LsrK in the presence of racemic DPD and (5)-DPD (from OMM Scientific) detected by
measuring ATP depletion.
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