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ABSTRACT

Minimal model for antimicrobial natural product amphiphiles:

Lipophilic Linker/
group scaffold
Synthesis:
N=N R

RN A~ \)Y xl:Y

42 derivatives 38 derlvatlves 20 derivatives

R = Aromate or alkyl group
X=Nor CH
Y = Cationic nitrogen group

E. faecalis

S. aureus

S. agalacticae
E. coli

P. aeruginosa

Selection:

- High activity
- Low toxicity
- High selectivity

Current leads:

R,=N’
R = 4-(C;H;50)Ph \)\/\, NH2 \)\, L7

R, = 3,5-di-t-BuPh
R; = 4-t-BuPh

Activity:

N=N N=Nn H
R-N\MY R-N N
—~ | \/\Y

9 derivatives 17 derivatives

R = Aromate
X=NorCH
Y = Cationic nitrogen group

Triazoles
Isoindolines

Fused pyridines
N-functionalization

15 derivatives

(HCI)1.3

N‘(’\/NHZ)Z

R1—N i R2/R3 NH*
\/\ N_(
Hz

NH,



VIII ABSTRACT

Development of antimicrobial agents that work through novel mechanisms is
of importance for combating the steadily increasing proliferation of resistant bac-
teria. Infections caused by resistant bacteria have become an increasing global
problem, where clinicians in the worst case scenarios are left without treatment
options against severe bacterial infections. If this trend is left unchecked, the
modern society will return to the medicinal dark-ages before the antibiotic era,
where bacterial infections were often untreatable life-threatening ailments. In-
vestigations into new antimicrobials are therefore not only important, but vital

for the continuation of the current status quo in medicine.

This project has focused on preparation of novel amphiphilic antimicrobials
based on a model developed from antimicrobial peptides and marine antimicro-
bial natural products. The aim was to create a library of cationic amphiphiles
for biological evaluation. The current compound library has now reached over
100 compounds, consisting mostly of 1,2,3-triazoles in addition to around 20 com-
pounds based on isoindoline and dihydro pyrrolopyridine. The synthetic work-
horses in this project have been the copper-catalyzed azide-alkyne cycloaddition
(CuAAC) and transition metal catalyzed [2+2+2] cycloaddition reactions.

After scaffold synthesis and N-functionalization, the target amphiphiles were
evaluated against five strains of clinically important bacteria: Staphylococcus au-
reus, Enterococcus faecalis, Streptococcus agalacticae, Pseudomonas aeruginosa,
and Escheria coli. In addition to antimicrobial evaluations, the most active target
compounds in the antimicrobial assays were evaluated for mammalian toxicity
against HepG2-cells (human hepatic cells). All biological testing was performed
at Marbio at UiT - The arctic university of Norway.

The biological evaluations were used to evaluate the relative potencies and
toxicities of different functional groups. Some functional groups have therefore
become more prevalent in the later substrates and future work, whereas some
functional groups have been excluded due to low antimicrobial potency or high
level of cytotoxicity against HepG2. On basis of these evaluations, the "current
lead" compounds in the library were chosen. The compounds were coined "cur-
rent leads", as they still have some selectivity issues that needs to be addressed
in order to make them more suitable as lead structures.
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Paper I:
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PREFACE

Objectives

This doctoral thesis is written as a collection of articles, and consists of two
published scientific peer-reviewed papers, one accepted manuscript, and one
manuscript prepared for submission (found as appendices after the references in
this thesis). This project has been presented in its entirety through this thesis
and the articles/manuscripts. Unpublished experimental work is presented
in their respective chapters. The main focus of this project was to investigate
and evaluate new possible scaffolds for antimicrobial amphiphiles, based on
antimicrobial peptides (AMPs) and marine antimicrobial natural products. The
goal was to develop a library of low molecular weight cationic amphiphiles
and investigate their abilities to inhibit bacterial growth. The biological
evaluations of the current compound library are presented in Chapter 2 and
Paper/manuscripts II, III, and IV.

In addition to the main objective, the development of synthetic methodolo-
gies for efficient and versatile synthesis of the target amphiphiles was impor-
tant. This was done to ensure efficient and versatile synthesis of the current
compound library, and to establish the synthetic groundwork for future work in
this project. The synthetic strategies and methods are presented in Chapter 2

and Papers/manuscripts I-IV.

Chapter 1 covers common classes of antibiotics, antimicrobial resistance, and
membrane active antimicrobials. Also, some important physicochemical princi-
ples and testing of cytotoxicity are presented, followed by an introduction of the
different bacteria targeted in the project. The last sections in Chapter 1 cover
synthesis and medicinal applications of 1,2 3-triazoles, isoindolines, and fused
pyridines (dihydro pyrrolopyridines). The copper-catalyzed azide-alkyne cycload-



2 ABBREVIATIONS

dition and [2+2+2] cycloaddition reactions are particularly highlighted for the
preparation of 1,2 3-triazoles and dihydro pyrrolopyridines/isoindolines respec-
tively. Chapter 2 covers the development of the current compound library based
on the scaffolds and the scaffold-chemistry presented in Chapter 1. Chapter 2 is
split into sections with regard to the different papers/manuscripts associated to

this dissertation:

¢ Section covers the preparation and biological evaluations of the
aliphatic amino 1,2,3-triazoles presented in paper II.

* Section [2.2] covers the preparation and biological evaluations of the amido
1,2,3-triazoles presented in paper III.

* Section [2.3] covers the preparation and biological evaluations of dihydro
pyrrolopyridine and isoindoline amphiphiles paper IV.

Section shows comparison of the most promising structures from the dif-
ferent papers/manuscripts with regards to antimicrobial potencies and cytotoxi-
city. Chapter 3 offers a summary and concluding remarks, and suggests further
work on the most promising structures from Chapter 2. Finally, Chapter 4 covers

the experimental data for the unpublished work.

Contributions

The author of this thesis has prepared and characterized 84 target amphiphiles
for biological evaluations. Additionally, synthesis development and evaluation of
biological data have been important tasks. The following people are acknowl-
edged for their contribution to the synthetic work: MSc Anton Brondz for prepa-
ration of 4 target compounds and their precursors in Paper IV; MSc Kristoffer
Lea for preparation of 5 target compounds and their precursors in Paper IV;
MSc-candidate Kristian Njerve Myreng for preparation of 7 target compounds
and their precursors in Paper IV; Biological assays have been performed by Mar-
bio (UiT - The arctic university of Norway) led by Professor Jeanette H. Andersen.
Professor Morten B. Strgm is acknowledged for his extensive contribution to the
evaluation of biological data and optimization strategies as a co-supervisor in

this project.



CHAPTER 1

INTRODUCTION

Antibiotics have been one of the cornerstones of modern medicine ever since
the discovery of the first systemic antimicrobials.?? Due to the lack of efficient
systemic therapeutics at the time, infectious diseases were one of the leading
causes of death in the pre-antibiotic era.? The discoveries of the therapeutic po-
tential of sulfonamides® (1935) and B-lactams5 (1928) were therefore scientific
events that changed the world. Most of the common bacterial infections then be-
came managable with "over the counter"-antibiotics, and went from being deadly
threats to often being nothing more than a nuisance. After the initial antibiotics
followed a period of three decades with intense development of different and more
complex classes of antibiotics. This led to more than 20 classes of antibiotics be-
ing introduced for human use in the period between 1930 and 1962.58 However,
after the initial flow of novel compound classes coming through the antibiotic
pipeline up to the late 1960’s, the steady flow of development became a slow drib-
ble.®"8 The development of novel classes of antibiotics has become so slow, that
in the last three decades only two new classes of antibiotics have emerged: the

oxazolidinones (linezolid?1%) and the cyclic lipopeptides (daptomycin’112) 13

&:j@@i _ i %¢L

O o J NH /J\N -
- \\<\>\\ N _CONH, (O _NH M o N o
Linezolid NH H H

Daptomycin |

Figure 1.1. The oxazolidinone antibiotic linezolid and the cyclic lipopeptide daptomycin.
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Increased consumption of antibiotics in agriculture and clinical settings, com-
bined with recycling of old antibiotic classes, are some of the leading causes for
the rapid global emergence of antimicrobial resistance.14*12 It is estimated that
resistant infections lead to around 700,000 deaths globally every year, which by
itself is frightening.?? Moreover, the estimates predict an increase to a stagger-
ing 10 million deaths by 2050, if the development of antimicrobial resistance is
left unattended.? It is therefore imperative to develop more efficient novel an-
tibiotics to overcome this global threat.

This chapter will give a short introduction to antibiotics and antimicrobial
resistance, and a more specific introduction concerning membrane-active antimi-
crobials. Then follows a short introduction of some important medicinal chem-
istry concepts and bacteria targeted in this project. The final sections in this
chapter give an introduction to the medicinal applications and chemistry of the
chosen scaffolds in the structure library.

1.1 Classes of Antibiotics and Mechanisms of Action

Modern antibiotics are based on a range of different structures, most of which
were developed in the golden age of antibiotics (1930 - 1962).68 Fig. shows a
distribution of different antibiotics in 323 hospitals in the US in 2010, where the
data collected were hospital discharges with at least one day of treatment. The
figure also shows the year of which the particular antibiotics were discovered or
taken into clinical use. The general structures of penicillin, cephalosporin, and
fluoroquinolones show the year of discovery, whereas the specific examples van-
comycin, streptomycin, and erythromycin show the year of clinical application.?!
The antibiotics making up over 75% of the total antibiotics in Fig. belong
to compound classes that were discovered more than 50 years ago. Despite the
age of these compound classes, they are still extensively targeted in antibiotic
research, as many antibiotics coming through the pipeline every year are mod-
ifications of these structure classes.“? Modifications are carried out in order to
optimize pharmacological properties and negate adverse effects,?? in addition
to making them efficacious against resistant bacteria. Activity against resistant
bacteria is becoming increasingly important, since many antibiotics become grad-

ually less effective due to proliferation of resistant pathogens.?4
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OH
NH,
o
O~ on
6/“ WOH
OH
o” O o ) R H H
Vancomycin (1958) )]/N I
° JO<
o]
N ROH 4
o N
H

(B-lactam) O~ "OH

Cephalosporin (1948)
(B-lactam)

o

0.
O o B
H Fb /—OH o)
N N (¢} N __~
H ‘ ” ” 9] Ry
O O H,N o HN_ Penicillin (1929)

Macrolides

—OH
“°§ CR
o] S
HO™ R R4
A |
o 0 OH N Ry
—NH H
O Ao |
NH HO. X
HN™ "“)LNHZ O O Rs
K oH Quinolones, X = H (1962)
HoN™ “NH Fluoroquinolones, X = F (1978) o
Aminoglycosides Macrolides
(e.g. streptomycin, 1944) (e.g. erythromycin, 1952)

Figure 1.2. Distribution of antibiotics in hospital care from 323 hospitals in the US in 2010
(data gathered by Truven Health MarketScan Hospital Drug Database).m:I
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1.1.1 B-Lactams (penicillins, cephalosporins, and carbapenems)

Antibiotics based on the B-lactam scaffold constitute the largest portion of
important antibiotics to human health.“!25 The B-lactams can be further di-
vided into different classes, with the most utilized structures being penicillins,
cephalosporins, and carbapenems (shown in Fig. [1.3). The penicillin class was
discovered by Fleming in 1928, which in turn started what has become known
as the antibiotic era. This was followed by the discovery of the antibiotic effects
of cephalosporins by Brotzu in 1948.26 He isolated cultures of Cephalosporium
acremonium from a sewer in Sardinia, and analysis showed that this bacteria
produced substances with antimicrobial properties. The last of the three classes,
the carbapenems, were developed at Merck and Co. and were approved for use in
the US in 1985.27 They were developed to combat the emergence of B-lactamase-
expressing bacteria in the late 1960s, since they were less prone to hydrolysis
and sustained their activity towards many bacteria resistant to other B-lactams
at the time.”® Today the carbapenems are still used to treat infections caused by
B-lactamase-expressing bacteria (e.g. Enterobacteriaceae), as they are enzymati-

cally stable towards many B-lactamases.??

R H H R H 4 H Ru
i i R A
7]/N - S (Z//N T S T R
© N\)< N~ N ?
o : o Ry o
% OH
g ©H 0” "OH o

Penicillin Cephalosporin Carbapenem

Figure 1.3. Different $-lactam antibiotics.

B-Lactam antibiotics get their antibiotic properties from inhibiting the func-
tion of D-Ala-D-Ala carboxypeptidase, also known as penicillin binding proteins
(PBPs).2%31 The PBPs are responsible for synthesis of peptidoglycans, an impor-
tant constituent of the bacterial cell wall. Inhibition of cell wall synthesis will
lead to growth inhibition by stopping bacterial division, as insufficient peptido-
glycan synthesis will cause the bacteria to shed the cell wall and fail to divide.
B-Lactams also trigger autolytic events in the bacteria from the build-up of pep-
tidoglycan precursors that signal hydrolases to break down existing peptidogly-
can.5L



1.1. CLASSES OF ANTIBIOTICS AND MECHANISMS OF ACTION 7

The main resistance mechanism against B-lactams is the expression of [3-
lactamases in the bacteria.?% These enzymes hydrolyze the p-lactam ring of the
antibiotic and renders it inactive for binding to PBP, which leads to no antibi-
otic effect. All the B-lactamase classes are able to hydrolyze some penicillins and
cephalosporins, but only a few are active enough to hydrolyze carbapenems.?2
However, occurence of bacteria expressing enzymes capable of hydrolyzing car-
bapenems is rapidly escalating, and "extended spectrum B-lactamases" (ESBLs)
are considered to be an increasingly critical clinical problem.?# Aside from ex-
pression of B-lactamases, other resistance mechanisms against B-lactams involve

expression of efflux pumps,33 changes in PBP,?4 and loss of membrane porins.2°

1.1.2 Vancomycin and Glycopeptide Antibiotics

Vancomycin (shown in Fig. is a glycopeptide natural product antibiotic
that was first isolated from a soil sample collected in Borneo in 1953.2¢ Due
to the growing concerns regarding B-lactam resistance, its approval as a clini-
cal drug was fast-tracked by the US Food and Drug Administration (FDA) in
1958.27 Despite the fast FDA approval, the importance of vancomycin was di-
minished throughout the 1950s and -60s, mostly due to some studies showing
adverse effects like nephrotoxicity from the use of vancomycin, in addition to
development of the new potentially safer methicillins. However due to the emer-
gence of methicillin-resistant bacteria in the 1980s and new studies on more re-
fined vancomycin showing none of the nephrotoxic activities found in the 1950s,
vancomycin became an important treatment alternative to combat methicillin-
resistant S. aureus (MRSA).?%38 Around the same time as vancomycin got its
second wind, the teicoplanins were approved for clinical applications.?” The te-
icoplanins are semi-synthetic glycopeptides, with efficacies against Gram-positive

bacteria comparable to those of vancomyecin. %

Vancomycin and other glycopeptide antibiotics target the same process in
bacteria as B-lactam antibiotics; the cell wall synthesis machinery.%? The gly-
copeptides, however, inhibit the cell wall synthesis in a different way than the
B-lactams, by hindering cross-linking of new residues to the cell wall. This is
done by non-covalent association to the amino acids involved in the transglycosy-
lation reaction (cross-linking), and blocking them from reaching the active site in
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Figure 1.4. The main mode of action of vancomycin.

the enzyme.%? This can be seen in Fig. where the mechanism is shown over
three frames. The first being the presence of vancomycin in the area where cell
wall synthesis takes place, followed by binding of vancomycin to the two alanines
on the end of the peptide attached to the cell wall. Leading to the third step in
the mechanism: blocking the peptide strands from reaching the active site in the
cross linking enzyme, and failure to synthesize the cell wall.

Resistance against glycopeptide antibiotics emerged in the mid 1980s,4!' and
has since then steadily escalated. Especially vancomycin-resistant enterococci
(VRE) have become a significant problem in clinical settings, as it is already in-
trinsically resistant to a range of common antibiotics.#243 There are also some
bacteria that display intrinsic resistance towards vancomycin.*4 The most com-
mon mechanism of resistance is modification of the "D-alanine-D-alanine"-site
where vancomycin binds and inhibits cross-linking. The most effective modifica-
tion is substitution of one alanine with a lactate, whereas substitution with a
serine only causes moderate lowering of vancomycin affinity. 43



1.1. CLASSES OF ANTIBIOTICS AND MECHANISMS OF ACTION 9

1.1.3 Quinolones and Fluoroquinolones

The quinolones are a class of broad spectrum antibiotics that was discovered
in the early 1960s, as an impurity in the production of quinine.* Nalidixic acid
was the first quinolone to be introduced as an antibiotic in 1962, for the treat-
ment of urinary tract infections. The quinolones were given a lot of attention
due to their large therapeutic potential, as they were potent over a broad spec-
trum, had good bio-availability, and displayed a low incidence of side-effects.4®
The large scientific and clinical interests have led to synthesis and evaluation
of more than 10,000 different quinolones. Nonetheless, only 2% of this massive
number have entered clinical trials and about 20 substrates have been launched
into the market.%® The most important substrates in clinical settings today are
the fluoroquinolones, where the quinolone core is carrying a fluorine atom in
the 6-position. This change from the original quinolone structure was investi-
gated in the late 1970s (i.e. norfloxacin), and led to enhanced affinity for the
enzymes and lowered minimum inhibitory concentrations (MIC) by a significant
factor against both Gram-positive and Gram-negative bacteria.4”4% Continued
research on fluoroquinolines eventually led to ciprofloxacin, the first quinolone
to display noteworthy activity outside the urinary tract.%” Ciprofloxacin remains

to this day one of the most commonly prescribed antibiotics.?’
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Figure 1.5. Examples of quinolone and fluoroquinolone antibiotics.

The main mode of action of the quinolones comes from their ability to turn gy-
rase and topoisomerase enzymes into cellular toxins.?93 These enzymes are en-
coded by most bacteria, and are important for nucleic acid processes like unwind-
ing deoxyribonucleic acid (DNA) and removing knots and tangles from the bacte-
rial chromosome. In order to fulfill their purpose in the bacteria, these enzymes
are able to generate double-stranded breaks in the bacterial DNA. This ability to
cleave DNA is vital for the quinolone mode of action, as quinolone molecules in-
teracts with the enzyme after the strand break and are inserted as non-covalent
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intercelators at both the cleaved scissible bonds. While the quinolone molecules
are inserted in the complex, the ligation of the DNA-strands is blocked, leading to
increased concentration of the cleavage complexes shown in Fig. When these
stabilized complexes encounter other DNA machinery like replication forks or
transcription complexes, they are converted to permanent chromosomal breaks.
If sufficient amounts of these breaks are made, the DNA-repairing systems will
not be able to fix them fast enough and bacterial cell death occurs.

Quinolone

Gyrase/topoisomerase

Figure 1.6. The stabilized enzyme cleavage complex with two quinolone molecules inserted
in the scissible bonds, blocking re-ligation.

As quinolones are among the most prescribed antibiotics,5? resistance has
become common and widespread all over the world.5¥ A survey conducted in
2003 on clinical isolates of enteric bacteria in the US showed that more than
10% of the isolates were resistant to ciprofloxacin.® The resistance mechansisms
against quinolones can be divided into three groups; target-mediated quinolone
resistance, plasmid-mediated quinolone resistance, and chromosome-mediated
quinolone resistance.®? Target-mediated quinolone resistance happens through
modifications of the target enzyme, where mutations of the binding pocket leads
to lowerered quinolone binding affinity.?? Plasmid-mediated quinolone resistance
happens through the expression of plasmid-encoded proteins. Expression of these
proteins can lead to: lower gyrase-/topoisomerase-binding to DNA,?® hindering of
quinolone from entering cleavage complexes, 50 acylation of quinolone,57 or lower-
ing of the quinolone concentration through efflux pumps.®® Lastly, chromosome-
mediated quinolone resistance can happen through chromosomal down-regulation
of porins and up-regulation of efflux pumps,?%>? which lowers the intracellular
quinolone concentration. Unlike bacterial resistance against B-lactams, resis-
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tance mechanisms against quinolone are not high-level mechanisms. Instead
there are many low-level mechanisms that added together lead to high-level sur-

vival in quinolone-containing environments.°*

1.1.4 Aminoglycosides

The antibiotic effects of aminoglycosides were discovered in 1944 (strepto-
mycin, shown in Fig. [1.2), in a targeted search for antibacterial substances in
the wake of the success of penicillin.®? In the years following the discovery of
streptomycin, many aminoglycosides, both naturally isolated and semi-synthetic
derivatives, were launched into the market.®!' A large part of the interest in the
aminoglycosides came from their ability to treat Gram-negative infections, as
they are considered somewhat harder to target with antibiotics.%2 Aminoglyco-
sides like streptomycin (1944) and gentamicin (1963) are therefore still highly
relevant therapeutics in the treatment of infections inflicted by Gram-negative
bacteria. Streptomycin is used in the treatment of tuberculosis (M. tuberculosis),
and gentamicin (shown in Fig. is one of the main aminoglycosides used in

the treatment of major sepsis.%L

The mechanism of action of aminoglycoside antibiotics was initially thought
to be only the inhibition of the 30S ribosomal subunit, which is responsible for ri-
bosomal ribonucleic acid (rRNA) translation in bacterial protein synthesis.®! The
aminoglycoside is transported into the intracellular environment in separate pro-
cesses, where the initial step is association to anionic functions on the cellular
membrane followed by energy-dependent transport across the cytoplasmic mem-
brane.%? The glycoside then binds with high affinity to the 30S ribosomal subunit,
which in turn leads to faults and inhibition of protein synthesis.®! Although this
mode of action does not completely explain the antibiotic properties of the amino-
glycosides, the fact that they exhibit extracellular antimicrobial effects cannot be
explained by protein synthesis inhibiton, as it is an intracellular process.®* Thus,
it was found that the initial binding of the cationic aminoglycoside led to disrup-
tion of the packing order of lipopolysaccharides (LPS) in the outer membrane, an
important part of the cell envolope in Gram-negative bacteria. This disruption

led to formation of pores and holes, ultimately leading to cell lysis. ¢4
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Several resistance mechanisms against aminoglycosides have been discov-
ered and characterized.®® There are some bacteria that display intrinsic resis-
tance to small doses of aminoglycosides, but are susceptible to higher treatment
concentrations. This observed resistance may be partially due to production
of inactivating enzymes (acyltransferases, phosphotransferases, and nucleotidyl-
transferases).®® Another important resistance mechanism to aminoglycosides is
the expression of efflux pumps, which reduces the amount of intracellular amino-
glycoside. Many Pseudomonas bacteria are highly resistant to aminoglycosides
largely from their ability to efficiently pump it out of the cell.6”68 A third mecha-
nism for resistance to aminoglycosides, is methylation of rRNA within the target
site (30S).5? Methylation at certain places in the 30S subunit will weaken the
aminoglycoside affinity for binding, hence reducing drug efficacy.

1.1.5 Macrolides and Tetracyclines

One of the last classes of antibiotics to be specifically introduced in this sec-
tion is the macrocylic lactone natural products called macrolides (erythromycin
shown in Fig. [I.2). The macrolide pikromycin was discovered by Brockmann
in 1950, and was the first antimicrobial macrolide to isolated and character-
ized.? The first macrolide applied in a clinical setting on the other hand was
Erythromycin A, which was mainly used to treat respiratory, skin, and soft tissue
infections.”™ The macrolides are efficacious mainly against Gram-positive bacte-
ria, and work by blocking the protein synthesis machinery. The mode of action is
therefore somewhat analogous to the one of the aminoglycosides. The macrolides
however target the 23S ribosomal rRNA in the ribosomal 50S-subunit, "Y' whereas
the aminoglycosides target the 30S ribosomal subunit. The most common resis-
tance mechanisms to macrolides are expression of methylases and efflux pumps.
The methylases methylates a specific adenine residue in the rRNA, which in turn
leads to blocking of the macrolide when it attempts to bind.”? Other resistance
mechanisms to macrolides are other mutations to rRNA, mutations to ribosomal
proteins, and various forms of enzymatic macrolide inactivation (e.g. esterases,
phosphotransferases, and glycosyltransferases).”

The last group of antibiotics to be introduced in this section are the tetra-
cycline antibiotics (Fig. [1.7). The tetracyclines are not shown in Fig. but
they are still an important class of antibiotics, both in agriculture and human
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medicine.”™ Tetracyclines were introduced as antibiotics in 1948, and have since
then been an extensively used compound class in treatment of both Gram-positive
and Gram-negative infections.”™ The mode of action for the tetracyclines is re-
versible binding to the 30S ribosomal subunit. Thus, inhibiting protein synthe-
sis in a similar way to the aminoglycosides presented earlier in this section. Due
to its extensive use, resistance to tetracycline is not uncommon. A study con-
ducted in 2003 showed that 11% of the oral microflora of 20 people in the UK
was resistant to tetracycline.”® Common resistance mechanisms to tetracyclines
involve expression of efflux proteins, enzymatic inactivation of tetracycline, and
expression of ribosomal protection proteins.”® Ribosomal protection proteins are
cytoplasmic proteins that protects the ribosome from tetracycline by dislodging
bound tetracyclin from the ribosome, leading to an increased drug dissociation

constant. ™
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Figure 1.7. Structure of gentamicin and tetracycline.
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1.2 Membrane-Active Antimicrobials

When compared to the number of antibiotics targeting other vital, often intra-
cellular, targets in bacteria (cell wall synthesis, protein synthesis, and the repli-
cation machinery), there are only a few antibiotics used in clincal settings that
specifically target the bacterial cell membrane as their main mode of action.?!
This low number may be attributed to adverse effects and narrow therapeutic
windows that are associated with some membranolytic antibiotics on the market
(e.g. colistin).”88% Development of new antibiotics have additionally had a ten-
dency to follow known tracks, where modifications of existing compound classes
are developed instead of novel drug-discovery.®l This tendency is still highly
visible when looking at new drugs coming through the antibiotic pipeline as of
2016, where the majority of antibiotics in clinical trials are derivatives of old com-
pound classes.?? However, due to the problems arising from antimicrobial resis-
tance, %8784 the concept of membrane-active antibiotics have been suggested as
a possible way to combat multi-resistant bacteria.®>"8% Current membrane-active
antibiotics on the market (most known: colistin and daptomycin) are mostly used
in complicated cases of resistant infections, which is largely due to their high
activity against resistant strains of bacteria and their sometimes substantial
adverse effects (e.g. nephrotoxicity).78-80:68-90 Moreover, these antibiotics cannot
sustain the pressure of being last-resort drugs on the market for long, as the num-
ber of reported cases of colistin and daptomycin resistance is increasing.?1"?4 The
clinical interest for these compounds to treat resistant bacteria have also rekin-
dled the interest for development of new membrane-active antimicrobials. The
following sections will cover the types and mechanisms of existing membrane-
active antibiotics, the concept of antimicrobial peptides and peptide mimics, and
some membrane-active antimicrobials in development and clinical trials.

1.2.1 Important Commercial Membrane-Active Antibiotics

Polymyxins Against Gram-Negative Bacteria

The first antibiotics of the polymyxin class of membrane-active antibiotics
were isolated from B. polymyxa in 1947.9%/ The polymyxins are a class of poly-
cationic peptide antibiotics with high activity against most Gram-negative bac-
teria, in addition many resistant Gram-negative pathogens.?®2” Qut of the five
naturally occuring polymyxins, polymyxin B and E (colistin) found their way to
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Figure 1.8. Structure of the main constituents in colistin (colistin A and colistin B) and
polymyxin B (polymyxin B; and polymyxin B,). The main difference between
the two being the leucine and phenylalanine amino acids displayed in blue. Amine
groups contributing to the positive character important for the mode of action are
displayed in red.

clinical applications for the treatment of infections caused by Gram-negative bac-
teria, and both of them are used as mixtures of over 30 compounds when applied
in clinical treatments. The two main components in the two drugs are shown in

Fig.

The use of polymyxin antibiotics declined in the 1970s, and they were largely
not applied in clinical settings until the mid 1990s.2% This is partially attributed
to the adverse effects patients experienced when being treated with polymyxin
antibiotics.“89899 Even when using the less toxic prodrug colistine methane sul-
fonate, several problematic adverse effects were observed.?” The other reason
for the abandonment of polymyxins as a treatment option, was the development
of potentially safer alternatives to treat the same infections (e.g. aminoglyco-
sides).20¥ Polymyxins have nonetheless resurfaced as last-resort antibiotics the
later years, due to the rapid emergence of multidrug-resistant (MDR) Gram-
negative bacteria (e.g. P. aeruginosa, A. baumannii, and K. pneumoniae). How-
ever, due to their long absence from clinical medicine, one of the large problems
concerning the use of polymyxin B and colistin today is finding appropriate dos-
ing regimens.’% Finding the correct dose is important, as giving a sub-optimal
dose may lead either to proliferation of resistant bacteria (low doses) or to un-
neccesary adverse effects (high doses). 100
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Figure 1.9. Polymyxin mode of action: initial coordination and displacement of divalent
cations on the outer membrane (I) is followed by pore formation and leakage of
LPS (II), which in turn is followed by formation of membrane vesicles, loss of
structural functions, and cell lysis (III). 20lI01R103

The main mode of action of the polymyxins is to disrupt the bacterial cell
membrane. 1% This is done through electrostatic interactions between the posi-
tively charged amine groups on the polymyxin and the negatively charged outer
membrane on the bacteria. 201015103 Thege interactions cause polymyxin to dis-
place divalent cations (Mg?* and Ca’*) on the membrane surface, and disrupt
its structural integrity. This disruption leads to formation of vesicles, release of
LPS, and leakage of proteins from the bacteria (as displayed in Fig[1.9). The
mechanism is nonspecific and not dependent on bacterial metabolics, 1% it will

therefore kill active and dormant bacteria at the same relentless pace.??

Polymyxin resistance has not been common in clinical isolates, but due to
the increased use to combat resistant infections there has been an increased
prevalence of resistance.’% And since polymyxins often are last-resort solutions
it is critical that they work, as there are few other options for treatment of
Gram-negative bacteria if polymyxins fail.1% It has recently been shown that
bacteria not only develop resistance to colistin through chromosomal mutations,
but also through horizontal gene transfer of the mobilized colistin resistance
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(MCR-1) gene. 1% Bacteria expressing this gene have recently been isolated from
both humans and livestock. Moreover, recent observations show that genes en-
coding for ESBLs can be colocated on the same plasmid as the one carrying
the MCR-1 gene, 1% meaning that there can be a higher prevalence of colistin-
resistance among ESBL-expressing bacteria. The primary resistance mecha-
nism against polymyxins is post-translational modification of the LPS outer
membrane 10211 This is done through expression of enzymes that add 4-amino-
4-deoxy-L-arabinose, phosphoethanolamine, or galactosamine to the LPS core,
which in turn reduces the negative charge of the LPS-layer. This charge reduc-
tion results in reduced binding affinity to the surface, and lowered translocation
of polymyxins through the outer membrane. Even though enzymatic modifica-
tion of the LPS-core is the most common resistance mechanism, complete loss of

the LPS-component lipid A has been observed in some isolates.?!

Daptomycin Against Gram-Positive Bacteria

Daptomycin (Fig. is an antibiotic for the treatment of infections caused
by Gram-positive bacteria, that also acts through a membrane-disrupting mech-
anism.112 It is a more recently developed antibiotic compared to the polymyxins,
and was developed by Eli Lilly in the late 1980s. However, due to the discovery of
adverse effects at high doses, the development of daptomycin was discontinued
after phase II clinical trials.113 This was, nonetheless, not the end of daptomycin,
as Cubist pharmaceuticals bought the rights to daptomycin in 1999 and contin-
ued its clinical development.!! Daptomycin was FDA approved in 2003 and is
now used as an antibiotic against complicated skin infections caused by Gram-

positive bacteria.’?

The mechanism displayed by daptomycin is not seen for any other antibi-
otics.®?114 Tts unique mode of action, as shown in Fig. involves calcium-
dependent binding to the bacterial membrane, followed by formation of channels
in the membrane. These channels allows for transport of ions, leading to efflux
of K* and cell depolarization. The depolarization leads to inhibition of multiple
vital systems and death of the bacteria. One interesting note for daptomycin
is that unlike the polymyxins, it does not rupture the bacteria but leaves the
structural integrity of the membrane intact. This can be beneficial for treating

infections caused by toxin-producing bacteria, such as toxic shock syndrome.114
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Figure 1.10. Daptomycin main mode of action: calcium-dependent binding to the membrane
surface, followed by clustering and potassium efflux channel formation, which
ultimately leads to depolarization and death of the bacteria, 8114

Even though the majority of Gram-positive bacteria remains susceptible to
daptomycin, there have been reported cases of daptomyecin resistance.1X? Since
daptomycin is mainly used to treat infections resistant to other antibiotics,
widespread resistance to daptomycin would be highly worrisome.t*® Two main
mechanisms for daptomycin resistance have been proposed: the repulsion and
diversion mechanisms.2X® The repulsion mechanism is similar to the mechanism
for resistance to polymyxins, as the bacteria modifies the cytoplasmic membrane
and reduces the net negative charge on the surface. This in turn leads to lowered
affinity for binding of daptomycin on the surface, examples of modifications can
be insertion of lysines in the membrane. The diversion mechanism takes place
through expression of cardiolipin microdomains on the membrane, which has a
high affinity for daptomycin. Binding daptomycin here leaves less daptomycin
to be bound on the membrane, leading to lower concentrations of membrane-
bound daptomycin. The lowered concentration of membrane-bound daptomycin
increases likelihood of cell survival, as daptomycin requires a certain concentra-

tion on the membrane in order to induce depolarization.
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1.2.2 Antimicrobial Peptides and Peptide Mimics

Between the introduction of important membrane-active antibiotics avail-
able on the market and promising substrates under development, this section
will serve as an intermission to introduce important concepts utilized in cur-
rent research on membrane-interacting antimicrobials. The fact that the only
membrane-targeting antibiotic currently in US clinical trials (brilacidin) is a de-
fensin mimic,?? shows the importance of antimicrobial peptides in recent antibi-
otic research. Additionally, the membrane-active antibiotics presented in the
previous section (polymyxins and daptomycin) can be broadly classified as an-
timicrobial peptides.

Structure and Classification of Antimicrobial Peptides

Antimicrobial peptides (AMPs) are part of the primary immune response in
most living organisms and this evolutionarily conserved mechanism is mobilized
as a first response by the immune system against invading pathogens.117118 Dye
to their prevalence in most living organisms (from prokaryotes to large mam-
mals), there is a large structural diversity of naturally occuring AMPs. Due to
their interesting biological activities, several thousand synthetic AMPs have also
been created and added to the diversity of this type of peptides.? So in order to
describe AMPs in broad strokes, most AMPs would be covered by these charac-

teristics: 117118

¢ Medium to small in size: Less than 100 amino acid residues (usually
between 12 and 45).

¢ Overall positive charge: Overall charge between +2 and +9 (from e.g.
lysine and arginine).

¢ Substantial hydrophobic character: >30% hydrophobic residues (e.g.
tryptophan).

Due to their overall positive charge and large hydrophobic character, AMPs
are able to fold into amphiphilic secondary structures. This can take place spon-
tanously or upon interaction with cell membranes, and is assumed to be impor-
tant for their antimicrobial properties. The amphiphilic secondary structures of
AMPs interact with the membranes of both Gram-positive and Gram-negative
bacteria, and through several mechanisms lead to bacteriostatic or bactericidal
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Figure 1.11. Four main structural classes of AMPs: a-helix (magainin-2), B-sheet (hu-
man B-defensin 1), loop (gramicidin A), and extended peptide (indolicidin).
The structures were downloaded from the RSCB Protein Data Bank (PDB)
(http//www.pdb.org/).13

effects. 120 The secondary structure of AMPs is not only important for them to
exhibit their antibacterial activities, it also serves as a tool for further classifica-
tion.12! The AMPs are divided into classes based on their secondary structures:
B-sheets, a-helices, loops, and extended peptides, where B-sheets and o-helices
are most common for AMPs isolated from natural sources.118 The different AMP-
classes are shown in Fig. where they are exemplified by magainin-2 (o-
helix), B-defensin 1 (B-sheet), gramicidin A (loop), and indolicidin (extended pep-
tide).122

¢ Magainin-212412% j5 3 23-residue AMP isolated from the African clawed
frog in 1987, that forms amphiphilic helices when associated to a cytoplas-
mic membrane. This AMP exhibits high antimicrobial activity against bac-
teria, in addition to little hemolytic activity against eukaryotic cells.

* Human B-defensin 1126127

is a 36-residue AMP that is produced in epithe-
lial cells, particularly in kidney epithelial cells. All defensins form B-sheet
secondary structures, the main difference between o- and B-defensins is the
placement of cysteine bridges in the primary structure. In addition to an-

timicrobial effects, defensins have important immunomodulatory functions.
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e Gramicidin A148-19V j5 3 Jooped AMP with two 16-residue secondary struc-
tures connected together to form a amphiphilic structure. It is highly hy-
drophobic with the majority of the amino acids contributing to the hydropho-
bic face of the amphiphile. When gramicidin A interacts with a membrane,
it forms small channels that are selective for translocation of small cations.
This, in turn, leads to depolarization of the membrane (similarly to dapto-
mycin) and ultimately cell lysis. Gramicidin A has been used as a topical
treatment similarly to some polymyxins, but due to high hemolytic activity
it is unsuitable as a systemic drug.

* Indolicidin3! is a 13-residue tryptophan-rich AMP isolated from bovine
neutrophils. Despite its small size, it displays high broad spectrum activ-
ity against Gram-positive and Gram-negative bacteria. Unlike many other
membrane-active structures, indolicidin does not induce lysis of the bacte-
ria. It is postulated that it uses its membrane affinity to pass the membrane
and attack targets in the cytoplasm (e.g. macromolecular synthesis).

Antimicrobial Peptide Mode of Action

The classical mode of membrane disruption by AMPs is derived from their
amphiphilic character and positive charge.11Y Many AMPs are produced by eu-
karyotic organisms, they therefore need to display a high degree of selectivity
for bacterial cell membranes, as low selectivity between bacteria and host cells
can lead to adverse effects such as high hemolytic activity (as seen for grami-
cidin A).13% Luckily, the selectivity of AMPs exploits the difference in membrane
surface charge of eukaryotic and prokaryotic cells. 132 Most eukaryotic cell mem-
branes have zwitter-ionic phospholipid head groups pointing outwards on the
membrane surface, whereas bacterial membranes often carry an overall nega-
tive charge from negatively charged membrane species. This makes the AMP
able to selectively target bacteria on the basis of electrostatic interactions be-
tween the positive charge of the AMP and the negatively charged teichoic acids
(Gram-positive bacteria) or LPS (Gram-negative bacteria). After the initial elec-
trostatic coordination and uptake of the AMP into the bacterial envelope, there
exist several proposed models of how the AMP exhibits its bacteriostatic or bacte-
ricidal properties, and there is no consensus on what model or mechanism AMPs
acts through.1” The four most common models describing the membrane dis-
rupting interactions are therefore listed here:
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* The "carpet" model'?? (1 in Fig. |1.12) is a fairly diffuse model suggesting

initial binding of AMP monomers to the membrane surface, leading to clus-
tering of monomers on the membrane surface. This clustering imposes sig-
nificant curvature and strain on the membrane, eventually causing mem-
brane disruption.

The "barrel-stave" modell2>134 (2 in Fig. suggests that the AMP
inserts into the membrane perpendicularly and through aggregation form
a barrel-like pore in the membrane. The monomer inserts into the mem-
brane through hydrophobic and hydrophilic eletrostatic interactions, where
the hydrophobic part of the AMP faces into the nonpolar tail-groups of the
membrane lipids. When the number of inserted peptides reaches a certain
amount, a self-aggregation process is initiated. This self-aggregation leads
to insertion of more peptides, reaching deeper into the membrane untill a
pore is formed through the membrane.

The "toroidal pore" model?*°13¢ (3 in Fig. is somewhat different
from the "barrel-stave" model, and involves both AMP and membrane lipids
in the formation of the membrane pore. This model is often supported in
newer studies, where it often is favored over the "barrel-stave" model. The
origin of the model came from studies of magainin 2, where they observed
flipping of membrane lipids in the pore formation process. The postulated
model from this observation stated that the membrane lipids and AMP
monomers form well-defined pores, where the lipid head groups point to-
wards the center of the pore and AMP lines the hole in the membrane.

The "aggregate channel" model137138 (4 in Fig. was introduced as
a possible explanation to antibacterial activities not explainable by the pre-
vious three models, as it has been shown that depolarization alone does not
explain the AMPs antibacterial activities. It was hypothesized that AMPs
also have intracellular targets for killing bacteria, in addition to the mem-
brane activity. The "aggregate channel” model postulates that the AMPs co-
ordinate to and insert into the membrane, followed by clustering into aggre-
gates with varying sizes and structures. These clusters can pass through
the membrane, enter the intracellular space and attack specific intracellu-
lar targets.
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Figure 1.12. The four major membrane interaction models for AMPs: The "carpet", "barrel-
stave", 13 "toroidal", 135136 4pg "aggregate channel" mode]. 37138

As previously mentioned, not all antimicrobial effects of AMPs can be ex-
plained by their membrane-disrupting abilities.2 17139 Even so, they still use
their bacterial cell membrane affinity to differentiate between host and target
cells, as well as traverse the membrane to reach their intracellular targets. Many
of these intracellular targets are similar to those of classical antibiotics on the
market, such as cell wall synthesis inhibition?4? and inhibition of nucleic acid24!
and protein synthesis. #2143 AMPs have also been shown to induce programmed
cell death by changing intracellular potassium concentrations (similarly to dap-
tomycin).IEZI

Clinical Potential of Antimicrobial Peptides

AMPs can be of significance for development of new antibiotics, as they
often display selective antimicrobial activity and other biological effects (e.g.
immunomodulatory effects). 126127145 AMPs have also been shown to be active
against resistant bacteria, and it is assumed to be difficult for bacteria to
develop resistance against AMPs, since the AMPs are not hindered by resistance
mechanisms used against other antibiotics.145146 The mechanisms of resistance
against AMPs are similar to the mechanisms utilized against polymyxins (Gram-
negative) and daptomycin (Gram-positive). 77 On the basis of the beneficial
characteristics of AMPs, being able to harness the full clinical potential of AMPs
would be a significant weapon for combating antimicrobial resistance.



24 CHAPTER 1: INTRODUCTION

There are, on the other hand, some challenges related to the potential use of
AMPs in clinical medicine. One of the largest obstacles is the complicated pro-
duction routes associated with AMPs, as this makes them expensive compounds
to prepare in a large scale.145 Many AMPs also suffer from poor pharmacokinetic
properties such as poor bio-availability and low systemic stability. If a high dose
of the drug is needed for it to reach its target site in sufficient concentration, it in-
creases the chance of adverse effects close to the site of application.1” Moreover,
AMPs have also been shown to induce subtle toxicities arising from their ability
to translocate into cells, such as induction of apoptosis and mast-cell degranu-
lation. 148 Because of these issues related to systemic use, most of the research
on AMPs as antibiotics has revolved around utilizing their potential through
topical applications.11? Several AMPs have nevertheless entered clinical trials
both for topical and potential systemic use, due to their high potency against re-
sistant bacteria.12ll AMPs have also become a starting point for development of
antimicrobial peptide mimics, which are suggested as possible workarounds for
the drawbacks of the native AMPs.

Antimicrobial Peptide Mimics

Antimicrobial peptide mimics are structures intended to emulate the favor-
able antimicrobial properties of AMPs. And peptide mimics have been suggested
as possible solutions to the drawbacks often obstructing clinical usefulness of
AMPs 1497152 This workaround is made possible from the way AMPs gets their
antimicrobial activitiy, as the activity is assumed to be unrelated to the primary
structure of the AMP. The antimicrobial activity instead comes from the physico-
chemical properties of the secondary structure of the AMPs. This in turn allows
for large structural freedom in the synthesis of AMP-mimicking molecules, as
they only need to emulate the physicochemical properties of the AMPs and not
the primary sequence. Some of the most classical backbone strategies for build-
ing synthetic AMP-mimics are shown in Fig. 153 The structural freedom is
however not only restricted to the backbone of the compound, which allows for a
multitude of different moieties contributing to structural diversity.
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Figure 1.13. Some of the most common backbones for antimicrobial peptide mimics.>3

The peptide mimics that closest resemble the native AMPs in backbone struc-
ture, are the ones built from peptide residues. They can be regular amino acids
(a-peptides) or amino acids with one or two additional spacer carbons (B-peptides
and y-peptides). Out of these structures, the most studied compounds are -
peptides based on f-amino acids.’93 One common trait for B-peptides is that they
commonly form helical secondary structures, although other conformations have
been observed (like antiparallel hairpins and sheet structures). This is shown by
Gellman and co-workers, who synthesized a 17-mer B-peptide with two repeating
units (one hydrophilic and one lipophilic) inspired from the structure of magainin
2.154 Not surprisingly, the synthetic B-peptide adopted a helical structure that ex-
hibited antimicrobial effects similar to those of magainin 2. The B-peptide was
also found to cause less hemolysis than magainin 2, giving it a higher selectivity
for bacteria compared to human cells. It is also shown that a helical structure is
not necessary, as long as the hydrophobic and hydrophilic residues are located on
either side of what would be the helical axis.®” This has been utilized to develop
the antibiotic brilacidin, which is currently in phase II clinical trials for the US
market. 152156/ Thig arylamide based compound (shown in Fig. exhibited an-
tibacterial effects comparable to those of daptomycin in a comparison study for

treatment of Gram-positive skin infections.12%

Going back to the B-peptides, Hansen et al. developed a library of disubsti-
tuted B>?-amino acids coupled with arginine at the C-terminus,'5” and based
on a minimal pharmacophore model derived from lactoferricin B by the group
of Svendsen.198-164 These structures were found to be highly potent antimicro-
bial agents exhibiting a high selectivity towards bacteria. This initial library
was then refined to yield a focused library of potent and selective peptide mim-
ics with potential for oral administration (example shown in Fig. [1.14) 165166
The pharmacophore model based on lactoferricin B was originally utilized by
the group of Svendsen to develop a series of peptide mimics consisting of two



26 CHAPTER 1: INTRODUCTION

or three amino acid residues.16”

They increased the lipophilicity of the struc-
tures using non-genetically encoded amino acids (e.g. substituted tryptophan
residues), which led to highly active amphiphiles with good selectivities. The
most promising of these compounds LTX-109 (shown in Fig. was taken to
phase II clinical trials as a topically applied antibiotic against resistant bacte-
ria. 198 Utilizing a similar dipeptide approach, Teng et al. have recently devel-
oped a library of highly potent antimicrobial amphiphiles, where the most active
compound (shown in Fig. displayed high potency against resistant Gram-
positive bacteria.1%? Furthermore, Ghosh et al. have shown that even simpler
small molecule amphiphiles can display high antimicrobial activities.1? Their li-
brary of compounds was based on functionalization of a single lysine amino acid,
that achieved high antimicrobial potency against resistant bacteria when func-
tionalized with an alkyl chain and an aromatic group (shown in Fig[1.14).
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Figure 1.14. Brilacidin by Cellceutix, 2120711 TX-109 by Lytix Biopharma, 107168 ap ex-
ample structure from the library of compounds by Hansen et al. with potential
for oral administration, 1921109 3 lysine based peptide mimic by Ghosh et al.,""
and a reduced and acylated dipeptide by Teng et al.'®® Tonizable groups are
reproduced as depicted in their respective publications (charged/neutral).
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AMPs and peptide mimics are, however, not the only inspiration for creat-
ing new amphiphilic antimicrobials, as many amphiphilic antimicrobial natural
products have also been isolated and characterized from marine environments
(e.g. ianthelline, 17 synoxazolidinone A% and hyrtioseragamine B,174 shown
in Fig [1.15).1775717 One interesting feature for some of these marine antimicro-
bials is their simple structure, at least compared to many of the antimicrobial
peptide mimics previously presented. The simplest model for the peptide mim-
ics in Fig. utilized two hydrophilic and two hydrophobic moieties to induce
the wanted antimicrobial effects. The marine antimicrobials in Fig. on
the other hand, utilize only one hydrophobic group and one hydrophilic group
to yield antimicrobial activity. The simplest possible model for these compounds
can be expressed as: a hydrophobic group and a cationic nitrogen group attached

to (as shown in Fig. [1.15). This motif
has been explored by Strgm and co-workers, who have prepared a library of am-

phiphilic aminobenzamides based on this model from marine antimicrobials. 18

These compounds were shown to display high antimicrobial activity against both
antibiotic-susceptible and resistant bacteria. These amphiphiles were also sub-
jected to membrane disruption studies, in order to confirm a membrane-targeting
mode of action. Membrane disruption was confirmed for these compounds, but
they were not able conclude whether the membrane disruption was the only
mechanism or if there were any intracellular secondary targets observed.

~0 *HoN

Br. Br Br Cl H »\NHZ

-N NH 7N
o . (o) 4 T
lanthelline | HN NH,* Synoxazolidinone A
N

Hyrtioseragamine B

Figure 1.15. The marine natural products ianthelline,”? synoxazolidinone A,"7% and hyr-
tioseragamine B (shown in their charged state),”* with a lipophilic group and a
cationic N-group connected through
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1.3 Lipophilicity, Cationic Groups, and Cytotoxicity

1.3.1 Lipophilicity

Antimicrobial amphiphiles derived from AMPs and marine natural product
antimicrobials are assumed to be dependent on some lipophilic character in or-
der to induce the wanted antimicrobial properties. 168180 Being able to predict
the lipophilic character of a target structure may therefore provide useful in-
formation concerning the lipophilic-/hydrophilic-balance. A balanced lipophilic
character is also an important factor for appropriate absorption of drugs in the
body and translocation of drugs across membranes. 1811182 1t has also been shown
that high lipophilicity may invoke non-specific cytotoxic interactions. These kind
of toxicities usually takes place if logP is above 3 and the polar surface area (PSA)
is below 75 A 183184 Knowledge of the lipophilic character is therefore important
in order to make the correct trade-off for achieving the best physicochemical prop-
erties and high activity, while still affording a good toxicity profile.

The lipophilicity can be expressed as the partitioning between octanol and
water, giving a partition coefficient (logP). %> For determining the partition coef-
ficients for compounds with ionizable groups, water is exchanged for buffer at a
given pH (7.4 for physiological conditions), which then gives the distribution coef-
ficient logD. Furthermore, as partition coefficients often are calculated’| and not
empirically determined, values from reversed-phase HPLC may offer some ex-
perimental insight for the determination of relative lipophilicities within a com-
pound series. Retention times (¢g) from C18-HPLC have been used to determine
relative lipophilicities in a compound library, as well as displaying an activity
trend for observed antimicrobial potency. 127

1.3.2 Cationic Groups of Lysine and Arginine

Cationic amphiphilic antimicrobials often get their positive charge from amine
and guanidine groups, in AMPs this is achieved by having multiple lysine and
arginine residues in the primary structure (Fig. [1.16).117

*When distribution coefficients are calculated they are given the prefix "C": ClogP and ClogD.
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Figure 1.16. The genetically encoded amino acids arginine and lysine.

The cationic group in arginine is the highly basic guanidine group. The guani-
dinium ion in arginine has a pKa of 13.8, meaning the equilibrium will be pushed
towards the ionized form at physiological pH (7.4).18¢ The high basicity of guani-
dine comes from the efficient resonance stabilization of the guanidinium ion. Fur-
thermore, the structure of the guanidine group can allow for strong electrostatic
interactions and bidentate hydrogen-bonding with appropriate hydrogen-bond
acceptors. These characteristics are thought to be the reason behind the effi-
cient translocation of arginine-rich peptides across cellular membranes. 187188
The group of Wender have furthermore shown that methylation or dimethyla-
tion of the guanidine groups on an Argg-species reduced the cellular uptake by
80% and 95% respectively. 187188 They therefore hypotesized that the efficient
formation of ion pairs between the guanidine groups and the membrane compo-
nents led to the effective translocation.

The amino acid lysine is structurally similar to arginine, but instead of the
guanidinium functional group on the end of the chain, lysine has a primary
amine. The ammonium group has a pKa of 10.52, meaning this will also mostly
be charged at physiological pH, however not to the same extent as guanidine.18?
The primary ammonium group on lysine is also a hydrogen-bond donor, but as-
sumed to form less efficient hydrogen-bonds and ion pairs compared to guanidine.
Less efficient formation of ion pairs between ammonium groups and cell mem-
brane components was hypothesized to be the reason for ornithine-oligomers fail-
ing to display the same affinity as Argg for translocation of cell membranes.187
Lysines are, on the other hand, important for the snorkeling effects of some pro-
teins with transmembrane sections.’®? The lysine/arginine-snorkeling is when
the hydrophobic part of a protein segment burrows into the nonpolar part of a
membrane, and the polar and flexible lysine/arginine-chain points like a snorkel

out towards the polar membrane head groups and the aqueous surroundings.
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1.3.3 Cytotoxicity Evaluation

In every initial drug discovery assessment, evaluation of human cell toxicity
is important, as there is no point in developing a lead drug that displays a very
narrow therapeutic window. There is usually also a trade-off between adverse
effects (i.e. toxicity) and activity in development of drug leads. The main charac-
teristic of AMPs other amphiphilic antimicrobials is their ability to interact with
bacterial cell membranes. The initial cytotoxicity evaluations should, therefore,
include measurements of lysis due to membrane interactions with eurkaryotic
cells. A common assay for studies of such toxicity in similar drug investigations
is the hemolysis assay. 1941055716780 Thig agsay offers information regarding
the drugs ability to lyse red blood cells at different concentrations, giving a tox-
icity profile and a selectivity index for the drug candidate. Another assay often
used in drug discovery is testing against human liver cells (HepG2-cells), which
is used to assess potential hepatotoxic effects of a drug candidate. 12! HepG2-cells
were originally gathered from the liver of a caucasian male suffering from liver
cancer, and they have epithelial morphology and are not tumorigenic. 1?2 The
HepG2-assay has become a popular assay to include in early drug discovery, as
liver toxicity is an important reason for why drugs fail in clinical trials. 19! An
optimal drug target in this regard should display no effect in the HepG2-assay
at 50 times the IC5y, ECs, or MIC.

1.4 Target Bacteria

The bacteria used in the evaluation of the library of amphiphiles were cho-
sen to offer broad-spectrum testing (Gram-positive and Gram-negative bacteria)
against opportunistic pathogens that often create problems in clinical care, both
through antibiotic-susceptible infections and resistant infections (with focus on
the latter).83 This section will also provide a small introduction to the differences
in cell envelope composition of Gram-positive and Gram-negative bacteria.

1.4.1 Gram-positive Bacteria

Gram-positive bacteria is a classification encompassing bacteria that gives
a positive result in the Gram staining test. The method invented by Christian
Gram in 1884 differentiates between bacteria that has a thick peptidoglycan cell
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Gram-positive bacteria:
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Figure 1.17. The basis of the Gram-positive bacteria cell envelope. 1221194

wall (Gram-positive), and bacteria with an outer membrane and a thinner pepti-
doglycan layer (Gram-negative).12? Peptidoglycan consists of repeating units of
N-acetyl glucosamine and N-acetyl muramic acid and, when cross-linked, forms
a rigid skeleton that is important for bacterial structural integrity. The reason
for the thick peptidoglycan layer in Gram-positive bacteria, is that they lack the
protective LPS outer membrane that is found in Gram-negative bacteria. The
peptidoglycan layer therefore needs to be thicker in order to withstand turgor
pressure and to protect the bacteria from their surroundings. In the cell wall
there are also found anionic polymers called teichoic acids that provide further
structural integrity and is involved in cell growth regulation. The basis of the
cell envelope of Gram-positive bacteria is shown in Fig.

The bacterial cytoplasmic membrane, which is found under the peptidogly-
can layer, carries a net negative charge from the membrane phospholipid head
groups. The phospholipid head groups in bacteria are, unlike the zwitter-ionic
lipids in eukaryotic plasma membranes, negatively charged groups such as phos-
phatidylglycerol, cardiolipin, or phosphatidylserine 117147194 Thig net negative
charge is why cationic amphiphilic antimicrobials have a larger affinity for bac-
teria over that of mammalian cells. In Gram-positive bacteria it is under some
debate whether the anionic teichoic acids assist cationic antimicrobials in reach-
ing the membrane, or hinder them from reaching the membrane by binding up

the drug before it reaches the target site. 122

Staphylococcus aureus

S. aureus is a Gram-positive bacteria that is held responsible for the highest
fraction of hospital-acquired bacterial infections.12¢ This bacteria in the Staphy-
lococci genus may cause anything from mild skin and soft tissue infections to
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life-threatening conditions, like infective endocarditis. It is also a leading cause
for bacteremia, which in turn can lead to sepsis or even septic shock.22% S, aureus
is also a bacteria that colonizes humans, and a large portion of the human popu-
lation are carriers of this particular bacteria. 198 S. aureus is perhaps most known
in its methicillin-resistant version, the infamous methicillin-resistant Staphylo-
coccus aureus (MRSA). Accounts of infections caused by MRSA have been rapidly
increasing the last couple of decades. Just in 10 years (1990-2000), the portion
of bacteremia caused by MRSA increased from 1-2% to 40% (in England and
Wales).22? Infections caused by MRSA have traditionally been treated sucess-
fully with vancomycin, which is a solution that may be coming to an end.2%’ The
numbers of vancomycin-resistant Staphylococcus aureus (VRSA) have, like other
resistant bacteria, proliferated the last decades.““! Additionally, it is shown that
S. aureus can survive on livestock and pets, and in that way provide an addi-
tional source for spreading of the bacteria.202203 S qyreus is therefore an im-
portant target bacteria for development of new antimicrobials. The importance
of finding new antimcrobials with efficacy towards S. aureus is evident from the
prevalence of bacteria in hospital settings, the severity of the infections, and the
increasing number of infections caused by resistant strains (MRSA and VRSA).

Enterococcus faecalis

E. faecalis is an opportunistic Gram-positive bacteria in the Enterococcus
genus that inhabits the gastrointestinal system (GI-system) of humans and other
mammals.“%4 This bacteria and other enterococci are among the leading causes
of hospital-acquired infections, second only to Staphylococci bacteria.’?% E. fae-
calis can cause life-threatening infections in humans, most notably endocarditis
and meningitis.?%4 In addition to the severity of the infections caused by the
bacteria, the prevalence of resistant enterococci is increasing. Many enterococci
are intrinsically resistant to p-lactams and only moderately susceptible to amino-
glycosides. Additionally, the number of reported cases of acquired vancomycin-
resistance is increasing.?%® The aquired resistance of enterococci is thought to be
connected to its natural habitat, as the bacteria are able to reside in the GI-tract
for extended amounts of time.2%% Enterococci residing in the GI-tract of hospital-
ized patients can then act as reservoirs for spreading antibiotic resistance deter-
minants. The severity of the infections caused by this bacteria and its increasing
prevalence of resistance, makes it an important target for antimicrobial research.
Being able to selectively kill E. faecalis with novel antimicrobials will therefore
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be important for combating so-called hospital-infections in the future.

Streptococcus agalacticae

S. agalacticae, also known as group B streptococcus (GBS), is a Gram-positive

207 Tn most cases, carri-

bacteria that colonizes the GI-system in many adults.
ers of this bacteria are asymptomatic and do not display any sign of disease.
However, as S. agalacticae is classified as an opportunistic pathogen, it can also

207208 In addition to caus-

cause severe life-threatening infections in the carrier.
ing a range of infections in adults (e.g. endocarditis and meningitis), GBS is
also the most common cause of neonatal infections.?"? The mother carries GBS
in the lower reproductory tract, which then is transmitted to the infant dur-
ing birth.?1% Neonatal infections are highly problematic due to the high mor-
tality rates for infants contracting these infections.211212 Identification of preg-
nant carriers and suitable antibiotic treatment before and during labor is there-
fore important for diminishing the numbers of neonatal infections. The antibi-
otic of choice for treatment of GBS is usually penicillins, but macrolides, clin-
damycin, and vancomycin are frequently used in cases of B-lactam allergies.’212
And as with most other pathogens, resistant strains of GBS is occurring more
frequently than before.?12 The most problematic resistance seems to be towards
clindamycin and the macrolides, but there are also reported cases of vancomycin-
resistant GBS.“14 Penicillins, on the other hand, seems to remain efficacious for
the time being, but increasing resistance towards the main treatment options
in allergic patients is a significant problem. Finding novel antimicrobials with
efficacy against GBS and providing alternative treatment options is therefore

important for the management of infections caused by GBS.

1.4.2 Gram-negative Bacteria

Gram-negative bacteria does not stain in the Gram staining test, due to their
different envelope composition compared to the peptidoglycan-rich Gram-positive
bacteria. The cell envelope of Gram-negative bacteria consists of three main
parts; the outer membrane, the peptidyglycan cell wall, and the cytoplasmic
membrane.1?? The outer membrane is one of the factors that make Gram-negative
bacteria less susceptible to antibiotics, as this LPS-layer is a very effective barri-
cade. 62193 Underneath the outer LPS-layer there is a thin layer of peptidoglycan
attached to the outer membrane, that has the same structural functions as in
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Figure 1.18. The basis of the Gram-Negative bacteria cell envelope. 23194

Gram-positive bacteria. However, due to the outer membrane, the peptidoglycan
layer in Gram-negative bacteria is a lot thinner than in Gram-positive bacteria.
And then follows, after a small compartment called the periplasmic space, the in-
ner membrane which is enriched in negatively charged phospholipids similarly
to Gram-positive bacteria. The basis of the cell envelope of Gram-negative bacte-

ria is shown in Fig.

The net negative charge from the LPS-layer and the cytoplasmic membrane
makes cationic antimicrobials able to target Gram-negative bacteria similarly to
Gram-positive bacteria. In order to traverse the LPS-layer, cationic antimicro-
bials (e.g. AMPs) displaces cations that stabilizes LPS, which leads to destabi-

117

lization and the antimicrobial may pass the outer membrane.** This term is

coined "self-promoted uptake" for AMPs. 117

Pseudomonas aeruginosa

P. aeruginosa is a common Gram-negative bacteria that often causes infec-
tions in hospital settings, where the more serious infections often occur together

with pre-existing conditions like cystic fibrosis.?15

This opportunistic pathogen
is classified as one of the "ESKAPE"-pathogens, which is a group of bacteria
thought to pose considerable threat to humans in the form of resistant infec-
tions.83 The severity arises both from the type of infections caused, and the fact
that these bacteria have a high degree of intrinsic resistance or rapidly develop
resistance to common antibiotics.?1% P. aeruginosa has been shown to display an
extensive regimen of resistance towards commonly used antibiotics, and there
have even been reported cases of pan-resistant strains of P. aeruginosa.21” Many
of the most common resistance mechanisms are associated with the expression

of ESBLs, biofilm generation, and increased expression of efflux pumps.216:218/219
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These mechanisms, in addition to the many minor and more specific mecha-
nisms, have made P. aeruginosa into a hard bacteria to fight in a clinical set-
ting. Due to the many resistance mechanisms, it shows widespread resistance
to B-lactams, quinolones, aminoglycosides, and even colistin in some particularly
serious cases.?16220 Infections caused by Gram-negative bacteria not treatable
with polymyxin antibiotics provide few alternative treatment options, and may
be very hard to treat. The lack of clinical alternatives to colistin is partially due
to Gram-negative bacteria being hard to kill, as they have the LPS-layer and
often extensive efflux mechanisms to protect them against antibiotics.“1® Being
able to kill P. aeruginosa with new antimicrobials is therefore becoming more
and more important, as resistance to many conventional antibiotics is becoming

a global issue, 83221

Escheria coli

E. coli is a Gram-negative bacteria that is part of the normal intestinal flora
in all mammals, and contributes to keeping a healthy organism and in the pro-
duction of vitamin Kj.222 It has also been shown that E. coli helps the organism
it resides in by hindering the colonization of pathogenic bacteria, and in this way
preventing infection.?2#224 Even though most E. coli strains are harmless and
even beneficial, there are occurences of pathogenic strains.?22 Pathogenic E. coli
is most often related to cases of food poisoning, where antibiotic treatment is not
always necessary. E. coli does however come into play as a factor in development
of resistant bacteria, as it has been shown to participate in horizontal gene trans-
fer of resistance genes.?28 The transfer of resistance genes, combined with the
fact that E. coli colonizes the GI-tract of all humans could be problematic. Many
systemic antibiotics today are administered orally, and will have some contact
with the GI-system. E. coli thereby gets exposed to antibiotics used for other pur-
poses, develops resistance and is able to pass that resistance onto other bacteria.
Research on new antimicrobials should therefore keep an eye on what happens
to E. coli when it is exposed to new drugs, even though the drug is intended for
other purposes. Also, as E. coli helps keeping the GI-system clear of pathogenic
bacteria, developing antimicrobials with lowered susceptibility towards E. coli
may also be beneficial when aiming for oral drug administration.
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1.5 1,2,3-Triazoles in Medicinal Chemistry

Ever since the establishment of the "click”" chemistry concept in 2001, a large
number of papers have been published on the synthesis of 1,2,3-triazole hetero-
cycles.“2” The most important reaction is the copper(I)-catalyzed azide-alkyne
cycloaddition (CuAAC) (1, Scheme(1.1), as it yields the target 1,4-triazole in high
yields using simple conditions and workup. Using a copper(I) catalyst in this

8 and

fashion was presented concurrently by the research groups of Sharpless?2
Meldal?2? in 2001. These publications revolutionized the application potential of
1,2,3-triazole heterocycles by making it a utilizable functionality. Prior to the in-
troduction of "click" chemistry, 1,2,3-triazoles were usually synthesized through
a thermal Huisgen 1,3-dipolar cycloaddition (2, Scheme .230 This reaction re-
quires longer reaction times at elevated temperatures and give product mixtures
of the 1,4- and 1,5-substituted product. Going from this synthetic regime, to run-
ning a reaction in a water mixture for short amounts of time that gives complete
regioselectivity is simply astonishing. This greatly improved regimen for syn-
thesis of triazoles has made the triazole scaffold an important tool for synthesis,

selective modifications, and couplings.231-238

Scheme 1.1. Comparison of CuAAC (1) and classic thermal Huisgen cycloaddition (2).2%
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1.5.1 Preparation of 1,2,3-triazoles

The interest in azide-alkyne cycloadditions was rejuvenated by the work pre-
sented separately by Sharpless and Meldal.?28229 The conditions presented by
Sharpless are shown in Scheme whereas the conditions applied by Meldal
in their synthesis is shown in Scheme From the two schemes it can be seen
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that they used different methods for introducing copper(I) to the reaction. Mel-
dal added a copper(I)-salt directly to the reaction, and Sharpless used a Cu(Il)
pre-catalyst that was reduced in situ by sodium ascorbate. The CuSO,-method
by Sharpless has become the most widely applied for synthesis of 1,2,3-triazoles
(out of 39157 reactions found in Reaxys; 22862 utilized CuSO, and 6933 utilized
Cul),?3¥ as it is performed in a water mixture with no addition of base. The base
addition is not neccessary as the water acts both as a solvent and a base in the
reaction, where a water molecule abstracts the remaining proton when copper is
bound to the alkyne (Scheme [1.3).

Scheme 1.2. Example from the reactions presented by Meldal, where an alkynepeptide on
solid support was reacted with azidoadamantane in the presence of DIPEA and

Cul in THE.2%
N3 o Cul (2 equiv), 0
DIPEA (50 equiv) /\)k
@ %FGFG—O THF, 16 h, 25 °C N7 Fere Q)
= =N
N
AN
Solid support
FGFG = Phe-Gly-Phe-Gly >95% Purity

Despite the extensive use of this reaction type, the mechanism for formation
of triazoles through CuAAC has remained somewhat elusive. This is mostly due
to the tricky characteristics of copper, as copper has a tendency to both dispropor-
tionate and aggregate in solution.?4%24ll These characteristics make it difficult
to keep track of the copper species and their respective effective concentrations.

242244 and by using several an-

However, on the background of reported studies
alytical tools, Worrell et al. have proposed a mechanistic cycle (Scheme on
the background of their observations.“4% For the CuSO,-procedure the reaction
starts with reduction of Cu(Il) to Cu(I) by sodium ascorbate, followed by copper
coordination to the m-system of the alkyne (I). This activation of the alkyne pro-
motes the formation of a copper acetilyde with a n-bound copper atom (II). The
m-bound copper then coordinates to the organic azide, which in turn leads to a
nucleophilic attack by the B-carbon on the azide in the 3-position and formation
of the first covalent bond (III). This initial bond formation is then followed by
ring closure and expulsion of one copper atom (IV) and a final substitution of the
last copper with a proton (V), leading to product formation (VI) and regeneration

of the catalyst.
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Scheme 1.3. I: ©-Binding of copper, II: formation of the copper acetilyde, I1I: coordination to
azide and nucleophilic attack, IV: ring closure, V: substitution of copper with a
proton, and VI: product formation and catalyst regeneration. 24>
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In the wake of the rigorous investigation on the CuAAC mechanism, some
interesting observations were made. First of which, it was seen that presence of
an amine additive increased the speed for formation of the copper acetilydes (II).
This came as no surprise, as several procedures for preparation of copper aceti-
lydes are performed in aqueous ammonia and the fact that Meldal’s procedure
involved DIPEA 229246247 The rate enhancement was assumed to come from in-
creased rate in the deprotonation step (I to IT) and the ability of the amine to act
as a ligand to break up stable copper(I)-aggregates. However, the basic conditions
created by the amine slows the conversion considerably, as it slows down the pro-
tonation step to form the final product (V to VI).228 The final protonation step
(V to VI) was also shown to proceed poorly with HyO or an alkyne as the proton
source, but proceeded very quickly in an acidic environment created by addition
of HOAc.?#% The group of Hu then did a study on the effect of different acids on
the CuAAC reaction, and discovered that benzoic acid was an excellent promoter
for CuAAC-synthesis of 1,2,3-triazoles (1, Scheme .248 They showed that the
deprotonation and cycloaddition steps accepted an acidic environment and that
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a considerable rate enchancement was observed for the protonation step. Why
exactly benzoic acid gave the best rate enhancement was not completely clear,
but the bidentate binding to copper is assumed to be of importance. They also ob-
served that non-carboxylic acids and strongly chelating carboxylic acids were not
suitable for the reaction. The same group has also published a procedure where
they utilized both acid and base in order to enhance the rates of both deprotona-
tion and protonation, in addition to breaking up inactive copper-aggregates that
form during the reaction (2, Scheme [1.4).%4?

Scheme 1.4. I: Acid promoted CuAAC, II: Acid-base promoted CuAAC. 2481242

CuSO4 * 5H,0, 1 mol % N.
i 9 Y
1) Ph—=— =+ N3/\Ph Sodium ascorbate, 1 mol % Ph .
PhCOOH, 10 mol % —<
H,O/t-BUOH, 2:1, rt, 4 min Ph
98%
Cul, 2 mol % o~ N,
— PN DIPEA, 4 mol % Ph N N
2) Ph—— + Ng Ph HOAC, 4 mol % \:<
DCM, rt, 13 min Ph
96%

This introduction to the preparation of 1,2,3-triazoles has focused mostly
on the CuAAC method for providing 1,4-substituted 1,2,3-triazoles, as these
are widely more applied than their 1,5-substituted counterparts (39157 hits
for 1,4-substitution vs 2117 for 1,5-substitution in Reaxys).%3? However, there
also exist methods for selectively obtaining the 1,5-substituted 1,2,3-triazole
through metal catalysis. The perhaps most known method for inducing
the 1,5-substitution pattern is the ruthenium-catalysed cycloaddition pre-
sented by Fokin (RUAAC) (Scheme [1.5).250 Additionally, unlike CuAAC the
RuAAC-procedure can also be performed with internal alkynes to provide fully
substituted 1,2,3-triazoles (Scheme [1.5).

1.5.2 Applications of 1,2,3-Triazoles in Medicincal Chemistry

Ever since the presentation of "click" chemistry and CuAAC in 2001, 1,2,3-

triazoles have become popular functionalities in medicinal chemistry. 2217223
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Scheme 1.5. RUAAC for synthesis of 1,5-substituted 1,2,3-triazoles and fully substituted
1,2,3-triazoles.2>0

N
N
NC>*Ph NN CP*RUCI(PPh);, 2 mol % N{
// 3 1,4-dioxane, 60 °C, 12 h S N Ph
Ph

90%

NG
* 9 Ph NN
Ph—=——ph . Ns/\/ph Cp R.uCI(PPhg)zc,)Z mol % - B
1,4-dioxane, 60 °C, 12 h
63% Ph Ph

In addition to their versatile synthesis, 1,2,3-triazoles have some additional
features making them interesting for medicinal chemistry applications. The
1,2,3-triazoles are shown to display similar structural properties to amide bonds,
making them candidates for bioisosteric replacements in peptides.237254255 The
1,4-substituted 1,2,3-triazole mimics a trans-amide bond and the 1,5-substituted
1,2,3-triazole mimics a cis-amide bond, as shown in Fig. The ability to
mimic peptide bonds arises from the similar size, degree of planarity, hydrogen-
bonding abilities, and dipole moment of the triazole compared to the amide bond.
In addition to being bioisosteric replacements for amides, the 1,2,3-triazoles have
been shown to be stable towards proteolytic degradation.?26257 Substituting a
proteolytically labile peptide bond in a drug candidate with a triazole may then
increase the in vivo stability and give a better metabolic profile.

49A 37A 32A 30A
R /" H R < RI
T e AN o= B
/- N)\%N . "N : R ( AR IR VIIEN
H Nsy R o R NN Yo
\[ R
[1,4]-1,2,3-Triazole trans-Peptide bond [1,5]-1,2,3-Triazole cis-Peptide bond

Figure 1.19. Bioisosteric properties of 1,4- and 1,5-substituted 1,2,3-triazoles as peptide bond
mimics, hydrogen-bond donors are shown in red and hydrogen-bond acceptors
in blue.”2>>
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Figure 1.20. Structure of the B-lactamase inhibitor tazobactam2>5/260

cephalosporin cefatrizine.>”

and the broad-spectrum

Due to their stability, ability to interact with biological systems similarly to
amide bonds (e.g. hydrogen-bonding), and accessible synthesis, there are many
examples of 1,2 3-triazoles in drug candidates and in structure-activity relation-
ship (SAR) libraries.233:20112531254 Most of the examples utilize the 1,2,3-triazole
for connecting biologically active fragments, but there are also some examples us-
ing the triazole itself as a structurally important group for biological activity. The
B-lactamase inhibitor tazobactam®® and the broad-spectrum cephalosporin cefa-
trizine“®? (shown in Fig. are examples of drugs utilizing the 1,2,3-triazole
ring as a part of the biologically active motif.

Most triazole synthesis in drug discovery today is nonetheless applied in
order to link biologically important fragments together. This concept is often
utilized in high-throughput screening (HTS) and fragment-based drug design
(FBDD), with some examples shown in Fig. 251:253254 Triazoles in HTS
are most often used to increase the diversity of a compound library by afford-
ing versatile conditions through the CuAAC reaction. This is done by making
a range of alkynes and azides and coupling them together in different combina-
tions, and creating large libraries for screening. The utilization of triazoles in
FBDD is somewhat analogous to the strategy from HTS, however the approach
towards finding drug candidates is slightly different. The concept of FBDD is
based on screening for structural fragments that contribute to favorable ligand-
protein binding, whereupon combination of promising fragments will afford a
high-affinity drug candidate.??! The different fragments may then be equipped
with synthons for 1,2,3-triazole synthesis, in order to provide the combined frag-
ment products through the CuAAC reaction. The process of linking fragments
together can also be performed in situ, where the fragments are allowed to tem-
plate the target before they are coupled together. This form of FBDD is called

dynamic template-assisted drug discovery.2>!
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ff e Lo O

COOH (0]
Vancomycin R F

R Cephalosporin Protein tyrosine phosphatase inhibitor

Vancomycin functionalized with a cephalosporin

(0]
0 “ WN =
N HO-y \=N

Histone deacetylase inhibitor

— Matrix metalloprotease inhibitor

Figure 1.21. Examples of 1,2,3-triazoles as fragment linkers in drug discovery: vancomycin
functionalized with a cephalosporin,?®!' a protein tyrosine phosphatase in-
hibitor,%%% a matrix metalloprotease inhibitor,?%¥ and a histone deacetylase
inhibitor. 204

As a final note in this section, 1,2,3-triazoles have also been extensively used
in bioconjugation chemistry. Bioconjugation is the concept of forming stable and
covalent links between molecules, where at least one of the coupling partners is

265l The reason for using triazole chemistry in the field of biocon-

a biomolecule.
jugation can be partially attributed to the advantages described above, but also
the fact that both coupling partners in an alkyne-azide coupling are bioorthogo-
nal functional groups.“%® The concept of bioorthogonal functional groups, and the
chemistry between them, was presented by the group of Bertozzi, and involves
using functional groups in couplings that does not interfere with biological sys-
tems. In that way one can perform selective chemical transformations in living
systems. CuAAC has been successfully used to selectively modify virus particles,
nucleic acid, and proteins in tissue lysates.2%” One drawback of using the CUAAC
method in living systems is the cytotoxic properties of accumulated copper in the
organism. The group of Bertozzi has therefore developed a copper-free strain-
promoted coupling reaction shown in Fig. which successfully has been used

in living systems, 2661268
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Figure 1.22. The copper-free azide-alkyne cycloaddition reaction presented by Bertozzi, and
an example of a biotin-functionalized cyclooctyne probe. 260

1.6 Isoindolines and Dihydro Pyrrolopyridines

in Medicinal Chemistry

This final section of the introduction will give a brief introduction to isoin-
dolines and fused pyridines (dihydro pyrrolopyridines), as well as how to pre-
pare them using [2+2+2] cycloaddition reactions. The isoindolines and dihydro
pyrrolopyridines are often seen used as functional groups in medicinal chem-
istry, and they can be found in natural products. One example of the isoindoline
skeleton in a natural product is the alkaloid +-chilenamine, which is shown in

Fig. together with some drug candidates utilizing isoindolines and dihydro
26911272

pyrrolopyridines.

,OH

Histone deacetylase inhibitor
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N*m> < S
N/ \ S >N HZNC

7 \O
o Dipeptidyl peptidase (DPP8) inhibitor

Nicotinamide phosphoribosyltransferase inhibitor

Figure 1.23. The natural alkaloid +-chilenamine,?*? a histone deacetylase inhibitor,%” a
dipeptidyl peptidase (DPP8) inhibitor,"!' and a nicotinamide phosphoribosyl-
transferase inhibitor.22
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Figure 1.24. Thalidomide and pazinaclone. /27

The oxidized versions of isoindolines; the phthalimides (1,3-dihydro-2H-
isoindole-1,3-dione) and the isoindolinones (1,3-dihydro-2H-isoindole-1-one), are
also functionalities found in drugs and drug candidates.27>"276 Most known
to the public is perhaps the infamous phthalimide-based drug thalidomide
(shown in Fig. [1.24), that was marketed to alleviate morning sickness during
pregnancy.#’ But, in addition to the desired effects, thalidomide also caused pho-
comelia (where infants were born with limb malformations) and fetal/neonatal
deaths, as a result from the teratogenic effects of the drug. Thalidomide is today
used in treatment of multiple myeloma.?”® Lastly, an example of a drug utilizing
the isoindolinone skeleton is the sedative/anxiolytic drug pazinaclone (shown in

Fig. [1.24) 21

1.6.1 Preparation of Isoindolines and Dihydro Pyrrolopyridines

Isoindolines can be prepared from several starting materials as shown in
Scheme Firstly, 1,2-bischloromethyl benzene can be doubly aminated un-
der basic conditions to give isoindoline upon N-deprotection.28? Furthermore,
phthalonitrile can be subjected to pretty harsh hydrogenation conditions to af-
ford isoindoline,?®1' and lastly, phthalaldehyde can be reacted with a primary
amine in the presence of FeH(CO), (made in situ from Fe(CO);) to give the N-
substituted isoindoline product.“5 For the synthesis of dihydro pyrrolopyridine,
a pyridine dicarboxylic acid can be turned into dihydro pyrrolopyridine over six
steps.282
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Scheme 1.6. Synthetic procedures for preparation of isoindoline and dihydro pyrrolopyri-
dine 280283

i) 1) BnNH,, TBAC, NaOH, 25 °C, 48 h. CN
2) 35% Pd(OH),, H; (3.5 bar), EtOH, 21 h. cN

ii) 5% Pt/C, H; (180 bar), THF, 60 °C, 6 h.

iii) Fe(CO)s, KOH (3 equiv), NH;R, CO-atm, 24 h. R= Hlii

N S ~o
= R#H .0
| N COOH v (\ iv)
— v NH *
N N~ 1) H*, MeOH, reflux, 16 h.

2) NaBHj, CaCl,, EtOH, 10 °C, 3 h.
3) MsCl, TEA, DCM, 0°C, 1 h.
4) H,N-DMB, DIPEA, 8 h.

MB: OMe
5) TFA, 80 °C, 10 h.
6) DCM, HCI, 0 °C, 30 min.
OMe A

Transition Metal-Catalyzed [2+2+2] Cycloaddition Reactions

Due to their bicyclic nature, isoindoles and dihydro pyrrolopyridine with in-
teresting substitution profiles can also be prepared through transition metal cat-
alyzed [2+2+2] cycloaddition reactions. Alkyne cyclotrimerization was discovered
by Reppe et al. in 1948, when they isolated benzene as a by-product from an at-
tempt to prepare cyclooctatetraene from acetylene using a Ni-catalyst.284 Ever
since then, [2+2+2] cycloaddition has become an ever expanding reaction type
that now encompasses a range of substrates and transition metal catalysts (Co,
Rh, Ru, Ir, Pd, and Ni).482-288 Additionally, cyclotrimerization has also become
an important tool for providing aromatic substitution patterns that are not read-
ily obtainable from nucleophilic aromatic substitution (NAS) or electrophilic aro-
matic susbstitution (EAS), as the aromatic electronic effects does not come into

play untill after the synthesis of the ring system.

The exact mechanism of how alkynes trimerize in the presence of a catalyst is
still under some discussion, but the most commonly accepted mechanism is dis-
played in Scheme [1.7}285/2871289 The reaction is initiated by coordination of two

alkynes to the metal catalyst, which then is followed by an oxidative cyclization
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Scheme 1.7. The most agreed upon reaction mechanism for transition metal catalyzed cy-
clotrimerization. 282287289 Firstly, the two alkynes are consequtively coordinated
to the metal, before formation of a five-ring metallacycle. The metal then coordi-
nates to the final alkyne which then is incorporated either through an insertion
type reaction or a Diels-Alder-like cycloaddition. The metal is then reductively
eliminated from the cycle and the product is formed together with regeneration
of the metal catalyst.

M
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e Q -t f

Coordination Coordination
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to form a metallacycle. The metallacycle formation is also assumed to be the rate
determining step for the catalytic cycle. The metal then coordinates to the third
and final alkyne, which then is either inserted to make a seven-ring metallacycle
or undergoes a Diels-Alder-like cycloaddition. The Diels-Alder type of addition of
the alkyne is favored when the alkyne is electron deficient and the metallacycle
has an electron-rich cyclopentadiene character. The last step of the cycle is the
removal of the metal through reductive elimination, giving the trimerized prod-
uct (in this case benzene) and the regenerated catalyst.

One of the major drawbacks for cyclotrimerization reactions is the formation
of regioisomers, leading to complex product mixtures.282/287°289 Jygst by doing a
selftrimerization with an unsymmetrical alkyne there are two possible regioiso-
mers. Imagine then the complexity of utilizing three different alkynes in this
type of cyclization. Fortunately, today there exist both catalysts and methods for
obtaining the desired selectivity through fine-tuning of the reaction conditions.
Additionally, a popular method for reducing the number of possible regioismers
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Scheme 1.8. 1) A tether inducing the Thorpe-Ingold effect through tetrahedral angle com-
pression.?!'2) N-Boc protected alkynylated propargylamine tether (46) in cy-
clotrimerization with an alkyne or a nitrile. 2%
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is to connect two alkynes through some kind of tether, forcing the orientation
of these two alkynes in the reaction. It is also important to choose the correct
tether for the reaction, as there are secondary effects coming into play besides
the locked orientation of the alkynes. By using a tether that forms a five-ring in
the bicyclic product, one can achieve an entropic bonus over using a same type of
tether forming a six-ring.?? The use of sterically crowded tethers is also popular,
as it forces the alkynes closer in order to form the metallacycle.2?L' A tether with
a quaternary center will also induce a tetrahedral angle-compressing effect on
the alkynes and force them closer to each other, this effect is commonly known as
the Thorpe-Ingold effect. Hence, using a tether as shown in reaction 1 in Scheme
1.8| can lead to enhancement of reactivity, in addition to helping minimize by-
product formation, and leading to the wanted product in good yields.

One tether that has been used for cycloaddition and utilizes both the con-
cepts presented above is based on an alkylated propargylamine (46), Scheme
[1.8/292-295 The tether 46 is prepared from carbamate protection of propargy-
lamine followed by N-alkylation with propargyl bromide.2?2/2%6 The tetrahedral
angle-compression in this tether comes from the lone pair on nitrogen and the
carbamate protecting group. As can be seen from reaction 2 in Scheme the
bis-alkyne 46 can then be turned into an isoindoline or a dihydro pyrrolopyridine

through [2+2+2] cycloaddition with an alkyne or nitrile respectively.2%%
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CHAPTER 2

DEVELOPMENT OF CATIONIC
AMPHIPHILIC ANTIMICROBIALS

This chapter is divided into four main sections, where three parts focus on
different parts of the prepared compound library and the last part compares the
best compounds. The first section (Section [2.1) is based on Paper II, and presents
the development of antimicrobial amphiphiles based on aliphatic amino 1,2,3-
triazoles.??% Following the first section is the work presented in Paper III (Section
[2.2), where a different approach to creating amphiphiles based on amido 1,2,3-
triazoles and related compounds was investigated.??? The third section (Section
shows the work presented in Paper IV, and covers the development and an-
timicrobial evaluation of fused pyridine (dihydro pyrrolopyridines) and isoindo-
line amphiphiles.??” The last section (Section compares the most promising
compounds from Papers II, III, and IV with regards to their biological activities.
Paper I is not presented in a separate section, as it is a method paper describing
a procedure that has been applied in all the subsequent publications II-IV.300

All the target compounds presented in the different papers and this chapter
were based on the principle of amphiphilic antimicrobials presented in Section
The material presented in the introduction concerning AMPs, synthetic
peptide mimics, and marine antimicrobial natural products, have given a non-
specific model for antimicrobial amphiphiles. The model and the target struc-
tures presented in the papers and subsequent sections is rationalized in Fig.
and show the antimicrobial amphiphilic natural products presented in Fig.
rationalized into a general structure. The amphiphilic model structure is divided
into three parts: a lipophilic part often carrying an aromatic group, a

, and a hydrophilic end carrying a cationic nitrogen. In both Papers
II and III the linker was a 1,2,3-triazole, where the chains leading to the cationic
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Figure 2.1. Model for target amphiphiles derived from the marine natural product antimicro-
bials ianthelline,”? hyrtioseragamine B,"”# and synoxazolidinone A.173

group were different in the two series (as seen from Fig 2.I). In Paper IV, the
skeleton was a fused pyridine (X = N, Y = NH,*) or an isoindoline (X = CH, Y
= NH," or guanidine) functionalized with a cationic group that was part of the

bicyclic core structure.

2.0.1 General Information Regarding Biological Testing

After preparation and confirmation of purity by HPLC (>95%), the target am-
phiphiles were submitted to MarBio (UiT - The arctic university of Norway) for
biological evaluations. The sections in Papers II, III, and IV concerning biolog-
ical evaluations are divided into separate subsections concerning antimicrobial
activity and cytotoxicity against human cell lines. The assays were performed by
first doing single-concentration evaluations (50 or 64 ug/mL), followed by dose-
response assays to quantitatively determine the activity level. The antimicrobial
evaluations of the prepared amphiphiles were performed against the bacteria
introduced in Section Staphylococcus aureus (ATCC 25923), Enterococcus
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faecalis (ATCC 29212), Streptococcus agalacticae (ATCC 12386), Pseudomonas
aeruginosa (ATCC 27853), and Escheria coli (ATCC 25922).

As this was a pursuit of possible leads for future drugs, it was also important
to assess the toxicity of the compounds displaying interesting antimicrobial ac-
tivities (see Section [1.3.3). The most potent antimicrobial compounds from the
different series were therefore evaluated against HepG2-cells (ATCC HB-8065)
in order to evaluate their in vitro cytotoxicity against human liver cells. Dose-
response curves plotted using non-linear regression were used to find the HepG2
ECsp-values for the target amphiphiles.

2.0.2 General Information Regarding Calculated Properties and
Dose-Response Curves for HepG2

All physicochemical properties discussed for compounds in this dissertation
were calculated using the "MarvinSketch 16.11.7"-software from ChemAxon, this
includes partition coefficients (ClogP/ClogD), polar surface area (PSA), and pKa-
estimates.”’!' The dose-response curves from the data obtained in the HepG2-
assays were plotted through a four-variable normalized non-linear regression
using the "GraphPad Prism 7.02"-software from GraphPad Software.202
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2.1 Paper II: Synthesis and Antimicrobial Evaluation of

Amphiphiles Based on Aliphatic Amino 1,2,3-Triazoles

This section will present the preparation and antimicrobial evaluations of 42
1,2,3-triazole amphiphiles. The synthesis of 28 target molecules and their in-
termediates is presented in the supporting information of Paper II, whereas the

experimental data for the remaining 14 compounds and their intermediates is

presented in Sections [4.1.1]-[4.1.4]and 4.1.8] Experimental data for the azides

11g and 11j can be found in the experimental section of Paper III. Additionally,
the general experimental information is found in the supporting information of
Paper II. Information regarding the experimental procedures for the biological
assays is also found in the supporting information of Paper II (HepG2 experi-
mental details are found in the experimental part of Paper III). In order to pro-
vide a simple overview and allow for easier compound referencing, all the 42
target structures are presented in Fig. with a number for the thesis as well
as their corresponding compound number from paper II (in parantheses). The
numbering was conducted in such a way that the different lipophilic groups were
denoted with the same letter throughout the series of 1,2,3-triazoles (e.g. a: R
= Ph). Therefore, somewhat strange numbering events may occur, especially in
the synthesis section (e.g. bromoheptane = 9j). It was done in order to attach
one label to each lipophilic group throughout the series. It should be noted that
the numbering method in Paper II is different from the one in Section 2.1} where
numbers denoted the lipophilic groups and sub letters the cationic N-groups.

The 1,2,3-triazole linker was chosen on the background of the simple synthe-
sis through the CuAAC reaction, and favorable biological properties depicted in
Section[1.5.2] The objective was then to create amphiphiles following the antimi-
crobial model presented in Fig. The 24 first amphiphiles prepared in this
library (1a - 6d), were also the first compounds prepared in the overall project.
These structures were used to develop the synthetic protocols and to carry out the
initial antimicrobial investigations. Some of the amphiphiles in this series (1a
- 6d) therefore have functional groups that were not utilized in later substrates
(e.g. R = Ph, Fig. [2.2), due to the lack of antimicrobial activity. Additionally, the
later compounds prepared in this series were prepared concurrently to most of
the target structures presented in Section
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Figure 2.2. The 42 target structures presented in this section, the numbers in parantheses are
the numbers used in Paper II. Counterion: C1~.
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Scheme 2.1. i) NaN,, 19 - 24 h and conditions: acetone/water (4:1) at rt for 11a,°%' DMSO
at 45 °C for 11b,2%¥ acetone at reflux for 11¢, and DMF at 45 °C for 11g and
11j.9%)ii) DPPA, DBU, 0 °C - rt, 22 - 28 h.¥%/jij) For 11e: NaNj, Cul (10 mol
%), L-proline (30 mol %), NaOH (30 mol %), EtOH/H,0 7:3, 95 °C, 23 h.*7
iv) For 11f: NaNj;, Cul (10 mol %), L-proline (20 mol %), NaOH (20 mol %),
DMSO, 60 °C, 14 h.5%

i i X" 0oH

R-Br R=Ns

81-91% 70 - 72% =
7a R=Bn 1la R=Bn 11d R =3,5-di-CF3Bn 8d R =3,5-di-CF3
7b R = CHy-2-naphthyl 11b R =CHy-2-naphthyl 11h R =3,5-di-BrBn 8h R =3,5-di-Br
7c R =3,5-di-t-BuBn 11c R =3,5-di-t-BuBn
79 R=4-t-BuBn 11g R =4-t-BuBn
. R - R .7 \
SN gy i TN, @X ifiv S Na
5 78% 5 — —
9 11 10e R =3,5-di-t-Bu, X = Br 1le R =3,5-di-t-Bu, 42%
10f R =4-(OC7Hys), X = | 11f R =4-(OC7Hss), 78%

2.1.1 Synthesis

In order to prepare the 1,2,3-triazole amphiphiles displayed in Fig. the
appropriate coupling partners for the CuAAC reactions had to be prepared. It
was decided to have the lipophilic group carry the azide and the cationic moiety
carry the alkyne. The azides 11 were then prepared through established pro-
cedures from commercial starting materials, as displayed in Scheme The
benzylic azides (11a - 11d, 11g, and 11h) were prepared from their correspond-
ing benzyl bromides (7a - 7c¢ and 7g) or alcohols (8d and 8h),3-306 heptylazide
(11j) was prepared from bromoheptane (9j) similarly to the benzylic azides, and
azidoadamantane (11i) was commercially available. The phenylic azides 11e
and 11f were prepared through a procedure described by Zhu et al., where the
azides were prepared from the corresponding bromo- (10e) or iodo-benzenes (10f)
through a copper(I)- and proline-catalyzed transformation.®” It should be noted
that 10f was prepared from iodophenol through O-alkylation using 9j and K,CO4
in DMF (69% yield).208

The plan was initially to couple the azides 11 with the alkynes 12 and 13
through CuAAC, and in that way prepare the target compounds directly from
the triazole synthesis (Scheme [2.2). The azides had already been prepared in
one or two steps, and the alkyne amines 12 and 13 could be prepared in two or



2.1. PAPER II: SYNTHESIS AND ANTIMICROBIAL EVALUATION OF
AMPHIPHILES BASED ON ALIPHATIC AMINO 1,2,3-TRIAZOLES 55

Scheme 2.2. Initial strategy for creating the target structures 1, 2 and 3. The alkynes 12 and 13
could be prepared from 3-butynol through mesylation, azidation, and reduction
(12) or mesylation and amination (13).

N
R-N"oN RNy
— +
\_K_’\ NH2+ — — —1 ///\/NH3
HN- /<
3 NH, 1 NH" 12
N,
R\N °N |
— +
— _ NH
*HN— =
2 | 13

three steps from 3-butynol. There were unfortunately observed some drawbacks
when attempting CuAAC with these substrates. Firstly, 12 and 13 proved to be
somewhat difficult to prepare, as the reduction and amination were low-yielding
and the purifications of 12 and 13 were challenging. Additionally, attempts at
coupling 12 and 13 with 11 to give the target 1,2,3-triazoles gave slow convert-
ing reactions, incomplete conversion, and purification issues.

It was concluded, from these initial observations, that N-protection would
provide easier synthesis and less challenging purification of intermediates. The
phthalimide group was then chosen as the preferred protecting group, as the
phthalimide-protected alkyne amines 14 and 15 were available from commer-
cially available reagents in one step as displayed in Scheme The protected
alkyne 14 was obtained from doing a Mitsunobu reaction with 3-butynol,%?
whereas 157 was obtained from a Gabriel reaction with 5-chloropentyne.1% In
addition to the simple one-step preparation of 14 and 15, removal of the ph-
thalimide group is usually fairly straightforward, where the amine is liberated
through a hydrazinolysis.

After preparation of the azides 11a - 11j (11i was not prepared as it was com-
mercially available) and the alkynes 14 and 15, the corresponding 1,2,3-triazoles
16a - 17j (except for 16e and 16f) were prepared in moderate to good yields as
shown in Scheme All of the 1,2,3-triazoles were prepared using the acid-
promoted CuAAC conditions by Shao et al. presented in Section [1.5.1}248 One
of the larger benefits of the CuAAC reaction was the simple work-up where, in

*The protected alkyne 15 have also been periodically available from Sigma-Aldrich.
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Scheme 2.3. i) Phthalimide, PPh;, DEAD, toluene/MeOH, 1t, 2 h. 309 ii) Potassium phthalate,
Nal (cat.), DMF, 100 °C, 12 h.B10

OH i NPhth
///\/ T /\/ o
14 NPhth = §—N;\:©
o)

Scheme 2.4. CuAAC: CuSO, - 5H,0 (1-5 mol %), sodium ascorbate (2-10 mol %), PhCOOH
(10 mol %), H,O/t-BuOH (2:1), 10 min - 50 h.*48

PRI + Ni-R CuAAC R-N'N\ \
n 52 - 89% WNPhth
n=1: 14 11a - 11 n
n=2 15 16a n=1,R=Bn, 88% 17a n=2,R=Bn,71%
16b n=1, R = CH,-2-naphthyl, 83% 17b n =2, R = CH,-2-naphthyl, 85%
16c n=1,R = 3,5-di-t-BuBn, 52% 17c n=2,R=3,5-di-t-BuBn, 71%
16d n=1, R =3,5-di-CF3Bn, 80% 17d n=2,R=3,5-di- CF3Bn, 65%
17e n=2, R =3,5-di-t-BuPh, 80%
17f n=2, R = 4-(OC7Hi5)Ph, 63%
169 n=1, R =4-t-BuBn, 87% 17g n =2, R =4-t-BuBn, 89%
16h n=1,R=35-di-BrBn, 74% 17h n=2,R=3,5-di-BrBn, 81%
16i n=1,R =Adamantane, 71% 17i  n=2, R = Adamantane, 81%
16] n=1,R=CsHis, 60% 17] n=2 R=CqHys, 78%

many cases, no chromatographic purification was necessary to obtain the pure
products. For the synthesis of 16a - 17j, only a handful of the reactions were
chromatographically purified (16¢c, 17b, 17¢, and 17e), the remaining crudes
were purified using crystallization in DCM/pentane or washing with H,O and
pentane. Using crystallization techniques in the work-up may also explain some
of the more moderate yields, as a slightly higher compound loss can be expected
compared to purification with flash column chromatography (FCC).

N-Deprotection of Phthalimido 1,2,3-Triazoles 16 and 17

The most common conditions for removal of the phthalimide protecting group
are using hydrazine hydrate in EtOH or MeOHJ[| Some screening reactions were
therefore conducted on 16a using hydrazine hydrate in EtOH. The triazole 16a
underwent conversion into the neutral 18a (according to TLC) typically in 1-2

hours at 60 °C, as shown in Scheme However, even though the reaction

23569 out of 25529 entries in Reaxys used either EtOH or MeOH.=H
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Scheme 2.5. Common reaction conditions for deprotection of phthalimide-protected amines
using hydrazine hydrate in EtOH.

N:N N=N
] NH,-NH, * H,0 1
N 2 2 2 N _
Ph// \%K/\Nphth EtOH, 60 °C, 1-2 h Phr Q\/\NH2
16a 18a

seemingly gave full conversion, purification of 18a proved to be challenging. It
had been assumed that 18a could be obtained from evaporation and extraction
under basic conditions, but attempts at extraction gave only small amounts of
highly impure 18a. Other workup techniques were then explored, but neither
filtration nor various "solid-phase extraction"-resins gave 18a in higher purities.

In an attempt to circumvent the purification issue, a less polar solvent was
used in the reaction. This was done based on a patent showing that filtration of
the reaction mixture gave the deprotected pure amine as the filtrate when using
toluene as solvent.*!? The conditions were therefore changed to the ones shown
in Table where EtOH at 60 °C was swapped for toluene at reflux. These
conditions gave 18a in good yield and sufficient purity after filtration and purifi-
cation with FCC. However, most of the remaining amino 1,2,3-triazoles 18 and
19 were sufficiently pure after evaporation of the filtrate and did not require pu-
rification with FCC. Some amines that needed additional workup were 19g, 19h,
and 19i. Out of these, only 19i (entry 17) was purified with FCC analogously to
18a (entry 1). The amine 19g (entry 15) was taken to the next step as a mixture
of 17g and 19g without further purification, whereas the impure 19h was not
taken further. Some observations were also made concerning the reaction times
and amounts of hydrazine added in some cases. It was observed that the reac-
tion was particularly slow for the least polar compounds with the longest chain
(n = 2), the most extreme example being 19f (entry 14). The deprotection of 17f
to form 19f (entry 14) was run for 75 h with periodically added hydrazine up to
40 equiv. Even though the reaction mixture was kept at reflux for an extended
amount of time, it resulted in high yield (98%) and little observed impurities.
Why these reactions were slower to afford complete conversion was not further
investigated. The deprotections gave 16 pure (determined by 'H NMR) aliphatic
amino 1,2,3-triazoles (two were purified using FCC), and 19g that was a mixture
of 19g and 17g (entry 15, Table [2.).
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Table 2.1. Hydrazinolysis of phthalimide-protected 1,2,3-triazoles 16 and 17 to form the
aliphatic amino 1,2,3-triazoles 18 and 19.12

_ M= NH2-NH; « H,0 - NN
R N\%M/n\NPhth tolfjene,2 reﬂtzjx R N\)\M/H\NHZ
16 n=1 18 n=1
17 n=2 19 n=2
Entry  16/17 n R NH,—NH, Time 18/19 Yield
[equiv] [h] [%]
1 16a 1 Bn 2 1.5 18a 534
2 16b 1 CH,-2-naphthyl 4 23 18b 74
3 16¢ 1 3,5-di-+-BuBn 5 3.5 18c 91
4 16d 1 3,5-di-CF;Bn 6 3 18d 91
5 16g 1 4-t-BuBn 7 7 18g 93
6 16h 1 3,5-di-BrBn 5 2 18h 85
7 16i 1 Adamantane 6 8 18i 83
8 16j 1 C,H,; 6 5 18j 98
9 17a 2 Bn 5 2 19a 77
10 17b 2 CH,-2-naphthyl 5 22 19b 80
11 17¢ 2 3,5-di-+-BuBn 9 8 19¢ 66°
12 17d 2 3,5-di-CF;Bn 10 6.5 19d 87
13 17e 2 3,5-di-+-BuPh 15 24¢ 19e 89
14 17f 2 4«(C;H;50)Ph 40 75 19f 98
15 17g 2 4-+-BuBn 20 50 19g 654
16 17h 2 3,5-di-BrBn - - 19h -
17 17i 2 Adamantane 5 9 19i 652
18 17j 2 C;Hy, 7 9 19j 32

2 FCC: 18a: CHCl;/MeOH/NH,OH 70:30:3, 19i: CHCl,/MeOH/TEA 80:20:1.
b Done in two steps: 1) 7.5 equiv for 4.5 h. 2) 1.5 equiv for 4.5 h.

¢ + stirred for 44 h at rt.

4 Not pure, est. 50 wt % from 'H NMR.

¢ Highly impure after workup, not taken further.

N-Functionalization of Aliphatic Amino 1,2,3-Triazoles 18 and 19

The final step for preparing the target amphiphiles displayed in Fig. was
to introduce the wanted cationic N-groups on the hydrophilic end. The three
different target cationic groups in this series were primary amine salts (1 and
4), tertiary dimethylamine salts (2 and 5), and guanidine salts (3 and 6). The
HCl-salts 1 and 4 were prepared from treatment of 18 and 19 with HC1 (37%, aq)
in i-PrOH or MeCN| as seen in Table The tertiary amine HCl-salts 2 and

*One HCl-salt was not prepared according to these conditions: 1b was prepared using HCI (2M, Et,0) in DCM.
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5 were obtained from Eschweiler-Clarke reductive amination of 18 and 19 with

formaldehyde and formic acid in MeCN or water at reflux, and followed by acidic
work-up as shown in Table |2.2| 213314

Table 2.2. Preparation of 1, 2, 4, and 5 from 18 and 19.1314 Counterion: CI-.

HCI (37%, aq)

MeCN or iPrOH

N=N

R—NW
NH3*
n

won-? o =) arHersans
N=N
formaldehyde, formic acid R~N\7‘\M/\H+/
MeCN, reflux no\
2a - 2d n=1 }
5a - 5d n=2 9HClsalts
2h n=1
Entry  18/19 n R 1/4 Yield 1/4 2/5 Yield 2/5

[%] [%]
1 18a 1 Bn 1a 20° 2a 765¢
2 18b 1 CH,-2-naphthyl 1b 514 2b 40°
3 18¢ 1 3,5-di--BuBn 1c 43 2c 55
4 18d 1 3,5-di-CF;Bn 1d 86 2d 67
5 18g 1 4-t+-BuBn 1g 100 - -
6 18h 1 3,5-di-BrBn 1h 55 2h 67
7 18i 1 Adamantane 1i 100 - -
8 18j 1 C,Hs 1j 100 - -
9 19a 2  Bn 4a 100 Sa 53b¢
10 19b 2 CH,-2-naphthyl 4b 100 5b 56P
11 19¢ 2 3,5-di-~-BuBn 4c 36 5c¢ 40
12 19d 2 3,5-di-CF;Bn 4d 89 5d 81
13 19e 2 3,5-di--BuPh 4e 100 - -
14 19f 2 4-(C;H;5s0)Ph af 100 - -
15 19¢g 2  4-t+-BuBn 4g 71 - -
16 19i 2 Adamantane 4i 100 - -
17 19j 2 C,H; 4j 100 - -

2 Recrystallized from MeCN with a small additive of water (1-3 drops).

® Purified with FCC: CHCl;/MeOH/NH,OH 70:30:3.

¢ Solvent: H,O.
d Prepared from HCl in Et,0 2 M).
¢ Purified twice with FCC:

1) CHCl,/MeOH/NH,OH 70:30:3. 2) CHCl;/MeOH/NH,OH 95:5:1.
f Purified with Dowex 50 WX8 ion-exchange resin.
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Scheme 2.6. Guanylation using 20 and DIPEA in DMF at rt.31>

L\
A

,N:N "C|+H2N NH2 ,N:N NHZ+
N N
Ph 2 DIPEA, DMF, 1t P H
18a 3a

+ Impurities (e.g. DMF, DIPEA)

The amphiphiles with a guanidine cationic group (3 and 6), shown in Fig.
were prepared using the electrophilic guanylation reagent 1H-carboxamidine hy-
drochloride (20). Bernatowicz et al. has shown that 20 can be used to convert
various amines into their corresponding guanidium salts in high yields.®1® One
of the methods for introducing the guanidyl moiety on an amine presented in
this paper, was to add an amine to 20 and N,N-diisopropylethylamine (DIPEA)
in DMF at room temperature (Scheme [2.6). Applying these conditions in an at-
tempt to prepare 3a gave full conversion, but removal of impurities like residual
base and DMF from the crude 3a proved to be challenging.

In order to avoid the issues when using DIPEA and DMF, attempts were made
to run the guanylation in acetonitrile at reflux without addition of DIPEA. Using
acetonitrile at reflux gave full conversion into the guanidines in shorter time, in
addition to providing the pure products through simple filtration or crystalliza-
tion. These observations concerning the reaction conditions became the basis of
Paper I in this thesis.?% The final 16 of the 42 target compounds in Fig.
were then prepared according to Table The yields ranged from very poor
(8%, entry 1) to very good (91%, entry 8), where the varying yields may be at-
tributed to their difference in physical properties. More specifically, low yields
were likely due to loss of product during workup, as all reactions achieved full
conversion (from TLC) before they were stopped and little formation of byprod-
ucts was observed. Furthermore, as can be seen from Table the guanylation
product 6i was not sucessfully prepared from 19i. Multiple attempts were made
to introduce the guanidinium functionality on 19i, but 'H NMR analysis of the
worked up reactions always showed multiple unidentified byproducts in addition
to incomplete conversion. The reason behind the unsucsessful preparation of 6i
was not further investigated, and this target structure was not prepared.
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Table 2.3. Preparation of 3/6 from 18/19 and 20 in MeCN at reflux.*%%315 Counterion: C1-.

Nan 'C|+H2Ni\ONH2 Nen NH,*
R N\)\M;\NHZ MeCN, reflux R N%(\/);\H NH,
18a - 18d 3a 3d
18g - 1§ 3g 3 }16 guanidine
19a - 199 6a 69 HCl-salts
19 6j
Entry  18/19 n R 20 Time 3/6 Yield
[equiv] (h] [%]
1 18a 1 Bn 0.9 4 3a 8
2 18b 1 CH,-2-naphthy] 0.9 20 3b 44
3 18c 1 3,5-di-+-BuBn 0.9 1.5 3c 63
4 18d 1 3,5-di-CF;Bn 0.9 2 3d 53
5 18¢g 1  4-+-BuBn 1.0 2 3g 40
6 18h 1 3,5-di-BrBn 0.9 2 3h 57
7 18i 1 Adamantane 1.0 5 3i 48
8 18j 1 C,H,; 0.98 4 3j 91
9 19a 2  Bn 0.9 2 6a 51
10 19b 2 CH,-2-naphthyl 1.0 19 6b 76
11 19¢ 2 3,5-di--BuBn 0.9 35 6¢ 63
12 19d 2 3,5-di-CF;Bn 0.9 4.5 6d 57
13 19¢ 2 3,5-di-+-BuPh 0.95 1.5 6e 67
14 19f 2 4«(C;H;5s0)Ph 0.98 2 of 30
15 19¢g 2 4-t-BuBn 0.92 4 6g 29
16 19i 2 Adamantane 0.99 29 6i -2
17 19j 2 CHy, 1.0 5 6j 50

2 Incomplete conversion and formation of unidentified byproducts.
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2.1.2 Biological Evaluation of Target Amphiphiles
Antimicrobial Activity

The amphiphiles exhibiting any antimicrobial activity (<64 ug/mL) and their
corresponding MIC-values are shown in Table[2.4] together with the HepG2 ECs,-
values for 4e, 4f, 6e, and 6f.

Table 2.4. Minimum inhibitory concentrations (MIC-values) and ECsp-values in ug/mL. Coun-

terion: Cl1™.
N=N N=p N,N=N NH,*
I At Ny

1c n=1, R = 3,5-di-t-BuBn 5cn=2,R = 3,5-di-t-BuBn 3cn=1, R =3,5-di-t-BuBn

4en=2,R = 35-di-t-BuPh 6cn =2, R = 3,5-di-t-BuBn

4f n =2, R = 4-(OC7Hy5)Ph 6en =2, R = 3,5-di-t-BuPh

6f n =2, R = 4-(OC7Hy5)Ph

6g n =2, R =4-t-BuBn
Antimicrobial activities [MIC] HepG2°
E. faecalis*  S. aureus® S. agalacticae®  E. coli®  P. aeruginosa® [ECso]

1c -° 50 40 40 50 n.d.
3c 40 20 10 50 40 n.d.
5c - 40 50 - - n.d.
6¢ 40 10 10 40 40 n.d.
6g - 64 64 - - n.d.
4e 32 16 16 16 32 8.7
4f 16 16 8 8 16 11.7
6e 16 4 4 16 16 18.7
of 8 4 4 8 8 17.7
Ref.® 10 0.13 4 0.5 0.5 n.d.

4 8. aureus (ATCC 25923), E. faecalis (ATCC 29212), S. agalacticae (ATCC 12386),
P. aeruginosa (ATCC 27853), and E. coli (ATCC 25922).

b ECs( determined from Fig.

¢ "-": No activity <64 ug/mL.

d'n.d.: Not determined.

¢ Ref.: gentamicin.

The initial project strategy was to attach the lipophilic aromate in a benzylic
fashion to the 1,2,3-triazole ring. The amphiphiles carrying a benzylic function-
ality (a-d, g, and h), were therefore prepared prior to the ones carrying a non-
aromatic group (i and j) or a phenylic substituent (e and f). The most potent
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compound of the benzylic species was found to be the 3,5-di-t-Bu—benzyl substi-
tuted 6¢ with MIC-values ranging between 10 ug/mL and 40 ug/mL against the
five test bacteria. All of the five structures with benzylic lipophiles displaying
any activity below 64 ug/mL, were carrying the bulky #-Bu group either in the
3,5- or the 4-position (1¢, 3¢, 5¢, 6¢, and 6g). Amphiphiles with two #-Bu groups
(1e, 3¢, 5¢, and 6¢) were more potent than the amphiphiles with one #z-Bu group
(6g). Furthermore, testing of the benzylic structures also showed that the guani-
dines (3 and 6) were more potent than the primary amine HCl-salts (1 and 4)
and dimethylamine HCl-salts (2 and 5).

The inital observations corresponded well with the work presented by Igum-
nova et al.,18 where they found that aminobenzamide amphiphiles carrying 3,5-
t-Bu-phenyl and guanidine groups gave high antimicrobial activity. This also cor-
related well with previous work done by the separate groups of Strgm and Svend-
sen, where they have shown that large lipophilic bulk and guanidine groups

1576768 However, even

are important for achieving high antimicrobial activity.
though 6¢ was the most potent of the benzylic amphiphiles, the potential for op-
timization was evident when comparing the MIC-values to those of the reference

antibiotic gentamicin in the assays.

In an attempt at improving the potency of 6¢, the 3,5-di-t-Bu—phenyl ring
was attached directly to the 1,2,3-triazole (6e). Removal of the benzylic methy-
lene group led to a large increase in antimicrobial efficacy, as seen in Table
where 6e was more than twice as potent as 6¢c. The increase in antimicrobial
activity could be due to steric and rotational effects, as removal of the benzylic
methylene would give a more rigid structure. The compounds were assumed to
be more rigid due to removal of a rotational bond and increased repulsion be-
tween the ortho-protons and the 1,2,3-triazole ring, thus giving a more rigid and
"twisted"-like conformation. Removal of the benzylic methylene also give possi-
bility for conjugation between the phenyl and 1,2,3-triazole ring. The possibility
for conjugation and having a more restricted conformation was also shown to be

beneficial for the aminobenzamides prepared by Igumnova et al.180

In addition to removal of the benzylic methylene on the amphiphile, several
modifications of the lipophilic group were investigated. Substituting the benzylic
aromate with a box-like adamantyl structure (i) or a linear heptyl chain (j) led
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R N a:R=Bn R‘N’N\‘ e: R = 3,5-di-t-BuPh
N” N b: R = CH,-2-naphthyl — N f: R = 4-(OC7Hy5)Ph
— c: R = 3,5-di-t-BuBn i: R = adamantane
\\g/ d:R= 3,5-di-CFan \\g/ j R =C7H;s
g: R=4-t-BuBn
h: R = 3,5-di-BrBn

Figure 2.3. Benzylic and non-benzylic lipophilic groups utilized in this series.

to complete loss of antimicrobial activity, as none of the amphiphiles carrying
these groups displayed activity <64 ug/mL. Retaining the phenyl ring and mod-
ifying the aliphatic groups attached to the phenyl, on the other hand, proved to
be a more promising modification. Where insertion of a 4-heptyloxy group on the
phenyl ring instead of the 3,5-di-t-Bu-groups led to a 2-fold increase in potency
for 4f against four of the test bacteria compared to 4e. The 4-heptyloxy was cho-
sen as it gave similar molecular weight and aliphatic contribution compared to
the 3,5-di-t-Bu-. The guanidines 6 also showed improved activity when equipped
with this group, where the 4-heptyloxy-phenyl guanidine 6f displayed a 2-fold
increase in potency against E. faecalis, E. coli, and P. aeruginosa compared to
the 3,5-di-t-Bu—phenyl guanidine 6e. The increased activity of 6f against Gram-
negative bacteria was particularly interesting, as they generally are harder to
kill due to their LPS outer layer and tendency to express efflux pumps (see Sec-
tion|1.4.2).

The increase in antimicrobial activity for the 4-heptyloxy-phenyl 4f and 6f
could possibly be explained by how deep into the membrane the amphiphiles
were able to penetrate. The activity could also be explained by increased am-
phiphilicity of the structures, as this may enhance the interaction with the bacte-
rial cell membrane.?1® Other groups have also had success in using alkyl chains
in their amphiphiles for achieving high antimicrobial activities. Zhang et al. used
two octyl chains in their antimicrobial tartaric acids and Ghosh et al. showed
that a tetradecyl chain led to high antimicrobial activity for their target com-
pounds. 05316 Why the amphiphiles equipped solely with a heptyl chain (j) did
not afford any antimicrobial activity could be due to too little lipophilic contri-
bution of the heptyl group, as the compunds by Zhang et al. and Ghosh et al.
either had several chains or longer chains and a phenyl ring substituent. This
was supported by the increase in activity for the 4-heptyloxy-phenyl compounds,
and the ClogD-value of 6j (ClogD = —0.34) compared to that of 6f (ClogD = 1.16).
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In an attempt to rationalize the observed antimicrobial effects on the back-
ground of physicochemical properties, the distribution coefficients (ClogD) were
calculated for 4e, 4f, 6e, and 6f, and are shown in Table

Table 2.5. ClogD and retention times from C18-HPLC for 4e, 6e, 4f, and 6f.

4e 4f 6e 6f
ClogD (pH=7.40) 2.00 1.41 1.75 1.16
tr (min)? 229 20.4 28.0 34.6

2 C18-HPLC (MeOH/H, 0, 5:3 + 0.1% TFA, 0.75 mL/min, A = 214 nm).

The ClogD-values shown in Table[2.5| were somewhat surprising, as the more
potent compounds were assumed to have a higher lipophilic character. For the
four amphiphiles in Table 6f was calculated to be the least lipophilic even
though it was the most potent compound in the entire series. The confusing
ClogD-values were then compared to retention times from C18-HPLC, which can
act as an empiric measure of lipophilicity. When looking at the retention times
from Table the most potent amphiphile 6f had the highest HPLC retention
time and was therefore the empirically most lipophilic compound of the four. The
use of HPLC to measure relative lipophilicity has been reported by Hansen et
al., who used HPLC to measure relative lipophilic character for a library of B*2-
amino acid peptide mimics.1°” Being able to use HPLC to indicate activity-levels
of the compounds was useful, as analytical HPLC was run prior to biological test-
ing to confirm their purity. Lastly, the HPLC analyses of the compounds were per-
formed with an acidic additive (0.1% TFA), meaning that the amphiphiles will be
mostly in their charged state during the elution. The ClogD-values, on the other
hand, take into account the equilibrium of ionic vs. neutral compound at pH =
7.4, which may be the reason behind the conflicting values. Additionally, this
information could also indicate that the lipophilicity of the charged amphiphile
was important for the antimicrobial activity, and in that way point towards an
amphiphilic mechanism of action.

The improved potency of the guanidines 6e and 6f over the amines 4e and
4f may, however, not only come from difference in relative lipophilic character.
The guanidinium group allows for more extensive hydrogen-bonding with appro-
priate hydrogen-bond acceptors, affording more efficient association with mem-
branes than ammonium groups. This was discussed in Section [1.3.2], where the
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group of Wender have shown that guanidinium groups have a higher affinity for
membrane components than primary amine groups.1%188 This could explain the
increased potency of 6e and 6f, as the guanidine group may offer stronger elec-
trostatic interactions with the bacterial cell membrane. This efficient ionpair-
binding may promote the interaction of the lipophile with the lipophilic mem-
brane areas, and leading to disruption. This rationale could also explain why the
dimethylamines 2 and 5 gave little activity in the antimicrobial assay, as they
are less capable of hydrogen-bonding than the primary amines and guanidines,
which was also shown for methylated guanidines by the group of Wender.187

Cytotoxicity

The amphiphiles 4e, 4f, 6e, and 6f were evaluated for cytotoxicity against
HepG2-cells and the ECsp-values shown in Table were determined from the
dose-response curves in Fig.

% survival HepG2

0 10 20 30 40 50
pg/mL

Figure 2.4. Dose-response curves from non-linear curve regression for in vitro cytotoxicity
against HepG2-cells.

From the ECsj-values shown in Table it was observed that the two guani-
dines 6 were less toxic, and had ECsy-values approximately double that of their
corresponding amines 4. This trend corresponded with the calculated ClogD-
values from Table as compounds with high lipophilic character more often
give rise to non-specific toxic interactions (see Section [1.3.1). The observed data
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may also be linked to the difference in basicity for the amines and the guanidines,
as the amines are less basid"| (see Section[I.3.2) and probably more prone to exist
in an equilibrium than the guanidines.®1%318 This would also correspond well
with the observed difference between calculated ClogD and retention times from
HPLC, as the acid additive in HPLC forces the equilibrium towards the charged
state and the retention of the fully charged compounds were measured. This
may then be interpreted as the lipophilic character of the neutral compound be-
ing connected to the observed toxicity. If the higher toxic character of the amines
is related to the equilibrium of charged vs. neutral compound, there is a possi-
bility that the neutral amines may be able to traverse the membrane and have
secondary targets inside the cells. The observed activity against HepG2-cells
may also be explained by effects similar to the ones seen for lysine/arginine-
snorkeling in proteins (discussed in Section .190 The aliphatic chain on
4 and 6 may allow for similar behaviour of the cationic groups, leading to the
lipophilic part of the molecule being allowed to interact with the lipophilic por-
tion of the HepG2 cell membrane.

2.1.3 Conclusion

This chapter describes the synthesis of 42 cationic amphiphiles based
on aliphatic amino 1,2,3-triazoles prepared from CuAAC between 14 or 15
and the lipophilic azides 11. The 42 target compounds were obtained from
N-deprotection of the CuAAC-products 16 and 17, followed by appropriate
N-functionalization. All the target compounds were prepared from commercially
available reagents in two to five steps where all the final products were shown
to be of sufficient purity for biological evaluation (>95% in HPLC). The 42
amphiphiles were then screened for antimicrobial activity against five different
strains of bacteria (two Gram-negative and three Gram-positive) and tested for
cytotoxic properties against human HepG2-cells.

The most active compound 6f, shown in Fig. displayed broad-spectrum
antimicrobial activities with MIC-values <8 ug/mL against all five test bacteria.
The activity was highest against the Gram-positive S. aureus and S. agalacti-
cae (4 ug/mL), and lower against Gram-positive E. faecalis, and the two Gram-

*Protonated amines were calculated to have a pKa of 10.0 and the protonated guanidines a pKa of 12.1.
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NH,*
6f 7

H2N
MIC: 4-8 pg/mL
HepG2 ECsq: 17.7 pg/mL

Figure 2.5. Most promising amphiphile from Section Counterion: CI~.

negative P. aeruginosa and E. coli (8 ug/mL). In the cytotoxicity assay (HepG2)
it was shown that 6f displayed an ECsj-value against HepG2-cells two to four
times higher than the MIC-values from the antimicrobial assays. It will then
be important in the preparation of future compounds in this library to lower the
toxicity of 6f, whilst retaining the high antimicrobial activities in order to widen

the therapeutic window.
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2.2 Paper III: Synthesis and Antimicrobial Evaluation of
Amphiphilic Amido 1,2,3-Triazoles

This section will present the synthesis and antimicrobial evaluations of 38
1,2,3-triazole amphiphiles. The synthesis of 29 target molecules and their inter-
mediates is presented in Paper III, whereas experimental data for the remaining
9 compounds and their intermediates is presented in Section [4.1.1|and Sections
- 299 The general experimental information is presented in the exper-
imental section of Paper III, together with the experimental procedures for the
biological assays. Similarly to Section Fig. shows the 38 target struc-
tures for this section with a number for the thesis as well as their corresponding
compound number from Paper III. The number labels are a continuation of the
previous section, and letter sub-labels were used so that each lipophilic group is
assigned the same letter throughout both series of 1,2,3-triazoles.

Similarly to Section the 1,2,3-triazole linker was chosen on the back-
ground of the its straightforward synthesis through CuAAC (Section[1.5.1), and
the favorable biological properties described in Section The objective was
to prepare amphiphiles following the antimicrobial model presented in Fig.
in Section |2l As stated in Section many of the target structures in this sec-
tion were developed concurrently to some of the later target structures in Paper
II. Lastly, Martin Furru Vold and Kristine Olsen Strandheim are acknowledged
for their contribution to this section with the synthesis of 331, 33m, and their

intermediates.

2.2.1 Synthesis

The first step towards preparation of 34 of the 38 target amphiphiles shown
in Fig. was to couple azides 11c and 11e - 11m with methyl propiolate (29),
in order to obtain the corresponding 1,2,3-triazole methyl esters 30. The azides
11c and 11e - 11j had already been prepared and utilized in the synthesis of the
aliphatic amino 1,2,3-triazoles in Section [2.1] whereas 11k, 111, and 11m had to
be prepared prior to CuAAC. Azide 11k was prepared analogously to 11f in 59%
yield over two steps, and the two fluorinated azides 111 and 11m were prepared
from their corresponding benzyl bromides similarly to 11g in 65% and 84% yields
(conditions shown in Scheme in Section [2.1.1]).305:307I308/319
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3
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21g (6¢c) 229 (8c) j:R=C7Hss
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o) o 4 N NH,
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NHj N™ “NH,
o (@] H
2le (%) 22e (10e) 26c (11d),n=1
21f  (9f) 22f  (10f) 26e (11e),n=0
21k  (99) 22k (10g) 26f (11f),n=0
26k (11g),n=0
e: R = 3,5-di-t-Bu
f: R = 4-(OC7Hy5)
k: R = 4-((3,5-di-t-BuBn)O)
Not included in Paper III:
S ,Nt ,N:
N /N H NN /N H NAN /N H NH,
T DU S N = N
o~ NH3* 3 N
\ 7/ ) : W, o tBu o %(HCI)].S
tBu
H,N
21h R =3,5-di-Br 27¢ R=3,5-di-t-Bu,n=1 28c n=1
21l R=4-OCF; 27e R=35di-t-Bu,n=0 28e n=0
2lm R=2-CF, 27l R=4-OCFzn=1
27m R=2-CF3n=1

Figure 2.6. The 38 target structures presented in this section; the numbers in parantheses are
the numbers used in Paper III. Counterion: C1~ (CF;COO~ for 26e and 26f).
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Figure 2.7. Azides prepared for this series of 1,2,3-triazoles (not utilized in Section

.305 30713081319

Scheme 2.7. CuAAC: CuSO, -5H,0 (5 mol %), sodium ascorbate (10 mol %), PhACOOH (10
mol %), H,O0/t-BuOH (2:1), 17 - 28 h.248

(0]
S cusse =
// O O\
(0]
11c 29 30c R =3,5-di-t-BuBn, 71%
1le - 11m 30e R = 3,5-di-t-BuPh, 85%

30f R =4-(OCsH;5)Ph, 84%

30g R =4-t-BuBn, 66%

30h R = 3,5-di-BrBn, 58%

30i R =Adamantane, 55%

30] R= C7H15, 89%

30k R = 4-((3,5-di-t-BuBn)O)Ph, 95%
30l R =4-(OCF3)Bn, 84%

30m R =2-CF3Bn, 83%

The azides 11c and 11e - 11m were then coupled with methyl propiolate (29)
using the CuAAC procedure described by Shao et al.,*4¥ giving the ten 1,2,3-
triazole methyl esters 30 shown in Scheme Nine of the prepared esters 30
were purified through crystallization from DCM/pentane, whereas 30k was puri-
fied with FCC (DCM - DCM/EtOAc 9:1).

Out of the 38 target amphiphiles in Fig. 34 could be prepared from the
ten 1,2 3-triazole methyl esters 30 prepared in Scheme The remaining four
target structures (26) in Fig. had an iminoguanidine cationic group, which

could be prepared from the reaction between a methyl ketone and aminoguani-
dine hydrochloride[]

*The iminoguanidines were somewhat challenging to prepare in sufficient purity, and only the lipophiles that
were assumed to be most potent were used for the preparation of 32.
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Scheme 2.8. CuAAC for 32¢: CuSO,-5H,0 (5 mol %), sodium ascorbate (10 mol %),
PhCOOH (10 mol %), H,0/t-BuOH (2:1), 18 h.?48 CuAAC for 32e, 32f, and
32k: 31 (2-3 equiv), CuSO, -5H,0 (5 mol %), sodium ascorbate (10 mol %),
PhCOOH (10 mol %), DCM/H,O/t-BuOH (1:1:1), 44-70 h.#%"

o Ry Moy
R-Ng . /]\ CuAAC \:3,
&
o
11c 31 32c R =3,5-di-t-BuBn, 88%
1le 32e R = 3,5-di-t-BuPh, 52%
11f 32f R = 4-(0C7H15)Ph, 67%

11k 39Kk R = 4-((3,5-di-t-BuBn)O)Ph, 58%

The 1,2,3-triazole methyl ketones 32¢, 32e, 32f, and 32k were then prepared
from 3-butynone (31) and the corresponding azides 11e¢, 11e, 11f and 11k us-
ing the CuAAC conditions shown in Scheme Conditions for preparation of
32c¢ were the same as for 30 prepared in Scheme but some modification was
found to be necessary for successful preparation of 32e, 32f, and 32k. The condi-
tions reported by Shao et al. gave slow and incomplete conversion into 32e, 32f,
and 32k.?4° The alkyne 31 also seemed to be unstable over time under the re-
action conditions used and formed unidentified byproducts. The conversion was
enhanced by reducing the solvent polarity and by adding additional 31 through-
out the reaction. Thus, using DCM/t-BuOH/H,0 (1:1:1), together with additional
31 (added in batches) gave 32e, 32f, and 32k in acceptable yields (52-67%) after
purification with FCC (DCM).220

Amide Bond Formation

The 1,2,3-triazole methyl esters 30 prepared in the previous section were func-
tionalized into amides, in order to introduce the hydrophilic amino part of the tar-
get structures. Hence, the amines 33 (Table [2.6), 34 (Scheme[2.9), 35 (Table[2.8),
37 (Table [2.8), and 38 (Scheme [2.10) were prepared in one step from 30 and the
diamines: ethylene diamine, piperazine (36a), N-methylpiperazine (36b), tris(2-
aminoethyl)amine, and hydrazine. These amines could then be turned into their
corresponding HCl-salts or N-functionalized with a guanidine group, in that way
providing 34 of the 38 target amphiphiles in Fig. [2.6]in one or two steps from 30.
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Table 2.6. i) Ethylene diamine (15 equiv), MeOH, rt - reflux, 18 - 28 h (92 h for 33m).52!

N N,
R\N °N R\N *N
_ i _
\_gfo\ - #NH
o o
NH,
30 33c R=35-di-t-BuBn  33i R =Adamantane

33e R=35dit-BuPh 33 R=CsHys
33f R=4-(OC;Hi5)Ph 33k R = 4-((3,5-di-t-BuBn)O)Ph

33g R=4-t-BuBn 331 R=4-(OCF5)Bn
33h R =3,5-di-BrBn 33m R=2-CF3Bn
Entry 30 Time Temp. 33 Yield
(h] [°C] [%]
1 30c 18 50 33c 100
2 30e 20 t 33e 90
3 30f 20 65 33f 92
4 30g 24 50 33g 100
5 30h 24 rt 33h 924
6 30i 17 65 33i 100
7 30j 17 65 33j 100
8 30k 28 65 33k 96
9 301 22 t 331 100
10 30m 92° rt 33m 100

2 Filtered before evaporation to remove unidentified solid byproducts.
b Left for 92 h, probably 100% conversion earlier.

The 10 methyl esters 30 were reacted with a large excess of ethylene diamine
in MeOH at rt to reflux, affording 33 in good yields after evaporation under re-
duced pressure (Table .321 Many of the methyl esters 30 were poorly soluble
in the reaction mixture at room temperature. The temperature was therefore
elevated for these substrates in order to provide homogeneous reaction mixtures
(entries 1, 3, 4, and 6-8 in Table [2.6).

The conditions shown in Scheme where ethylene diamine was substituted
with tris(2-aminoethyl)amine, were used to prepare 34c and 34€|in short time
and quantitative yields. The higher boiling point of tris(2-aminoethyl)amine (114
°C at 15 mmHg) compared to that of ethylene diamine (118 °C at 760 mmHg)
made it necessary to use a one-step distillation (110 °C at 3 mbar) in order to re-
move excess amine in the work-up, instead of regular evaporation under reduced
pressure (40 °C at 1-3 mbar).

*Only two examples of 34 were prepared, as these compounds were made towards the end of the project.
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Scheme 2.9. i) Tris(2-aminoethyl)amine (15 equiv), MeOH, reflux, 2.5 h.

30c n=1
30e n=0

Nz

n N Y /// NH»
= N
| VH]/ N
_— tBu N
100% o S
tBu
Ha

34c n=1
34e n=0

N

Attempting to utilize the conditions shown in Table [2.6|in the preparation of
35, by substituting ethylene diamine with piperazine (36a), showed piperazine

to be less reactive than both ethylene diamine and tris(2-aminoethyl)amine. Un-

like the preparation of 33 and 34, the reaction to form 35¢ from 30c¢ did not offer
full conversion even after 64 h at 50 °C (entry 1, Table [2.7). Some modifications
were therefore carried out in order to enhance the conversion into the target 35.

Table 2.7. Amidation of 30c and 30g with piperazine (36a) to form 35¢ and 35g.

R~ NG R~ NN
g \:g]vo\ . HNCNH Conditions ‘\\j\ \:»N\/—;\NH
o} o}
30c R =3,5-di-t-Bu 36a 35c R=35-di-t-Bu
309 R=4-tBu 350 R=4-t-Bu
Entry 30 36a Conditions Conv.?
[equiv] [%]
1 30c 15 MeOH, 50 °C, 64 h 90
2 30c 1.5 MeOH, MW (200 W), 1.5 h 26
3 30c 1.5 Imidazole, DBU, MeOH, 50 °C, 5.5 h 22
4 30c 1.5 Imidazole, DBU, MeOH, MW (200 W), 1.5 h 31
5 30c 1.5 Imidazole, DBU, MeOH, 95 °C,> 5 h 100°¢
6 30g 1.5 1,2,4-Triazole,Y DBU,? MeOH, reflux, 23 h 25¢
7 30g 1.5 1,2,4-Triazole, DBU,! MeCN, reflux, 23 h 38
8 30g 1.5 1,2,4-Triazole,Y DBU,? MeOH, 95 °C,* 1 h 22
9 30g 3 Xylenes, reflux, 24 h 0
10 30g 3 NaOMe, MS (4 A), N,-atm, rt, 23 h 90

2 Conversion from 'H NMR analysis of crude reaction mixtures.

b Pressure tube.

¢ 30c gone and 35¢ formed together with unidentified byproducts.

40.2 equiv.

¢ Major product formed was not 35g.
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Using microwave heating (MW) instead of oil bath heating was the first at-
tempt at enhancing the conversion into 35. Microwave heating is known to in-
crease conversion rates compared to conventional heating sources, as it provides
faster and more uniform heating of the reaction mixture.??4 Using microwave
heating had a positive impact on the conversion as seen for entries 2 and 4 in
Table but there was still room for optimization.

Attempts at changing the solvent were then carried out to improve the con-
version between 30 and 36a, as the polar protic MeOH may compete with 36a
in the reaction with 30. Using an aprotic polar solvent like MeCN led to some-
what increased conversion compared to the same reaction with MeOH, as seen
in entries 3 and 4 in Table Furthermore, the use of xylenes as solvent in
amidation reactions had been used successfully by the author of this thesis to
prepare amides in a different project. A significant reduction in solvent polarity
did unfortunately not afford any conversion, as only 30 and 36a was seen after
24 h at reflux (entry 9, Table [2.7).

When neither microwave heating nor change of solvent afforded satisfying re-
sults, some other options were explored. Attempting to use stochiometric amounts
of imidazole and DBU as acylation reagents provided faster conversion compared
to using only heating, as can be seen from entries 3-5 in Table Using a pres-
sure tube and heating the reaction to 95 °C in MeOH (entry 5) afforded full
conversion, but 'H NMR analysis of the crude reaction mixture showed uniden-
tified byproducts to be the major products. However, work published by Yang
et al. has shown 1,2,4-triazole to be a good acylation catalyst for similar reac-
tions, stoichiometric imidazole and DBU was then swapped for catalytic amounts
of 1,2,4-triazole and DBU (entries 6-8, Table [2.7).%23 Using these conditions af-
forded slower conversion into 35, but afforded less byproduct formation (seen
from crude 'H NMR).

A last attempt at improving the conversion was based on a method by Ohshima
et al. for amidation of esters, using catalytic amounts of sodium methoxide at
room temperature.?4 They have shown that 10 mol % of NaOMe, together with
an additive like trifluoromethylphenol in toluene, afforded a system for efficient
peptide coupling, using methyl esters as the carbonyl source. This system was
modified, by using stoichiometric NaOMe, molecular sieves (MS), and no triflu-
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oromethanol, and tested on the amidation reaction to form 35g as can be seen
from entry 10 in Table After 23 h of stirring at room temperature, '"H NMR
showed the product 35g in 90% conversion and 30g as the only impurity.

Table 2.8. i) 36 (3 equiv), NaOMe (1 equiv), MS (4 A), N,-atm, 1t, 43 - 68 h (for 35) and 63 -
115 h (for 37).%2% ii) HCOOH (20 equiv), HCHO (20 equiv), MeCN, reflux, 1.5

h.313 314
R1\N’i“N - _ R1\N/E“N
\—» + HN  N-R, \—g/f TN\ =R
o} / N \JN 2
o h o
30c R;=3,5-di-t-BuBn 36a Rp=H 35c Ry =3,5-di-t-BuBn, Ry = H
30g Rj =4-t-BuBn 36b R, =Me 359 Rj;=4-t-BuBn,R;=H
30i Ry = Adamantyl ii* 35 Ry =Adamantyl, R, =H
3OJ Rl = C7H15 35] Rl = C7H15, R2 =H
24¢c  R; = 3,5-di-t-BuBn, Ry, = Me
379 Rj;=4-t-BuBn, R, = Me
37 R; =Adamantyl, R, = Me
37] R, = CsH15, R, = Me
Entry 30 Time Ry 35/37 Yield
(h] [%]
1 30c 43 H 35¢ 69
2 30g 44 H 35g 58
3 30i 68 H 35i 74
4 30 43 H 35j 54
5 30c - Me 37c -ab
6 30g 63 Me 37g 39
7 30i 115 Me 37i 53
8 30 76 Me 37j 51

2 Prepared from 35c instead.
b Isolated as the salt 24¢ (not the free amine 37¢) in 81% yield.

The modified conditions described by Ohshima et al. for the amidation of 30
with 36 (entry 10, Table were subsequently utilized to prepare 35 and 37 as
shown in Table From Table[2.8]it can also be seen that 37¢ was not prepared
from the amidation of 30c with 36b. Multiple attempts at preparing 37c from
30c and 36b was attempted, but none afforded the target product 37c. Why
this reaction failed was not investigated, and 37¢ was not prepared using this
method. The salt 24¢ was instead directly prepared from a reductive amination

of 85¢ followed by acidic work-up. 313314
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Scheme 2.10. i) Hydrazine hydrate (2 equiv), EtOH, reflux, 25 h.22

=N =N
NN NN H

R./— \%\U/O 1 R — \%ﬁ]/

™~ N >~ NHz
\_/ o] \ 7/ o]

30c R=3,5di-t-Bu,n=1 38c R =3,5-di-t-Bu,n=1, 72%
30e R=3,5-di-t-Bu,n=0 38e R =3,5-di-t-Bu, n =0, 53%
30l R=4-OCF3,n=1 38l R=4-OCF3, n=1,74%
30m R=2-CF3,n=1 38m R=2-CF3 n=1,68%

The final part of the amidation section shows the synthesis of 1,2,3-triazole
hydrazides 38 from 30 and hydrazine hydrate. The hydrazides 38 were prepared
according to Scheme where the methyl esters 30 were refluxed with hy-
drazine hydrate in EtOH.”%> After complete conversion, the hydrazide 38 was
isolated by cooling the reaction mixture and removing the filtrate after complete
precipitation of 38. However, as the hydrazide salts 27 performed poorly in the
biological assays compared to their amine (21) and guanidine (22) counterparts,
only four versions of 38 were prepared.

N-Functionalization

The amines prepared in the previous section (33, 34, 35, 37, and 38) were
turned into their corresponding HCl-salts from treatment with HCl in an appro-
priate solvent, affording the 24 HCl-salts 21, 23, 24, 27, and 28 (1-3 x HCI]) shown
in Fig.

In order to introduce a guanidine function to the amines available for function-
alization, the method described in Paper I and Section [2.1.1| was used to prepare
the guanidine amphiphiles shown in Scheme Nine of the ten guanidines
shown in Fig. were prepared by refluxing 33 or 35 with 20 in MeCN. The
piperazinyl guanidine 25i was not prepared according to this protocol, as the
reaction was slow and did not give full conversion. The lack of conversion was
assumed to be due to solubility issues. The guanidine 25i was therefore pre-
pared using DMF at room temperature, as in the original procedure described by
Bernatowicz et al.1°
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Scheme 2.11. i) 20, MeCN, reflux, 4 - 60 h.#% i) 20, DMF, rt, 97 h.*1> Guanidine 22k was
prepared through a combination of the conditions i and ii (for details, see the
experimental section of Paper III). Counterion: C1~.

R
NG N~ °N
R-N"ON A —
— 7C|+H2N NH»
NH .
NH 20 N NH,
\’_/ .
(0] N\ i HN
NHz NH,
33 22c¢ R =3,5-di-t-BuBn, 39%
22e R = 3,5-di-t-BuPh, 52%
22f R =4-(OC7H5)Ph, 49%
229 R =4-t-BuBn, 69%
22i R = Adamantane, 50%
22] R= C7H15, 76%
22k R = 4-((3,5-di-t-BuBn)O)Ph, 23%

N N
RENTEN 20 RoNN NH.*
— /—’—\ . — /—’/\ 2
N\//NH i N N“(
o) 3 AN NH,
35 | 20 |

ii*
25¢ R = 3,5-di-t-BuBn, 52%
*) For preparation of 25i 25 R =Adamantane, 64%
25) R =CyHys, 42%

The four iminoguanidines 26 in Fig. were first prepared from 32 using
a modified procedure described by Mohammad et al., as shown in Table (en-
tries 1-4).226 The methyl ketones 32, aminoguanidine hydrochloride, and cat-
alytic amounts of LiCl in EtOH were heated to reflux or 90 °C in a pressure tube
(entries 1-4, Table [2.9). These conditions gave slow and incomplete conversion
(75% conversion into 26¢ after 51 h, entry 1), making work-up and purification
more challenging. In an attempt to enhance the conversion, catalytic LiCl was
substituted with an excess of aqueous HCI as can be seen in entries 5-7 in Ta-
ble 327 These somewhat harsher conditions gave full conversion into 26 in
shorter time, but analysis of the crude products of 26f and 26k (entry 6 and 7)
showed formation of multiple byproducts. Thus, 26c was prepared using HCI
(entry 5), whereas 26e, 26f, and 26k were prepared using catalytic amounts of
LiCl (entries 2-4).
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Table 2.9. i) Aminoguanidine hydrochloride, LiCl (cat.), EtOH, 90 °C, sealed tube, 25 -
72 h.22% ii) Aminoguanidine hydrochloride, HCI (excess), EtOH, 90 °C, sealed
tube, 21 - 22 h.*2Z Counterion for 26¢ and 26k: C1~, counterion for 26e and 26f:

CF;COO™.
N~ Ns
R./— (0] i orii R./— \%YN\
o~ S N
\/ N/ Ho N
32 26c R =3,5-di-t-Bu,n=1
26e R =3,5-di-t-Bu,n=0
26f R= 4-(C7H150), n=0
26k R = 4-((3,5-di-t-BuBn)0), n = 0
Entry 32 Cond. i/ii Time 26 Conv. Yield
(h] [%]* [%]
1 32¢ i 51 26¢ 75 9
2 32e i 48 26e b 46
3 32f i 51 26f b 31
4 32k i¢ 25 26k 63 14
5 32¢ il 22 26¢ 100 58
6 32f ii 21 26f 100 d
7 32k ii 21 26k 100 d

a Conversion from "H NMR analysis of crude or crude samples.
b Crudes not analyzed.

¢ Run at reflux in normal flask.

4 Not worked up due to byproduct formation.

One interesting observation made during the preparation of 26, was the ap-
pearance of two sets of signals in both NMR and HPLC analysis of the prod-
ucts. The signal sets in 'H NMR were of identical compositions, but had differ-
ent shifts, which could indicate some sort of isomerism. This assumption was
further strengthened when elute from analytical HPLC was analyzed with MS,
showing that the two peaks in the chromatogram had the same molecular weight.
Furthermore, treatment of NMR samples with HCI affected the ratios of the dif-
ferent signal sets. The different peaks were then assumed to be E- or Z-isomers
of 26 (1:9 - 4:6 ratios from 'H NMR).
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2.2.2 Biological Evaluation of Target Amphiphiles
Antimicrobial Activity

The amphiphiles exhibiting antimicrobial activity and their corresponding
MIC-values are shown in Table [2.10] together with the HepG2 ECsy-values for
the 11 most promising target structures.

The top 19 compounds in Fig. (21 - 25, with R-groups: e, g, i, j) were
prepared and tested prior to the remaining 19. Out of these compounds four dis-
played any antimicrobial activities and are shown above the horizontal line in
Table These results were used as a rationale for optimization and led to
preparation of the latter 19 amphiphiles (similarly to Section [2.1.2), and gave
the active compounds below the horizontal line in Table From the initial
investigations it was found that the 3,5-di-t-Bu-group (c¢) was the more efficient
lipophilic group, ethylene diamine (21 and 22) was a more efficient linker than
piperazine (23 and 25), and guanidine (22 and 25) was most efficient as cationic
group. These observations also corresponded to the observations made from the
first set of targets in Section[2.1]and the work of the separate groups of Strgm and
Svendsen 127167168 The MIC-values of these compounds (21¢, 22¢, 23¢, and 25¢)
were however somewhat disappointing, and it was clear that there was room for
optimization of the antimicrobial activity.

Based on the initial results, some structural changes were investigated in an
effort to increase the antimicrobial potency past that of 22c:

* Removal of the benzylic methylene. As was also discussed in Section
the benzylic methylene group between the phenyl ring and the 1,2,3-
triazole allows for a more freely rotating structure. Removal of this methy-
lene would hopefully lead to some repulsion between the ortho-protons and
the 1,2,3-triazole, and further, in addition to removing a rotable bond, re-
ducing the rotational freedom and giving the molecule a twisted conforma-
tion. Removing the benzylic methylene could also allow for conjugation
between the aromate and the 1,2,3-triazole.

¢ Substituting the 3,5-di-£-Bu-group with an alkyl ether chain. The
initial screening and the evaluations performed in Section [2.1.2 showed
that a heptyl chain alone, without an aromatic ring, did not lead to any
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Table 2.10. Minimum inhibitory concentrations (MIC-values) and ECsp-values in pg/mL.
Counterion: CI~ (26e and 26f: CF,COO™).

N,
tBu N,; N NH* g’é\ /\/H NH,* SN s\ NH
\Q/\ \_g/’* g’;\u/\/ N \’\THZ §—N\_/NH2 i_N\—/N_/<NH2
tBu 0 21c 22c 23c 25¢
R N X N NH,*
@N\;'\‘\N/H @N\;,\L”/ NHz C§T \)Y N. /IL :
i NN \/\ Hy
2le 22e 26c n=1
21f 22f 26e n=0
21k 22k 26f n=0
26k n=0
tBu
NN :R=35di-tBu,n=1
O Qﬁr N R
tBU I 3 f: R = 4-(OC7Hss)
tBu k: R = 4-((3,5-di-t-BuBn)O)
27e 28c n=1 HaN
28e n=0
Antimicrobial activities [MIC] HepG2b
E. faecalis*  S. aureus®  S. agalacticae®  E. coli®*  P. aeruginosa®  [ECsp]
21c - 64 64 32 64 n.d.9
22¢ 64 32 16 64 32 n.d.
23c - 64 64 64 - n.d.
25¢ - 64 32 - 64 n.d.
21e 32 16 16 16 32 8.0
21f - 4 8 - 16 3.5
21k 8 - 2 - 16 2.9
22e 16 8 8 16 16 31.3
22f 16 4 8 8 8 23.8
22k 16 8 4 - - 16.2
26¢ 8 4 4 8 8 23
26e 4 4 2 4 16 2.6
26f 32 - 8 16 64 2.0
26k 64 - 0.5 - - 1.9
27e 64 - 32 - - n.d.
28¢ 64 8 - 64 8 n.d.
28e 16 16 8 16 4 32-64°
Ref.f 10 0.13 4 0.5 0.5 n.d.

2 S. aureus (ATCC 25923), E. faecalis (ATCC 29212), S. agalacticae (ATCC 12386),

P. aeruginosa (ATCC 27853), and E. coli (ATCC 25922).

b ECs( determined from Fig.

¢ ".": No activity <64 ug/mL.

4 n.d.: Not determined.

¢ Unable to fit dose-response from data: no activity at 32 ug/mL,
2% cell-survival at 64 ug/mL (not shown in Fig. .

[ Ref.: gentamicin.
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antimicrobial effects. However, substituting the 3,5-di-t-Bu-group on the
aromate with a heptyl ether could give more potent amphiphiles, since the
heptyl ether chain may penetrate deeper into the cell membrane or pro-
vide increased amphiphilic character (discussed in Section [2.1.2). This was
also based on the heptyl ether chain giving similar molecular weight and
aliphatic contribution as the 3,5-t-Bu-group.

¢ Insertion of an additional aromate. In their studies of antimicrobial
B*2-amino acids, Hansen et al. used two aromatic rings in their target
amphiphiles that gave high antimicrobial activity.12” Introducing a 3,5-di-
t-Bu-benzyl ether on the phenyl group analogously to the heptyl ether chain
could therefore yield amphiphiles with increased antimicrobial potency.

¢ Further evaluation of cationic N-groups. Testing other cationic N-
groups on efficacious lipophiles could either confirm the superiority of the
guanidines or give more potent cationic groups. Through the preparation
of a library of antimicrobial thiazoles, Mohammad et al. have shown that
thiazole imines formed from a thiazole methyl ketone and aminoguanidine
hydrochloride were highly potent against resistant Gram-positive bacteria
(MRSA and VRSA). %28 Furthermore, investigating the effect of introducing
several nitrogen groups could also be of interest, as many peptide mim-
ics with high antimicrobial activity had more than one ionizable nitrogen
group, TOIBTIEEHITO [ g5t]y

groups instead of ethylene diamine could be of interest for activity trend
3171318

a small screen using hydrazides as functional

analysis, as it is less basic than both amines and guanidines.

The structural modifications were carried out as shown in Section and
the active structures from the modifications are shown below the horizontal line
in Table Removal of the benzylic methylene group (e) led to a 2- to 4-fold
increase in antimicrobial potency for the 3,5-di-z-Bu-phenyl derivatives 21e, 22e,
and 28e, compared to their 3,5-di-¢-Bu—benzylic counterparts 21¢, 22¢, and 28¢c
(except for 28e against S. aureus). The increase in potency from removing the
benzylic methylene group was also seen for the iminoguanidines 26, where the
overall activity of 26e was seen to be higher than for the 3,5-di-#-Bu—benzylic 26¢.

Introduction of a heptyl ether chain in the 4-position on the phenyl ring
(21f, 22f, and 26f) led to greatly increased potency compared to the amphiphiles
equipped with just a heptyl chain (21j - 25j), affording MIC-values at 4 ug/mL
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against S. aureus (21f and 22f, Table [2.10). When comparing the activity of the
heptyloxy-phenyl substituted 21f, 22f, and 26f with the activity of the 3,5-di-z-
Bu-—phenyl derivatives 21e, 22e, and 26e, the guanidine 22f was seen to offer
the overall best improvement in antimicrobial activity. As the guanidine 22f
was seen to be 2-fold more potent against S. aureus, E. coli, and P. aeruginosa
than the 3,5-di-;-Bu—phenyl guanidine 22e. The 4-heptyloxy-phenyl substituted
amine 21f also offered increased potency compared to the 3,5-di-t-Bu—phenyl
derivative 21e, where it was 2- to 4-fold more potent against the three strains
S. aureus, S. agalacticae, and P. aeruginosa. However, unlike the guanidine, the
amine 21f did not retain its activity against all five bacteria, as the observed
MIC-values against E. faecalis and E. coli were observed to be >64 ug/mL, thus
showing some strain variation. The iminoguanidines 26 behaved somewhat dif-
ferently to the amines 21 and guanidines 22, where the bulky 3,5-di-z-Bu—phenyl
substituted 26e was seen to be more potent than the 4-heptyloxy-phenyl substi-
tuted iminoguanidine 26f.

The amphiphiles carrying the 3,5-di-t-Bu—benzyl ether in the 4-position (21K,
22k, and 26k) displayed particularly high potency against S. agalacticae, where
the iminoguanidine 26k was found to be the most potent compound with an
impressive MIC-value of 0.5 ug/mL. The activity of 26k against S. agalacticae
made it 8-fold more potent against the bacteria compared to the reference an-
tibiotic gentamicin (MIC 4 ug/mL). Furthermore, the 3,5-di-z-Bu—benzyl ether
iminoguanidine 26k also displayed lowered efficacy against the other four test
bacteria, giving high selectivity (>128) against S. agalacticae compared to the
remaining four bacteria. The same trend was also seen for the amine 21k and
the guanidine 22k, where they both were highly potent against S. agalacticae
(MIC 2 and 4 ug/mL) and showed lowered potency against several of the other
test bacteria. The amphiphiles carrying the 3,5-di-£-Bu-benzyl ether (21k, 22Kk,
and 26k) were estimated to be the most lipophilic compounds in the series, the
profound selectivity could mean that S. agalacticae is more sensitive towards am-
phiphiles with a higher lipophilic ratio than the other four bacteria.

Introduction of the iminoguanidine group (26) showed that this functional
group led to amphiphiles with high antimicrobial activity. The iminoguanidine
together with the 3,5-di-t-Bu-group (26c and 26e) led to the most notable in-
crease in potency by being 2- to 8-fold more potent compared the corresponding
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guanidines 22¢ and 22e (only exception: 22e and 26e both had MIC-values of
16 ug/mL against P. aeruginosa). This increase in potency led to 26c and 26e
giving the highest broad-spectrum activity of the compounds shown in Table
with MIC-values <10 ug/mL (except for 26e against P. aeruginosa, MIC 16
ug/mL). Furthermore, as mentioned in the previous paragraph, introducing the
iminoguanidine together with the 4-heptyloxy-phenyl group (26f) did not lead
to increased antimicrobial potency compared to the guanidine 22f. Hence, the 4-
heptyloxy-phenyl derivative 26f was inferior to both the iminoguanidine 26e and
the guanidine 22f, thereby displaying the opposite activity trend of the other ac-
tive amphiphiles.

Substituting the cationic group to a hydrazide (27) led to a reduction in an-
timicrobial potency. The compounds proving often to give high antimicrobial
activity were amphiphiles with the basic guanidine group (22), which is more
basic than the primary amine group (21).317318 The basicity may be important
for the equilibrium between charged and non-charged state of the compounds
under physiological conditions, as the cationic character of the hydrophile is as-
sumed to be of importance both for amphiphilicity and coordination to bacterial
membranes (as discussed in Section and [2.1.2). Hence, the highly basic
guanidines (22) may exist primarily in their charged state at physiological pH
(7.4), whereas the amines (21) and hydrazides (27) may exist more in an equi-
librium between the charged and non-charged states. This could in turn lead
to higher effective concentrations of the amphiphile at the site of action and in-
creased potency. The lack of antimicrobial efficacy for the less basic hydrazides
could support this rationale.

Introduction of additional amine groups (28) on the amphiphiles also led to
some interesting activities. Most notably, introduction of the tris(2-aminoethyl)-
amine functionality (28¢ and 28e) led to a 4-fold increase in potency against
P. aeruginosa compared to the 3,5-di-t-Bu—phenyl substituted guanidines 22¢
and 22e. Except for a 4-fold increase in potency for 28c against S. aureus, the
potency of 28c and 28e against the remaining four bacteria were, on the other
hand, similar or lower compared to the guanidines 22¢ and 22e. The increase
in potency against P. aeruginosa was interesting, as being able to specifically
target bacteria (like 26k against S. agalacticae) was also of interest for further
studies in this project. It should also be noted that the charge of the HCl-salts
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of 28 was not specifically known and could potentially range between +1 to +3.
MS analyses of 28 showed the singly charged species and NMR analyses were
difficult to interpret for the salts as the signals broadened significantly. However,
the 'H NMR spectra of 28c in DMSO showed a broad signal in the aromatic
region integrating to 5-6 protons, which may indicate a doubly charged species
(2x NH3").

The general tendency for the different cationic groups followed the observa-
tions made in Section where the basic guanidinium functional group (22
and 26) gave the overall best antimicrobial efficiency, compared to the amines
(21) and hydrazides (27). The more basic guanidine may then be assumed to give
stronger electrostatic bonding to the bacterial cell membrane following the princi-
ples discussed in Sections and Additionally, the lack of antimicrobial
activity for the N-methylpiperazines 24 could also support the need for efficient
hydrogen-bonding. These piperazines are, similarly to the dimethylamines 2 and
5 in Section[2.1] assumed to be less capable of forming hydrogen-bonds compared
to the other more active species. Lastly, these principles could also explain the
increased antimicrobial activity of 28, as it has several nitrogen-species available
for association to the bacterial membrane.

Cytotoxicity

The 11 most promising amphiphiles from the antimicrobial assays were eval-
uated for in vitro cytotoxicity against HepG2-cells, the ECsp-values shown in
Table [2.10| were determined from the dose-response curves in Fig. It should
be noted that the dose-response curve for 28e was not plotted in Fig. due to
insufficient data in the ECsp-area of the curve.

The trend regarding the toxicity of the 11 amphiphiles against HepG2-cells
corresponded with the data recorded for the four most potent compounds from
Section where the guanidines 22 were seen to offer lower HepG2 toxicity
compared to the corresponding amines 21. The guanidine carrying the 3,5-di-z-
Bu-group (22e) was the least toxic of the three tested 22 and displayed an ECsy-
value of 31.3 ug/mL, and gave an approximate 2- to 4-fold selectivity towards
bacteria compared to HepG2-cells. The 4-heptyloxy-phenyl substituted guani-
dine 22f was more toxic, but was also more potent against four of the bacteria,
giving a 1.5- to 6-fold preference for bacteria when comparing the ECsy-value
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Figure 2.8. Dose-response curves from non-linear curve regression for in vitro cytotoxicity
against HepG2-cells and the different structures tested in the assay (dose-response
curve for 28e was not plotted due to insufficient data in the EC5q-area). Counterion:
C1~ (26e and 26f: CF;COO™).

against HepG2-cells and the obtained MIC-values. For the guanidine carrying

an additional phenyl ring (22k), there was only observed some selectivity for S.
agalacticae.

The structural similarity of 22e to some of the amphiphilic aminobenzamides
described by Igumnova et al. was also reflected in the biological activities.18? The
1,2,3-triazole 22e was however less potent and more toxic than the most similar
benzamide from their study (A3 in Fig. [2.9), which could possibly be explained
by A3 having a larger spatial separation of the cationic group and the lipophilic
group. As a similar trend was also seen from their study, where increasing the
length of the amphiphile with one methylene group (A3 vs. A4), led to the same
level of antimicrobial activity and a reduction in hemolytic activity. A possible
improvement for future generations of compounds could then be to increase the
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22e A3:n =1, MIC = 2-16 pg/mL, RBC (ECsp) = 38 pg/mL
A4:n =2, MIC = 2-16 pg/mL, RBC (ECsq) = 62 pug/mL

Figure 2.9. Most similar benzamides by Igumnova et al. (A3 and A4) and 22e."%% Counterion:
Cl-.

length of the target compounds, as this seems to have a positive effect on the
selectivity (A3 vs. A4 and 22f vs. 22e). Furthermore, elongation of the scaffold,
instead of either end of the amphiphiles, may possibly further promote selectiv-
ity. This may also be an option for reducing the toxicity that was observed for the
4-heptyloxy-phenyl substituted structures (f) and the compounds carrying an ad-
ditional benzene ring (k).

The iminoguanidines 26 were seen to display high toxicity with ECsy-values
< 2.6 ug/mL, meaning they were even more toxic than the amines 21 (ECsy <8
ug/mL). The antimicrobial thiazoles reported by Mohammad et al. did not dis-
play toxicity towards HeLa-cells <11 ug/mL, giving a selectivity factor above 20
for Gram-positive bacteria.?26' While, on the other hand, the iminoguanidines 26
prepared in this project were generally more toxic to HepG2-cells than active
against bacteria, yielding selectivity factors below 1. What caused the 1,2,3-
triazole-based 26 to be less active and more toxic than the thiazoles was not
obvious from these initial investigations. One possibility could be the lipophilic-
ity of the scaffold, the thiazole moiety used in the work by Mohammad et al.
was calculated to be more lipophilic (ClogP = 0.76) than the 1,2,3-triazole moiety
used in 26 (ClogP = —0.50). Thus, as the thiazole contributes more to the overall
lipophilicity than the 1,2,3-triaozole, less lipophilic contribution was needed from
the substituents on the lipophilic side of the motif. This, more even distribution
of lipophilic character across the scaffold, could then be beneficial for reducing
toxicity. Regardless of the high antimicrobial activities, the high toxicity of the
iminoguanidines made them unfit for further development. The same conclusion
was drawn for the primary amines 21e, 21f, and 21k, as they also generally

displayed ECsy-values below the MIC-values from the antimicrobial assays. Pos-
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sible reasons for the increased toxicity of 21 followed the same rationale as for 1
and 4 discussed in Section

One interesting observation in the toxicity evaluation was the low observed
toxicity of 28e, where the EC5)-value was seen to be somewhere between 32 and
64 ug/mL. The amine 28e was then the least toxic compound out of the 11 differ-
ent amphiphiles in Table[2.10]against HepG2-cells. In addition to the low toxicity,
the activity against P. aeruginosa was among the highest recorded in this library
with a MIC-value of 4 ug/mL. The high potency and low cytotoxicity led to a selec-
tivity factor 8-16 for P. aeruginosa over mammalian cells. The lower toxicity may
be due to the increased hydrophilic character from insertion of additional nitro-
gen groups, as the ClogD for 28e was calculated to be —1.22 (in comparison; 21e,
ClogD = 1.68). The additional amino groups will also render the compound less
probable to exist in its neutral form at physiological pH, compared to the mono-
functionalized amines 21. The high selective activity and lower toxicity of 28e
could possibly be further improved by guanylating the amine groups, following

the rationale from Section and the antimicrobial evaluation in this section.

Biofilm Inhibition

The amphiphiles in Fig. were evaluated for possible inhibition of S. epi-
dermis biofilm formation, where 37 out of the 38 amphiphiles in Fig. were
tested in the single-concentration assay (50 ug/mL) and 12 of these were taken
into dose-response evaluation. The results from the dose-response assays of the
12 amphiphiles are shown in Table and it should be noted that 21¢, 22¢,
23c, and 25c¢ showed activities <50 ug/mL in the single-concentration assays,
but were not taken into dose-response testing.

Most of these amphiphiles displayed biofilm inhibiting effects with MIC-values
< 8 ug/mL (except for 21m and 27e), with the most potent amphiphile being the
guanidine 22k with a MIC-value of 2 ug/mL. It was, however, difficult to judge
from these results whether the observed effect came from biofilm inhibition or
from general antimicrobial activity, as the biofilm inhibition values mostly cor-
related with the best MIC-values from the antimicrobial assays shown in Table
Deviations from this trend were observed; amongst others for 21m with
a MIC-value of 16 (ug/mL) in the biofilm inhibition assay and MIC-values >64
(ug/mL) in the antibacterial assays. This may point towards a more specific
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Table 2.11. MIC-values (ug/mL) for inhibition of S. epidermis biofilm formation. Counterion:
Cl~ (26e and 26f: CF;COO™).

R N R N n =N NH,*
Ns Ns N 2
@N 1w @N 1w NH* R = \%\KN\ M
= \/KH/N\/\ . = \/K[’/N\/\ M ? p H NH;
NH3 N™ “NH,
o H
21f 22e 26c n=1
21k 22f 26e n=0
21m 22k 26f n=0
26k n=0

NH;

tBu ,N:N
Nap N K /// ¢:R=35-dit-Bu,n=1
N _ H \/\N e: R=3,5-di-t-Bu,n=0
B *NHa* tBu o) (HCl)1.3 f: R = 4(OC7H1s)
u o
tBu
27e 28c Ha

k: R = 4-((3,5-di-t-BuBn)O)

N m: R =2-CF3
Compound MIC? Compound MIC?
[ug/mL] [ug/mL]
21f 4 26¢ 4
21k 8 26e 4
21m 16 26f 8
22e 4 26k 4
22f 4 27e 32
22k 2 28¢c 8

4 Inhibition of S. epidermis biofilms.

biofilm inhibiting mode of action for 21m compared to many of the other am-
phiphiles. The amphiphiles carrying the additional aromate (k) were also prone
to be more active in the biofilm inhibition assays than in the antimicrobial assays
(with the exception of against S. agalacticae). However, due to the high potency
against S. agalacticae, the biofilm inhibition MIC-values displayed by 21k, 22k,
and 26k may also have come from less specific antimicrobial interactions.

2.2.3 Conclusion

This section describes the synthesis of 38 cationic amphiphiles based on the
CuAAC-products 30 and 32. These key substrates were functionalized with
appropriate N-groups through either amidation and N-functionalization (30)
or iminoguanylation with aminoguanidine hydrochloride (32). Which in turn
afforded the 38 target amphiphiles from commercially available reagents in two
to five steps, where all the final products were of sufficient purity for biological
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Figure 2.10. The four most promising amphiphiles from the series presented in Section
Counterion: Cl1~.

evaluation (>95% in HPLC). The 38 amphiphiles were tested for antimicrobial
activity against three Gram-positive and two Gram-negative bacteria, inhibition
of S. epidermis biofilms, and cytotoxic properties against HepG2-cells.

The four most promising structures for further optimization are shown in Fig.
The guanidines 22e and 22f were assessed to be the best compromise be-
tween activity and toxicity and will therefore be important for developing future
compounds with broad-spectrum antimicrobial effects. Development of targets
for more narrow spectrum activities can be based on 28e against P. aeruginosa
and 22k against S. agalacticae. The amine 28e was particularly interesting with
regard to the relatively low toxicity against HepG2-cells. The selective activity of
22k against S. agalacticae could also be interesting for development of antibiotics
for preventing neonatal infections, as these are severe infections often caused by
S. agalacticae.”%? In addition to the selective activity against S. agalacticae in the
antimicrobial assays, 22k was also observed to be highly active in the biofilm in-
hibition assay with a MIC-value of 2 ug/mL for inhibition of S. epidermis biofilm
formation.
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2.3 Paper IV: Synthesis and Antimicrobial Evaluation of
Isoindoline and Fused Pyridine Amphiphiles

This section will present the preparation and antimicrobial evaluation of 20
fused pyridine (dihydro pyrrolopyridines) and isoindoline amphiphiles.2%7 All ex-
perimental details for preparation of the 20 target amphiphiles and their inter-
mediates can be found in the experimental section of Paper IV. The general exper-
imental information is also presented in Paper IV, together with the experimen-
tal procedures for the biological assays. Similarly to the two previous sections,
Fig. shows the 20 target structures for this section with a number for the
thesis as well as their corresponding compound number from Paper IV. The num-
ber labels are a continuation of the previous sections, but new letter sub-labels
for the lipophilic groups are assigned to the isoindolines and fused pyridines
both separately from each other and from the previous lipophile numbering for

the 1,2,3-triazoles (starting from a).

The dihydro pyrrolopyridines and isoindolines were chosen as scaffolds for
antimicrobial amphiphiles, since they could be prepared from transition metal
catalyzed [2+2+2] cycloaddition. This reaction type is previously investigated by
current and past members of the research group, and applied in methodologies
for total synthesis.®28'322 [t was therefore of interest to use this synthetic knowl-
edge to prepare amphiphiles following the model presented in Fig. in order to
expand the compound library in this SAR-project. In addition to the preparation
of dihydro pyrrolopyridines and isoindolines via [2+2+2] cycloaddition, a focused
set of seven target isoindolines was prepared via Suzuki cross-coupling reactions.

Lastly, MSc Kristoffer Larsen Lea, MSc Anton Brondz, and master student
Kristian Njerve Myreng are acknowledged for their extensive contribution to this
section through the preparation of 16 target amphiphiles. Kristoffer Larsen Lea
and Anton Brondz prepared 39a - 39d, 40a - 40e, and their intermediates, and
Kristian Njerve Myreng prepared 40g - 40j, 41g - 41i, and their intermediates.

2.3.1 Synthesis of Amphiphiles via [2+2+2] Cycloaddition Reactions

This part of the project originally started with the desire to prepare tetrahy-
dronaphthalenes and tetrahydroisoquinolines with one lipophilic group and two
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R N R R NH2+
A NH,* NH,* N—
& NH,

3%a R = 2-Naphthyl (1a) 40a R =Ph(2a)

39 R =4-t-BuPh (1b) 40b R =Bn(2b)

39¢ R =4-t-BuBn (1c) 40c R =CH,Bn (2c)

39d R =3,5-di-CF3Bn (1d) 40d R = 4-t-BuPh (2d) 41d R = 4-t-BuPh (3d)
40e R = 3,5-di-CF3Ph (2e) 4le R =3,5-di-CF3Ph (3e)
40f R = 3,5-di-t-BuPh (2f) 41f R = 3,5-di-t-BuPh (3f)
40g R = 2-Naphthyl (2g) 41g R =2-Naphthyl (3g)
40h R =4-n-BuPh (2h) 41h R =4-n-BuPh (3h)
401 R =4-(n-BuO)Ph (2i) 41i R =4-(n-BuO)Ph (3i)

40j R =4-CF4Ph (2))

Figure 2.11. The 20 target structures presented in this section; the numbers in parantheses are
the numbers used in Paper IV. Counterion: C1~.

hydrophilic cationic functionalities. These structures could be obtained from cy-
cloaddition of the substituted diyne 45 with nitriles 43 and alkynes 44, as shown
in Scheme The diyne substrate was, however, found to be sensitive towards
structural modifications of 43, and also afforded little to no conversion when 44
was used in the reaction[| The more complex diyne was therefore replaced by
a simpler diyne 46, as shown in the bottom half of Scheme The diyne 46
is also a more studied substrate in [2+2+2] cycloadditions (discussed in Section
[1.6.1).292:295 This system for [2+2+2] cycloaddition was shown to allow for more
modification of 43 and 44 without critical depression of the yields (Scheme[2.13).

After re-focusing the strategy towards the synthesis of dihydro pyrrolopy-
ridines (39) and isoindolines (40), the cobalt-catalyst CpCo(CO), 28713501331
was chosen for cycloaddition between 46 and 43, and the ruthenium-catalyst
Cp*RuCl(cod)?22333 for the cycloaddition between 46 and 44. The carbamate-
protected cycloaddition products were then prepared from 46 and 43/44
according to the conditions displayed in Scheme affording 47a - 47d
and 48a - 48f in 36 - 78% yields. Scheme [2.13] also shows the conditions for

preparation of 46 in two steps from propargylamine,22/296

The four dihydro pyrrolopyridines 47a - 47d were prepared in 36-58% yields,
the highest yielding reaction being the cycloaddition with 4-(tert-butyl)benzonitrile
(43b). It has been previously reported that nitriles conjugated to arenes or sim-

“Experimental details found in Section
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Scheme 2.12. Retrosynthetic analysis of the two synthetic routes for amphiphiles from
[2+2+2] cycloaddition reactions. The bottom route was chosen for synthe-
sis as it proved to be the more versatile method of the two.

NH,*
N NH — Tether
H 2 . - , M r —
R~ Lipophilic aromate — R~ R Y—
| - | | — | -
X CHorN —— X« —
H i X Y=
N _~NH; Pro-hydrophiles ——— Y
NH,* X =N, Y = (CH,),-NHTs 43 X=N 45
X =CH, Y = (CHp),-NHTs 44 X =CH
R~
| NH,* l— Lipophilic aromate
X
s R Pro-hydrophilic tether R =
39 X=N =
40 X=CH _— || NBoc — | * NBoc
™ Xx X =
R NH,* CHorN
\CCNJ{ 43 x=N 46
NH, 47 X=N 44 X=CH
41 48 X=CH

Scheme 2.13. i) Boc,O, DCM, 0 °C - 1t, Ar-atm, 2 h. ii) Propargyl bromide, NaH, THF, rt,
25 h.222904i{) 1 4-dioxane, Ar-atm, hv (two halogen lamps, 400 W, 118 nm,
50 Hz), 22 - 48 h.2875305331 4y DCE, Ar-atm, rt, 18 - 32 h.532333

43

R 47a R = 2-Naphthyl, 57%
Z N CpCo(CO), (12-14 mol %) T NBoc  47b R=4-tBuPh, 58%
_ i Ny 47c R = 4-t-BuBn, 36%
55% g L 47d R = 3,5-di-CF3Bn, 45%
NBoc
46
44
R 48a R=Ph, 55%
| Cp*RuCl(cod) (5 mol %) \GCNBOC 48b R = Bn, 48%
v X 48c R = CH,Bn, 78%

48d R =4-t-BuPh, 45%
48e R =3,5-di-CF3Ph, 55%
48f R =3,5-di-t-BuPh, 45%

ilar systems perform better in cycloadditions with this Co-catalyst.31 This cor-
responded with the observation made during the synthesis of 47, as the benzylic
nitrile 43¢ gave lower yield in the cycloaddition (36%) compared to the phenylic
nitrile 43b (58%). Furthermore, the six carbamate-protected isoindolines 48a -
48f were prepared in 45-78% yields, the highest yielding reaction being the cy-
cloaddition of 46 with but-3-ynylbenzene (44c¢) to give 48c. The five benzylic and
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Scheme 2.14. i) HCI (37%, aq), MeCN, rt, 23 - 48 h. ii) HCI (2 M, Et,0), Et,O or DCM, rt,
24 - 71 h. iii) K,COj;(sat. ag)/solvent. iv) 20 (0.9 - 1.0 equiv), MeCN, reflux, 3
- 31 h.B%'® Conditions i followed by ii to give full conversion. ® Also isolated
as its TFA-salt from TFA in DCM in 75% yield. Counterion for 39/40 and 41:
Cl~ (+ CF;COO~ for 40f).

R~ - R 3% R = 2-Naphthyl, i 86%
[ N-Boc —toril_. U NHy 3% R=4-tBu-Ph, i: 100%
XX X s 2 39 R =4-t-Bu-Bn, i: 54%
39d R=35-CFsBn, i 97%
47 X=N 39 X=N o oa
48 X=CH 40 X=CH 40a R = Ph, i+ii: 83%

40b R = Bn, i+ii: 92%2

40c R =CH,Bn, ii: 53%

40d R = 4-t-Bu-Ph, ii: 86%
40e R =3,5-CF3-Ph, ii: 86%
L 40f R = 3,5-t-Bu-Ph, i: 64%"

49 41
49d R = 4-t-Bu-Ph, 92% 41d R =4-t-Bu-Ph, 57%
49 R =3,5-CF3-Ph, 87% 4le R =3,5-CF3-Ph, 83%
49f R = 3,5-t-Bu-Ph, 92% 41f R = 3,5-t-Bu-Ph, 66%

phenylic alkynes afforded yields around 50%, whereas 44c¢ gave the cycloaddi-
tion product in close to 80% yield. This may indicate some steric interactions
affecting the reaction yields, and it has been shown that this Ru-catalyst often
offer sterically favored cycloaddition products due to interactions with the bulky
Cp*-ligand. 232533

Deprotection and N-Guanylation of Cycloaddition Products

In order to provide the target amphiphile HCl-salts 39 and 40, the carbamate
protecting group on 47 and 48 had to be cleaved. The cycloaddition products 47a
- 47d and 48a - 48f were therefore subjected to deprotection under acidic condi-
tions using either etheric HCI1 (2 M) or aqueous HC1 (37%) as shown in Scheme
The deprotection conditions gave the ten HCl-salts 39a - 39d and 40a - 40f
in 53-100% yields.



2.3. PAPER IV: SYNTHESIS AND ANTIMICROBIAL EVALUATION OF
ISOINDOLINE AND FUSED PYRIDINE AMPHIPHILES 95

As a final part of this section, the three isoindolines 40d - 40f were free-based
using K,COg(sat. aq)/solvent and N-guanylated, shown in Scheme using
the conditions presented in Paper I and earlier sections and [2.2.1).390 The
guanylation with 1H-carboxamidine hydrochloride (20) in refluxing MeCN af-
forded the guanidine amphiphiles 41d - 41f in 57-83% yields. One interesting
observation made during the work-up of the guanylated isoindolines 41d - 41f,
was that the products appeared to be poorly soluble in MeCN both at reflux and
at room temperature. Hence, a simple filtration of the cooled down reaction mix-
ture gave the pure products in decent to good yields (57-83%).

2.3.2 Synthesis of Isoindoline Amphiphiles via Suzuki Cross-Coupling

The seven isoindoline amphiphiles not prepared via [2+2+2] cycloaddition
reactions (40g - 40j and 41g - 41i) were prepared via Suzuki cross-coupling
between 50 and appropriate boronic acids (R-B(OH),), as shown in Scheme
[2.15]3341335l The key compound 50 was obtained from reduction and N-protection
of 5-bromophthalimide in 57% yield over two steps.®3® Cross-coupling with
aromatic boronic acids afforded the pro-amphiphilic isoindole carbamates 48g -
48j in 71-82% yields.

After preparation of 48g - 48j through Suzuki cross-coupling, the carbamate
group was cleaved by treatment with HCl in MeCN giving the four amphiphilic
HCl-salts 40g - 40j. The three isoindoline HCl-salts 40g - 40i were then free-
based using K,COj5 (sat. aq)/EtOAc before being reacted with 1H-pyrazole car-
boxamidine hydrochloride (20) in MeCN at reflux, analogously to the previous
sections (2.1]and [2.2) and the deprotected [2+2+2] cycloaddition products.2? The
reaction with 20 afforded the three guanidine salts 41g - 41i in 27-72% yields. It
should be noted that the free amine of 40i was unstable in air, and was placed
under argon after free-basing and used directly in the guanylation reaction to
form 41i in 27% yield. The apparent low stability of the neutral version of 40i
may also explain the lowered yield observed in this reaction.
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Scheme 2.15. i) 1) NaBH,, BF;-Et,0, THF, 70 °C, 18 h. 2) Boc,0, 4-DMAP, DMF, rt,
36 h.#3% ij) R-B(OH),, Pd(PPh;), (7 mol %), K,CO,, 1,4-dioxane/H,0 1:1,
Ar-atm, reflux, 22 h.2#4533jij) HCI (37%, aq), MeCN, rt, 23-48 h. iv) K,CO,
(sat. aq)/EtOAc. v) 20, MeCN, reflux, 3-31 h.2Y315 Counterion for 40 and 41:

Cl-.
iv: 94-99% +
AN Vi 27-72% R NHz
| NHy*  — N‘(
“ NH,
o]
Br jgg R = 2-Naphthyl
R = 4-n-BuPh
NH : 41g R =2-Naphthyl
401 R = 4-(n-BuO)Ph 41h R=4-n-BuPh
) 40j R =4-CF3Ph 41i R =4-(n-BuO)Ph

57% \ i 79-88%‘ iii

Br W R
N v 489 R = 2-Naphthyl
\CENBOC 71-82% \@NBOC 48h R=4-n-BuPh
48i R =4-(n-BuO)Ph
50 48] R =4-CFsPh

2.3.3 Biological Evaluation of Target Amphiphiles

Antimicrobial Activity

The amphiphiles exhibiting antimicrobial activity <64 ug/mL and their cor-
responding MIC-values are shown in Table together with the ECsj-values
from testing of in vitro cytotoxicity against HepG2-cells. It should be noted that
39a and 39c displayed a MIC-value of 64 ug/mL against S. aureus, but were not
included in Table

The activity trend seen in Section [2.1] and was also observed in this se-
ries of amphiphiles. The amphiphiles with large lipophilic character was seen to
display high antimicrobial activity, and the structures with low lipophilic contri-
bution (40a - 40c) displayed no antimicrobial activity in the tested range (<64
ug/mL). The lack of activity was also seen for the four dihydro pyrrolopyridines
39, which all displayed little to no activity. The lowered activity of 39 could pos-
sibly be explained by the increased polar character of the core fused ring struc-
ture, as the additional nitrogen probably increases the polarity of the dihydro
pyrrolopyridine structure compared to the isoindoline ring. ClogD-values (pH =
7.4) for the dihydro pyrrolopyridine and isoindoline cores supported this ratio-
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Table 2.12. Minimum inhibitory concentrations (MIC-values) and ECsp-values in pg/mL.
Counterion: Cl~.

R R NH*
e T
NH,

40d R =4-t-BuPh 41d R =4-t-BuPh

40e R =3,5-di-CFzPh 4le R =3,5-di-CFsPh

40f R =3,5-di-t-BuPh 41f R =35-di-t-BuPh

40g R = 2-Naphthyl 41g R = 2-Naphthyl

40h R =4-n-BuPh 41h R =4-n-BuPh

40i R =4-(n-BuO)Ph 41i R =4-(n-BuO)Ph

40] R =4-CF4Ph

Antimicrobial activities [MIC] HepG2°
E. faecalis*  S. aureus®  S. agalacticae®  E. coli®*  P. aeruginosa®  [ECsp]

40d 32 8 16 32 64 1.3
40e 32 16 16 16 -¢ 6.1
40f 4 4 1 8 32 2.0
40g 16 4 8 16 32 2.0
40h 8 2 4 8 32 1.3
40i 16 4 8 16 - 1.0
40j 64 16 32 32 64 2.7
41d 4 2 4 4 8 12
41e 32 16 16 16 32 >64
41f - - 4 16 64 64
41g 8 2 2 4 8 7.8
41h 4 1 2 4 8 5.3
41i 8 2 4 4 16 7.1
Refd 10 0.13 4 0.5 0.5 n.d.e

4 8. aureus (ATCC 25923), E. faecalis (ATCC 29212), S. agalacticae (ATCC 12386),
P. aeruginosa (ATCC 27853), and E. coli (ATCC 25922).

b ECsq determined from Fig.

¢ -: No activity <64 ug/mL.

d Ref.: gentamicin.

¢ n.d.: not determined.

nale, as 39 (R = H, ClogD: —0.88) was shown to be more polar than 40 (R = H,
ClogD: —0.20).

Introduction of the guanidine group to the isoindolines (41) had a positive
impact on the antimicrobial activity, also following the trend from the previous
sections and [2.2). The three guanidines 41g, 41h, and 41i displayed a 2-
to 4-fold improved potency over the corresponding amines (40g - 40i), whereas
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the 4-t-Bu-phenyl guanidine 41d displayed an impressive 4- to 8-fold improve-
ment of potency compared to the amine 40d. There were, on the other hand,
also a couple of guanidines (41e and 41f) that did not display the same notable
improvement in potency when compared to the corresponding amines (40e and
40f). The 3,5-CF3-phenyl guanidine 41e showed improved potency against P.
aeruginosa, but the efficacies against the other four bacteria were the same as
for 40e. The highly lipophilic 3,5-di-t-Bu—phenyl substituted isoindoline guani-
dine 41f even showed a decline in potency compared to the amine 40f, but this
observation may not have been related to antimicrobial activity. The amine 40f
was calculated to have a ClogD of 4.48 and a calculated PSA of 12.03, indicating
a very high lipophilic character. The observed MIC-values of 40f in the antimi-
crobial assays may therefore have come from non-specific cytotoxic interactions,
as such toxicities are more prone to take place when the logD is >3 and the PSA
<75 A.18184 [ntroduction of the guanidine (41f) then led to a somewhat lowered
lipophilic character (ClogD = 3.11 and PSA = 53.11), and lowered potency was
observed. There is also a possibility that highly lipophilic compounds precipitate
in the assays and create erroneous test results.

The lipophilic groups found to offer the highest activity in the antimicrobial
assays were the 4-butyl-phenyl species (4--Bu, 4-n-Bu, and 4-n-BuO) and the
2-naphthalene group, as they mostly showed MIC-values <10 ug/mL. The MIC-
values for 41d, 41g, 41h, and 41i against Gram-negative bacteria were identical,
with 4 ug/mL against E. coli and 8 ug/mL against P. aeruginosa (except for 41i:
MIC 16 ug/mL). There was on the other hand observed a small difference in po-
tency against the Gram-positive bacteria, where the n-Bu-phenyl derivative 41h
was found to be the most potent of the four structures with MIC-values ranging
between 1-4 ug/mL. The other three compounds had very comparable activity
levels, where the only differences were a 2-fold increase in potency of the 4-t-Bu-
phenyl substituted 41d against E. faecalis and a 2-fold increase in potency of the
naphthalene isoindoline 41g against S. agalacticae.
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Figure 2.12. Dose-response curves from non-linear curve regression for in vitro cytotoxicity
against HepG2-cells. Curves for 41e and 41f are not shown.

Cytotoxicity

The 13 isoindoline amphiphiles displaying interesting antimicrobial activity
were evaluated for cytotoxicity against HepG2-cells, and the ECsy-values shown
in Table [2.12| were determined from the dose-response curvesin Fig. [2.12]

The guanidines 41 were found to be less toxic than the amines 40, which cor-
responded well with the toxicity data obtained for the 1,2,3-triazoles in Sections
and Most of the amines 40 were, on the other hand, seen to dis-
play ECsp-values <3 ug/mL against HepG2-cells (only exception: 40e, ECs; 6.1
ug/mL), affording virtually no selectivity between bacteria and mammalian cells.
The least toxic guanidines were seen to be 41d, 41e, and 41f, as neither of these
three showed ECsp-values <10 ug/mL unlike the remaining compounds in the se-
ries. The isoindoline guanidine with the 4-t-Bu-group (41d) was the least toxic
isoindoline showing broad-spectrum activity with an ECsy-value of 12 ug/mL. In-
terestingly, due to the high antimicrobial activity, the guanidine 41d displayed a
selectivity that was highly similar to the one seen for the 1,2,3-triazole guanidine
22f.

The two isoindolines that displayed the best toxicity profile in the HepG2-
assay were the 3,5-CF3-phenyl guanidine 41e and the 3,5-di-z-Bu—phenyl guani-

*ECsp-value for 41e was found from raw data, as 64 ug/mL afforded 53% cell survival.
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dine 41f. The low toxicity of 41e may be attributed to a generally low level
of biological activity, as also the MIC-values for 41e were moderate compared
to the other isoindoline guanidines in Table The toxicity of 41f on the
other hand deviated from the common observations made regarding lipophilic
character and toxicity, by displaying a 5-fold lowered toxicity compared to that
of the 4-z-Bu-phenyl variant (41d). The reason for the lowered toxicity of 41f
compared to the other active isoindolines is unknown, as it was somewhat coun-
terintuitive to what was expected when compared to other compounds. Due to
the high lipophilic bulk of 41f (ClogD = 3.11 at pH = 7.4), it was assumed to
display higher toxicity than the less lipophilic 41d. Since compounds with high
overall lipophilicity often display nonspecific toxic interactions (discussed in the
start of this section and in Section [1.3.1).183184 One possible explanation to the
observed toxicity could be that 41f precipitated out at high concentrations during
the assays, lowering the effective concentration of the compound and led to the
observed ECsy-value.

The high toxicity of the amines 40 in the HepG2-assay could, as previously
discussed, be attributed to the higher lipophilic character and lower polar sur-
face area of 40 compared to the guanidines 41. The difference in basicity may
also be a contributing factor, as the amines are assumed to be less basic than the
guanidines (as discussed in Section [2.1.2).217318

2.3.4 Conclusion

This section describes the synthesis of 20 dihydro pyrrolopyridine and isoin-
doline amphiphiles for antimicrobial evaluations. The four carbamate-protected
dihydro pyrrolopyridines 47a - 47d and the six carbamate-protected isoindolines
48a - 48f were prepared through [2+2+2] cycloaddition between 46 and 43/44 us-
ing a cobalt- (CpCo(CO),) or ruthenium-catalyst (Cp*RuCl(cod)) in 36-78% yields.
The remaining four carbamate-protected 48g - 48j were obtained through Suzuki
cross-coupling of 50 with aromatic boronic acids. The carbamate group was then
cleaved and a selected set of isoindolines were N-guanylated, affording the 20
target amphiphiles shown in Fig.
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tBu tBu
%NHZ" O
N NH,*
NH, tBu O N-« 2
41d 41f NHz
MIC: 2-8 pg/mL MIC S. agalacticae: 4 pg/mL
HepG2 ECsg: 12 pg/mL HepG2 ECsg: 64 pg/mL

Figure 2.13. The two most promising amphiphiles from Section Counterion: CI~.

The two most promising structures from the compounds presented in Section
are shown in Fig. together with some key biological data. The highly
active isoindoline guanidine 41d was assessed to be the most promising com-
pound for broad-spectrum antimicrobial activity. This 4-¢-Bu-phenyl guanidine
displayed low MIC-values between 2-4 ug/mL against Gram-positive bacteria and
4-8 ug/mL against Gram-negative bacteria. The other highlighted structure from
this set was the isoindoline 41f, as it displayed high selective activity against
S. agalacticae MIC 4 ug/mL). The somewhat lowered toxicity and high selective
activity of 41f gave a 16-fold increased potency against S. agalacticae over mam-
malian cells (HepG2). The high activity against S. agalacticae observed for 41f
followed the trend seen from Section where more lipophilic substrates were
shown to display hightened potency against S. agalacticae.
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2.4 Comparison of Best Candidates in the Library

As a final section in Chapter 2, the best candidates from Section [2.1]- [2.3| will
be compared on the basis of their antimicrobial activity and level of toxicity. The
best candidates taken from the conclusions of the different sections (22f and 28e
chosen from Fig. and the respective papers are shown in Table and
were selected as the current best candidates in the project on the basis of the
following criteria:

¢ Antimicrobial potency (broad- or narrow-spectrum activity).
¢ Toxicity (highly toxic compounds eliminated).

¢ Selectivity (antimicrobial efficacy compared to toxic effects).

The amphiphiles 6f, 22f, and 41d displayed high broad-spectrum antimicro-
bial activity and similar selectivity factors. Where the aliphatic 1,2,3-triazole 6f
was more potent against Gram-positive bacteria than the more polar amido 1,2,3-
triazole 22f, and the isoindoline 41d surpassed the activity of both the triazoles
against E. faecalis, S. aureus, and E. coli (Table[2.13). The three amphiphiles 6f,
22f, and 41d were also seen to display increased potency against Gram-negative
bacteria compared to the most promising aminobenzamide E23 (Fig. by
Igumnova et al.’8 Where all three were 2-fold more potent against P. aerugi-
nosa and the isoindoline guanidine 41d additionally was seen to be 2-fold more
potent against E. coli compared to E23. The increased potency seen against
Gram-negative bacteria for 6f, 22f, and 41d was, however, not observed against
Gram-positive bacteria, where E23 had a MIC-value of 1 ug/mL against S. au-
reus and 6f, 22f, and 41d were 2- to 4-fold less potent.

The three amphiphiles 6f, 22f, and 41d also showed increased or compara-
ble antimicrobial potency compared to the marine antimicrobial ianthelline (52,
Fig. [2.14), shown in Table The 1,2,3-triazoles 6f and 22f matched or sur-
passed the activity of the natural product 52 against all bacteria except against S.
aureus. They were also 2.5-fold more potent against S. aureus than synoxazolidi-
none A (53, Fig. [2.14). The isoindoline 41d on the other hand, displayed a 2- to
5-fold increased potency against three bacteria compared to the natural product
ianthelline (52), and matched the activity against S. aureus and P. aeruginosa.
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Table 2.13. Best candidates from Section - and data for antimicrobial amphiphiles
from published literature. Counterion: C1~.

Section 2.1:
Nz
C7H150@N - H
V\/\/N NH2+
6f H,oN
Section 2.2:
tBu
N
C7Hlso@Nl N H NH2+ /N‘\N
\%\N/N\/\ L N%}/H
5 H NH, B SNSN-NH;
22f 28e O (HCly1.3
Section 2.3: H,N
tBu tBu
9
O N_/<NH2 tBu b N—{NH;
41d 41f Z NH,
Antimicrobial activities [MIC] HepG2°
E. faecalis®*  S. aureus®  S. agalacticae® E. coli*  P. aeruginosa®  [ECs]
of 8 4 4 8 8 17.7
22f 16 4 8 8 8 23.8
28e 16 16 8 16 4 32-64
41d 4 2 4 4 8 12
41f b - 4 16 64 64
Refc 10 0.13 4 0.5 0.5 n.d.d
E23180 pre 1 n.r. 8 16 37"
51720 225 2.5 7.5 7.5 7,5 >1008
530153 qr 10 n.r. nr. n.r. n.r.
54170 3.1 n.r. 3.1 2.8 50f
55169 156 n.r. n.r. 3.12 6.25 85f
51168 2 n.r. 3 8 175f

2 S. aureus (ATCC 25923), E. faecalis (ATCC 29212), S. agalacticae (ATCC 12386),
P. aeruginosa (ATCC 27853), and E. coli (ATCC 25922).

b _": No activity at or below 64 ug/mL.

¢ Ref.: gentamicin.

4'n.d.: Not determined.

¢ n.r.: Not reported.

T Hemolytic activity: HCs.

& MRCS5 ECsy.
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ianthelline (52),7% synoxazolidinone A (53),173 54 by Ghosh et al.,’?% and
55 by Teng et al. 1% All structures shown in their charged state.
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The isoindoline guanidine 41d was furthermore seen to be more potent against
S. aureus than the lysine derivative 54 (Fig. presented by Ghosh et al.170
It should also be noted that, in addition to the high potency of 41d against S.
aureus, the MIC-values of 6f, 22f, and 41d against P. aeruginosa (6.25 ug/mL)
were just above that of Teng’s reduced acylated amide 55 (Fig. [2.14), and the
MIC-value of 41d against E. coli was just above that of 54 and 55 (4 vs. 3.1
ug/mL). 169170 The general lower level of activity of 6f, 22f, and 41d compared
to the lead compounds of Teng et al. (55) and Ghosh et al. (54) was somewhat
expected due to the lower degree of functionalization and complexity of the two
1,2,3-triazoles and the isoindoline guanidine (6f, 22f, and 41d).

The most promising isoindoline 41d was more potent in the antimicrobial
assays than the 1,2 3-triazoles 6f and 22f, but also more toxic against HepG2-
cells. The aliphatic 1,2,3-triazole 6f was in turn more toxic than the amido 1,2,3-
triazole 22f, but similarly to 41d, it was also more potent in the antimicrobial
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assays. The differences in potency and toxicity could possibly be attributed dif-
ference in lipophilicity, as estimated by the ClogD-values for 6f, 22f, and 41d
(shown in Table 2.14). Thus, 22f was calculated to be less lipophilic than 6f,
which furthermore had a lower ClogD than the isoindoline 41d. The elevated
toxicities of 6f, 22f, and 41d were also clear when compared to other amphiphilic
antimicrobials. Both the marine antimicrobial ianthelline (52, MRC5 ECsy >100
ug/mL) and Igumnova’s most promising aminobenzamide E23 (RBC ECsy 37
ug/mL) displayed reduced toxicity compared to 6f, 22f, and 41d.17218Y Addition-
ally, the antibiotic used as positive reference in the assays (gentamicin), showes
toxic activity against kidney epithelial cells at 1 mM concentration. This is a
substantially higher toxic threshold than the threshold observed for these three
amphiphiles. 337

Table 2.14. Selectivity factors and some calculated physicochemical properties for the best
candidates from the three papers (II, III, and IV).

Compound of 22f 28e 41d 41f
Selectivity factors? 22-44 15-60 20-160° 1.5-6.0 1.0-16.0
Avg. selectivity factor 3.1 3.3 - 3.3 7¢
pKa 12.1 11.9 9.67 11.8 11.5
ClogD (pH =7.4) 1.16 0.10 —1.22 1.56 3.11

2 HepG2 (ECsp) divided by antimicrobial MIC-values.
b Due to uncertain ECsq-value.
b Only active against three out of five bacteria.

The somewhat poor selectivity of 6f, 22f, and 41d (average selectivity fac-
tor: 3.1 for 6f and 3.3 for 22f and 41d, Table [2.14) could also possibly be ex-
plained by the presence of electron-rich aromatic rings, as these are more prone

338 Com-

to be oxidized in phase I metabolism than more electron-poor species.
pounds with electron-poor aromatic rings and the equivalent lipophilic contri-
bution should therefore be prepared to see if this could explain the observed
toxicity. However, as Hep2G-cells have been shown to give poor representations
of hepatic metabolism, the toxic effects may not come from site-specific toxicity
at all.®3? The enzymes usually responsible for most of the metabolism discussed
above are the cytochrome P450 enzymes, and work presented by Gerets et al.
shows that HepG2-cells display little cytochrome P450 activity when treated
with inducers.?3? Chasing specific mechanisms responsible for the observed tox-

icity based on the HepG2-assay may therefore prove to be a red herring. The
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working hypothesis is then considered to be that the compounds induced nonspe-

cific lipophilic toxicity (lysis) in the assay.193:184

One of the more interesting structures in the library aside from the
three discussed above, was the amido 1,2,3-triazole functionalized with tris(2-
aminoethyl)amine (28e). This amphiphile displayed high antimicrobial potency
against P. aeruginosa and had a relatively high ECsy-value (between 32 and
64 ug/mL) in the HepG2-assay, giving a selectivity factor between 8 and 16
towards P. aeruginosa (Table[2.14). The amine salt 28e was more potent against
P. aeruginosa (Table than both 55 by Teng et al. and LTX-109 (51) by the
group of Svendsen. 168169 Compared to the work by Ghosh et al., the potency was
lower for 28e compared to their best structure (54) against P. aeruginosa. The
toxicity profile of 28e against HepG2 was, on the other hand, also less optimal
when compared to the activity of these three compounds (51, 54, and 55) against
red blood cells, as shown in Table

Unfortunately, only two target compounds of 28 were prepared during the
project, so only the benzylic and phenylic 3,5-di-¢-Bu-groups have been evaluated
together with this cationic nitrogen group. This functionality must therefore be
investigated further due to the interesting biological effects seen for 28e. Ad-
ditionally, it is of interest to see the effect of one or two guanidine functional
groups on these compounds and see if the structures accept higher lipophilic con-
tributions without becoming too toxic. This rationale is based on the apparent
low lipophilic character of 28e (ClogD —1.22) compared to the other lead com-
pounds in Table as the low toxicity seen for 28e corresponded well with
the calculated distribution coefficient. The lowered toxicity from adding an ad-
ditional nitrogen group on the hydrophilic side could possibly also be used to
reduce the toxicity of the most promising compounds with only one lipophilic-
and hydrophilic group (e.g. 6f and 22f).

The last amphiphile shown in Table the 3,5-di-t-Bu—phenyl guanidine
41f, showed high selective potency against S. agalacticae, making it two-fold
more potent against this bacteria compared to ianthelline (52). It was particu-
larly interesting due to the seemingly low activity against HepG2-cells with an
ECsp-value of 64 ug/mL. The high potency and low toxicity led to a selectivity
factor of 16 for 41f against S. agalacticae (Table [2.14), making it into one of the
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more selective compounds in the library. The high lipophilicity of 41f together
with the high selective potency against S. agalacticae, corresponded well with the
tendency seen for the more lipophilic structures (e.g. 22k) in Section[2.2.2] These
compounds also displayed high potency against S. agalacticae. The low toxicity
of 41f on the other hand, contradicted the common tendency for the compounds
in the library, as more lipophilic compounds usually displayed higher toxicity
against HepG2-cells. It is therefore a possibility that something went awry in
the dose-response assay (e.g. precipitation, as discussed in Section [2.3.3), which
led to the observed activity.

2.4.1 Biological Activity Against other Targets

In a pursuit of obtaining more data for promising compounds in the library,
a selected set of structures were submitted to the "Community for Open Antimi-
crobial Drug Discovery" (CO-ADDY] This Australia-based organization provided
free screening against MRSA, E. coli, multidrug-resistant Klebsiella pneumo-
niae, P. aeruginosa, and Acinetobacter baumannii, in addition to the two species
of fungi Candida albicans and Cryptococcus neoformans. The two 4-heptyloxy-
phenyl triazoles 6f and 22f were among the 11 compounds submitted to CO-ADD,
and preliminary results from the single-concentration assays gave some interest-
ing data. The initial assays showed that 6f and 22f were active in all seven
assays at 32 ug/mL, including both MRSA and multidrug-resistant K. pneumo-
nia. Depending on the results from dose-response assays, this could be an in-
dication that the amphiphiles in the library giving activity against antibiotic-
susceptible bacteria also give efficacy against resistant strains. Unfortunately,
the dose-respsonse evaluations of these compounds were not completed in time
to be included in this dissertation.

*Funded by the Wellcome Trust (UK) and the University of Queensland (Australia).
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CHAPTER 3

CONCLUSION AND FURTHER
WORK

3.1 Summary

The main focus of the work conducted in this thesis has been to establish
synthetic routes for synthesis of amphiphilic target compounds based on a model
for small molecule amphiphilic antimicrobials. The goal was to prepare a high
number of target structures for biological evaluation, based on different scaffolds
and synthetic methodologies. Scaffold synthesis of 1,2,3-triazoles, isoindolines,
and fused pyridines (dihydro pyrrolopyridines) were important, in addition to
development of versatile N-functionalization routines in order to provide target
structures in high purity.

Paper I3% has not been given its own section in the thesis. It has how-
ever been a very important tool for providing most of the target guanidine am-
phiphiles in the project. This method paper describes the efficient preparation
of guanidines using a known reagent in refluxing acetonitrile. The target guani-
dine amphiphiles were obtained using these conditions in high purity with little
work-up.

Paper 11298 describes the synthesis and biological evaluation of 28 cationic
amphiphiles based on aliphatic amino 1,2,3-triazoles. The synthetic strategy pre-
sented in the paper is based mainly on subjecting phthalimide-protected alkynes
to CuAAC, followed by deprotection, N-functionalization by guanylation and re-
ductive amination. The most promising structure was found to be 6f with a
heptyl ether chain attached to the lipophilic benzene ring and a cationic guani-
dinium functionality as the cationic group.
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Paper IIT2%?

was a further investigation of the 1,2,3-triazole ring as a scaf-
fold for low molecular weight amphiphilic antimicrobials. The 29 target com-
pounds were prepared from CuAAC between an azide and methyl propiolate or
3-butynone, followed by subsequent amidation or iminoguanylation. In addition
to screening different lipophiles and hydrophiles, this paper also investigated
the effect of increasing the linker rigidity of on the hydrophilic side of the 1,2,3-
triazole skeleton. The most promising amphiphile for further development was
22f, which in turn was similar to the most promising structure (6f) from the se-

ries assessed in Paper II.

Paper IV227 describes the synthesis and biological evaluation of 20 dihydro
pyrrolopyridine and isoindoline amphiphiles. Of these 20 amphiphiles, 13 were
prepared through a route utilizing transition metal catalyzed [2+2+2] cycloaddi-
tion using a cobalt- and a ruthenium-catalyst. The remaining seven isoindolines
were prepared through a route utilizing Suzuki cross-coupling of carbamate pro-
tected 5-bromoisoindoline with aromatic boronic acids. After synthesis of the
core aromate, the pro-amphiphiles were deprotected and functionalized in the N-
position, affording 20 target amphiphiles for antimicrobial evaluation. The most
promising amphiphile from biological evaluation of this part of the library was
found to be the isoindoline 41d carrying a 4-t-Bu-group and a guanidine cationic
group. The antimicrobial potency was found to be higher than the potency of
the most promising 1,2,3-triazoles, however the increased cytotoxicity afforded
an average selectivity factor for 41d similar to that found for 22f.

In addition to the target compounds presented in the papers, an additional
23 amphiphiles have been prepared and evaluated, and are presented in the sec-
tions together with the target structures from the corresponding papers. Of the
structures not included in the papers/manuscripts, 28e was shown to be particu-
larly interesting with regards to the observed high potency against P. aeruginosa
and the lowered toxicity against HepG2-cells.
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3.2 Conclusion

Evaluation of the compound library so far has shown 41 compounds within
the different classes with antimicrobial activities in the tested range. Out of
these, 36 amphiphiles were considered unfit due to:

¢ Low antimicrobial activity: A portion of the compounds displayed only
moderate antimicrobial activity, and were therefore not evaluated further.

¢ Cytotoxicty: Most of the biologically active amines and iminoguanidines
displayed high cytotoxic activity against HepG2-cells.

¢ Selectivity: Poor selectivity between human cells and bacterial cells was
also an issue for many of the compounds displaying high toxicity.

After filtering out inactive and unacceptably toxic amphiphiles, the selection
consisting of the five compounds shown below were chosen as the lead structures
for further research in this compound library.

N+
A\ ,N:N
C7M1s0 N\M N C7H15OO-N — H NH;*
NYNHZ* N A

\/\N NH
H 2
of HzN 20f °
MIC: 4 - 8 ug/mL MIC: 4 - 16 pg/mL
HepG2 ECsq: 17.7 pg/mL HepG2 ECsgq: 23.8 pg/mL
tBu
Nz
N\%S]/H (HC|)1_3
AN
BU i NENNH: ),
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MIC P. aeruginosa: 4 pg/mL
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N— tBu 2
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NH,
41d 41f

MIC: 2 - 8 ug/mL MIC S. agalacticae: 4 ug/mL

HepG2 ECsgq: 14.2 pg/mL HepG2 ECsq: 64 pg/mL

Figure 3.1. Current lead structures. Counterion: Cl1~.
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3.3 Further Work

Based on the structures of the compounds chosen as current lead structures
in the library, there exist multiple ways to possibly enhance the activities of the
structures and address the recurring toxicity issues that have haunted the most
active compounds in the library. The 1,2,3-triazoles carrying one cationic group
and one lipophile (6f and 22f) may not be suited for drug development due to
their poor selectivity. However, as the synthetic routes have been established,
they can be used to gain a perspective of the relative potencies of different func-
tional groups.

The further optimization of the 1,2,3-triazole compounds should focus on op-
timization of their antimicrobial activity and reduction of their toxicity. One
possible way to do this is through further development of 28e, who displayed
high antimicrobial activity against P. aeruginosa and lowered toxicity compared
to the other active 1,2,3-triazoles. The first attempts at optimization should be
to install one or two guanidine groups on the amine groups of 28e (as shown in
Fig. [3.2), in order to see if this increases the antimicrobial potency and reduces
possible toxic effects. Furthermore, expanding this compound series with more
lipophilic groups would also be beneficial for the overall progress of the project.

YNHZ

HoN

_ /N:N
A
\/\N/\/NH2 —_— \/\N/\/
(0]

HN YNHz
\—. HN
\)\ﬂ/ H
NN N +
= lipophilic aromate

*H3N
Figure 3.2. Guanylation of 28 to 56 or 57.
One way to reduce the toxicity of the amphiphiles could be to increase the

number of lipophilic groups on the scaffold. Many of the heavily lipophilic groups
in this project contribute with electron donating effects to the aromatic group
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Figure 3.3. Strategy for preparation of 1,2,3-triazole amphiphiles with two lipophilic groups
from an aromatic aldehyde.

they are attached to, which also increases the reactivity of the ring. Having elec-
tron rich aromatic systems in biological systems is known to increase toxicity,
with hepatic toxicity as a particular concern.®3® Thus, by having two lipophilic
groups on the 1,2,3-triazole it could be possible to have the same net lipophilic
bulk with assumed less toxic lipophiles. A strategy for achieving this substitu-
tion pattern is shown in Fig. where the lipophilic azide is prepared from
an aromatic aldehyde through an Aldol condensation followed by reduction and
azidation.

Improvement of the pharmacological properties of the isoindoline-based am-
phiphiles (41d and 41f) could employ some of the same strategies presented for
the 1,2,3-triazoles. Increasing the polar surface area, in addition to introduction
of two hydrophilic groups analogously to the triazoles above, may therefore prove
to be beneficial for the selectivity. One way to prepare the amphiphiles 58 utiliz-
ing this strategy is amidation of indane esters 59 as shown in Fig. [3.4](1). The in-
dane 59 may be prepared through [2+2+2] cycloaddition between an di-alkylated
malonate and aromatic alkynes. Subsequent decarboxylation and esterification
will then yield 59. A different strategy for increasing the hydrophilic character
of the isoindolines could also be to couple the most potent isoindolines with polar
amino acids (e.g. arginine), as also seen in Fig. [3.4](2). This strategy can be ap-
plied using the already prepared isoindolines 49, since it can be peptide-coupled
to a protected arginine. The target amphiphile 60 will then be obtained from
N-deprotection of the peptide-coupling product.
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Figure 3.4. 1) Strategy for preparation of amphiphiles similar to isoindolines, with a larger
hydrophilic portion. 2) Strategy for coupling already prepared isoindolines to
polar cationic amino acids.
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CHAPTER 4

EXPERIMENTAL

4.1 Chemistry

This chapter covers experimental data regarding compounds not published in
any of the papers. The general experimental and analytical methods are the

same as described in Paper III.2%?

4.1.1 Synthesis of Benzylic Azides 11

Br Q N3 OH
PhO-P-OPh
Y N3 N NaN3 x
| N DBU, THF, ‘ b DMF, 50 °C | e
R 0°C-rt R R
R = 4-OCF3 11l R =4-OCF3 R = 3,5-dibromo
R = 2-CFs4 11m R =2-CFs

11h R = 3,5-dibromo

1-(Azidomethyl)-4-(trifluoromethoxy)benzene (111)

The preparation of 111 was carried out according to a published method, 2312 by
Martin Furru Vold as part of a student project. A suspension of 1-(bromomethyl)-
4-(trifluoromethoxy)benzene (4.62 g, 18.1 mmol) and NaNj3 (1.79 g, 27.5 mmol) in
DMF (50 mL) was heated to 50 °C for 2.5 h. The cooled reaction mixture was then
added Hy0 (25 mL) and extracted with Et,0 (3 x 20 mL). The combined organic
phases were washed with H,O (20 mL) and brine (20 mL), before it was dried
over MgSO,. Evaporation under reduced pressure afforded 111 as a pale yellow
oil (2.57 g, 11.8 mmol, 65%). 'H NMR analysis corresponded with previously
reported data for 111940 'H NMR (400 MHz, CDCl3) &: 7.39 (d, 2H, J = 8.5 Hz),
7.27 (d, 2H, J = 8.2 Hz), 4.40 (s, 2H).
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1-(Azidomethyl)-2-(trifluoromethyl)benzene (11m)

The preparation of 11m was carried out as described for 111 with 2-(trifluo-
romethyl)-benzylbromide (5.40 g, 22.6 mmol) by Kristine Olsen Strandheim, as
part of a student project. Affording 11m as a clear oil (3.83 g, 19.0 mmol, 84%).
'H NMR analysis corresponded with previously reported data for 11m.%4l 1H
NMR (400 MHz, CDCl3) &: 7.69 (d, 1H, J = 7.8 Hz), 7.62 - 7.53 (m, 2H), 7.44 (t,

1H, J = 7.2 Hz), 4.57 (s, 2H).

1-(Azidomethyl)-3,5-dibromobenzene (11h)

The preparation of 11h was carried out according to a procedure described by
Sharma et al.,?%® where (3,5-dibromophenyl)methanol (1.00 g, 3.76 mmol) in THF
(20 mL) was cooled down to 0 °C before DPPA (0.89 mL, 4.14 mmol) and DBU
(0.64 mL, 4.14 mmol) were added dropwise. The reaction mixture was then al-
lowed to reach rt and stirred for 28 h. Evaporation and purification of the residue
with flash column chromatography (pentane), afforded 11h as a clear oil (0.78 g,
2.70 mmol, 72%). 'H NMR analyses corresponded with previously reported data
for 11h.#42 1H NMR (400 MHz, CDCl;) &: 7.65 - 7.63 (m, 1H), 7.41 - 7.40 (m, 2H),
4.32 (s, 2H).

4.1.2 Synthesis of Phthalimido Triazoles 16 and 17

e CUSO, * 5H,0 N=n o
= i -N
= _ Sodium ascorbate R —
7\ N/\(v)n/ * RN Benzoic acid \)\V)/n\N VAR
— o t-BUOH/H,0 (1:2). rt S o
14 n=1 11 16 n=1
15 n=2 17 n=2
R | /ES
Br Br
tBu
n=1 169 16h 16i 16j
n=2 179 17h 17i 17

General Procedure for Synthesis of 16 and 17

The synthesis was carried out according to a procedure described by Shao et
al.?48 Where 14 or 15 (1.0 equiv) was added azide 11 (1.05 equiv), CuSO,-H,0
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(5 mol %, 1 M in Hy0), sodium ascorbate (10 mol %, 2 M in H,0), benzoic acid
(10% mol), and -BuOH/H,0 (2:1, 2 mL/mmol alkyne). The suspension was then
stirred for 5 - 50 h at rt before HyO (10 mL/mmol alkyne) was added, extracted
with DCM (3 x 10 mL/mmol alkyne), dried over MgSO,, and partially evaporated.
Crystallization of the partially evaporated mixture with pentane afforded 16 or
17 as solids in 60 - 89% yields.

2-(2-(1-(4-(tert-Butyl)benzyl)-1H-1,2,3-triazol-4-yl)ethyl)isoindoline-1,3-dione (16g)

The general procedure with 14 (0.200 g, 1.00 mmol) and 11g (0.200 g, 1.05 mmol)
at rt for 16 h afforded 16g as a white solid (0.341 g, 0.88 mmol, 87%, mp 140.0 -
141.0 °C). 'H NMR (400 MHz, CDCl3) §: 7.85 - 7.78 (m, 2H, Phth), 7.73 - 7.67 (m,
2H, Phth), 7.39 - 7.34 (m, 2H, Ph-3 and Ph-5), 7.31 (s, 1H, triazole-5), 7.18 - 7.13
(m, 2H, Ph-2 and Ph-6), 5.45 (s, 2H, Bn), 3.99 (t, 2H, J = 7.5 Hz, N-CH,), 3.11
(t, 2H, J = 7.5 Hz, CH,), 1.31 (s, 9H, ¢-Bu). 3C NMR (100 MHz, CDCl;) &: 168.1
(C=0), 151.7 (Ph-4), 144.6 (triazole-4), 133.9 (Phth), 132.1 (Phth), 131.8 (Ph-1),
127.7 (Ph-2 and Ph-6), 126.0 (Ph-3 and Ph-5), 123.3 (Phth), 121.3 (triazole-5),
53.8 (Bn), 37.5 (N-CH,), 34.6 (Cq-t-Bu), 31.3 (¢-Bu), 24.9 (CH,). IR (ATR): 2947
(w), 1709 (s), 1398 (m), 1102 (m), 1049 (m), 999 (m), 714 (s), 697 (s) cm~!. HRMS
(APCI/ASAP, m/z): 388.1893 (calcd. CogHg4N4O9, 388.1899 [M*]*).

2-(2-(1-(3,5-Dibromobenzyl)-1H-1,2,3-triazol-4-yl)ethyl)isoindoline-1,3-dione (16h)

The general procedure with 14 (0.254 g, 1.28 mmol) and 11h (0.390 g, 1.34 mmol)
for 24 h at rt and a different workup (filtration of the reaction mixture and wash-
ing the precipitate with water before crystallization), afforded 16h as a white
solid (0.459 g, 0.94 mmol, 74%, mp 161.9 - 164.4 °C). 'H NMR (400 MHz, CDCl;)
6: 7.85 - 7.78 (m, 2H), 7.74 - 7.67 (m, 2H), 7.64 (t, 1H, J = 1.7 Hz), 7.41 (s,
1H), 7.31 (d, 2H, J = 1.5 Hz), 5.42 (s, 2H), 4.01 (t, 2H, J = 7.1 Hz), 3.15 (t, 2H,
J = 7.0 Hz). 13C NMR (100 MHz, CDCl3) §: 168.1, 145.3, 138.5, 134.4, 134.0,
132.0, 129.5, 123.6, 123.3, 121.6, 52.6, 37.3, 24.9. 1H and *C NMR signals are
assigned similarly to 16g. IR (ATR): 1710 (s), 1397 (m), 1050 (w), 989 (w), 862
(w), 738 (m), 714 (s), 706 (m) cm~'. HRMS (APCI/ASAP, m/z): 488.9561 (calcd.
C19H15BrasN4O9, 488.9562 [M+H]™*).
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2-(2-(1-(Adamantan-1-yl)-1H-1,2,3-triazol-4-yl)ethyl)isoindoline-1,3-dione (16i)

The general procedure with 14 (0.195 g, 0.98 mmol) and 11i (0.200 g, 1.13 mmol)
for 18 h at rt afforded 16i as a white solid (0.263 g, 0.70 mmol, 71%, mp 168.4 -
170.0 °C). 'H NMR (400 MHz, CDCl;) §: 7.86 - 7.80 (m, 2H), 7.73 - 7.68 (m, 2H),
7.48 (s, 1H), 4.01 (t, 2H, J = 7.4 Hz), 3.14 (t, 2H, J = 7.5 Hz), 2.28 - 2.17 (m, 9H,
Ada), 1.84 - 1.73 (m, 6H, Ada). 13C NMR (100 MHz, CDCl;) §: 168.1, 143.2, 133.9,
132.1, 123.2, 117.8, 59.3, 43.0, 37.5, 35.9, 29.4, 25.0. 'H and 3C NMR signals
are assigned similarly to 16g. IR (ATR): 2908 (w), 1708 (s), 1393 (m), 1382 (m),
1010 (w), 714 (s) cm~'. HRMS (APCI/ASAP, m/z): 377.1973 (calcd. CooHa5N4O9,
377.1978 [M+H]*).

2-(2-(1-Heptyl-1H-1,2,3-triazol-4-yl)ethyl)isoindoline-1,3-dione (16j)

The general procedure with 14 (0.450 g, 2.26 mmol) and 11j (0.335 g, 2.37 mmol)
for 16 h at rt afforded 16j as a white solid (0.463 g, 1.36 mmol, 60%, mp 117.8 -
119.2 °C). 'H NMR (400 MHz, CDCl;) §: 7.85 - 7.80 (m, 2H), 7.72 - 7.68 (m, 2H),
7.39 (s, 1H), 4.31 (t, 2H, J = 7.2 Hz), 4.02 (t, 2H, J = 7.2 Hz), 3.15 (t, 2H, J = 7.5
Hz), 1.85 (p, 2H, J = 7.2 Hz), 1.33 - 1.20 (m, 8H), 0.88 (t, 3H, J = 7.2 Hz). 13C
NMR (100 MHz, CDCl3) &: 168.2, 144.2, 133.9, 132.1, 123.3, 121.1, 50.3, 37.5,
31.6, 30.3, 28.7, 26.4, 24.9, 22.5, 14.0. 'H and 13C NMR signals are assigned
similarly to 16g. IR (ATR): 2922 (w), 1712 (s), 1397 (m), 1366 (m), 992 (m),
868 (w), 719 (s) cm~'. HRMS (APCI/ASAP, m/z): 341.1975 (caled. C19Ho5N4Oq,
341.1978 [M+H]I*).

2-(3-(1-(4-(tert-Butyl)benzyl)-1H-1,2,3-triazol-4-yl)propyl)isoindoline-1,3-dione (17g)

The general procedure with 15 (0.175 g, 0.82 mmol) and 11g (0.190 g, 0.90 mmol)
for 50 h at rt afforded 17g as a white solid (0.293 g, 0.73 mmol, 89%, mp 114.0 -
116.0 °C). 'H NMR (400 MHz, CDCl;) &: 7.86 - 7.80 (m, 2H), 7.74 - 7.68 (m, 2H),
7.40 - 7.36 (m, 2H), 7.31 (s, 1H), 7.21 - 7.17 (m, 2H), 5.45 (s, 2H), 3.74 (t, 2H, J =
6.9 Hz), 2.75 (t, 2H, J = 7.6 Hz), 2.06 (p, 2H, J = 7.0 Hz), 1.31 (s, 9H). 3C NMR
(100 MHz, CDCI;) 6: 168.4, 151.7, 147.2, 133.9, 132.1, 131.9, 127.8, 126.0, 123.2,
120.9, 53.7, 37.3, 34.6, 31.3, 28.2, 23.1. 'H and ¥C NMR signals are assigned
similarly to 16g. IR (ATR): 2961 (w), 1712 (s), 1393 (s), 1354 (m), 1026 (m),
771 (m), 719 (s) cm~!. HRMS (APCI/ASAP, m/z): 405.2055 (caled. 024H26N402,
402.2056 [M*T*).
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2-(3-(1-(3,5-Dibromobenzyl)-1H-1,2,3-triazol-4-yl)propyl)isoindoline-1,3-dione (17h)

The general procedure with 15 (0.346 g, 1.62 mmol) and 11h (0.500 g, 1.70 mmol)
for 21 h at rt and a different workup (filtration of the reaction mixture after water
addition, then dissolved in DCM, dried and evaporated), afforded 17h as a white
solid (0.662 g, 1.32 mmol, 81%, mp 162.4 - 164.0 °C). 'H NMR (400 MHz, CDCl;)
S: 7.87 - 7.82 (m, 2H), 7.75 - 7.70 (m, 2H), 7.64 (t, 1H, J = 1.8 Hz), 7.42 (s, 1H),
7.33 (d, 2H, J = 1.8 Hz), 5.43 (s, 2H), 3.75 (t, 2H, J = 6.6 Hz), 2.78 (t, 2H, J = 7.3
Hz), 2.09 (p, 2H, J = 7.3 Hz). 3C NMR (100 MHz, CDCl5) &: 168.4, 147.7, 138.6,
134.4, 134.0, 132.1, 129.6, 123.6, 123.2, 121.2, 52.6, 37.2, 28.0, 23.0. 'H and 3C
NMR signals are assigned similarly to 16g. IR (ATR): 1698 (s), 1395 (s), 1360
(w), 719 (s) cm~!. HRMS (APCI/ASAP, m/z): 502.9716 (calcd. CgoH17BraN4Oq,
502.9718 [M+H]*).

2-(3-(1-(Adamantan-1-yl)-1H-1,2,3-triazol-4-yl)propyl)isoindoline-1,3-dione (17i)

The general procedure with 15 (0.300 g, 1.41 mmol) and 11i (0.262 g, 1.48 mmol)
for 27 h at rt and addition of additional 0.03 equiv 11i after 24 h, afforded 17i as
an off-white solid (0.445 g, 1.14 mmol, 81%, mp 145.8 - 149.7 °C). 'H NMR (400
MHz, CDCl;) 6: 7.88 - 7.82 (m, 2H), 7.75 - 7.68 (m, 2H), 7.50 (bs, 1H), 3.76 (t, 2H,
J = 6.8 Hz), 2.78 (t, 2H, JJ = 7.5 Hz), 2.28 - 2.19 (m, 9H), 2.09 (p, 2H, J = 7.2 Hz),
1.84 - 1.73 (m, 6H). '3C NMR (100 MHz, CDCl;) §: 168.4, 147.3, 133.9, 132.1,
123.2, 118.5, 59.2, 43.0, 37.4, 36.0, 29.5, 28.2, 23.2. 'H and 3C NMR signals are
assigned similarly to 16g. IR (ATR): 2909 (w), 1704 (s), 1396 (s), 1357 (w), 713 (s)
cm~!. HRMS (APCI/ASAP, m/z): 390.2056 (calcd. Co3HaN4O9, 390.2056 [M*]*).

2-(3-(1-Heptyl-1H-1,2,3-triazol-4-yl)propyl)isoindoline-1,3-dione (17j)

The general procedure with 15 (0.300 g, 1.41 mmol) and 11j (0.213 g, 1.48 mmol)
for 5 h at rt afforded 17j as an off-white solid (0.390 g, 1.10 mmol, 78%, mp 63.8
- 65.8 °C). 'TH NMR (400 MHz, CDCI3) &: 7.88 - 7.80 (m, 2H), 7.77 - 7.68 (m, 2H),
7.42 (s, 1H), 4.30 (t, 2H, J = 6.7 Hz), 3.75 (t, 2H, J = 7.1 Hz), 2.78 (t, 2H, J = 7.4
Hz), 2.09 (p, 2H, J = 6.7 Hz), 1.88 (p, 2H, J = 6.4 Hz), 1.38 - 1.19 (m, 8H), 0.92
- 0.83 (m, 3H). 13C NMR (100 MHz, CDCl;) &: 168.5, 146.7, 134.0, 132.1, 123.2,
120.8, 50.3, 37.3, 31.6, 30.3, 28.7, 28.2, 26.5, 23.0, 22.5, 14.0. 1H and *C NMR
signals are assigned similarly to 16g. IR (ATR): 2933 (w), 1698 (s), 1400 (m),
1366 (m), 1018 (m), 891 (w), 717 (s) ecm~!. HRMS (APCI/ASAP, m/z): 355.2130
(calcd. Cz()H27N402, 355.2134 [M+H]+).
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4.1.3 Synthesis of Amino Triazoles 18/19 and Their HCl-salts 1/4

N=N o
{ N=N N=N
R-N P . , 0 /
Hydrazine hydrate -N HCI (37%, aq) N
\)\M/n\% Toluene, reflux R \)WNHZ R \)\M?NHJCT
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n=1 189 18h 18i 18
n=2 199 - 19i 19
n=1 1g 1h 1i 1
n=2 4g - 4 4

General Procedure for Synthesis of 18/19 and Their HCl-salts 1/4

The synthesis was carried out according to a known procedure, 3123431344/t which
16 or 17 in toluene (10 mL/mmol 16 or 17) was added hydrazine hydrate (64 -
65%, 5 equiv) and refluxed for 2 - 48 h, with additional hydrazine hydrate added
throughout the reaction (64-65%, 1-2 equiv). The warm reaction mixture was
then filtered and evaporated, affording 18 or 19 in 32 - 98% yields. The free
amines 18 and 19 were then turned into their corresponding HCl-salts with ad-
dition of HCI (0.1 - 0.5 mL, 37% aq) to the amine (25 - 80 mg) in MeCN (2-5 mL).
Evaporation of volatiles afforded 1 and 4 as white solids in 55 - 100% yield.

2-(1-(4-(tert-Butyl)benzyl)-1H-1,2,3-triazol-4-yl)ethan-1-amine (18g) and
2-(1-(4-(tert-butyl)benzyl)-1H-1,2,3-triazol-4-yl)ethan-1-aminium chloride (1g)

The general procedure with 16g (0.328 g, 0.84 mmol), 7 h reflux, and additional
hydrazine hydrate (0.100 mL) added after 5 h (total: 0.414 mL, 5.61 mmol), af-
forded 18g as a slightly yellow oil (0.212 g, 0.82 mmol, 93%). 'H NMR (400 MHz,
CDCl3) 6: 7.40 - 7.37 (m, 2H, Ph), 7.26 (s, 1H, triazole-5), 7.22 - 7.19 (m, 2H, Ph),
5.46 (s, 2H, Bn), 3.01 (t, 2H, J = 6.5 Hz, N-CH,), 2.82 (t, 2H, J = 6.6 Hz, CH,),
1.31 (s, 9H, ¢-Bu).

The general procedure for converting 18g (50 mg, 0.19 mmol) into its HCl-salt
afforded 1g as a white solid (55 mg, 0.19 mmol, quant., mp 188.9 - 191.0 °C).
HPLC (MeOH/H,O0, 5:3 + 0.1% TFA, 0.75 mL/min, A = 214 nm): {g = 6.2 min,
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99% pure. 'H NMR (600 MHz, DMSO-dg) &: 8.15 (bs, 3H, NH3*), 8.05 (s, 1H,
triazole-5), 7.40 - 7.36 (m, 2H, Ph), 7.27 - 7.22 (m, 2H, Ph), 5.51 (s, 2H, Bn), 3.10
- 3.03 (m, 2H, N-CH,), 2.96 (t, 2H, J = 7.2 Hz, CH,), 1.25 (s, 9H, ¢-Bu). 1*C NMR
(150 MHz, DMSO-dg) 6: 150.6 (Ph-4), 142.9 (triazole-4), 133.1 (Ph-1), 127.8 (Ph-3
and Ph-5), 125.5 (Ph-2 and Ph-6), 122.9 (triazole-5), 52.5 (Bn), 38.1 (N-CH,), 34.3
(Cqg-¢-Bu), 31.1 (+-Bu), 23.3 (CH,). IR (ATR): 2962 (m), 1606 (m), 1150 (m), 1059
(s), 700 (s) cm~'. HRMS (APCI/ASAP, m/z): 259.1921 (caled. C15Ho3Ny, 259.1921
[M-CI]*).

2-(1-(3,5-Dibromobenzyl)-1H-1,2,3-triazol-4-yl)ethan-1-amine (18h) and
2-(1-(3,5-dibromobenzyl)-1H-1,2,3-triazol-4-yl)ethan-1-aminium chloride (1h)

The general procedure with 16h (0.460 g, 0.94 mmol), hydrazine hydrate (0.350
mL, 4.69 mmol, 64-65%), and 2 h reflux, afforded 18h as a light yellow oil (0.286
g, 0.80 mmol, 85%). 'H NMR (400 MHz, CDCl3) &: 7.65 (s, 1H), 7.37 - 7.31 (m,
3H), 5.44 (s, 2H), 3.04 (t, 2H, J = 6.4 Hz), 2.85 (t, 2H, J = 6.4 Hz).

The general procedure for converting 18h (80 mg, 0.22 mmol) into its HCl-salt
with HC1 (0.5 mL, 6.1 mmol, 37% aq) in MeCN (1 mL), followed by filtration and
drying afforded 1h as a white solid (48 mg, 0.12 mmol, 55%, mp 194.7 - 201.5
°C). HPLC (MeOH/H,,0, 5:3 + 0.1% TFA, 0.75 mL/min, A = 214 nm): tg = 5.3 min,
97% pure. 'H NMR (400 MHz, MeOD-dy) §: 7.98 (s, 1H), 7.73 (s, 1H), 7.53 (s,
2H), 5.60 (s, 2H), 3.28 (t, 2H, J = 7.1 Hz), 3.08 (t, 2H, J = 7.3 Hz). 3C NMR (100
MHz, MeOD-dy) &: 144.9, 141.0, 135.3, 131.4, 124.7, 124.5, 53.6, 40.1, 24.5. 'H
and 13C NMR signals are assigned similarly to 18g and 1g. IR (ATR): 2899 (m),
2371 (m), 1900 (m), 1560 (s), 1427 (s), 859 (s), 743 (s) cm~'. HRMS (APCI/ASAP,
m/z): 358.9509 (caled. C11H13BroNy, 358.9507 [M-CI1]%).

2-(1-(Adamantan-1-yl)-1H-1,2,3-triazol-4-yl)ethan-1-amine (18i) and
2-(1-(adamantan-1-yl)-1H-1,2,3-triazol-4-yl)ethan-1-aminium chloride (1i)

The general procedure with 16i (0.494 g, 1.31 mmol), 8 h reflux, and additional
hydrazine hydrate (0.1 mL) added after 6 h (total: 0.590 mL, 7.9 mmol, 64-65%),
afforded 18i as a lightly yellow oil (0.268 g, 1.09 mmol, 83%). 'H NMR (400 MHz,
CDCl3) &: 7.40 (s, 1H), 3.03 (t, 2H, J = 6.7 Hz), 2.84 (t, 2H, J = 6.7 Hz), 2.28 - 2.20
(m, 9H), 1.84 - 1.75 (m, 6H).

The general procedure for converting 18i (50 mg, 0.20 mmol) into its HCl-salt
with HC1 (0.100 mL, 1.22 mmol, 37% aq) in MeCN (2 mL) afforded 1i as a white
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solid (57 mg, 0.20 mmol, quant., mp >176 °C decomp.). HPLC (MeOH/H,0, 5:3
+ 0.1% TFA, 0.75 mL/min, A = 214 nm): tg = 4.7 min, 95% pure. 'H NMR (600
MHz, DMSO-dg) 6: 8.10 (s, 1H), 8.08 (bs, 3H), 3.13 - 3.05 (m, 2H), 2.95 (t, 2H, J =
7.5 Hz), 2.21 - 2.13 (m, 9H), 1.77 - 1.70 (m, 6H). 13C NMR (150 MHz, DMSO-dg)
5: 141.9, 119.4, 58.8, 42.3, 38.2, 35.3, 28.9, 23.4. 'H and *C NMR signals are
assigned similarly to 18g and 1g. IR (ATR): 2911 (s), 2887 (s), 2849 (m), 1914 (w),
1513 (m), 1457 (m), 1328 (s), 1172 (s), 1101 (s), 1044 (s), 1016 (s), 903 (s), 685 (s)
cm~'. HRMS (APCI/ASAP, m/z): 247.1921 (caled. C14Ha3Ny, 247.1923 [M-CI]*).

2-(1-Heptyl-1H-1,2,3-triazol-4-yl)ethan-1-amine (18j) and
2-(1-heptyl-1H-1,2,3-triazol-4-yl)ethan-1-aminium chloride (1j)

The general procedure with 16j (0.529 g, 1.55 mmol), 5 h reflux, and additional
hydrazine hydrate (0.12 mL) added after 4 h (total: 0.700 mL, 9.38 mmol, 64-
65%), afforded 18j as an off-white wax (0.319 g, 1.52 mmol, 98%). 'H NMR (400
MHz, CDCl3) é: 7.33 (s, 1H), 4.31 (t, 2H, J = 7.0 Hz), 3.04 (t, 2H, J = 6.5 Hz), 2.85
(t, 2H, J = 6.5 Hz), 1.95 - 1.83 (m, 2H), 1.40 - 1.21 (m, 8H), 0.92 - 0.83 (m, 3H).
The general procedure for converting 18j (45 mg, 0.21 mmol) into its HCl-salt
with HC1 (0.100 mL, 1.22 mmol, 37% aq) in MeCN (2 mL) afforded 1j as a white
solid (53 mg, 0.21 mmol, quant., mp 150.3 - 153.3 °C). HPLC (MeOH/H,0, 5:3
+ 0.1% TFA, 0.75 mL/min, A = 214 nm): tg = 5.0 min, 96% pure. 'H NMR (600
MHz, DMSO-dg) &: 8.16 (bs, 3H), 8.01 (s, 1H), 4.31 (t, 2H, J = 7.5 Hz), 3.11 -
3.03 (m, 2H), 2.96 (t, 2H, J = 7.5 Hz), 1.79 (p, 2H, J = 7.4Hz), 1.33 - 1.19 (m,
8H), 0.86 (t, 3H, J = 7.2Hz). 3C NMR (150 MHz, DMSO-dg) &: 142.4, 122.6,
49.3, 38.2, 31.1, 29.7, 28.0, 25.8, 23.3, 22.0, 13.9. 'H and '*C NMR signals are
assigned similarly to 18g and 1g. IR (ATR): 2952 (m), 2919 (s), 2851 (m), 2368
(m), 1885 (m), 1495 (s), 1467 (m), 1437 (m), 1154 (s), 1057 (s), 1022 (s), 961 (m)
cm~!. HRMS (APCI/ASAP, m/z): 211.1919 (caled. C11Hg3Ny, 211.1923 [M-C11*).

3-(1-(4-(tert-Butyl)benzyl)-1H-1,2,3-triazol-4-yl)propan-1-amine (19g) and
3-(1-(4-(tert-butyl)benzyl)-1H-1,2,3-triazol-4-yl)propan-1-aminium chloride (4g)

The general procedure with 17g (0.114 g, 0.28 mmol), hydrazine hydrate added
throughout the reaction (total: 0.42 mL, 5.66 mmol, 64-65%), and 50 h reflux,
afforded 19g as a yellow oil in mixture with 17g and toluene (98 mg, 50% wt. est.
from 'H NMR, 0.18 mmol, 65%). 1H NMR (400 MHz, CDCl;) §: 7.42 - 7.39 (m,
2H), 7.28 (s, 1H), 7.23 - 7.21 (m, 2H), 5.47 (s, 2H), 8.81 - 2.73 (m, 4H), 1.83 (p, 2H,
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J =7.4 Hz), 1.33 (s, 9H).

The general procedure was used for converting 19g (0.100 g, 0.18 mmol, 50%
wt.) into its HCl-salt with HCI (0.300 mL, 3.66 mmol, 37% aq) in MeCN (3 mL),
where the suspension after HCl-addition was heated up and filtered. The filtrate
was then evaporated, and careful washing of the evaporated filtrate afforded 4g
as a lightly yellow solid (40 mg, 0.13 mmol, 71%, mp 216.0 - 219.2 °C). HPLC
(MeOH/H,0, 5:3 + 0.1% TFA, 0.75 mL/min, A = 214 nm): {g = 6.7 min, 98% pure.
'H NMR (600 MHz, DMSO-dg) &: 8.12 (bs, 3H), 7.96 (s, 1H), 7.40 - 7.35 (m, 2H),
7.25 - 7.20 (m, 2H), 5.50 (s, 2H), 2.84 - 2.76 (m, 2H), 2.69 (t, 2H, J = 7.6 Hz), 1.89
(p, 2H, J = 7.6 Hz), 1.25 (s, 9H). 13C NMR (150 MHz, DMSO-dg) &: 150.6, 145.9,
133.2, 127.7, 125.5, 122.3, 52.5, 38.3, 34.3, 31.1, 26.7, 22.0. 'H and *C NMR
signals are assigned similarly to 18g and 1g. IR (ATR): 2964 (s), 2859 (s), 1617
(s), 1523 (m), 1150 (m), 1016 (s), 832 (s), 686 (s) cm~'. HRMS (APCI/ASAP, m/z):
273.2079 (caled. C16Ha5Ny, 273.2076 [M-C1]*).

3-(1-(Adamantan-1-yl)-1H-1,2,3-triazol-4-yl)propan-1-amine (19i) and
3-(1-(adamantan-1-yl)-1H-1,2,3-triazol-4-yl)propan-1-aminium chloride (4i)

The general procedure with 17i (0.447 g, 1.13 mmol), hydrazine hydrate (0.422
mL, 5.67 mmol), and 9 h reflux, followed by purification of the crude with flash
column chromatography (CHCl3/MeOH/TEA 80:20:1) afforded 19i as an orange
0il (0.193 g, 0.74 mmol, 65%). 'H NMR (400 MHz, CDCl;) &: 7.42 (s, 1H), 4.10
(bs, 2H), 2.91 (t, 2H, J = 7.0), 2.81 (t, 2H, J = 7.0), 2.28 - 2.18 (m, 9H), 1.97 (p,
2H, J =17.0), 1.84 - 1.73 (m, 6H).

The general procedure for converting 19i (25 mg, 0.10 mmol) into its HCl-salt
with HCI (0.1 mL, 1.22 mmol, 37%) in MeCN (0.5 mL), afforded 4i as a white wax
(28 mg, 0.10 mmol, quant.). HPLC (MeOH/H, 0, 5:3 + 0.1% TFA, 0.75 mL/min, A
=214 nm): tg = 5.1 min, 97% pure. ' H NMR (400 MHz, MeOD-d,) &: 8.58 (s, 1H),
3.05 (t, 2H, J = 8.1 Hz), 2.98 (t, 2H, J = 7.5 Hz), 2.35 - 2.27 (m, 9H), 2.11 (t, 2H,
J = 8.1Hz), 1.93 - 1.80 (m, 6H). 13C NMR (100 MHz, MeOD-d,) §: 144.5, 124.0,
65.2, 43.5, 40.0, 36.7, 31.2, 27.4, 22.1. 'H and 13C NMR signals are assigned
similarly to 18g and 1g. IR (ATR): 2906 (s), 2848 (s), 1608 (w), 1454 (m), 1303
(w), 1149 (s), 1016 (s), 840 (m) cm~!. HRMS (APCI/ASAP, m/z): 261.2080 (calcd.
C15Ha5Ny, 261.2079 [M-C1]%).
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3-(1-Heptyl-1H-1,2,3-triazol-4-yl)propan-1-amine (19j) and
3-(1-heptyl-1H-1,2,3-triazol-4-yl)propan-1-aminium chloride (4j)

The procedure for 19i with 17j (0.370 g, 1.04 mmol), hydrazine hydrate (1.167
mL, 15.67 mmol, 64-65%, added at the start, after 3 h, and 6 h of reflux), and 8 h
reflux, afforded 19j as a white wax (76 mg, 0.34 mmol, 32%). 'H NMR (400 MHz,
CDCl3) &: 7.27 (s, 1H), 4.30 (t, 2H, J = 7.2 Hz), 2.78 (t, 2H, J = 6.7 Hz), 1.93 - 1.78
(m, 6H), 1.36 - 1.19 (m, 8H), 0.91 - 0.84 (m, 3H).

The general procedure for converting 19j (26 mg, 0.12 mmol) into its HCl-salt
with HC1 (0.100 mL, 1.22 mmol, 37% aq) in MeCN (2 mL) afforded 4j as a white
solid (30 mg, 0.12 mmol, quant., mp >122 °C decomp.). HPLC (MeOH/H, 0, 5:3
+ 0.1% TFA, 0.75 mL/min, A = 214 nm): ¢tg = 5.4 min, 97% pure. 1H NMR (600
MHz, DMSO-dg) 8: 8.01 (bs, 3H), 7.90 (s, 1H), 4.29 (t, 2H, J = 7.1 Hz), 2.85 - 2.78
(m, 2H), 2.69 (t, 2H, J = 7.7 Hz), 1.89 (p, 2H, J = 7.7 Hz), 1.78 (p, 2H, J = 7.1 Hz),
1.32 - 1.16 (m, 8H), 0.85 (t, 3H, J = 7.1 Hz). 3C NMR (150 MHz, DMSO-ds) &:
145.4,121.9, 49.2, 38.3, 31.1, 29.7, 28.0, 26.8, 25.8, 22.0, 21.96, 13.9. 'H and 13C
NMR signals are assigned similarly to 18g and 1g. IR (ATR): 2918 (s), 1616 (m),
1465 (m), 1146 (m), 1122 (s), 970 (s), 725 (m), 682 (m) cm~'. HRMS (APCI/ASAP,
m/z): 225.2076 (caled. C19Hgo5Ny, 225.2079 [M-CI1]*).

4.1.4 Synthesis of Guanidinium Triazoles 3 and 6
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General Procedure for Synthesis of 3 and 6

The synthesis was carried out according to a modified®? procedure described
by Bernatowicz et al.,31° where 20 (0.9 - 1.0 equiv) was added to 18 or 19 in
MeCN (10 mL/mmol 18 or 19) and refluxed for 2 - 6 h. Various crystallization
routines afforded 3 and 6 in 28 - 91% yields.

Amino((2-(1-(4-(tert-butyl)benzyl)-1H-1,2,3-triazol-4-yl)ethyl)amino)-
methaniminium chloride (3g)

The general procedure with 18g (0.051 g, 0.197 mmol), 20 (29 mg, 0.197 mmol),
and 2 h reflux, was followed by crystallization of the reaction mixture by cooling
it to 5 °C. The isolated precipitate was then washed with Et,0 and dried under
reduced pressure, affording 3g as an off-white wax (26 mg, 0.08 mmol, 40%).
HPLC (MeOH/H,O0, 5:3 + 0.1% TFA, 0.75 mL/min, A = 214 nm): {g = 6.8 min,
95% pure. '"H NMR (600 MHz, DMSO-dg) &: 7.98 (s, 1H, triazole-5), 7.21 (s, 1H,
NH), 7.42 - 7.35 (m, 2H, Ph), 7.29 - 7.19 (m, 2H, Ph), 5.52 (s, 2H, Bn), 3.40 (q,
2H, J = 5.4 Hz, NH-CH,), 2.83 (t, 2H, J = 7.4 Hz, CH,), 1.25 (s, 9H, ¢-Bu). 13C
NMR (150 MHz, DMSO-dg) 8: 156.9 (guanidine), 150.6 (Ph-4), 143.8 (triazole-4),
133.1 (Ph-1), 127.7 (Ph-3 and Ph-5), 125.5 (Ph-2 and Ph-6), 122.8 (triazole-5), 52.4
(Bn), 40.2 (NH-CH,), 34.3 (Cq-t-Bu), 31.0 (¢-Bu), 25.0 (CH,). IR (ATR): 3135 (m),
2962 (m), 1645 (s) cm~!. HRMS (APCI/ASAP, m/z): 301.2141 (caled. ClGH25N6,
301.2141 [M-C1]%).

Amino((2-(1-(3,5-dibromobenzyl)-1H-1,2,3-triazol-4-yl)ethyl)amino)-
methaniminium chloride (3h)

The general procedure with 18h (0.100 g, 0.28 mmol), 20 (36 mg, 0.25 mmol),
and 2 h reflux, was followed by crystallization of the reaction mixture by cooling
it to 5 °C. The precipitated crude was crystallized in MeOH/Et,0, washed with
DCM and dried under reduced pressure, affording 3h as an off-white solid (70
mg, 0.16 mmol, 57%, mp 185.2 - 186.8 °C). HPLC (MeOH/H,0, 5:3 + 0.1% TFA,
0.75 mL/min, A = 214 nm): tg = 5.6 min, 95% pure. 1'H NMR (400 MHz, MeOD-d4)
8: 7.92 (s, 1H), 7.72 (s, 1H), 7.50 (s, 2H), 5.58 (s, 2H), 3.51 (t, 2H, J = 7.1 Hz), 2.99
(t, 2H, J = 6.8 Hz). 13C NMR (100 MHz, MeOD-d4) &: 158.8, 146.0, 141.2, 135.3,
131.3, 124.5, 124.47, 53.5, 42.0, 26.2. 1H and !3C NMR signals are assigned
similarly to 3g. IR (ATR): 3057 (w), 1660 (s), 1423 (m), 1163 (w), 1066 (w), 841
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(m), 730 (s) cm~!. HRMS (APCI/ASAP, m/z): 400.9721 (caled. C12H15BroNg,
400.9719 [M-CI11*).

((2-(1-(Adamantan-1-yl)-1H-1,2,3-triazol-4-yl)ethyl)amino)-
methaniminium chloride (3i)

The general procedure with 18i (50 mg, 0.20 mmol), 20 (29 mg, 0.20 mmol), and
5 h reflux, was followed by crystallization of the reaction mixture by cooling it
to 5 °C. The precipitated crude was washed with Et,0O and DCM, before it was
recrystallized in MeCN/H,O (99:1) and warm filtered. Affording 3i as a white
solid (32 mg, 0.10 mmol, 48%, mp 100.1 - 106.0 °C). HPLC (MeOH/H,0, 5:3 +
0.1% TFA, 0.75 mL/min, A = 214 nm): ¢g = 5.1 min, 96% pure. 'H NMR (600
MHz, DMSO-dg) 6: 8.06 (s, 1H), 7.76 (t, 1H, J = 5.2 Hz), 3.43 (q, 2H, J = 6.9 Hz),
2.83 (t, 2H, J = 6.9 Hz), 2.20 - 2.12 (m, 9H), 1.77 - 1.70 (m, 6H). 3C NMR (150
MHz, DMSO-dg) &: 157.0, 142.8, 119.3, 58.7, 42.3, 40.3, 35.3, 28.9, 25.1. 'H and
13C NMR signals are assigned similarly to 3g. IR (ATR): 3324 (m), 3122 (m), 2906
(s), 1686 (m), 1647 (s), 1624 (s), 1064 (m), 1012 (m) cm~'. HRMS (APCI/ASAP,
m/z): 289.2139 (caled. C15Ho5Ng, 289.2141 [M-CIJ*).

Amino((2-(1-heptyl-1H-1,2,3-triazol-4-yl)ethyl)amino)methaniminium chloride (3j)

The general procedure with 18j (53 mg, 0.25 mmol), 20 (36 mg, 0.246 mmol),
and 4 h reflux, was followed by partial evaporation, filtration and washing of the
precipitate with Et,O. Affording 3j as a yellow wax (63 mg, 0.22 mmol, 91%).
HPLC (MeOH/H,0, 5:3 + 0.1% TFA, 0.75 mL/min, A = 214 nm): ¢{g = 5.4 min,
97% pure. '"H NMR (600 MHz, DMSO-ds) &: 7.92 (s, 1H), 7.54 (t, 1H, J = 5.6 Hz),
4.31 (t, 2H, J = 7.1 Hz), 3.42 (q, 2H, J = 5.7 Hz), 2.84 (t, 2H, J = 6.9 Hz), 1.78
(p, 2H, J = 7.6 Hz), 1.32 - 1.18 (m, 8H), 0.85 (t, 3H, J = 7.4 Hz). 3C NMR (150
MHz, DMSO-dg) 6: 156.8, 143.3, 122.5, 49.2, 40.3, 31.1, 29.7, 28.0, 25.8, 24.9,
22.0, 13.9. 'H and ¥C NMR signals are assigned similarly to 3g. IR (ATR): 3392
(m), 3163 (m), 1677 (s), 1644 (s), 1626 (s), 1466 (w), 1223 (w), 1060 (w), 1040 (w),
654 (s) cm~'. HRMS (APCI/ASAP, m/z): 253.2139 (calcd. C19Hg5Ng, 289.2141
[M-CI]%).
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Amino((3-(1-(4-(tert-butyl)benzyl)-1H-1,2,3-triazol-4-yl)propyl)amino)-
methaniminium chloride (6g)

The general procedure with 19g (0.070 g, 0.26 mmol), 20 (36 mg, 0.24 mmol), and
4 h reflux, was followed by crystallization of the reaction mixture with Et;O. The
precipitated crude was then recrystallized in MeCN and dried, affording 6g as
a white solid (25 mg, 0.07 mmol, 29%, mp 166.1 - 169.0 °C). HPLC (MeOH/H, 0,
5:3 + 0.1% TFA, 0.75 mL/min, A = 214 nm): tg = 7.8 min, 95% pure. 'H NMR
(600 MHz, MeOD-d4) 8: 7.75 (s, 1H), 7.44 - 7.39 (m, 2H), 7.28 - 7.23 (m, 2H), 5.52
(s, 2H), 3.23 (t, 2H, J = 7.2 Hz), 2.75 (t, 2H, J = 7.7 Hz), 1.93 (p, 2H, J = 6.9
Hz), 1.30 (s, 9H). 13C NMR (150 MHz, MeOD-dy) §: 158.9, 153.0, 148.3, 134.0,
129.1,127.1, 123.5, 54.8,41.9, 35.6, 31.8, 29.7, 23.3. 'H and '3C NMR signals are
assigned similarly to 3g. IR (ATR): 3291 (w), 3122 (w), 2953 (w), 1673 (s), 1641
(s), 1615 (s), 781 (m) cm 1. HRMS (APCI/ASAP, m/z): 315.2294 (caled. C17Ho7NG,
315.2297 [M-C1]%).

Amino((3-(1-heptyl-1H-1,2,3-triazol-4-yl)propyl)amino)methaniminium chloride (6j)

The general procedure with 19j (48 mg, 0.21 mmol), 20 (31 mg, 0.21 mmol), and
5 h reflux, was followed by crystallization of the reaction mixture by cooling it to
5 °C. The isolated precipitate was then washed with Et,O and DCM, and dried
under reduced pressure. Affording 6j as an off-white solid (32 mg, 0.11 mmol,
50%, mp 114.9 - 116.3 °C). HPLC (MeOH/H,0, 5:3 + 0.1% TFA, 0.75 mL/min, A
=214 nm): tg = 6.0 min, 96% pure. 'H NMR (600 MHz, MeOD-dy) &: 7.79 (s, 1H),
4.37 (t, 2H, J = 7.2 Hz), 3.25 (t, 2H, J = 7.2 Hz), 2.77 (t, 2H, J = 8.0 Hz), 1.95 (p,
2H, J = 7.1 Hz), 1.89 (p, 2H, J = 7.3 Hz), 1.39 - 1.24 (m, 8H), 0.90 (t, 3H, J = 7.1
Hz). 13C NMR (150 MHz, MeOD-d,4) &: 158.9, 147.9, 123.5, 51.5, 41.9, 32.9, 31.4,
29.9, 29.8, 27.6, 23.7, 23.3, 14.5. 'H and '3C NMR signals are assigned similarly
to 3g. IR (ATR): 3333 (w), 3128 (w), 2930 (w), 1677 (s), 1642 (s), 1605 (w), 1473
(w), 1060 (w), 791 (w), 684 (m) cm~'. HRMS (APCI/ASAP, m/z): 267.2297 (calcd.
C13H27Ng, 267.2297 [M-C1]%).
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4.1.5 Synthesis of 1,2,3-Triazole Methyl Esters 30, amido 1,2,3-triazoles
33, and their HCl-salts 21

o] CuSOy * 5H,0 N=N

H,N ‘
/%/ . _Sodium ascorbate R‘N\%\(O ﬂ, R’NWK(O
= R-Ns “Benzoic acid MeOH, rt
29 11 FBUOH/HO (1:2), 1t 20 O~ 33 HNj
“NH,
HCI (37%aq)\
R=
FsC N=n
R‘NNO
Br Br
OCF3 ”n HN
30h 301 30m “NHz*Cl
33h 33l 33m
21h 21 21m

General Procedure for Synthesis of 30

The general procedure for synthesis of 16 and 17 shown in afforded 30 in
58 - 84% yields.

Methyl 1-(3,5-dibromobenzyl)-1H-1,2,3-triazole-4-carboxylate (30h)

The general procedure with 11h (0.200 g, 0.69 mmol) and 29 (55 mg, 0.66 mmol)
for 28 h at rt afforded 30h as a white solid (0.143 g, 0.38 mmol, 58%, mp 145.7 -
150.2 °C). 'H NMR (400 MHz, CDCl;) &: 8.05 (s, 1H, triazole-5), 7.69 (t, 1H, J =
1.6 Hz, Ph-4), 7.36 (d, 2H, J = 1.8 Hz, Ph-2 and Ph-6), 5.53 (s, 2H, Bn), 3.96 (s,
3H, Me). 13C NMR (100 MHz, CDCls) &: 160.9 (CO), 140.8 (triazole-4), 137.3 (Ph-
1), 135.0 (Ph-4), 129.8 (Ph-2 and Ph-6), 127.5 (triazole-5), 123.9 (Ph-3 and Ph-5),
53.0 (Bn), 52.4 (Me). IR (ATR): 2103 (w), 1716 (s), 1585 (m), 1556 (m), 1529 (w),
1554 (m), 1425 (m), 1371 (s), 1046 (s), 860 (m), 738 (s) cm~'. HRMS (APCI/ASAP,
m/z): 373.9138 (caled. C11H19BreN3Oq, 373.9140 [M+H]*).

Methyl 1-(4-(trifluoromethoxy)benzyl)-1H-1,2,3-triazole-4-carboxylate (301)

This compound was prepared by Martin Furru Vold, as part of a student project.
The general procedure with 111 (2.48 g, 11.4 mmol) and 29 (1.05 mL, 11.8 mmol)
for 24 h at rt afforded 301 as a yellow solid (2.88 g, 9.60 mmol, 84%, mp 121.3 -
123.9 °C). 'H NMR (600 MHz, CDCl;) &: 8.02 (s, 1H), 7.36 - 7.32 (m, 2H), 7.26
- 7.23 (m, 2H), 5.60 (s, 2H), 3.94 (s, 3H). 13C NMR (150 MHz, CDCl;) &: 161.0,
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149.7 (m), 140.6, 132.4, 129.8, 127.3, 121.7, 120.3 (q, Jc.r = 258 Hz), 53.6, 52.3.
H and 13C NMR signals are assigned similarly to 30h. IR (ATR): 3124 (w),
2957 (w), 1727 (s), 1252-1152 cm~'. HRMS (APCI/ASAP, m/z): 302.0751 (calcd.
C12H11F3N302, 302.0753 [M+H]*).

Methyl 1-(2-(trifluoromethyl)benzyl)-1H-1,2,3-triazole-4-carboxylate (30m)

This compound was prepared by Kristine Olsen Strandheim, as part of a student
project. The general procedure with 11m (3.79 g, 18.8 mmol) and 29 (1.52 g, 18.0
mmol) for 22 h at rt afforded 30m as an off-white solid (4.27 g, 15.0 mmol, 83%,
mp 86.9 - 87.4 °C). 'H NMR (600 MHz, CDCl;) &: 8.01 (s, 1H), 7.75 (d, 1H, J
=17.8), 757 (t, 1H, J = 7.5 Hz), 7.51 (t, 1H, J = 7.7 Hz), 7.29 (d, 1H, J = 7.7
Hz), 5.79 (s, 2H), 3.94 (s, 3H). 13C NMR (150 MHz, CDCls) &: 161.0, 140.5, 132.9,
132.1, 130.7, 129.3, 128.3 (q, Jc.r = 30.5 Hz), 127.8, 126.5 (q, J = 5.5 Hz), 124.0
(q, Jo.p = 274), 52.6, 50.3 (CH2). 'H and ¥C NMR signals are assigned similarly
to 30h. IR (ATR): 3112 (w), 1725 (m), 1538 (w), 1429 (w), 1319 (m), 1247 (m),
1106 (m), 1049 (m), 764 (m) cm~!. HRMS (APCI/ASAP, m/z): 286.0803 (calcd.
C12H11F3N302, 286.0803 [M+H]+).

General Procedure for Synthesis of 33 and 21

The synthesis was carried out according to a procedure by Boutureira et al. 21
where 30 in MeOH (10 mL/mmol 30) was added ethylene diamine (15 equiv) and
stirred at rt for 22 - 90 h. Affording 33 in 92 - 100% yields. The free amines 33
were turned into their HCl-salts according to the procedure described in section
affording 21 in quantitative yields.

N-(2-Aminoethyl)-1-(3,5-dibromobenzyl)-1H-1,2,3-triazole-4-carboxamide (33h) and
2-(1-(3,5-dibromobenzyl)-1H-1,2,3-triazole-4-carboxamido)ethan-1-aminium chloride
(21h)

The general procedure with 30h (0.137 g, 0.36 mmol) and ethylene diamine (0.37
mL, 5.48 mmol) for 24 h at rt (with filtration of the reaction mixture before evap-
oration) afforded 33h as a white solid (0.135 g, 0.34 mmol, 92%). 'H NMR (400
MHz, CDCl;) &: 8.04 (s, 1H, triazole-5), 7.68 (t, 1H, J = 1.6 Hz, Ph), 7.48 (bs,
1H, NH), 7.35 (d, 2H, J = 1.6 Hz, Ph), 5.50 (s, 2H, Bn), 3.51 (q, 2H, J = 5.9 Hz,
NH-CH,), 2.95 (bs, 2H, CH,).
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The general procedure for converting 33h (56 mg, 0.14 mmol) into its HCl-salt
with HCI (0.200 mL, 2.44 mmol, 37% aq) in MeCN (3 mL) afforded 21h as a
lightly yellow solid (61 mg, 0.14 mmol, quant., mp 267.4 - 270.1 °C). HPLC
(MeOH/H,0, 1:1 + 0.1% TFA, 0.75 mL/min, A = 214 nm): ¢g = 15.9 min, 98% pure.
'H NMR (600 MHz, MeOD-d4) §: 8.50 (s, 1H, triazole-5), 7.74 (t, 1H, JJ = 1.7 Hz,
Ph-4), 7.52 (d, 2H, J = 1.7 Hz, Ph-2 and Ph-6), 5.66 (s, 2H, Bn), 3.68 (t, 2H, J =
6.0 Hz, NH-CH,), 3.16 (t, 2H, J = 6.0 Hz, CH,). *C NMR (150 MHz, MeOD-d4) &:
163.6 (CO), 144.2 (triazole-4), 140.9 (Ph-1), 135.4 (Ph-4), 131.4 (Ph-2 and Ph-6),
128.0 (triazole-5), 124.5 (Ph-3 and Ph-5), 53.7 (Bn), 41.2 (CH,), 38.2 (NH-CH,).
IR (ATR): 2902 (m), 1661 (s), 1578 (s), 1558 (m), 1250 (w), 1048 (m), 865 (m), 842
(m), 757 (s) cm~!. HRMS (APCI/ASAP, m/z): 401.9561 (caled. Ci2H14BraN;50,
401.9565 [M-C11%).

N-(2-Aminoethyl)-1-(4-(trifluoromethoxy)benzyl)-1H-1,2,3-triazole-4-carboxamide (331)
and 2-(1-(4-(trifluoromethoxy)benzyl)-1H-1,2,3-triazole-4-carboxamido)ethan-1-
aminium chloride (211)

This compound was prepared by Martin Furru Vold, as part of a student project.
The general procedure with 301 (0.250 g, 0.83 mmol) and ethylene diamine (0.83
mL, 12.5 mmol) for 22 h afforded 331 as an off-white solid (0.273 g, 0.83 mmol,
quant.). 'H NMR (600 MHz, CDCl) &: 8.00 (s, 1H), 7.47 (bs, 1H), 7.34 - 7.30 (m,
2H), 7.26 - 7.22 (m, 2H), 5.57 (s, 2H), 3.50 (q, 2H, J = 6.3 Hz), 2.93 (t, 2H, J = 5.7
Hz).

The general procedure for converting 331 (50 mg, 0.15 mmol) into its HCl-salt
using HC1 (0.100 mL, 1.22 mmol, 37% aq) in MeCN (2 mL) afforded 211 as a
white solid (55 mg, 0.15 mmol, quant., mp >270 °C decomp.). HPLC (MeOH/H, 0,
1:1 + 0.1% TFA, 0.75 mL/min, A = 214 nm): tg = 8.8 min, 98% pure. 'H NMR
(600 MHz, MeOD-d4) &: 8.45 (s, 1H), 7.47 (app d, 2H, J = 8.2 Hz), 7.30 (app d,
2H, J = 8.2 Hz), 5.71 (s, 2H), 3.67 (t, 2H, J = 6.0 Hz), 3.16 (t, 2H, J = 6.0 Hz).
13C NMR (150 MHz, MeOD-d,) &: 163.7, 150.8, 144.1, 135.9, 131.3, 127.7, 122.7,
122.0 (q, Jof = 254.9 Hz), 54.3, 41.2, 38.1. 'H and 13C NMR signals are assigned
similarly to 33h and 21h. IR (ATR): 3341 (w), 2883 (bs), 1656 (m), 1572 (m), 1508
(m), 1299 (m), 1103 (s), 843 (m) cm~'. HRMS (APCI/ASAP, m/z): 330.1178 (calcd.
C13H15F3N502, 330.1178 [M-CI1]*).
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N-(2-Aminoethyl)-1-(2-(trifluoromethyl)benzyl)-1H-1,2,3-triazole-4-carboxamide (33m)
and 2-(1-(2-(trifluoromethyl)benzyl)-1H-1,2,3-triazole-4-carboxamido)ethan-1-aminium
chloride (21m)

This compound was prepared by Kristine Olsen Strandheim, as part of a student
project. The general procedure with 30m (0.400 g, 1.40 mmol) and ethylene
diamine (1.40 mL, 21.0 mmol) for 92 h afforded 33m as a white solid (0.438 g,
1.40 mmol, quant., mp 213 - 217 °C). 'H NMR (600 MHz, CDCls) &: 7.98 (s, 1H),
7.75(d, 1H, J = 7.7 Hz), 7.55 (t, 1H, J = 7.5 Hz), 7.52 - 7.44 (m, 2H), 7.23 (d, 1H,
J =17.7THz), 5.77 (s, 2H), 3.50 (q, 2H, J = 6.0 Hz), 2.93 (t, 2H, J = 6.1 Hz).

The general procedure for converting 33m (50 mg, 0.16 mmol) into its HCl-salt
using HC1 (0.100 mL, 1.22 mmol, 37% aq) in MeCN (2 mL) afforded 21m as a
white solid (56 mg, 0.16 mmol, quant., mp 213 - 217 °C). HPLC (MeOH/H,0, 1:1
+ 0.1% TFA, 0.75 mL/min, A = 214 nm): ¢tg = 5.6 min, 98% pure. 'H NMR (600
MHz, MeOD-d,) 6: 8.36 (s, 1H), 7.81 (app d, 1H, J = 7.8 Hz), 7.66 (app t, 1H, J =
7.8), 7.58 (app t, 1H, J = 7.8), 7.33 (app d, 1H, J = 7.8 Hz), 5.88 (s, 2H), 3.68 (4,
2H, J = 6.1 Hz), 3.16 (t, 2H, J = 5.8 Hz). 13C NMR (150 MHz, MeOD-d4) &: 163.7,
143.9, 134.2 (2xC), 132.2, 130.5, 129.4 (q, Jcr = 31.2 Hz), 128.1, 127.7 (q, Jc.r
= 5.6 Hz), 125.8 (q, Jo.r = 273.1 Hz), 51.9, 41.2, 38.2. 'H and 3C NMR signals
are assigned similarly to 33h and 21h. IR (ATR): 3355 (w), 2961 (bs), 1654 (m),
1575 (s), 1509 (m), 1312 (s), 1239 (w), 1076 (m), 1167 (s), 1039 (s), 768 (s) cm~'.
HRMS (APCI/ASAP, III/Z): 314.1228 (calcd. Cl3H15F3N502, 314.1229 [M-Cl]+)

4.1.6 Synthesis of 1,2,3-Triazole Hydrazides 38 and their HCl-salts 27

R ) N'N*‘N R y N'N‘N R > Ne
N N~ N
/ o T STy
o o o
30

NH, NHg*CI
38c R=3,5-di-t-Bu,n=1 27¢ R=3,5-di-t-Bu,n=1
- - 38e R =3,5-di-t-Bu,n=0 27e R=3,5-di-t-Bu,n=0
[0 Hydrazine hydrate, EtOH, reﬂux] 38| R=4-OCF3,n=1 27l R=4-OCF3,n=1
ii) HCI (37% aq) 38m R=2CFsn=1 27m R=2-CF3n=1

General Procedure for Synthesis of 38

The preparation of 38 was carried out according to a procedure described by
Cunha et al,**® where 80 and hydrazine hydrate (2 equiv, 64-65% in H,0) were
refluxed in EtOH (5 mL/mmol 30) for 25 h. The reaction mixture was then cooled



132 CHAPTER 4: EXPERIMENTAL

down to 5 °C and filtered. The isolated precipitate was then washed with small
amounts of EtOH and dried under reduced pressure, affording 38 in 53 - 74%
yields. The free amines 38 were turned into their HCl-salts by adding HC1 (0.1
mlL/25 mg 38, 37%, aq) to a suspension of 38 in MeCN (1 mL/10 mg 38). Filtra-
tion and drying of the precipitate afforded 27 in 60 - 68% yields.

1-(3,5-Di-tert-butylbenzyl)-1H-1,2,3-triazole-4-carbohydrazide (38c) and
1-(3,5-di-tert-butylbenzyl)-1H-1,2,3-triazole-4-carbohydrazide hydrochloride (27¢)

The general procedure with 30c (0.250 g, 0.76 mmol) and hydrazine hydrate (0.11
mL, 1.52 mmol, 64-65%) afforded 38c as a white solid (0.181 g, 0.55 mmol, 72%).
'H NMR (400 MHz, DMSO-dg) §: 9.69 (bs, 1H, NH), 8.61 (s, 1H, triazole-5), 7.36
(t, 1H, J = 1.5 Hz, Ph), 7.19 (d, 2H, J = 1.7 Hz, Ph), 5.60 (s, 2H, Bn), 4.44 (bs, 2H,
NH,), 1.25 (s, 18H, ¢-Bu).

The general procedure for converting 38c (33 mg, 0.10 mmol) into its HCl-salt
using HC1 (0.300 mL, 3.66 mmol, 37% aq) in MeCN (3 mL) afforded 27c as a
white solid (22 mg, 0.06 mmol, 60%, mp 233 - 238 °C). HPLC (MeOH/H,O0, 5:3
+ 0.1% TFA, 0.75 mL/min, A = 214 nm): tg = 35.5 min, 96% pure. 'H NMR (600
MHz, DMSO-dg) 8: 11.66 (bs, 1H, NH), 10.50 (bs, 3H, NH3*) 8.96 (s, 1H, triazole-
5), 7.37 (t, 1H, J = 1.7 Hz, Ph), 7.21 (d, 2H, J = 1.7 Hz, Ph), 5.66 (s, 2H, Bn), 1.26
(s, 18H, t-Bu). 3C NMR (150 MHz, DMSO-dg) &: 160.0 (C=0), 150.9 (Ph-3 and
Ph-5), 139.6 (triazole-4), 134.6 (Ph-1), 127.8 (triazole-5), 122.2 (Ph-2 and Ph-6),
122.0 (Ph-4), 53.8 (Bn), 34.5 (Cq-t-Bu), 31.1 (¢-Bu). IR (ATR): 2957 (w), 2666 (bw),
1669 (s), 1599 (m), 1203 (s), 767 (m) cm~'. HRMS (APCI/ASAP, m/z): 330.2288
(calcd. ClgH23N50, 330.2294 [M-Cl]+).

1-(3,5-Di-tert-butylphenyl)-1H-1,2,3-triazole-4-carbohydrazide (38¢) and
1-(3,5-di-tert-butylphenyl)-1H-1,2,3-triazole-4-carbohydrazide hydrochloride (27¢)

The general procedure with 30e (0.250 g, 0.79 mmol) and hydrazine hydrate (0.12
mL, 1.59 mmol, 64-65%) afforded 38e as a white solid (0.133 g, 0.42 mmol, 53%).
'H NMR (400 MHz, DMSO-dg) &: 9.81 (bs, 1H), 9.34 (s, 1H), 7.73 (d, 2H, J = 1.7
Hz), 7.53 (t, 1H, J = 1.7 Hz), 4.53 (bs, 2H), 1.35 (s, 18H).

The general procedure for converting 38e (30 mg, 0.095 mmol) into its HCl-salt
using HC1 (0.100 mL, 1.22 mmol, 37% aq) in MeCN (2 mL) afforded 27e as a
white solid (21 mg, 0.06 mmol, 63%, mp 181 - 186 °C). HPLC (MeOH/H,O0, 5:3
+ 0.1% TFA, 0.75 mL/min, A = 214 nm): tg = 41.0 min, 98% pure. '"H NMR (400
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MHz, DMSO-dg) &: 9.60 (s, 1H), 7.75 (d, 2H, J = 1.5 Hz), 7.56 (t, 1H, J = 1.8
Hz), 1.35 (s, 18H). 13C NMR (100 MHz, DMSO-dg) &: 158.9, 152.6, 140.5, 135.9,
126.3, 123.0, 115.1, 35.0, 31.0. 'H and *C NMR signals are assigned similarly
to 38c and 27c. IR (ATR): 2956 (w), 1695 (m), 1607 (s), 1482 (m), 1363 (w), 1249
(w), 1035 (s), 875 (m), 707 (m) cm~'. HRMS (APCI/ASAP, m/z): 316.2133 (calcd.
C17Hg6N50, 316.2137 [M-C1]*).

1-(4-(Trifluoromethoxy)benzyl)-1H-1,2,3-triazole-4-carbohydrazide (381) and
1-(4-(trifluoromethoxy)benzyl)-1H-1,2,3-triazole-4-carbohydrazide hydrochloride (271)

The general procedure with 301 (0.250 g, 0.83 mmol) and hydrazine hydrate (0.12
mL, 1.66 mmol, 64-65%) afforded 381 as white crystals (0.191 g, 0.61 mmol, 74%).
'H NMR (400 MHz, DMSO-dg) &: 9.69 (bs, 1H), 8.62 (s, 1H), 7.50 - 7.44 (m, 2H),
7.41 - 7.35 (m, 2H), 5.69 (s, 2H), 4.44 (d, 2H, J = 3.8 Hz).

The general procedure for converting 381 (33 mg, 0.11 mmol) into its HCl-salt
using HCI (0.200 mL, 2.44 mmol, 37% aq) in MeCN (3 mL) afforded 271 as a
white solid (22 mg, 0.07 mmol, 60%, mp 240 - 247 °C). HPLC (MeOH/H,0, 1:1
+ 0.1% TFA, 0.75 mL/min, A = 214 nm): tg = 8.9 min, 98% pure. 'H NMR (600
MHz, DMSO-dg) &: 11.65 (bs, 1H), 10.49 (bs, 3H), 8.96 (s, 1H), 7.51 (app d, 2H, J
= 8.8 Hz), 7.40 (app d, 2H, J = 8.2 Hz), 5.75 (s, 2H). *C NMR (150 MHz, DMSO-
dg) 6. 158.9, 148.2, 139.7, 134.8, 130.2, 128.1, 121.4, 120.0 (q, Jc.F = 256.7 Hz),
52.3. 1H and 13C NMR signals are assigned similarly to 38c and 27¢c. IR (ATR):
2623 (w), 1665 (m), 1584 (m), 1488 (m), 1261 (s), 1177 (s), 1037 (m) cm~'. HRMS
(APCI/ASAP, m/z): 302.0864 (caled. C11H11F3N509, 314.1229 [M-CI]*).

1-(2-(Trifluoromethyl)benzyl)-1H-1,2,3-triazole-4-carbohydrazide (38m) and
1-(2-(trifluoromethyl)benzyl)-1H-1,2,3-triazole-4-carbohydrazide hydrochloride (27m)

The general procedure with 30m (0.250 g, 0.88 mmol) and hydrazine hydrate
(0.13 mL, 1.75 mmol, 64-65%) afforded 38m as white crystals (0.171 g, 0.60 mmol,
68%) '"H NMR (400 MHz, DMSO-dg) &: 9.72 (bs, 1H), 8.56 (s, 1H), 7.82 (d, 1H, J
=17.9 Hz), 7.70 (t, 1H, J = 7.6 Hz), 7.60 (t, 1H, J = 7.9 Hz), 7.22 (d, 1H, J = 7.9
Hz), 5.84 (s, 2H), 4.45 (bs, 2H).

The general procedure for converting 38m (30 mg, 0.11 mmol) into its HCl-salt
using HC1 (0.100 mL, 1.22 mmol, 37% aq) in MeCN (3 mL) afforded 27m as a
white solid (23 mg, 0.07 mmol, 68%, mp 223 - 226 °C) HPLC (MeOH/H,0, 1:1
+ 0.1% TFA, 0.75 mL/min, A = 214 nm): tg = 5.9 min, 98% pure. 'H NMR (600
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MHz, DMSO-dg) 6: 11.62 (bs, 1H), 10.40 (bs, 3H), 8.88 (s, 1H), 7.83 (d, 1H, J =
7.3 Hz), 7.72 (t, 1H, J = 7.3 Hz), 7.62 (t, 1H, J = 7.3 Hz), 7.29 (d, 1H, J = 7.8 Hz),
5.90 (s, 2H). 13C NMR (150 MHz, DMSO-dg) &: 158.8, 139.6, 133.3, 132.8, 130.7,
129.2, 128.5, 126.7 (q, Jor = 30.7 Hz), 126.4 (q, Jor = 5.6 Hz), 124.1 (q, Jor =
274.0 Hz), 50.1. 'H and *C NMR signals are assigned similarly to 38c and 27c.
IR (ATR): 2614 (w), 1668 (m), 1584 (m), 1486 (m), 1311 (s), 1182 (s), 1110 (s),
1037 (s), 771 (s) cm~ 1. HRMS (APCI/ASAP, m/z): 286.0911 (calcd. C;;H11F5N50,
286.0916 [M-C1]%).

4.1.7 Synthesis of Triazole Triamine Amides 34 and their HCl-salts 28

n 'N: n ,N\\
tBu NN Bu NN
\_gf'o Tris(2-aminoethyl)amine \—»NH
- 4 N\ MeOH, reflux 3 AN
30

I

e}
)

3

>

I
=)

-—

@
=
ij
Z\
| .z
O =
z
/( I

SN’\——NHZ

(HCh1-3
HoN

N-(2-(Bis(2-aminoethyl)amino)ethyl)-1-(3,5-di-tert-butylbenzyl)-1H -
1,2,3-triazole-4-carboxamide (34c) and
N-(2-(bis(2-aminoethyl)amino)ethyl)-1-(3,5-di-tert-butylbenzyl)-1H-
1,2,3-triazole-4-carboxamide hydrochloride (28c)

The title compound 34c was prepared according to a procedure by Wang et al., 46

where tris(2-aminoethyl)amine (0.34 mL, 2.27 mmol) was added to a suspen-
sion of 30c (50 mg, 0.15 mmol) in MeOH (9 mL), followed by 2.5 h of reflux.
The reaction mixture was then evaporated to remove MeOH before excess tris-
(aminoethyl)amine was removed in a kiigelrohr-distillation (3 mmbar, 110 °C),
affording 34c as a white solid (67 mg, 0.15 mmol, quant.). 'H NMR (400 MHz,
CDCly) 6: 7.97 (bs, 1H, NH), 7.91 (s, 1H, triazole-5), 7.43 (t, 1H, J = 1.6 Hz, Ph-4),
7.12 (d, 2H, J = 1.6 Hz, Ph-2 and Ph-6), 5.50 (s, 2H, Bn), 3.51 (q, 2H, J = 5.8 Hz,
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CONH-CH,), 2.78 (t, 4H, J = 6.3 Hz, 2x NH,-CH,), 2.69 (t, 2H, J = 5.8 Hz, N-
CH,), 2.58 (t, 4H, J = 5.8 Hz, 2x N-CH,), 1.30 (s, 18H, ¢-Bu). 1*C NMR (150 MHz,
CDCl3) &: 160.3 (C=0), 152.0 (Ph-3 and Ph-5), 143.7 (triazole-4), 132.8 (Ph-1),
125.1 (triaozle-5), 123.2 (Ph-4), 122.8 (Ph-2 and Ph-6), 56.4 (N-CH,), 55.2 (Bn),
53.9 (N-CH,), 39.4 (NH,-CH,), 37.4 (CONH-CH,), 34.9 (Cq-t-Bu), 31.4 (¢-Bu).
The free amine 34¢ (35 mg, 0.07 mmol) dissolved in MeCN (3 mL) was added
HCI (0.2 mL, 37%, aq.) and evaporated. Crystallization from MeOH/MeCN af-
forded 28c¢ as a white solid (17 mg, 0.03 mmol, 44%, mp 240 - 246 °C) HPLC
(MeOH/H,0, 5:3 + 0.1% TFA, 0.75 mL/min, A = 214 nm): ¢g = 13.0 min, 97%
pure. 'H NMR (400 MHz, DMSO-dg) &: 8.69 (s, 1H), 8.62 (s, 1H), 7.90 (bs, 5-6H),
7.37 (t, 1H, J = 1.7 Hz), 7.22 (d, 2H, J = 1.8 Hz), 5.60 (s, 2H), 3.39 (bs, 2H), 3.00
- 2,56 (m, 10H), 1.26 (s, 18H). 13C NMR (100 MHz, DMSO-dg) &: 159.9, 150.9,
142.9, 134.8, 126.5, 122.3, 121.9, 53.7, 52.3, 50.9, 36.7 (broad), 34.5, 31.2. 'H
and 13C NMR signals have been assigned for the neutral 34c. IR (ATR): 3008
(s), 1652 (m), 1573 (s), 1456 (s), 1362 (m), 1247 (m), 1046 (w) cm~!. HRMS (ESI,
m/z): 444.3459 (caled. Co4H49N70, 444.3451 [M-Cl]*, singly charged).

N-(2-(Bis(2-aminoethyl)amino)ethyl)-1-(3,5-di-tert-butylphenyl)-1H-
1,2,3-triazole-4-carboxamide (34¢) and
N-(2-(bis(2-aminoethyl)amino)ethyl)-1-(3,5-di-tert-butylphenyl)-1H-
1,2,3-triazole-4-carboxamide hydrochloride (28e)

The title compound 34e was prepared from the procedure for synthesis of 34c¢ us-
ing 30e (0.100 g, 0.32 mmol) and tris(2-aminoethyl)amine (0.47 mL, 3.17 mmol),
affording 34e as a white solid (0.136 g, 0.32 mmol, quant.). 'H NMR (600 MHz,
CDCl3) 6: 8.50 (s, 1H, triazole-5), 8.20 (bs, 1H, NH), 7.53 (s, 3H, Ph), 3.58 (q, 2H,
J = 6.0 Hz, CONH-CH,), 2.81 (t, 4H, J = 6.0 Hz, 2x NH,-CH,), 2.74 (t, 2H, J =
6.0 Hz, N-CH,), 2.61 (t, 4H, J = 5.6 Hz, 2x N-CH,), 1.37 (s, 18H, t-Bu). 13C NMR
(150 MHz, CDCl3) &: 160.0 (C=0), 153.1 (Ph-3 and Ph-5), 143.9 (triazole-4), 136.3
(Ph-1), 123.6 (Ph-4), 123.5 (triazole-5), 115.4 (Ph-2 and Ph-6), 57.3 (N-CH,), 53.6
(N-CH,), 39.9 (NH,-CH,), 37.3 (CONH-CH,), 35.2 (Cq-¢-Bu), 31.3 (¢-Bu).

The free amine 34c (25 mg, 0.06 mmol) was dissolved in MeCN (3 mL), filtered
and added HCI (0.1 mL, 37%, aq.). Filtration and drying of the precipitate af-
forded 28e as a white solid (27 mg, 0.06 mmol, 92%, mp 245 - 248 °C). HPLC
(MeOH/H,0, 3:1 + 0.1% TFA, 0.75 mL/min, A = 214 nm): ¢{g = 3.5 min, 97% pure.
'H NMR (600 MHz, MeOD-dy) &: 9.02 (s, 1H), 7.68 (d, 2H, J = 1.6 Hz), 7.63 (app
t, 1H, J = 1.4 Hz), 3.71 (s, 2H), 3.46 - 2.99 (m, 10H), 1.40 (s, 18H). 3C NMR (150
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MHz, MeOD-d4) 6: 163.5, 154.6, 144.3, 137.9, 126.1, 124.9, 116.6, 55.3, 52.8, 37.4
(broad), 36.3, 31.8. 1H and 13C NMR signals have been assigned for the neutral
34e. IR (ATR): 3382 (bs), 2954 (s), 1573 (s), 1505 (m), 1480 (m), 1363 (w), 1295
(w), 1249 (w), 1029 (w). HRMS (ESI, m/z): 430.3293 (calcd. Co3H4oN-O, [M-CIJ*,
singly charged).

4.1.8 2-(1-(3,5-Dibromobenzyl)-1H-1,2,3-triazol-4-yl)-N, N-dimethyl-
ethan-1-aminium chloride (2h)

B N~ N Formaldehyde (37%) Br N" N
r \:K/\ Formic acid (96%) \:K/\
MeCN, reflux
NH2

N—
Br 18h Br 2h / HCI

The title compound 2h was prepared through an Eschweiler-Clarke reductive
amination, 13314 wwhere 18h (0.10 g, 0.27 mmol), formic acid (0.10 mL, 2.54 mmol,
96%), and formaldehyde (0.20 mL, 2.69 mmol, 37%) were refluxed in MeCN (2
mL) for 2 h. The reaction mixture was then cooled to rt, added HCI (0.50 mL,
37%, aq), and evaporated. The crude residue was then washed with DCM and
MeCN before it was dried, affording 2h as an off white solid (78 mg, 0.18 mmol,
67%, mp >154 °C decomp.). HPLC (MeOH/H,0, 5:3 + 0.1% TFA, 0.75 mL/min, A
=214 nm): tg = 5.1 min, 96% pure. 'H NMR (400 MHz, MeOD-d) &: 8.02 (s, 1H,
triazole-5), 7.72 (s, 1H, Ph-4), 7.52 (s, 2H, Ph-2 and Ph-6), 5.60 (s, 2H, Bn), 3.50
(t, 2H, J = 7.6 Hz, NH-CH,), 3.22 (t, 2H, J = 7.6 Hz, CH,), 2.96 (s, 6H, 2x Me).
13C NMR (100 MHz, MeOD-dy) &: 144.3 (triazole-4), 141.6 (Ph-1), 135.3 (Ph-4),
131.4 (Ph-2 and Ph-6), 124.9 (Ph-3 and Ph-5), 124.5 (triazole-5), 57.9 (NH-CHy,),
53.6 (Bn), 43.8 (Me), 22.0 (CHy). IR (ATR): 3410 (w), 2466 (m), 1889 (m), 1556
(s), 1425 (s), 967 (m), 856 (m), 743 (s) cm~!. HRMS (APCI/ASAP, m/z): 386.9815
(calcd. Cl3H17BI‘2N4, 386.9815 [M-Cl]+).
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4.1.9 Conditions for Tetrahydronaphthalenes and

Tetrahydroisoquinolines Shown in Scheme 2.12

Synthesis of N,N'-((3-Benzyl-5,6,7,8-tetrahydroisoquinoline-1,4-diyl)
bis(ethane-2,1-diyl))bis(4-methylbenzenesulfonamide)

The title compound was prepared as a mixture of the procedures described by
Geny et al., Vollhardt et al., and Bofaga et al. with modifications. 287330331
Where 45 (0.200 g, 0.40 mmol) was dissolved in dry degassed 1,4-dioxane (15
mL) under Ar, followed by addition of 2-phenylacetonitrile (97 uL, 0.84 mmol)
and CpCo(CO)g (7.4 uL, 0.055 mmol). The reaction mixture was then irradiated
by two halogen lamps (400 W, 118 nm, 50 Hz) for 44 h before it was evaporated
under reduced pressure and affording the title compound as a brown oil (0.200
g, 0.32 mmol, 81%) after purification with FCC (EtOAc/pentane 4:6). 'H NMR
(400 MHz, CDCl3) &: 7.63 (dd, 4H, J = 8.4, 8.2 Hz, Ts-2 and Ts-6), 7.24 (s, 2H,
Ts), 7.12 - 7.22 (m, 5H, Ph), 7.06 (d, 2H, J = 7.2 Hz, Ts), 6.23 (bs, 1H, NH), 4.76
(bs, 1H, NH), 4.05 (s, 2H, Bn), 3.33 (t, 2H, J = 5.4 Hz, NH-CH,), 2.89 - 2.72
(m, 6H, NH-CH, + 2x NH-CH,-CH,), 2.61 - 2.51 (m, 2H, THIQ}5a), 2.49 - 2.43
(m, 2H, THIQ-5), 2.40 (s, 3H, Me), 2.35 (s, 3H, Me), 1.76 - 1.64 (m, 4H, THIQ-
6 and THIQ-7). 13C NMR (100 MHz, CDCl3) §: 154.3 (THIQ-1), 153.9 (THIQ-3),
146.2 (THIQ-4a), 145.5 (THIQ-8a), 143.5 (Ts), 142.9 (Ts), 139.7 (Ph-1), 137.4 (Ts),
137.0 (Ts), 129.5 (2x Ph), 128.6 (2x CPh, 2x Ts), 128.5 (2x Ts), 128.0 (THIQ-4),
127.0 (2x Ts), 126.9 (2x Ts), 126.3 (Ph), 42.0 (NH-CH,), 41.3 (Bn), 40.9 (Ts), 32.0
(CH,), 29.0 (CH,), 26.6 (THIQ-5), 25.5 (THIQ-8), 22.1/21.9 (THIQ-6 and THIQ-
7), 21.5 (2x Me). IR (ATR): 3272 (w, NH), 2925 (w), 1597 (w), 1566 (w), 1419 (w),
1321 (m), 1153 (s), 1091 (m), cml. HRMS (TOF ASAP, m/z): 618.2460 (calcd.
C3,H,(N30,4S,, 618.2460 [M+H]").

Attempted synthesis of N,N'-((2-phenyl-5,6,7,8-tetrahydronaphthalene-
1,4-diyl)bis(ethane-2,1-diyl))bis(4-methylbenzenesulfonamide)

The title compound was attempted prepared using a Rh-catalyzed procedure de-
scribed by Tanaka et al.*4” Where [Rh(cod),BF,] (19.7 mg, 0.05 mmol) and BI-
NAP (25.1 mg, 0.04 mmol) was added dry degassed DCM (5 mL), stirred for 5
minutes, and put under Hy (1 atm.). The flask was then evaporated to dryness
before being redissolved in DCM (5 mL), added 45 (0.370 g, 0.74 mmol) and 44a

*THIQ: tetrahydroisoquinoline.
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(0.830 mL, 7.51 mmol), and stirred for 21 h at rt. Evaporation of the reaction
mixture under reduced pressure and separation with FCC (Et,O/pentane 1:39),
afforded a fraction that contained what could be interpreted as the product, how-
ever in miniscule amounts.



REFERENCES 139

[1
[2]
[3
[4
[5
[6
[7
[8
[9]

—

—_— e e e e

[10]
[11]
[12]
[13]
[14]
[15]

[16]

[17]

[18]

[19]

REFERENCES

Aminov, R. Front. Microbiol. 2010, 1, 134.

So, A. D.; Gupta, N.; Cars, O. BMJ 2010, 340.

Jones, D. S.; Podolsky, S. H.; Greene, J. A. N. Eng. J. Med. 2012, 366, 2333—2338.
Domagk, G. Angew. Chem. 1935, 48, 657—667.

Fleming, A. Br. J. Exp. Pathol. 1929, 10, 226 — 236.

Powers, J. H. Clin. Microbiol. Infect. 2004, 10, 23—-31.

Coates, A. R.; Halls, G.; Hu, Y. Br. J. Pharmacol. 2011, 163, 184-194.

Coates, A.; Hu, Y.; Bax, R.; Page, C. Nat. Rev. Drug. Discov. 2002, 1, 895 — 910.
Slee, A. M.; Wuonola, M. A.; McRipley, R. J.; Zajac, I.; Zawada, M. J;
Bartholomew, P. T.; Gregory, W. A.; Forbes, M. Antimicrob. Agents Chemother. 1987,
31, 1791-1797.

Barbachyn, M. R.; Ford, C. W. Angew. Chem. Int. Ed. 2003, 42, 2010-2023.

Tally, F. P.; DeBruin, M. F. J. Antimicrob. Chemother. 2000, 46, 523.

Pogliano, J.; Pogliano, N.; Silverman, J. A. J. Bacteriol. 2012, 194, 4494-4504.
Gupta, S.; Nayak, R. J. Pharmacol. Pharmacother. 2014, 5, 4-7.

Witte, W. Science 1998, 279, 996-997.

Wellington, E. M.; Boxall, A. B.; Cross, P,; Feil, E. J.; Gaze, W. H.; Hawkey, P. M.;
Johnson-Rollings, A. S.; Jones, D. L.; Lee, N. M.; Otten, W.; Thomas, C. M.;
Williams, A. P. Lancet. Infect. Dis. 2013, 13, 155 — 165.

Blair, J. M. A.; Webber, M. A.; Baylay, A. J.; Ogbolu, D. O.; Piddock, L. J. V. Nat. Rev.
Micro. 2015, 13, 42-51.

Berendonk, T. U.; Manaia, C. M.; Merlin, C.; Fatta-Kassinos, D.; Cytryn, E.;
Walsh, F.; Burgmann, H.; Sorum, H.; Norstrom, M.; Pons, M.-N.; Kreuzinger, N.;
Huovinen, P.; Stefani, S.; Schwartz, T.; Kisand, V.; Baquero, F.; Martinez, J. L. Nat.
Rev. Micro. 2015, 13, 310-317.

Laxminarayan, R.; Duse, A.; Wattal, C.; Zaidi, A. K. M.; Wertheim, H. F. L.; Sumpra-
dit, N.; Vlieghe, E.; Hara, G. L.; Gould, I. M.; Goossens, H.; Greko, C.; So, A. D.;
Bigdeli, M.; Tomson, G.; Woodhouse, W.; Ombaka, E.; Peralta, A. Q.; Qamar, F. N.;
Mir, F.; Kariuki, S.; Bhutta, Z. A.; Coates, A.; Bergstrom, R.; Wright, G. D.;
Brown, E. D.; Cars, O. Lancet. Infect. Dis. 2013, 13, 1057 — 1098.

Morgan, D. J.; Okeke, I. N.; Laxminarayan, R.; Perencevich, E. N.; Weisenberg, S.



140

REFERENCES

[20]

[21]

[22]

[23]
[24]
[25]
[26]
[27]

[28]

[29]
[30]
[31]
[32]
[33]
[34]

[35]
[36]
[37]
[38]
[39]

[40]
[41]
[42]
[43]
[44]

[45]

Lancet. Infect. Dis. 2011, 11, 692 — 701.

https://amr-review.org/background.html, Review on Antimicrobial Resistance
2016, accessed: 2017-02-02.

Fridkin, S.; Baggs, J.; Fagan, R.; Magill, S.; Pollack, L. A.; Malpiedi, P.; Slayton, R.;
Khader, K.; Rubin, M. A.; Jones, M.; Samore, M. H.; Dumyati, G.; Dodds-Ashley, E.;
Meek, J.; Yousey-Hindes, K.; Jernigan, J.; Shebab, N.; Herrera, R.; McDonald, C. L.;
Schneider, A.; Srinivasan, A. MMWR Morb. Mortal. Wkly. Rep. 2014, 63, 194-200.
http://www.pewtrusts.org/en/multimedia/data-visualizations/2014/
antibiotics-currently-in-clinical-development, Antibiotics currently in clinical
development, accessed: 2017-03-02.

Bush, K. Curr. Opin. Pharmacol. 2012, 12, 527 — 534.

Fair, R. J.; Tor, Y. Perspect. Medicin. Chem. 2014, 6, 25-64.

Prins, J. M.; Degener, J. E.; Neeling, A. J.; Gyssens, 1. C. Euro. surveill. 2008,
Brotzu, G. Lavori dell Instituto d Igiene di Cagliari 1948, 1948, 1-11.

Birnbaum, J.; Kahan, F. M.; Kropp, H.; Macdonald, J. S. Am. J Med. 1985, 78, 3 —
21.

Papp-Wallace, K. M.; Endimiani, A.; Taracila, M. A.; Bonomo, R. A. Antimicrob.
Agents Chemother. 2011, 55, 4943-4960.

Paterson, D. Clin. Microbiol. Infect. 2000, 6, 460 — 463.

Waxman, J. L., D. J.; Strominger Ann. Rev. Biochem. 1983, 52, 924.

Kitano, K.; Tomasz, A. Antimicrob. Agents Chemother. 1979, 16, 838—848.

Bush, K.; Jacoby, G. A. Antimicrob. Agents Chemother. 2010, 54, 969-976.

Nikaido, H. Clin. Infect. Dis. 1998, 27, 32—41.

Katayama, Y.; Zhang, H.-Z.; Chambers, H. F. Antimicrob. Agents Chemother. 2004,
48, 453-459.

Fernandez, L.; Hancock, R. E. W. Clin. Microbiol. Rev. 2012, 25, 661-681.

Levine, D. P. Clin. Infect. Dis. 2006, 42, S5.

Moellering, R. C., Jr. Clin. Infect. Dis. 2006, 42, 3.

Griffith, R. S. Rev. Infect. Dis. 1981, 3, 200.

Svetitsky, S.; Leibovici, L.; Paul, M. Antimicrob. Agents Chemother. 2009, 53, 4069—
4079.

Reynolds, P. E. Eur. J. Clin. Microbiol. Infect. Dis. 1989, 8, 943-950.

Leclercq, R.; Derlot, E.; Duval, J.; Courvalin, P. N. Engl. J. Med. 1988, 319, 157-61.
Cetinkaya, Y.; Falk, P.; Mayhall, C. G. Clin. Microbiol. Rev. 2000, 13, 686-707.
Pootoolal, J.; Neu, J.; Wright, G. D. Annu. Rev. Pharmacol. Toxicol. 2002, 42, 381—
408.

Swenson, J. M.; Facklam, R. R.; Thornsberry, C. Antimicrob. Agents Chemother.
1990, 34, 543-549.

Andersson, M. I.; MacGowan, A. P. J. Antimicrob. Chemother. 2003, 51, 1.


https://amr-review.org/background.html
http://www.pewtrusts.org/en/multimedia/data-visualizations/2014/antibiotics-currently-in-clinical-development
http://www.pewtrusts.org/en/multimedia/data-visualizations/2014/antibiotics-currently-in-clinical-development

REFERENCES 141

[46]
[47]

[48]

[49]

[50]

[61]

[52]

[53]

[54]
[55]

[56]
[57]

[58]

[59]
[60]
[61]
[62]
[63]
[64]

[65]

[66]

[67]

[68]

[69]
[70]

Takahashi, H.; Hayakawa, I.; Akimoto, T. Yakushigaku Zasshi 2002, 38, 161-79.
Irikura, T. Piperazinyl derivatives of quinoline carboxylic acids. |https://www,
google.com/patents/US4146719, US Patent 4146719 A, 1979.

Khan, M. Y.; Gruninger, R. P.; Nelson, S. M.; Klicker, R. E. Antimicrob. Agents
Chemother. 1982, 21, 848-851.

Wise, R.; Andrews, J. M.; Edwards, L. J. Antimicrob. Agents Chemother. 1983, 23,
559-564.

Aldred, K. J.; Kerns, R. J.; Osheroff, N. Biochemistry 2014, 53, 1565-1574.
Mitscher, L. A. Chem. Rev. 2005, 105, 559-592.

Wohlkonig, A.; Chan, P. F.; Fosberry, A. P.; Homes, P.; Huang, J.; Kranz, M.; Ley-
don, V. R.; Miles, T. J.; Pearson, N. D.; Perera, R. L.; Shillings, A. J.; Gwynn, M. N.;
Bax, B. D. Nat. Struct. Mol. Biol. 2010, 17, 1152—-1153.

Drlica, K.; Hiasa, H.; Kerns, R.; Malik, M.; Mustaev, A.; Zhao, X. Curr. Top. Med.
Chem. 2009, 9, 981-98.

Robicsek, A.; Jacoby, G. A.; Hooper, D. C. Lancet Infect. Dis. 2006, 6, 629 — 640.
Neuhauser, M. M.; Weinstein, R. A.; Rydman, R.; Danziger, L. H.; Karam, G.;
Quinn, J. P. JAMA 2003, 289, 885-888.

Martinez-Martinez, L.; Pascual, A.; Jacoby, G. A. Lancet 1998, 351, 797 — 799.
Robicsek, A.; Strahilevitz, J.; Jacoby, G. A.; Macielag, M.; Abbanat, D.; Park, C. H.;
Bush, K.; Hooper, D. C. Nat. Med. 2006, 12, 83-8.

Yamane, K.; Wachino, J.; Suzuki, S.; Arakawa, Y. Antimicrob. Agents. Chemother.
2008, 52, 1564-6.

Poole, K. Ann. Med. 2007, 39, 162-176.

Waksman, S. A.; Bugie, E.; Schatz, A. Proc. Staff. Meet. Mayo. Clin. 1944, 19, 537.
Begg, E. J.; Barclay, M. L. Br. J. Clin. Pharmacol. 1995, 39, 597-603.

Nikaido, H.; Vaara, M. Microbiol. Rev. 1985, 49, 1-32.

Hancock, R. E. W. J. Antimicrob. Chemother. 1981, 8, 249.

Kadurugamuwa, J. L.; Clarke, A. J.; Beveridge, T. J. J. Bacteriol. 1993, 175, 5798—
5805.

Mingeot-Leclercq, M. P.; Glupczynski, Y.; Tulkens, P. M. Antimicrob. Agents
Chemother. 1999, 43, 727-37.

Durante-Mangoni, E.; Grammatikos, A.; Utili, R.; Falagas, M. E. Int. J. Antimicrob.
Agents 2009, 33, 201 — 205.

Poole, K. Antimicrob. Agents Chemother. 2005, 49, 479-487.

Westbrock-Wadman, S.; Sherman, D. R.; Hickey, M. J.; Coulter, S. N.; Zhu, Y. Q;
Warrener, P.; Nguyen, L. Y.; Shawar, R. M.; Folger, K. R.; Stover, C. K. Antimicrob.
Agents Chemother. 1999, 43, 2975-83.

Doi, Y.; Arakawa, Y. Clin. Infect. Dis. 2007, 45, 88.

Brockmann, H.; Henkel, W. Sci. Nat. 1950, 37, 138—139.


https://www.google.com/patents/US4146719
https://www.google.com/patents/US4146719

142

REFERENCES

[71]
[72]
[73]
[74]
[75]
[76]

[77]

[78]
[79]

[80]
[81]
[82]
[83]
[84]
[85]
[86]
[87]

[88]
[89]

[90]

[91]

[92]
[93]

[94]

Zhanel, G. G.; Dueck, M.; Hoban, D. J.; Vercaigne, L. M.; Embil, J. M.; Gin, A. S;
Karlowsky, J. A. Drugs 2001, 61, 443-498.

Shortridge, V. D.; Doern, G. V.; Brueggemann, A. B.; Beyer, J. M.; Flamm, R. K. Clin.
Infect. Dis. 1999, 29, 1186.

Fyfe, C.; Grossman, T. H.; Kerstein, K.; Sutcliffe, J. Cold Spring Harb. Perspect.
Med. 2016, 6.

Daghrir, R.; Drogui, P. Environ. Chem. Lett. 2013, 11, 209-227.

Chopra, I.; Roberts, M. Microbiol. Mol. Biol. Rev. 2001, 65, 232—260.

Villedieu, A.; Diaz-Torres, M. L.; Hunt, N.; McNab, R.; Spratt, D. A.; Wilson, M.;
Mullany, P. Antimicrob. Agents Chemother. 2003, 47, 878-882.

Connell, S. R.; Tracz, D. M.; Nierhaus, K. H.; Taylor, D. E. Antimicrob. Agents
Chemother. 2003, 47, 3675-3681.

Wolinsky, E.; Hines, J. D. N. Engl. J. Med. 1962, 266, 759-762.

Miller, B. A.; Gray, A.; LeBlanc, T. W.; Sexton, D. J.; Martin, A. R.; Slama, T. G. Clin.
Infect. Dis. 2010, 50, 63.

Landersdorfer, C. B.; Nation, R. L. Semin. Respir. Crit. Care Med. 2015, 36, 126-35.
Silver, L. L. Clin. Microbiol. Rev. 2011, 24, 71-109.

Peet, N. P. Drug Discov. Today 2010, 15, 583 — 586.

Boucher, H. W.; Talbot, G. H.; Bradley, J. S.; Edwards Jr, J. E.; Gilbert, D.; Rice, L. B.;
Scheld, M.; Spellberg, B.; Bartlett, J. Clin. Infect. Dis. 2009, 48, 1-12.

Hede, K. Nature 2014, 509, 2-3.

Upton, M.; Cotter, P.; Tagg, J. Int. J. Microbiol. 2012, 2012, 2.

Hurdle, J. G.; O Neill, A. J.; Chopra, 1.; Lee, R. E. Nat. Rev. Microbiol. 2011, 9,
62-75.

Tew, G. N.; Clements, D.; Tang, H.; Arnt, L.; Scott, R. W. Biochim. Biophys. Acta
2006, 1758, 1387 — 1392.

Cottagnoud, P. Swiss Med. Wkly. 2008, 138, 93-9.

Wu, G.; Abraham, T.; Rapp, J.; Vastey, F.; Saad, N.; Balmir, E. Int. J. Antimicrob.
Agents 2011, 38, 192 — 196.

Li, J.; Nation, R. L.; Milne, R. W.; Turnidge, J. D.; Coulthard, K. Int. J. Antimicrob.
Agents 2005, 25, 11 — 25.

Moffatt, J. H.; Harper, M.; Harrison, P.; Hale, J. D. F.; Vinogradov, E.; Seemann, T;
Henry, R.; Crane, B.; St. Michael, F.; Cox, A. D.; Adler, B.; Nation, R. L.; Li, J;
Boyce, J. D. Antimicrob. Agents Chemother. 2010, 54, 4971-4977.

Pitt, T. L.; Sparrow, M.; Warner, M.; Stefanidou, M. Thorax 2003, 58, 794—796.
Falgenhauer, L.; Waezsada, S.-E.; Yao, Y.; Imirzalioglu, C.; Kasbohrer, A,
Roesler, U.; Michael, G. B.; Schwarz, S.; Werner, G.; Kreienbrock, L.; Chakraborty, T.
Lancet Infect. Dis. 2016, 16, 282—283.

Munoz-Price, L. S.; Lolans, K.; Quinn, J. P. Clin. Infect. Dis. 2005, 41, 565.



REFERENCES 143

[95]

[96]
[97]
[98]

[99]

[100]

[101]
[102]
[103]
[104]

[105]
[106]
[107]

[108]

[109]
[110]
[111]

[112]
[113]
[114]
[115]

[116]
[117]
[118]
[119]

[120]
[121]

Stansly, P. G.; Shepherd, R. G.; White, H. J. Bull. Johns Hopkins Hosp. 1947, 81,
43-54.

Liu, Q.; Li, W,; Feng, Y.; Tao, C. PLoS ONE 2014, 9, 98091.

Falagas, M. E.; Rafailidis, P. I. Expert Opin. Investig. Drugs 2008, 17, 973-81.
Ryan, K. J.; Schainuck, L. I.; Hickman, R. O.; Striker, G. E. JAMA 1969, 207, 2099—
20101.

Koch-Weser, J.; Sidel, V. W.; Federman, E. B.; Kanarek, P.; Finer, D. C.; Eaton, A. E.
Ann. Intern. Med. 1970, 72, 857—-868.

Lim, L. M.; Ly, N.; Anderson, D.; Yang, J. C.; Macander, L.; Jarkowski, A.; For-
rest, A.; Bulitta, J. B.; Tsuji, B. T. Pharmacotherapy 2010, 30, 1279-1291.

Lopes, J.; Inniss, W. E. J. Bacteriol. 1969, 100, 1128-1130.

Peterson, A. A.; Hancock, R. E.; McGroarty, E. J. J Bacteriol. 1985, 164, 1256-1261.
Dixon, R. A.; Chopra, I. Antimicrobial Agents and Chemotherapy 1986, 29, 781-788.
Storm, D. R.; Rosenthal, K. S.; Swanson, P. E. Annu. Rev. Biochem. 1977, 46, 723—
63.

Lorian, V. Arch. Intern. Med. 1971, 128, 623-632.

Jeannot, K.; Bolard, A.; Plesiat, P. Int. J. Antimicrob. Agents 2017, In press.

Liu, Y.-Y.; Wang, Y.; Walsh, T. R.; Yi, L.-X.; Zhang, R.; Spencer, J.; Doi, Y.; Tian, G.;
Dong, B.; Huang, X.; Yu, L.-F.; Gu, D.; Ren, H.; Chen, X.; Lv, L.; He, D.; Zhou, H.;
Liang, Z.; Liu, J.-H.; Shen, J. Lancet Infect. Dis. 2016, 16, 161 — 168.

Haenni, M.; Poirel, L.; Kieffer, N.; Chatre, P.; Saras, E.; Metayer, V.; Dumoulin, R.;
Nordmann, P.; Madec, J.-Y. Lancet Infect. Dis. 2016, 16, 281 — 282.

Ernst, R. K.; Guina, T.; Miller, S. I. Microb. Infect. 2001, 3, 1327 — 1334.
Moskowitz, S. M.; Ernst, R. K.; Miller, S. I. J. Bacteriol. 2004, 186, 575-579.
Pelletier, M. R.; Casella, L. G.; Jones, J. W.; Adams, M. D.; Zurawski, D. V.; Ha-
zlett, K. R. O.; Doi, Y.; Ernst, R. K. Antimicrob. Agents Chemother. 2013, 57, 4831—
4840.

Huber, F.; Pieper, R.; Tietz, A. J. Biotechnol. 1988, 7, 283 — 292.

Carpenter, C. F.; Chambers, H. F. Clin. Infect. Dis. 2004, 38, 994.

Akins, R. L.; Haase, K. K. Pharmacotherapy 2005, 25, 1001-1010.

Munita, J. M.; Murray, B. E.; Arias, C. A. Int. J. Antimicrob. Agents 2014, 44, 387 —
395.

Tran, T. T.; Munita, J. M.; Arias, C. A. Ann. N. Y. Acad. Sci. 2015, 1354, 32-53.
Giuliani, A.; Pirri, G.; Nicoletto, S. Open Life Sci. 2007, 2, 1.

Hancock, R. E.; Lehrer, R. Trends Biotechnol. 1998, 16, 82 — 88.
http://aps.unmc.edu/AP/main.php, The antimicrobial peptide database, accessed
2017-09-02.

Powers, J.-P. S.; Hancock, R. E. Peptides 2003, 24, 1681 — 1691.

Guani-Guerra, E.; Santos-Mendoza, T.; Lugo-Reyes, S. O.; Teran, L. M. Clin. Im-


http://aps.unmc.edu/AP/main.php

144

REFERENCES

[122]
[123]

[124]

[125]
[126]
[127]

[128]
[129]
[130]

[131]
[132]
[133]
[134]
[135]
[136]

[137]
[138]

[139]
[140]
[141]
[142]
[143]
[144]

[145]

[146]

munol. 2010, 135, 1 - 11.

Peters, B. M.; Shirtliff, M. E.; Jabra-Rizk, M. A. PLoS Pathog. 2010, 6, 1001067.
http//www.pdb.org/, RSCB Protein Data Bank (PDB): magainin-2
(DOI:10.2210/pdb2mag/pdb), human beta-defensin 1 (DOI:10.2210/pdb1kj5/pdb),
gramicidin A (DOI:10.2210/pdb1lmag/pdb), indolicidin (DOI:10.2210/pdb1g89/pdb),
accessed 2017-09-02.

Ludtke, S. J.; He, K.; Heller, W. T.; Harroun, T. A.; Yang, L.; Huang, H. W. Biochem-
istry 1996, 35, 13723-13728.

Zasloff, M. Proc. Natl. Acad. Sci. 1987, 84, 5449-5453.

Ganz, T. Science 1999, 286, 420-421.

Yang, D.; Biragyn, A.; Kwak, L.; Oppenheim, J. Trends Immunol. 2002, 23, 291—
296.

Finkelstein, A.; Andersen, O. S. J. Membr. Biol. 1981, 59, 155-171.

Wallace, B. A. Biophys. J. 1986, 49, 295-306.
http://m.legemiddelhandboka.no/Generelle/31100, Gramicidin, legemiddelhand-
boka, accessed 2017-09-02.

Subbalakshmi, C.; Sitaram, N. FEMS Microbiol. Lett. 1998, 160, 91-96.
Matsuzaki, K. Biochim. Biophys. Acta. 1999, 1462, 1-10.

Oren, Z.; Shai, Y. Peptide Science 1998, 47, 451-463.

Ehrenstein, G.; Lecar, H. . Rev. Biophys. 1977, 10, 1-34.

Matsuzaki, K.; Murase, O.; Fujii, N.; Miyajima, K. Biochemistry 1996, 35, 11361—
11368.

Yang, L.; Harroun, T. A.; Weiss, T. M.; Ding, L.; Huang, H. W. Biophys. J. 2001, 81,
1475 — 1485.

Ganz, T.; Lehrer, R. I. Pharmacol. Ther. 1995, 66, 191 — 205.

Hancock, R. E. W.; Chapple, D. S. Antimicrob. Agents Chemother. 1999, 43, 1317—
1323.

Guilhelmelli, F.; Vilela, N.; Albuquerque, P.; Derengowski, L. d. S.; Silva-Pereira, 1.;
Kyaw, C. M. Front Microbiol. 2013, 4, 353.

Yount, N. Y.; Yeaman, M. R. Ann. N. Y. Acad. Sci. 2013, 1277, 127-138.
Subbalakshmi, C.; Sitaram, N. FEMS Microbiol. Lett. 2006, 160, 91.

Boman, H. G.; Agerberth, B.; Boman, A. Infect. Immun. 1993, 61, 2978-2984.

Cho, J. H.; Sung, B. H.; Kim, S. C. Biochim. Biophys. Acta - Biomembranes 2009,
1788, 1564 — 1569.

Zhang, H.-t.; Wu, J.; Zhang, H.-f.; Zhu, Q.-f. Acta. Pharmacol. Sin. 2006, 27, 1367—
1374.

Marr, A. K.; Gooderham, W. J.; Hancock, R. E. Curr. Opin. Pharmacol. 2006, 6, 468
—472.

Zhang, L.; Parente, J.; Harris, S. M.; Woods, D. E.; Hancock, R. E. W,; Falla, T. J.


http//www.pdb.org/
http://m.legemiddelhandboka.no/Generelle/31100

REFERENCES 145

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]
[162]

[163]
[164]

[165]

[166]

[167]

[168]

Antimicrob. Agents Chemother. 2005, 49, 2921-2927.

Yeaman, M. R.; Yount, N. Y. Pharmacol. Rev. 2003, 55, 27-55.

Hancock, R. E. W.; Sahl, H.-G. Nat. Biotech. 2006, 24, 1551-1557.

Henderson, J. M.; Lee, K. Y. C. Curr. Opin. Solid State Mater. Sci. 2013, 17, 175 —
192.

Dorner, F.; Lienkamp, K. Polymeric Materials with Antimicrobial Activity: From
Synthesis to Applications; The Royal Society of Chemistry, 2014; pp 97-138.
Engler, A. C.; Tan, J. P. K;; Ong, Z. Y.; Coady, D. J.; Ng, V. W. L.; Yang, Y. Y;;
Hedrick, J. L. Biomacromolecules 2013, 14, 4331-4339.

Giuliani, A.; Rinaldi, A. C. Cell. Mol. Life Sci. 2011, 68, 2255-2266.

Deshayes, S.; Lee, M. W.; Schmidt, N. W.; Xian, W.; Kasko, A.; Wong, G. C. L. In
Host Defense Peptides and Their Potential as Therapeutic Agents; Epand, R. M.,
Ed.; Springer International Publishing: Cham, 2016; pp 253-290.

Porter, E. A.; Weisblum, B.; Gellman, S. H. J. Am. Chem. Soc. 2005, 127, 11516—
11529.

Choi, S.; Isaacs, A.; Clements, D.; Liu, D.; Kim, H.; Scott, R. W.; Winkler, J. D.;
DeGrado, W. F. Proc. Natl. Acad. Sci. 2009, 106, 6968—6973.

Zasloff, M. In Antimicrobial Peptides: Role in Human Health and Disease;
Harder, J., Schroder, J.-M., Eds.; Springer International Publishing: Cham, 2016;
pp 147-154.

Hansen, T.; Alst, T.; Havelkova, M.; Strgm, M. B. J. Med. Chem. 2010, 53, 595—606.
Haug, B. E.; Strgm, M. B.; Svendsen, J. S. M. Curr. Med. Chem. 2007, 14, 1-18.
Strgm, M. B.; Erik Haug, B.; Rekdal, @.; Skar, M. L.; Stensen, W.; Svendsen, J. S.
Biochem. Cell Biol. 2002, 80, 65-74.

Strgm, M. B.; Haug, B. E.; Skar, M. L.; Stensen, W.; Stiberg, T.; Svendsen, dJ. S. J.
Med. Chem. 2003, 46, 1567-1570.

Strgm, M. B.; Rekdal, @.; Svendsen, J. S. JJ. Pept. Sci. 2002, 8, 431-437.

Strgm, M. B.; Stensen, W.; Svendsen, J. S.; Rekdal, @. J Pept. Res. 2001, 57, 127—
139.

Strgm, M. B.; Svendsen, J. S.; Rekdal, @. J. Pept. Res. 2000, 56, 265—274.

Yang, N.; Strgm, M. B.; Mekonnen, S. M.; Svendsen, J. S.; Rekdal, @. JJ. Pept. Sci.
2004, 10, 37-46.

Hansen, T.; Ausbacher, D.; Flaten, G. E.; Havelkova, M.; Strgm, M. B. J. Med. Chem.
2011, 54, 858-868.

Hansen, T.; Moe, M. K.; Anderssen, T.; Strgm, M. B. Eur. J. Drug. Metab. Pharma-
cokinet. 2012, 37, 191-201.

Haug, B. E.; Stensen, W.; Kalaaji, M.; Rekdal, @.; Svendsen, J. S. J. Med. Chem.
2008, 51, 4306-4314.

Isaksson, J.; Brandsdal, B. O.; Engqvist, M.; Flaten, G. E.; Svendsen, J. S. M.;



146

REFERENCES

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]
[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

Stensen, W. J. Med. Chem. 2011, 54, 5786-5795.

Teng, P.; Huo, D.; Nimmagadda, A.; Wu, J.; She, F.; Su, M.; Lin, X.; Yan, J.; Cao, A.;
Xi, C.; Hu, Y.; Cai, J. J. Med. Chem. 2016, 59, 7877-7887.

Ghosh, C.; Manjunath, G. B.; Akkapeddi, P.; Yarlagadda, V.; Hoque, J.; Uppu, D. S.
S. M.; Konai, M. M.; Haldar, J. J. Med. Chem. 2014, 57, 1428—-1436.

Mensa, B.; Howell, G. L.; Scott, R.; DeGrado, W. F. Antimicrob. Agents Chemother.
2014, 58, 5136-5145.

Hanssen, K.; Cervin, G.; Trepos, R.; Petitbois, J.; Haug, T.; Hansen, E.; Ander-
sen, J. H.; Pavia, H.; Hellio, C.; Svenson, J. Mar. Biotechnol. 2014, 16, 684—-694.
Tadesse, M.; Strgm, M. B.; Svenson, J.; Jaspars, M.; Milne, B. F.; Tgrfoss, V.; Ander-
sen, J. H.; Hansen, E.; Stensvag, K.; Haug, T. Org. Lett. 2010, 12, 4752-4755.
Takahashi, Y.; linuma, Y.; Kubota, T.; Tsuda, M.; Sekiguchi, M.; Mikami, Y.;
Fromont, J.; Kobayashi, J. Org. Lett. 2011, 13, 628-631.

Tadesse, M.; Tgrfoss, V.; Strgm, M. B.; Hansen, E.; Andersen, J. H.; Stensvag, K.;
Haug, T. Biochem. Syst. Ecol. 2010, 38, 827 — 829.

Rodriguez, A. D.; Pina, 1. C. J. Nat. Prod. 1993, 56, 907-914.

Yao, G.; Kondratyuk, T. P.; Tan, G. T.; Pezzuto, J. M.; Chang, L. C. J. Nat. Prod.
2009, 72, 319-323.

Xu, M.; Davis, R. A.; Feng, Y.; Sykes, M. L.; Shelper, T.; Avery, V. M.; Camp, D.;
Quinn, R. J. J. Nat. Prod. 2012, 75, 1001-1005.

Takahashi, Y.; Kubota, T.; Ito, J.; Mikami, Y.; Fromont, J.; Kobayashi, J. Bioorg.
Med. Chem. 2008, 16, 7561 — 7564.

Igumnova, E. M.; Mishchenko, E.; Haug, T.; Blencke, H.-M.; Sollid, J. U. E.; Fred-
heim, E. G. A.; Lauksund, S.; Stensvag, K.; Strgm, M. B. Bioorg. Med. Chem. 2016,
24, 5884 — 5894.

Lipinski, C. A.; Lombardo, F.; Dominy, B. W.; Feeney, P. J. Adv. Drug Deliv. Rev.
1997, 23, 3 — 25.

Beaumont, K.; Cole, S. M.; Gibson, K.; Gosset, J. R. Metabolism, Pharmacokinetics
and Toxicity of Functional Groups: Impact of Chemical Building Blocks on ADMET,
The Royal Society of Chemistry, 2010; pp 61-98.

Greene, N.; Aleo, M. D.; Louise-May, S.; Price, D. A.; Will, Y. Bioorg. Med. Chem.
Lett. 2010, 20, 5308 — 5312.

Hughes, J. D.; Blagg, J.; Price, D. A.; Bailey, S.; DeCrescenzo, G. A.; Devraj, R. V,;
Ellsworth, E.; Fobian, Y. M.; Gibbs, M. E.; Gilles, R. W.; Greene, N.; Huang, E.;
Krieger-Burke, T.; Loesel, J.; Wager, T.; Whiteley, L.; Zhang, Y. Bioorg. Med. Chem.
Lett. 2008, 18, 4872 — 4875.

Kwon, Y. Handbook of essential pharmacokinetics, pharmacodynamics and drug
metabolism for industrial scientists; Springer Science & Business Media, 2001,
Chapter 4.2.4 Partition and Distribution Coefficients, pp 44 — 45.



REFERENCES 147

[186]

[187]

[188]

[189]

[190]
[191]

[192]

[193]

[194]

[195]
[196]

[197]

[198]

[199]

[200]
[201]
[202]

[203]
[204]
[205]

[206]
[207]
[208]
[209]

Fitch, C. A.; Platzer, G.; Okon, M.; Garcia-Moreno, B.; McIntosh, L. P. Protein Sci.
2015, 24, 752-761.

Rothbard, J. B.; Jessop, T. C.; Lewis, R. S.; Murray, B. A.; Wender, P. A. J. Am. Chem.
Soc. 2004, 126, 9506-9507.

Stanzl, E. G.; Trantow, B. M.; Vargas, J. R.; Wender, P. A. Acc. Chem. Res. 2013, 46,
29442954,

Dewick, P. Essentials of Organic Chemistry: For Students of Pharmacy, Medicinal
Chemistry and Biological Chemistry; Wiley, 2013.

Strandberg, E.; Killian, J. FEBS Lett. 2003, 544, 69 — 73.

Hughes, J.; Rees, S.; Kalindjian, S.; Philpott, K. Br. J. Pharmacol. 2011, 162, 1239—
1249.
https://www.lgcstandards—atcc.org/products/all/HB-8065.aspx?geo_country=
no#generalinformation, ATCC, American Type Culture Collection, HepG2 (ATCC
HB-8065), accessed 2017-10-05.

Silhavy, T. J.; Kahne, D.; Walker, S. Cold Spring Harb. Perspect. Biol 2010, 2, 1.
Andersson, D.; Hughes, D.; Kubicek-Sutherland, J. Drug Resist. Updat. 2016, 26,
43 - 57.

Malanovic, N.; Lohner, K. Pharmaceuticals 2016, 9, 59.

Hidron, A. I.; Edwards, J. R.; Patel, J.; Horan, T. C.; Sievert, D. M.; Pollock, D. A.;
Fridkin, S. K. Infect. Control Hosp. Epidemiol. 2008, 29, 996-1011.

Tong, S. Y. C.; Davis, J. S.; Eichenberger, E.; Holland, T. L.; Fowler, V. G. Clin.
Microbiol. Rev. 2015, 28, 603-661.

Wertheim, H. F.; Melles, D. C.; Vos, M. C.; van Leeuwen, W.; van Belkum, A.; Ver-
brugh, H. A.; Nouwen, J. L. Lancet Infect. Dis. 2005, 5, 751 — 762.

Johnson, A. P.; Aucken, H. M.; Cavendish, S.; Ganner, M.; Wale, M. C. J.; Warner, M.;
Livermore, D. M.; Cookson, B. D. J. Antimicrob. Chemother. 2001, 48, 143.

Gardete, S.; Tomasz, A. J. Clin. Invest. 2014, 124, 2836—-2840.

Loomba, P. S.; Taneja, J.; Mishra, B. J Global. Infect. Dis. 2010, 2, 275-283.

Boost, M. A. V.; O’'Donoghue, M. A. M.; James, A. Epidemiol. Infect. 2008, 136, 953—
964.

Burton, S.; Reid-Smith, R.; McClure, J. T.; Weese, J. S. Can. Vet. J. 2008, 49, 797-9.
Murray, B. E. Clin. Microbiol. Rev. 1990, 3, 46-65.

Arias, C.; Contreras, G.; Murray, B. Eur. J. Clin. Microbiol. Infect. Dis. 2010, 16, 555
—562.

Patel, R. J. Antimicrob. Chemother. 2003, 51 Suppl 3, 13-21.

Lee, W.-T.; Lai, M.-C. J. Microbiol. Immunol. Infect. 2015, 48, 510 — 516.

Farley, M. M.; Strasbaugh, L. J. Clin. Infect. Dis. 2001, 33, 556.

Schrag, S. J.; Zywicki, S.; Farley, M. M.; Reingold, A. L.; Harrison, L. H,;
Lefkowitz, L. B.; Hadler, J. L.; Danila, R.; Cieslak, P. R.; Schuchat, A. N. Engl.


https://www.lgcstandards-atcc.org/products/all/HB-8065.aspx?geo_country=no#generalinformation
https://www.lgcstandards-atcc.org/products/all/HB-8065.aspx?geo_country=no#generalinformation

148

REFERENCES

[210]

[211]

[212]

[213]

[214]
[215]
[216]
[217]

[218]
[219]

[220]

[221]
[222]
[223]
[224]
[225]

[226]
[227]

[228]

[229]
[230]
[231]
[232]
[233]
[234]
[235]
[236]

J. Med. 2000, 342, 15-20.

Lin, F.-Y. C.; Azimi, P. H.; Weisman, L. E.; Philips, J. B., III; Regan, J.; Clark, P,
Rhoads, G. G.; Clemens, J.; Troendle, J.; Pratt, E.; Brenner, R. A.; Gill, V. Clin.
Infect. Dis. 2000, 31, 76.

Chohan, L.; Hollier, L. M.; Bishop, K.; Kilpatrick, C. C. Infect. Dis. Obstet. Gynecol.
2006, 57492.

Capanna, F.; Emonet, S. P.; Cherkaoui, A.; Irion, O.; Schrenzel, J.; Martinez De
Tejada Weber, B. Swiss Med. Wkly. 2013, 143.

Back, E. E.; O’Grady, E. J.; Back, J. D. Antimicrob. Agents Chemother. 2012, 56,
739-742.

Park, C.; Nichols, M.; Schrag, S. J. N. Engl. J. Med. 2014, 370, 885-886.

Schobert, M.; Jahn, D. Int. J Med. Microbiol. 2010, 300, 549 — 556.

Potron, A.; Poirel, L.; Nordmann, P. Int. J Antimicrob. Agents 2015, 45, 568 — 585.
Doi, Y.; de Oliveira Garcia, D.; Adams, J.; Paterson, D. L. Antimicrob. Agents
Chemother. 2007, 51, 852—-856.

Poole, K. Clin. Microbiol. Infect. 2004, 10, 12 — 26.

Mabh, T.-F.; Pitts, B.; Pellock, B.; Walker, G. C.; Stewart, P. S.; O'Toole, G. A. Nature
2003, 426, 306-310.

Denton, M.; Kerr, K.; Mooney, L.; Keer, V.; Rajgopal, A.; Brownlee, K.; Arundel, P,;
Conway, S. Pediatr. Pulmonol. 2002, 34, 257-261.

Vasoo, S.; Barreto, J. N.; Tosh, P. K. Mayo Clin. Proc. 2015, 90, 395 — 403.

Bentley, R.; Meganathan, R. Microbiolo. Rev. 1982, 46, 241-280.

Hudault, S.; Guignot, J.; Servin, A. L. Gut 2001, 49, 47-55.

Reid, G.; Howard, J.; Gan, B. S. Trends Microbiol. 2001, 9, 424 — 428.

Todar, K. 2008; http://textbookofbacteriology.net/e.coli.html, [Online Text-
book of Bacteriology: Pathogenic E. coli, online; accessed 2017-17-02].

Salyers, A. A.; Gupta, A.; Wang, Y. Trends Microbiol. 2004, 12, 412 — 416.

Kolb, H. C.; Finn, M. G.; Sharpless, K. B. Angew. Chem. Int. Ed. 2001, 40, 2004—
2021.

Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.; Sharpless, K. B. Angew. Chem. Int. Ed.
2002, 41, 2596-2599.

Tornge, C. W.; Christensen, C.; Meldal, M. JJ. Org. Chem. 2002, 67, 3057-3064.
Huisgen, R. Angew. Chem. Int. Ed. 1963, 2, 565-598.

Moses, J. E.; Moorhouse, A. D. Chem. Soc. Rev. 2007, 36, 1249-1262.

Binder, W. H.; Sachsenhofer, R. Macromol. Rapid Commun. 2007, 28, 15-54.

Gil, M. V.; Arevalo, M. J.; Lopez, O. Synthesis 2007, 2007, 1589-1620.

Read, E. S.; Armes, S. P. Chem. Commun. 2007, 3021-3035.

Evans, R. A. Aust. J. Chem. 2007, 60, 384—395.

Yeo, D. S. Y.; Srinivasan, R.; Chen, G. Y. J.; Yao, S. Q. Chem. Eur. J. 2004, 10, 4664—


http://textbookofbacteriology.net/e.coli.html

REFERENCES 149

[237]
[238]
[239]

[240]
[241]

[242]
[243]
[244]
[245]
[246]
[247]
[248]
[249]
[250]
[251]
[252]
[253]
[254]
[255]
[256]
[257]

[258]

[259]
[260]

4672.

Angell, Y. L.; Burgess, K. Chem. Soc. Rev. 2007, 36, 1674—-1689.

Brik, A.; Wu, C.-Y.; Wong, C.-H. Org. Biomol. Chem. 2006, 4, 1446-1457.

Elsevier, https://www.reaxys.com/reaxys, Reaxys chemical search engine, accessed
2017-18-02.

Moen, A.; Nicholson, D. G. J. Chem. Soc., Faraday Trans. 1995, 91, 3529-3535.
Wilkinson, G. Comprehensive Coordination Chemistry; Pergamon: Oxford, 1987,
Vol. 5; B. J. Hathaway, pp 533-757.

Himo, F.; Lovell, T.; Hilgraf, R.; Rostovtsev, V. V.; Noodleman, L.; Sharpless, K. B.;
Fokin, V. V. J. Am. Chem. Soc. 2005, 127, 210-216.

Ahlquist, M.; Fokin, V. V. Organometallics 2007, 26, 4389—-4391.

Nolte, C.; Mayer, P.; Straub, B. Angew. Chem. Int. Ed. 2007, 46, 2101-2103.
Worrell, B. T.; Malik, J. A.; Fokin, V. V. Science 2013, 340, 457-460.

Shi, W.; Luo, Y.; Luo, X.; Chao, L.; Zhang, H.; Wang, J.; Lei, A. J Am. Chem. Soc.
2008, 130, 14713-14720.

Woon, E. C.; Dhami, A.; Mahon, M. F.; Threadgill, M. D. Tetrahedron 2006, 62, 4829
—48317.

Shao, C.; Wang, X.; Xu, J.; Zhao, J.; Zhang, Q.; Hu, Y. J Org. Chem. 2010, 75, 7002—
7005.

Shao, C.; Wang, X.; Zhang, Q.; Luo, S.; Zhao, J.; Hu, Y. J Org. Chem. 2011, 76,
6832-6836.

Boren, B. C.; Narayan, S.; Rasmussen, L. K.; Zhang, L.; Zhao, H.; Lin, Z.; Jia, G;
Fokin, V. V. J. Am. Chem. Soc. 2008, 130, 8923-8930.

Thirumurugan, P.; Matosiuk, D.; Jozwiak, K. Chem. Rev. 2013, 113, 4905-4979.
Totobenazara, J.; Burke, A. J. Tetrahedron Lett. 2015, 56, 2853 — 2859.

Agalave, S. G.; Maujan, S. R.; Pore, V. S. Chem. Asian J. 2011, 6, 2696—-2718.
Lauria, A.; Delisi, R.; Mingoia, F.; Terenzi, A.; Martorana, A.; Barone, G.;
Almerico, A. M. Eur. J. Org. Chem. 2014, 2014, 3289-3306.

Pedersen, D. S.; Abell, A. Eur. J. Org. Chem. 2011, 2011, 2399-2411.

Tischler, M.; Nasu, D.; Empting, M.; Schmelz, S.; Heinz, D. W.; Rottmann, P.; Kol-
mar, H.; Buntkowsky, G.; Tietze, D.; Avrutina, O. Angew. Chem. Int. Ed. 2012, 51,
3708-3712.

Valverde, I. E.; Bauman, A.; Kluba, C. A.; Vomstein, S.; Walter, M. A.; Mindt, T. L.
Angew. Chem. Int. Ed. 2013, 52, 8957-8960.

Scholar, E. xPharm: The Comprehensive Pharmacology Reference; Elsevier: New
York, 2007; pp 1 - 5.

Stilwell, G. A.; Adams, H. G.; Turck, M. Antimicrob. Agents Chemother. 8, 751-753.
Actor, P.; Uri, J. V,; Phillips, L.; Sachs, C. S.; Guarini, J. R.; Zajac, 1.; Berges, D. A,;
Dunn, G. L.; Hoover, J. R. E.; Weisbach, J. A. J. Antibiot. 1975, 28, 594—601.


https://www.reaxys.com/reaxys

150

REFERENCES

[261]
[262]

[263]
[264]
[265]
[266]

[267]

[268]
[269]

[270]

[271]

[272]

[273]

[274]

[275]
[276]

[277]
[278]
[279]

Fu, X.; Albermann, C.; Zhang, C.; Thorson, J. S. Org. Lett. 2005, 7, 1513—-1515.
Srinivasan, R.; Tan, L. P.; Wu, H.; Yang, P.-Y.; Kalesh, K. A.; Yao, S. Q. Org. Biomol.
Chem. 2009, 7, 1821-1828.

Wang, J.; Uttamchandani, M.; Li, J.; Hu, M.; Yao, S. Q. Org. Lett. 2006, 8, 3821—
3824.

Hou, J.; Feng, C.; Li, Z.; Fang, Q.; Wang, H.; Gu, G.; Shi, Y.; Liu, P.; Xu, F,; Yin, Z,;
Shen, dJ.; Wang, P. Eur. J. Med. Chem. 2011, 46, 3190 — 3200.

Francis, M. B.; Carrico, I. S. Curr. Opin. Chem. Biol. 2010, 14, 771 — 773.

Sletten, E. M.; Bertozzi, C. R. Acc. Chem. Res. 2011, 44, 666-676.

Agard, N. J.; Prescher, J. A.; Bertozzi, C. R. J. Am. Chem. Soc. 2004, 126, 15046—
15047.

Sletten, E.; Bertozzi, C. Angew. Chem. Int. Ed. 2009, 48, 6974—6998.

Napolitano, E.; Spinelli, G.; Fiaschi, R.; Marsili, A. J Chem. Soc., Perkin Trans. 1
1986, 785-787.

Shultz, M.; Fan, J.; Chen, C.; Cho, Y. S.; Davis, N.; Bickford, S.; Buteau, K.; Cao, X.;
Holmgqvist, M.; Hsu, M.; Jiang, L.; Liu, G.; Lu, Q.; Patel, C.; Suresh, J. R.; Sel-
varaj, M.; Urban, L.; Wang, P.; Yan-Neale, Y.; Whitehead, L.; Zhang, H.; Zhou, L.;
Atadja, P. Bioorg. Med. Chem. Lett. 2011, 21, 4909 — 4912.

Goethem, S. V.; der Veken, P. V.; Dubois, V.; Soroka, A.; Lambeir, A.-M.; Chen, X_;
Haemers, A.; Scharpe, S.; Meester, I. D.; Augustyns, K. Bioorg. Med. Chem. Leit.
2008, 18,4159 — 4162.

Dragovich, P. S.; Bair, K. W.; Baumeister, T.; Ho, Y.-C.; Liederer, B. M.; Liu, X,;
Liu, Y.; O’'Brien, T.; Oeh, J.; Sampath, D.; Skelton, N.; Wang, L.; Wang, W.; Wu, H.;
Xiao, Y.; wai Yuen, P.; Zak, M.; Zhang, L.; Zheng, X. Bioorg. Med. Chem. Lett. 2013,
23, 4875 — 4885.

Ragavendran, J. V.; Sriram, D.; Patel, S. K.; Reddy, I. V.; Bharathwajan, N.; Sta-
bles, J.; Yogeeswari, P. Eur. J. Med. Chem. 2007, 42, 146 — 151.

Kok, S. H. L.; Gambari, R.; Chui, C. H.; Yuen, M. C. W,; Lin, E.; Wong, R. S. M;
Lau, F. Y,; Cheng, G. Y. M.; Lam, W. S,; Chan, S. H.; Lam, K. H.; Cheng, C. H,;
Lai, P. B. S;; Yu, M. W. Y.; Cheung, F.; Tang, J. C. O.; Chan, A. S. C. Bioorg. Med.
Chem. 2008, 16, 3626 — 3631.

Norman, M. H.; Minick, D. J.; Rigdon, G. C. J. Med. Chem. 1996, 39, 149-157.
Watson, A. F.; Liu, J.; Bennaceur, K.; Drummond, C. J.; Endicott, J. A.; Golding, B. T;
Griffin, R. J.; Haggerty, K.; Lu, X.; McDonnell, J. M.; Newell, D. R.; Noble, M. E.;
Revill, C. H.; Riedinger, C.; Xu, Q.; Zhao, Y.; Lunec, J.; Hardcastle, I. R. Bioorg. Med.
Chem. Lett. 2011, 21, 5916 — 5919.

Mellin, G. W.; Katzenstein, M. N. Engl. J. Med. 1962, 267, 1184-1193.

Bielenberg, D. R.; D’Amore, P. A. Lymphat. Res. Biol. 2008, 6, 203—207.

Wada, T.; Fukuda, N. Pharmacol. Biochem. Behav. 1992, 41, 573 — 579.



REFERENCES 151

[280]

[281]

[282]

[283]

[284]
[285]
[286]
[287]
[288]
[289]

[290]
[291]

[292]
[293]
[294]
[295]
[296]
[297]
[298]

[299]

[300]
[301]

[302]
[303]

[304]

Berger, D.; Citarella, R.; Dutia, M.; Greenberger, L.; Hallett, W.; Paul, R.; Powell, D.
J. Med. Chem. 1999, 42, 2145-2161.

Souvie, J.-C.; Fugier, C.; Lecouve, J.-P. Process for the preparation of isoindoline,
US6320058 B2, 2001.

Watanabe, Y.; Shim, S.; Uchida, H.; Mitsudo, T.; Takegami, Y. Tetrahedron 1979, 35,
1433 — 1436.

Zak, M.; Yuen, P.-w.; Liu, X.; Patel, S.; Sampath, D.; Oeh, J.; Liederer, B. M.;
Wang, W.; O’'Brien, T.; Xiao, Y.; Skelton, N.; Hua, R.; Sodhi, J.; Wang, Y.; Zhang, L.;
Zhao, G.; Zheng, X.; Ho, Y.-C.; Bair, K. W.; Dragovich, P. S. J. Med. Chem. 2016, 59,
8345-8368.

Reppe, W.; Schlichting, O.; Meister, H. Liebigs Ann. 1948, 560, 93-104.

Saito, S.; Yamamoto, Y. Chem. Rev. 2000, 100, 2901-2916.

Kotha, S.; Brahmachary, E.; Lahiri, K. Eur. J. Org. Chem. 2005, 2005, 4741-4767.
Vollhardt, K. P. C. Angew. Chem. Int. Ed. 1984, 23, 539-556.

Yamamoto, Y. Curr. Org. Chem. 2005, 9, 503-519.

Hegedus, L. S.; Sgderberg, B. C. H. Transition metals in the synthesis of complex
organic molecules, 3rd ed.; University Science Books, 2010; pp 332-333.

Casadei, M. A.; Galli, C.; Mandolini, L. J Am. Chem. Soc. 1984, 106, 1051-1056.
Beesley, R. M.; Ingold, C. K.; Thorpe, dJ. F. J Chem. Soc., Trans. 1915, 107, 1080—
1106.

Auvinet, A.-L.; Michelet, V.; Ratovelomanana-Vidal, V. Synthesis 2013, 45, 2003—
2008.

Boger, D. L.; Lee, J. K.; Goldberg, J.; Jin, Q. J. Org. Chem. 2000, 65, 1467-1474.
Teske, J. A.; Deiters, A. J. Org. Chem. 2008, 73, 342—-345.

Liang, C.; Gu, L.; Yang, Y.; Chen, X. Synth. Commun. 2014, 44, 2416-2425.
Molander, G. A.; Cadoret, F. Tetrahedron Lett. 2011, 52, 2199-2202.

Bakka, T. A.; Myreng, K. N.; Lea, K. L.; Brondz, A. C.; Strgm, M. B.; Andersen, J. H.;
Gautun, O. R. Prepared manuscript 2017,

Bakka, T. A.; Strgm, M. B.; Andersen, J. H.; Gautun, O. R. Bioorg. Med. Chem. Lett.
2017,27,1119 — 1123.

Bakka, T. A.; Strgm, M. B.; Andersen, J. H.; Gautun, O. R. Bioorg. Med. Chem.,
Accepted manuscript 2017,

Bakka, T. A.; Gautun, O. R. Synth. Commun. 2017, 47, 169-172.

ChemAxon, MarvinSketch 16.11.7. |https://www.chemaxon.com/products/marvin/
marvinsketch/, 2017.

GraphPad Prism 7.02, GraphPad Software. http://www.graphpad.com/, 2017.
Campbell-Verduyn, L.; Elsinga, P. H.; Mirfeizi, L.; Dierckx, R. A.; Feringa, B. L. Org.
Biomol. Chem. 2008, 6, 3461-3463.

Gallina, M. E.; Baytekin, B.; Schalley, C.; Ceroni, P. Chem. Eur. J. 2012, 18, 1528—


https://www.chemaxon.com/products/marvin/marvinsketch/
https://www.chemaxon.com/products/marvin/marvinsketch/
http://www.graphpad.com/

152

REFERENCES

[305]

[306]

[307]
[308]

[309]

[310]
[311]

[312]

[313]

[314]

[315]
[316]

[317]

[318]
[319]

[320]
[321]

[322]
[323]
[324]
[325]

[326]

[327]

1535.

Yamakoshi, H.; Dodo, K.; Palonpon, A.; Ando, J.; Fujita, K.; Kawata, S.; Sodeoka, M.
J. Am. Chem. Soc. 2012, 134, 20681-20689.

Sharma, T. A.; Carr, A. J.; Davis, R. S.; Reynolds, I. J.; Hamilton, A. D. Bioorg. Med.
Chem. Lett. 1998, 8, 3459-3464.

Zhu, W.; Ma, D. Chem. Commun. 2004, 888—889.

Ban, H. S.; Minegishi, H.; Shimizu, K.; Maruyama, M.; Yasui, Y.; Nakamura, H.
ChemMedChem 2010, 5, 1236-1241.

Yanzhong, W.; Panolil, R. Processes for the preparation of N-substituted phthalim-
ides, US2005/107618 A1, 2005.

L'abbe, G.; Leurs, S.; Sannen, I.; Dehaen, W. Tetrahedron 1993, 49, 4439-4446.
Elsevier, https://www.reaxys.com/reaxys, Reaxys chemical search engine, accessed
2017-25-03.

Ashcraft, L.; Bergnes, G.; Chuang, C.; Collibee, S.; Lu, P.; Morgan, B.; Muci, A.;
Qian, X.; Warrington, J.; Yang, Z. Certain heterocycles, compositions thereof, and
methods for their use, US2012/289698, 2012.

Eschweiler, W. Chem. Ber. 1905, 38, 880—882.

Clarke, H. T.; Gillespie, H. B.; Weisshaus, S. Z. J Am. Chem. Soc. 1933, 55, 4571—
4587.

Bernatowicz, M. S.; Wu, Y.; Matsueda, G. R. J. Org. Chem. 1992, 57, 2497-502.
Zhang, Y.; Algburi, A.; Wang, N.; Kholodovych, V.; Oh, D. O.; Chikindas, M.;
Uhrich, K. E. Nanomedicine 2017, 13, 343 — 352.

Perrin, D. D. Dissociation constants of organic bases in aqueous solution: supple-
ment 1972; Butterworths, 1972,

Bordwell, F. G. Acc. Chem. Res. 1988, 21, 456-463.

Tona, V.; de la Torre, A.; Padmanaban, M.; Ruider, S.; Gonzalez, L.; Maulide, N. J.
Am. Chem. Soc. 2016, 138, 8348-8351.

Rogers, S.; Melander, C. Angew. Chem. Int. Ed. 2008, 47, 5229-5231.

Boutureira, O.; D’Hooge, F.; Fernandez-Gonzalez, M.; Bernardes, G. J. L.; Sanchez-
Navarro, M.; Koeppe, J. R.; Davis, B. G. Chem. Commun. 2010, 46, 8142-8144.
Kappe, C. O. Angew. Chem. Int. Ed. 2004, 43, 6250—6284.

Yang, X.; Birman, V. B. Org. Lett. 2009, 11, 1499-1502.

Ohshima, T.; Hayashi, Y.; Agura, K.; Fujii, Y.; Yoshiyama, A.; Mashima, K. Chem.
Commun. 2012, 48, 5434-5436.

Wu, J.; Zhang, D.; Chen, L.; Li, J.; Wang, J.; Ning, C.; Yu, N.; Zhao, F.; Chen, D;
Chen, X.; Chen, K.; Jiang, H.; Liu, H.; Liu, D. J. Med. Chem. 2013, 56, 761-780.
Mohammad, H.; Mayhoub, A. S.; Ghafoor, A.; Soofi, M.; Alajlouni, R. A.; Cush-
man, M.; Seleem, M. N. J. Med. Chem. 2014, 57, 1609-1615.

Tian-Yi, Z.; Chao, L.; Ya-Ru, L.; Xiao-Zhen, L.; Liang-Peng, S.; Chang-Ji, Z.; Hu-


https://www.reaxys.com/reaxys

REFERENCES 153

[328]
[329]
[330]
[331]

[332]
[333]

[334]

[335]

[336]
[337]

[338]

[339]

[340]

[341]

[342]

[343]

[344]

[345]

[346]

[347]

Ri, P. Lett. Drug Des. Discov. 2016, 13, 1063—-1075.

Melnes, S.; Bayer, A.; Gautun, O. R. Tetrahedron 2013, 69, 7910 — 7915.

Melnes, S.; Bayer, A.; Gautun, O. R. Tetrahedron 2012, 68, 8463 — 8471.

Geny, A.; Agenet, N.; Iannazzo, L.; Malacria, M.; Aubert, C.; Gandon, V. Angew.
Chem. Int. Ed. 2009, 48, 1810-1813.

Boiiaga, L. V. R.; Zhang, H.-C.; Moretto, A. F.; Ye, H.; Gauthier, D. A.; Li, J;
Leo, G. C.; Maryanoff, B. E. J Am. Chem. Soc. 2005, 127, 3473-3485.

Yamamoto, Y.; Ogawa, R.; Itoh, K. Chem. Commun. 2000, 549-550.

Yamamoto, Y.; Arakawa, T.; Ogawa, R.; Itoh, K. J Am. Chem. Soc. 2003, 125, 12143—
12160.

Hua, Y.; Chang, S.; Huang, D.; Zhou, X.; Zhu, X.; Zhao, J.; Chen, T.; Wong, W.-Y.;
Wong, W.-K. Chem. Mater. 2013, 25, 2146-2153.

Bugge, S.; Buene, A. F.; Jurisch-Yaksi, N.; Moen, I. U.; Skjgnsfjell, E. M.; Sundby, E.;
Hoff, B. H. Eur. J. Med. Chem. 2016, 107, 255-274.

Patel, B. H.; Barrett, A. G. J. Org. Chem. 2012, 77, 11296-11301.

Kumar, V. P.; Shashidhara, S.; Kumar, M.; Sridhara, B. Fitoterapia 2001, 72, 481 —
486.

Smith, D. A. Metabolism, pharmacokinetics, and toxicity of functional groups: im-
pact of the building blocks of medicinal chemistry in ADMET; Royal Society of
Chemistry, 2010; pp 301-302.

Gerets, H.; Tilmant, K.; Gerin, B.; Chanteux, H.; Depelchin, B.; Dhalluin, S.; Atien-
zar, F. Cell Biol. Toxicol. 2012, 28, 69-87.

Borgati, T. F.; Alves, R. B.; Teixeira, R. R.; Freitas, R. P. d.; Perdigao, T. G.; Silva, S.
F. d.; Santos, A. A. d.; Bastidas, A. d. J. O. J. Braz. Chem. Soc. 2013, 24, 953-961.
Giorgi, I.; Bianucci, A. M.; Biagi, G.; Livi, O.; Scartoni, V.; Leonardi, M.; Pietra, D.;
Coi, A.; Massarelli, I.; Nofal, F. A.; Fiamingo, F. L.; Anastasi, P.; Giannini, G. Eur. J.
Med. Chem. 2007,42,1 - 9.

Eli Lilly and Company, Tachykinin receptor antagonists W0O2005/821 A1, 2005.
Gibson, M. S.; Bradshaw, R. W. Angew. Chem. Int. Ed. 1968, 7, 919-30.

Gabriel, S. Chem. Ber. 1887, 20, 2224-2236.

Cunha, A. C.; Figueiredo, J. M.; Tributino, J. L.; Miranda, A. L.; Castro, H. C,;
Zingali, R. B.; Fraga, C. A.; de Souza, M. C. B.; Ferreira, V. F.; Barreiro, E. J. Bioorg.
Med. Chem. 2003, 11, 2051 — 2059.

Wang, Q.-Q.; Begum, R. A.; Day, V. W.; Bowman-James, K. Polyhedron 2013, 52, 515
- 523.

Tanaka, K.; Sawada, Y.; Aida, Y.; Thammathevo, M.; Tanaka, R.; Sagae, H.;
Otake, Y. Tetrahedron 2010, 66, 1563-1569.






155

APPENDED PAPERS

Paper I
Paper 11

Paper 111

Paper IV



156




Paper I 157

PAPER 1

Simple generalized reaction conditions for the conversion of
primary aliphatic amines to surfactant-like guanidine salts

with 1H-pyrazole carboxamidine hydrochloride




Is not included due to copyright






Paper II 163

PAPER 11

Synthesis and antimicrobial evaluation of cationic low molec-

ular weight amphipathic 1,2,3-triazoles







Paper II

165

Bioorganic & Medicinal Chemistry Letters 27 (2017) 1119-1123

Contents lists available at ScienceDirect

Bioorganic & Medicinal Chemistry Letters

Bioorganic & Medicinal
a

journal homepage: www.elsevier.com/locate/bmcl T

Synthesis and antimicrobial evaluation of cationic low molecular weight

amphipathic 1,2,3-triazoles

@ CrossMark

Thomas A. Bakka?, Morten B. Strem ", Jeanette H. Andersen¢, Odd R. Gautun**

2 Department of Chemistry, Norwegian University of Science and Technology (NTNU), NO-7491 Trondheim, Norway
b Department of Pharmacy, Faculty of Health Sciences, University of Tromse, NO-9037 Tromsa, Norway
©Marbio, Faculty of Biosciences, Fisheries and Economics, University of Tromse, NO-9037 Tromse, Norway

ARTICLE INFO ABSTRACT

Article history:

Received 27 January 2017
Accepted 28 January 2017
Available online 1 February 2017

Keywords:

Antibacterial

Click chemistry

Marine natural product mimics
Peptidomimetics
1,2,3-Triazoles

A library of 28 small cationic 1,4-substituted 1,2,3-triazoles was prepared for studies of antimicrobial
activity. The structures addressed the pharmacophore model of small antimicrobial peptides and an
amphipathic motif found in marine antimicrobials. Eight compounds showed promising antimicrobial
activity, of which the most potent compound 10b displayed minimum inhibitory concentrations of
4-8 ngfmlL against Streptococcus agalacticae, Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia
coli, and Enterococcus faecalis. The simple syntheses and low degree of functionalization make these
1,4-substituted 1,2,3-triazoles interesting for further optimizations.

© 2017 Elsevier Ltd. All rights reserved.

Antimicrobial resistance to conventional antibiotic treatment is
rapidly increasing, combined with lackluster efforts to develop
novel classes of antibiotics by major pharmaceutical compa-
nies.'” Infections caused by multi resistant bacteria is therefore
one of the fastest growing medical threats to modern society.*
Disturbingly, resistant bacteria have existed since the discovery
of the first antibiotics. In recent years the race between growing
resistance and progress of new antibiotics has intensified in favor
of the bacteria. Unfortunately, no antibiotic has yet passed clinical
trials for which there has not been reported cases of resistance.>®

Most antibiotics applied today work through specific interac-
tions with key intra- and extra-cellular targets in bacteria, and in
a highly specific manner.” Due to the high target specificity, uncrit-
ical use of antibiotics easily selects for mutated bacteria to prolif-
erate. A well known mechanism of resistance is expression of
beta-lactamases that metabolizes beta-lactam based antibiotics.®
An expanding field within antibiotic research in academia focuses
on structures working through less specific mechanisms, like
interactions with the bacterial cell membrane and non-specific
interactions with intracellular targets.””'” The interest in these
mechanisms of action comes from antimicrobial peptides (AMPs),
that are important constituents of innate immunity in most living
organisms. AMPs have a net positive charge (+2 to +9), consist of
12-50 residues, and fold into secondary structures with bacterici-

* Corresponding author.
E-mail address: odd.r.gautun@ntnu.no (O.R. Gautun).

http://dx.doi.org/10.1016/j.bmcl.2017.01.092
0960-894X/© 2017 Elsevier Ltd. All rights reserved.

dal properties.'® These amphipathic structures, having a positively
charged hydrophilic face and a lipophilic face, interact with anionic
phospholipids on the surface of bacterial cell membranes. This is
followed by membrane permeabilization by the lipophilic residues,
leading to cell membrane disruption and ultimately cell lysis.'*!®

Even though AMPs are considered to be highly active therapeu-
tic compounds, there are some major issues in utilizing them on a
large scale. Important drawbacks include low oral bio-availability,
low metabolic stability, high manufacturer costs, and lack of
patient-friendly administration methods aside from topical
treatments.'® Due to these obstacles, only a small number of
antimicrobial agents utilized today are AMPs.!” A way to circum-
vent the practical challenges associated with AMPs is to make
smaller peptides and scaffold-based peptidomimetics that main-
tain the antimicrobial activity, but have improved pharmacokinetic
properties. This has been demonstrated by Strem et al., who have
synthesized small beta-peptidomimetic structures (MW < 650)
with high activity against a variety of resistant bacteria and with
potential for per oral administration.'®!? Recently, the group of
Strem?° has reported a series of small cationic aminobenzamides
(example shown as E23 in Fig. 1) that mimic amphipathic struc-
tures found in marine antimicrobials such as synoxazolidinone
A’" and ianthelline’” and display a membranolytic effect
resembling many AMPs. The focus of this work was to further
develop such amphipathic structures addressing both small AMPs
and marine antimicrobials, and optimize these for antimicrobial
activity. The di-functionalized 1,2,3-triazole was chosen as the core
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Fig. 1. Synoxazolidone A’' (MRSA (MIC); 10 pg/mL), lanthelline>” (MRSA (MIC);
20 pg/mL), and E23; a natural product mimic by Strem et al.>° (MRSA (MIC); 4 pg/
mL).

scaffold, due to the known biochemical properties of this type of
structures.”*?* Of importance was that triazoles are bioisosteres
of amide bonds, which are more stable against proteolytic degrada-
tion than amides in AMPs.?°~%” The study included initial synthesis
of 24 compounds to investigate the effects of varying between four
lipophilic groups and three cationic groups, and including chain
length variations. These results were followed up by synthesis of
four optimized compounds based on the results from the initial
series of di-functionalized 1,2,3-triazoles.

In order to synthesize a collection of disubstituted 1,2,3-triazole
amphiphiles with the desired lipophilic- and cationic hydrophilic
functionalities, the “click” chemistry protocol developed by Sharp-
less*® and Meldal?® was chosen. By using different catalysts for the
“click” chemistry step, 1,2,3-triazoles with different substitution
patterns can be prepared, i.e., 1,4-substitution when using copper
(I) and 1,5-substitution when using ruthenium(ll)-catalysis.>° The

: N
N\\{i\
NHy

6b (n=2) NPhth

Scheme 1. (i) CuSO4-5H,0 (5 mol %), Sodium ascorbate (10 mol%), Benzoic acid
(10 mol%), tBuOH:H,0 (1:2), rt, 10 min - over night (Ar; 5a = Ph, 5b = naphthyl,
5c¢ = 3,5-di-t-Bu-Ph and 5d = 3,5-CF5-Ph).

1,4-substitution pattern was chosen here, due to the fact that the
copper(l) catalysts used in these reactions are water insensitive
(unlike their ruthenium counterparts), excluding the need for
working under inert conditions. Thus, the first target compounds
given in Fig. 2 (1a-4f) were prepared in order to screen the effects
of different lipophilic aromatic groups and hydrophilic cationic
nitrogen groups.

The “click” chemistry protocol requires two coupling partners
carrying an azide and a terminal alkyne. It was found most conve-
nient to insert the azide on the lipophilic moiety and the terminal
alkyne on the nitrogen carrying functionality. The azides (5a-d,
shown in Scheme 1) were synthesized from the respective com-
mercially available bromides and alcohols, by well-established
reactions (details are shown in the supporting information).>'—>*
The alkynes carrying a handle for N-functionalization, were pre-
pared from 3-butyn-1-ol and 1-chloropent-4-yne respectively,
under Mitsunobu- or Finkelstein modified Gabriel-conditions
(details shown in the supporting information).”>*° This yielded
6a and 6b (shown in Scheme 1) with the same masked N-function-
ality and a difference of one methylene group in the carbon chain.

The alkynes (6a and 6b) and azides (5a-d) were then combined
to form [1,4]-1,2,3-triazoles (7a-h) using copper catalyzed “click”-
chemistry conditions as shown in Scheme 1.>” Thus, by using four
different azides and two lipophiles, eight different “core” 1,2,3-tri-
azoles ready for N-functionalization (7a-h) were prepared (see
Scheme 1).

Three different cationic groups were evaluated; a primary
amine (a and d), a tertiary amine (b and e) and a guanidine group
(c and f) as shown in Scheme 2. The interest for the primary amine
and the guanidine came from the functionalities found in AMPs,

1a 1b 1c 1d 1e 1 HA NH?
2 2b 2 NHZ 2d 2 #NHZ
B \\ﬂjnng \\Q‘\H\N— ‘\& ‘\Q\\\ \\<\\\NH’ \\<\\\NH
3a 3b 3¢ NHZ 3 HZN#NHZ
FiC N

o o ‘@“g ‘?f\ 7?@\ @@1

NHg* HN—

4a 4b 4c

4d 4e 4af

Fig. 2. Initial target [1,4]-1,2,3-triazoles 1a-4f to be screened for antimicrobial effects. Counter-ion: Cl~.



Paper 11 167
T.A. Bakka et al./Bioorganic & Medicinal Chemistry Letters 27 (2017) 1119-1123 1121
A NN potent than the tertiary dimethyl- and primary amines (3a and
_ <N 3e, Fig. 2), with the exception of 3a against E. coli. The difference
W’ sl in activity was most pronounced against the gram-positive
1-4 (a,d) NH;* S. aureus and Streptococcus gr. B (S. agalacticae) bacteria, where a
AN, N 2- to 4-fold increase in activity was observed for the guanidine

i N ii N compared to the other two cationic nitrogen groups.

4601% e 28-81% \( i So far, we have determined which lipophilic and cationic group
NPhth n NH, 14 (b0) LHN/ that_ most likely_ promoted the ‘highest.activity against the‘ five
7a-h 8a-h N strains of bacteria tested. The third varying factor in the series of
AN, amphipathic 1,2,3-triazoles tested was the two or three carbon
. N chain of the hydrophilic end of the triazole ring. A small increase
8-76% ( in efficacy was observed for the longer 3f compared to 3¢ against
14 (c,f) HN%N”Z’ S. aureus and E. coli. Furthermore, 3f showed the overall highest

NH,

Scheme 2. (i) Hydrazine hydrate, toluene, reflux, (ii) HCl (conc. aq. or 2 M in Et;0),
iPrOH, MeCN or DCM, (iii) Formaldehyde, formic acid, MeCN, reflux, 1 h, acidic work
up and (iv) 1H-pyrazole carboxamidine hydrochloride, MeCN, reflux 2-4 h.

were lysine and arginine residues contribute these groups to the
amphiphile, thus taking a vital part in induction of antimicrobial
activity.!® A tertiary amine was expected to be a steric and elec-
tronic mid-point between the two naturally occurring cationic
groups. In order to increase the steric bulk, without introducing
additional nitrogens and resonance possibilities, the tertiary
dimethylamino group was chosen as a mid-point between primary
amines and guanidines. The eight protected 1,2,3-triazoles were
deprotected using hydrazine hydrate according to a protocol
developed by Gabriel.**~*° The primary amines (8a-h) were subse-
quently functionalized in order to introduce the chosen functional-
ity, and the primary amine HCl-salts 1-4 (a, d) (Scheme 2) were
obtained by treatment with hydrochloric acid. The Eschweiler-
Clarke reductive amination was utilized to create the tertiary
amines 1-4 (b, ) (Scheme 2),*"*? and an electrophilic guanidine
reagent to create the guanidines 1-4 (c, f) (Scheme 2).** Perform-
ing the given transformations on all eight protected triazoles
yielded the 24 different compounds depicted in Fig. 2 (1a-4f), in
sufficient purity (>95% HPLC) for biological evaluation.

The 24 amphiphilic triazoles 1a-4f were tested against three
gram-positive and two gram-negative bacterial strains. In addition,
all 24 compounds were subjected to toxicity studies against
human fibroblasts (MRC-5). No activity was detected below
50 pg/mL, indicating low toxicity of the structures towards this
type of human cells. Four of the 24 structures (3a, 3c, 3e and 3f)
showed promising activities against several cell lines. These were
subjected to dilution assays in order to determine the minimum
inhibitory concentrations (MICs) against the chosen bacteria. The
MIC-values for the active compounds are shown in Table 1.

All the active compounds (3a, 3¢, 3e and 3f) contained the heav-
ily hindered and non-polar 3,5-di-tert-butyl-phenyl functionality.
This indicated that a bulky and non-polar lipophilic contribution
was important for the activities in these structures. Furthermore,
the guanidine hydrochloride functionality appeared to be related
to the observed activities. As they (3¢ and 3f, Fig. 2) were more

Table 1

activity against the gram-positive S. aureus and S. agalacticae
(10 pg/mL), while there was a 4-fold decrease in the activity
against gram-positive E. faecalis and the gram-negative E. coli and
P. aeruginosa (40 pgfmL). Lowered activity against gram-negative
compared to gram-positive bacteria is commonly observed, due
to different outer membrane compositions.** However, it was sur-
prising that the activity against E. faecalis was in the range of the
gram-negative strains. In addition to the antimicrobial effects,
some biofilm inhibition was observed in single concentration
assays of these structures. The amphiphiles 2f and 3 (except 3d)
showed biofilm inhibition at 50 pg/mL.

It was assumed from the pharmacological model'®-2° that a
rather large lipophilic contribution would be important for achiev-
ing the desired antimicrobial effects. In order to rationalize our
findings we attempted to use calculated pKa adjusted partition
coefficients (ClogD) as an indicator for lipophilicity. The ClogD val-
ues were calculated (using the Marvinsketch software®®) at physi-
ological pH (pH = 7.40), showing the guanidines (c and f, Fig. 2) to
be mostly protonated and the primary (a and d, Fig. 2) and tertiary
amines (b and e, Fig. 2) to exist in more partitioned equilibria.
However, when plotted against the values from the antimicrobial
MIC-assays, no apparent connection was found between the ClogD
and MIC-values. On the other hand, plotting all structures accord-
ing to their retention times (Rt) from C18-HPLC as shown in Fig. 3,
gave a more accurate picture of the effective lipophilic contribu-
tions. As the HPLC analyses were performed with an acid additive
(0.1% TFA) in order to inhibit peak broadening, all of the com-
pounds were assumed to exist mainly in their positively charged
state. This indicated that the lipophilic nature of the charged struc-
tures is an important parameter for biological activity; e.g. 3f is
more active than 3e, even though the calculated ClogD (displayed
in Fig. 3) of 3e is nearly the double of the one for 3f. The fact that
the Rts may be used as a rough indicator of antimicrobial activity
may prove useful when targeting new potential candidates for
optimization.

Compound 3f from the initial screening and dose response
assessments showed the highest antimicrobial activities, with
MICs ranging from 10 to 40 pg/mL. In order to optimize the activ-
ities towards the target bacteria, a small and focused set of com-
pounds was prepared based on the structure of 3f. The first
change was inspired by the planar benzamide peptide mimics

Antimicrobial activity (MIC in pg/mL) for the 1,2,3-triazoles that showed any activity in the antibacterial assays. The “~"-sign in the table indicates no activity in the assay at the

highest tested concentration (50 pg/mL).

Entry 3a 3c 3e 3f Ref.?
E. faecalis” - 40 - 40 10
S. aureus” 40 20 40 10 0.13
S. agalacticae® 40 10 50 10 4

E. coli® 40 50 - 40 0.5
P. aeruginosa® 50 40 - 40 0.5

@ Ref.: Gentamicin.

b E. faecalis (ATCC 29212), S. aureus (ATCC 25923), S. agalacticae (ATCC 12386), E. coli (ATCC 25922), P. aeruginosa (ATCC 27853).
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Fig. 3. Top plot: C18-Rt (MeOH/water, 1:1+0.1% TFA) for 1a-f, 2a-f and 4a-f

plotted against calculated ClogD at pH 7.40 (using the MarvinSketch suite). Bottom

plot: C18-Rt (MeOH/water, 5:3 + 0.1% TFA) for 3a-f plotted against calculated ClogD
at pH 7.40 (using the MarvinSketch suite).
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Scheme 3. Improved structures 9a-b and 10a-b based on 3f, synthesized in three
steps from 5e and 5f utilizing the chemistry displayed in Schemes 1 and 2. Counter
ion: CI™.

presented by Strem et al.,’° where they achieved <10 pg/mL
against the same bacteria. By using an aromatic azide instead of
a benzylic azide in the “click”-coupling, the obtained amphiphiles
would be more planar and rigid compared to 1a-4f (Fig. 2). This
was expected since the benzylic methylene group create an angle
between the triazole ring and the lipophilic aromatic group and
give more rotational freedom, which might be disfavourable for
antibacterial activity. A second modification of 3f in addition to
removing the benzylic methylene group, was to change the struc-

Table 2

ture of the lipophilic group. By going from the bulky t-Bu-functions
to a linear alkyl chain with similar surface area and molecular
weight, we hoped to mimic the membrane snorkeling effect of
lysine and arginine rich proteins.”® Thus, the four amphiphiles
shown in Scheme 3 (9a-b and 10a-b) were prepared for further
studies.

The synthesis of 9a-b and 10a-b from the azides 5e and 5f were
performed according to the methods presented in Schemes 1 and 2
with total yields ranging from 19 to 71% over three steps. The
azides (5e and 5f) were synthesized from commercially available
iodophenol and 3,5-t-Bu-bromobenzene using a copper catalyzed
synthesis presented by Zhu et al.*” (experimental details are found
in the supplementary information). The four triazole amphiphiles
were subjected to the same bacterial strains as the initial 24
amphiphiles. The obtained MIC values are displayed in Table 2
together with the reference antibiotic gentamicin.

Removal of the benzylic methylene group and introduction of a
more rigid and planar structure with possibility for conjugation
lead to an approximate two-fold increase in activity against all
the tested bacteria (9b compared to 3f), and MIC-values as low
as 4 ug/mL against S. aureus and S. agalacticae. Again, the guanidine
hydrochloride (9b and 10b) proved to be the most active hydro-
phile (compared to NH3), as it led to a two-fold increase in activity
against all bacteria (except for E. coli) compared to the ammonium
hydrochlorides (9a and 10a). Substituting the bulky 3,5-t-Bu group
with a heptyl ether chain (10a and 10b) led to a further two-fold
increase in the activity against the gram-negative strains and the
gram-positive E. faecalis. This may in turn be attributed to the hep-
thyl chain’s (10b) ability to penetrate deeper into the membrane
compared to the t-Bu groups in 9b. However, the exact mechanism
of action for these compounds has not been investigated yet. It
should also be noted that the activity of 10b surpassed that of
Gentamicin against E. faecalis and matched the activity against
S. agalacticae.

As for the initial 24 amphiphiles, there was no evident correla-
tion between the MIC-values and calculated CLogD. The most
active compound (10b) had the lowest calculated CLogD of the four
structures (Table 2). However, the retention times from C18-HPLC
showed a better correlation, where the most active structure had
the highest retention time on the C18-column (Table 2).

We have successfully synthesized 28 low molecular weight
cationic triazole-based amphiphiles with different lipophilic and
hydrophilic functionalities, and screened for antimicrobial effects
against S. agalacticae, S. aureus, P. aeruginosa, E. coli, and E. faecalis.
The most potent compound in our library (10b) displayed MIC-val-
ues between 4 and 8 pgfmlL, which either matched or surpassed
the activity of the marine natural product peptide mimics Synoxa-
zolidone A and lanthelline. The activity of 10b also matched the
activity against gram-negative bacteria for the benzamides pre-
sented by Strem et al.’° Thus, bioisosteres of amide bonds can be

Antimicrobial activity (MIC in pg/mL) for the improved amphiphilic triazoles based on 3f, calculated ClogD (pH = 7.4) and reverse phase HPLC retention times (min in 5:3 MeOH:

H,0 +0.1% TFA).

Entry 9a 9b 10a 10b Ref.?
E. faecalis” 32 16 16 8 10
S. aureus® 16 4 16 4 0.13
S. agalacticae” 16 4 8 4 4

E. coli® 16 16 8 8 0.5
P. aeruginosa” 32 16 16 8 0.5
ClogD (calc.)’ 2.00 1.75 1.41 1.16 -

RT (C18-HPLC)* 229 28.0 204 346 -

¢ Ref.: Gentamicin.

b E. faecalis (ATCC 29212), S. aureus (ATCC 25923), S. agalacticae (ATCC 12386), E. coli (ATCC 25922), P. aeruginosa (ATCC 27853).

¢ Calculated at pH = 7.40 using the MarvinSketch suite.
4 In 5:3 MeOH:H,0 + 0.1% TFA with 0.75 mL/min.
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applied without compromising the activity of the substrates. This
provides a higher degree of structural freedom when choosing sub-
strates for this type of activity-driven library design of antimicro-
bial scaffolds. We believe our findings may serve as basis for
further investigations into artificial peptide mimics.
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Supplementary information

Experimental methods for syntheses

Chemicals were purchased from Sigma Aldrich and used without further purification. All reactions
sensitive to air or moisture were performed under nitrogen atmosphere with dried solvents and
reagents. Melting points were determined on a Buchi 535 apparatus and are uncorrected. TLC was
performed on Merck silica gel 60 F254 plates, using UV light at 312 nm and a 5% solution of
molybdophosphoric acid in 96% EtOH for detection. Column chromatography was performed with
Silica gel (pore size 60 A, 230 - 400 mesh particle size) from Fluka. NMR spectra were recorded on a
Bruker 600 MHz Avance Il HD or a Bruker 400 MHz Avance Il HD instrument. HPLC analyses were
performed on an Agilent 1290 chromatograph equipped with a Zorbax Eclipse C18 5 um (150 x 4.6
mm) column and a diode array detector (main detection region 214 nm). IR analyses were
performed on a Thermo Nicolet Nexus FT-IR spectrometer equipped with a Smart Endurance
reflection cell. Accurate mass determination in positive and negative mode was performed on a
"Synapt G2-S" Q-TOF instrument from Waters™. Samples were ionized by the use of ASAP probe
(APCI) or ESI probe. Chemical shifts (8) are reported in parts per million. Where CDCl; has been used,
shift values for proton are reported with reference to TMS (0.00) via the lock signal of the solvent.
Reference values for other NMR-solvents are taken from Fulmer et al* (1H NMR: DMSO-d6: 2.49,
MeOD-d4: 3.31; 13C NMR: DMSO-d6: 39.5, CD3Cl: 77.0, MeOD-d4: 49.15). Signal patterns are
indicated as s (singlet), d (doublet), t (triplet), q (quartet), p (pentet), m (multiplet) or bs (broad
singlet). 1H and 13C NMR signals were assigned by 2D correlation techniques (COSY, HSQC, HMBC).
IR spectra were recorded from a Thermo Nicolet FT-IR NEXUS instrument, and only the
strongest/structurally most important peaks are listed as either weak (w), medium (m) or strong (s)
(cm™).

Benzyl azide (5a):

The title compound was synthesized according to a procedure by Feringa.? Benzyl
©/\N3 bromide (10.00 g, 58.5 mmol) was added to a suspension of NaN3 (5.70 g, 88

5a mmol, 1.5 eq) in a acetone:water-mixture (4:1, 375 mL) and stirred for 24 hours
at room temperature. The mixture was then added DCM (300 mL) and the
aqueous layer was extracted with DCM (3x100 mL), before the combined organic phase was dried
over MgSO4 and evaporated under reduced pressure. Benzyl azide (5a) was obtained as a colorless
clear oil in 81% yield (6.83 g, 47.4 mmol). 'H NMR data was in accordance with previously reported
spectra for this compound.?

14 NMR (400 MHz, CDCls): 7.36-7.26 (m, 5H, Ph), 4.28 (s, 2H, CHz) ppm.

* Corresponding author. Tel.: +47 73594101; e-mail: odd.r.gautun@ntnu.no
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2-Azidomethylnaphthalene (5b):

The title compound was synthesized according to a procedure by Ceroni.? 2-
N3 Bromomethylnaphthalene (4.08 g, 18.5 mmol) and NaNs (9.01 g, 138.8 mmaol,

5b 7.5 eq) was stirred in DMSO (70 mL) under nitrogen at 45 °C for 22 hours. The
reaction mixture was extracted with DCM (3 x 150 mL). The combined organic
extracts were then washed with water (3 x 100 mL) before it was dried over MgSO4 and evaporated
under reduced pressure. Purification with flash column chromatography (1:1 pentane:Et,0) afforded
5b as a white solid (2.87 g, 15.7 mmol, 85% yield). *H NMR data was in accordance with previously
reported spectra for this compound.?

14 NMR (400 MHz, CDCls): 7.88-7.78 (m, 4H, naphth), 7.52-7.42 (m, 3H, naphth), 4.51 (s, 2H, CHa)
ppm.

3,5-Di-tert-butylbenzylazide (5c):

By The title compound was synthesized according to a procedure by Feringa.? 3,5-
N3 Di-tBu-benzylazide (1.50 g, 5.3 mmol) and NaNs (2.58 g, 39.7 mmol, 7.5 eq) was
\©/\ added to acetone (45 mL) and refluxed for 22 hrs. The reaction mixture was
By O° cooled to room temperature, added H,0 (25 mL) and extracted with DCM (3 x
20 mL). The combined organic phase was then dried over MgSQy, filtered and
evaporated under reduced pressure, affording 5c¢ as a lightly yellow oil (1.18 g, 4.8 mmol, 91% yield).
*H NMR data was in accordance with previously reported spectra for this compound.* Synthesis is
similar to the one reported for 5a2 except for the usage of anhydrous acetone.

14 NMR (400 MHz, CDCl5): 7.40 (s, 1H, Har-4), 7.13 (d, J = 1.3 Hz, 2H, Har-2 and Har-6), 4.32 (s, 2H,
CH,), 1.33 (s, 18H, 2x tBu) ppm.

3,5-Di-trifluoromethylbenzylazide (5d):

The title compound was synthesized according to a procedure by Hamilton.®
FoC N3 3,5-Trifluoromethylphenylmethanol (2.50 g, 10.2 mmol) in THF (50 mL) was

\©/\5d cooled to 0 °C, and added DBU (1.68 mL, 11.3 mmol, 1.1 eq) and DPPA (3.10 g,

CF4 11.3 mmol, 1.1 eq). The reaction was then allowed to reach room temperature

and stirred for 22 hrs. The crude mixture was then evaporated to dryness and
purified using flash column chromatography (100% pentane), affording 5d as a lightly colored oil
(2.04 g, 7.2 mmol, 70%). *H NMR data was in accordance with previously reported spectra for this
compound.®

'H NMR (400 MHz, CDCls): 7.86 (s, 1H, Ha-8), 7.79 (s, 2H, Har-2 and Ha-6), 4.55 (s, 2H, CHz) ppm.

1-Azido-3,5-di-tert-butylbenzene (5e):

tBu Was performed according to a procedure by Zhu et al.” Where 1-bromo-3,5-di-tert-
QM butylbenzene (2.50 g, 9.30 mmol), Cul (0.177 g, 0.93 mmol), NaNs (1.21 g, 18.57
mmol), L-proline (0.321 g, 2.74 mmol) and NaOH (0.11 g, 2.79 mmol) were added to
EtOH:H,0 (7:3) and heated to 95 °C in a sealed tube for 23 hours. The reaction
mixture was then added water (30 mL) and extracted with EtOAc (3 x 30 mL). Drying over MgSO4and
evaporation yielded a yellow oil, which then was purified using flash column chromatography

tBu Se
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(pentane), affording 5e as a colorless oil (0.89 g, 3.87 mmol, 42 %). *H NMR spectra coincided with
previously reported data.®

'H NMR (400 MHz, CDCl5): 7.20 (t, 1H, J = 1.5 Hz, Hpn-4), 6.86 (d, 2H, J = 1.6 Hz, Hpn-2 and Hpn-6), 1.31
(s, 18H, 2x tBu).

1-Azido-4-(heptyloxy)benzene (5f):

o C N, 1-(Heptyloxy)-4-iodobenzene was synthesized using heptyl bromide and

K,COs in DMF at rt, as reported by Ban et al® in 69% yield. The spectra
/_/“/J 5f coincided with previously reported data.’® This aromatic iodide was

turned into its corresponding azide (5f) using a procedure by Zhu et al.”
Where 1-(Heptyloxy)-4-iodobenzene (1.50 g, 4.71 mmol), Cul (0.09 g,
0.47 mmol), NaN3 (0.37 g, 5.66 mmol), L-proline (0.11 g, 0.94 mmol) and NaOH (0.04 g, 0.94 mmol)
were added to DMSO and heated to 60 °C in a sealed tube for 14 hours. After which the mixture was
added water (35 mL), extracted with EtOAc (3 x 40 mL), and dried over MgSQ,. Evaporation under
reduced pressure yielded a brown oil, which then was purified using flash column chromatography
(pentane), affording 5f as a yellow oil (0.86 g, 3.67 mmol, 78%).

14 NMR (400 MHz, CDCl5): 6.96 — 9.91 (m, 2H, Hpr-3 and Hen-5), 6.90 — 6.85 (m, 2H, Hph-2 and He-6),
3.92 (t, 2H, J = 6.8 Hz, N3-CH3), 1.77 (p, 2H, J = 7.3 Hz, N3-CHo-CH,), 1.49 — 1.23 (m, 8H, 4x CH,), 0.92 —
0.85 (m, 3H, CHs). 13C NMR (100 MHz, CDCl3): 156.6 (Cen-4), 132.1 (Cpp-1), 120.0 (Cpn-3 and Cor-5),
115.7 (Cpn-2 and Con-6), 68.4 (CH,), 31.8 (CHy), 29.3 (CH,), 29.1 (CH,), 26.0 (CHy), 22.6 (CH,), 14.1
(CHs). IR: 2927 (w), 2857 (w), 2105 (s), 1503 (s), 1470 (w), 1280 (m), 1239 (s), 822 (s) cm™%. HRMS
(APCI/ASAP, m/z): 233.1531 (Calcd. C13H1aN30, 233.1528, [M]).

4-Phthal-butyne (6a):

o The title compound was synthesized according to a procedure by Panolil.*? 3-
Butynol (9.53 g, 136 mmol), PPh3 (35.70 g, 136 mmol) and phthalimide (20.00
/\/N g, 136 mmol) was added to toluene (200 mL) and cooled to -5 °C. DEAD-
6a O solution (64.40 mL, 141 mmol, 40% in toluene) was added so that the

temperature was kept between 15 °C and 25 °C. The mixture was allowed to
reach room temperature before MeOH (120 mL) was added, followed by 60 minutes of stirring. The
mixture was then filtered and the precipitate was washed with cool MeOH (3 x 15 mL) and dried,
affording 6a as a white solid (8.40 g, 40.6 mmol, 31%). *H NMR data was in accordance with
previously reported spectra for this compound.!

14 NMR (400 MHz, CDCl5): 7.89 — 7.83 (m, 2H, Pht), 7.77 — 7.69 (m, 2H, Pht), 3.89 (t, J = 7.2 Hz, 2H, N-
CHy), 2.62 (td, Jua = 2.5 Hz, Jab = 7.1 Hz, 2H, CH,), 1.96 (t, J = 2.6, 1H, Alkyne-H) ppm.

5-Phthal-pentyne (6b):

The title compound was synthesized according to a procedure by
Dehaen.'? 4-Chloropentyne (5.00 g, 48.8 mmol), potassium phthalate
///\/\% (10.84 g, 58.5 mmol, 1.2 eq) and Nal (10 mg) was added to DMF (50 mL)
6b O and heated to 100 °C for 12 hours. The reaction mixture was then poured
into water (500 mL), the formed precipitate was then filtered off, washed

with water and dried. The crude product was then recrystallized in EtOH (abs.), evaporated and
purified with flash column chromatography (20% EtOAc in pentane), affording 6b as a white solid
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(8.10 g, 38.1 mmol, 78%). 'H NMR data was in accordance with previously reported spectra for this
compound.’?

14 NMR (400 MHz, CDCl3): 7.87 — 7.82 (m, 2H, Pht), 7.74 — 7.69 (m, 2H, Pht), 3.80 (t, J = 7.0 Hz, 2H, N-
CH,), 2.27 (td, Jaa = 2.7 Hz, Jap = 7.1 Hz, 2H, Alkyne-CH,), 1.93 (p, J = 7.1 Hz, 2H, CH,-CH2-CH2), 1.92 (t,
J=2.7 Hz, 1H, Alkyne-H) ppm.

General procedure®? for “Click”-coupling of azides (5a-f) and protected alkynes (6a-b),
affording the protected triazoles (7a-j):

Alkyne (6a-b) (1 eq), CuSOa4 x 5H,0 (1-5 mol %, 1M in water), sodium ascorbate (2-10 mol %, 2M in
water) and benzoic acid (0.1 eq) was added to a water:tBuOH-mixture (2:1, 2 mL/mmol alkyne),
before the chosen azide (5a-f) (1,05 eq) was added and the mixture was stirred for a given time (10
min — 18 hours) at room temperature. The mixture was worked up in one of the following ways:

Procedure A: The mixture was added water (5-10 mL/mmol) and extracted with DCM (10-20
mL/mmol), before the organic phase was dried over MgS0O, and evaporated under reduced pressure.
The crude product was either triturated with pentane as in procedure B or purified on a flash column
using a EtOAc:DCM-mixture (1:3) yielding the triazole (7a-j) as a solid.

Procedure B: The mixture was added water (5-10 mL/mmol), filtered and washed with water (15
mL/mmol). The precipitate was then dissolved in an appropriate amount of DCM and dried over
MgSO0, before it was partially evaporated under reduced pressure. The saturated DCM-solution was
then triturated and washed with pentane, yielding the triazole (7a-j) as a solid.

2-(2-(1-Benzyl-1H-1,2,3-triazol-4-yl)ethyl)isoindoline-1,3-dione (7a):

N Alkyne 6a (0.60 g, 3.0 mmol) was reacted with azide 5a (0.47 g, 3.2 mmol)
©AN\°N using; 1% CuSO0s, 2% sodium ascorbate, water:tBuOH (2:1, 3 mL), for 10 min
at room temperature. The reaction was worked up using procedure A with

N chromatographic separation, yielding 7a as a white solid (0.88 g, 2.6 mmol,
7a O% 88%, MP 143.8 — 145.3 °C).

IH NMR (400 MHz, CDCl5): 7.84 —7.78 (m, 2H, Pht), 7.72 — 7.66 (m, 2H,
Pht), 7.38 — 7.30 (m, 4H, Har-3, Har-4, Har-5 and Huriazole-5), 7.23 — 7.18 (m,
2H, Har-2 and Har-6), 5.48 (s, 2H, Hen), 3.99 (t, /= 7.4 Hz, 2H, Pht-CH,), 3.12 (t, / = 7.4 Hz, 2H, Triazole-
CH,) ppm. *C NMR (100 MHz, CDCls): 168.1 (Con-1 and Cpn-3), 144.7 (Curiazoled), 134.8 (Ca-1), 133.9
(Cpnt=5 and Cpht-6), 132.0 (Cpht-8 and Cpn-9), 129.0 (Car-3 and Car-5), 128.6 (Car-4), 127.9 (Car-2 and Ca,-
5), 123.3 (ch-4 and Cpht-7), 121.4 (Cma,meS), 54.0 (CBn), 37.4 (N-CHz-CHz), 24.9 (N-CHz-CHz) ppm. IR:
2359 (w), 2342 (w), 1711 (s), 1400 (m), 1380 (m), 1101 (w), 1051 (w), 996 (w), 870 (w), 714 (s) cm™.
HRMS (APCI/ASAP, m/z): 333.1349 (Calcd. C1gH17N40,, 333.1352, [M+H]*).

2-(3-(1-Benzyl-1H-1,2,3-triazol-4-yl)propyl)isoindoline-1,3-dione (7b):

Alkyne 6b (1.00 g, 4.6 mmol) was reacted with azide 5a (0.68 g, 4.8

- / mmol) using; 1% CuSO4 and 2% sodium ascorbate in water:tBuOH
(2:1, 4.5 mL) for 10 min at room temperature. The reaction was
worked up using procedure A with trituration, affording 7b as a white

solid (1.11 g, 3.2 mmol, 71%, MP 105.5 — 106.6 °C).

14 NMR (400 MHz, CDCl5): 7.85 — 7.80 (m, 2H, Pht), 7.73 — 7.68 (m
2H, Pht), 7.39 — 7.31 (m, 4H, Har-3, Har-4, Har-5 and Huiazoie-5), 7.27 — 7.23 (m, 2H, Ha-2 and Har-6),
5.48 (s, 2H, Hen), 3.73 (t, J = 7.3 Hz, 2H, N-CHa), 2.75 (t, J = 7.3 Hz, 2H, Triazole-CHy), 2.06 (t, J = 7.4 Hz,
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2H, CH-CH,-CH,) ppm. 13C NMR (100 MHz, CDCl3): *C NMR (100 MHz, CDCls): 168.4 (Cone-1 and Cone-
3), 147.4 (Cuiazote®), 134.9 (Car-1), 134.0 (Cpme-5 and Cone=6), 132.1 (Cpne-8 and Cone-9), 129.1 (Car-3 and
Car-5), 128.6 (Car-4), 128.0 (Ca-2 and Car-6), 123.2 (Cpne-8 and Cont-7), 121.0 (Ceriozote5), 54.0 (Can), 37.3
(Pht-CH,), 28.4 (N-CH,-CH,), 23.1 (Triazole-CH.) ppm. IR: 1703 (s), 1400 (m), 719 (s), 710 (m), 695 (w)
cmt. HRMS (APCI/ASAP, m/z): 347.1508 (Calcd. CaoH1sN4O2, 347.1508, [M+H]").

2-(2-(1-(Naphthalen-2-ylmethyl)-1H-1,2,3-triazol-4-yl)ethyl)isoindoline-1,3-dione (7c):

N Alkyne 6a (1.00 g, 5.0 mmol) was reacted with azide 5b (0.97 g, 5.3
N\“N mmol) using; 5% CuSO4 and 10% sodium ascorbate in water:tBuOH
\\<\\ (2:1, 4.5 mL) for 10 min at room temperature. The reaction was
Tc NP worked up using procedure A and washed with pentane, affording 7¢
o as a white solid (1.59 g, 4.2 mmol, 83%, MP 152.2 — 153.7 °C).

'H NMR (400 MHz, CDCl5): 7.86 —7.79 (m, 3H, Ha-7, Ha-8 and Ha-4),
7.76 —7.70 (m, 2H, Pht), 7.68 (s, 1H, Ha-1), 7.66 — 7.61 (m, 2H, Pht),
7.53 —7.48 (m, 2H, Har-5 and Har-6), 7.34 (s, 1H, Hrriazole-5), 7.30 (dd, Joa = 1.8 Hz, Jap = 8.7 Hz, 1H, Har-
3), 5.63 (s, 2H, Hen), 3.98 (t, J = 7.2 Hz, 2H, Pht-CH,), 3.12 (t, J = 7.2 Hz, 2H, Triazole-CH;) ppm. 13C
NMR (100 MHz, CDCl5): 168.1 (Cene-1 and Cpnt-3), 144.2 (Ctriazoled, assigned from HMBC), 133.9 (Cpnt-5
and Cen-6), 133.2 (Car-4a), 133.1 (Car-8a), 132.2 (Car-2), 132.0 (Cpne-8 and Cene-9), 129.1 (Car-4), 128.0
(Car-7), 127.8 (Car-8), 127.2 (Car-1), 126.7 (Car-6), 126.6 (Car-5), 125.2 (Car-3), 123.2 (Cpne-4 and Cpn-7),
121.4 (Ctriazole5, assigned from HMBC), 54.3 (Cegn), 37.4 (Pht-CH,), 24.9 (Triazole-CH;) ppm. IR: 1707
(s), 1396 (s), 1365 (m), 996 (m), 868 (w) 789 (w), 719 (s) cm™. HRMS (APCI/ASAP, m/z): 383.1503
(Calcd. C23H19N402, 383.1508, [M+H]+).

2-(3-(1-(Naphthalen-2-ylmethyl)-1H-1,2,3-triazol-4-yl)propyl)isoindoline-1,3-dione (7d):

Alkyne 6b (0.53 g, 2.5 mmol) was reacted with azide 5b (0.50 g,

'\',f‘:}"\_\ o 2.7 mmol, 1.1 eq) using; 5% CuSO4 and 10% sodium ascorbate
N (added in two portions) in water:tBuOH (2:1, 4.5 mL) for 18 hours
7d 0% at room temperature. The reaction was worked up using
procedure A with chromatographic purification, affording 7d as a
sticky white solid (0.84 g, 2.1 mmol, 85%, MP 105.8 — 106.8 °C).

1 NMR (400 MHz, CDCls): 7.85—7.78 (m, 5H, Pht, Har-7, Ha-8 and Har-4), 7.72 (s, 1H, Har1), 7.71 —
7.67 (m, 2H, Pht), 7.52 — 7.47 (m, 2H, Ha-5 and Har-6), 7.41 (bs, 1H, Hrriazole-5), 7.34 (dd, Jag = 1.5 Hz,
Ja = 8.3 Hz, 1H, Ha-3), 5.65 (s, 2H, Hen), 3.73 (t, J = 6.6 Hz, 2H, Pht-CHy), 2.75 (t, J = 6.3 Hz, 2H,
Triazole-CH,), 2.10 — 2.03 (m, 2H, CH2-CH2-CHz) ppm. *C NMR (100 MHz, CDCl3): 168.4 (Com-1 and
Ceht-3), 147.7 (Ctriazoled), 133.9 (Cpnt-5 and Cpnt-6), 133.2 (Car-4a), 133.1 (Car-8a), 132.2 (Car-2), 132.1
(Cont-8 and Cone-9), 129.1 (Car-4), 128.0 (Car-7), 127.8 (Car-8), 127.2 (Car-1), 126.7 (Car-6), 126.6 (Car-5),
125.3 (Car-3), 123.2 (Cone-4 and Com-7), 121.4 (Curiazole5, assigned from HMBC), 54.3 (Cen), 37.3 (Pht-
CHy), 28.1 (CH,-CH»-CH>), 23.1 (Triazole-CHz) ppm. IR: 1702 (s), 1396 (m), 1363 (m), 1020 (m), 788
(m), 717 (s), 710 (m) cm™. HRMS (APCI/ASAP, m/z): 397.1659 (Calcd. C24H21N40,, 397.1665, [M+H]").
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2-(2-(1-(3,5-Di-tert-butylbenzyl)-1H-1,2,3-triazol-4-yl)ethyl)isoindoline-1,3-dione (7e):

Alkyne 6a (0.49 g, 2.5 mmol) was reacted with azide 5c (0.64 g,
N\%\/\ o) 2.6 mmol, 1.05 eq) using; 1% CuSO4 and 2% sodium ascorbate in
tBu\d N:é water:tBuOH (2:1, 6 mL) for 24 hours at room temperature. The
reaction was worked up using procedure A with chromatographic

purification, affording 7e as a white solid (0.58 g, 1.3 mmol, 52%,
MP 141.0 — 141.6 °C).

4 NMR (400 MHz, CDCls): 7.83 — 7.80 (m, 2H, Pht), 7.71 — 7.68 (m, 2H, Pht), 7.41 (t, J = 2.0 Hz, 1H,
Har-4), 7.33 (s, 1H, Hrriazole-5), 7.09 (d, J = 2.0 Hz, 2H, Har-2 and Har-6), 5.46 (s, 2H, Hen), 3.99 (t, /= 7.6
Hz, 2H, Pht-CH,), 3.12 (t, J = 7.3 Hz, 2H, Triazole-CH,), 1.30 (s, 18H, tBu) ppm. 3C NMR (100 MHz,
CDCl3): 167.9 (Cphe-1 and Cpne-3), 151.8 (Car-3 and Car-5), 145.1 (Criazoled, confirmed by HMBC), 133.9
(Car-1), 133.8 (Cpm-5 and Cone=6), 132.1 (Cone-8 and Cpnt-9), 123.3 (Com-4 and Cone-7), 122.7 (Car-8), 122.4
(Car-2 and Car-6), 121.1 (Ctriazole5), 54.7 (Cen), 37.5 (Pht-CH2), 34.9 (C4-tBu), 31.4 (tBu), 24.9 (Triazole-
CHz) ppm. IR: 2952 (w), 1775 (w), 1707 (s), 1434 (w), 1405 (w), 1248 (w), 1100 (w), 1055 (w), 992 (w),
869 (w), 713 (s) cm™L. HRMS (APCI/ASAP, m/z): 444.2526 (Calcd. Ca7H3:N4O2, 444.2525, [M]).

2-(3-(1-(3,5-Di-tert-butylbenzyl)-1H-1,2,3-triazol-4-yl)propyl)isoindoline-1,3-dione (7f):

Alkyne 6b (0.50 g, 2.3 mmol) was reacted with azide 5c¢ (0.60 g,

9 2.4 mmol) using; 5% CuSO4 and 10% sodium ascorbate in
tBU,Q /\(\/\N;b water:tBuOH (2:1, 4.5 mL) for 1 hour at room temperature.
N \N The reaction was worked up using procedure B with

7f chromatographic purification, affording 7f as a white solid
(0.76 g, 1.6 mmol, 71%, MP 130.5 — 131.0 °C).

1 NMR (400 MHz, CDCls): 7.86 — 7.80 (m, 2H, Pht), 7.74 — 7.68 (m, 2H, Pht), 7.40 (t, J = 1.7 Hz, 1H,
Har-4), 7.34 (S, 1H, Hrriazole-5), 7.09 (d, J = 1.7 Hz, 2H, Har-2 and Har-6), 5.46 (s, 2H, Hen), 3.74 (t, J = 6.9
Hz, 2H, Pht-CH,), 2.75 (t, J = 7.7 Hz, 2H, Triazole-CH,), 2.06 (p, J = 7.1 Hz, 2H, CH,-CH,-CH,), 1.30 (s,
18H, tBu) ppm. 13C NMR (100 MHz, CDCls): 168.4 (Cpne-1 and Cene-3), 151.7 (Ca-3 and Car-5), 146.8
(Ctriazoled, confirmed by HMBC), 134.0 (Car-1), 133.9 (Cpht-5 and Cpn-6), 132.1 (Cpht-8 and Cpne-9), 123.2
(Ceht-4 and Cpne-7), 122.7 (Car-4), 122.3 (Car-2 and Car-6), 120.7 (Curiazole5, confirmed by HMBC), 54.7
(Cen), 37.3 (Pht-CHy), 34.9 (Cq-tBu), 31.4 (tBu), 28.2 (CH,-CH,-CHs), 23.1 (Triazole-CHz) ppm. IR: 2964
(w), 1767 (w), 1707 (s), 1442 (w), 1396 (m), 1351 (w), 1052 (w), 1030 (w), 873 (w), 864 (w), 723 (s),
713 (s) cm™. HRMS (APCI/ASAP, m/z): 459.2754 (Calcd. CagHasN4O,, 459.2760, [M+H]*).

2-(2-(1-(3,5-Bis(trifluoromethyl)benzyl)-1H-1,2,3-triazol-4-yl)ethyl)isoindoline-1,3-dione (7g):

Nen Alkyne 6a (0.54 g, 2.7 mmol) was reacted with azide 5d (0.80 g, 2.8

N\;\/\ 9 mmol, 1.05 eq) using; 5% CuSO4 and 10% sodium ascorbate in
FaC )N\Jb water:tBuOH (2:1, 4.5 mL) for 18 hours at room temperature. The

o reaction was worked up using procedure B, affording 7e as a white

solid (1.01 g, 2.2 mmol, 80%, MP 167.5 — 168.6 °C).

4 NMR (400 MHz, CDCl5): 7.87 (s, 1H, Har-4), 7.82 — 7.76 (m, 2H, Pht), 7.72 — 7.66 (m, 4H, Pht, Har-2
and Ha-6), 7.47 (s, 1H, Hrriazole-5), 5.62 (s, 2H, Hen), 4.01 (t, J = 6.9 Hz, 2H, Pht-CH,), 3.16 (t, / = 6.9 Hz,
2H, Triazole-CH,) ppm. 3C NMR (100 MHz, CDCls): 168.2 (Cprt-1 and Cpne-3), 145.5 (Crriazoled), 137.4
(Car-1), 134.0 (Cone=5 and Cone=6), 132.6 (g, J = 35.9 Hz, Car-3 and Car-5), 132.0 (Cpne-8 and Cpne-9), 128.0
(M, Car-2 and Car-6), 123.3 (Cpne-4 and Cone-7), 122.9 (q, J = 274 Hz, CF3), 122.7 (m, Car-4), 121.7
(Ciriazole5), 52.8 (Can), 37.3 (Pht-CHy), 24.9 (Triazole-CH,) ppm. IR: 1773 (w), 1712 (s), 1399 (m), 1372
(m), 1275 (s), 1177 (m), 1139 (s), 1119 (s), 1104 (s), 994 (m), 900 (w), 719 (s), 683 (s) cm™. HRMS
(APCI/ASAP, m/z): 469.1096 (Calcd. Ca1H1sN4O2F6, 469.1099, [M+H]*).

CF; 79
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7
2-(3-(1-(3,5-Bis(trifluoromethyl)benzyl)-1H-1,2,3-triazol-4-yl)propyl)isoindoline-1,3-dione (7h):
CF, o Alkyne 6b (0.53 g, 2.5 mmol) was reacted with azide 5d (0.70 g,
2.6 mmol, 1.05 eq) using; 5% CuSO4 and 10% sodium ascorbate in
FaC P(\/\N water:tBuOH (2:1, 4.5 mL) for 2 hours at room temperature. The
N\N¢N o reaction was worked up using procedure B, affording 7e as a
" white solid (0.77 g, 1.6 mmol, 65%, MP 117.2 — 118.3 °C).

14 NMR (400 MHz, CDCls): 7.87 (s, 1H, Har-4), 7.85 — 7.81 (m, 2H, Pht), 7.74 — 7.69 (m, 4H, Pht, Ha-2
and Ha-6), 7.49 (s, 1H, Hrriazoie-5), 5.63 (s, 2H, Hen), 3.73 (t, J = 6.8 Hz, 2H, Pht-CH,), 2.79 (t, J = 7.3 Hz,
2H, Triazole-CHy), 2.10 (p, J = 7.3 Hz, 2H, CH,-CH2-CH,) ppm. 3C NMR (100 MHz, CDCl3): 168.5 (Cppe-1
and Cene-3), 147.9 (Curiazoted), 137.5 (Car-1), 134.0 (Cpe-5 and Cene=6), 132.6 (q, J = 33.6 Hz, Car-3 and Car-
5), 132.1 (Core-8 and Cpne=9), 128.0 (Car-2 and Car-6), 123.2 (Cone-4 and Com-7), 122.9 (q, J = 274 Hz,
CFs), 122.7 (Car-4), 121.4 (Cerinzole5), 52.8 (Can), 37.0 (Pht-CHz), 28.0 (Triazole-CH,), 22.9 (CH2-CH-CH)
ppm. IR: 3068 (w), 1714 (s), 1400 (m), 1381 (m), 1366 (m), 1350 (m), 1277 (s), 1173 (s), 1117 (s),
1032 (s), 903 (m), 718 (s), 681 (s) cm™’. HRMS (APCI/ASAP, m/z): 483.1254 (Calcd. Cz2H17N4O2Fs,
483.1256, [M+H]").

2-(3-(1-(3,5-Di-tert-butylphenyl)-1H-1,2,3-triazol-4-yl)propyl)isoindoline-1,3-dione (7i):

Bu Alkyne 6b (0.26 g, 1.23 mmol) was reacted with azide 5e (0.30 g, 1.29
mmol, 1.05 eq) using; 5% CuSO4 and 10% sodium ascorbate in
N water:tBuOH (2:1, 3 mL) for 18 hours at room temperature. The
N reaction was worked up using procedure A with chromatographic
‘\<\L o] purification, affording 7i as a white solid (0.46 g, 0.53 mmol, 80%, MP
Ti

N;b 134.1-135.2°C).

d 4 NMR (400 MHz, CDCl5): 7.87 — 7.82 (m, 3H, Pht + Huviazole-5), 7.74 -
7.69 (m, 2H, Pht), 7.51 — 7.49 (m, 2H, Her-2 and Hen-6), 7.48 (t, 1H, J =
1.7 Hz, Hpn-4), 3.82 (t, 2H, J = 6.8 Hz, Pht-CH,), 2.88 (t, 2H, J = 7.9 Hz, Triazole-CH,), 2.17 (p, 2H, 6.7
Hz, Pht-CH,-CH,), 1.37 (s, 18H, 2x tBu). *3C NMR (100 MHz, CDCl5): 168.5 (Cpnt-1 + Cone-3), 152.7 (Con-3
+ Cph-5), 147 .3 (CTriam|e-4), 136.9 (Cph-l), 134.0 (cPht-S + Cpm-G), 132.1 (cPht-S + Cpht-g), 123.2 (Cpm-4 +
Ceht-7), 122.7 (Cpn-4), 119.8 (Crriazole-5), 115.4 (Cph-2 + Cpn-6), 37.4 (Pht-CH,), 35.2 (tBu-Cg), 31.5 (tBu),
28.2 (Pht-CH,-CHy), 23.1 (Triazole-CHj). IR: 2955 (w), 1708 (s), 1595 (w), 1394 (m), 1362 (m), 1248

(w), 1043 (m), 718 (s), 707 (s) cm™-. HRMS (APCI/ASAP, m/z): 444.2521 (Calcd. Co7H3,N40,, 444.2525,
[M*T*).

2-(3-(1-(4-(Heptyloxy)phenyl)-1H-1,2,3-triazol-4-yl)propyl)isoindoline-1,3-dione (7j):

CHigO Alkyne 6b (0.16 g, 0.74 mmol) was reacted with azide 5f (0.18 g,
\©\ 0.77 mmol, 1.05 eq) using; 5% CuSO4 and 10% sodium ascorbate in
N'N‘N water:tBuOH (2:1, 1.5 mL) for 20 minutes at room temperature. The
= o reaction was worked up using procedure A with trituration,
7 N affording 7j as an off-white solid (0.21 g, 0.46 mmol, 63%, MP 135.2
;E[ )| -136.4°0).
o

14 NMR (400 MHz, CDCl): 7.87 — 7.83 (m, 2H, Pht), 7.80 (s, 1H,
Huiazole-5), 7.74 — 7.69 (m, 2H, Pht), 7.61 — 7.56 (m, 2H, Hpr-3 and Hen-5), 7.01 — 6.96 (m, 2H, Hen-2 and
Hpn-6), 4.00 (t, 2H, J = 6.2 Hz, O-CHz), 3.80 (t, 2H, J = 6.9 Hz, Pht-CH,), 2.85 (t, 2H, J = 7.5 Hz, Triazole-
CH2), 2.16 (p, 2H, J = 7.5 Hz, Pht-CH,-CH2), 1.81 (p, 2H, J = 8.0 Hz, O-CH-CH,), 1.47 (p, 2H, J = 8.0 Hz,
CH,), 1.42 — 1.28 (m, 6H, 3x CHa), 0.90 (t, 3H, J = 6.5 Hz, CHs). *C NMR (100 MHz, CDCl5): 168.5 (Cpe-1
+ Cone-3), 159.2 (Cpn-4), 147.3 (Crriazole-8), 134.0 (Cone=5 + Cone-6), 132.1 (Cone-8 + Cone-9), 130.5 (Con-1),
123.2 (Cpne-4 + Cope-7), 122.0 (Con-3 + Cpp-5), 119.6 (Crriazole-5), 115.2 (Cpn-2 + Cpn-6), 68.5 (O-CH3), 37.3
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(Pht-CH,), 31.8 (CHy), 29.2 (O-CH,-CH;), 29.0 (CH,), 28.1 (Pht-CH,-CH,), 26.0 (CH,), 23.0 (Triazole-
CH,), 22.6 (CH,), 14.1 (CHs). IR: 2930 (w), 1699 (s), 1523 (m), 1402 (w), 1259 (w), 1206 (m), 832 (w),
718 (s) cm™. HRMS (APCI/ASAP, m/z): 447.2394 (Calcd. CasH31N403, 447.2396, [M+H]*).

General procedure*6 for deprotection of protected triazoles (7a-j) to primary amines
(8a-j):

Phthalimide protected triazole (7a-h) in toluene was added hydrazine hydrate (2-10 eq, 64-65%),
and refluxed until disappearance of 7a-h from TLC. The reaction mixture was then warm filtered and
evaporated, affording the free amine (8a-h) in 46-90% yield. 'H NMR was used to confirm full
conversion of the free amine and the structure was then fully elucidated for the corresponding HCI-
salt (1-4 a,d) prior to biological screening.

2-(1-Benzyl-1H-1,2,3-triazol-4-yl)ethan-1-amine (8a):

Ney Triazole 7a (2.00 g, 6.0 mmol) was reacted with hydrazine hydrate (0.89 mL,
N\)\/\ 11.9 mmol, 2 eq, 64-65%) in toluene (20 mL) for 1.5 hours at reflux. Filtration
d NH, | and chromatographic purification (70:30:3 CHCl3:MeOH:NH40H) afforded 8a
o as a yellow oil (0.64 g, 3.2 mmol, 53%).

*H NMR (400 MHz, CDCl5): 7.41 —7.32 (m, 3H, Ph), 7.29 - 7.23 (m, 3H, Ph and
Hrriazole=5), 5.49 (s, 2H, Hegn), 3.05 — 2.94 (m, 2H, NH,-CHy), 2.81 (t, J = 7.4 Hz, 2H, Triazole-CH;) ppm.
HRMS of 8a*HCI (1a) showed the same molecular ion (203.1297 [M-CI]*) as a previously reported
synthesis of 8a by Novartis (from LC-MS)."’

3-(1-Benzyl-1H-1,2,3-triazol-4-yl)propan-1-amine (8b):

Triazole 7b (0.30 g, 0.8 mmol) was reacted with hydrazine hydrate (0.32
NN mL, 4.2 mmol, 5 eq, 64-65%) in toluene (4 mL) for 2.25 hours at reflux.

N
d \)\/\,NHz Work-up afforded 8b as a white solid (0.14 g, 0.65 mmol, 77%).
8b

14 NMR (400 MHz, CDCls): 7.41 —7.33 (m, 3H, Ph), 7.28 — 7.23 (m, 2H,
Ph), 7.20 (s, 1H, Hrriazole=5), 5.49 (s, 2H, Hen), 2.78 —2.69 (2x t, J; = 7.7 Hz,
J,=7.2 Hz, 4H, Triazole-CH; and CH>-NH,), 1.80 (p, / = 7.5 Hz, 2H, CH,-CH>-CH;) ppm.

2-(1-(Naphthalen-2-ylmethyl)-1H-1,2,3-triazol-4-yl)ethan-1-amine (8c):

N Triazole 7c (1.00 g, 2.6 mmol) was reacted with hydrazine hydrate (0.77

N;“N mL, 10.4 mmol, 4 eq, in two portions, 64-65%) in toluene (10 mL) for 23
I\<\\ hours reaction at reflux. The mixture was warm filtered, evaporated,

8c NH, | dissvolved in DCM, filtered through celite and, evaporated. Affording 8c as

a white solid (0.48 g, 1.9 mmol, 74%).

H NMR (400 MHz, CDCl5): 7.87 — 7.80 (m, 3H, Napht), 7.75 (s, 1H, Hrriazole-5), 7.54 — 7.49 (m, 2H,
Napht), 7.35 (dd, Joa = 1.7 Hz, Joo = 8.5 Hz, 1H, Napht), 7.28 (s, 1H, Napht), 5.66 (s, 2H, Hen), 3.01 (t, J
= 6.6 Hz, 2H, CH>-NH,), 2.82 (t, J = 6.6 Hz, 2H, Triazole-CH;) ppm.
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3-(1-(Naphthalen-2-ylmethyl)-1H-1,2,3-triazol-4-yl)propan-1-amine (8d):

Triazole 7d (0.82 g, 2.1 mmol) was reacted with hydrazine hydrate (0.77

N;N‘N mL, 10.4 mmol, 5 eq, 64-65%) in toluene (10 mL) for 22 hours at reflux.
\ Work-up afforded 8b as a white solid (0.45 g, 1.7 mmol, 80%).
NH2 | 1H NMR (400 MHz, CDCls): 7.86 — 7.80 (m, 3H, Napht), 7.73 (s, 1H,
Hrriazole=5), 7.53 — 7.49 (m, 2H, Napht), 7.34 (dd, Joa = 1.7 Hz, Ja» = 8.5 Hz,
1H, Napht), 7.28 (s, 1H, Napht), 5.65 (s, 2H, Han), 2.76 — 2.70 (2x t, J; = 7.5 Hz, J1 = 7.0 Hz, 4H,
Triazole-CH; and CH,-NH3), 1.79 (p, J = 7.4 Hz, 2H, CH»-CH,-CH3) ppm.

2-(1-(3,5-Di-tert-butylbenzyl)-1H-1,2,3-triazol-4-yl)ethan-1-amine (8e):

N Triazole 7e (1.50 g, 3.4 mmol) was reacted with hydrazine hydrate
/=N

N\)\/\ (1.51 mL, 20.3 mmol, 4 eq + 1 eq after 2 hours, 64-65%) in toluene (15
tBud NH,

mL) for 3.5 hours at reflux. Work-up afforded 8e as a clear oil (0.96 g,

3.1 mmol, 91%).
tBu  8e

14 NMR (400 MHz, CDCls): 7.42 — 7.40 (m, 1H, Ha-4), 7.28 (s, 1H,
Hrriazole=5), 7.09 (d, J = 1.8 Hz, 2H, 2x Har-2 and Har-6), 5.48 (s, 2H, Hgn), 3.01 (t, / = 6.8 Hz, 2H, CH,-
NH>), 2.82 (t, J = 6.5 Hz, 2H, Triazole-CH>), 1.28 (s, 18H, 2x tBu) ppm.

3-(1-(3,5-Di-tert-butylbenzyl)-1H-1,2,3-triazol-4-yl)propan-1-amine (8f):

N Triazole 7f (0.76 g, 1.6 mmol) was reacted with hydrazine hydrate
NN (0.92 mL, 12.4 mmol, 5 eq + 2.5 eq after 4 hours, 64-65%) in toluene
tBud \%\/\/NHZ (10 mL) for 4.5 hours at reflux. Followed by a second reaction in
hydrazine hydrate (0.2 mL) and toluene (5 mL) for 3.5 hours at reflux

afforded 8f as a slightly yellow oil after work-up (0.36 g, 1.1 mmol,
66%).

14 NMR (400 MHz, CDCls): 7.42 — 7.39 (m, 1H, Ha--4), 7.21 (s, 1H, Huviazole-5), 7.07 (d, J = 1.8 Hz, 2H,
Har-2 and Ha-6), 5.47 (s, 2H, Hgn), 2.79 — 2.69 (m, 4H, Triazole-CH, and CH>-NH), 1.80 (p, J = 7.2 Hz,
2H, CH2-CH2-CH,), 1.30 (s, 18H, 2x tBu) ppm.

tBu  8f

2-(1-(3,5-Bis(trifluoromethyl)benzyl)-1H-1,2,3-triazol-4-yl)ethan-1-amine (8g):

Triazole 7g (1.00 g, 2.1 mmol) was reacted with hydrazine hydrate (0.99
Ni\‘j\/\ mL, 13.4 mmol, 5 eq + 1.25 eq after 2 hours, 64-65%) in toluene (13 mL)
NH for 3 hours at reflux. Work-up afforded 8g as a slightly yellow oil (0.66
FsC 2

g, 1.9 mmol, 91%).
CF; 8g

14 NMR (400 MHz, CDCl;): 7.87 (s, 1H, Har-4), 7.72 (s, 2H, Har-2 and Har-
6), 7.40 (s, 1H, Hiriazole-5), 5.64 (s, 2H, Hgn), 3.05 (t, J = 6.5 Hz, 2H, CHa-NH,), 2.87 (t, J = 6.5 Hz, 2H,
Triazole-CH;) ppm.

3-(1-(3,5-Bis(trifluoromethyl)benzyl)-1H-1,2,3-triazol-4-yl)propan-1-amine (8h):

Triazole 7h (0.77 g, 1.6 mmol) was reacted with hydrazine hydrate
Ns

N N (1.19 mL, 16.0 mmol, 5 eq + 2.5 eq after 4 hours + 2.5 eq after 6
o \)\/\/NHZ hours, 64-65%) in toluene (10 mL) for 6.5 hours at reflux. Work-up
: afforded 8h as a clear oil (0.50 g, 1.4 mmol, 87%).
CF; 8h
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H NMR (400 MHz, CDCl3): 7.87 (s, 1H, Har-4), 7.70 (s, 2H, Ha-2 and Har-6), 7.32 (s, 1H, Hrriazole-5), 5.63
(s, 2H, Hgn), 2.83 — 2.72 (m, 4H, Triazole-CH, and CH2-NH,), 1.83 (p, J = 6.7 Hz, 2H, CHo-CH2-CH,) ppm.

3-(1-(3,5-Di-tert-butylphenyl)-1H-1,2,3-triazol-4-yl)propan-1-amine (8i):

tBu Triazole 7i (0.44 g, 0.99 mmol) was reacted with hydrazine hydrate (0.74
mL, 9.88 mmol, 5 eq + 5 eq after 3 hours, 64-65%) in toluene (15 mL) for 4
B0 NN, hours at reflux. The mixture was then let cool to room temperature and
N stirred for 44 hours. Addition of additional hydrazine hydrate (0.37 mL,
‘\<\L 4.94 mmol, 5 eq) and reflux for 19 hours followed by work-up afforded 8i
8i NH

as a clear oil (0.28 g, 0.88 mmol, 89%).

2

14 NMR (400 MHz, CDCls): 7.72 (s, 1H, Huiazole-5), 7.49 (s, 2H, Heh-2 and He-6), 7.48 (s, 1H, Hen-4),
2.87 (t, 2H, J = 7.6 Hz, Triazole-CH,), 2.81 (t, 2H, J = 7.1 Hz, CHx-NH,), 1.91 (p, 2H, J = 7.2 Hz, CHy-CHa-
NH,), 1.36 (s, 18H, 2x tBu).

3-(1-(4-(Heptyloxy)phenyl)-1H-1,2,3-triazol-4-yl)propan-1-amine (8j):

CoHys0 Triazole 7j (0.20 g, 0.44 mmol) was reacted with hydrazine hydrate (1.31
\©\ N mL, 17.6 mmol, 40 eq, 64-65%, added in 5 eq increments over 73 hours)
N-

N in toluene (15 mL) for 75 hours at reflux. Work-up afforded 8j as an off-
‘\<\L white solid (0.14 g, 0.43 mmol, 98%).
8j NH

2| H NMR (400 MHz, CDCls): 7.64 (s, 1H, Huiaole-5), 7.61 — 7.57 (m, 2H, Hen-

3 and Hep-5), 7.02 — 6.97 (m, 2H, Hen-2 and Hpn-6), 4.00 (t, 2H, J = 6.5 Hz,
CH2-0), 2.88 — 2.78 (m, 4H, Triazole-CH, + CHo-NH3), 1.93 — 1.76 (m, 4H, CHo-CH2-0 + CH2-CH2-NHs),
1.54 —1.24 (m, 12H, 4x CH; + H,0 from CDCls), 0.92 — 0.87 (m, 3H, CHs).

Creating HCl-salts:

Amine 8a-h (50-100 mg) was added to MeCN, iPrOH or DCM (1-3 mL) and added an excess of HCI
(0.1-0.4 mL/50 mg 8, 37%), followed by filtration (if precipitation occurred) or evaporation (if
precipitation did not occur) and washing with small amounts of nonpolar solvent
(ether/pentane/DCM) followed by drying.

2-(1-Benzyl-1H-1,2,3-triazol-4-yl)ethan-1-aminium chloride (1a):

N Amine 8a (50 mg, 0.25 mmol) was added to iPrOH (2mL) with excess HCI
=N

N\)\/\ (0.1 mL, 37%) and recrystallized in MeCN (3 mL) with a small additive of
d NH5*CI water (1-3 dr.), affording final product 1a as a white powder (12 mg, 0.05
1a

mmol, 20%, MP 212.5 - 214.1 °C).

HPLC (C18 Zorbax Eclipse, 1:1 H,0:MeOH + 0.1% TFA, 0.75 mL/min): 1.9
min, 214 nm, 95% pure. *H NMR (400 MHz, d;-MeOD): 7.87 (s, 1H, Hrriazole-5), 7.40 — 7.31 (m, 5H,
Ph), 5.58 (s, 2H, Hen), 3.27 (t, J = 7.4 Hz, 2H, NH3*-CHy), 3.04 (t, J = 7.4 Hz, 2H, Triazole-CH,) ppm. *C
NMR (100 MHz, ds-MeOD): 144.5 (Crriazole-4), 136.7 (Car-1), 130.0 (Car), 129.7 (Car), 129.2 (Car), 124.1
(Crriazole=5), 55.0 (Can), 40.1 (CH2-NHs*), 24.4 (Triazole-CH,) ppm. IR: 2955 (bw), 2906 (bw), 1596 (w),
1492 (w), 1454 (w), 1154 (w), 1052 (m), 949 (m), 860 (w), 761 (m), 717 (s), 696 (s) cm™*. HRMS
(APCI/ASAP, m/z): 203.1295 (Calcd. C11H1sN4, 203.1297, [M-CI]*).
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3-(1-Benzyl-1H-1,2,3-triazol-4-yl)propan-1-aminium chloride (1d):

Amine 8b (50 mg, 0.23 mmol) was added to iPrOH (2 mL) with excess
N’N:N HCI (0.1 mL, 37%) and evaporated, affording 1d as a white solid (MP
d oo | 149.9 - 1505 °C).
1d

HPLC (C18 Zorbax Eclipse, 1:1 H,0:MeOH + 0.1% TFA, 0.75 mL/min):
3.0 min, 214 nm, 99% pure. *H NMR (400 MHz, d,-MeOD): 8.22 (s, 1H,
Hrriazole=5), 7.43 — 7.36 (m, 5H, Ph), 5.70 (s, 2H, Hgx), 3.00 (t, J = 7.9 Hz, 2H, NH3*-CH,), 2.91 (t, /= 7.3
Hz, 2H, Triazole-CH,), 2.05 (p, J = 7.9 Hz, 2H, CH-CHa-CH,) ppm. 3C NMR (100 MHz, d,-MeOD): 146.0
(Crriazole-4), 135.4 (Car-1), 130.2 (Car), 130.18 (Car), 129.7 (Car), 125.9 (Crriazote-5), 56.5 (Cgn), 39.9 (CH-
NH3*), 27.5 (CH,-CH,-CH,), 22.3 (Triazole-CHz) ppm. IR: 3012 (bw), 2305 (bw), 1898 (w), 1589 (w),
1456 (s), 1472 (w), 1435 (w), 1340 (w), 1148 (s), 1025 (m), 987 (m), 941 (s), 784 (s), 729 (s), 698 (s)
cm™t. HRMS (APCI/ASAP, m/z): 217.1452 (Calcd. C1,H17N4, 217.1453, [M-CI]*).

2-(1-(Naphthalen-2-ylmethyl)-1H-1,2,3-triazol-4-yl)ethan-1-aminium chloride (2a):

Amine 8c (50 mg, 0.20 mmol) was dissolved in DCM (2 mL) and added

-N,
L{N\\ HCI (2.5 mL, 2 M in Et,0), the precipitate was filtered off and dried,

affording 2a as a white solid (29 mg, 0.1 mmol, 51%, MP 160.0 — 162.1
2a NHyer | °C).

HPLC (C18 Zorbax Eclipse, 1:1 H,0:MeOH + 0.1% TFA, 0.75 mL/min):
8.8 min, 214 nm, 98% pure. *H NMR (400 MHz, d,-MeOD): 8.13 (s, 1H, Hrriazole-5), 7.91 (s, 1H, Napht),
7.90 — 7.85 (m, 3H, Napht), 7.53 — 7.50 (m, 3H, Napht), 7.47 (dd, Jus = 1.6 Hz, Ju» = 8.6 Hz, 1H, Napht),
5.82 (s, 2H, Hen), 3.28 (t, J = 7.1 Hz, 2H, CH»-NH3%), 3.12 (t, J = 7.1 Hz, 2H, Triazole-CH;) ppm. *C NMR
(100 MHz, d,-MeOD): 143.8 (Crriazole-4), 134.8, 134.7, 133.3, 130.0, 129.1, 129.0, 128.8, 127.8, 127.7,
126.7, 125.5 (Crriazote=5), 55.9 (Cen), 39.7 (CH2-NHs*), 24.0 (Triazole-CH;) ppm (unassigned peaks stem
from the naphthyl ring in a similar pattern as that of 7c). IR: 2962 (bs), 2920 (s), 2359 (s), 2341 (m),
1598 (w), 1489 (m), 1474 (w), 1152 (w), 1135 (w), 1050 (s), 1022 (m), 947 (w), 832 (m), 783 (s), 755
(s), 729 (m) cm™. HRMS (APCI/ASAP, m/z): 253.1452 (Calcd. CisH17N4, 253.1453, [M-CIT*).

3-(1-(Naphthalen-2-ylmethyl)-1H-1,2,3-triazol-4-yl)propan-1-aminium chloride (2d):

Amine 8d (50 mg, 0.19 mmol) was dissolved in iPrOH (2 mL), added

N
L{N\L HCI (0.1 mL, 37%) and dried, affording amine 2d as a white solid (MP
NH5*Cr

200.3 -202.5 °C).
2d

HPLC (C18 Zorbax Eclipse, 1:1 H,0:MeOH + 0.1% TFA, 0.75 mL/min):
9.4 min, 214 nm, 99% pure. *H NMR (400 MHz, d,-MeOD): 8.31 (s, 1H,
Hrriazole-5), 7.96 (s, 1H, Napht), 7.95 — 7.83 (m, 3H, Napht), 7.59 — 7.56 (m, 2H, Napht), 7.49 (dd, Jos =
1.6 Hz, Jap = 8.7 Hz, 1H, Napht), 5.89 (s, 2H, Hgn), 3.00 (t, J = 7.4 Hz, 2H, CH2-NHs"), 2.94 (t, J = 7.4 Hz,
2H, Triazole-CH,), 2.05 (p, J = 7.4 Hz, 2H, CH,-CH»-CH,) ppm. **C NMR (100 MHz, d,-MeOD): 145.9
(Crriazole-4), 134.9, 134.7, 132.4, 130.2, 129.4, 129.1, 128.8, 128.0, 127.9, 126.6, 126.2 (Crriazole-5), 56.9
(Cen), 39.9 (CH2>-NH3"), 27.4 (CH,-CH,-CH,), 22.2 (Triazole-CH;) ppm (unassigned peaks stem from the
naphthyl ring in a similar pattern as that of 7c). IR: 2900 (bw), 1910 (w), 1601 (w), 1509 (w), 815 (s),
749 (m) cm™. HRMS (APCI/ASAP, m/z): 267.1607 (Calcd. Ci1sH17N4, 267.1610, [M-CIH]).
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2-(1-(3,5-Di-tert-butylbenzyl)-1H-1,2,3-triazol-4-yl)ethan-1-aminium chloride (3a):

Amine 8e (100 mg, 0.32 mmol) was dissolved in iPrOH (3 mL), added
N{‘J‘\/\ excess of HCI (0.75 mL, 37%, aq), dried and washed with MeCN (5 mL),
® nHerer | affording 3a as a white solid (48 mg, 0.14 mmol, 43%, MP 188.3 —
u
190.1 °C).
tBu 3a
HPLC (C18 Zorbax Eclipse, 3:5 H,0:MeOH + 0.1% TFA, 0.75 mL/min):

20.5 min, 214 nm, 99% pure. 'H NMR (400 MHz, d;-MeOD): 7.91 (s, 1H, Huriszole-5), 7.44 (t, J = 1.4 Hz,
1H, Har-4), 7.23 (d, J = 1.7 Hz, 2H, Har-2 and Har-6), 5.57 (s, 2H, Han), 3.26 (t, J = 7.2 Hz, 2H, CH2-NHs*),
3.07 (t, J = 7.5 Hz, 2H, Triazole-CH;), 1.30 (s, 18H, 2x tBu) ppm. *C NMR (100 MHz, d,-MeOD): 152.9
(Car-3 and Car-5), 144.3 (Crriazole-4), 135.7 (Car-1), 124.3 (Crriazoie-5), 123.8 (Car-4), 123.6 (Car-2 and Car-
6), 55.8 (Can), 40.0 (CH2-NHs"), 35.7 (C4-tBu), 31.8 (tBu), 24.3 (Triazole-CH,) ppm. IR: 2963 (s), 2867
(s), 2647 (w), 2543 (w), 2476 (w), 1602 (s), 1512 (s), 1466 (m), 1362 (s), 1062 (s), 789 (s), 776 (s), 667
(s) cm™. HRMS (APCI/ASAP, m/z): 315.2548 (Calcd. CisH31N4, 315.2549, [M-CIH]*).

3-(1-(3,5-Di-tert-butylbenzyl)-1H-1,2,3-triazol-4-yl)propan-1-aminium chloride (3d):

Amine 8f (50 mg, 0.15 mmol) was dissolved in iPrOH (3 mL), added
N'N°N an excess of HCI (0.3 mL, 37%, aq), dried and washed with MeCN (3
tBu{{ o ger mL) and DCM (3 mL), affording 3d as a white solid (20 mg, 0.05
mmol, 36%, MP 218.4 —219.2 °C).
tBu  3d

HPLC (C18 Zorbax Eclipse, 3:5 H,0:MeOH + 0.1% TFA, 0.75 mL/min):
29.4 min, 214 nm, 99% pure. *H NMR (400 MHz, ds-MeOD): 7.77 (s, 1H, Hrriazole-5), 7.43 (s, 1H, Ha-4),
7.18 (s, 2H, Har-2 and Har-6), 5.54 (s, 2H, Hen), 2.96 (t, J = 7.6 Hz, 2H, CH,-NH3"), 2.80 (t, J = 7.6 Hz, 2H,
Triazole-CH;) 1.99 (p, J = 7.2 Hz, 2H, CH,-CH,-CH>), 1.30 (s, 18H, 2x tBu) ppm. 3C NMR (100 MHz, d.-
MeOD): 152.9 (Car-3 and Car-5), 147.6 (Crriazole-4), 136.1 (Car-1), 123.6 (Crriazole-5), 123.4 (Car-4), 123.3
(Car-2 and Car-6), 55.5 (Can), 40.2 (CH2-NHs*), 35.7 (C4-tBu), 31.8 (tBu), 28.3 (CH,-CH2-CH,), 23.2
(Triazole-CH,) ppm. IR: 2961 (s), 2853 (s), 2750 (w), 2715 (w), 2669 (w), 2608 (w), 1601 (w), 1475
(m), 1361 (s), 1223 (s), 1132 (s), 1063 (s), 1039 (m), 1016 (m), 874 (s), 827 (s), 802 (s) cm. HRMS
(APCI/ASAP, m/z): 329.2703 (Calcd. Cy0H33N4, 329.2705, [M-CI]*).

2-(1-(3,5-Bis(trifluoromethyl)benzyl)-1H-1,2,3-triazol-4-yl)ethan-1-aminium chloride (4a):

N Amine 8g (100 mg, 0.30 mmol) was dissolved in MeCN (1 mL), added
N’\;“\/\ excess of HCI (0.5 mL, 37%, aq), dried and washed with DCM (3 mL),
. Cd NHerer | affording 4a as a white solid (95 mg, 0.25 mmol, 86%, MP 169.5 —
3

173.0 °C).
CF, 4a

HPLC (C18 Zorbax Eclipse, 1:1 H,0:MeOH + 0.1% TFA, 0.75 mL/min):
21.4 min, 214 nm, 99% pure. *H NMR (400 MHz, d;-MeOD): 8.25 (s, 1H, Hrriazole-5), 8.04 (s, 2H, Ha-2
and Ha-6), 8.00 (s, 1H, Har-4), 5.88 (s, 2H, Hen), 3.31 (t, J = 8.2 Hz, 2H, CH,-NHs*), 3.16 (t, J = 8.2 Hz,
2H, Triazole-CH,) ppm. 3C NMR (100 MHz, ds-MeOD): 144.1 (Crriazole-4), 139.3 (Car-1), 133.4 (q, J = 32
Hz, Car-3 and Car-5), 130.4 (m, Ca,-2 and Car-6), 125.8 (Crriazole-5), 124.6 (g, J = 272 Hz, CF3), 123.6 (m,
Car-4), 54.2 (Cgn), 39.7 (CH2-NHs*), 24.0 (Triazole-CH,) ppm. IR: 1378 (w), 1279 (s), 1184 (m), 1136
(w), 1113 (s) cm™. HRMS (APCI/ASAP, m/z): 339.1044 (Calcd. C13H13N4Fs, 339.1044, [M-CIT*).
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3-(1-(3,5-Bis(trifluoromethyl)benzyl)-1H-1,2,3-triazol-4-yl)propan-1-aminium chloride (4d):

Amine 8h (100 mg, 0.28) was dissolved in MeCN (1 mL), added
NN excess of HCI (0.5 mL, 37%, aq), dried and washed with DCM (3 mL)

N
. Cd \)\/\/NHJC" and MeCN (3 mL), affording 4d as a white solid (98 mg, 0.25 mmol,
3

89%, MP 181.1 —-182.3 °C).

HPLC (C18 Zorbax Eclipse, 1:1 H,0:MeOH + 0.1% TFA, 0.75
mL/min): 21.8 min, 214 nm, 99% pure. *H NMR (400 MHz, d,-MeOD): 8.45 (s, 1H, Hrriazole-5), 8.10 (s,
2H, Har-2 and Ha-6), 8.03 (s, 1H, Har-4), 5.96 (s, 2H, Hen), 3.03 (t, J = 7.3 Hz, 2H, CH-NH3*), 2.96 (t, J =
7.9 Hz, 2H, Triazole-CH;), 2.09 (p, J = 7.9 Hz, 2H, CH2-CH,-CH,) ppm. *C NMR (100 MHz, d,-MeOD):
146.1 (Crriazole-4), 138.3 (Car-1), 133.5 (q, J = 34 Hz, Car-3 and Car-5), 130.8 (m, Car-2 and Car-6), 126.7
(Crriazole=5), 124.5 (q, J = 274 Hz, CF3), 123.9 (m, Car-4), 55.1 (Can), 39.9 (CH2-NH3*), 27.4 (CH,-CH2-CH,),
22.2 (Triazole-CH) ppm. IR: 2903 (bw), 1917 (w), 1373 (w), 1279 (s), 1169 (s), 1114 (s), 1060 (m),
1014 (w), 889 (m), 703 (s), 683 (s) cmL. HRMS (APCI/ASAP, m/z): 353.1199 (Calcd. C1aH1sNaFs,
353.1201, [M-CI*).

CF;  4d

3-(1-(3,5-Di-tert-butylphenyl)-1H-1,2,3-triazol-4-yl)propan-1-aminium chloride (9a):

{Bu Amine 8i (32 mg, 0.10 mmol) was dissolved in MeCN (3 mL) and added
HCI (0.1 mL, 37%, aq). Evaporation under reduced pressure afforded 5a

. NN as a white solid (36 mg, 0.10 mmol, quant., MP 196.2 — 198.8 °C).

N

= HPLC (C18 Zorbax Eclipse, 3:5 H,0:MeOH + 0.1% TFA, 0.75 mL/min):
s 22.9 min, 214 nm, 98% pure. *H NMR (600 MHz, d6-DMSO): 8.71 (s, 1H,
Htriazole-5), 8.04 (bs, 3H, NHs*), 7.66 — 7.64 (m, 2H, Hpn-2 and Hpn-6), 7.50
(s, 1H, Hpn-4), 2.93 — 2.86 (m, 2H, CH-NH5*), 2.81 (t, 2H, J = 7.5 Hz, Triazole-CH3), 2.00 (p, 2H, J=7.2
Hz, CHa-CH2-NHs%), 1.35 (s, 18H, 2x tBu). 3C NMR (150 MHz, d6-DMSO): 152.8 (Cen-3 and Cpn-5),
147.1 (Crriazole-4), 137.0 (Cpp-1), 122.5 (Cpn-4), 121.3 (Crriazote-5), 114.9 (Cpn-2 and Cpn-6), 38.8 (CH,-
NHs*), 35.5 (C4-tBu), 31.5 (tBu), 27.1 (CH2-CH,-NHs*), 22.5 (Triazole-CHy). IR: 2958 (s), 2317 (m), 1877
(w), 1593 (s), 1439 (s), 1106 (m), 1024(m), 874 (s), 704 (s) cm™. HRMS (APCI/ASAP, m/z): 315.2548
(Calcd. C19H31N4, 315.2549, [M+H]+).

NHz*CI

3-(1-(4-(Heptyloxy)phenyl)-1H-1,2,3-triazol-4-yl)propan-1-aminium chloride (10a):

C7H,50. Amine 8j (25 mg, 0.08 mmol) was dissolved in MeCN (3 mL), filtered
\©\N’N and added HCI (0.1 mL, 37%, aq). Evaporation under reduced pressure
N afforded 6a as a slightly yellow wax (28 mg, 0.08 mmol, quant.)
6a . HPLC (C18 Zorbax Eclipse, 3:5 H,0:MeOH + 0.1% TFA, 0.75 mL/min):
NASCT ] min, 214 nm, 98% pure. *H NMR (400 MHz, d6-DMSO): 8.52 (s, 1H,

Huiazole-5), 7.95 (bs, 3H, NHs*), 7.79 — 7.74 (m, 2H, Her-3 and Hen-5), 7.15 — 7.09 (m, 2H, Heh-2 and Hep-
6), 4.03 (t, 2H, J = 6.6 Hz, CH2-0), 2.95 — 2.85 (m, 2H, CH2-NHs"), 2.79 (t, 2H, J = 7.2 Hz, Triazole-CH,),
1.97 (p, 2H, J = 7.2 Hz, CH2-CH»-NHs*), 1.74 (p, 2H, J = 7.2 Hz, CH-CH,-0), 1.47 — 1.23 (m, 8H, 4x
CHa), 0.91 — 0.84 (m, 3H, CHs). 13C NMR (100 MHz, d6-DMSO): 159.0 (Cen-4), 147.1 (Crriazole-4), 130.5
(Con-1), 121.9 (Cpn-3 and Cph-5), 120.9 (Crriazole-5), 115.8 (Con-2 and Cpn-6), 68.4 (CH,-0), 38.7 (CH2-
NHs*), 31.7 (CHz), 29.1 (CH2-CH-0), 28.9 (CH,), 27.0 (CH2-CH-NHs*), 25.9 (CH,), 22.5 (Triazole-CH, +
CHa), 14.4 (CHs). IR: 2920 (m), 2854 (w), 1518 (s), 1248 (s), 1222 (m), 1044 (s), 830 (s) cm™.. HRMS
(APCI/ASAP, m/z): 317.2339 (Calcd. C1sH2oN4O, 317.2341, [M]").
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General procedure'®!® for Eschweiler-Clarke reductive amination:

Amine 8a-h was added to MeCN (or H,0), HCOOH (5-20 eq), HCHO 5-20 eq) and refluxed for 1-3
hours. The mixture was then added an excess of HCI (0.5 mL, 37%, aq.) and evaporated to dryness.
Washing, recrystallization or chromatographic separation yielded the tertiary amine HCl-salts (1-4
b,e).

2-(1-Benzyl-1H-1,2,3-triazol-4-yl)-N,N-dimethylethan-1-aminium chloride (1b):

N Amine 8a (0.07 g, 0.35 mmol) was added H,0 (1 mL), formic acid (0.1 mL,
©/\N\“N 96%, 7 eq) and formaldehyde (0.2 mL, 37%, 7 eq) followed by 1 hour
reflux. The mixture was added HCI (2 mL, 2 M, Et,0) and washed with
1b Ner MeCN (5 mL). The evaporated mixture was then purified using flash
column chromatography (70:30:3 CHCl3:MeOH:NH,OH). The eluted amine

was added etheric HCI (2 mL, 2 M) and evaporated, affording 1b as a white wax (70 mg, 0.26 mmol,
76%).

HPLC (C18 Zorbax Eclipse, 1:1 H,0:MeOH + 0.1% TFA, 0.75 mL/min): 3.0 min, 214 nm, 99% pure. *H
NMR (400 MHz, ds-MeOD): 8.14 (s, 1H, Hrriazole5), 7.43 — 7.35 (m, 5H, Ph), 5.66 (s, 2H, Hgn), 3.51 (t, J
=7.7 Hz, 2H, NH(CH3),*-CHa), 3.25 (t, J = 7.7 Hz, 2H, Triazole-CH,), 2.96 (s, 6H, 2x Me) ppm. 3C NMR
(100 MHz, d4-MeOD): 143.0 (Crriazole-4), 135.8 (Car-1), 130.1, 130.0, 129.5, 125.6 (Crriazole-5), 57.3
(NH(CHs),*-CH,), 55.9 (Cen), 43.6 (Me), 21.4 (Triazole-CH:) ppm. IR: 3383 (bs), 2959 (bw), 2674 (bs),
1459 (s), 1053 (s), 966 (w), 714 (s), 706 (s) cm™. HRMS (APCI/ASAP, m/z): 231.1610 (Calcd. C13H19Na,
231.1610, [M-CI]*).

3-(1-Benzyl-1H-1,2,3-triazol-4-yl)-N,N-dimethylpropan-1-aminium chloride (1e):

Amine 8b (0.10 g, 0.46 mmol) was added H,0 (1 mL), formic acid (0.1
N'N:N / mL, 96%, 5 eq) and formaldehyde (0.2 mL, 37%, 6 eq) followed by 1
d \)\/\/N\H*C" hour reflux. The mixture was added HCI (2 mL, 37%, aq.) and
evaporated. The crude residue was purified using flash column
Te chromatography (70:30:3 CHCl;:MeOH:NH40H) and the elute was

added HCI (3 mL, 2 M, in Et,0) and evaporated, affording 1e as a white
wax (0.07 g, 0.24 mmol, 53%).

HPLC (C18 Zorbax Eclipse, 1:1 H,0:MeOH + 0.1% TFA, 0.75 mL/min): 3.2 min, 214 nm, 99% pure. *H
NMR (400 MHz, d;-MeOD): 8.24 (s, 1H, Hiriazole-5), 7.47 — 7.35 (m, 5H, Ph), 5.70 (s, 2H, Hgn), 3.25 -
3.18 (m, 2H, CH,-NH(CHs),%), 2.93 — 2.86 (m, 8H, Triazole-CH, + 2x Me), 2.14 (p, J = 7.5 Hz, 2H, CH>-
CH3-CH>) ppm. *C NMR (100 MHz, ds-MeOD): 145.7 (Crriazole-4), 135.3 (Car-1), 130.3, 130.2, 129.7,
126.0 (Crriazole-5), 58.0 (NH(CH3),*-CHz), 56.6 (Cgn), 43.5 (Me), 24.6 (CH,-CH2-CH,), 22.2 (Triazole-CH,)
ppm. IR: 3373 (bs), 2964 (bw), 2678 (bm), 2474 (w), 1631 (w), 1456 (s), 1334 (w), 1155 (m), 1055 (s),
1028 (w), 967 (s), 714 (s) cm™. HRMS (APCI/ASAP, m/z): 245.1769 (Calcd. C14H21N4, 245.1766, [M-
cil).

N,N-Dimethyl-2-(1-(naphthalen-2-ylmethyl)-1H-1,2,3-triazol-4-yl)ethan-1-aminium chloride (2b):

N Amine 8c (0.10 g, 0.36 mmol) was added MeCN (2 mL), formic acid (0.1
N\“N mL, 96%, 7 eq) and formaldehyde (0.2 mL, 37%, 7 eq) followed by 1.5
\\<\\ hours reflux. The mixture was evaporated and purified twice with flash
2b _NHCr column chromatography (#1: 70:30:3 CHCl;:MeOH:NH4,0OH, #2: 95:5:1
CHCl3:MeOH:NH4OH). The evaporated elute was dissolved in iPrOH (2
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mL), added HCI (0.5 mL, 37%, aqg.) and evaporated, affording 2b as a white solid (48 mg, 0.14 mmol,
40%, MP 156.7 — 158.2 °C).

HPLC (C18 Zorbax Eclipse, 1:1 H,0:MeOH + 0.1% TFA, 0.75 mL/min): 5.3 min, 214 nm, 98% pure. *H
NMR (400 MHz, ds-MeOD): 7.98 (s, 1H, Hrriazole-5), 7.90 — 7.83 (m, 4H, Napht), 7.55 — 7.48 (m, 2H,
Napht), 7.44 (dd, Joq = 1.8 Hz, Jab = 8.5 Hz, 1H, Napht), 5.76 (s, 2H, Hen), 3.48 (t, J = 7.9 Hz, 2H, CHz-
NH(CHs),%), 3.18 (t, J = 7.4 Hz, 2H, Triazole-CH,), 2.94 (s, 6H, 2x Me) ppm. 3C NMR (100 MHz, ds-
MeOD): 143.9 (Crriazole-4), 134.8, 134.7, 133.8, 130.0, 129.0, 128.8, 128.7, 127.73, 127.71, 126.6,
124.5 (Crriazole=5), 57.8 (NH(CH3),"-CH,), 55.4 (Cen), 43.6 (Me), 21.7 (Triazole-CH;) ppm (unassigned
peaks belong to the naphtyl ring and can be assigned after the pattern for 7c). IR: 3016 (w), 2959
(w), 2697 (m), 1477 (m), 1455 (m), 1300 (m), 1196 (m), 1056 (m), 969 (s), 866 (s), 836 (s), 746 (s) cm
! HRMS (APCI/ASAP, m/z): 281.1762 (Calcd. C17H21N4, 281.1766, [M-CI]*).

N,N-Dimethyl-3-(1-(naphthalen-2-ylmethyl)-1H-1,2,3-triazol-4-yl)propan-1-aminium chloride (2e):

Amine 8d (0.10 g, 0.36 mmol) was added MeCN (2 mL), formic acid
N\;)\/\/ / (0.1 mL, 96%, 7 eq) and formaldehyde (0.2 mL, 37%, 7 eq) followed
N\H+C" by 2 hours reflux. The mixture was passed through a pipette with
Q CaCly, added iPrOH (2 mL) and HCI (0.15 mL, 37%, aq.) before it was
dried. The crude product was purified with flash column
chromatography (70:30:3 CHCl3:MeOH:NH40H). The evaporated

elute was then added iPrOH (2 mL), HCI (0.1 mL, 37%, aq.) and evaporated, affording 2e as a white
solid (0.07 g, 0.21 mmol, 56%, MP 159.6 — 162.1 °C).

HPLC (C18 Zorbax Eclipse, 1:1 H,0:MeOH + 0.1% TFA, 0.75 mL/min): 8.3 min, 214 nm, 99% pure. H
NMR (400 MHz, ds-MeOD): 7.90 — 7.82 (m, 5H, Napht + Hryiazole-5), 7.54 — 7.49 (m, 2H, Napht), 7.42
(dd, Jua = 1.7 Hz, Jup = 8.5 Hz, 1H, Napht), 5.74 (s, 2H, Hga), 3.21 — 3.14 (m, 2H, CH,-NH(CHs),"), 2.87 (s,
6H, 2x Me), 2.80 (t, J = 7.5 Hz, 2H, Triazole-CH,), 2.13 — 2.03 (m, 2H, CH,-CH»-CH,) ppm. *C NMR
(100 MHz, d,-MeOD): 147.4 (Crriazole-4), 134.8, 134.6, 134.1, 129.9, 129.0, 128.8, 128.5, 127.7,
127.67, 126.5, 123.8 (Crriazole-5), 58.4 (NH(CH3),*-CHy), 55.2 (Can), 43.5 (Me), 25.2 (CH,-CH,-CH,), 23.1
(Triazole-CH;) ppm (unassigned peaks belong to the naphtyl ring and can be assigned after the
pattern for 7d). IR: 3381 (bw), 3136 (w), 2572 (w), 2466 (w), 1491 (w), 1473 (w), 1456 (w), 1438 (m),
1423 (m), 1204 (m), 1161 (m), 1118 (m), 1054 (s), 974 (s), 838 (m), 822 (s), 808 (s), 782 (s), 762 (s),
736 (s) cm™. HRMS (APCI/ASAP, m/z): 295.1920 (Calcd. C1gH23Ns, 295.1923, [M-CIJ*).

2-(1-(3,5-Di-tert-butylbenzyl)-1H-1,2,3-triazol-4-yl)-N,N-dimethylethan-1-aminium chloride (3b):

Amine 8e (0.10 g, 0.29 mmol) was added MeCN (2 mL), formic acid
N'N°N (0.1 mL, 96%, 9 eq) and formaldehyde (0.2 mL, 37%, 9 eq) followed by
’B“d \)\/;NQ‘C" 4 hours reflux. The mixture was added HCI (1 mL, 37%, aqg.) and
evaporated, affording 3b as a white solid (0.06 g, 0.16 mmol, 55%, MP
tBu 3 195.1 — 198.4 °C).

HPLC (C18 Zorbax Eclipse, 3:5 H,0:MeOH + 0.1% TFA, 0.75 mL/min): 21.9 min, 214 nm, 98% pure. *H
NMR (400 MHz, d,-MeOQD): 7.89 (s, 1H, Hrriazole=5), 7.44 (t, J = 1.9 Hz, 1H, Ha4), 7.23 (d, / = 1.5 Hz,
2H, Har-2 and Har-6), 5.56 (s, 2H, Hen), 3.48 (t, J = 8.0 Hz, 2H, CH>-NH(CHs),*), 3.17 (t, J = 7.5 Hz, 2H,
Triazole-CH,), 2.95 (s, 6H, 2x Me) 1.30 (s, 18H, 2x tBu) ppm. **C NMR (100 MHz, d,-MeOD): 153.0
(Car-3 and Car-5), 144.1 (Crriazole-4), 136.0 (Car-1), 124.2 (Crriazole=5), 123.8 (Car-4), 123.7 (Car-2 and Ca,-
6), 58.0 (NH(CHs).*-CHz), 55.8 (Cegn), 43.7 (Me), 35.9 (Cq4-tBu), 31.9 (tBu), 22.0 (Triazole-CH) ppm. IR:
3951 (s), 2546 (bs), 2449 (bs), 1599 (m), 1468 (s), 1362 (s), 1248 (m), 1213 (s), 1121 (s), 1057 (s), 967
(s), 883 (s), 793 (s), 707 (s) cm™. HRMS (APCI/ASAP, m/z): 343.2858 (Calcd. C21H3sNa, 343.2856, [M-
Cl%).
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3-(1-(3,5-Di-tert-butylbenzyl)-1H-1,2,3-triazol-4-yl)-N,N-dimethylpropan-1-aminium chloride (3e):

N Amine 8f (0.08 g, 0.24 mmol) was added MeCN (2 mL), formic acid
N :N | (0.1 mL, 96%, 11 eq) and formaldehyde (0.2 mL, 37%, 11 eq)
tBud \)\/\/N{*C" followed by 1.5 hours reflux. The mixture was applied to Dowex 50
WX8, washed with MeCN/MeOH (5 mL of each) and eluted with 2M
Bu  3e HCI (37%, aq) in MeOH. The evaporated elute afforded 3e as a
sticky wax (0.04 g, 0.09 mmol, 40%).

HPLC (C18 Zorbax Eclipse, 3:5 H,0:MeOH + 0.1% TFA, 0.75 mL/min): 28.5 min, 214 nm, 99% pure. *H
NMR (400 MHz, ds-MeOD)": 7.81 (s, 1H, Huriazote-5), 7.45 — 7.42 (m, 1H, Ha-4), 7.22 — 7.17 (m, 2H, Har-
2 and Har6), 5.50 (s, 2H, Hen), 3.21 —3.16 (m, 2H, CH2-NH(CHs),*), 2.88 (s, 6H, 2x Me), 2.80 (t, J=7.2
Hz, 2H, Triazole-CH,) 2.11 — 2.04 (m, 2H, CH»-CH2-CH,), 1.30 (s, 18H, 2x tBu) ppm. 3C NMR (100 MHz,
ds-MeOD)": 153.1 (Car-3 and Car-5), 146.1 (Crriazole-4, found from HMBC), 135.5 (Car-1), 124.0 (Car-2
and Car-6), 123.9 (Car-4), 123.6 (Crriazole-5, found from HMBC), 58.4 (NH(CHs),"-CH2), 56.4 (Can), 43.8
(Me), 35.9 (Cq4-tBu), 31.9 (tBu), 25.2 (CH,-CH,-CH>), 22.9 (Triazole-CH,) ppm. IR: 3385 (bs), 2956 (s),
1708 (s), 1601 (s), 1477 (s), 1394 (m), 1363 (s), 1249 (m), 1202 (w), 1053 (m), 967 (w), 874 (w), 781
(w), 723 (m), 711 (s) cm™. HRMS HRMS (APCI/ASAP, m/z): 357.3015 (Calcd. Cy2Hs7N4, 357.3013, [M-
ClY).

") Some minor peaks have emerged in storage between synthesis/testing and full characterization.

2-(1-(3,5-Bis(trifluoromethyl)benzyl)-1H-1,2,3-triazol-4-yl)-N,N-dimethylethan-1-aminium chloride
(4b):

N Amine 8g (0.10 g, 0.30 mmol) was added MeCN (2 mL), formic acid
N’\J\/\ ; (0.1 mL, 96%, 9 eq) and formaldehyde (0.2 mL, 37%, 9 eq) followed by
F3Cd N\H*CI‘ 2.5 hours reflux. The mixture was added HCI (1 mL, 37%, aq.) and
evaporated, affording 4b as a white solid (80 mg, 0.20 mmol, 67%,
CF 4P MP 175.2 — 177.0 °C).

HPLC (C18 Zorbax Eclipse, 1:1 H,0:MeOH + 0.1% TFA, 0.75 mL/min): 20.7 min, 214 nm, 99% pure. *H
NMR (400 MHz, d,-MeQD): 8.11 (s, 1H, Hrriazole=5), 8.00 (s, 3H, Har-2, Har-4 and Har-6), 5.83 (s, 2H,
Hegn), 3.51 (t, J = 7.7 Hz, 2H, CH2-NH(CHs),%), 3.22 (t, / = 7.3 Hz, 2H, Triazole-CH,), 2.96 (s, 6H, 2x Me)
ppm. *C NMR (100 MHz, d;-MeOD): 144.3 (Crriazole-4), 140.0 (Car-1), 133.5 (g, J = 34 Hz, Car-3 and Car
5), 130.2 (m, Car-2 and Car-6), 125.2 (Crriazole-5), 124.7 (d, J = 271 Hz, 2x CF3), 123.6 (Car-4), 57.8
(NH(CH3),*-CH2), 53.9 (Cen), 43.8 (Me), 21.9 (Triazole-CH;) ppm. IR: 2596 (w), 1902 (w), 1461 (w),
1378 (w), 1360 (w), 1278 (s), 1187 (m), 1167 (m), 1125 (s), 1056 (w), 947 (w), 908 (w), 841 (w), 781
(w), 682 (s) cm™. HRMS (APCI/ASAP, m/z): 367.1360 (Calcd. CisH17N4Fs, 367.1357, [M-CI]*).

3-(1-(3,5-Bis(trifluoromethyl)benzyl)-1H-1,2,3-triazol-4-yl)-N,N-dimethylpropan-1-aminium chloride
(4e):

Amine 8h (0.10 g, 0.27 mmol), was added MeCN (2 mL), formic acid

FsC N"“N (0.1 mL, 96%, 9 eq) and formaldehyde (0.2 mL, 37%, 10 eq)
L«_\; / followed by 3.5 hours reflux. The mixture was added HCI (0.5 mL,
CFy 4e N\H*CI' 37%, aq.) and evaporated, affording 4e as a white waxy solid (91

mg, 0.22 mmol, 81%).

HPLC (C18 Zorbax Eclipse, 1:1 H,0:MeOH + 0.1% TFA, 0.75 mL/min): 21.3 min, 214 nm, 96% pure. *H
NMR (400 MHz, d,~-MeQD): 8.03 (s, 1H, Hrriazole=5), 7.98 (s, 1H, Har-4), 7.97 (s, 2H, Ha-2 and Har-6),
5.82 (s, 2H, Hgn), 3.24 —3.17 (m, 2H, CH2-NH(CH3),"), 2.96 (s, 6H, 2x Me), 2.85 (t, /= 7.7 Hz, 2H,
Triazole-CH,), 2.17 — 2.07 (m, 2H, CH,-CH»-CH>) ppm. 3C NMR (100 MHz, ds-MeOD): 147.7 (Crriazole-
4),140.1 (Car-1), 133.5 (q, / = 33.5 Hz, Ca-3 and Car-5), 130.1 (m, Car-2 and Car-6), 124.7 (q, J = 269 Hz,
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2x CF3), 124.6 (Crriazole=5), 123.6 (m, Car-4), 58.5 (NH(CH3),*-CH3), 53.8 (Cgn), 43.6 (Me), 25.3 (CH,-CH,-
CHa), 23.1 (Triazole-CH,) ppm. IR: 3384 (bw), 1470 (w), 1376 (w), 1359 (w), 1277 (s), 1170 (s), 1120
(s), 1056 (w), 891 (m), 706 (m), 683 (s), 661 (m) cm™. HRMS (APCI/ASAP, m/z): 381.1516 (Calcd.
Ci6H19N4Fe, 381.1508, [M-CI]*).

General procedure?®?! for electrophilic guanylation of amines:

Amines 8a-h was added to MeCN, 1H-pyrazole carboxamidine hydrochloride (0.95 - 1.00 eq) and
refluxed for 1-3 hours (except for 2c and 2f where the reaction time was extended to 19-20 hours.)
The mixture was either filtered and the precipitate washed with MeCN and DCM or added Et,0 to
induce precipitation followed by washing with nonpolar solvents, to afford the guanylated
compounds 1-4 ¢,f in 8-76% vyields.

1-(2-(1-Benzyl-1H-1,2,3-triazol-4-yl)ethyl)guanidinium chloride (1c):

N Amine 8a (0.13 g, 0.53 mmol) was added to MeCN (3 mL) and 1H-
©/\N\“N pyrazole carboxamidine hydrochloride (0.07 g, 0.48 mmol, 0.9 eq) and
\\<\\ N refluxed for 4 hours. After cooling to room temperature the precipitate
1c HNH was washed with MeCN (3 mL), affording 1c as a white powder (12 mg,
NHy'CI | 0.04 mmol, 8%, MP 66.2 — 67.9 °C).

HPLC (C18 Zorbax Eclipse, 1:1 H,0:MeOH + 0.1% TFA, 0.75 mL/min): 3.0 min, 214 nm, 95% pure. *H
NMR (400 MHz, d,-MeOD): 7.83 (s, 1H, Hrriazole-5), 7.42 — 7.28 (m, 5H, Ph), 5.58 (s, 2H, Hex), 3.49 (t, J
=7.1Hz, 2H, CH>-NH), 2.96 (t, J = 7.1 Hz, 2H, Triazole-CH,) ppm. **C NMR (100 MHz, d;-MeOD):
158.8 (Cguanidine), 145.8 (Crriazole-4), 136.9 (Car-1), 130.2 (Ph), 129.8 (Ph), 129.3 (Ph), 124.2 (Crriazole-5),
55.1 (Cgn), 42.0 (CH2-NH), 26.2 (Triazole-CH,) ppm. IR: 3323 (bs), 3141 (bs), 2359 (w), 2341 (w), 1667
(s), 1650 (s), 1456 (w), 1220 (w), 1129 (w), 1060 (w) cm™. HRMS (APCI/ASAP, m/z): 245.1514 (Calcd.
C12H17Ng, 245.1515, [M-CIT*).

1-(3-(1-Benzyl-1H-1,2,3-triazol-4-yl)propyl)guanidinium chloride (1f):

N Amine 8b (0.14 g, 0.62 mmol) was added to MeCN (2 mL) and 1H-

©/\N;“N pyrazole carboxamidine hydrochloride (0.08 g, 0.56 mmol, 0.9 eq)
\\<\L and refluxed for 2 hours. The reaction mixture was evaporated and
. NH triturated with MeOH and Et,0 (5 mL and 50 mL). Followed by
HN)‘NH;{CI' washing of the precipitated oil with large amounts of Et,O (150 mL),

which upon drying afforded 1f as a clear wax (0.94 g, 0.32 mmol,

519%).

HPLC (C18 Zorbax Eclipse, 1:1 H,0:MeOH + 0.1% TFA, 0.75 mL/min): 3.0 min, 214 nm, 97% pure. *H
NMR (400 MHz, d,~-MeOD): 7.76 (s, 1H, Hrriazole-5), 7.43 — 7.26 (m, 5H, Ph), 5.56 (s, 2H, Hex), 3.23 (t, J
=7.3 Hz, 2H, CH,-NH), 2.76 (t, J = 7.3 Hz, 2H, Triazole-CHz), 1.93 (p, J = 7.0 Hz, 2H, CH,-CH,-CH>) ppm.
13C NMR (100 MHz, ds-MeOD): 159.0 (Cguanidine, determined from HMBC), 146.8 (Crriazole-4), 135.4 (Car-
1), 128.6 (Ph), 128.2 (Ph), 127.7 (Ph), 122.0 (Crriazele-5), 53.5 (Can), 40.3 (CH2-NH), 28.1 (CH,-CH,-CHz),
21.7 (Triazole-CH,) ppm. IR: 3327 (bm), 3141 (bm), 1646 (s), 1455 (m), 1217 (w), 1174 (w), 1133 (w),
1059 (w) cm. HRMS (APCI/ASAP, m/z): 259.1674 (Calcd. C1sH1sNg, 259.1671, [M-CIJ*).
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1-(2-(1-(Naphthalen-2-ylmethyl)-1H-1,2,3-triazol-4-yl)ethyl)guanidinium chloride (2c):

Amine 8c (75 mg, 0.29 mmol) was added to MeCN (2 mL) and 1H-
pyrazole carboxamidine hydrochloride (39 mg, 0.27 mmol, 0.9 eq)
and refluxed for 20 hours. After complete reaction on TLC, the
mixture was added MeCN (3 mL) and filtered. The precipitate was
washed with MeCN (2x 25 mL) and dried, affording 2c as an off-
white solid (43 mg, 0.13 mmol, 44%, MP 106.2 — 107.3 °C).

HPLC (C18 Zorbax Eclipse, 1:1 H,0:MeOH + 0.1% TFA, 0.75 mL/min): 8.331 min, 214 nm, 96% pure.
14 NMR (400 MHz, ds-MeOD): 7.93 — 7.74 (m, 5H, Napht and Hrriazole-5), 7.54 — 7.48 (m, 2H, Napht),
7.42 (dd, Jag = 1.6 Hz, Jap = 8.6 Hz, 1H, Napht), 5.74 (s, 2H, Hgn), 3.49 (t, J = 7.1 Hz, 2H, CH2-NH), 2.96
(t, J = 6.7 Hz, 2H, Triazole-CH;) ppm. 3C NMR (100 MHz, ds-MeOD): 158.9 (Cguanidine, determined from
HMBC), 145.8 (Crriazole-4), 134.9, 134.8, 134.3, 130.1, 129.1, 128.9, 128.6, 127.84, 127.82, 126.7,
124.3 (Crriazole-5), 55.3 (Csn), 42.0 (CH2-NH), 26.2 (Triazole-CHz) ppm (unassigned peaks belong to the
naphtyl ring and can be assigned after the pattern for 7c). IR: 3392 (bm), 3143 (bm), 1675 (s), 1646
(s), 1626 (s), 1559 (w), 1465 (w), 1220 (w), 1062 (m), 1040 (w), 864 (w), 822 (w), 782 (s), 764 (s), 654
(s) cm™. HRMS (APCI/ASAP, m/z): 295.1671 (Calcd. CigH19N6, 295.1671, [M-CIJ*).

2c

NH5*CI

1-(3-(1-(Naphthalen-2-ylmethyl)-1H-1,2,3-triazol-4-yl)propyl)guanidinium chloride (2f):

Amine 8d (0.10 g, 0.38 mmol) was added to MeCN (3 mL) and 1H-
pyrazole carboxamidine hydrochloride (55 mg, 0.38 mmol, 1.0 eq)
and refluxed for 19 hours. The reaction was cooled to room
temperature and filtered. The precipitate was washed with MeCN
(3x 10 mL) and dried, affording 2f as a white solid (0.98 g, 0.29
mmol, 76%, MP 162.2 — 164.2 °C).

NH
J—NHs*CI
HN

HPLC (C18 Zorbax Eclipse, 1:1 H,0:MeOH + 0.1% TFA, 0.75 mL/min): 11.1 min, 214 nm, 98% pure. 'H
NMR (400 MHz, d4-MeOH): & = 7.91 — 7.83 (m, 5H, Napht and Huriazole-5), 7.55 — 7.50 (m, 2H, Napht),
7.40 (dd, 1H, J = 1.6, 8.4 Hz, Napht), 5.72 (s, 2H, Hsn), 3.22 (t, 2H, J = 7.1 Hz, CH-NH-), 2.76 (t, 2H, J =
7.5 Hz, Triazole-CH,), 1.93 (p, 2H, J = 7.3 Hz, CH,-CH»-CH,) ppm. 3C NMR (100 MHz, d4-MeOH): 158.7
Cguanidine), 148.2 (Crriazole-4), 134.8, 134.6, 134.2,129.9, 129.0, 128.8, 128.4, 127.7, 127.6, 126.5, 123.6
(Ctriazole=5), 55.1 (Cen), 41.7 (CH2-NH-), 29.5 (CH,-CH2-CH,), 23.1 (Triazole-CH;) ppm (unassigned peaks
belong to the naphtyl ring and can be assigned after the pattern for 7d). IR: 3451 (bs), 3134 (bs),
2951 (m), 1680 (s), 1648 (s), 1617 (s), 1466 (s), 1342 (s), 1060 (s), 794 (s), 783 (s), 769 (s) cm™. HRMS
(APCI/ASAP, m/z): 309.1830 (Calcd. C17H21Ng, 309.1822, [M-CI]*).

1-(2-(1-(3,5-Di-tert-butylbenzyl)-1H-1,2,3-triazol-4-yl)ethyl)guanidinium chloride (3c):

Amine 8e (0.10 g, 0.29 mmol, 90%) was added to MeCN (2 mL) and
1H-pyrazole carboxamidine hydrochloride (38 mg, 0.26 mmol, 0.9 eq)
and refluxed for 1.5 hours. The reaction was cooled to room

N

tBu

'BU\Q/\N\/:‘&

NH

temperature and filtered. The precipitate was washed with MeCN (5

HN mL) and dried, affording 3c as a white solid (71 mg, 0.18 mmol, 63%,

MP 221.0 - 222.4 °C).

HPLC (C18 Zorbax Eclipse, 3:5 H,0:MeOH + 0.1% TFA, 0.75 mL/min): 21.9 min, 214 nm, 99% pure. *H
NMR (400 MHz, d4-MeOH): & = 7.82 (s, 1H, Hrriazole-5), 7.45 (s, 1H, Har-8), 7.22 (s+s, 2H, Har2 and Har-
6), 5.56 (s, 2H, Hen), 3.51 (t, 2H, J = 6.7 Hz, CH2-NH-), 2.98 (t, 2H, J = 6.7 Hz, Triazole-CHz), 1.32 (s,
18H, 2x tBu) ppm. 3C NMR (100 MHz, d4-MeOH): 158.6 (Couanidine, found from HMBC), 152.9 (Ca-3
and Car-5), 145.6 (Crriazole-4), 136.0 (Car-1), 124.0 (Crriazole-5), 123.6 (Car-4), 123.5 (Car-2 and Car6), 55.5
(Can), 41.9 (CH2-NH-), 35.7 (C4-tBu), 31.8 (tBu), 26.0 (Triazole-CH,) ppm. IR: 3396 (bs), 3233 (bs), 3110

3c NHz*CI
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(bs), 1684 (s), 1637 (s), 1621 (s), 1600 (s), 1475 (s), 1364 (s), 882 (s), 814 (s), 781 (s), 711 (s) cm™.
HRMS (APCI/ASAP, m/z): 357.2767 (Calcd. Ca0H33Ng, 357.2761, [M-CI]*).
1-(3-(1-(3,5-Di-tert-butylbenzyl)-1H-1,2,3-triazol-4-yl)propyl)guanidinium chloride (3f):
Bu N Amine 8f (78 mg, 0.23 mmol, 95%) was added to MeCN (2 mL) and
\Q/\ N 1H-pyrazole carboxamidine hydrochloride (30 mg, 0.20 mmol, 0.9
s \\<\\\ eq) and refluxed for 3.5 hours. The reaction was cooled to room
a NH temperature and filtered. The precipitate was washed with
HN%NHJC" MeCN/DCM (5 mL of each) and dried, affording 3f as a white solid

(58 mg, 0.14 mmol, 63%, MP 219.0 — 220.1 °C).

HPLC (C18 Zorbax Eclipse, 3:5 H,0:MeOH + 0.1% TFA, 0.75 mL/min): 32.915 min, 214 nm, 99% pure.
IH NMR (400 MHz, d4-MeOH): & = 7.75 (s, 1H, Hrriazole-5), 7.43 (s, 1H, Ha-4), 7.17 (s, 2H, Har-2 and
Har6), 5.54 (s, 2H, Hgn), 3.22 (t, 2H, J = 7.3 Hz, CH»-NH-), 2.76 (t, 2H, J = 7.3 Hz, Triazole-CH,), 1.93 (p,
2H, J = 7.3 Hz, CH,-CH,-CH;) 1.32 (s, 18H, 2 x tBu) ppm. *C NMR (100 MHz, d4-MeOH): 158.6
(Cguanidine), 152.8 (Car-3 and Car-5), 148.2 (Crriazole-4), 136.3 (Car-1), 123.5 (Car-4), 123.4 (Car-2 and Ca,-
6), 123.3 (Crriazole-5), 55.4 (Cen), 41.7 (CH2-NH-), 35.7 (C4-tBu), 31.8 (tBu), 29.6 (CH»-CH»-CH>), 23.1
(Triazole-CH;) ppm. IR: 3328 (m), 3110 (bs), 2949 (s), 1677 (s), 1639 (s), 1601 (s), 1476 (s), 1361 (s),
1060 (s), 854 (s), 791 (s), 709 (s) cm™. HRMS (APCI/ASAP, m/z): 371.2924 (Calcd. C21H3sNe, 371.2918,
[M-CIT*).

1-(2-(1-(3,5-Bis(trifluoromethyl)benzyl)-1H-1,2,3-triazol-4-yl)ethyl)guanidinium chloride (4c):

N Amine 8g (0.10 g, 0.30 mmol) was added to MeCN (2 mL) and 1H-
FsC N:N pyrazole carboxamidine hydrochloride (39 mg, 0.27 mmol, 0.9 eq)
\Q/\ L«j and refluxed for 2 hours. The reaction mixture was evaporated to
CF3 NH dryness and washed with Et,0 (150 mL) and DCM (3 x 5 mL). Upon
e ™ NHa*Cr drying, the polar precipitate afforded 4c as a white solid (65 mg, 0.16

mmol, 53 %, MP 134.5 - 136.4 °C).

HPLC (C18 Zorbax Eclipse, 1:1 H,0:MeOH + 0.1% TFA, 0.75 mL/min): 22.9 min, 214 nm, 97% pure. *H
NMR (400 MHz, ds-MeOD): 7.98 (s, 1H, Hrriazole-5), 7.97 (s, 1H, Har-4), 7.96 (s, 2H, Har-2 and Har-6),
5.80 (s, 2H, Hen), 3.52 (t, J = 6.8 Hz, 2H, CH»-NH), 2.99 (t, J = 6.8 Hz, 2H, Triazole-CH,) ppm. *C NMR
(100 MHz, d4-MeOH): 157.6 (Cauanidine, determined from HMBC), 146.1 (Crriazole-4), 140.3 (Car-1),
133.5 (g, J = 34.3 Hz, Ca-3 and Ca-5), 130.0 (m, Car-2 and Car-6), 124.8 (d(q), J = 272 Hz, 2x CFs), 124.6
(m, Car-4), 123.0 (Crriazole-5) 53.6 (Cen), 42.0 (CH2-NH-), 26.1 (Triazole-CH;) ppm. IR: 3145 (bw), 1659
(m), 1615 (w), 1381 (w), 1357 (w), 1278 (s), 1169 (s), 1125 (s), 703 (w), 680 (s), 664 (m) cm™. HRMS
(APCI/ASAP, m/z): 381.1262 (Calcd. C14H15N6Fs, 381.1262, [M-CI]*).

1-(3-(1-(3,5-Bis(trifluoromethyl)benzyl)-1H-1,2,3-triazol-4-yl) propyl)guanidinium chloride (4f):

FaC N Amine 8g (0.10 g, 0.27 mmol) was added to MeCN (2 mL) and 1H-
\Q/\ N pyrazole carboxamidine hydrochloride (36 mg, 0.24 mmol, 0.9 eq)
o \\<\L and refluxed for 4.5 hours. After cooling to room temperature, the
P NH mixture was partially evaporated and filtered. The precipitate was
HN%NHS*C" washed with DCM (3 x 5 mL) and dried, affording 4f as a white

solid (66 mg, 0.15 mmol, 57%, MP 146.0 — 146.8 °C).

HPLC (C18 Zorbax Eclipse, 1:1 H,0:MeOH + 0.1% TFA, 0.75 mL/min): 27.5 min, 214 nm, 95% pure. 'H
NMR (400 MHz, ds-MeOD): 7.97 (s, 1H, Hiriazole-5), 7.94 — 7.91 (m, 3H, Ha-2, Har-4 and Ha-6), 5.90 (s,
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2H, Hen), 3.25 (t, J = 7.1 Hz, 2H, CH2-NH), 2.80 (t, J = 7.7 Hz, 2H, Triazole-CHy), 1.96 (p, J = 7.1 Hz, 2H,
CH2-CH2-CHz) ppm. *C NMR (100 MHz, d4-MeOH): 158.9 (Couanidine), 148.7 (Crriazole-4), 140.4 (Car-1),
133.4 (g, J = 32.8 Hz, Car-3 and Car-5), 129.9 (m, Ca-2 and Car-6), 124.7 (d, J = 273 Hz, 2x CF3), 124.1
(Crriazole-5), 123.5 (m, Car-4), 53.6 (Cgn), 41.9 (CH2-NH), 29.7 (CH,-CH»-CH,), 23.3 (Triazole-CH;) ppm.
IR: 3338 (bw), 3136 (bw), 1675 (m), 1645 (m), 1614 (m), 1279 (s), 1164 (s), 1128 (s), 1145 (w), 1109
(m), 1056 (m), 907 (w), 872 (w), 680 (s), 584 (s), 579 (s), 571 (s) cm™. HRMS (APCI/ASAP, m/z):
395.1416 (Calcd. Ci5H17NgFs, 395.1416, [M-CIT*).

Amino((3-(1-(3,5-di-tert-butylphenyl)-1H-1,2,3-triazol-4-yl)propyl)amino)methaniminium chloride
(9b):

tBu Amine 8i (40 mg, 0.12 mmol) was added to MeCN (3 mL) and 1H-

/@\ pyrazole carboxamidine hydrochloride (17 mg, 0.115 mmol, 0.95 eq)
Bu NN and refluxed for 1.5 hours. The reaction mixture was evaporated and

</ washed with pentane (3x 50 mL) and Et,0 (3x 10 mL). Drying under

\ reduced pressure afforded 5b as a white solid (32 mg, 0.08 mmol,
5b NH 67%, MP 86 — 100 °C).
J=NH,*Cr
HPLC (C18 Zorbax Eclipse, 3:5 H,0:MeOH + 0.1% TFA, 0.75 mL/min):
28.0 min, 214 nm, 95% pure. *H NMR (400 MHz, d6-DMSO): 8.67 (s,
1H, Htriazole-5), 7.72 (t, 1H, J = 6.1 Hz, NH), 7.65 (d, 2H, J = 1.7 Hz, Hps-2 and Hen-6), 7.50 (t, 1H,J=1.7
Hz, Hpn-4), 3.22 (q, 2H, J = 5.3 Hz, guan-CH,), 2.77 (t, 2H, J = 7.7 Hz, Triazole-CH;), 1.90 (p, 2H,/=7.1
Hz, guan-CH,-CH;) 1.35 (s, 18H, 2x tBu). 3C NMR (100 MHz, d6-DMSO): 157.3 (Cguan), 152.8 (Cen-3
and Cpp-5), 147.4 (Crriazole-4), 137.0 (Cpn-1), 122.5 (Cph-4), 121.2 (Crriazole-5), 114.9 (Cpn-2 and Cph-6),
40.5 (CHz-guan) 35.4 (C4-tBu), 31.5 (tBu), 28.6 (CH2-CH»-guan), 22.6 (Triazole-CH,). IR: 3140 (w),
2959 (m), 1648 (s), 1609 (s), 1595 (s), 1453 (m), 1363 (m), 1248 (w), 1045 (w), 874 (w), 706 (s) cm™.
HRMS (APCI/ASAP, m/z): 357.2766 (Calcd. CyoH33Ng, 357.2767, [M]*).

Amino((3-(1-(4-(heptyloxy)phenyl)-1H-1,2,3-triazol-4-yl)propyl)amino)methaniminium chloride (10b)

CoHisO Amine 8j (40 mg, 0.126 mmol) was added to MeCN (3 mL) and 1H-
\©\ pyrazole carboxamidine hydrochloride (18 mg, 0.124 mmol, 0.98
N'N“N eq) and refluxed for 2 hours. The reaction mixture was then
\ filtered and evaporated, before it was washed with MeCN (3x 3
b H mL) and Et;0 (3x 10 mL). The off-white wax was then left in MeCN
(7 mL) at 5°C for 48 hours, removal of the supernatant and drying
HaN afforded 6b as a white solid (15 mg, 0.038 mmol, 30%, MP: 230.7 —
235.5 °C).

HPLC (C18 Zorbax Eclipse, 3:5 H,0:MeOH + 0.1% TFA, 0.75 mL/min): 31.5 min, 214 nm, 95% pure. 'H
NMR (400 MHz, d6-DMSO): 8.49 (s, 1H, Huizzole-5), 7.77 — 7.74 (M, 2H, Hpw-3 and Hen-5), 7.59 (t, 1H, J
= 4.9 Hz, NH-CH,), 7.14 — 7.10 (m, 2H, Hpn-2 and Hen-6), 4.04 (t, 2H, J = 6.5 Hz, O-CH,), 3.21 (q, 2H, J =
6.3 Hz, guan-CH), 2.74 (t, 2H, J = 7.6 Hz, Triazole-CH,) 1.88 (p, 2H, J = 7.0 Hz, guan-CH,-CH,), 1.74 (p,
2H, J = 7.9 Hz, CH;-CH>-0), 1.43 (p, 2H, J = 7.6 Hz, CH-CH,-CH,-0), 1.38 — 1.25 (m, 6H, 3x CH,), 0.90 —
0.85 (m, 3H, CHs). 2*C NMR (100 MHz, d6-DMSO0): 159.0 (Cpn-4), 157.2 (Cquan), 147.3 (Crriazole-4), 130.5
(Cpn-1), 121.9 (Cpn-3 and Cpp-5), 120.8 (Crriazole=5), 115.8 (Cpn-2 and Cpn-6), 68.4 (CH»-0), 40.6 (CH»-
guan), 31.7 (CHy), 29.1 (CH,-CH»-0), 28.9 (CH,), 28.6 (guan-CH,-CH2), 25.9 (CH2), 22.6 (Triazole-CH),
22.5 (CHy), 14.4 (CHs). IR: 2856 (w), 1650 (m), 1612 (w), 1517 (s), 1473 (w), 1249 (s), 1044 (s), 989
(w), 831 (s) cm™®. HRMS (APCI/ASAP, m/z): 359.2558 (Calcd. C1sH31N6O, 359.2559, [M]*).
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Experimental methods for biological assays
Inhibition of bacterial growth

The antibacterial activity was tested on 5 different strains; E.faecalis (ATCC 29212), E. coli (ATCC
25922), P. aeruginosa (ATCC 27853), S. aureus (ATCC 25923) and Streptococcus agalactiae group B
(ATCC 12386). Growth medium with sterile MilliQ H20 was used as a negative control while sterile
MilliQ H20 and bacteria suspension was used as a positive control. Bacteria were transferred from a
blood plate to growth medium (MH-bullion (VL787693 717, Merck) for E. coli, P. aeruginosa and S.
aureus and BHI-bullion (CM1135, OXOID) for E. faecalis and S. agalactiae gr. B) and incubated at
37°C overnight. The following day a part of the bacteria suspension was transferred to fresh medium
and cultivated in a shaker incubator at 37°C for 1,5 h (E. coli, E. faecalis and Streptococcus gr. B) or
2,5 h (S. aureus and P. aeruginosa). The bacteria suspension was then diluted 1:100 in medium and
added all wells in a 96-well microtiter plate (Nunc 167008), followed by test compounds in
duplicates. The plates were incubated at 372C overnight before growth was controlled visually and
photometrical at 600 nm. The total reaction volume was 100 pL.

Inhibition of biofilm formation

S. epidermidis was used to assess the effect of the test compounds on biofilm formation. Growth
media: tryptic soy broth (TS; Merck, Darmstadt, Germany). An overnight culture of S. epidermidis
grown in TS was diluted with fresh TS containing 1 % glucose (1:100). Aliquots of 50 uL were
transferred to a 96-well microtiter plate, and 50 pL of test compounds, dissolved in water at ranging
concentrations, was added. After overnight incubation at 37 °C, the bacterial suspension was
carefully discarded and the wells washed with water. The plate was dried and the biofilm fixed by
incubation for 1 h at 55 °C before the surface attached cells were stained with 100 uL of 0.1 % crystal
violet for 5 min. The crystal violet solution was removed and the plate once more washed with water
and dried at 55 °C for 1 h. After adding 70 uL of 70 % ethanol, the plate was incubated at room
temperature for 10 min. Biofilm formation was observed by visual inspection of the plates. The MIC
was defined as the lowest concentration where no biofilm formation was visible. A S. epidermidis
suspension, diluted with 50 pL of water, was used as a positive control, and 50 pL Staphylococcus
haemolyticus suspension with 50 pL of water was employed as a negative control. A mixture of 50 pL
water and 50 pL TS was used as assay control.
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Alibrary of 29 small 1,4-substituted 1,2,3-triazoles was prepared for studies of antimicrobial activity. The
pharmacophore model investigated with these substrates was based on small peptidomimetics of antimi-
crobial peptides and antimicrobials isolated from marine organisms from sub-arctic regions. Using
methyl 1,2,3-triazole-carboxylates and 1,2,3-triazole methyl ketones prepared through “click” chemistry
we were able to synthesize the different cationic amphiphiles through three steps or less. Several struc-
tural modifications to the lipopohilic side and hydrophilic sides of the amphiphiles were investigated and
compared with regards to antimicrobial activity and cytotoxicity in particular. The most promising
amphiphile 10f displayed minimum inhibitory concentrations (MICs) between 4-16 pgfmL against
Gram-positive Enterococcus faecalis, Staphylococcus aureus, Streptococcus agalacticae, and Gram-negative
Escherichia coli and Pseudomonas aeruginosa. The decent level of antimicrobial activity and biofilm inhi-
bition, short synthesis, and accessible reagents, makes this type of amphiphilic mimics interesting leads

Keywords:

Antibacterial

Click chemistry

Marine natural product mimics
1,2,3-Triazoles

for further development.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The ability to treat bacterial infections with antibiotics is one of
the major constituents in any basic health care system.'~> How-
ever, increased consumption of antibiotics, both through agricul-
ture and health services is causing rapid proliferation of resistant
bacteria.”> Combined with reduced focus on development of novel
antibiotics, has made antimicrobial resistance one of the fastest
growing threats to human health.>* It is estimated that 700,000
people die each year due to events related to antimicrobial resis-
tance.’ Moreover, if resistance is allowed to develop without coun-
termeasures, as many as 10 million people may die annually by the
year 2050. This means that deaths related to antimicrobial resis-
tance will surpass the number of deaths caused by cancer.’

Some of the first antibiotics were natural products and many
important antibiotics today are based on natural or semi-synthetic
compounds.” Antimicrobial natural products are found in animals
and plants, and have through evolution evolved in eukaryotes liv-
ing in a world inhabited by potential pathogenic prokaryotes. The
ability to prevent and overcome infections has always been impor-
tant for survival.® Natural product antimicrobials therefore form an

* Corresponding author.
E-mail address: odd.r.gautun@ntnu.no (O.R. Gautun).

http://dx.doi.org{10.1016/j.bmc.2017.07.060
0968-0896/© 2017 Elsevier Ltd. All rights reserved.

important starting platform when searching for novel antimicro-
bial scaffolds. One natural product class of particular interest is
antimicrobial peptides (AMPs).” These are small peptides between
12-50 residues that take part in the primary immune response sys-
tem of all living organisms. AMPs have an overall net positive
charge (+2 to +9) and fold into amphiphilic secondary structures
with one lipophilic face and one hydrophilic face. These amphiphi-
lic secondary structures interact more or less selectively with bac-
terial cell membranes, and through various mechanisms of
membrane disruption processes cause inhibition of growth or lysis
of the bacteria. Several mechanisms of action are suggested for the
membranolytic effect of AMPs and for an excellent review on the
topic see Giuliani et al.” Even though AMPs are highly active
against bacteria, there may be some drawbacks to their use as
drugs. Most of these problems are related to poor pharmacokinetic
properties,” such as low bioavailability, low metabolic stability and
lack of patient-friendly administration routes. This, in addition to
high manufacturing costs, makes AMPs less desirable for clinical
development. There are however some AMP-based drugs in clinical
use today, but they are usually based on topical use, since pharma-
cokinetic issues make them unfit for systemic use.”

AMPs may however provide a starting point for investigations
of smaller drugs with improved pharmacokinetic properties. It
has been shown by the research group of Svendsen et al. that
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AMP-like oligopeptides consisting solely of arginine and trypto-
phan have similar antimicrobial activities as the native AMPs.'’
This work eventually led to the synthetic antimicrobial pep-
tidomimetic LTX 109, which is currently undergoing clinical trials.
Furthermore, the research group of Strem et al. have synthesized a
library of tri-functionalized $?2-amino acid derivatives based on
AMPs without compromising the activity against resistant bacte-
ria.""'? Assuming that these structures display membranolytic
effects similar to that of AMPs, Strgm et al. also developed a library
of antimicrobial aminobenzamide amphiphiles'® (E23, Fig. 1) mim-
icking the structures of the antimicrobial marine antimicrobials
synoxazolidinone A'* and ianthelline.'®

Based on the pharmacophore model of small AMPs and marine
peptide mimics we have created a library of 1,2,3-triazole amphi-
philes based on the structural motifs shown in Fig. 1. The nature of
the lipophilic part and the rigidity at the hydrophilic cationic nitro-
gen functionalities were varied as shown in Fig. 2. The initial
library was followed by optimization of activity by a more focused
set of compounds shown in Fig. 3. The 1,2,3-triazole was chosen as
a link between the lipophilic and hydrophilic side due to the sim-
ple synthesis'®!” and accessible starting materials. Furthermore,
triazoles are bioisosteres of amide bonds and stable against prote-
olytic degradation.'®-?° The library presented in this publication
was prepared in parallel to a similar library of amphiphiles based
on 1,2,3-triazole phthalimides.”'

2. Results and discussion
2.1. Synthesis of the initial library

The initial 19 compounds evaluated for antimicrobial activity in
this study (Fig. 2) were prepared according to Scheme 1. The cho-
sen core molecules for this library of amphiphilic amido 1,2,3-tria-
zoles were the methyl 1,2,3-triazole carboxylates 3a-d. These
carboxylates were obtained from copper catalyzed “click” chem-
istry between the organic azides 1a-d and methyl propiolate (2),
using a method®? based on the established procedures by Sharp-
less'® and Meldal'” as displayed in Scheme 1. The ester group on
3 was then amidated with either piperazine (n4: R,=H), N-
methyl-piperazine (n5: R,=Me)*> or ethylene diamine (EDA)
(n6).>* Preparation of the piperazine amides n4 and n5 were per-
formed with stoichiometric NaOMe in addition to piperazine under

“HN

~

Synoxazolidinone A

o
Br Br
tBu
° NH

tBu /\/[ D=NH,

N N

| H H

o _N
NH O
o

H

@_« lanthelline
HN
‘\>NH
J—NH,
*HaN
E23

Fig. 1. Synoxazolidone A'* (methicillin-resistant S. aureus MIC: 10 pg/mL),
ianthelline'® (methicillin-resistant S. aureus MIC: 20 pg/mL), and E23: example of
aminobenzamide peptidomimetic'® based on marine natural products (methicillin-
resistant S. aureus MIC: 4 ng/mL).

dry conditions in order to give the desired amides n4 and n5 in suf-
ficient to good yields (39-74%). The reactions with N-methylpiper-
azine for preparation of n5 afforded lower yields than the synthesis
of n4, and generally required substantially longer reaction times
(63-115 h for n5 compared to 24-68 h for n4). Several attempts
at preparing n5d through this route failed, and 5d was eventually
managed prepared through a reductive amination of formaldehyde
in acetic acid from n4d.”>?° The amides n6a-d were obtained
through addition of a large excess of EDA (typically 15 equiv) in
MeOH and heating from room temperature to reflux.’* The neutral
(n) C-carbamoyl-1,2,3-triazole amines (n4, n5, and n6) were then
turned into their corresponding HCl-salts 4, 5, and 6 using aqueous
HCl in MeCN. The guanidinium salts (7 and 8) were prepared by
reacting n4 and n6 with the electrophilic guanylation reagent
1H-pyrazole carboxamidine hydrochloride in refluxing MeCN.?”?%
All structures of n4 and n6 underwent guanylation into 7a, 7d,
and 8a-d in moderate to good yields (39-76%) except for conver-
sion of n4b and n4c. Concerning n4b solubility issues probably
inhibited the conversion. Thus, 7b was prepared using DMF at
room temperature instead of MeCN at reflux.”” This gave 7b in
64% yield after 93 h at room temperature. The underlying cause
for the unsuccessful preparation of 7c was not further investigated.

2.2. Antimicrobial activity of the initial library

The 19 amphiphiles (4a-8d, Fig. 2) were tested for antimicrobial
activity against Gram-positive Enterococcus faecalis, Staphylococcus
aureus, and Streptococcus agalacticae, and Gram-negative Escheri-
chia coli and Pseudomonas aeruginosa. The minimum inhibitory
concentrations (MIC) are shown in Table 1 together with the MIC
value for the reference antibiotic gentamicin.

The only amphiphiles from Fig. 2 displaying antimicrobial activ-
ity were 4d, 6d, 7d, and 8d (MIC 16-64 pg/mL), and all contained
the bulky 3,5-di-t-Bu-benzyl group as the lipophile. No antimicro-
bial activity was observed for the other amphiphilies in Fig. 2.
These observations were in line with results presented by Strem
et al.,'? in which the most potent compounds contained the same
3,5-di-t-Bu-benzyl group. The other lipophiles introduced in this
initial library were an attempt to either reduce the amount of lipo-
philic bulk (4-t-Bu-benzyl, c¢) or change the structure of the lipo-
philic contribution with an aliphatic heptyl chain (a) or an
adamantyl box-like structure (b). The heptyl chain (a) was also
inspired by the successful use of alkyl chains in antimicrobial pep-
tide mimics by Ghosh et al.,”” whereas introduction of the adaman-
tyl group (b) was done to investigate the effects of increasing the
three-dimensional bulk of the lipophile. However, this initial
screening showed that the presence of an aromatic ring on the
lipophile and a large lipophilic contribution was important for
achieving antimicrobial activity. The differences in lipophilicity
related to antimicrobial activity was supported by measuring
C18-HPLC retention times (Rts), in which 4a-8a, 4b-8b, and 4c-
8c all had Rts below 10 min, while the active amphiphiles 4d-8d
had Rts of approx. 30 min (results shown in experimental section).

For the active amphiphiles, highest overall antimicrobial
potency was observed for the guanidine derivative 8d with a
guanylated EDA link. Both the guanylated piperazine 7d and the
guanidine 8d showed higher antimicrobial activity than their cor-
responding piperazine 4d and EDA 6d derivatives, except against
E. coli where the EDA 6d was most potent. The N-methyl-piper-
azine derivative 5d was inactive within the concentration range
tested. The results indicated that having a piperazine group (4d
and 5d) was less beneficial for antimicrobial activity compared to
a cationic EDA group (6d), guanylated piperazine (7d), or guany-
lated EDA group (8d). However, the low activity of the N-methyl-
piperazine derivative 5d could also be attributed to increased
steric hindrance around the cationic nitrogen. In conclusion, high-
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Fig. 3. Improved structures 9e-11g based on 8d, for antimicrobial evaluation. Counter ion: CI~ (CF3COO~ for 11e and 11f, from preparative HPLC).

est antimicrobial activity was observed for the amphiphile 8d pre-
pared with the 3,5-t-Bu-benzyl group (d), the ethylene diamine
chain (EDA) and a cationic guanidine hydrochloride group.

2.3. Design and synthesis of a focused library based on 8d

The cationic amphiphile 8d was the most potent structure of all
the amphiphiles shown in Fig. 2 and active against all five bacteria
tested (Table 1). However, the MIC-values for 8d were somewhat
disappointing as the level of activity was not close to that of the

reference antibiotic gentamicin. Thus, a more focused library based
on 8d was prepared. Several changes to the structure of 8d were
included in the synthesis of the optimized structures 9e-11g
shown in Fig. 3. In all amphiphiles except 11d, the benzylic methy-
lene group on the lipophile was removed to give a more rigid sys-
tem between the phenyl group and the 1,2,3-triazole ring.
Repulsion between the ortho-protons of the phenyl group and
the 1,2,3-triazole ring was thought to reduce rotational freedom
and give the resulting molecules a “twisted” conformation. This
kind of rigidification was also inspired by the aminobenzamides
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Scheme 1. i) 1a-d (1-1.05 equiv), CuSO4 x 5H,0 (5% mol), sodium ascorbate (10% mol), benzoic acid (10% mol), t-BuOH:H,0 (1:2), rt, 10-18 h. ii) Piperazine (R, =

H)or 1-

methyl piperazine (R,=Me) (3 equiv), NaOMe (1 equiv), MS 4 A, MeOH, rt, 24-115 h. iii) EDA (15 equiv), MeOH, rt - reflux, 18 h. iv) 1H-Pyrazole carboxamidine
hydrochloride (0.9-1.0 equiv), MeCN, reflux, 3-18 h. v) for 4d: HCHO (approx. 20 equiv), HCOOH (approx. 20 equiv), MeCN, reflux, 1.5 h. (R;; a = heptyl, b = adamantyl, ¢ = 4-
t-Bu-benzyl, and d = 3,5-t-Bu-benzyl). Counter ions for charged species: Cl. Free amine versions of the HCl-salts were given the prefix “n” for neutral, in order to distinguish
them from their ionic versions. Amphiphile 7c was not successfully prepared using these reaction conditions.

Table 1
Antimicrobial activity (MIC in pgfmL) for the 1,2,3-triazoles in Fig. 2 that were antimicrobially active at <64 pgfmL.
Entry E. faecalis® S. aureus® S. agalacticae® E. coli® P. aeruginosa®
ad -b 64 64 64 -
6d - 64 64 32 64
7d - 64 32 - 64
8d 64 32 16 64 32
Ref. 10 0.13 4 0.5 0.5

2 E. faecalis (ATCC 29212), S. aureus (ATCC 25923), S. agalacticae (ATCC 12386), E. coli (ATCC 25922), P. aeruginosa (ATCC 27853).

b The “~"-sign in the table indicates no antimicrobial activity at or below 64 ug/mL.
¢ Ref. Gentamicin.

prepared by Strem et al. (E23, Fig. 1)."* The first resulting amphi-
philes (9e-11e) all contained a 3,5-di-t-Bu-phenyl group instead
of the 3,5-di-t-Bu-benzyl group in 8d.

The second improvement, was to introduce a linear ether chain
instead of the 3,5-di-t-Bu-groups on the aromatic ring (9f-11f). The
initial screening indicated that having a heptyl chain alone (4a-8a,
Fig. 2) was not sufficient for achieving antimicrobial activity. How-
ever, an alkyl ether chain combined with a phenyl group might be
beneficial for antimicrobial efficacy. Conclusively, a heptyl ether
chain was introduced in the 4-position on the benzene ring giving
9f-11f. This was also based on the heptyl ether group providing
comparable aliphatic contribution as two tert-Butyl groups and
also differing marginally in molecular weight.

The last change on the lipophilic side of 8d was to introduce an
additional aromatic ring to increase the lipophilicity of the amphi-
philes (9g-11g). The $>2-amino acid derivatives prepared by Strom
et al.""'? all contained two aromatic lipophilic groups in order to
mimic the functionality of two lipophilic amino acids (e.g. trypto-
phan). Thus, a 3,5-di-t-Bu-benzyl ether group was introduced in
the 4-position of the benzene ring (9g-11g), analogously to the
placement of the heptyl ether chain in 9f-11f.

At the cationic end an iminoguanidine group (11d-g) was intro-
duced in addition to compounds with a primary EDA amine and
guanidine functionality. The iminoguanidine functional group is
reported to improve antimicrobial effects against resistant strains
of Gram-positive bacteria such as methicillin-resistant S. aureus
and vancomycin-resistant S. aureus.’° The iminoguanidine group
was also introduced in 8d and thereby resulting in the analogue
11d.

The amphiphiles 9e-g and 10e-g were obtained in two or three
steps (21-76%) from azides 1e-g and methyl propiolate (2) simi-

larly to the synthesis of 6a-d and 8a-d as shown in Scheme 1.
The azides 1e-g were prepared utilizing a copper catalyzed proce-
dure by Zhu et al.>' Compound 1e was prepared directly from com-
mercially available 3,5-di-t-Bu-bromobenzene, whereas 1f-g were
prepared with one extra step from iodophenol. Furthermore, the
methyl ketone analogues of the methyl-1,2,3-triazole carboxylates
13d-g were prepared from 3-butynone (12) and the azides 1d-g.
Compound 13d was prepared using the “click” chemistry condi-
tions shown in Scheme 1, while 13e-g were obtained through a
modified procedure®? as shown in Scheme 2. DCM was added in
addition to t-BuOH and water to reduce the polarity of the solvent,
which seemed to enhance the conversion. Also, the amount of
added 3-butynone (12) was increased since it seemed to be unsta-
ble over time under the current reaction conditions.

The amphiphilic iminoguanidines 11d-g were attempted pre-
pared from 13d-g and aminoguanidine hydrochloride according
to a LiCl-catalyzed method presented by Seleem et al.*° However,
these conditions gave rather slow conversion of 13 to 11, and not
even elevation of the temperature to 90 °C in a pressure tube for
51 h gave full conversion to 11d-g. In an attempt to furnish full
conversion, catalytic amounts of LiCl was replaced with an excess
of aqueous HCI*? (6 equiv). This improved the reaction consider-
ably and gave full conversion of 13d to 11d within 22 h, with min-
imal formation of byproducts. However, when attempting the
same conditions for synthesis of 11e-g, multiple additional signals
appeared in the '"H NMR spectra after workup, indicating formation
of various unidentified byproducts. Iminoguanidines 11e-g were
instead prepared through the LiCl-catalyzed procedure, which also
provided easier purification using HPLC or crystallization. The final
purification of 11e and 11f was achieved with preparative C18-
HPLC while 11g was purified through crystallization (giving a poor
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Scheme 2. Synthesis of improved structures 11d-g based on 12: i) 1d (1 equiv), CuSO4 x 5H>0 (5 mol %), Na-ascorbate (10 mol %), benzoic acid (10 mol %), t-BuOH/H,0 (1:2),
rt, 18 h. ii) 12 (2-3 equiv), 1e-g (1 equiv), CuSO4 x 5H,0 (5 mol %), Na-ascorbate (10 mol %), benzoic acid (10 mol %), t-BuOH/H,O{DCM (1:1:1), rt, 44-70 h. iii)
Aminoguanidine hydrochloride (1.2-1.3 equiv), LiCl (0.3-0.7 equiv), EtOH, reflux-90 °C (pressure tube), 25-54 h. iv) Aminoguanidine hydrochloride (1.2 equiv), HCI (37% aq,

6 equiv), EtOH, 90 °C (pressure tube), 22 h.

isolated yield). '"H NMR spectra of 11d-g and HPLC analysis dis-
played a mixture of two compounds, both of which were con-
firmed to have molecular weight corresponding to the wanted
products after MS analysis of analytical HPLC elute. Thus, the final
products of 11d-g were assumed to consist of a mixture of E- and
Z-isomers of the imine. No separation was attempted and the
antimicrobial evaluation was performed on the mixtures of 11d-
g (1:9-4:6 isomeric ratios as determined from 'H NMR spectra of
11d-g).

2.4. Antimicrobial activity and cytotoxicity of the improved structures
9e-11g

All of the 10 amphiphiles in Fig. 3 (9e-11g) were tested for
antimicrobial activity against the same panel of bacteria as the
19 initial compounds (Fig. 2), in addition to investigation of inhibi-
tion of Staphylococcus epidermis biofilm formation. The amphi-
philes were also tested for cytotoxic properties against human
hepatic cells in the HepG2-assay in order to investigate the selec-
tivity of the structures for bacteria. All the data from these assays
are displayed in Table 2.

2.5. Evaluation of antimicrobial activities of 9e-11g

Removal of the benzylic methylene group on the lipophile led
immediately to an increase in antimicrobial activity, and the 3,5-

Table 2

di-t-Bu-phenyl derivatives 9e and 10e were 2- to 4-fold more
potent against the five test bacteria than their previous 3,5-di-t-
Bu-benzyl counterparts 6d and 8d. Linking the 3,5-di-t-Bu-phenyl
group directly to the 1,2,3-triazole in 9e-11e and restricting rota-
tional freedom of the lipophile was thereby shown beneficial for
antimicrobial activity. Improved antimicrobial activity by remov-
ing the benzylic methylene group was also seen for the
iminoguanidines, in which 11e with a 3,5-di-t-Bu-phenyl was
overall more potent than the more flexible 11d with a 3,5-di-t-
Bu-benzyl group.

Introducing a heptyl ether chain together with the benzene ring
in 9f-11f also improved antimicrobial activity compared to the
previous inactive compounds 4a-8a with only a heptyl chain
(Fig. 2). This series of compounds showed that having an aromatic
phenyl group as part of the lipophile together with the heptyl ether
chain was clearly of importance for achieving high antimicrobial
activity. Antimicrobial activity of the amine 9f and guanidine 10f
with a 4-heptyloxy-phenyl lipophile was also improved against
certain test bacteria compared to the corresponding amine 9e
and guanidine 10e with the 3,5-di-t-Bu-phenyl lipophile. The
improvement in antimicrobial potency by changing lipophile was
most obvious for 10f (4-heptyloxy-phenyl) compared to 10e (3,5-
di-t-Bu-phenyl), where a twofold increase in antimicrobial activity
was observed for 10f against three strains of bacteria (S. aureus,
E. coli, and P. aeruginosa). The improved activity of 10f against
the Gram-negative bacteria was particularly fascinating since

Antimicrobial activity (MIC in pg/mL), actitivity against HepG2 cells (ECso in pgfmlL), inhibition of S. epidermis biofilms (MIC in pgfmL), and the selectivity index (SI) for

amphiphiles 9e-11g.

Entry E. faecalis® S. aureus® S. agalacticae® E. coli* P. aeruginosa® HepG2 (ECso)” SI¢ S. epidermis”
9e 32 16 16 16 32 8.0 0.50 -
9f = 4 8 - 16 3.5 0.44 4
9g 8 - 2 - 16 29 1.44 8
10e 16 8 8 16 16 313 391 4
10f 16 4 8 8 238 2.97 4
10g 16 8 4 - - 16.2 4.04 2
11d 8 4 4 8 8 23 0.57 4
11e 4 4 2 4 16 2.6 132 4
11f 32 - 8 16 64 2.0 0.25 8
11g 64 - 0.5 - - 1.9 3.86 4
Ref.! 10 013 4 0.5 0.5 N.d# N.d. N.d.

2 E. faecalis (ATCC 29212), S. aureus (ATCC 25923), S. agalacticae (ATCC 12386), E. coli (ATCC 25922), P. aeruginosa (ATCC 27853).

ECsp-value shown, not MIC.

SI; selectivity index (ECso HepG2 | MIC S. agalacticae).

S. epidermis biofilm inhibition.

The “-~"-sign in the table indicates no activity at or below 64 pgjmL.
T Ref. gentamicin.

& N.d. not determined.

c
d

e
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Gram-negative bacteria are considered as more difficult targets.*
When comparing the amines 9e and 9f, introduction of the 4-hep-
tyloxy-phenyl-group in 9f gave a two- to fourfold increase in
antimicrobial activity (4-16 pgfmL) against S. aureus, S. agalacticae,
and P. aeruginosa compared to the 3,5-di-t-Bu-phenyl in 9e. How-
ever, we also observed reduced antimicrobial activity for 9f (4-
heptyloxy-phenyl) against E. faecalis and E. coli (>64 pg/mL) com-
pared to 9e (3,5-di-t-Bu-phenyl), showing strain variation against
the present amphiphiles. For the iminoguanidines a different ten-
dency was observed, in which 11e (3,5-di-t-Bu-phenyl) was overall
more potent than 11f (4-heptyloxy-phenyl) against all test
bacteria.

Introduction of an additional phenyl group in addition to the
3,5-di-t-Bu benzyl group in 9g-11g improved the antimicrobial
activity further, and especially against S. agalacticae. The most
potent amphiphile (11g) displayed a MIC-value of 0.5 pg/mL,
which was eight times lower than the MIC-value of gentamicin
against S. agalacticae. The profound selectivity and high antimicro-
bial potency of 11g against S. agalacticae could be of interest for
developing antibiotics for prevention of neo-natal infections, since
S. agalacticae is one of the leading causes of infections in new-
borns.*” It should also be noted that 10g displayed high potency
against the Gram-positive bacteria (4-16 pg/mL), but no activity
against the Gram-negative strains. Compound 9g was highly
potent against S. agalacticae (MIC 2 pg/mL), but displayed other-
wise only antimicrobial activity against E. faecalis and P. aeruginosa
(MIC 8-16 pg/mL).

The iminoguanidine group was the most efficient cationic group
in the library, and resulting in 11d and 11e being the most potent
amphiphiles with broad-spectrum activity and MIC-values <10 pgf
mL against all five bacteria (only exception: 11e MIC 16 pgfmL
against P. aeruginosa). The high potency of the iminoguanidine
compounds was particularly pronounced for 11d, which had a
3,5-di-t-Bu-benzyl lipophile as in 8d from the first series of com-
pounds (Fig. 2). The MIC-values of the iminoguanidine 11d were
however 4- to 8-fold improved compared to the guanidine 8d.
We also observed a 2- to 4-fold improvement in antimicrobial
activity for iminoguanidine 11e compared to the corresponding
guanidine 10e, except for against P. aeruginosa where they both
had MIC-values of 16 pg/mL.

The amphiphiles 10e and 10f with a cationic guanidine group
were in general more potent than the similar amine derivatives
9e and 9f. However, an exception to the superiority of the guanidi-
nes was observed for the amine 9g that was more potent than the
guanidine 10g against the three strains E. faecalis, S. agalacticae,
and P. aeruginosa. Against S. agalacticae the amine 9g was the sec-
ond most potent compound prepared, displaying a MIC-value of
2 pg/mL.

Following the increased antimicrobial activity, the in vitro toxi-
city of the compounds also increased. The in vitro toxicity was
determined against HepG2 cells and dose-response curves are
shown in Fig. 4. The ECsp-values determined from the generated
dose-response curves are shown in Table 2. The selectivity index
(SI) in Table 2 was furthermore calculated from the ECso-values
against HepG2 cells divided by the MIC-value against S. agalacticae,
and showed that the structures displayed rather poor selectivity
with exception of 10e-g and 11g. The guanidines 10e-g were least
toxic and the only amphiphiles displaying ECso-values against
HepG2 above 16 pg/mL. The highest SI achieved for the 10 amphi-
philes in Table 2 was 4.04 for 10g, meaning that the MIC-value
against S. agalacticae was 4 times lower than the ECso-value against
HepG2. The cytotoxicity was particularly pronounced for the
iminoguanidines 11d-g, where all amphiphiles displayed an ECso-
value <2.6 ug/mL. The high toxicity may be attributed to the rela-
tively high overall lipophilicity of the iminoguanidines 11d-g, as

-0~ 10g
s 4= 11d
o
) - 11e
=
w -+ 1f
>
s -~ 11g
=]
[
ES

0 10 20 30 40 50
pnag/mL

Fig. 4. Anti-proliferative activities of 9e-11g against human hepatic cells (HepG2)
after 24 h of incubation. Graphs were plotted using a four-variable slope normalized
nonlinear regression according to least squares fit (using the GraphPad Prism 7.02
software).”®

10f 10e 9f 9e 10g  11f 9g 1le11d 11g
L3 o L3 L3 L o L o0 L3
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Fig. 5. Calculated ClogD at pH = 7.4 for amphiphiles 9e-11g. Calculated using
MarvinSketch 16.11.7 from ChemAxon.*®

their calculated ClogD-values (pH = 7.40)*® shown in Fig. 5 were
generally higher than for the corresponding amines (9e-g) and
guanidines (10e-g).

Greene et al. have reported that compounds with a ClogP
exceeding 3 are more likely to be active against human cells in
<10 uM concentrations.>’ Thus, the toxicity observed for 11d-g
may be due to nonspecific toxic interactions arising from a too
large lipophilic bulk. However, this does not completely explain
why 11f (ClogD = 2.91) was among the most toxic compound of
the series (ECso = 2.0 pg/mL). It was also observed that the guanidi-
nes 10e-g were notably less toxic than their amine 9e-g and
iminoguanidine 11d-g counterparts. The guanidine group thereby
remains the main cationic group of choice for future target com-
pounds. The lowered toxicity of the guanidines 10e-g compared
to the iminoguanidines 11d-g also corresponded well with the cal-
culated ClogD-values shown in Fig. 5.

2.6. Biofilm inhibiting activities of 9e-11g

The 10 amphiphiles in Fig. 3 were also investigated for biofilm
inhibiting effects against S. epidermis, and the obtained MIC-values
are shown in Table 2. All of the amphiphiles displayed good biofilm
inhibiting effects (2-8 pgfmL), with the exception of 9e
(MIC > 64 pg/mL). The compound displaying the highest activity
for inhibition of biofilms was 10g with a MIC-value of 2 pgfmL. This
was remarkable considering that 10g was among the least toxic
amphiphiles tested with an ECso-value of 16.2 ug/mL against
HepG2 cells. If the biofilm inhibition were due to general toxicity,
one would expect the most toxic structures to display highest
activity towards biofilm inhibition. Thus, the biofilm inhibition
may arise from more specific inhibition mechanisms. However,
as the amphiphiles have not been tested in an antimicrobial assay
against S. epidermis, the observed values from biofilm inhibition
assays may be caused by general antimicrobial properties and
not specific biofilm-targeting mechanisms.
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3. Conclusion

This study describes the synthesis of a library of 29 novel low
molecular weight amphiphilic 1,2,3-triazoles. The library was pre-
pared using the “click” chemistry products 3 and 13 as key inter-
mediates, followed by functionalization leading to various
cationic nitrogen hydrophiles, i. e. primary amines, tertiary amines,
guanidines, and iminoguanidines. The 1,2,3-triazole amphiphiles
were then assessed for antimicrobial activities against three
Gram-positive and two Gram-negative bacteria, in addition to their
ability to inhibit S. epidermis biofilm formation. The in vitro toxici-
ties against human hepatic cells (HepG2) were also measured for
the ten most active structures. The amphiphiles 10e and 10f dis-
played the most promising broad-spectrum antimicrobial activi-
ties, with MIC-values <16 pg/mL against all five test bacteria. It
should also be noted that the guanidine amphiphile 10g was
shown to display selective activity against the Gram-positive bac-
teria and with MIC-values of 4-16 pg/mL. Furthermore, the amphi-
philes with the iminoguanidine cationic group (11d-g) displayed
increased potency compared to the corresponding guanidines
(10e-g) in the antimicrobial assays, but this also led to enhanced
toxicity in the HepG2-assay. The iminoguanidines 11d-g therefore
gave lower bacterial selectivity (except for 11g against S. agalalcti-
cae) compared to the guanidine amphiphiles 10e-g. The guanidine
10f was 2.5 times more potent against S. aureus than synoxazolidi-
none A whereas 10e was comparable to the marine natural product
(8 pg/mL vs. 10 pg/mL). Furthermore, it was shown that structures
functionalized with an additional phenyl ring displayed more
selective activity, particularly against S. agalacticae. The overall
most potent structure 11g against S. agalacticae - displayed a
MIC-value of 0.5 ug/mL, which was 8 times lower than the refer-
ence antibiotic gentamicin. The presented structures also displayed
promising activity towards biofilm inhibition, where 10g was the
most potent compound against S. epidermis biofilm formation with
a MIC-value of 2 pg/mL. Based on broad-spectrum activity against
all five test strains and good antibiofilm activity, 10f was one of the
most promising compounds prepared and with second lowest tox-
icity against HepG2 cells. Further studies on this type of amphiphi-
lic 1,2,3-triazoles will revolve around further reducing HepG2
toxicity, while retaining a high antimicrobial activity.

4. Experimental
4.1. General information

Chemicals were purchased from Sigma Aldrich and used with-
out further purification. All reactions sensitive to air or moisture
were performed under nitrogen atmosphere with dried solvents
and reagents. Melting points were determined on a Buchi 535
apparatus and are uncorrected. TLC was performed on Merck silica
gel 60 F254 plates, using UV light at 312 nm and a 5% solution of
molybdophosphoric acid in 96% EtOH for detection. Column chro-
matography was performed with Silica gel (pore size 60 A, 230-
400 mesh particle size) from Fluka. HPLC analyses were performed
on an Agilent 1290 chromatograph equipped with a Zorbax Eclipse
C18 5 um (150 x 4.6 mm) column and a diode array detector (main
detection region 214 nm). Preparative HPLC purifications were per-
formed on an Agilent 1260 Infinity equipped with a Zorbax XDB-
C18 5 um (150 x 21.2 mm) and a diode array detector (main detec-
tion region 214 nm). NMR spectra were recorded on a Bruker
600 MHz Avance Il HD or a Bruker 400 MHz Avance Il HD instru-
ment. Chemical shifts (3) are reported in parts per million. Where
CDCl; has been used, shift values for proton are reported with ref-
erence to TMS (0.00) via the lock signal of the solvent. Reference
values for other NMR-solvents are taken from Fulmer et al.>® ('H

NMR: DMSO-ds: 2.49, MeOD-d4: 3.31; '>*C NMR: DMSO-ds: 39.5,
CDCl3: 77.0, MeOD-d4: 49.15). Signal patterns are indicated as s
(singlet), d (doublet), t (triplet), q (quartet), p (pentet), m (multi-
plet) or bs (broad singlet). 'H and '>C NMR signals were assigned
by 2D correlation techniques (COSY, HSQC, HMBC). IR spectra were
recorded from a Thermo Nicolet FT-IR NEXUS instrument (only the
strongest/structurally most important peaks are listed as either
weak (w), medium (m) or strong (s) (cm™')). Accurate mass deter-
mination in positive and negative mode was performed on a
“Synapt G2-S” Q-TOF instrument from Waters™. Samples were ion-
ized by the use of ASAP probe (APCI) or ESI probe.

4.2. 1-Azidoheptane (1a)

The title compound 1a was prepared according to a published
procedure.**“° A mixture of 1-bromoheptane (5.00 g, 27.9 mmol)
and NaN; (2.72 g, 41.9 mmol) in DMF (50 mL) was heated to
50 °C for 19 h. The suspension was then added DCM (80 mL) and
washed with water (3 x 100 mL), before it was dried over MgSO4
and evaporated. Yielding 1a as a lightly yellow oil (3.06g,
21.7 mmol, 78%). '"H NMR analyses corresponded with previously
reported spectra for 1a.*’ 'TH NMR (400 MHz, CDCl): 6 3.25 (t,
2H, J = 6.9 Hz, azide-CH,), 1.60 (p, 2H, J = 7.4 Hz, CH,), 1.41-1.25
(m, 8H, 4x CH,), 0.92-0.86 (m, 3H, CH3).

4.3. 1-(Azidomethyl)-4-(tert-butyl)benzene (1c)

The title compound 1c was prepared according to the procedure
for 1a from 1-(bromomethyl)-4-(tert-butyl)benzene (3.00g,
13.2 mmol), affording 1c as a yellow oil (2.08 g, 11.0 mmol, 83%).
'H NMR analyses corresponded with previously reported spectra
for 1¢.*> '"H NMR (400 MHz, CDCl5): § 7.42-7.37 (m, 2H, Ph),
7.27-7.22 (m, 2H, Ph), 4.29 (s, 2H, CH,), 1.32 (s, 9H, t-Bu).

4.4. 1-(Azidomethyl)-3,5-di-tert-butylbenzene (1d)

The title compound 1d was prepared according to the proce-
dure for 1a from 1-(bromomethyl)-3,5-di-(tert-butyl)benzene
(0.80 g, 2.82 mmol), affording 1d as a clear oil (0.620 g, 2.53 mmol,
90%). 'H NMR analyses corresponded with previously reported
spectra for 1d.*> "H NMR (400 MHz, CDCl5): 6 7.40 (s, 1H, Hpp-4),
7.13 (d, J = 1.3 Hz, 2H, Hp,-2 and Hpp-6), 4.32 (s, 2H, CH,), 1.33 (s,
18H, 2x t-Bu) ppm.

4.5. 1-Azido-3,5-di-tert-butylbenzene (1e)

The title compound 1e was prepared according to a procedure
described by Zhu et al.>! Where 1-bromo-3,5-di-tert-butylbenzene
(2.50g, 9.30mmol), Cul (0.177 g, 0.93 mmol), NaN; (1.21g,
18.57 mmol), I-proline (0.321 g, 2.74 mmol) and NaOH (0.11g,
2.79 mmol) were added to EtOH:H,O0 (7:3, 20 mL) and heated to
95°C in a sealed tube for 23 h. The reaction mixture was then
added water (30 mL) and extracted with EtOAc (3 x 30 mL). Drying
over MgS0, and evaporation under reduced pressure yielded a yel-
low oil, which then was purified using flash column chromatogra-
phy (pentane), affording 1e as a colorless oil (0.725 g, 3.13 mmol,
34%). "H NMR spectra coincided with previously reported data.**
'H NMR (400 MHz, CDCl5): & 7.20 (t, 1H, J = 1.5 Hz, Hp,-4), 6.86
(d, 2H, J = 1.6 Hz, Hpy-2 and Hpy-6), 1.31 (s, 18H, 2x t-Bu).

4.6. 1-Azido-4-(heptyloxy )benzene (1f)

The iodo-precursor (1-(heptyloxy)-4-iodobenzene) to 1f was
prepared using 4-iodophenol (2.00 g, 9.09 mmol), heptyl bromide
(1.57 mL, 10.00 mmol), and K,CO3 (1.62 g, 11.7 mmol) in DMF
(12mL) at rt, as reported by Ban et al.** in 69% yield (1.99 g,
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6.24 mmol). The spectra coincided with previously reported data.*®
This aromatic iodide was turned into its corresponding azide (1f)
using a procedure described by Zhu et al.>' Where 1-(Hepty-
loxy)-4-iodobenzene (1.50 g, 4.71 mmol), Cul (0.09 g, 0.47 mmol),
NaNj; (0.37 g, 5.66 mmol), I-proline (0.11 g, 0.94 mmol) and NaOH
(0.04 g, 0.94 mmol) were added to DMSO (10 mL mL) and heated to
60 °C in a sealed tube for 14 h. After which the mixture was added
water (35 mL), extracted with EtOAc (3 x 40 mL), and dried over
MgSO,. Evaporation under reduced pressure yielded a brown oil,
which then was purified using flash column chromatography (pen-
tane), affording 1f as a yellow oil (0.856 g, 3.67 mmol, 78%). 'H
NMR (400 MHz, CDCl3): 6 6.96-6.91 (m, 2H, Hpp-3 and Hpp-5),
6.90-6.85 (m, 2H, Hpp-2 and Hpy-6), 3.92 (t, 2H, J = 6.8 Hz, 0—CHs),
1.77 (p, 2H, J= 7.3 Hz, 0—CH,-CH,), 1.49-1.23 (m, 8H, 4x CH,),
0.92-0.85 (m, 3H, CH;). '*C NMR (100 MHz, CDCl3): 6 156.6 (Cpy-
4), 132.1 (Cpn-1), 120.0 (Cpp-3 and Cpp-5), 115.7 (Cpy-2 and Cpy-6),
68.4 (CHy), 31.8 (CH3), 29.3 (CHy), 29.1 (CHy), 26.0 (CHy), 22.6
(CHp), 14.1 (CHs). IR: 2927 (w), 2857 (w), 2105 (s), 1503 (s),
1470 (w), 1280 (m), 1239 (s), 822 (s) cm '. HRMS (APCIJASAP,
mjz): 233.1531 (Calcd. C13H;9N30, 233.1528, [M]").

4.7. 1-((4-Azidophenoxy )methyl)-3,5-di-tert-butylbenzene (1g)

The iodo-precursor  (1,3-di-tert-butyl-5-((4-iodophenoxy)
methyl)benzene) to 1g was prepared according to the procedure
described for the iodo-precursor of 1f, using 4-iodophenol
(1.00 g, 4.55 mmol), 1-(bromomethyl)-3,5-di-t-Bu-benzene
(1.17 g, 4.13 mmol), and K,CO3 (0.74 g, 5.37 mmol).“* This afforded
1,3-di-tert-butyl-5-((4-iodophenoxy)methyl)benzene as a white
solid (1.55g, 3.67mmol, 89%, mp 147.1-148.2°C). 'H NMR
(400 MHz, CDCls): 6 7.60-7.53 (m, 2H, Hphenox-2 and -6), 7.40 (t,
1H, J= 1.8 Hz, Hpp-4), 7.23-7.28 (m, 2H, Hpy-2 and Hpp-6), 6.82-
6.74 (m, 2H, Hphenox-3 and -5), 4.98 (s, 2H, CHy), 1.33 (s, 18H, 2x
tBu). '*C NMR (100 MHz, CDCl5): 6 158.9 (Cphenox-1) 151.2 (Cpn-3
and Cpp-5), 138.2 (Cpnenox-2 and -6), 135.4 (Cpy-1), 122.4 (Cpn-4),
122.1 (Cpp-2 and Cpp-6), 117.3 (Cphenox-3 and -5), 82.9 (Cphenox-1)s
71.0 (Cgn), 34.9 (Cq-tBu), 31.5 (tBu). IR: 2958 (w), 1585 (w), 1485
(m), 1232 (s), 1006 (m), 895 (m), 831 (m), 803 (w), 714 (w), 681
(w) cm~'. HRMS (APCIJASAP, mjz): 421.1022 (Calcd. CyiHyOl,
421.1028, [M—H]"). 1,3-Di-tert-butyl-5-((4-iodophenoxy)methyl)
benzene (0.40 g, 0.947 mmol) was turned into its corresponding
azide 1g using the procedure decribed for preparation of 1f with
Cul (18 mg, 0.095 mmol), NaN3 (0.074 g, 1.137 mmol), L-proline
(22 mg, 0.189 mmol), and NaOH (7.6 mg, 0.189 mmol). This
afforded 1g as a yellow solid (0.210g, 0.62 mmol, 66%, mp
119.0-120.2 °C) after purification with flash column chromatogra-
phy (pentane). '"H NMR (400 MHz, CDCl5): § 7.41 (t, 1H, ] = 1.4 Hz,
Hpp-4), 7.26 (s, 2H, Hpp-2 and Hpy-6), 7.02-6.93 (m, 4H, Hppenox):
5.00 (s, 2H, CH,), 1.33 (s, 18H, 2x tBu). '*C NMR (100 MHz, CDCls):
6156.5 (Cphenox-1), 151.1 (Cpp-3 and Cpp-5), 132.5 (Cphenox-4), 122.3
(Cpn-4), 122.1 (Cpp-2 and Cpp-6), 120.0 (Cphenox-3 and -5), 116.2
(Cphenox-2 and -6), 71.3 (CHy), 34.5 (Cq4-tBu), 31.5 (tBu). IR: 2961
(w), 2112 (s), 2079 (w), 1504 (s), 1307 (s), 1011 (w) cm™'. HRMS
(APCIJASAP, m/z): 308.2015 (Calcd. Cp1Ho6NO, 308.2014, [M—N,-
—H]"). pH = 3,5-di-tert-butylbenzyl.

4.7.1. Method A, “Click” reactions with methyl propiolate: Synthesis of
methyl 1-heptyl-1H-1,2,3-triazole-4-carboxylate (3a)

The title compound 3a was prepared according to a general pro-
cedure described by Shao et al.>> Where a suspension of methyl
propiolate (2) (0.57 g, 6.74 mmol), CuSO4-5H,0 (0.34 mL, 1M in
H,0, 5 mol %), sodium ascorbate (0.34 mL, 2 M in H,0, 10 mol %)
and benzoic acid (82 mg, 10 mol %) in H,0/t-BuOH (9 mL, 2:1)
was added 1a(1.00 g, 7.08 mmol) and stirred for 23 h at room tem-
perature. The suspension was then added H,0 (20 mL), filtered and
the precipitate washed with H,0. Before being dissolved in DCM

(30 mL), dried over MgSO, and partially evaporated. Crystallization
with pentane afforded 3a as a lightly yellow solid (1.35g,
5.59 mmol, 89%, mp 80.2-81.6 °C). 'H NMR (400 MHz, CDCls): &
8.07 (s, 1H, Hysazole-5), 4.41 (t, 2H, J = 7.2 Hz, triazole-CH,), 3.96
(s, 3H, OMe), 1.93 (p, 2H, J = 7.0 Hz, triazole-CH,-CH,), 1.39-1.21
(m, 8H, 4x CH,), 0.88 (t, 3H, = 7.1 Hz, CH3). >*C NMR (100 MHz,
CDCl3): 6 161.3 (Cc=o, from HMBC), 140.0 (Ciriazote-4, from HMBC),
127.2 (Ciriazole-5), 52.2 (OMe), 50.7 (triazole-CH,), 31.5 (CH,), 30.1
(triazole-CH,-CH,), 28.6 (CH,), 26.3 (CH;), 22.5 (CHy), 14.0 (CH3).
IR: 3123 (w), 2953 (w), 2915 (w), 2850 (w), 1728 (s), 1542 (m),
1239 (s), 1048 (m), 1019 (m), 777 (m) cm~'. 226.1553 (Calcd.
C11H20N505, 226.1556, [M+H]").

4.7.2. Methyl 1-(adamantan-1-yl)-1H-1,2,3-triazole-4-carboxylate
(3b)

The title compound 3b was prepared according to Method A
from 2 (0.14mL, 1.61 mmol) and azidoadamantane (0.30g,
1.69 mmol), affording 3b as a lightly yellow solid (0.231g,
0.88 mmol, 55%, mp 110.1-111.7 °C). '"H NMR (400 MHz, CDCl5):
58.15 (s, TH, Hyriazole=5), 3.95 (s, 3H, OMe), 2.33-2.22 (m, 9H, Haga-
CH/CH,), 1.86-1.75 (m, 6H, 3x Hag,-CH). >*C NMR (100 MHz,
CDCls): 6 161.6 (Ccmo), 139.1 (Cyriazole-4, from HMBC), 124.2 (Cyria-
zole-3), 60.5 (Cq-Ada), 52.1 (OMe), 42.9, 35.8, 29.4. IR: 2928 (w),
2894 (w), 1731 (s), 1366 (m), 1205 (s), 1037 (s), 781 (s) cm~ .
HRMS (APCI/ASAP, m/z): 262.1553 (Calcd. Cy4H;0N30,, 262.1556,
[M+H]").

4.7.3. Methyl 1-(4-(tert-butyl)benzyl)-1H-1,2,3-triazole-4-carboxylate
(3¢)

The title compound 3c was prepared according to Method A
from 2 (0.571 g, 6.79 mmol) and 1c¢ (1.50 g, 7.13 mmol), affording
3c as a light blue solid (1.23 g, 4.50 mmol, 66%). 'H NMR analyses
corresponded with previously reported spectra for 3c.*” 'H NMR
(400 MHz, CDCls): 6 7.97 (s, 1H, Heriazole-5), 7.42 (d, 2H, J = 8.4 Hz,
Hpn), 7.23 (d, 2H, J = 7.8 Hz, Hpp), 5.54 (s, 2H, CH,), 3.93 (s, 3H,
OMe), 1.32 (s, 9H, t-Bu).

4.7.4. Methyl 1-(3,5-di-tert-butylbenzyl)-1H-1,2,3-triazole-4-
carboxylate (3d)

The title compound 3d was prepared according to Method A
from 2 (0.294 g, 3.49 mmol) and 1d (1.00 g, 3.67 mmol), affording
3d as a white solid (0.818g, 2.48 mmol, 71%, mp 172.8-
174.4°C). "H NMR (400 MHz, CDCls): 6 7.96 (s, 1H, Hysiazole=5),
7.44 (t, 1H, /= 1.8 Hz, Hpy-4), 7.12 (d, 2H, /= 1.8 Hz, Hpy-2 and
Hpy-6), 5.55 (s, 2H, CHy), 3.94 (s, 3H, OMe), 1.30 (s, 18H, 2x t-
Bu). '*C NMR (100 MHz, CDCl3): 6 161.2 (Ccmo), 152.1 (Cpn-3 and
Cpp-5), 140.2 (Ceriazote-4), 132.7 (Cpy-1), 127.3 (Ceriazole-5), 123.3
(Cpn-4), 122.6 (Cpp-2 and Cpp-6), 55.2 (Cgy), 52.2 (OMe), 34.9 (Cq-
t-Bu), 31.4 (t-Bu). IR: 2957 (w), 1713 (s), 1540 (m), 1234 (s),
1045 (s), 1017 (m), 782 (m) cm '. HRMS (APCIASAP, mj/z):
330.2179 (Calcd. C9H25N302, 330.2182, [M+H]").

4.7.5. Methyl 1-(3,5-di-tert-butylphenyl)-1H-1,2,3-triazole-4-
carboxylate (3e)

The title compound 3e was prepared according to Method A
from 2 (0.182 g, 2.16 mmol) and 1e (0.50 g, 2.16 mmol), with a dif-
ferent workup: after complete conversion (17 h), the suspension
was added H,O (25mL) and extracted with DCM (3 x 25 mL).
The organic phase was then dried over MgSO, and partially evap-
orated, before it was crystallized with pentane affording 3e as
white solid (0.580g, 1.84 mmol, 85%, mp 105.1-107.1°C). 'H
NMR (400 MHz, CDCl3): 6 8.51 (s, 1H, Hgiazole-5), 7.55 (t, 1H,
J=1.7 Hz, Hpy-4), 7.53 (d, 2H, J = 1.7 Hz, Hpy-2 and Hpp-6), 4.01 (s,
3H, OMe), 1.38 (s, 18H, 2x t-Bu). '*C NMR (100 MHz, CDCl5): &
161.3 (Cc=o), 153.2 (Cpy-3 and Cpp-5), 140.3 (Ciriazole-4), 136.1
(Cpn-1), 126.0 (Ceriazole-5), 123.8 (Cpp-4), 115.6 (Cpy-2 and Cpp-6),
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52.4 (OMe), 35.2 (Cq-t-Bu), 31.3 (t-Bu). IR: 2952 (w), 1746 (s), 1533
(m), 1361 (s), 1211 (s), 1182 (w), 1146 (s), 1035 (s), 879 (m), 770
(s), 709 (m) cm~'. HRMS (APCI/ASAP, mfz): 316.2019 (Calcd.
C15H26N302, 316.2025, [M+H]*).

4.7.6. Methyl 1-(4-(heptyloxy)phenyl)-1H-1,2,3-triazole-4-
carboxylate (3f)

The title compound 3f was prepared according to the procedure
described for 3e using 2 (0.119g, 1.41 mmol) and 1f (030 g,
1.29 mmol), affording 3f as an off-white solid (0.341 g, 1.07 mmol,
84%, mp 120.1-121.5 °C). 'H NMR (400 MHz, CDCl3): 5 8.42 (s, 1H,
Heriazote=5), 7.66-7.60 (m, 2H, Hpp-3 and Hpy-5), 7.06-7.00 (m, 2H,
Hpn-2 and Hpp-6), 4.04-3.98 (m, 5H, OMe + O—CH,), 1.87-1.76
(m, 2H, O—CH,-CH,), 1.53-1.26 (m, 8H, 4x CH;), 0.93-0.87 (m,
3H, CH3). '*C NMR (100 MHz, CDCls): & 161.2 (Ce=c), 160.0 (Cpn-
4), 1404 (Ciriazotle-4), 129.5, 125.6 (Ciriazole-5), 122.4 (Cpy-3 and
Cpn-5), 115.5 (Cpp-2 and Cpy-6), 68.6 (O-CH,), 52.3 (OMe), 31.8
(CHy), 29.1 (0-CH>-CHy), 29.0 (CHy), 25.9 (CHy), 22.6 (CHy), 14.1
(CHs). IR: 2926 (w), 1711 (s), 1540 (w), 1520 (m), 1269 (m),
1252 (s), 1135 (s), 831 (s), 775 (m) cm™'. HRMS (APCIJASAP, m/
z): 318.1812 (Calcd. Cy7H24N303, 318.1818, [M+H]").

4.7.7. Methyl 1-(4-((3,5-di-tert-butylbenzyl)oxy )phenyl)-1H-1,2,3-
triazole-4-carboxylate (3g)

The title compound 3g was prepared according to the procedure
described for 3e using 2 (53 mg, 0.63 mmol) and 1g (0.20 g,
0.57 mmol), followed by purification with flash column chro-
matography (DCM - 10% EtOAc in DCM). Affording 3g as a white
solid (0.227 g, 0.54 mmol, 95% mp 199.3-201.1°C). 'H NMR
(400 MHz, CDCls): 6 8.43 (s, 1H, Hriazole-5), 7.69-7.62 (m, 2H, Hppe-
nox-3 and -5), 7.43 (t, 1H, J = 1.8 Hz, Hpp-4), 7.29 (d, 2H, J= 1.8 Hz,
Hpyn-2 and Hpp-6), 7.17-7.12 (m, 2H, Hphenox-2 and -6), 5.10 (s,
2H, Hg,), 4.00 (s, 3H, OMe), 1.35 (s, 18H, 2x t-Bu). '*C NMR
(100 MHz, CDCl3): 6 161.3 (Cc=o), 159.9 (Cphenox-4), 151.4 (Cpn-3
and Cpp-5), 140.5 (Ciriazole4), 135.2 (Cpn-1), 129.9 (Cphenox-1),
125.7 (Ctriazote-5), 122.7 (Cpn-4), 122.6 (Cphenox-3 and -5), 122.2
(Cpn-2 and Cpn-6), 116.0 (Cphenox-2 and -6), 71.5 (OMe), 52.5
(Cgn), 35.0 (C4-t-Bu), 31.6 (t-Bu). IR: 2959 (w), 1729 (s), 1518 (s),
1237 (s), 1152 (m), 1042 (s), 1006 (s), 881 (w), 847 (m), 778 (w),
695 (w) cm~!. HRMS (APCIJASAP, mjz): 422.2436 (Calcd.
C,5H3,N303, 422.2444, [M+H]"). pH = 3,5-di-tert-butylbenzyl.

4.7.8. 1-(1-(3,5-Di-tert-butylbenzyl)-1H-1,2,3-triazol-4-yl )ethan-1-
one (13d)

The title compound 13d was prepared according to the proce-
dure described for 3e using 3-butynone (12) (0.139 g, 1.94 mmol)
and 1d (0.50, 1.94 mmol), affording 13d as an off-white solid
(0.531g, 1.69mmol, 88% mp 145.0-146.8°C). 'H NMR
(400 MHz, CDCl3): 6 7.93 (s, 1H, Heriazole-5), 7.45 (t, 1H, J= 1.8 Hz,
Hpp-4), 7.13 (d, 2H, J= 1.8 Hz, Hpp-2 and Hpp-6), 5.53 (s, 2H, Hgy),
2.68 (s, 3H, CH3), 1.30 (s, 18H, 2x t-Bu). '>*C NMR (100 MHz, CDCl5):
8 193.0 (Cc=o), 152.1 (Cpp-3 and Cpp-5), 148.3 (Ciriazole-4), 132.7
(Cpn-1), 125.2 (Criazole-5), 123.3 (Cpp-4), 122.7 (Cpy-2 and Cpy-6),
55.2 (Can), 34.9 (Cq-t-Bu), 31.4 (t-Bu), 27.1 (CHs). IR: 2953 (w),
1684 (s), 1528 (m), 1360 (m), 1238 (w), 1200 (s), 1045 (m), 756
(s), 676 (w) cm~'. HRMS (APCIJASAP, m/z): 314.2227 (Calcd.
Ci1oH,sN30, 314.2232, [M+H]").

4.7.9. Method B, “Click” reactions with 3-butynone (12): Synthesis of
1-(1-(3,5-di-tert-butylphenyl)-1H-1,2,3-triazol-4-yl )ethan-1-one
(13e)

The title compound 13e was prepared according to a published
procedure,’ where a suspension of 3-butynone (12) (68 mg,
1.00 mmol), CuSO4-5H,0 (17 pL, 1M in H,0, 5 mol %), sodium
ascorbate (17 yLmL, 2M in H,0, 10 mol %) and benzoic acid
(3 mg, 10 mol %) in H,O/t-BuOH/DCM (1.5 mL, 1:1:1) was added

1e (77 mg, 0.33 mmol) and stirred for 45 h at room temperature
(with addition of additional 2 eq of 12 after 6 h). The reaction mix-
ture was then added H,O (10mL) and extracted with DCM
(3 x 15 mL), before the organic phase was dried over MgSO,4 and
evaporated. Purification with flash column chromatography
(DCM) afforded 13e as a white solid (52 mg, 0.17 mmol, 52%, mp
140.5-145.3 °C). "H NMR (400 MHz, CDCl3): & 8.48 (s, 1H, Hiazole-
5), 7.56-7.54 (m, 1H, Hpp-4), 7.54-7.52 (m, 2H, Hpy-2 and Hpp-6),
2.77 (s, 3H, CH3), 1.38 (s, 18H, 2x t-Bu). '*C NMR (100 MHz, CDCl3):
6 193.1 (Cc=o), 153.2 (Cpp-3 and Cpy-5), 148.4 (Ciriazote-4), 136.1
(Cpp-1), 123.8 (Cpn-4), 123.7 (Ciriazote-5), 115.6 (Cpn-2 and Cpn-6),
35.2 (Cq-t-Bu), 31.3 (t-Bu), 27.3 (CHs). IR: 2958 (w), 1683 (s),
1532 (m), 1236 (m), 1028 (w), 990 (w), 878 (w) cm~'. HRMS
(APCI/ASAP, mjz): 300.2070 (Calcd. C;5H26N30, 300.2070, [M+H]").

4.7.10. 1-(1-(4-(Heptyloxy )phenyl)-1H-1,2,3-triazol-4-yl )ethan-1-one
(13f)

The title compound 13f was prepared according to Method B
from 12 (0.123 g, 1.80 mmol) and 1f (0.20 g, 0.86 mmol). Affording
3f as a white solid (0.172 g, 0.57 mmol, 67%, mp 112.7-115.5 °C)
after purification with flash column chromatography (DCM). 'H
NMR (400 MHz, CDCls): & 8.39 (s, 1H, Hyiazole-5), 7.66-7.59 (m,
2H, Hp,-3 and Hpp-5), 7.06-7.00 (m, 2H, Hpy-2 and Hpy,-6), 4.02 (t,
2H, J=6.9Hz, O-CHy), 2.75 (s, 3H, ketone-CHs3), 1.82 (p, 2H,
J=7.3 Hz, 0-CH,-CHy), 1.53-1.27 (m, 8H, 4x CH,), 0.94-0.86 (m,
3H, CH;). "*C NMR (100 MHz, CDCl3): & 193.0 (Cc=o), 160.0 (Cpp-
4), 148.4 (Crriazole-4), 129.5 (Cpn-1), 123.3 (Crriazole-5), 122.4 (Cpn-3
and Cpyp-5), 115.5 (Cpy-2 and Cpy-6), 68.6 (O-CH,), 31.8 (CH>),
29.1 (0-CH,-CHy), 29.0 (CHy), 27.3 (ketone-CHs), 26.0 (CH,), 22.6
(CH), 14.1 (CHs). IR: 3131 (w), 2923 (w), 1682 (s), 1516 (s),
1253 (s), 1241 (s), 1171 (m), 823 (s), 678 (m) cm~'. HRMS (APCI/
ASAP, m/z): 302.1863 (Calcd. C17H24N305, 302.1869, [M+H]").

4.7.11. 1-(1-(4-((3,5-Di-tert-butylbenzyl)oxy )phenyl)-1H-1,2,3-
triazol-4-yl)ethan-1-one (13g)

The title compound 13g was prepared according Method B in
two reactions. Firstly with 12 (30 mg, 0.41 mmol) and 1g (0.15 g,
0.41 mmol) for 24 h then followed by addition of 12 (60 mg,
0.83 mmol) to the extracted crude (0.26 g, 1gf13g 3:1) followed
by stirring for 47 h at room temperature. Purification with flash
column chromatography (DCM) afforded 13g as a white solid
(98 mg, 0.24 mmol, 58%, mp 179.4-181.1 °C). '"H NMR (400 MHz,
CDCl3): 6 8.40 (s, 1H, Heriazote-5), 7.69-7.63 (m, 2H, Hphenox-3 and
-5), 7.44 (t, 1H, /= 1.7 Hz, Hpy-4), 7.28 (d, 2H, J= 2.0 Hz, Hpp-3
and Hpp-5), 7.18-7.12 (m, 2H, Hphenox-2 and -6), 5.10 (s, 2H, Hgy),
2.75 (s, 3H, ketone-CHs3), 1.35 (s, 18H, 2x t-Bu). '*C NMR
(100 MHz, CDCl5): 6 192.9 (Cc=0), 159.8 (Cphenox-4), 151.3 (Cpy-3
and Cpp-5), 1484 (Ciriazote-4), 135.1 (Cpp-1), 123.3 (Ceriazole=5).
122.5 (Cpp-4), 122.4 (Cppenox-3 and Cphenox -5), 122.1 (Cpy-2 and
Cpp=6), 116.0 (Cphenox-2 and Cphenox -6), 71.4 (Cgn), 34.9 (Cq-t-Bu),
31.5 (t-Bu), 27.3 (ketone-CH3). IR: 2955 (w), 1693 (s), 1517 (s),
1248 (s), 985 (m), 882 (w), 829 (s), 696 (m) cm™'. HRMS (APCI/
ASAP, m/z): 406.2490 (Calcd. CpsH3oN30,, 406.2495, [M+H]Y).
pH = 3,5-di-tert-butylbenzyl.

4.7.12. Method C, piperazine amidation reactions: Synthesis of (1-
heptyl-1H-1,2,3-triazol-4-yl)(piperazin-1-yl)methanone (n4a) and 4-
(1-heptyl-1H-1,2,3-triazole-4-carbonyl)piperazin-1-ium chloride (4a)
The title compound n4a was prepared according to a general
procedure described by Oshima et al.”*> with some muodifications.
Where a suspension of 3a (0.30g, 1.33 mmol), piperazine
(0.344 g, 3.99 mmol), NaOMe (0.07 g, 1.33 mmol), mol. sieves
(0.5-1.0 g, activated, 4 A) and MeOH (6 mL) was stirred under
N,-atmosphere for 43 h. After completed stirring, the reaction mix-
ture was evaporated and dissolved in DCM before it was filtered
through Celite. Subsequent purification with flash column chro-
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matography (SiO, pre-deactivated with 1% TEA in eluent, eluent:
CHClI3/MeOH 95:5) afforded n4a as a white solid (0.201g,
0.72 mmol, 54%). "TH NMR (400 MHz, CDCls): 6 8.06 (s, TH, Hyiazole-
5),4.37 (t, 2H, ] = 7.1 Hz, triazole-CH,), 4.30 (t, 2H, ] = 4.8 Hz, Hp;;-2
and Hpip-6), 3.77 (t, 2H, ] = 5.0 Hz, Hpip-2 and Hp;p-6), 3.01-2.94 (m,
4H, Hpip-3 and Hpip-5), 1.92 (t, 2H, = 7.0 Hz, CH,), 1.41-1.20 (m,
8H, 4x CHy), 0.91-0.84 (m, 3H, CHs). '*C NMR (100 MHz, CDCl5):
0 159.9 (Cc=0), 1444 (Curiazote-4), 128.0 (Curiazote-5), 50.5 (CHy),
48.0 (Cpip-2 or Cpip-6), 46.7 (Cpip-3 and Cpip-5), 46.0 (Cpip-3 and Cpip-
5), 43.8 (Cpip-2 or Cpip-6), 31.5 (CHy), 30.1 (CHy), 28.6 (CHy), 26.4
(CH,), 22.5 (CHy), 14.0 (CH3). The free amine n4a was then turned
into its HCl-salt, by mixing n4a (40 mg, 0.14 mmol) in MeCN
(3 mL) and adding HCI (0.1 mL, 1.22 mmol, 37%, aq.). The suspen-
sion was evaporated, washed with MeCN (3 x 1 mL) and dried,
affording 4a as a white solid (27 mg, 0.09 mmol, 60%, mp 228.8-
230.7 °C). HPLC (C18, 3:5 H»O/MeOH +0.1% TFA, 0.75 mL/min,
214nm): 5.1 min, 99% pure. '"H NMR (400 MHz, d4-MeOD): §
8.46 (s, 1H, Heiazole-5), 4.61-4.39 (m, 4H, Hpip-2 and Hpip-6
+CHy), 4.01 (bs, 2H, Hpip-2 and Hpip-6), 3.40-3.35 (m, 4H, Hpip-3
and Hpip-5), 1.95 (p, 2H, J=7.3 Hz, CH,), 1.44-1.25 (m, 8H, 4x
CHy), 0.92 (t, 3H, J=6.9 Hz, CHs). IR: 2931 (w), 2730 (w), 1625
(s), 1594 (w), 1429 (m), 1248 (m), 1049 (m), 988 (m), 759 (m)
cm~'. HRMS (APCIfASAP, mjz): 280.2139 (Calcd. Ci4Hy6NsO,
280.2137, [M-CI]").

4.7.13. (1-(Adamantan-1-yl)-1H-1,2,3-triazol-4-yl)(piperazin-1-yl)
methanone (n4b) and 4-(1-(adamantan-1-yl)-1H-1,2,3-triazole-4-
carbonyl)piperazin-1-ium chloride (4b)

The title compound n4b was prepared according Method C from
3b (0.23 g, 0.88 mmol) and piperazine (0.227 g, 2.64 mmol), with
68 h reaction time at room temperature. Affording n4b as a white
solid (0.205 g, 0.65 mmol, 74%) after purification with flash column
chromatography (CHCI;/MeOH 95:5). 'H NMR (400 MHz, CDCls): §
8.15 (s, TH, Huriazote-5), 4.31 (s, 2H, Hpip-2 and Hpip-6), 3.76 (s, 2H,
Hpip-2 and Hpip-6), 2.98-2.93 (m, 4H, Hpip-3 and Hpip-5), 2.31-
221 (m, 9H, Hag,-CHJCH,), 1.86-1.75 (m, 6H, Hag,-CH). '°C
NMR (100 MHz, CDCl3): 6 160.3 (Ccmo), 143.5 (Curiazole-4), 125.0
(Ctriazole-5), 60.1 (Cq-ada), 48.1 (Cpip-2 or Cpip-6), 46.7 (Cpip-3 and
Cpip-5), 46.1 (Cpip-3 and Cpip-5), 43.8 (Cpip-2 or Cpip-6), 42.8 (Caqa),
35.8 (Cada) 29.4 (Caga)- The free amine n4b was then turned into
its HCl-salt, by adding HCI (5 mL, 10 mmol, 2 M in Et,0) to a solu-
tion of ndb (30 mg, 0.09 mmol) followed by filtration. Drying
afforded 4b as a white solid (33 mg, 0.09 mmol, 99%, mp > 280 °C
decomp.). HPLC (C18, 3:5 H,0/MeOH +0.1% TFA, 0.75 mL/min,
214nm): 4.8 min, 99% pure. 'H NMR (400 MHz, d4-MeOD): §
8.49 (s, 1H, Hiriazole-5), 4.48 (bs, 2H, Hpip-2 and Hpip-6), 4.01 (bs,
2H, Hpjp-2 and Hpip-6), 3.40-3.33 (m, 4H, Hpip-3 and Hpip-5),
2.33-2.23 (m, 9H, Haqa-CH/CH3), 1.91-1.79 (m, 6H, Haga-CHy). 13C
NMR (100 MHz, d4-MeOD, rotamersx): 6 162.5 (Cc=o), 143.1 (Cria-
zole=4), 126.9 (Ciriazole=5), 62.0 (Cq-Ada), 44.9 (bs, Cpip), 43.95/43.8x
(Cada)r 40.8 (bs, Cpip) 36.9%/36.9% (Cada), 31.1 (Caga)- IR: 3376
(bw), 2912 (m), 1606 (s), 1547 (m), 1451 (m), 1423 (m), 1250
(m), 1235 (w), 1013 (m), 756 (m) cm™'. HRMS (APCI/ASAP, m/z):
316.2135 (Calcd. C;7H,6Ns0, 316.2137, [M—CI]").

4.7.14. (1-(4-(tert-Butyl)benzyl)-1H-1,2,3-triazol-4-yl)(piperazin-1-
yl)methanone (n4c) and 4-(1-(4-(tert-butyl)benzyl)-1H-1,2,3-
triazole-4-carbonyl)piperazin-1-ium chloride (4c)

The title compound ndc was prepared according to Method C
from 3c (0.10 g, 0.37 mmol) and piperazine (0.095 g, 1.10 mmol),
with 44 h reaction time at room temperature. Affording n4c as a
clear oily solid (69 mg, 0.21 mmol, 58%) after purification with
flash column chromatography (CHCl3/MeOH 9:1). 'H NMR
(400 MHz, CDCl3): & 7.96 (s, 1H, Hgiazole-5), 7.45-7.36 (m, 2H,
Hpp-2 and Hpy-6), 7.29-7.19 (m, 2H, Hpy-3 and Hpy-5), 5.50 (s,
2H, Hg,), 4.29 (t, 2H, J=4.9 Hz, Hp;jp-2 and Hp;p-6), 3.74 (t, 2H,

J=5.0Hz, Hpip-2 and Hpip-6), 2.99-2.91 (m, 4H, Hpip-3 and Hpip-
5), 1.31 (s, 9H, t-Bu). '3C NMR (100 MHz, CDCls): 6 159.8 (Cc=o),
152.4 (Cpy-4), 144.6 (Ciriazole-4), 130.7 (Cpp-1), 128.3 (Cpy-3 and
Cpn-5), 128.2 (Ciriazote-5), 126.2 (Cpp-2 and Cpy-6), 54.1 (Cgy), 47.9
(Cpip-2 or Cpip-6), 46.6 (Cpip-3 and Cpip-5), 46.0 (Cpip-3 and Cpip-5),
43.7 (Cpip-2 and Cpip-6), 34.7 (Cq-t-Bu), 31.2 (t-Bu). The free amine
nd4c was turned into its HCl-salt using the procedure for 4a with
n4c (51 mg, 0.13 mmol), affording 4c as a white solid (42 mg,
0.12 mmol, 74%, mp>190°C decomp.). HPLC (C18, 3:5 H,0/
MeOH + 0.1% TFA, 0.75 mL/min, 214 nm): 6.5 min, 96% pure. 'H
NMR (400 MHz, d4-MeOD): 6 8.42 (s, 1H, Heriazole-5), 7.50-7.41
(m, 2H, Hpr-2 and Hpy-6), 7.36-7.29 (m, 2H, Hpp-3 and Hpy-5),
5.63 (s, 2H, Hgy), 4.49 (bs, 2H, Hpip-2 and Hpip-6), 4.00 (bs, 2H, Hpip-
2 and Hpip-6), 3.39-3.34 (m, 4H, Hpip-3 and Hpip-5), 1.32 (s, 9H, t-
Bu). '*C NMR (100 MHz, d4-MeOD): 6 153.3 (Cpp-4), 144.2 (Ceriazole
4, from HMBC), 133.5 (Cpn-1), 130.1 (Ciriazote-5), 129.3 (Cpp-3 and
Cpp-5), 127.2 (Cpn-2 and Cpy-6), 55.0 (Cgn), 44.8 (Cpip, from HSQC),
40.7 (Cpip, from HSQC), 35.6 (Cq-t-Bu), 31.8 (t-Bu). IR: 2951 (w),
2730 (w), 1616 (s), 1593 (w), 1540 (w), 1431 (m), 1248 (s), 1049
(5),990 (s), 757 (s) cm™'. HRMS (APCIJASAP, m/z): 328.2137 (Calcd.
C15H26N50, 328.2137, [M-CI]*).

4.7.15. (1-(3,5-Di-tert-butylbenzyl)-1H-1,2,3-triazol-4-yl)(piperazin-
1-yl)methanone (n4d) and 4-(1-(3,5-di-tert-butylbenzyl)-1H-1,2,3-
triazole-4-carbonyl)piperazin-1-ium chloride (4d)

The title compound n4d was prepared according to Method C
from 3d (0.25 g, 0.76 mmol) and piperazine (0.196 g, 2.28 mmol),
affording n4d as an off-white solid (0.199 g, 0.52 mmol, 69%) after
purification with flash column chromatography (CHCl;/MeOH
95:5). 'H NMR (400 MHz, CDCls): & 7.96 (s, 1H, Heiazole-5), 7.44
(s, 2H, Hpp-4), 7.15 (d, 2H, J=1.2 Hz, Hpp-2 and Hpp-6), 5.50 (s,
2H, Hgn), 4.28 (bs, 2H, Hpip-2 and Hpip-6), 3.74 (bs, 2H, Hp;p-2 and
Hpip-6), 2.99-2.92 (m, 4H, Hpip-3 and Hpip-5), 1.30 (s, 18H, 2x t-
Bu). '*C NMR (100 MHz, CDCl3): ¢ 159.9 (Cc=o), 152.0 (Cpp-3 and
Cpn-5), 144.5 (Ciriazote=4), 132.8 (Cpn-1), 128.1 (Ciriazote-5), 123.2
(Cpn-4), 122.8 (Cpy-2 and Cpy-6), 55.1 (Cpn), 48.0 (Cpip-2 OF Cpip-6),
46.7 (Cpip-3 and Cpip-5), 46.0 (Cpip-3 and Cpip-5), 43.7 (Cpip-2 OF Cpip-
6), 34.9 (Cq-t-Bu), 31.4 (t-Bu). The free amine n4d was turned into
its HCl-salt by adding an excess of HCl (5 mL, 10 mmol, 2 M in
Et,0) to n4d (30 mg, 0.08 mmol) in DCM (3 mL). Drying afforded
4d as a white solid (30 mg, 0.07 mmol, 91%, mp 221.2-226.6 °C).
HPLC (C18, 3:5 H,0fMeOH +0.1% TFA, 0.75 mL{min, 214 nm):
30.2 min, 99% pure. '"H NMR (400 MHz, d4-MeOD): & 8.44 (s, 1H,
Huriazole-5), 7.47 (s, 1H, Hpp-4), 7.27 (s, 2H, Hpp-2 and Hpp-6), 5.64
(s, 2H, Hgp), 4.52 (bs, 2H, Hpip-2 and Hpip-6), 4.00 (bs, 2H, Hpip-2
and Hpip-6), 3.56 (bs, 4H, Hpip-3 and Hpip-5), 1.32 (s, 18H, 2x t-
Bu). '*C NMR (100 MHz, d4-MeOD): & 162.1 (Cc=o), 153.1 (Cpp-3
and Cpp-5), 144.1 (Ceriazole4), 135.7 (Cpp-1), 130.2 (Ceriazole=5),
124.0 (Cpy-4), 123.8 (Cpp-2 and Cpp-6), 55.8 (Cgy), 45.0 (bs, Cpip),
40.8 (bs, Cpip) 35.9 (Cg-t-Bu), 31.9 (t-Bu). IR: 2953 (w), 1605 (s),
1443 (m), 1248 (s), 1053 (m), 994 (s), 758 (s) cm~'. HRMS (APCI/
ASAP, m/z): 384.2759 (Calcd. C,H34Ns0, 384.2763, [M—CI]").

4.7.16. (1-Heptyl-1H-1,2,3-triazol-4-yl)(4-methylpiperazin-1-yl)
methanone (n5a) and 4-(1-heptyl-1H-1,2,3-triazole-4-carbonyl)-1-
methylpiperazin-1-ium chloride (5a)

The title compound n5a was prepared according to Method C
from 3a (0.15g, 0.67 mmol) and 1-methylpiperazine (0.20g,
2.00 mmol), with 76 h reaction time at room temperature. Afford-
ing n5a as a white solid (99 mg, 0.34 mmol, 51%) after purification
with flash column chromatography (CHCls/MeOH 95:5). '"H NMR
(400 MHz, CDCl5): & 8.06 (s, 1H, Hgiazole-5), 4.33-4.28 (m, 4H,
CHa+Hpip-2 and Hpip-6), 3.77 (t, 2H, J = 5.0 Hz, Hpjp-2 and Hpip-6),
2.54-2.47 (m, 4H, Hpip-3 and Hp;p-5), 2.33 (s, 3H, N—CH3) 1.92 (p,
2H, /= 7.0 Hz, CH;), 1.40-1.21 (m, 8H, 4x CH,), 0.91-0.84 (m, 3H,
CH;). '3C NMR (100 MHz, CDCl3): 6 159.9 (Cemo), 144.4 (Crriazole-
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4),128.1 (Curiazole-5), 55.6 (Cpip-3 and Cpipe-5), 54.8 (Cpip-3 and Cpip-
5), 50.2 (CH,), 46.6 (Cpip-2 OF Cpip-6), 46.1 (N—CHs), 42.6 (Cpip-2 OF
Cpip-6), 31.5 (CHy), 30.1 (CHy), 28.6 (CH,), 26.4 (CH,), 22.5 (CH,),
14.0 (CH3). The free amine n5a was turned into its HCl-salt by add-
ing HCI (0.15 mL, 1.83 mmol, 37%, aq) to n5a (40 mg, 0.136 mmol)
dissolved in MeCN (4 mL), which upon drying afforded 5a as a
white solid (43 mg, 0.130 mmol, 96%, mp 189.9-191.5 °C). HPLC
(C18, 3:5 H,0/MeOH + 0.1% TFA, 0.75 mLfmin, 214 nm): 5.0 min,
97% pure. 'H NMR (400 MHz, d4-MeOD, rotamersx): o
8.57x8.47x (s, 1H, Hgriazole-5), 5.46 (bs, 1H, Pip), 4.82 (bs, 1H,
Pip), 4.48 (t, 2H, J = 6.9 Hz, CH;), 3.81-3.48 (m, 4H, Pip), 3.26 (bs,
2H, Pip), 3.04%/2.99x (s, 3H, N—CH3), 1.98-1.90 (m, 2H, CH>),
1.43-1.25 (m, 8H, 4x CH;), 0.96-0.87 (m, 3H, CHs). '*C NMR
(100 MHz, d4-MeOD, rotamersx): 6 162.0 (Cc=o), 143.7 (Ciriazole-
4), 130.3%/129.7% (Ciriazote-5), 54.5 (bs, Cpip), 51.8%/51.7% (CH),
51.3 (Cpip), 43.9%/43.8« (N—CH3), 42.2 (Cpip), 32.9%/32.9% (CHy),
31.3%/31.3% (CHy), 29.9%/29.8+ (CHy), 27.5%/27.5% (CH,), 23.7
(CHy), 14.5%/14.5% (Me). IR: 2919 (w), 1625 (s), 1539 (w), 1425
(m), 1246 (s), 1049 (m), 974 (s), 759 (m) cm™'. HRMS (APCIJASAP,
mjfz): 294.2293 (Calcd. C15HasNsO, 294.2294, [M—CI]*).

4.7.17. (1-(Adamantan-1-yl)-1H-1,2,3-triazol-4-yl)(4-
methylpiperazin-1-yl)methanone (n5b) and 4-(1-(adamantan-1-yl)-
1H-1,2,3-triazole-4-carbonyl)-1-methylpiperazin-1-ium chloride (5b)

The title compound n5b was prepared according to Method C
from 3b (0.15g, 0.57 mmol) and 1-methylpiperazine (0.172 g,
1.72 mmol), with 115 h at room temperature. Affording n5b as a
white wax (99 mg, 0.30 mmol, 53%) after purification with flash
column chromatography (CHCl3/MeOH 95:5). '"H NMR (400 MHz,
CDCl3): 6 8.14 (s, 1H, Hirjazole-5), 4.37 (bs, 2H, Hpip-2 and Hpip-6),
3.81 (bs, 2H, Hpip-2 and Hpip-6), 2.51 (bs, 4H, Hpip-3 and Hpip-5),
2.34 (s, 3H, N-CH3), 2.31-2.19 (m, 9H, Haq.-CH/CH,), 1.86-1.74
(m, 6H, Haga-CHy). *C NMR (100 MHz, CDCl3): ¢ 160.2 (Cc=o0),
143.5 (Cuiazole-4), 125.0 (Ciriazote-5), 60.1 (Cg-Ada), 55.6 (Cpip-3
and Cpip-5), 54.9 (Cpip-3 and Cpip-5), 46.6 (Cpip-2 or Cpip-6), 46.0
(N—CH3), 42.9 (Cada)» 42.6 (Cpip-2 or Cpip-6), 35.8 (Cada), 29.4 (Cada)-
The free amine n5b was turned into its HCl-salt according to the
procedure for 5a with n5b (35 mg, 0.11 mmol) and HCI (0.10 mL,
1.22 mmol, 37% aq), affording 5b as a white solid (39 mg,
0.11 mmol, quant., mp 250.3-253.9°C). HPLC (C18, 3:5 H,0f
MeOH + 0.1% TFA, 0.75 mL{min, 214 nm): 4.8 min, 98% pure. 'H
NMR (400 MHz, d4-MeOD, rotamersx): § 8.64%f8.52x (s, 1H, Hja-
sole-5), 5.43 (bs, 1H, Pip), 4.80 (bs, 1H, Pip), 3.92-3.45 (m, 4H,
Pip), 3.26 (bs, 2H, Pip), 3.04%/2.99x (s, 3H, N—CH3), 2.35-2.25 (m,
9H, Ada), 1.93-1.81 (m, 6H, Ada). >C NMR (100 MHz, d4-MeOD,
rotamersx): 6 162.3 (Cc=o0), 143.1 (Ciriazole-4), 127.1 (Ciriazole-5),
62.2%/62.0« (Cq-Ada), 54.5 (bs, Cpip), 51.3 (Cpip), 43.9 (Cada)
43.8+/43.8« (N-CHs), 42.2 (Cpip), 36.9%/36.9% (Cada), 31.1 (Caga)-
IR: 2909 (m), 1620 (s), 1539 (w), 1450 (m), 1422 (m), 1244 (m),
979 (m), 756 (m) cm~'. HRMS (APCI/ASAP, m/z): 330.2294 (Calcd.
C18H25N50, 330.2294, [M-CI]").

4.7.18. (1-(4-(tert-Butyl)benzyl)-1H-1,2,3-triazol-4-yl)(4-
methylpiperazin-1-yl)methanone (n5c) and 4-(1-(4-(tert-butyl)
benzyl)-1H-1,2,3-triazole-4-carbonyl)-1-methylpiperazin-1-ium
chloride (5¢c)

The title compound n5c was prepared according to Method C
from 3c (0.15g, 0.55mmol) and 1-methylpiperazine (0.165 g,
1.65 mmol), with 63 h reaction time at room temperature. Afford-
ing n5c as an off-white solid (75 mg, 0.21 mmol, 39%) together
with 3% of 3¢ (from 'H NMR) after purification with flash column
chromatography (SiO, pre-deactivated with 1% TEA in eluent, elu-
ent: CHCl3/MeOH 95:5). 'H NMR (400 MHz, CDCl5): & 7.95 (s, 1H,
Huriazole-5), 7.43-7.38 (m, 2H, Hpy-2 and Hpy-6), 7.26-7.22 (m, 2H,

Hpp-3 and Hpp-5), 5.50 (s, 2H, Hgy), 4.32 (t, 2H, ] = 4.9 Hz, Hpip-2
and Hpip-6), 3.77 (t, 2H, J= 4.9 Hz, Hpip-2 and Hpp-6), 2.52-2.45
(m, 4H, Hpip-3 and Hpip-5), 2.32 (s, 3H, N-CHs), 1.31 (s, 9H, t-Bu).
13C NMR (100 MHz, CDCl3): 6 159.8 (Cc=o), 152.4 (Cpp-4, from
HMBC), 144.6 (Cyriazole-4), 130.7 (Cpy-1, from HMBC), 128.3 (Cpy-3
and Cpp-5), 128.2 (Cyriazole-5), 126.2 (Cpp-2 and Cpp-6), 55.5 (Cpip-3
and Cpip-5), 54.8 (Cpip-3 and Cpip-5), 54.1 (Cgn), 46.5 (Cpip-2 or Cpip-
6), 46.0 (N-CH3), 42.6 (Cpip-2 or Cpip-6), 34.7 (Cq-t-Bu), 31.2 (t-Bu).
The free amine n5c was turned into its HCl-salt according to the
procedure described for 4a with n5c¢ (63 mg, 0.18 mmol) and HCI
(0.25mL, 3.04 mmol, 37% aq), affording 5c¢ as a white solid
(43 mg, 0.11 mmol, 60%, mp 227.5-231.5°C). HPLC (C18, 3:5
H,0/MeOH + 0.1% TFA, 0.75 mL/min, 214 nm): 6.3 min, 97% pure.
TH NMR (400 MHz, d4-MeOD): & 8.43 (s, 1H, Hyiazole-5), 7.47-
7.42 (m, 2H, Hpy-2 and Hpp-6), 7.35-7.31 (m, 2H, Hpy-3 and Hpp-
5), 5.63 (s, 2H, Hgy), 5.45 (bs, 1H, Pip), 4.82 (bs, 1H, Pip), 3.90-
3.40 (m, 4H, Pip), 3.26 (bs, 2H, Pip), 2.96 (s, 3H, N-CH3), 1.33 (s,
9H, t-Bu). IR: 2955 (w), 2434 (w), 1624 (s), 1540 (w), 1427 (w),
1247 (s), 1049 (s), 976 (s), 757 (m) cm~'. HRMS (APCI/ASAP, m/
2): 342.2292 (Calcd. C1HsN50, 342.2294, [M—CI]").

4.7.19. 4-(1-(3,5-Di-tert-butylbenzyl)-1H-1,2,3-triazole-4-carbonyl)-
1-methylpiperazin-1-ium chloride (5d)

The title compound 5d was prepared through an Eschweiler-
Clarke reductive amination,””?® where n4d (50 mg, 0.13 mmol),
formaldehyde (0.20 mL, 37% aq, 2.69 mmol) and formic acid
(0.10 mL, 96% aq, 2.50 mmol) were refluxed in MeCN (2 mL) for
1.5 h. After cooling to room temperature, HCI (0.25 mL, 3.04 mmol,
37%, aq.) was added and the reaction mixture was evaporated. The
crude was then crystallized from DCM and Et,0, affording 5d as a
white solid (46 mg, 0.11 mmol, 81%, mp 150.4-155.8 °C). HPLC
(C18, 3:5 H,0/MeOH + 0.1% TFA, 0.75 mL/min, 214 nm): 29.3 min,
97% pure. 'H NMR (400 MHz, d4-MeOD): & 8.45 (s, 1H, Hyriazole-
5), 7.47 (s, 1H, Hpp-4), 7.27 (s, 2H, Hpy-2 and Hpp-6), 5.64 (s, 2H,
Hgn), 549 (bs, 1H, Hpip), 4.74 (bs, 1H, Hpip), 3.62 (bs, 3H, Hpip),
3.28 (bs, 3H, Hp;p), 2.97 (s, 3H, N—CH3), 1.32 (s, 18H, 2x t-Bu).
3C NMR (100 MHz, d4-MeOD): & 161.9 (Cc=o), 153.1 (Cpp-3 and
Cpn-5), 144.1 (Cyiazotle-4), 135.7 (Cpy-1), 130.2 (Criazote-4), 124.0
(Cpn-4), 124.0 (Cpp-2 and Cpp-6), 67.0, 55.8 (Cgy), 54.6 (broad, Cpip-
3 and Cpip-5), 45.1 (broad, Cpip-2 or Cpip-6), 43.8 (N-CHs), 41.1
(broad, Cpip-2 or Cpip-6), 35.9 (Cq-t-Bu), 31.9 (t-Bu), 15.6. IR: 2956
(w), 1634 (s), 1425 (m), 1240 (s), 1052 (s), 975 (m) cm~'. HRMS
(APCIJASAP, m/z): 3982916 (Calcd. Cy3HseNsO, 398.2920,
[M-CI]*).

4.7.20. Method D, ethylene diamine amidation reactions: Synthesis of
N-(2-aminoethyl)-1-heptyl-1H-1,2,3-triazole-4-carboxamide (n6a)
and 2-(1-heptyl-1H-1,2,3-triazole-4-carboxamido Jethan-1-aminium
chloride (6a)

The title compound n6a was prepared using a general proce-
dure described by Davis et al.>* where 3a (0.15g, 0.67 mmol)
and ethylene diamine (0.67 mL, 10 mmol) was heated to reflux in
MeOH (3 mL) for 17 h. Evaporation of volatiles afforded n6a as a
light green solid (0.170 g, 0.67 mmol, quant.). "H NMR (400 MHz,
CDCls): 6 8.03 (s, 1H, Hyriazole-5), 7.46 (bs, 1H, NH), 4.39 (t, 2H,
J=7.2Hz, CHy), 3.51 (q, 2H, /= 6.6 Hz, CH,), 2.94 (bs, 2H, CH,),
1.92 (p, 2H, J=6.9 Hz, CH;), 1.40-1.21 (m, 8H, 4x CH;), 0.88 (t,
3H, ] = 6.9 Hz, CHs). The free amine n6a was turned into its HCI-salt
by adding HCl (0.5mL, 6.1 mmol, 37%, aq) to n6a (74 mg,
0.29 mmol) in MeCN (4 mL). The evaporated crude salt was then
crystallized from EtOH, washed with MeCN (3 x 2 mL) and dried,
affording 6a as an off-white solid (23 mg, 0.08 mmol, 27%, mp
144.0-146.2 °C). HPLC (C18, 3:5 H,0f/MeOH + 0.1% TFA, 0.75 mL{
min, 214 nm): 5.1 min, 99% pure. '"H NMR (600 MHz, d4-MeOD):
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5 8.42 (s, TH, Hiazole-5), 4.48 (t, 2H, J= 6.9 Hz, CHy), 3.70 (t, 2H,
J=5.8 Hz, CHy), 3.19 (t, 2H, J = 5.7 Hz, CH,), 1.94 (p, 2H, /= 7.4 Hz,
CHy), 1.41-1.26 (m, 8H, 4x CH,), 0.91 (t, 3H, J= 7.3 Hz, CH3). 1°C
NMR (150 MHz, d4-MeOD): & 164.0 (Ccmo), 143.6 (Curiazole-4),
127.5 (Curiazole-5), 51.7 (triazole-CH,), 41.2 (CHy), 38.2 (CHy), 32.9
(CHa), 31.4 (CHa), 29.9 (CH,), 27.5 (CHy), 23.7 (CHy), 14.5 (CHs).
IR: 3280 (w), 1919 (m), 2855 (w), 1653 (s), 1570 (s), 1522 (m),
1509 (w), 1466 (w), 1256 (m), 1233 (m), 1169 (s), 1047 (s), 848
(s), 716 (m), 688 (s) cm~'. HRMS (APCIJASAP, mjz): 254.1980
(Caled. C13H24N50, 254.1981, [M—CI]*).

4.7.21. 1-(Adamantan-1-yl)-N-(2-aminoethyl)-1H-1,2,3-triazole-4-
carboxamide (n6b) and 2-(1-(adamantan-1-yl)-1H-1,2,3-triazole-4-
carboxamido )ethan-1-aminium chloride (6b)

The title compound n6b was prepared according to Method D
with 3b (70mg, 0.27 mmol) and ethylene diamine (0.338g,
5.63 mmol), affording n6éb as a white solid (82 mgx, 0.27 mmol,
quant.). 'H NMR (400 MHz, CDCls): & 8.13 (s, 1H, Hiazole-5), 7.45
(bs, 1H, NH), 3.51 (q, 2H, J=6.1 Hz, CH,), 2.93 (t, 2H, /= 6.1 Hz,
CHy), 2.32-2.19 (m, 9H, Haqa-CH/CH,), 1.86-1.73 (m, 6H, Hada-
CH,). The free amine 6b was turned into its HCl-salt by adding
HCI (0.25 mL, 3.04 mmol, 37%, aq) to n6a (25 mg, 0.09 mmol) in
MeCN (4 mL). The evaporated crude salt was then washed with
MeCN (3 x 2mL) and DCM (3 x 2 mL) and dried, affording 6b as
a white solid (31 mg**, 0.09 mmol, quant., mp > 195 °C decomp.).
HPLC (C18, 3:5 H,O/MeOH +0.1% TFA, 0.75 mL/min, 214 nm):
5.0 min, 98%. 'H NMR (400 MHz, d4-MeOD): 5 8.49 (s, 1H, Heiazole-
5), 3.70 (t, 2H, J = 5.8 Hz, CH,), 2.93 (t, 2H, J = 5.6 Hz, CH,), 2.35-
2.25 (m, 9H, Hpg,-CH/CH,), 1.94-1.81 (m, 6H, Hpq,-CH,). '3C
NMR (100 MHz, d4-MeOD): & 164.3 (Cco, from HMBC), 143.1 (Cyi.
azole-4, from HMBC), 124.2 (Ciriazote-5), 61.9 (Cg-Ada), 44.0 (Caqa),
41.1 (CHy), 38.1 (CH3), 37.0 (Cada), 31.1 (Cada)- IR: 3349 (m), 2910
(s), 1556 (s), 1578 (s), 1510 (m), 1259 (w), 1237 (w), 1169 (w),
1035 (w), 1022 (w), 848 (m), 690 (s) cm~'. HRMS (APCIfASAP, m{
z): 290.1980 (Calcd. C15H24N50, 290.1981, [M—CI]*).

*Theoretic 100% yield = 78 mg: 4 mg from unidentified byprod-
ucts and residual ethylene diamine.

**The additional 3 mg were mostly water and solvent residues.

4.7.22. N-(2-Aminoethyl)-1-(4-(tert-butyl)benzyl)-1H-1,2,3-triazole-
4-carboxamide (n6c) and 2-(1-(4-(tert-butyl)benzyl)-1H-1,2,3-
triazole-4-carboxamido Jethan-1-aminium chloride (6¢c)

The title compound was prepared according to Method D with
3¢ (0.20 g, 0.73 mmol) and ethylene diamine (0.66 g, 10.98 mmol),
for 24h at 50°C. Affording n6c as a white solid (0.220g,
0.73 mmol, quant.). "TH NMR (400 MHz, CDCl5): 6 7.94 (s, TH, Hija-
zole=5), 7.48-7.36 (m, 3H, Hpyp-2 and Hpy-6 + NH), 7.25-7.19 (m, 2H,
Hpp-3 and Hpp-5), 5.51 (s, 2H, Hgy), 3.49 (q, 2H, ] = 6.0 Hz, CH,), 2.92
(t, 2H, J= 5.7 Hz, CH,), 1.31 (s, 9H, t-Bu). The free amine n6c was
turned into its HCl-salt by adding HCl (0.75 mL, 9.12 mmol, 37%,
aq) to n6¢c (75 mg, 0.25 mmol) in i-PrOH (5 mL). The evaporated
crude salt was then crystallized in DCM and washed with MeCN
(3 x 2mL) and DCM (3 x 2 mL) and dried, affording 6c as a white
solid (50 mg, 0.15 mmol, 59%, mp 218.0-220.4 °C). HPLC (C18,
3:5 H,OfMeOH + 0.1% TFA, 0.75 mL{min, 214 nm): 6.7 min, 99%
pure. '"H NMR (600 MHz, d4-MeOD): & 8.39 (s, 1H, Huiazole-5).
7.47-7.42 (m, 2H, Hpy-2 and Hpp-6), 7.34-7.28 (m, 2H, Hpp-3 and
Hpn-5), 5.63 (s, 2H, Hg,), 3.68 (t, 2H, J = 6.0 Hz, CH,), 3.17 (t, 2H,
J = 5.7 Hz, CHy), 1.32 (s, 9H, t-Bu). '*C NMR (150 MHz, d4-MeOD):
& 163.7 (Cc=o), 153.2 (Cpy-4), 143.9 (Ciriazole-4), 133.6 (Cpp-1),
129.2 (Cpp-3 and Cpp-5), 127.5 (Criazote-5), 127.2 (Cpy-2 and Cpp-
6), 55.0 (Cgn), 41.1 (CH,), 38.1 (CHy), 35.6 (Cq-t-Bu), 31.8 (t-Bu).
IR: 2955 (w), 2904 (s), 1658 (s), 1571 (s), 1507 (s), 1236 (m),
1033 (m), 844 (m) cm™'. HRMS (APCIJASAP, mjz): 302.1980 (Calcd.
C16H24N50, 302.1981, [M—CI]").

4.7.23. N-(2-Aminoethyl)-1-(3,5-di-tert-butylbenzyl)-1H-1,2,3-
triazole-4-carboxamide (n6d) and 2-(1-(3,5-di-tert-butylbenzyl)-1H-
1,2,3-triazole-4-carboxamido Jethan-1-aminium chloride (6d)

The title compound n6d was prepared according Method D
with 3d (0.05g, 0.15mmol) and ethylene diamine (0.136g,
2.28 mmol), for 18 h at 50 °C. Affording n6d as a white solid
(54 mg, 0.15 mmol, quant.). "H NMR (400 MHz, CDCls): 6 7.92 (s,
1H, Huiazole-5), 7.50-7.41 (m, 2H, Hp,-4+NH), 7.12 (d, 2H,
J=16Hz, Hpp-2 and Hpy-6), 5.51 (s, 2H, Hg,), 3.49 (q, 2H,
J=6.2Hz, CHy), 2.92 (t, 2H, J=6.2 Hz, CH,), 1.30 (s, 18H, 2x t-
Bu). The free amine n6d was turned into its HCl-salt by adding
HCl (0.25 mL, 3.04 mmol, 37%, aq) to n6d (37 mg, 0.10 mmol) in
i-PrOH (3 mL). Evaporation of volatiles afforded 6d as an off-white
solid (38 mg, 0.097 mmol, 93%, mp 228.7-231.2 °C). HPLC (C18, 3:5
H,0/MeOH + 0.1% TFA, 0.75 mL/min, 214 nm) 31.5 min, 97% pure.
'"H NMR (400 MHz, d6-DMSO): & 8.76-8.70 (m, 2H, Huiazole-5
+NH), 8.00 (bs, 3H, NH3), 7.37 (t, 1H, J= 1.9 Hz, Hpy-4), 7.23 (d,
2H, J=1.7 Hz, Hpp-2 and Hpy-6), 5.62 (s, 2H, Hgy), 3.51 (q, 2H,
J=5.8 Hz, CHa), 2.96 (q, 2H, ] = 5.8 Hz, CH,), 1.26 (s, 18H, 2x t-
Bu). '3C NMR (100 MHz, d6-DMSO0): & 160.3 (Ccmo), 150.9 (Cpp-3
and Cpy-5), 142.7 (Ciriazote=4), 134.8 (Cpn-1), 126.6 (Curiazote=5),
122.3 (Cpy-2 and Cpy-6), 121.9 (Cpp-4), 53.7 (Cgn), 38.6 (CH2), 36.5
(imp.), 36.3 (CHy), 34.5 (Cq-t-Bu), 31.2 (t-Bu). IR: 2953 (m), 2903
(w), 1666 (s), 1572 (s), 1503 (m), 1362 (m), 1248 (m), 1047 (m),
1031 (m), 878 (w), 837 (m), 713 (s) cm~'. HRMS (APCIfASAP, mf
z): 358.2608 (Calcd. C2oH3,2Ns0, 358.2607, [M—CI]").

4.8. Amino(4-(1-heptyl-1H-1,2,3-triazole-4-carbonyl)piperazin-1-yl)
methaniminium chloride (7a)

The title compound 7a was prepared according to a general and
modified”® procedure by Bernatowicz.”’ Where nda (0.10g,
0.36 mmol) and 1H-pyrazole carboxamidine hydrochloride
(50 mg, 0.34 mmol) were refluxed in MeCN (5 mL) for 3.5 h. Then,
the reaction mixture was cooled down, and the formed precipitate
was filtered off and washed with MeCN and DCM. The crude was
then recrystallized twice in MeCN and dried, affording 7a as white
crystals (51 mg, 0.14 mmol, 42%, mp 170.7-173.0 °C). HPLC (C18,
3:5 H,0/MeOH + 0.1% TFA, 0.75 mL/min, 214 nm): 5.4 min, 96%
pure. '"H NMR (400 MHz, d4-MeOD): § 8.42 (s, 1H, Hiazole-5),
4.46 (t, 2H, J = 6.4 Hz, CH,), 4.35 (bs, 2H, Hpip-2 and Hpip-6), 3.87
(bs, 2H, Hpip-2 and Hpip-6), 3.67-3.60 (m, 4H, Hpip-3 and Hpip-5),
1.92 (p, 2H, /= 7.4 Hz, CHy), 1.42-1.23 (m, 8H, 4x CH,), 0.90 (t,
3H,J = 6.8 Hz, CH3). '*C NMR (100 MHz, d4-MeOD): 6 162.5 (Cc=o),
158.6 (Cguan): 144.0 (Crriazole=4), 129.9 (Ceriazote-5), 51.7 (CHa), 46.9
(Cpip=2 or Cpip-6), 46.1 (Cpip-3 and Cpip-5), 43.0 (Cpip-2 or Cpip-6),
329 (CHy), 31.4 (CHy), 29.9 (CHy), 27.5 (CH,), 23.7 (CHy), 14.5
(CHs). IR: 3310 (w), 3122 (w), 1649 (w), 1598 (s), 1247 (m), 1229
(w), 1052 (w), 988 (s), 762 (m) cm™'. HRMS (APCI/ASAP, m/z):
322.2354 (Calcd. CysH2sN70, 322.2355, [M—CI]").

4.9. (4-(1-(Adamantan-1-yl)-1H-1,2,3-triazole-4-carbonyl)piperazin-
1-yl)(amino)methaniminium chloride (7b)

The title compound 7b was prepared according to a procedure
described by Bernatowicz et al.”” Where ndb (25 mg, 0.08 mmol)
and 1H-pyrazole carboxamidine hydrochloride (12 mg, 0.08 mmol)
were stirred in DMF (2 mL) for 97 h at room temperature. The
crude product was precipitated from the mixture with Et,0 and fil-
tered. The crude precipitate was crystallized from MeOH and Et,0
and washed with DCM (3 x 2 mL) before it was dried, affording 7b
as a white solid (20 mg, 0.05 mmol, 64%, mp > 175 °C decomp.).
HPLC (C18, 3:5 H,0fMeOH +0.1% TFA, 0.75 mL/min, 214 nm):
5.0 min, 95% pure. 'H NMR (400 MHz, d4-MeOD): § 8.47 (s, 1H, H;.
azole=5), 4.35 (bs, 2H, Hpip-2 and Hpip-6), 3.89 (bs, 2H, Hpi,-2 and
Hpip-6), 3.67-3.60 (m, 4H, Hp;p-3 and Hpip-5), 2.33-2.24 (m, 9H,
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Hada-CH/CH,), 1.91-1.80 (m, 6H, Hag,-CH,). '*C NMR (150 MHz,
d4-MeOD): 6 162.7 (Cc=o), 158.6 (Couan), 143.5 (Curiazole-4), 126.7
(Ctriazole-5), 62.0 (C4-Ada), 46.9 (broad, Cp;p-2 or Cpjp-6), 46.1 (broad,
Cpip-3 and Cpip-5), 44.0 (Cada), 43.0 (broad, Cpip-2 or Cpip-6), 37.0
(Cada), 31.1 (Caga). IR: 3323 (w), 3154 (w), 1658 (m), 1597 (s),
1529 (m), 1441 (m), 1239 (s), 1017 (m), 990 (s) cm~'. HRMS
(APCIJASAP, mfz): 358.2353 (Calcd. CigHpsN;0, 358.2355,
[M—CI]").

4.10. Amino(4-(1-(3,5-di-tert-butylbenzyl)-1H-1,2,3-triazole-4-
carbonyl)piperazin-1-yl)methaniminium chloride (7d)

The title compound 7d was prepared according to the condi-
tions described for 7a from n4d (0.05 g, 0.13 mmol) and 1H-pyra-
zole carboxamidine hydrochloride (19 mg, 0.128 mmol), with
22 h reflux. Filtration of the cooled reaction mixture and washing
the precipitate with MeCN (3 x 3 mL), DCM (3 x 2 mL) and Et,0
(3 x5mL) followed by drying, afforded 7d as a white solid
(31 mg, 0.067 mmol, 52%, mp 230.1-232.2 °C). HPLC (C18, 3:5
H,0/MeOH + 0.1% TFA, 0.75 mL/min, 214 nm): 33.1 min, 94% pure.
"H NMR (400 MHz, d4-MeOD): 5 8.39 (s, 1H, Hiazole-5), 7.45 (s, 1H,
Hpn-4), 7.25 (s, 2H, Hpp-2 and Hpy-6), 5.62 (s, 2H, Hg,), 4.35 (bs, 2H,
Hpip-2 and Hpip-6), 3.85 (bs, 2H, Hpip-2 and Hpi-6), 3.67-3.58 (m,
4H, Hpip-3 and Hpip-5), 1.31 (s, 18H, 2x t-Bu). >C NMR (100 MHz,
d4-MeOD): 5 162.4 (Ccmo), 158.6 (Cguan), 153.1 (Cpp-3 and Cpy-5),
144.4 (Cuiazole=4), 135.7 (Cpn-1), 129.9 (Curiazote-5), 124.0 (Cpn-4),
123.8 (Cpp-2 and Cpp-6), 55.8 (Cgp), 46.9 (broad, Cpip-2 or Cpip-6),
46.1 (broad, Cpip-3 and Cpip-5), 43.0 (broad, Cpip-2 or Cpip-6), 35.9
(Cq-t-Bu), 31.9 (t-Bu). IR: 2954 (w), 1668 (w), 1588 (s), 1549 (m),
1433 (m), 1244 (m), 1055 (w), 992 (s) cm~'. HRMS (APCI/ASAP,
m/z): 426.2978 (Calcd. Co3H36N70, 426.2981, [M—CI]*).

4.11. Amino((2-(1-heptyl-1H-1,2,3-triazole-4-carboxamido )ethyl)
amino)methaniminium chloride (8a)

The title compound 8a was prepared according to the condi-
tions described for 7a from n6a (0.10 g, 0.39 mmol) and 1H-pyra-
zole carboxamidine hydrochloride (0.052 g, 0.36 mmol), with 4 h
reflux. Filtration upon cooling and careful washing of the precipi-
tate with MeCN (3 x 3 mL) afforded 8a as a red solid (89 mg,
0.27 mmol, 76%, mp 144.0-146.2 °C). HPLC (C18, 3:5 H,0f/MeOH
+0.1% TFA, 0.75 mL/min, 214 nm): 5.6 min, 96% pure. H NMR
(400 MHz, d4-MeOD): & 8.39 (s, 1H, Hgiazole-5), 4.45 (t, 2H,
J=7.1Hz, CHy), 3.58 (t, 2H, /= 6.0 Hz, CH,), 3.42 (t, 2H, = 6.2 Hz,
CHy), 1.92 (p, 2H, J=6.9 Hz, CH,), 1.41-1.22 (m, 8H, 4x CH,),
0.89 (t, 3H, J=6.7 Hz, CHs). 3C NMR (100 MHz, d4-MeOD): &
163.6 (Cc=o0), 159.1 (Cguan). 143.7 (Ciriazote4), 1274 (Ceriazote-5),
51.7 (triazole-CH,), 42.2 (CH,), 39.4 (CH,), 32.9 (CH,), 31.4 (CH),
29.9 (CHy), 27.5 (CHy), 23.7 (CHy), 14.5 (CHs). IR: 3350 (w), 3108
(w), 2921 (w), 1651 (s), 1629 (s), 1575 (s), 1504 (w), 1450 (w),
1225 (m), 1048 (m), 774 (m) cm '. HRMS (APCIJASAP, m/z):
296.2197 (Calcd. C13H26N-0, 296.2199, [M—CI]*).

4.12. ((2-(1-(Adamantan-1-yl)-1H-1,2,3-triazole-4-carboxamido)
ethyl)amino)(amino)methaniminium chloride (8b)

The title compound 8b was prepared according to the proce-
dure described for 8a from n6b (0.047 g, 0.16 mmol) and 1H-pyra-
zole carboxamidine hydrochloride (24 mg, 0.16 mmol). Affording
8b as a red solid (30 mg, 0.08 mmol, 50%, mp 180.0-186.8 °C).
HPLC (C18, 3:5 H,0/MeOH +0.1% TFA, 0.75 mL/min, 214 nm):
5.1 min, 95% pure. "H NMR (400 MHz, d6-DMSO): 6 8.68 (s, 1H, Hyi.
azole-5), 8.59 (t, 1H, / = 6.0 Hz, NH), 7.57 (t, 1H, / = 6.0 Hz, NH), 3.45-
3.37 (m, 2H, CHy), 3.34-3.27 (m, 5H, CH,+H,0 from d6-DMSO),
221 (bs, 9H, Haga-CH/CH,), 1.75 (bs, 6H, Haga-CHs). '>C NMR
(100 MHz, d4-MeOD): 6 163.7 (Cc=0), 159.1 (Cguan), 143.0 (Ctriazote-

4), 124.1 (Ciiazole5). 61.9 (Cq-Ada), 44.0 (Caga) 422 (CHy), 39.4
(CHy), 37.0 (Caga). 31.1 (Caga). IR: 3358 (w), 3110 (w), 1653 (s),
1628 (s), 1573 (m), 1498 (w), 1049 (w) cm~'. HRMS (APCI/ASAP,
mjz): 332.2198 (Calcd. C16Ha6N-0, 332.2199, [M—CI]").

4.13. Amino((2-(1-(4-(tert-butyl)benzyl)-1H-1,2,3-triazole-4-
carboxamido Jethyl)amino)methaniminium chloride (8c)

The title compound 8¢ was prepared according to the condi-
tions described for 7a from n6c (0.073 g, 0.24 mmol) and 1H-pyra-
zole carboxamidine hydrochloride (34 mg, 0.23 mmol), where
filtration of the cooled reaction mixture and careful washing with
MeCN (3 x 2 mL) afforded 8¢ as a red solid (60 mg, 0.16 mmol,
69%, mp 131.2-136.1 °C). HPLC (C18, 3:5 H,0{MeOH + 0.1% TFA,
0.75 mL/min, 214 nm): 7.1 min, 95% pure. "H NMR (400 MHz, d4-
MeOD): 6 8.35 (s, 1H, Heriazole-5), 7.45-7.38 (m, 2H, Hpy-2 and
Hpp-6), 7.32-7.25 (m, 2H, Hpy-3 and Hpp-5), 5.60 (s, 2H, Hg,), 3.56
(t, 2H, J=5.9 Hz, CH,), 3.41 (t, 2H, = 5.9 Hz, CH,), 1.30 (s, 9H, t-
Bu). '>C NMR (100 MHz, d4-MeOD): § 163.4 (Cc=o), 159.1 (Ccuan),
153.2 (Cpp-4), 144.0 (Cuiazote-4), 133.5 (Cpy-1), 129.2 (Cpy-3 and
Cpy-5), 127.3 (Cpp-2 and Cpy-6), 127.2 (Cyriazote-5), 55.0 (Cpy), 41.2
(CH,), 39.3 (CHy), 35.6 (Cq-t-Bu), 31.8 (t-Bu). IR: 3352 (w), 3112
(w), 2959 (w), 1652 (s), 1631 (s), 1573 (s), 1253 (w), 1230 (w),
1044 (w) cm™'. HRMS (APCIJASAP, m/z): 344.2199 (Calcd.
C17H26N50, 344.2199, [M-CI]*).

4.14. Amino((2-(1-(3,5-di-tert-butylbenzyl)-1H-1,2,3-triazole-4-
carboxamido Jethyl)amino)methaniminium chloride (8d)

The title compound 8d was prepared according to the protocol
shown for 8c from n6d (0.103 g, 0.29 mmol) and 1H-pyrazole car-
boxamidine hydrochloride (40 mg, 0.27 mmol), where the cooled
reaction mixture was evaporated and crystallized with MeCN and
Et,0. The crude was then recrystallized in MeCN affording 8d as
a red solid (47 mg, 0.11 mmol, 39%, mp 205.9-209.8 °C). HPLC
(C18, 3:5 H,0/MeOH + 0.1% TFA, 0.75 mLfmin, 214 nm): 33.7 min,
97% pure. "H NMR (400 MHz, d4-MeOD): & 8.36 (s, 1H, Hrriazole-
5), 7.44 (s, 1H, Hpp-4), 7.23 (s, 2H, Hpy-2 and Hpp-6), 5.62 (s, 2H,
Hgn), 3.57 (t, 2H, J = 5.6 Hz, CH,), 3.41 (t, 2H, J = 6.0 Hz, CH,), 1.30
(s, 18H, 2x t-Bu). '*C NMR (100 MHz, d4-MeOD): § 163.4 (Cc=o),
159.1 (Cguan), 153.2 (Cpy-3 and Cpp-5), 143.9 (Criazote-4), 135.7
(Cen-1), 127.3 (Curiazole-5), 123.9 (Cpn-4), 123.7 (Cpp-2 and Cpy-6),
55.8 (Cgp), 42.2 (CHy), 39.3 (CHy), 35.9 (Cq-t-Bu), 31.9 (t-Bu). IR:
2960 (w), 1679 (w), 1656 (s), 1641 (s), 1574 (s), 1223 (m), 1061
(w), 848 (m) cm~'. HRMS (APCIJASAP, m/z): 400.2821 (Calcd.
C21H34N70, 400.2821, [M-CI]).

4.15. N-(2-Aminoethyl)-1-(3,5-di-tert-butylphenyl)-1H-1,2,3-
triazole-4-carboxamide (n9e) and 2-(1-(3,5-di-tert-butylphenyl)-1H-
1,2,3-triazole-4-carboxamido )ethan-1-aminium chloride (9e)

The title compound n9e was prepared according to Method D
from 3e (0.20 g, 0.63 mmol) and ethylene diamine (0.57 g,
9.51 mmol), for 20 h at room temperature. Affording n9e as a white
solid (0.196 g, 0.57 mmol, 90%). "H NMR (400 MHz, CDCl5): 5 8.49
(s, 1H, Hgiazole-5), 7.57-7.47 (m, 4H, Hp,+NH), 3.56 (q, 2H, J= 6.2
Hz, CH,), 2.98 (t, 2H, J = 5.5 Hz, CH,), 1.38 (s, 18H, 2x t-Bu). The
free amine n9e was turned into its HCl-salt by adding HCI
(0.10 mL, 1.22 mmol, 37%, aq.) to n9e (30 mg, 0.09 mmol) in MeCN
(2 mL). Evaporation of volatiles afforded 9e as a white solid (37 mg,
0.09 mmol, quant., mp 261.1-267.5°C). HPLC (C18, 3:5 H,0/
MeOH + 0.1% TFA, 0.75 mL/min, 214 nm): 37.7 min, 98% pure. 'H
NMR (400 MHz, d4-MeOD): 6 8.96 (s, 1H, Hiazole-5), 7.68 (bs, 2H,
Hpp-2 and Hpy-6), 7.63 (bs, 1H, Hpy-4), 3.73 (t, 2H, J=5.7 Hz,
CH,), 3.21 (t, 2H, J = 5.5 Hz, CH,), 1.39 (s, 18H, 2x t-Bu). >C NMR
(100 MHz, d4-MeOD): 163.7 (Cc=0), 154.6 (Cpp-3 and Cpp-5),
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144.3 (Curiazole-4), 137.9 (Cpn-1), 126.0 (Curiazote-5), 124.8 (Cpn-4),
116.6 (Cpp-2 and Cpy-6), 41.2 (CHy), 38.2 (CH), 36.3 (Cq-t-Bu),
31.8 (¢-Bu). IR: 3284 (w), 2957 (w), 1665 (s), 1580 (s), 1490 (s),
1169 (m), 1051 (m), 875 (m), 703 (s) cm . HRMS (APCIJASAP,
m/z): 344.2449 (Calcd. CyoHsoNs0, 344.2450, [M—CI]").

4.16. N-(2-Aminoethyl)-1-(4-(heptyloxy )phenyl)-1H-1,2,3-triazole-4-
carboxamide (n9f) and 2-(1-(4-(heptyloxy )phenyl)-1H-1,2,3-triazole-
4-carboxamido Jethan-1-aminium chloride (9f)

The title compound n9f was prepared according to Method D
from 3f (0.10 g, 0.32mmol) and ethylene diamine (0.28 g,
4.73 mmol), with 20 h at reflux. re-evaporation of the crude from
DCM afforded n9f as a white solid (0.100 g, 0.29 mmol, 92%). 'H
NMR (400 MHz, d6-DMSO): 6 9.15 (s, 1H, Heriazole-5), 8.53 (t, 1H,
J=6.1 Hz, NH), 7.88-7.82 (m, 2H, Hpy-3 and Hpp-5), 7.17-7.10
(m, 2H, Hpp-2 and Hpp-6), 4.05 (t, 2H, J= 6.5 Hz, 0—CH,), 3.29 (q,
2H, J= 6.5 Hz, CH,), 2.70 (t, 2H, J=6.5 Hz, CH,), 1.79-1.70 (m,
2H, CH,), 1.48-1.24 (m, 8H, 4x CH,), 0.91-0.85 (m, 3H, CHs). The
free amine n9f was turned into its HCl-salt by adding HCI
(0.15 mL, 1.83 mmol, 37% aq) to n9f (30 mg, 0.09 mmol) in MeCN
(3 mL). Evaporation of volatiles, washing with MeCN (3 x 2 mL)
and drying afforded 9f as an off white solid (27 mg, 0.07 mmol,
81%, mp 240.0-246.0 °C). HPLC (C18, 1:3 H,0/MeOH + 0.1% TFA,
0.75 mL{min, 214 nm): 7.3 min, 95% pure. '"H NMR (400 MHz, d4-
MeOD): 6 8.83 (s, 1H, Hgiazole-5), 7.76 (d, 2H, J=7.9 Hz, Hpy-3
and Hpy-5), 7.12 (d, 2H, J= 8.6 Hz, Hpy-2 and Hpy-6), 4.06 (t, 2H,
J=6.5 Hz, 0—CH,), 3.71 (t, 2H, J = 5.6 Hz, CH,), 3.20 (t, 2H, /= 6.1
Hz, CH,), 1.82 (p, 2H, /= 7.0 Hz, CH;), 1.56-1.28 (m, 8H, 4x CH,),
0.95-0.88 (m, 3H, CHs). '3C NMR (150 MHz, d4-MeOD): § 163.7
(Cc=0), 161.6 (Cpy-4), 144.2 (Criazote-4), 131.3 (Cpp-1), 125.7 (Cyria-
zole=3), 123.6 (Cpp-3 and Cpy-5), 116.7 (Cpp-2 and Cpp-6), 69.7
(0—CHa), 41.2 (CH,), 38.2 (CH,), 33.1 (CHy), 30.5 (CH,), 30.3
(CHy), 27.3 (CHy), 23.8 (CH3), 14.6 (CH3). IR: 2914 (w), 1659 (m),
1599 (m), 1578 (m), 1515 (s), 1250 (s), 1215 (m), 1180 (w), 1166
(m), 1054 (m), 1037 (m), 987 (w), 831 (s) cm ™. HRMS (APCIJASAP,
mjz): 346.2242 (Calcd. CgH,5Ns0,, 346.2243, [M—CI]*).

4.17. N-(2-Aminoethyl)-1-(4-((3,5-di-tert-butylbenzyl)oxy)phenyl)-
1H-1,2,3-triazole-4-carboxamide (n9g) and 2-(1-(4-((3,5-di-tert-
butylbenzyl)oxy )phenyl)-1H-1,2,3-triazole-4-carboxamido Jethan-1-
aminium chloride (9g)

The title compound n9g was prepared according to Method D
from 3g (0.10 g, 0.24 mmol) and ethylene diamine (0.21 g,
3.56 mmol), with 28 h at reflux. Affording n9g as a white solid
(0.103 g, 0.23 mmol, 96%). "H NMR (400 MHz, CDCls): & 8.41 (s,
1H, Hiiazole-5), 7.68-7.61 (m, 2H, Hphenox-3 and -5), 7.52 (t, 1H,
J=6.0 Hz, NH), 7.43 (t, 1H, J=1.9 Hz, Hpp-4), 7.29 (d, 2H, J= 1.6
Hz, Hpp-2 and Hpyp-6), 7.17-7.11 (m, 2H, Hphenox-2 and -6), 5.09
(s, 2H, Hgp), 3.55 (q, 2H, J = 6.0 Hz, CH,), 2.97 (t, 2H, 6.0 Hz, CH,),
1.35 (s, 18H, 2x t-Bu). The free amine n9g was turned into its
HCl-salt by adding HCI (0.10 mL, 1.22 mmol, 37% aq) to a filtered
solution of n9g (20 mg, 0.044 mmol) in THF (3 mL). Evaporation
of volatiles, washing with THF (3 x 2 mL) and drying afforded 9g
as a white solid (18 mg, 0.037 mmol, 83%, mp 250.0-254.5 °C).
HPLC (C18, 1:3 H,O0/MeOH +0.1% TFA, 0.75 mL/min, 214 nm):
23.3 min, 97% pure. TH NMR (400 MHz, d4-MeOD): ¢ 8.84 (s, 1H,
Hiriazole-5), 7.78 (d, 2H, J = 8.4 Hz, Hphenox-3 and -5), 7.43 (s, 1H,
Hpy-4), 7.31 (s, 2H, Hpp-2 and Hpy-6), 7.22 (d, 2H, J = 8.4 HZ, Hphenox-
2 and -6), 5.16 (s, 2H, Hg,), 3.71 (t, 2H, J = 5.7 Hz, CH;), 3.20 (t, 2H,
J=5.4 Hz, CHy), 1.33 (s, 18H, 2x t-Bu). '*C NMR (150 MHz, d4-
MeOD): 6 163.7 (Cc=0), 161.3 (Cphenoxyi-4), 152.4 (Cpp-3 and Cpy-
5), 144.3 (Ceriazole4), 137.4 (Cpn-1), 131.5 (Cphenox-1), 125.7 (Cria-
z0le=5), 123.6 (Cppenox-3 and -5), 123.2 (Cpp-4), 123.19 (Cpy-2 and
Cpn=6), 117.2 (Cphenox-2 and -6), 72.3 (Cgy), 41.2 (CHy), 38.2 (CHy),

35.9 (Cq-t-Bu), 32.0 (t-Bu). IR: 2957 (w), 1662 (m), 1602 (m),
1581 (m), 1517 (s), 1248 (m), 1167 (m), 1054 (m), 873 (w), 823
(m) cm™'. HRMS (APCIJASAP, m/z): 450.2869 (Calcd. CosH36N50,
450.2869, [M—Cl]*). pH = 3,5-di-tert-butylbenzyl.

4.18. Amino((2-(1-(3,5-di-tert-butylphenyl)-1H-1,2,3-triazole-4-
carboxamido Jethyl)amino)methaniminium chloride (10e)

The title compound 10e was prepared according to the condi-
tions shown for 7a from n9e (0.05 g, 0.15 mmol) and 1H-pyrazole
carboxamidine hydrochloride (21 mg, 0.15 mmol), with 21 h
reflux. The cooled reaction mixture was evaporated, dissolved in
MeOH (1-2 mL), filtered and crystallized with Et,0. Washing of
the formed precipitate with MeCN (2 x2mL) and Et,0
(3 x 10mL) followed by drying, afforded 10e as a pink solid
(32 mg, 0.076 mmol, 52%, mp 272-276 °C). HPLC (C18, 3:5 H,0/
MeOH + 0.1% TFA, 0.75 mLfmin, 214 nm): 42.3 min, 95% pure. 'H
NMR (600 MHz, d4-MeOD): § 8.95 (s, 1H, Heriazole-5), 7.67 (d, 2H,
J=1.7 Hz, Hpy-2 and Hpy-6), 7.63 (t, 1H, J = 1.7 Hz, Hpp-4), 3.62 (t,
2H, J=6.2 Hz, NH-CH,), 3.46 (t, 2H, J=6.2 Hz, guanidine-CH,),
1.40 (s, 18H, 2x t-Bu). *C NMR (150 MHz, d4-MeOD): ¢ 163.3
(Ce=0), 159.1 (Cguan), 154.6 (Cpn-3 and Cpy-5), 144.4 (Ciriazote=4),
137.9 (Cpn-1), 125.9 (Ciriazole-5), 124.8 (Cpp-4), 116.6 (Cpy-2 and
Cpy-6), 42.2 (guanidine-CH,), 39.5 (NH-CH,), 36.3 (C¢-t-Bu), 31.8
(t-Bu). IR: 3287 (w), 3139 (w), 2954 (w), 1657 (m), 1620 (s),
1578 (s), 876 (w), 851 (w), 705 (m) cm~'. HRMS (APCIJASAP, mf
z): 386.2668 (Calcd. CyoH3,N-0, 386.2668, [M—CI]").

4.19. Amino((2-(1-(4-(heptyloxy)phenyl)-1H-1,2,3-triazole-4-
carboxamido Jethyl)amino)methaniminium chloride (10f)

The title compound 10f was prepared according to a modified*®
general procedure described by Bernatowicz et al.?” Where n9f
(40 mg, 0.12 mmol) and 1H-pyrazole carboxamidine hydrochloride
(26 mg, 0.07 mmol) was refluxed for 20 h, added triethylamine
(50 mg, 0.49 mmol) refluxed for 20 h, added 1H-pyrazole carbox-
amidine hydrochloride (10 mg, 0.17 mmol) and triethylamine
(20 mg, 0.20 mmol) followed by a third round of reflux for 20 h.
The cooled reaction mixture was evaporated, and the crude was
washed with MeCN (3 x 2 mL) and H,0 (3 x 1 mL) before it was
dried. The dried crude was dissolved in MeOH and filtered, evapo-
ration afforded 10f as a red solid (24 mg, 0.057 mmol, 49%, mp
196.0-200.4 °C). HPLC (C18, 3:5 H,0/MeOH +0.1% TFA, 0.75 mL{
min, 214 nm): 33.7 min, 95% pure. 'H NMR (400 MHz, d6-DMSO):
69.21 (s, 1H, Hesiazole-5), 8.74 (t, 1H, /= 5.5 Hz, NH), 7.89-7.83 (m,
2H, Hpp-3 and Hpy-5), 7.53 (t, 1H, J = 5.5 Hz, NH), 7.17-7.10 (m, 2H,
Hpp-2 and Hp,-6), 4.05 (t, 2H, J = 7.4 Hz, 0—CH,), 3.45 (q, 2H, /= 5.8
Hz, CHy), 3.37-3.29 (m, CH,+H,0 from DMSO), 1.75 (p, 2H, /= 8.2
Hz, CH,), 1.48-1.22 (m, 8H, 4x CH,), 0.92-0.85 (m, 3H, CHs). 1*C
NMR (150 MHz, d6-DMSO): 6 159.9 (Cc=0), 159.1 (Cpy-4), 157.0
(Couan), 143.3 (Crriazote-4), 129.5 (Cpn-1), 124.6 (Ciriazole=5), 122.1
(Cpp-3 and Cpy-5), 115.4 (Cpy-2 and Cpy-6), 68.0 (0O—CH>), 40.3
(CHy), 37.8 (CHy), 31.2 (CHy), 28.6 (CH;), 28.4 (CH>), 25.4 (CH>),
22.0 (CH,), 13.9 (CHs). IR: 3346 (w), 3098 (w), 2923 (w), 1658
(s), 1630 (s), 1572 (s), 1518 (s), 1500 (s), 1242 (s), 1036 (m), 826
(s) cm~'. HRMS (APCI/ASAP, m/z): 388.2458 (Calcd. C1oH30N;0,,
388.2461, [M—Cl]").

4.20. Amino((2-(1-(4-((3,5-di-tert-butylbenzyl)oxy)phenyl)-1H-1,2,3-
triazole-4-carboxamido Jethyl)amino) methaniminium chloride (10g)

The title compound 10g was prepared according to the proce-
dure shown for 10f from n9g (44 mg, 0.098 mmol) and 1H-pyra-
zole carboxamidine hydrochloride (16 mg+5 mg+5 mg, total:
26 mg, 0.177 mmol), with DMF at room temperature for the third
round of stirring. Affording 10g as a red solid (12 mg, 0.023 mmol,
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23%, mp 259.6-261.3 °C). HPLC (C18, 3:7 H,0f/MeOH + 0.1% TFA,
0.75 mLfmin, 214 nm): 40.2 min, 96% pure. 'H NMR (600 MHz,
d4-MeOD): § 8.82 (s, 1H, Hriazote-5), 7.80-7.75 (m, 2H, Hphenox-3
and -5), 7.43 (t, 1H, J = 1.7 Hz, Hpy-4), 7.31 (d, 2H, J = 1.5 Hz, Hpy,-
2 and Hpy-6), 7.23-7.19 (m, 2H, Hppenox-2 and -6), 5.15 (s, 2H,
Hgn), 3.61 (t, 2H, J= 6.5 Hz, CH,), 3.45 (t, 2H, = 6.1 Hz, CH,), 1.33
(s, 18H, 2x t-Bu). '*C NMR (150 MHz, d4-MeOD): 6 163.3 (Cc=o),
161.3 (Cguan) 159.1 (Cphenox-4), 152.4 (Cpp-3 and Cpp-5), 144.3 (Cyyi-
azole4), 1374 (Cpp-1), 131.5 (Cphenox-1), 125.6 (Ceriazote-5), 123.6
(Cphenox-3 and -5), 123.3 (Cpp-4), 123.2 (Cpp-2 and Cpy-6), 117.2
(Cphenox-2 and -6), 72.3 (Cgy), 42.3 (CHy), 39.4 (CHy), 35.9 (Cy-t-
Bu), 32.0 (t-Bu). IR: 2952 (w), 1660 (s), 1574 (s), 1506 (s), 1245
(s), 829 (s) cm~'. HRMS (APCI/ASAP, mjz): 492.3090 (Calcd.
Cy7H3N70,, 492.3087, [M—CI]*). pH = 3,5-di-tert-butylbenzyl.

4.21. Amino(2-(1-(1-(3,5-di-tert-butylbenzyl)-1H-1,2,3-triazol-4-yl)
ethylidene )hydrazinyl)methaniminium chloride (11d)

The title compound 11d was prepared according to a general
procedure described by Hu-Ri et al.*> Where 13d (40 mg,
0.13 mmol), aminoguanidine hydrochloride (20 mg, 0.18 mmol)
and HCl (75 mg, 0.76 mmol, 37% aq) in EtOH (2 mL, abs.) was
heated to 90 °C in a sealed tube for 22 h. The cooled reaction mix-
ture was then evaporated, washed with H,0 (2 x 2 mL) and dried,
affording 11d as a white solid isomer mixture (30 mg, 0.07 mmol,
58%, 4:6 isomer ratio from 'H NMR, mp 253.6-259.0 °C). HPLC
(C18, 3:7 H,0/MeOH + 0.1% TFA, 0.75 mL{min, 214 nm): 11.2 min
(major isomer), 13.0 min (minor isomer), 97% pure (both). IR:
3314 (bm), 2953 (m), 1674 (m), 1599 (s), 1362 (w), 1224 (w),
1047 (w) cm . HRMS (APCIJASAP, mjz): 3702713 (Calcd.
Cy0H32N7, 370.2713, [M—CI]*). "TH NMR (600 MHz, d4-MeOD, major
isomer): & 8.47 (s, 1H, Heriazole-5), 7.46-7.43 (m, 1H, Hpp-4), 7.22 (d,
2H, J=1.7 Hz, Hpy-2 and Hpy-6), 5.62 (s, 2H, Hgy), 2.38 (s, 3H,
imine-CHj;), 1.30 (s, 18H, 2x t-Bu). '>*C NMR (150 MHz, d4-MeOD,
major isomer): 6 157.9 (Cguan), 153.1 (Cpp-3 and Cpy-5), 147.6 (Cyiz
azole=4), 147.0 (Cimine), 135.9 (Cpn-1), 127.5 (Ciriazote=5), 123.9 (Cpn-
4),123.5 (Cpp-2 and Cpy-6), 55.9 (Hga), 35.9 (Cq-t-Bu), 31.9 (t-Bu),
14.3 (imine-CH3). '"H NMR (600 MHz, d4-MeOD, minor isomer): &
8.53 (s, 1H, Hiriazole-5), 7.46-7.43 (m, 1H, Hpy-4), 7.26 (d, 2H,
J=1.7 Hz, Hpy-2 and Hpp-6), 5.68 (s, 2H, Hp,), 2.35 (s, 3H, imine-
CHs), 1.30 (s, 18H, 2x t-Bu). '*C NMR (150 MHz, d4-MeOD, minor
isomer): 6 157.5 (Cguan), 153.1 (Cpp-3 and Cpp-5), 144.8 (Ciriazole-4),
141.0 (Cimine), 135.6 (Cpn-1), 125.4 (Criazote-5), 124.0 (Cpy-4), 123.7
(Cpn-2 and Cpp-6), 55.9 (Hpn), 35.9 (Cq-t-Bu), 31.9 (t-Bu), 21.6
(imine-CHs).

4.22. Amino(2-(1-(1-(3,5-di-tert-butylphenyl)-1H-1,2,3-triazol-4-yl)
ethylidene)hydrazinyl)methaniminium trifluoroacetate (11e)

The title compound 11e was prepared according to a procedure
described by Mohammad et al.>* Where 13e (35 mg, 0.116 mmol),
aminoguanidine hydrochloride (16 mg, 0.14 mmol) and LiCl (2 mg,
0.05 mmol) in EtOH (2 mL, abs.) were heated to 90 °C in a sealed
tube for 48 h. After which, the reaction mixture was evaporated
and purified with preparative C18-HPLC (80:20 MeOH/H,0 + 0.1%
TFA, 20 mL min, Rt: 2.8-4.0 min), affording 11e as an off-white
solid isomer mixture (25 mg, 0.053 mmol, 46%, 3:7 isomer ratio
from 'H NMR, mp 106.0-110.1 °C). HPLC (C18, 3:5 H,0fMeOH
+0.1% TFA, 0.75 mL/min, 214 nm): 59.2 min (both isomers), 98%
pure (both). IR: 2961 (w), 1681 (m), 1606 (m), 1592 (m), 1200
(m), 1182 (m), 1135 (s), 1045 (w), 800 (w), 703 (w) cm~'. HRMS
(APCI/ASAP, mfz): 356.2560 (Calcd. CyoH3oN;, 356.2560,
[M—TFAJ"). "TH NMR (600 MHz, d4-MeOD, major isomer): & 9.07
(s, 1H, Hiriazole-5), 7.74 (s, 1H, Hpp-4), 7.70 (s, 2H, Hpp-2 and Hpp-
6), 2.47 (s, 3H, imine-CH3), 1.41 (s, 18H, 2x t-Bu). '>C NMR (150
MHz, d4-MeOD, major isomer): 5 162.5 (bs, TFA), 158.0 (Cgyan),

154.6 (Cpp-3 and Cpy-5), 148.0 (Ciriazote-4), 147.0 (Cimine), 138.0
(Cpn-1), 123.6 (Cyriazole-5), 116.8 (Cpp-4), 116.4 (Cpp-2 and Cpy-6),
36.3 (Cy-t-Bu), 31.8 (t-Bu), 30.9 (TFA), 14.0 (imine-CHs). 'H NMR
(600 MHz, d4-MeOD, minor isomer): § 9.11 (s, 1H, Hyiazole=5),
7.65 (s, 1H, Hpp-4), 7.63 (s, 2H, Hpy-2 and Hpy-6), 2.47 (s, 3H,
imine-CHs), 1.41 (s, 18H, 2x t-Bu). '>*C NMR (150 MHz, d4-MeOD,
minor isomer): § 162.5 (bs, TFA), 157.6 (Cguan), 154.7 (Cpp-3 and
Cpn-5), 145.1 (Crriazote=4), 141.1 (Cimine)s 137.7 (Cpn-1), 126.2 (Cria-
zole-5), 125.1 (Cpy-4), 124.7 (Cpy-2 and Cpp-6), 36.32 (Cq-t-Bu),
31.8 (t-Bu), 30.9 (TFA), 21.7 (imine-CHs).

4.23. Amino(2-(1-(1-(4-(heptyloxy )phenyl)-1H-1,2,3-triazol-4-yl)
ethylidene)hydrazinyl)methaniminium trifluoroacetate (11f)

The title compound 11f was prepared according to the proce-
dure shown for 11e from 13f (0.05 g 0.166 mmol) and
aminoguanidine hydrochloride (22 mg, 0.20 mmol), affording 11f
as an off-white solid isomer mixture (24 mg, 0.051 mmol, 31%,
1:9 isomer ratio from 'H NMR, mp 139.7-144.3 °C). HPLC (C18,
3:5 H,0/MeOH+0.1% TFA, 0.75mL/min, 214nm): 68.1 min
(major), 65.4 min (minor), 95% pure (both). IR: 2927 (w), 1672
(m), 1606 (s), 1517 (m), 1262 (w), 1198 (m), 1169 (m), 1131 (s),
825 (m), 797 (m), 720 (w) cm~'. HRMS (APCIJASAP, m/z):
358.2354 (Calcd. CygHpsN;0, 358.2355, [M—TFA]"). 'H NMR
(600 MHz, d4-MeOD, major isomer): & 8.93 (s, 1H, Hiiazole-5),
7.78-7.72 (m, 2H, Hpy-3 and Hpp-5), 7.16-7.07 (m, 2H, Hpp-2 and
Hpp-6), 4.05 (t, 2H, J=6.4 Hz, 0O—CH,), 1.81 (p, 2H, J=7.9 Hz,
CHy), 1.50 (p, 2H, J=7.6 Hz, CH,), 1.44-1.31 (m, 6H, 3 x CHy),
0.95-0.89 (m, 3H, CH;). '*C NMR (150 MHz, d4-MeOD, major iso-
mer): 6 163.0 (bs, TFA), 161.5 (Cguan), 157.9 (Cpp-4), 147.9 (Ctriazole~
4), 146.9 (Cimine), 131.4 (Cpp-1), 123.4 (Cpy-3 and Cpy-5), 123.3 (Cyyi-
azole-3), 116.65 (Cpp-2 and Cpp-6), 69.7 (O—CH,), 33.1 (CH>), 30.9
(TFA), 30.5 (CHy), 30.3 (CH,), 27.3 (CH,), 23.8 (CH;), 14.6 (CH3),
14.1 (imine-CHs). "H NMR (600 MHz, d4-MeOD, minor isomer): &
8.95 (s, TH, Hiazole-5), 7.82-7.78 (m, 2H, Hpy-3 and Hpp-5), 7.14-
7.10 (m, 2H, Hpy-2 and Hpy-6), 4.05 (t, 2H, J=6.4 Hz, O—CH>),
1.81 (p, 2H, J=7.9 Hz, CH,), 1.50 (p, 2H, J= 7.6 Hz, CH,), 1.44-
1.31 (m, 6H, 3x CH,), 0.95-0.89 (m, 3H, CHs).

4.24. Amino(2-(1-(1-(4-((3,5-di-tert-butylbenzyl)oxy)phenyl)-1H-
1,2,3-triazol-4-yl)ethylidene )hydrazinyl)methaniminium chloride
(11g)

The title compound 11g was prepared according to the proce-
dure for 11e from 13g (0.04 g, 0.099 mmol) and aminoguanidine
hydrochloride (13 mg, 0.12 mmol), for 25 h at reflux. The crude
product was crystallized from the partially evaporated reaction
mixture with H,O. The crude was in turn crystallized from THF
and EtOAc, affording 11g as a white solid (7 mg, 0.014 mmol,
14%, 1:9 isomer ratio from 'H NMR, mp 230-232 °C). HPLC (C18,
1:4 H,O0/MeOH+0.1% TFA, 0.75mL/min, 214nm): 11.2 min
(major), 10.5 (minor) min, 98% pure (both). IR: 2958 (w), 1672
(m), 1622 (m), 1595 (s), 1542 (s), 1253 (s), 1035 (m), 830 (m)
cm~'. HRMS (APCI/ASAP, mjz): 462.2978 (Calcd. ChgH3gN-O,
462.2981, [M—CI*). 'H NMR (600 MHz, d6-DMSO, major isomer):
510.94 (s, TH, NH), 9.29 (s, TH, Huriazole-5), 7.83-7.79 (m, 2H, Hppe-
nox-3 and -5), 7.39 (t, 1H, J = 1.8 Hz, Hpn-4), 7.33-7.26 (m, 4H, Hppe.
nox-2 and -6 + Hpy-2 and Hpp-6), 5.17 (s, 2H, Hgy), 2.42 (s, 3H, CHs),
1.31 (s, 18H, 2x t-Bu). >*C NMR (150 MHz, d6-DMSO, major iso-
mer): § 158.9 (Cphenox-4), 150.5 (Cpy-3 and Cp-5), 146.8 (Ciriazote
4, from HMBC), 146.0 (Cimine, from HMBC) 135.6 (Cpy-1), 129.8
(Cphenox-1), 122.2 (Cpn-2 and Cpp-6), 121.8 (Cphenox-3 and -5),
121.6 (Cpp-4 + Ciriazole-5), 115.9 (Cphenox-2 and -6), 70.5 (Cgy), 34.5
(Cq-t-Bu), 31.3 (t-Bu), 13.6 (imine-CHs). '"H NMR (400 MHz, d6-
DMSO, minor isomer): § 9.38 (s, 1H, Hyiazole-5), 7.94-7.89 (m, 2H,
Hphenox-3 and -5), 7.33-7.26 (m, 4H, Hppenox-2 and -6 + Hpp-2 and
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Hpy-6), 5.18 (s, 2H, Hgy), 2.41 (s, 3H, CH3), 1.31 (s, 18H, 2x t-Bu).
pH = 3,5-di-tert-butylbenzyl.

4.25. Inhibition of bacterial growth

Growth medium with MilliQ H,0 was used as a negative con-
trol, while sterile MilliQ H,O and bacteria suspension was used
as a positive control. Bacteria were transferred from a blood plate
to growth medium (MH-bullion, VL787693 717, Merck) for E. coli,
P. aeruginosa and S. aureus and BHI-bullion (CM1135, OXOID) for
E. faecalis and S. agalactiae gr. B and incubated at 37°C overnight.
The following day part of the bacteria suspension was transferred
to fresh medium and cultivated in a shaker incubator at 37°C for
1.5 h (E. coli, E. faecalis and Streptococcus gr. B) or 2.5 h (S. aureus
and P. aeruginosa). The bacteria suspension was then diluted 1:100
in medium and added to all wells on a 96-well microtiter plate
(Nunc 167008), followed by sample aliquotes (and Gentamicin as
a reference antibiotic) in duplicates. The plates were incubated at
37°C overnight before growth was controlled visually and photo-
metrically at 600 nm.

4.26. Inhibition of biofilm formation

S. epidermidis was used to assess the effect of the test com-
pounds on biofilm formation. Growth media: tryptic soy broth
(TS; Merck, Darmstadt, Germany). An overnight culture of S. epider-
midis grown in TS was diluted with fresh TS containing 1% glucose
(1:100). Aliquots of 50 pL were transferred to a 96-well microtiter
plate, and 50 pL of test compounds, dissolved in water at ranging
concentrations, was added. After overnight incubation at 37 °C,
the bacterial suspension was carefully discarded and the wells
washed with water. The plate was dried and the biofilm fixed by
incubation for 1 h at 55 °C before the surface attached cells were
stained with 100 pL of 0.1% crystal violet for 5 min. The crystal vio-
let solution was removed and the plate once more washed with
water and dried at 55 °C for 1 h. After adding 70 pL of 70% ethanol,
the plate was incubated at room temperature for 10 min. Biofilm
formation was observed by visual inspection of the plates. The
MIC was defined as the lowest concentration where no biofilm for-
mation was visible. A S. epidermidis suspension, diluted with 50 pL
of water, was used as a positive control, and 50 pL Staphylococcus
haemolyticus suspension with 50 pL of water was employed as a
negative control. A mixture of 50 pL water and 50 pL TS was used
as assay control.

4.27. Cytotoxicity to HepG2-cells

Cytotoxicity of the test compounds was evaluated after 24 h
exposure in human hepatocellular liver carcinoma (HepG2, ATCC
HB-8065™) cells. HepG2 were grown overnight (20,000 cellsfwell),
and then incubated with test compound (range of concentrations)
diluted in MEM Earle’s supplemented with gentamycin (10 pigfmL),
non-essential amino acids (1%), sodium pyruvate (1 mM), L-alanyl-
L-glutamine (2 mM), but without FBS (total volume was 100 pl) for
24 h. Ten pL of CellTiter 96® AQueous One Solution Reagent (Pro-
mega, Madison, WI, USA) was added and plates were then further
incubated for 1 h. Absorbance was measured at 485 nm in a DTX
880 Multimode Detector. Results were calculated as % survival
compared to negative (assay media) and positive (Triton X-100;
Sigma-Aldrich) controls.
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ABSTRACT

A library of 20 low molecular weight amphiphiles based on fused pyridines and isoindolines was
prepared for studies of antimicrobial activities. The amphiphiles were designed after a motif from marine
antimicrobial natural products and previous work on antimicrobial 1,2,3-triazole ampbhiphiles. The core
motifs were prepared through transition metal catalyzed [2+2+2] cycloaddition or Suzuki cross-coupling,
followed by functionalization and antimicrobial evaluation. The most promising amphiphile 3d displayed
minimum inhibitory concentrations of 2-8 ug/mL against Streptococcus agalacticae, Staphylococcus
aureus, Pseudomonas aeruginosa, Escherichia coli, and Enterococcus faecalis. The low structural
complexity and high antimicrobial activity makes these structures interesting for further studies and
optimization.

1. Introduction

The ability to cure bacterial infections with systemic antimicrobials, have since the discovery of the first
antibiotics been crucial to the development of modern health care.? As previously fatal conditions have
become managable through prescription of «over the counter»-drugs. However, these utopian
treatment conditions may be coming close to an end.3 The first cases of antimicrobial resistance were
documented shortly after the development of the first antibiotics, and has since then been an ever-
increasing obstacle in clinical management of infectious diseases. The concerns regarding antimicrobial
resistance has increased during the last couple of decades, as the occurence of bacterial resistance has
also been rapidly increasing.® The heavily increasing prevalence of resistant infections has been allowed
to develop seemingly uninhibited, as the numbers are currently being propelled at an alarming rate. The
reason for the explosive development of resistant infections are due to reduced development of novel
antibiotics combined with increased use of antimicrobials both in agriculture and clinical settings.”°
Development of novel antimicrobials is therefore of crucial importance to modern medicince.

The research group of Strgm at the university of Tromsg have explored an antimicrobial motif based on
antimicrobial marine peptide mimics isolated from the Barents sea (synoxazolidinone A and ianthelline
shown in Fig. 1).2 They have utilized knowledge from their previous work on antimicrobial peptide
mimics®3%® and this motif to prepare a library of cationic amphipathic benzamides (E23) with high
antimicrobial potencies against resistant bacteria.’” These peptide mimics are thought to work through
membrane disruption mechanisms similar to those of native antimicrobial peptides (AMPs). AMPs are
relatively small peptides with an overall positive charge (+2 to +9) that is part of the primary immune
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Fig. 1 Synoxazolidone A2 (methicillin-resistant S. aureus, MIC: 10
ug/mL), ianthelline!3 (methicillin-resistant S. aureus, MIC: 20 pg/mL),
E2318 (methicillin-resistant S. aureus, MIC: 2.1 ug/mL), and B10b?! (S.
aureus, MIC: 4 pg/mL).

response in most eukaryotes.'®° These peptides consist of a balance of lipophilic and hydrophilic
residues, making them able to fold into amphipathic secondary structures. These amphipathic secondary
structures exhibit antimicrobial activity through membrane disruption mechanisms and interactions with
intracellular targets.

Based on the structures and activities of synoxazolidone A,'! ianthelline? and the aminobenzamides by
Igumonva et al.,” we have also previously prepared a library of cationic amphiphilic 1,2,3-triazoles.?’ The
most potent amphiphile B10b displayed broad spectrum antimicrobial activities against both Gram-
positive and Gram-negative bacteria (MIC: 4-8 ug/mL). The potency of this 1,2,3-triazole amphile
matched or surpassed the potencies of the marine natural products synoxazolidinone A and ianthelline
against four strains of antibiotic-susceptible bacteria.

In an effort to further expand our library of low molecular weight antimicrobial amphiphiles, fused
pyridines (dihydro pyrrolopyridines) and isoindolines obtainable from [2+2+2] cycloaddition reactions
were investigated. Transition metal catalyzed [2+2+2] cycloaddition was chosen as the preferred
synthesis route, as this particular methodology readily offers fused ring systems such as the dihydro
pyrrolopyridines and the isoindolines (Scheme 1). In addition to giving the wanted fused ring scaffolds
through cyclization, it is also an extensively studied and established reaction type for synthesis of
aromatic rings (for extensive publications and reviews; Vollhardt et al.,?% Yamamoto et al., %
Bénnemann et al.,*®% Tanaka et al.,>>** and more3*34). For the scaffold synthesis of the fused rings
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Scheme 1 Preparation of amphiphilic dihydro pyrrolopyridines and isoindolines through [2+2+2] cycloaddition of the tethered
diyne 5 with a nitrile (6) or alkyne (7) respectively.
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(dihydro pyrrolopyridines and isoindolines) we chose to use the carbamate protected tethered alkyne 5,
as this has been reported as a functioning substrate for [2+2+2] cycloaddition reactions together with a
variety of substrates and metal catalysts.3>*2 The strategy, as displayed in Scheme 1, was to perform
[2+2+2] cycloaddition between 5 and nitriles 6a-d to give the carbamate protected fused pyridines 8a-d,
and cycloaddition of 5 and alkynes 7a-f would afford the carbamate protected isoindolines 9a-f.
Subsequent deprotection and N-functionalization would then give the target amphiphiles 1a-3i shown in
Fig. 2 in two or three steps.

Initial antimicrobial evaluations of the amphiphiles prepared through [2+2+2] cycloaddition reactions
showed that isoindolines generally exhibited higher antimicrobial activity than the dihydro
pyrrolopyridines. In an attempt to simplify preparation of amphipathic isoindolines, efforts were made to
find a more suitable preparation route in order to avoid the sometimes low-yielding [2+2+2]
cycloadditions. The work presented herein therefore also includes the synthesis of amphiphilic
isoindolines through Suzuki cross-coupling reactions. After scaffold synthesis or cross-coupling and
appropriate N-functionalization, this small library of 20 amphiphilic dihydro pyrrolopyridines and
isoindolines (1a-3i, shown in Fig. 2) was then evaluated for antimicrobial activities against the three
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Fig. 2 Series of dihydro pyrrolopyridine- and isoindoline-based peptide mimics prepared and investigated for antimicrobial
activity. Counterion: Cl-.
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Gram-positive Enterococcus faecalis, Staphylococcus aureus, and Streptococcus agalacticae and the two
Gram-negative Escherichia coli and Pseudomonas aeruginosa. The amphiphiles displaying antimicrobial
activity were also tested against human heptic cells (HepG2), in order to assess mammalian cytotoxicity
and to afford a scope concerning selectivity. In this series of antimicrobial amphiphiles, the impact on
antimicrobial potency of the scaffolds and variations of the lipophilic aromatic groups were investigated,
in addition to the relative potencies of amine and guanidine cationic groups.

2. Results and discussion

2.1 Synthesis of target amphiphiles (1a-3i)

The library of amphiphiles 1a-3i shown in Fig. 2 was prepared through the two synthetic routes shown in
Scheme 2, where 1a-d, 2a-f, and 3d-f were prepared from transition metal catalyzed [2+2+2]
cycloaddition?24254344 and the remaining isoindoline amphiphiles 2g-j and 3g-i were prepared from
Suzuki cross-coupling of arylboronic acids and carbamate protected 5-bromoisoindoline (10).*** The key
starting material 5 was prepared from propargylamine in two steps through carbamate protection and
N-alkylation with propargyl bromide in 55%,3%% whereas the key substrate 10 was prepared in two steps
from 5-bromophthalimide (4) through a reduction of the amido groups with NaBH4 and BFs-etherate
followed by carbamate protection affording 10 in 57% yield.*

o]
Br- —
" =
NH /\NHZ — > BocN
55% —
4 O
5 i R—=X
36-78% | 6a-d:X=N
57% | i 7a-f: X = CH
Br. % R NB Rm/\t\/r\NBoc
oc
NBoc 71-82% Xz
10 9g-j 8a-d: X =N
9a-f: X = CH
When X = N: When X = CH:
1000 " a: R = 2-naphthyl a:R=Ph
53-100% vorvi b: R = 4-t-BuPh b:R=Bn
¢: R =4-t-BuBn c: R =CH,Bn

d: R = 3,5-di-CF3-Bn  d: R =4-t-BuPh
e: R = 3,5-di-CF3-Ph
f: R = 3,5-di-t-BuPh
g: R = 2-naphthyl
h: R = 4-n-BuPh
i: R= 4-(n-BuO)Ph
j:R=4-CF4-Ph

R NH,*
N -
\©E> %NHZ vii: 87-99%

viii: 27-83%

Scheme 2 Preparation of the target library: i) 1) NaBH,, BF3 x OEt,, THF, 70 °C, 21 h. 2) Boc,0, 4-DMAP, DMF, rt, 41 h. ii) 1)
Boc,0, DCM, 0 °C - rt, Ar-atm, 2 h. 2) Propargyl bromide, NaH, THF, rt, 25 h. iii) X = N: CpCo(CO); (12-14 mol %), 1,4-dioxane, Ar-
atm, hv (two halogen lamps, 400 W, 118 nm, 50 Hz), 43-48 h. X = CH: Cp*RuCl(cod) (5 mol %), DCE, Ar-atm, rt, 18-32 h. iv) R-
B(OH), (11g-j), Pd(PPhs)s (7 mol %), K,COs3, 1,4-dioxane/H,0 1:1, Ar-atm, reflux, 22-24 h. v) HCI (2M, Et,0), DCM or Et,0, rt, 22-
48 h (used for 3c-e). vi) HCI (37%, aq), MeCN, rt, 14-48 h (used for 1a-d and 2f-j). Solvent for 2f: THF. 2a-b were prepared
through a combination of v and vi. The TFA-salt of 2f was also prepared from TFA in DCM over 48 h at rt (75%). vii) K,COs (sat.
aq)/EtOAc for free-basing of 2d-i to form 12d-i. viii) 1H-Pyrazole carboxamidine hydrochloride (13, 0.9-1.0 equiv), MeCN, reflux,
5-31 h. Counterions for 1, 2, and 3: CI- (and TFA- for 2f).
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Fused pyridines and isoindolines from [2+2+2] cycloaddition reactions

The fused pyridines 8a-d were prepared from 6a-d and 5 in 36-58% yields using the cobalt-catalyst
CpCo(CO); under visible-light irradiation, as seen in Table 1.244344 Where the nitriles conjugated to an
arene system (entry 2: 6b, 58%) seemed to offer better isolated yields in the cycloaddition reaction
compared to the benzylic nitriles (entry 3: 6¢c, 36%). Some improved reactivity of conjugated nitriles have

also been reported by Bofiaga et al., who observed this trend for [2+2+2] cycloaddition reactions utilizing
the same Co-catalyst.*

Table 1 Cobalt catalyzed cyclotrimerization of 6a-d and 5 to pyridines 8a-d.

R = CpCo(CO); (12-14 mol %) R~
H * — N—Boc 1,4-dioxane, Ar-atm, h/@ N | N-Boc
6 5 8
Entry 6 R= Co-cat. Time 8 Yield®
(1.5 equiv.) (mol %) (h) (%)
1 6a 2-naphthyl 13 46 8a 57
2 6b 4-t-BuPh 14 43 8b 58
3 6c¢ 4-t-BuBn 13 46 8c 36
4 6d 3,5-CF5-Bn 12 48 8d 35

® hy: irradiation with two halogen lamps (400 W, 118 nm, 50 Hz)
Y Isolated yields after flash column chromatography.

The isoindolines 9a-f were prepared from 7a-f and 5 in 45-78% yields using the ruthenium-catalyst
Cp*RuCl(cod) at room temperature, as seen in Table 2.2%?> The yields from the isoindoline synthesis were
seen to be similar to the moderate yields observed in the synthesis of 8a-d seen in Table 1, with the
exception being synthesis of 9¢ (78%). The decent yield seen for this reaction may be explained by steric
factors, as the alkyne 7c was the least sterically hindered substrate in this set of [2+2+2] cycloadditions.
It has also been reported Yamamoto et al. that this particular Ru-catalyst offers sterically favorable
products in [2+2+2] cycloaddition, due to the steric demand of the large and bulky
pentamethylcyclopentadiene ligand.?*?°

Table 2 Ruthenium catalyzed cyclotrimerization of 7a-f and 5 to isoindolines 9a-f.

R = Cp*RuCl(cod) (5 mol %) R

m + _ N—Boc W, \©E>N Boc

7 5 9

Entry 7 R= Time 9 Yield®

(1.5 equiv.) (h) (%)

1 Ta Ph 21 9a 55
2 7b Bn 23 9b 48
3 Te CH;Bn 18 9¢ 78
4 7d 4-t-BuPh 22 9d 45
5 Te 3,5-CF3-Ph 32 9 55
6 7f 3,5-di-+-BuPh 24 of 45

9 Isolated yields after flash column chromatography.
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Substituted Isoindolines from Suzuki cross-coupling reactions

The Suzuki cross-coupling, using a modified*” version of the procedure presented by Hua et al.,*®

between 10 and commericially available boronic acids (11g-j) gave the carbamate protected isoindolines
9g-j in 71-82% yields (as seen in Table 3). The benefit of the Suzuki cross-coupling was the increased
yields compared to those of shown in Tables 1 and 2, however the drawbacks of this route were that 5-
bromopthalimide was fairly expensive and the synthesis did not offer preparation of dihydro
pyrrolopyridines analogously to the [2+2+2] cycloaddition reactions.

Table 3 Suzuki cross-coupling of 11g-j and 10 to isoindolines 9g-j.

Br. R
~ Pd(PPh); (7 mol %), K,COs,
R-B(OH), + \©E>N Boc 1,4-dioxane/H,0 1:1, reflux N-Boc

22 h, Ar-atm
11 10 9
Entry 11 Equiv. R= 9 Yield®
11 (%)
1 11g 1.19 2-naphthyl 9¢g 82
2 11h 1.17 4-n-BuPh 9h 72
3 11i 1.16 4-(n-BuO)Ph 9i 71
4 11j 1.18 4-CFs-Ph 9j 77

 Isolated yields after flash column chromatography.

Deprotection and N-functionalization

Cleavage of the carbamate protection groups was carried out using either etheric HCl (2M) in Et,0 (2c-e)
or DCM in 53-86% yields, or aqueous HCl (37%) in MeCN (1a-d and 2f-j) in 53-100% yields.*® It should be
noted that 2a and 2b were prepared using a combination of the two methods “v” and “vi” from Scheme
2 in 83% and 92% yields. For the deprotections carried out in MeCN, an unidentified byproduct was
sometimes formed concurrently with the product, and showed up as broad signals in the aromatic region
in IH NMR spectra of the crude products. This byproduct was conveniently removed from the formed
HCl-salts through kiigelrohr-distillation under reduced pressure (0.5 - 3 mbar at 60 °C). A selected set of
the HCl-salts (2d-i) was then free-based using standard conditions (sat. KxCOs/solvent), giving the free
amines 12d-i in 87-99% vyield. The isoindoline amines 12d-i were then guanylated using the electrophilic
guanylation reagent 1H-pyrazole carboxamidine hydrochloride (13) as seen in Table 4. This reagent has
been reported by Bernatowicz et al. to guanylate a range of amines under various conditions, common
conditions for this reaction being DMF at room temperature with an organic base additive.>® A modified
version of this procedure has been developed, as it was observed that a range of amines converted to
their corresponding guanidine salts in MeCN at reflux with no basic additive.>! Being able to use just 13
and an amine (12) simplified the work-up, which sometimes may be difficult for this type of compounds.
Additionally, the conversion was often observed to be faster when using MeCN at reflux instead of DMF
at rt. The guanidines 3d-i were then prepared in 27-83% yields from using the conditions in Scheme 2. It
should be noted that 12i was seemingly unstable in air, and was put under argon atmosphere after free-
basing and taken directly into the guanylation reaction, giving 3i in with a reduced yield (27%).
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Table 3 Guanylation between free-based amines 12d-i and 1H-pyrazole
carboxamidine hydrochloride (13) to form the guanidine salts 3d-i. Counterion: CI-.

I\
R /N R NH,"
. N N
\CQ“" A MeCN, reflux, 5-31 h \©E> ~
NH,

HoN" SNHy'CF
12 13 3
Entry 12 13 R= Time 3  Yield
(equiv.) (h) (%)
1 12d 0.98 4-t-BuPh 31 3d 57
2 12e 1.00 3,5-CF3-Ph 8 3e 83
3 12f 1.00 3,5-di-+-BuPh 5 3f 66
4 12g 0.97 2-naphthyl 17 3g 47
5 12h 0.89 4-n-BuPh 5 3h 72
6 12i 1.06 4-(n-BuO)Ph 6 i 27

¥ Free amine 12i unstable in air, put under Ar-atm and taken directly into guanylation.

2.2 Antimicrobial activity and cytotoxicity of 1a-3h

The 20 amphiphiles (1a-3i, Fig. 2) were evaluated for antimicrobial activity against three gram-positive
and 2 gram-negative strains of bacteria; Streptococcus agalacticae (ATCC 12386), Staphylococcus aureus
(ATCC 25923), Pseudomonas aeruginosa (ATCC 27853), Escherichia coli (ATCC 25922), and Enterococcus
faecalis (ATCC 29212). In order to determine initial activity, all the structures were subjected to a single-
concentration assay at 64 pug/mL. Any compounds displaying activity below this threshold was then
subjected to dose-response assay, and the minimum inhibitory concentrations (MIC) were determined
and are shown in Table 1. Additionally, to give some information regarding possible adverse effects, the
in vitro cytotoxicity against HepG2-cells (human hepatic cells) was measured. This assay determined the
possible hepatotoxic effects of the compounds, and the results from these assays are shown in Fig. 3 and
the obtained ECsp-values are displayed in Table 1 together with the antimicrobial activities.

Evaluation of antimicrobial activities

There was observed a large difference in activity based on the different scaffolds, as most of the
isoindolines (2/3) were highly active in the biological assays whereas the dihydro pyrrolopyridines (1)
displayed little to no biological activity in the tested range. This may be caused by the increased polarity
of the dihydro pyrrolopyridine core, as inserting more heteroatoms in a ring increases the polarity of the
aromate. The increased polarity may also have assisted with charge distribution and in that way negating
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Table 2 Antimicrobial activity (MIC in pg/mL) and mammalian cytotoxicity (HepG2, ECso in pg/mL) for the biologically active
compounds in the series. The “-“-sign in the table indicates no activity <64 pg/mL.

Entry E. faecalis® S. aureus®  S. agalacticae® E. coli* P. aeruginosa®  HepG2°
(ECso)
1a - 64 - - - n.d.c
lc - 64 - - - n.d.
2d 32 8 16 32 64 1.3
2e 32 16 16 16 - 6.1
2f 4 4 1 8 32 2.0
2g 16 4 8 16 32 2.0
2h 8 2 4 8 32 1.3
2i 16 4 8 16 - 1.0
2j 64 16 32 32 64 2.7
3d 4 4 4 8 12
3e 32 16 16 16 32 >64
3f - - 4 16 64 644
3g 8 2 2 4 8 7.8
3h 4 1 2 4 8 53
3i 8 2 4 4 16 7.1
Ref.® 10 0.13 4 0.5 0.5 n.d.®

9E. faecalis (ATCC 29212), S. aureus (ATCC 25923), S. agalacticae (ATCC 12386), E. coli (ATCC 25922), P. aeruginosa (ATCC
27853).

b Evaluation of in vitro cytotoxicity.

¢n.d.: not determined.

d Approximated from a single value: 53% cell survival at 64 pug/mL.

e Ref.: Gentamicin.

the amphiphilic character of the structure. Aside from the observation concerning the scaffold, it was
also seen that a rather large lipophilic character was important for achieving high antimicrobial activities
of the isoindolines (2/3).

The isoindoline guanidines 3 were shown to be more potent in the antimicrobial assays than their amine
HCl-salt counterparts (2). This increase of potency was most evident for the isoindolines equipped with a
4-t-Bu-phenyl group (2d/3d), where there was observed a 4- to 8-fold increase in potency for the
guanidine 3d compared to that of the amine 2d. Increase in potency when introducing a guanidine was
also observed for the lipophilic groups g, h, and |, giving a 2- to 4-fold increase in antimicrobial potency
for the guanidines (3g, 3h, and 3i) over the amines (2g, 2h, and 2i). It should also be noted that the
isoindolines equipped with 3,5-di-CF3-groups (e) and 3,5-di-t-Bu-groups (f) did not offer increased
potency similarly to the other targets when equipped with a guanidine function (3e and 3f). The
guanidine 3e showed increased potency against P. aeruginosa compared to 2e, the other MIC-values on
the other hand remained the same for the two structures. Attempting to functionalize 2f with a
guanidine (3f) led to reduced antimicrobial potency against all five bacteria. This reduction in potency
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seen for 3f may be attributed to the heavily lipophilic character of 2f, as very lipophilic substrates are
known to induce non-specific cell toxicity. The observed activities of 2f may therefore come from general

toxicity, and reducing the lipophilic character by introducing a guanidine function (3f) led to the
observed reduction in activity.

Concerning the different lipophilic groups, the 4-butyl phenyl (3d, 3h, and 3i) and the 2-napthalene
group (3g) was found to offer the highest antimicrobial potency, as they mostly displayed <10 pg/mL
MIC-values against both Gram-positive and Gram-negative bacteria. The four isoindoline guanidines (3d,
3g, 3h, and 3i) displayed the same high level of activity against E. coli (4 ug/mL) and P. aeruginosa (8
ug/mL, except 3i: 16 pug/mL). Against the Gram-positive bacteria however, the isoindoline guanidine 3h
was seen to display the highest potency, with impressive MIC-values ranging from 1-4 pg/mL. The
remaining three structures (3d, 3g, and 3i) had a very comparable level of activity which was lower than
for 3h, where 3d was 2-fold more potent than 3g/3i against E. faecalis and 3g was 2-fold more potent
than 3d/3i against S. agalacticae.

Cytotoxicity
The 13 amphiphiles displaying interesting antimicrobial activity were evaluated for cytotoxicity against

mammalian HepG2-cells, and the ECso-values shown in Table 2 were determined from the dose-response
curves shown in Fig. 3.

The guanidines 3 were found to be least toxic, but most of the isoindoline guanidines 3 still displayed
ECso-values below 10 pg/mL against HepG2-cells (except for 3d-f). The isoindoline guanidine carrying one
t-Bu-group (3d) was shown to give the best selectivity of the compounds, with a 1.5- to 6-fold preference
for bacteria. The high toxicity may however indicate less specific modes of action for the antimicrobial

activity, instead of the membrane targeting mechanism that is sought after for amphiphilic peptide
mimics.

%survival HepG2

pg/mL

Figure 3 Dose-response curves for the amphiphiles taken into the HepG2-assay. Curves were not generated for: 3e as ECso >64
ug/mL, 3f as 64 ug/mL displayed a 53% cell survival.
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The isoindoline amines 2 were shown to display extensive toxicity towards human hepatic cells in this
assay, and most of the amines 2 were shown to have ECsp-values below 3 pg/mL (except for 2e at 6.1
ug/mL). The toxicity of the amines corresponded well with observations made in the preparation of a
library of antimicrobial 1,2,3-triazoles currently undergoing publishing, where 1,2,3-triazole amine
amphiphiles were shown to display higher toxicity than their corresponding guanidines.* These
observations may be correlated to the increased lipophilicity and lowered polar surface area of 2
compared to 3.53°* Additionally, as the guandines 3 are considered to be more basic molecules than the
amines, they will also most likely be more prone to exist in their charged state under physiological
conditions (pH = 7.4).55%

The two isoindolines displaying the lowest toxicity in the HepG2-assay, were 3e and 3f with ECso-values
ranging higher than 64 pug/mL. The isoindoline 3e displayed moderate antimicrobial potency, the low
toxicity may therefore possibly be attributed to a generally low level of biological activity. The toxicity of
3f on the other hand deviated from the common observations made regarding lipophilic character and
toxicity, by displaying a 5-fold lowering in toxicity compared to that of 3d. What caused 3f to be less toxic
than other active isoindolines is not known, as it was counterintuitive to what was expected.

Selectivity

The most selective amphiphile that showed broad-spectrum antimicrobial activity was the guanidine 3d
with a 1.5- to 6-fold selectivity towards bacteria compared to against mammalian cells. It should also be
noted that the heavily lipophilic 3f displayed highly selective antimicrobial activity against S. agalacticae
with a MIC-value of 4 ug/mL and an ECso-value of 64 pug/mL, giving a 16-fold selectivity towards S.
agalacticae compared to human cells. Many of the other target amphiphiles in this library also displayed
extensive activity in the antimicrobial assays, this high activity was unfortunately also reflected in the
cytotoxicity assay (HepG2). The guanidines 3, however, generally gave some measure of selectivity
towards some of the bacteria. All of the amines 2, on the other hand, were deemed unsuitable on
background of their ECso-values (HepG2) most often being lower than their observed MIC-values against
bacteria.

3. Conclusion

We have successfully prepared a library of low molecular weight dihydro pyrrolopyridine and isoindoline
amphiphiles for antimicrobial evaluation. The target compounds 1a-3i were available from the important
carbamate protected intermediates 8a-d and 9a-j, which in turn were prepared through [2+2+2]
cycloaddition reactions (8a-d and 9a-f) or Suzuki cross-coupling reactions (9g-j). The scope of the
antimicrobial study was to evaluate the relative potencies of the two different scaffolds, in addition to
evaluation of two different cationic nitrogen groups and 12 different lipophilic moieties. The 20 prepared
amphiphiles were evaluated against three Gram-positive bacteria (E. faecalis, S. aureus, and S.
agalacticae), two Gram-negative bacteria (E. coli and P. aeruginosa), and assessed for mammalian
toxicity through the HepG2-assay. The most promising compound from the biological evaluation was the
isoindoline guanidine 3d, which showed high antimicrobial potency with MIC-values between 2-8 ug/mL.
The antimicrobial potency of 3d surpassed that of both ianthelline and synoxazolidinone A (except for
ianthelline against P. aeruginosa, MIC: 7.5 pug/mL) and were 2-fold more potent against Gram-negative

10
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bacteria than the most promising compound (E23) by Igumnova et al.***>'” The low molecular
complexity and high antimicrobial potency makes these isoindoline amphiphiles interesting for further
investigations.

4. Experimental

General information

Chemicals were purchased from Sigma Aldrich and used without further purification. All reactions
sensitive to air or moisture were performed under nitrogen atmosphere with dried solvents and
reagents. Melting points were determined on a Buchi 535 apparatus and are uncorrected. TLC was
performed on Merck silica gel 60 F;s4 plates, using UV light at 312 nm and a 5% solution of
molybdophosphoric acid in 96% EtOH for detection. Column chromatography was performed with Silica
gel (pore size 60 A, 230 - 400 mesh particle size) from Fluka. HPLC analyses were performed on an
Agilent 1290 chromatograph equipped with a Zorbax Eclipse C18 5 um (150 x 4.6 mm) column and a
diode array detector (main detection region 214 nm). NMR spectra were recorded on a Bruker 600 MHz
Avance Il HD or a Bruker 400 MHz Avance Il HD instrument. Chemical shifts (6) are reported in parts per
million. Where CDCls has been used, shift values for proton are reported with reference to TMS (0.00) via
the lock signal of the solvent. Reference values for other NMR-solvents are taken from Fulmer et al.>” (*H
NMR: DMSO-d6: 2.49, MeOD-d4: 3.31; 3C NMR: DMSO-d6: 39.5, CDCls: 77.0, MeOD-d4: 49.15). Signal
patterns are indicated as s (singlet), d (doublet), t (triplet), g (quartet), p (pentet), sex (sextet), h (heptet),
m (multiplet), or br. s (broad singlet). *H and *3C NMR signals were assigned by 2D correlation techniques
(COSY, HSQC, HMBC). IR spectra were recorded from a Thermo Nicolet FT-IR NEXUS instrument or a
Bruker Alpha FT-IR, and only the strongest/structurally most important peaks are listed as either weak
(w), medium (m) or strong (s) (cm™). Accurate mass determination in positive and negative mode was
performed on a “Synapt G2-S” Q-TOF instrument from Waters™. Samples were ionized by the use of
ASAP probe (APCI) or ESI probe.

N-Boc-propargylamine. The title compounds was prepared according to a procedure described by
Molander et al.*® Where di-tert-butyl dicarbonate (17.5 g, 80.0 mmol) in DCM (60 mL) was added
propargylamine (5.12 mL, 80.0 mmol) at 0 °C under Ar-atm. The mixture was then stirred for 2 hours at
room temperature before it was evaporated under reduced pressure, affording N-Boc-propargylamine as
a yellow oil (12.3 g, 79.2 mmol, 99%). Spectroscopic data were in accordance with reported results.*® *H
NMR (400 MHz, CDCl5): 6 4.69 (br. s, 1H), 3.92 (br. s, 2H), 2.22 (app t, 1H, J = 2.5 Hz), 1.46 (s, 9H).

tert-Butyl di(prop-2-yn-1-yl)carbamate (5). The title compound was prepared according to a procedure
described by Liang et al.3® Where N-Boc-propargylamine (3.99 g, 25.7 mmol) was dissolved in dry THF (60
mL) and added to NaH (0.93 g, 38.7 mmol) in dry THF (10 mL) dropwise at rt under Ar. The suspension
was stirred for 2 hours. Propargyl bromide (4.43 mL, 41.1 mmol, 80% in toluene) was added dropwise to
the suspension and the mixture was stirred at rt for 25 hours. The reaction mixture was concentrated
under reduced pressure, quenched with NH4Cl (sat., 100 mL) and extracted with EtOAc (3 x 100 mL). The
combined organic phases were washed with water (3 x 30 mL) and brine (30 mL), dried over MgSO4 and
concentrated under reduced pressure. The crude product was purified by flash column chromatography
(n-pentane/EtOAc, 9:1), affording 5 as a brown oil (2.80 g, 14.5 mmol, 56%). Spectroscopic data were in
accordance with reported results.* *H NMR (400 MHz, CDCls): 6 4.17 (br. s, 4H, 2x CH3), 2.23 (t, 2H, J =
2.5 Hz, 2x alkyne-H), 1.48 (s, 9H, t-Bu).

11
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Method A: Synthesis of tert-butyl 6-(naphthalen-2-yl)-1,3-dihydro-2H-pyrrolo[3,4-c]pyridine-2-
carboxylate (8a). Co-catalyzed cyclotrimerization was performed as a mixture of procecures described
by Geny et al.,** Vollhardt,”* and Bdnaga et al.,** with modifications. Where a flask containing 5 (0.15 g,
0.78 mmol) and dry, degassed 1,4-dioxane (15 mL) was added 6a (0.18 mL, 1.16 mmol) and CpCo(CO),
(14 pL, 0.10 mmol) under Ar-atm. After complete addition, the reaction was irradiated by two halogen
lamps (400 W, 118 nm, 50 Hz) for 46 hours. Concentration and purification with flash column
chromatography (pentane/EtOAc, 7:3) afforded 8a as a light yellow solid (0.153 g, 0.44 mmol, 57%). R¢
(pentane/EtOAc, 7:3) 0.33. Mp: 83.0 —90.7 °C. IR (ATR): 2970 (w), 2360 (w), 1683 (s), 1399 (m), 1254 (m),
1166 (m), 1115 (s) cm™. *H NMR (400 MHz, CDCls): & 8.66 (d, 1H, J = 15.4 Hz, Hp,-4), 8.46 (d, 1H, J=5.3
Hz, Hnaph-5), 8.12 (t, 1H, J = 7.5 Hz, Hyaph-4), 7.94 (d, 2H, J = 8.9 Hz, Hyaph-1 and Hyapn-3), 7.90 — 7.85 (m,
1H, Hnaph-6), 7.78 (d, 1H, J = 26.4 Hz, Hpy-7), 7.59 — 7.44 (m, 2H, Hnaph-7 and Hyapn-8), 4.83 —4.70 (m, 4H,
Hpyr-1 and Hey-3), 1.54 (s, 9H, t-Bu). 3C NMR (100 MHz, CDCls, rotamers*): § 156.5 (Cpy-6), 154.4* (C=0),
154.3* (C=0), 147.8* (Cpy-3a), 147.5* (Cpyr-3a), 144.3* (Cpy-4), 144.1% (Ceyr-4), 136.5* (Naph), 136.4*
(Naph), 133.6 (Naph), 133.5 (Naph), 132.4* (Cp,~7a), 132.0* (Cpy-7a), 128.7 (Naph), 128.5 (Naph), 127.7
(Naph), 126.6 (Naph), 126.4 (Naph), 126.3 (Naph), 124.6 (Naph), 115.0* (Cpyr-7), 114.8* (Cpy-7), 80.2 (Cq-
t-Bu), 52.1* (Cpy-1/Cpyr-3), 51.8* (Cpyr-1/Coye-3), 50.2* (Cpyr-1/Cryr-3), 50.0% (Cpyr-1/Cpyr-3), 28.5 (t-Bu).
HRMS (ESI+) m/z calcd. for Ca;H23N,0, [M+H]*: 347.1760; found: 347.1762. Spectral data for 8b-d are
assigned similarly to 8a.

tert-Butyl 6-(4-(tert-butyl)phenyl)-1,3-dihydro-2H-pyrrolo[3,4-c]pyridine-2-carboxylate (8b). Method A
with 5 (1.008 g, 5.22 mmol), 6b (1.30 mL, 7.67 mmol) and CpCo(CO), (100 uL, 0.72 mmol) for 43 hours,
afforded 8b as a pale yellow solid (1.068 g, 3.03 mmol, 58%) after purification with flash column
chromatography (pentane/EtOAc, 7:3). Mp 109.3 — 116.3 °C. Rs (pentane/EtOAc, 7:3) 0.38. IR (ATR): 2963
(w), 2359 (m), 2341 (w), 1697 (s), 1613 (w), 1477 (w), 1391 (s), 1252 (w), 1168 (m), 1109 (s), 1013 (w) cm"
1 14 NMR (400 MHz, CDCls): 6 8.59 (d, 1H, J = 16.0 Hz, Hpy-4), 7.94 — 7.85 (m, 2H, Hpn-2 and Hpp-6), 7.62
(d, 1H, J = 22.9 Hz, Hpy~7), 7.50 (d, 2H, J = 8.2 Hz, Hpr-3 and Hen-5), 4.80 — 4.68 (M, 4H, Hey-1 and Hey-3),
1.53 (s, 9H, t-Bu), 1.36 (s, 9H, Carbamate t-Bu). 3C NMR (100 MHz, CDCls;, rotamers*): § 156.6, 154.4*,
154.3*%,152.2, 147.7*, 147.3*, 144.2*, 143.9%, 136.4%*, 136.3*, 131.9%, 131.5%, 126.6, 125.8, 114.5%,
114.3*%,80.2, 52.0*%, 51.8*, 50.2*, 49.9*%, 34.7, 31.3, 28.5. HRMS (TOF ASAP+) m/z calcd. for C32H29N,0,
[M+H]*: 353.2229; found: 353.2224.

tert-Butyl 6-(4-(tert-butyl)benzyl)-1,3-dihydro-2H-pyrrolo[3,4-c]pyridine-2-carboxylate (8c). Method A
with 5 (0.15 g, 0.78 mmol), 2¢ (210 uL, 1.15 mmol), and CpCo(CO); (14 uL, 0.10 mmol) for 46 hours,
afforded 8c as a brown oil (0.102 g, 0.28 mmol, 36%) after purification with flash column
chromatography (pentane/EtOAc, 2:8). Ry (pentane/EtOAc, 2:8) 0.56. IR (neat): 2963 (w), 2866 (w), 1697
(s), 1617 (w), 1391 (s), 1253 (m), 1165 (s), 1109 (s), 1019 (w) cm™. *H NMR (400 MHz, CDCl3): & 8.47 (d,
1H, J = 17.0 Hz, Hpy-4), 7.34 (d, 2H, J = 7.3 Hz, Hpn-3 and Hen-5), 7.21 (t, 2H, J = 7.1 Hz, Hpr-2 and Hpy-6),
7.03 (d, 1H, J = 32.5 Hz, Hey-7), 4.65 (d, 2H, J = 13.2 Hz, Hpy-3), 4.60 (d, 2H, J = 16.9 Hz, Hpy-1), 4.15 (s, 2H,
Hen), 1.50 (d, J = 4.5 Hz, 9H, carbamate t-Bu), 1.32 (s, 9H, t-Bu). *3C NMR (100 MHz, CDCls;, rotamers*): 6
160.1, 154.3, 149.3, 147.5*%, 147.2*, 143.8*, 143.6%*, 136.3, 131.3*%, 130.9*%, 128.7, 125.6, 117.4%, 117.1%,
80.1,51.9*%,51.6*%,50.1%, 49.8*%, 44.0, 34.4, 31.4, 28.5. HRMS (TOF ASAP+) m/z calcd. for Cy3H31N,0,
[M+H]*: 367.2386; found: 367.2379.

tert-Butyl 6-(3,5-bis(trifluoromethyl)benzyl)-1,3-dihydro-2H-pyrrolo[3,4-c]pyridine-2-carboxylate (8d).
Method A with 5 (0.156 g, 0.83 mmol), 6d (210 pL, 1.15 mmol), and CpCo(CO); (14 uL, 0.10 mmol) for 48
hours, afforded 8d as a brown oil (0.130 g, 0.29 mmol, 35%) after purification with flash column
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chromatography (pentane/EtOAc, 1:1). Ry (pentane/EtOAc, 1:1) 0.42. IR (ATR): 2980 (w), 1782 (w), 1697
(m), 1621 (w), 1456 (w), 1372 (m), 1275 (s), 1165 (s), 1124 (s) cm™. *H NMR (400 MHz, CDCls): 6 8.50 (d,
1H, J = 17.4 Hz, Hpy-4), 7.74 (s, 1H, Hen-4), 7.72 (s, 2H, Hen-2 and Hpn-6), 7.09 (d, 1H, J = 36.4 Hz, Hpy-7),
4.68 (t, 4H, J = 15.7 Hz, Hpy-1 and Hpy-3), 4.27 (s, 2H, Hgn), 1.51 (s, 9H, t-Bu). *C NMR (100 MHz, CDCls,
rotamers*): § 157.5, 154.3*, 154.2*, 148.1*, 147.7*, 144.5%, 144.3%, 141.9, 132.3*, 131.9*%, 131.8 (q, Jcr =
33.3 Hz), 129.3 -129.1 (m), 123.3 (q, Jer = 279.9 Hz), 120.6 (p, Jer = 3.7 Hz), 117.6%, 117.3%, 80.3, 51.9%,
51.6*,50.1%, 49.9%, 43.9, 28.5. HRMS (TOF ASAP+) m/z calcd. for C21H21N205F¢ [M+H]*: 447.1507; found:
447.1503.

Method B: synthesis of tert-butyl 5-phenylisoindoline-2-carboxylate (9a). Ru-catalyzed
cyclotrimerization as described by Yamamoto et al.,?*?* with slight modifications. Where a flask
containing Cp*Ru(cod)Cl (20 mg, 0.05 mmol) was added a solution of 5 (0.193 g, 1.00 mmol, in 3 mL dry,
degassed DCE), 7a (0.165 mL, 1.50 mmol) and dry, degassed DCE (2 mL) followed by stirring for 21 hours
under Ar-atm at room temperature. Concentration and purification by flash column chromatography
(EtOAc/pentane 1:9) afforded 9a as a brown solid (0.162 g, 0.55 mmol, 55%). Spectroscopic data were in
accordance with published data.3” *H NMR (400 MHz, CDCl3): 6 7.59 — 7.56 (m, 2H, Hpn-2 and Hpn-6), 7.51
—7.49 (M, 1H, His-7), 7.46 — 7.42 (m, 3H, Hp-3, Hen-5 and Hiso-4), 7.35 (t, 1H, J = 7.5 Hz, Hpn-4), 7.30 (d,
1H, J = 8.3 Hz, Hiso-6), 4.75 (d, 2H, J = 8.4 Hz, His-3), 4.71 (d, 2H, J = 6.8 Hz, Hise-1), 1.53 (s, 9H, t-Bu).

tert-Butyl 5-benzylisoindoline-2-carboxylate (9b). Method B with 5 (0.194 g, 1.00 mmol), 7b (187 uL,
1.50 mmol) and Cp*Ru(cod)Cl (19.2 mg, 0.05 mmol) for 23 hours, afforded 9b as a yellow solid (0.149 g,
0.50 mmol, 48% yield) after purification with flash column chromatography (EtOAc/pentane, 1:9). Mp
97.7 - 100.9 °C. Ry (EtOAc/pentane, 1:9) 0.29. IR (ATR): 2972, 2927 (m), 2860 (m), 1683 (s), 1401 (s), 1171
(s), 1105 (s) cm™. *H NMR (400 MHz, CDCls, rotamers*): § 7.31 — 7.27 (m, 2H, Hpn-3 and Hpn-5), 7.22 —
7.17 (m, 3H, Hen-2, Hen-4 and Hpn-6), 7.14 — 7.09 (m, 2H, Hiso-6 and Hiso-7), 7.02 (br. s, 1H, Hiso-4), 4.64 (s,
2H, Hiso-3), 4.60 (s, 2H, Hiso-1), 3.98 (s, 2H, Hen), 1.51% (s, 9H, t-Bu), 1.50* (s, 9H, t-Bu). *C (NMR, 100
MHz, CDCls, rotamers*): § 154.6 (C=0), 141.0 (Ciso-5), 140.6 (Cpn-1), 137.7 (Ciso-3a and Ciso-7a), 128.9 (Cpn-
4), 128.5 (Cpn-3 and Cpn-5), 128.1 (Ciso-6), 126.2 (Con-2 and Con-6), 123.2* (Ciso-7), 123.0%(Ciso-7), 122.8*
(Ciso-4), 122.5* (Ciso-4), 79.6 (Cq-t-Bu), 52.3* (Ciso-3), 52.1* (Ciso-3), 52.0% (Ciso-1), 51.8* (Ciso-1), 41.8 (Cen),
28.6 (t-Bu). HRMS (TOF ASAP+) m/z calcd. for CigH1sNO; [M-CqH/]*: 254.1181; found: 254.1186. Spectral
data for 9c-f are assigned similarly to 9b.

tert-Butyl 5-phenethylisoindoline-2-carboxylate (9c). Method B with 5 (0.197 g, 1.02 mmol), 7c (211 uL,
1.50 mmol), and Cp*Ru(cod)Cl (19.8 mg, 0.052 mmol) for 18 hours, afforded 9c as a yellow solid (257 mg,
0.79 mmol, 78%) after purification with flash column chromatography (EtOAc/pentane, 1:9). Mp 76.3 —
80.2 °C. Ry (EtOAc/pentane, 1:9) 0.39. IR (ATR): 2979 (m), 2913 (m), 2855 (m), 1686 (s), 1494 (w), 1471
(w), 1449 (w), 1398 (s), 1171(s), 1106 (s) cm™. 'H NMR (400 MHz, CDCls): & 7.30 — 7.26 (m, 2H, Hen-3 and
Hpn-5), 7.21 — 7.16 (m, 3H, Hpn-2, Hpn-4 and Hpn-6), 7.13 — 7.06 (M, 2H, Hiso-6 and Hiso-7), 7.02 (s, 1H, Hiso-
4), 4.65 (s, 2H, Hiso-1), 4.61 (br. s, 2H, Hiso-3), 2.94 — 2.89 (m, 4H, CH,-CH>), 1.52 (s, 9H, tBu). 3C NMR (100
MHz, CDCls, rotamers*): 6 141.6, 141.1, 137.5, 137.2, 134.6, 128.5, 128.4, 127.7%, 127.6*, 126.0, 122.8*,
122.6%,122.5%,122.4*%,79.6, 52.2*%, 52.1*%,51.9*%, 51.8*, 38.1, 37.8, 28.6. HRMS (TOF ASAP+) m/z calcd.
for C17H1sNO> [M-C4H7]*: 268.1338; found: 268.1335.

tert-Butyl 5-(4-(tert-butyl)phenyl)isoindoline-2-carboxylate (9d). Method B with 5 (0.193 g, 1.00 mmol),
7d (271 pL, 1.50 mmol), and Cp*Ru(cod)Cl (20.3 mg, 0.053 mmol) for 22 hours, afforded 9d as a beige
solid (159 mg, 0.45 mmol, 45%) after being purified with flash column chromatography twice
(EtOAc/pentane, 1:9). Mp 148.3 — 158.0 °C. R (EtOAc/pentane, 1:9) 0.32. IR (ATR): 2957 (m), 2858 (m),
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1686 (s), 1466 (w), 1397(s), 1173 (s), 1115 (s) cm™. 'H NMR (400 MHz, CDCls): & 7.53 — 7.46 (m, 5H, Hen-2,
Hen-3, Hen-5, Hpn-6 and Hiso-7), 7.43 (br. s, 1H, Hiso-4), 7.33 (dd, 1H, J = 7.9, 30.6 Hz, Hiso-6), 4.74 (d, 2H, J =
11.8 Hz, Hiso-3), 4.70 (d, 2H, J = 11.5, Hiso-1), 1.53 (s, 9H, carbamate t-Bu), 1.36 (s, 9H, t-Bu). 3C NMR (150
MHz, CDCls, rotamers*): § 154.6, 150.4, 140.6, 138.0, 137.7, 136.2*, 135.8%, 126.8, 126.4*, 126.3%,
125.8,123.0%, 122.8*,121.3*,121.1%, 79.7, 52.4*%,52.2*%,52.1*,51.8%, 34.6, 31.4, 28.6. HRMS (TOF
ASAP+) m/z calcd. for C19H2,NO; [M-C4H7]*: 296.1651; found: 296.1652.

tert-Butyl 5-(3,5-bis(trifluoromethyl)phenyl)isoindoline-2-carboxylate (9e). Method B with 5 (0.187 g,
0.97 mmol), 7e (257 pL, 1.45 mmol), and Cp*Ru(cod)Cl (19.7 mg, 0.052 mmol) for 32 hours, afforded 9e
as a brown solid (230 mg, 0.53 mmol, 55%) after purification with flash column chromatography
(EtOAc/pentane, 1:9). Mp 113.2 — 126.3 °C. Rf (EtOAc/pentane, 1:19) 0.33. IR (ATR): 2970 (m), 1691 (s),
1400 (s), 1373 (s), 1277 (s), 1109 (s), 1047 (s) cm*. *H NMR (400 MHz, CDCls): & 8.00 (d, 2H, J = 5.9 Hz,
Hpn-2 and Hen-6), 7.86 (s, 1H, Hpp-4), 7.52 — 7.51 (m, 1H, Hiw-7), 7.46 (s, 1H, Hio-4), 7.42 (dd, 1H, J = 7.9, J =
30.5 Hz, Hio6), 4.78 (d, 2H, J = 13.3 Hz, Hiso-3), 4.74 (d, 2H, J = 8.9 Hz, Hio-1), 1.54 (s, 9H, t-Bu). 3C NMR
(100 MHz, CDCls, rotamers*): § 154.5, 143.1%, 143.0*, 138.8, 138.4*, 138.3*, 137.8*, 137.7%, 132.2 (q, Jcr
=33.0 Hz), 127.2, 126.7%, 126.6*, 123.7%, 123.4*,123.3 (q, Jer = 272.6 Hz), 121.7%, 121.4*, 121.0 (p, Jor =
4.0 Hz), 80.0, 52.2*, 52.1*,52.0%, 51.8*, 28.5. HRMS (TOF ASAP+) m/z calcd. for C17H1,NO2Fg [M-C4H]*:
376.0772; found: 376.0771.

tert-Butyl 5-(3,5-di-tert-butylphenyl)isoindoline-2-carboxylate (9f). Method B with 5 (0.25 g, 1.29
mmol), 7f (0.416 g, 1.94 mmol), and Cp*Ru(cod)Cl (21.5 mg, 0.058 mmol) for 24 hours, afforded 9f as a
white solid (235 mg, 0.58 mmol, 45%) after purification with flash column chromatography
(Et,0/pentane, 1:9). Mp 155.2 — 158.0 °C. Rr (Et,O/pentane, 1:9) 0.18. IR (ATR): 2962 (m), 1700 (s), 1393
(s), 1364 (m), 1171 (m), 1109 (s), 873 (m), 712 (m) cm™. *H NMR (400 MHz, CDCls): 6 7.52 — 7.42 (m, 3H,
Hpn-4, Hiso-6 and Hiso-7), 7.39 (t, 2H, J = 1.34 Hz, Hpn-2 and Hpp-6), 7.31 (dd, 1H, J = 8.1 Hz, J = 20.2 Hz, Hiso-
4), 4.78 — 4.67 (m, 4H, Hiso-1 and Hiso-3), 1.53 (s, 9H, carbamate t-Bu), 1.38 (s, 18H, 2x t-Bu). 3C NMR (100
MHz, CDCls, rotamers*): § 154.6, 151.2, 142.1*, 142.0*, 140.4, 138.0%, 137.6*, 136.1*, 135.8%, 126.8,
122.9%,122.7%,121.8,121.7,121.5, 79.7, 52.4*, 52.2*,52.1*, 51.8*, 35.0, 31.5, 28.6. HRMS (TOF ASAP+)
my/z calcd. for C23H3oNO; [M-C4H-]*: 352.2280; found: 352.2277.

tert-Butyl 5-bromoisoindoline-2-carboxylate (10). The title compound 10 was prepared according to a
procedure by Patel et al.*> Where a suspension of 5-bromophthalimide (4, 8.05 g, 35.6 mmol) in THF (350
mL) was added NaBH, (15 g, 396.5 mmol), before BF; x OEt; (52 mL, 421 mmol) was added slowly at -10
°C. Upon completed addition, the mixture was heated to 70 °C for 21 hours before it was cooled to 0 °C
and carefully quenched with H,O (150 mL). The aqueous suspension was then diluted with EtOAc (350
mL) and the pH was adjusted to 10 using NaOH (6 M, aq), before the organic phase was washed with
brine (3 x 200 mL), dried over MgSQ,, filtered and evaporated under reduced pressure. The green crude
oil was then added Et,0 (200 mL) and H,0 (200 mL), before the pH was adjusted to 2 using HCl (6 M, aq).
The separated aqueous phase was then made alkaline (pH= 10) using NaOH (6 M, aq) before it was
extracted with EtOAc (3 x 100 mL) and the combined organic phases were washed with brine (3 x 200
mL). Drying over MgSOy, filtration, and evaporation under reduced pressure afforded 5-bromoisoindoline
as a brown oil. The crude 5-bromoisoindoline in DMF (100 mL) was added Boc,0 (8.10 g, 37.1 mmol) and
catalytic amounts of 4-DMAP (2-3 crystals) before it was stirred for 41 hours at room temperature. The
reaction mixture was then diluted with EtOAc (200 mL) and washed with brine (3 x 150 mL), before it
was dried over MgSO;, filtered, and evaporated under reduced pressure. The crude was purified with
flash column chromatography (EtOAc/pentane, 1:9), affording 10 as a yellow solid (6.03 g, 20.2 mmol,
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57%). *H NMR analyses were in accordance with published data. *H NMR (CDCls, 600 MHz): § 7.42 (s,
0.5H, rotamer, His-4), 7.40 — 7.38 (m, 1H, His.-6), 7.36 (s, 0.5H, rotamer, Hiso-4), 7.14 (d, 0.5H, rotamer, J
=8.0 Hz, His0-7), 7.09 (d, 0.5H, rotamer, J = 8.0 Hz, Hiso-7), 4.67 —4.59 (m, 4H, Hiso-1 and Hs0-3), 1.51 (s,
9H, t-Bu).

Method C: synthesis of tert-butyl 5-(naphthalen-2-yl)isoindoline-2-carboxylate (9g). Suzuki cross-
coupling using a procedure described by Hua et al.*® with modifications by Bugge et al.*’ Where a
mixture of carbamate protected bromide 10 (0.500 g, 1.68 mmol), 11g (0.354 g, 2.00 mmol), K,CO3
(0.346 g, 2.53 mmol), and Pd(PPhs)4 (0.100 g, 0.087 mmol) was added degassed 1,4-dioxane/H,0 (40 mL,
1:1) under Ar-atm. before it was refluxed for 24 hours. Upon cooling to room temperature, the reaction
mixture was added H,O (50 mL) and extracted with DCM (3 x 50 mL). The combined organic phases were
washed with H,0 (2 x 50 mL), dried over MgSQ,, filtered and evaporated under reduced pressure.
Purification of the crude with flash column chromatography (EtOAc/pentane, 1:9) afforded 9g as a white
solid (0.470 g, 1.36 mmol, 82%). Mp 116-118 °C. IR (ATR): 3054 (w), 2973 (w), 2918 (w), 2861 (w), 1692
(s), 1390 (s), 1363 (s), 1255 (m), 1167 (s), 1104 (s), 876 (m), 807 (s), 744 (s) cm™%. H NMR (CDCls, 600
MHz): 6 8.02 (d, 1H, J = 7.7 Hz, Naph), 7.92 — 7.86 (m, 3H, Naph), 7.73 = 7.71 (m, 1H, Naph), 7.63 (app d,
1H, J = 8.0 Hz, Hiso-6), 7.59 (app d, 1H, J = 7.9 Hz, Hise-4), 7.49 (p, 2H, J = 8.0 Hz, Naph), 7.39 (d, 0.5H, J =
7.9 Hz, rotamer His.-7), 7.33 (d, 0.5H, J = 8.0 Hz, rotamer Hisx-7), 4.78 — 4.71 (m, 4h, Hiso-1 and His-3), 1.54
(s, 9H, t-Bu). 3C NMR (CDCl3, 150 MHz, rotamers*): § 154.6, 140.7*, 138.3*, 138.2*, 137.8*%, 136.5%,
136.2%,133.7, 132.6, 128.5, 128.2, 127.7, 126.8%, 126.8*, 126.4, 126.0, 125.8, 125.5, 123.2*, 123.0%,
121.8%,121.5%,79.8, 52.4*,52.1%, 52.1*, 51.9*%, 28.6. HRMS (TOF ASAP+) m/z calcd. for C1oH1sNO; [M-
CsH7]*: 290.1181; found: 290.1178.

tert-Butyl 5-(4-butylphenyl)isoindoline-2-carboxylate (9h). Method C with 10 (0.500 g, 1.68 mmol), 11h
(0.350 g, 1.97 mmol), K2C03(0.346 g, 2.53 mmol), Pd(PPhs)4 (0.100 g, 2.53 mmol), and 23 hours at reflux,
afforded 9h as an off-white solid (0.421 g, 1.20 mmol, 72%) after purification with flash column
chromatography (EtOAc/pentane, 1:9). MP 75 — 78 °C. IR (ATR): 2988 (m), 2950 (m), 2928 (m), 1738 (m),
1699 (s), 1474 (m), 1392 (s), 1366 (s), 1256 (m), 1165 (m), 1107 (s), 874 (m), 808 (s), 777 (m) cm™. H
NMR (CDCls, 600 MHz): & 7.49-7.47 (m, 3H, Har-2, Ha-6 and Hiso- 6), 7.45 (app d, 1H, J = 33.4 Hz, Hiso-4),
7.32 (d, 0.5H, J = 7.9 Hz, rotamer, His,-7), 7.27 (app d, 0.5H, app J = 7.9 Hz, rotamer, Hisx-7), 7.26-7.24 (m,
2H, Ha-3 and Har-5), 4.74-4.68 (m, 4H, Hiso-1 and Hiso-3), 2.65 (t, 2H, J = 7.7 Hz, CH,), 1.63 (p, 2H, /=6.9
Hz, CHa), 1.53 (s, 9H, t-Bu), 1.39 (sex, 2H, J = 7.2 Hz, CH, ), 0.95 (t, 3H, J = 7.3 Hz, CH3). 3C NMR (CDCls,
150 MHz, rotamers*): § 154.6 (C=0), 142.2 (Ca-4), 140.7 (Ciso-5), 138.3* (Ca-1), 138.2* (Ca-1), 138.0*
(Ciso-3a), 137.6* (Ciso-3a), 136.1* (Ciso-7a), 135.8* (Ciso-7a), 128.9 (Car-3 and Ca-5), 127.0 (Car-2 and Ca-6),
126.4* (Ciso6), 126.3* (Cis0-6), 123.0* (Ciso-7), 122.8* (Ciso- 7), 121.3* (Ciso-4), 121.6* (Ciso-4), 79.7 (Cq-t-
Bu), 52.4* (Ciso-3), 52.1* (Ciso-3), 52.1* (Ciso-1), 51.8*(Ciso-1), 35.3, (CHa) 33.7 (CH,), 28.6 (t-Bu), 22.4 (CH,),
14.0 (CHs). HRMS (TOF ASAP+) m/z calcd. for C1gH22NO; [M-CgH]*: 296.1651; found: 296.1650. Spectral
data for 9g and 9i-j are assigned similarly to 9h.

tert-Butyl 5-(4-butoxyphenyl)isoindoline-2-carboxylate (9i). Method C with 10 (0.516 g, 1.73 mmol), 11i
(0.388 g, 2.00 mmol), K2C0O3(0.346 g, 2.53 mmol), Pd(PPhs)4 (0.100 g, 2.53 mmol), and 22 hours at reflux,
afforded 9i as a blue solid (0.453 g, 1.23 mmol, 71%) after purification with flash column
chromatography (EtOAc/pentane, 1:9). Mp 121 - 123 °C. IR (ATR): 2957 (w), 2871 (w), 1684 (s), 1607 (w),
1519 (m), 1471 (m), 1400 (s), 1247 (s), 1180 (s), 1111 (s), 880 (m), 816 (s) cm™’. H NMR (CDCls, 600 MHz):
6 7.50-7.47 (m, 2H, Har-2 and Har-6), 7.44 (app. d, 1H, app J = 7.9 Hz, Hiso-6), 7.41 (app d, 1H, app /= 17.0
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Hz, Hiso-4), 7.30 (d, 0.5H, J = 7.9 Hz, rotamer, Hiso-7), 7.25 (app d, 0.5H, app J = 7.9 Hz, rotamer, Hiso-7),
6.96 (d, 2H, J = 7.5 Hz, Har-3 and Har-5), 4.73- 4.67 (m, 4H, Hiso-1 and Hiso-3), 4.00 (t, 2H, J = 6.5 Hz, OCH,),
1.79 (p, 2H, J = 6.5 Hz, CH,), 1.53 (s, 9H, t-Bu), 1.52 (app sex, 2H, J = 7.4 Hz, CH,), 0.99 (t, 3H, J = 7.4 Hz,
CHs). *3C NMR (CDCls, 150 MHz, rotamers*): § 158.8, 154.6, 140.5, 138.0*, 137.6*, 135.7*, 135.4*,
133.3*,133.2%,128.1, 126.1%, 126.0, 123.0*, 122.8*, 121.0%, 120.8, 114.8, 79.7, 67.8, 52.4*, 52.1*%,
52.1%,51.8% 31.4, 28.6, 19.3, 13.9. HRMS (TOF ASAP+) m/z calcd. for C1sH2,NO3 [M-CgH7]*: 312.1600;
found: 312.1598.

tert-Butyl 5-(4-(trifluoromethyl)phenyl)isoindoline-2-carboxylate (9j). Method C with 10 (0.560 g, 1.88
mmol), 11j (0.420, 2.21 mmol), K,CO3(0.346 g, 2.53 mmol), Pd(PPhs) (0.100 g, 0.087 mmol), and 22
hours at reflux, afforded 9j as a pink solid (0.529 g, 1.46 mmol, 77%) after purification with flash column
chromatography (EtOAc/pentane, 1:4). Mp 135 — 141 °C. IR (ATR): 2989 (w), 2937 (w), 2872 (w), 1738
(w), 1683 (m), 1613 (m), 1403 (m), 1367 (m), 1325 (s), 1158 (m), 1111 (s), 1070 (m), 1012 (m), 876 (m),
849 (m), 814 (m), 771 (w), 713 (w) cm™™. *H NMR (CDCls, 600 MHz): & 7.70 - 7.66 (m, 4H, Hen), 7.50 (s, 1H,
Hiso-6), 7.47 (app d, 1H, J = 34.4 Hz, Hiso-4), 7.38 (d, 0.5H, J = 7.8 Hz, Hiso-7), 7.32 (d, 0.5H, J = 8.4 Hz, Hiso-
7), 4.76 — 4.72 (M, 4H, Hiso-1 and Hiso-3), 1.54 (s, 9H, t-Bu). 3C NMR (CDCls, 150 MHz, rotamers*): § 154.5,
144.5%, 144.4%,139.3, 138.4*, 138.0*, 137.5%, 137.0%, 129.5 (q, Jer = 32.2 Hz), 127.4, 126.7*, 126.6*,
125.8,124.2 (q, Jer = 272.7 Hz), 123.4%, 123.1%, 121.7*, 121.4*, 79.9, 52.3*, 52.1*, 52.0*, 51.8*, 28.6.
HRMS (TOF ASAP+) m/z calcd. for C16H13NOF3 [M-CgH7]*: 308.0898; found: 308.0898.

6-(Naphthalen-2-yl)-2,3-dihydro-1H-pyrrolo[3,4-c]pyridin-2-ium chloride (1a). The carbamate protected
8a (0.101 g, 0.29 mmol) in MeCN (10 mL) was added HCI (44 pL, 0.54 mmol, 37% aq) in two portions and
stirred for 45 hours at room temperature. Evaporation under reduced pressure and purification with
flash column chromatography (CHCls/MeOH 7:3) afforded 1a as a white solid (0.071 g, 0.25 mmol, 86%).
Mp 209.0 — 215.0 °C. Ry (CH3Cl/MeOH, 7:3) 0.64. IR (ATR): 2668 (w), 1617 (w), 1605 (m), 1393 (w), 1276
(w), 1138 (w) cm™. *H NMR (600 MHz, DMSO-de): § 9.77 (br. s, 2H, NH,*), 8.76 (s, 1H, Hey-4), 8.66 (d, 1H,
J=1.1 Hz, Haph-5), 8.25 (dd, 1H, J = 8.6, J = 1.9 Hz, Hyapn-4), 8.21 (s, 1H, Hpyr-7), 8.07 — 8.02 (M, 2H, Huapn-1
and Hyaph-3), 7.97 (t, 1H, J = 4.9 Hz, Hyaph-6), 7.60 — 7.56 (M, 2H, Hyaph-7 and Huapn-8), 4.63 (s, 4H, Hpy-1
and Hpyr-3). 3C NMR (150 MHz, DMSO-de): 6 155.7 (Cpyr-6), 146.5 (Cpyr-3a), 144.3 (Cpy-4), 135.6 (Naph),
133.4 (Naph), 133.1 (Naph), 130.8 (Ce,-7a), 128.7 (Naph), 128.5 (Naph), 127.6 (Naph), 126.7 (2x Naph),
126.0 (Naph), 124.7 (Naph), 115.0 (Cey-7), 50.1 (Cpyr-1/ Cpyr-3), 48.7 (Coyi-1/ Coye-3). HRMS (TOF ASAP+)
m/z calcd. for C17H1sN2 [M-CI]*: 247.1230; found: 247.1227. HPLC: (MeOH/H0, 1:1 + 0.1% TFA, 0.75 mL
min™, 214 nm): tg = 9.3 min, 92% pure. Spectral data for 1b-d are assigned similarly to 1a.

Method D: synthesis of 6-(4-(tert-Butyl)phenyl)-2,3-dihydro-1H-pyrrolo[3,4-c]pyridin-2-ium chloride
(1b). Carbamate deprotection using aqueous HCl in MeCN. Where 8b (0.497 g, 1.41 mmol) in MeCN (30
mL) was added HCI (0.142 mL, 1.73 mmol, 37% aq) and stirred for 23 hours at room temperature. The
evaporated reaction mixture was washed with DCM and filtered, affording 1b as a grey solid (0.408 g,
1.41 mmol, 100%) after drying. Mp >212 °C (decomp.). Rf (CH3Cl/MeOH/NH; (25% aq), 70:30:3) 0.58. IR
(ATR): 2949 (w), 2698 (w), 1603 (m), 1415 (m), 1348 (w), 1271 (w), 1206 (w), 1200 (w), 1111 (w), 1014
(w) cm™. IH NMR (600 MHz, DMSO-ds): 6 9.96 (br. s, 2H, NH,*), 8.71 (s, 1H, Hey-4), 8.04 (s, 1H, Hey-7),
8.01 (d, 2H, J = 8.5 Hz, Hpn-2 and Hen-6), 7.55 (d, 2H, J = 8.5 Hz, Hen-3 and Hen-5), 4.64 — 4.59 (m, 4H, Hey-1
and Hpy-3), 1.33 (s, 9H, tBu). 3C NMR (150 MHz, DMSO-dg): 6 155.5, 152.3, 146.8, 143.7, 135.0, 130.4,
126.5,125.8, 114.7,50.5, 48.5, 34.5, 31.2. HRMS (TOF ASAP+) m/z calcd. for C17H2:N, [M-CI]*: 253.1699;
found: 253.1700. HPLC: (MeOH/H,0, 5:3 + 0.1% TFA, 0.75 mL min, 214 nm): tz = 4.8 min, 97% pure.
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6-(4-(tert-Butyl)benzyl)-2,3-dihydro-1H-pyrrolo[3,4-c]pyridin-2-ium chloride (1c). Method D with 8c
(0.333, 0.91 mmol), HCI (0.135 mL, 1.64 mmol, 37% aq), and 45 hours of stirring afforded 1c as a grey
solid (0.147 g, 0.49 mmol, 54%). Mp >225 °C (decomp.). Rs (CH3Cl/MeOH/NHs (25% aq), 70:30:3) 0.71. IR
(ATR): 3055 (m), 3030 (m), 2959 (m), 2872 (m), 2687 (m), 2620 (m), 2573 (m), 2509 (m), 2268 (br. m),
2045 (s), 1962 (m), 1647 (w), 1619 (s), 1582 (m), 1514 (m), 1464 (s), 1415 (s), 1362 (m), 1320 (s), 1268
(m), 1179 (s), 1109 (m), 1020 (w) cm™. *H NMR (600 MHz, DMSO-ds): & 10.27 (br. s, 2H, NH,*), 8.71 (s,
1H, Hpy-4), 7.69 (s, 1H, Hpy-7), 7.35 (d, 2H, J = 8.3 Hz, Hpr-3 and Hpn-5), 7.28 (d, 2H, J = 8.2 Hz, Hpr-2 and
Hen-6), 4.61 (d, 4H, J = 18.6 Hz, Hey-1 and Hpy-3), 4.28 (s, 2H, Hgn), 1.25 (s, 9H, tBu). 3C NMR (150 MHz,
DMSO-dg): 6 157.7,151.3, 149.3, 139.6, 134.7, 131.8, 128.7, 125.6, 119.7, 50.2, 48.3, 40.1, 34.2, 31.2.
HRMS (TOF ASAP+) m/z calcd. for CigH23N, [M-Cl]*: 267.1861; found: 268.1860. HPLC: (MeOH/H,0, 1:1 +
0.1% TFA, 0.75 mL min, 214 nm): tg = 21.5 min, 99% pure.

6-(3,5-Bis(trifluoromethyl)benzyl)-2,3-dihydro-1H-pyrrolo[3,4-c]pyridin-2-ium chloride (1d). Method D
with 8d (0.056 g, 0.125 mmol), HCI (10 uL, 0.12 mmol, 37% aq), and 45 hours of stirring afforded 1d as a
grey solid (46.5 mg, 0.122 mmol, 97%). Mp >217 °C (decomp.). Ry (CH3Cl/MeOH/NHs (25% aq), 70:30:3)
0.66. IR (ATR): 3386 (w), 3101 (w), 2576 (w), 2306 (w), 1648 (w), 1617 (m), 1535 (w), 1466 (w), 1378 (m),
1277 (s), 1185 (s), 1138 (s), 1118 (s), 1108 (s), 1051 (w), 1008 (w) cm™. *H NMR (600 MHz, DMSO-ds): &
9.74 (br. s, 2H, NH,*), 8.58 (s, 1H, Hpy-4), 8.03 (s, 2H, Hpn-2 and Hen-6), 7.97 (s, 1H, Hpr-4), 7.50 (s, 1H, Hpye-
7), 4.57 — 4.50 (M, 4H, Hpy-1 and Hpy-3), 4.39 (s, 2H, Hen). *C NMR (150 MHz, DMSO-de): & 157.3, 148.9,
142.1,131.1, 130.5, 130.3 (3x C), 124.3 (q, Jer = 272.9 Hz), 122.5, 120.6, 118.8, 50.0, 48.4, 40.8. HRMS
(TOF ASAP+) m/z calcd. for C1gH13N2Fs [M-CI]*: 347.0983; found: 347.0978. HPLC: (MeOH/H,0, 1:1 + 0.1%
TFA, 0.75 mL min?, 214 nm): tz = 34.7 min, 99% pure.

5-phenylisoindolin-2-ium chloride (2a). The carbamate protected 9a (0.304 g, 1.03 mmol) was added to
HCI (10 mL, 20 mmol, 2M in Et,0) and stirred for 22 hours at room temperature, before addition of more
HCI (0.174 mL, 2.09 mmol, 37% aq) and two hours additional stirring. The reaction mixture was then
filtered and the precipitate washed with Et,0, affording 2a as a grey solid (0.198 g, 0.85 mmol, 83%)
upon drying. Mp 204 — 206 °C. Ry (CHCls/MeOH/NH3 (25% aq), 70:30:3) 0.29. Spectroscopic data were in
accordance with reported spectra.** *H NMR (600 MHz, DMSO): 6 9.83 (br. s, 2H, NH*), 7.70 (br. s, 1H,
Hiso-4), 7.67 — 7.65 (m, 3H, Hiso-7, Hpn-2 and Hpp-6), 7.50 — 7.47 (m, 3H, Hiso-6, Hpn-3 and Hpn-5), 7.40 — 7.38
(m, 1H, Hpn-4), 4.55 (d, 4H, J = 9.4 Hz, Hiso-1 and Hiso-3). HPLC: (MeOH/H,0 1:1 + 0.1% TFA, 0.75 mL min‘?,
214 nm): tg = 7.0 min, 99% pure.

5-Benzylisoindolin-2-ium chloride (2b). The carbamate protected 9b (0.469 g, 1.52 mmol) was added to
HCI (13.5 mL, 27 mmol, 2M in Et;0) and stirred for 22 hours at room temperature, before addition of
more HCI (2.25 mL, 27.5 mmol, 37% aq) and 22 hours additional stirring. The reaction mixture was then
filtered, whereupon the filtrate was added more HCI (2.00 mL, 24.4 mmol, 37% aq) and stirred for 27
hours at room temperature. A second filtration and combination of the precipitates afforded 2b as a grey
solid (0.343 g, 1.40 mmol, 92%). Mp 240 — 244 °C. Ry (CHCls/MeOH/NH; (25% aq), 70:30:3) 0.61. IR (ATR):
2877 (m), 2684 (m), 2578 (m), 2477 (m), 1583 (m), 1490 (m), 1453 (m), 1427 (m), 1343 (s) cm™. *H NMR
(600 MHz, DMSO): 6 9.68 (br. s, 2H, NH,*), 7.32 = 7.27 (m, 3H Hiso-7, Hen-3 and Hen-5), 7.25 - 7.21 (m, 4H,
Hiso-4, Hph-2, Hph-6 and Hiso-6), 7.20 — 7.17 (m, 1H, Hpn-4), 4.44 (br. s, 4H, Hiso-1 and His-3), 3.96 (s, 2H,
Hgn). 3C NMR (150 MHz, DMSO): § 141.7 (Ciso-5), 141.0 (Cpn-1), 135.4 (Ciso-4a), 132.7 (Ciso-7a), 128.8 (Ciso-
6), 128.7 (Cen-2 and Cpn-6), 128.5 (Cpn-3 and Cpn-5), 126.1 (Cpn-4), 123.0 (Ciso-4), 122.9 (Ciso-7), 50.0 (Ciso-1
and Ciso-3), 40.8 (Csn). HRMS (TOF ASAP+) m/z calcd. for CisH1gN [M-CI]*: 210.1283; found: 210.1279.

17




230 Paper IV

HPLC: (MeOH/H,0, 1:1+0.1% TFA, 0.75 mL min’, 214 nm): tz = 9.8 min, 98% pure. Spectral data for 2c-f
are assigned similarly to 2b.

Method E: synthesis of 5-phenethylisoindolin-2-ium chloride (2c). Carbamate deprotection adapted
from a procedure by Young et al.*® The carbamate protected 9¢ (0.386 g, 1.19 mmol) was added to HCI (9
mL, 18 mmol, 2 M in Et,0) and stirred for 22 hours at room temperature. The reaction mixture was then
filtered and the precipitate washed with Et,0, affording 2c as a grey solid (0.163 g, 0.63 mmol, 53%)
upon drying. Mp 260 — 262 °C. IR (ATR): 2894 (m), 2714 (m), 2615 (m), 2493 (m), 1581 (m), 1496 (m),
1425 (m), 1366 (s) cm™. *H NMR (600 MHz, DMSO): 6 9.78 (br. s, 2H, NH") 7.30 = 7.26 (m, 4H, Hiso-6, Hiso-
7, Hen-2 and Hpp-6), 7.23 = 7.21 (M, 3H, Hiso-4, Hen-3 and Hpn-5), 7.19 — 7.16 (m, 1H, Hpn-4), 4.45 (br. s, 4H,
Hiso-1 and Hiso-3), 2.91 — 2.87 (m, 4H, 2x Hgn). 3C (150 MHz, DMSO): 6 141.9, 141.2, 135.1, 132.5, 128.5,
128.3 (2x C), 128.2 (2x C), 125.9, 122.7 (2x C), 49.9, 49.8, 37.0, 36.7. HRMS (TOF ASAP+) m/z calcd. for
CisH1sN [M-CI]*: 224.1439; found: 224.1435. HPLC (MeOH/H,0, 5:3 + 0.1% TFA, 0.75 mL min?, 214 nm):
tr = 5.9 min, >99% pure.

5-(4-(tert-Butyl)phenyl)isoindolin-2-ium chloride (2d). Method E with 9d (0.210 g, 0.60 mmol) and HCI
(4.5 mL, 9 mmol, 2 M in Et,0) for 48 hours afforded 2d as a dark grey solid (0.149 g, 0.52 mmol, 86%).
Mp 246 — 260 °C. IR (ATR): 2958 (m), 2733 (m), 1636 (w), 1488 (m), 1390 (m), 1361 (w), 1268 (w), 1111
(w) cm™. *H NMR (600 MHz, DMSO0): 6 10.02 (br. s, 2H, NH,"), 7.67 (br. s, 1H, Hiso-4), 7.64 (d, 1H, /= 7.9
Hz, Hiso-7), 7.60 — 7.58 (m, 2H, Hen-3 and Hen-5), 7.50 — 7.46 (m, 3H, Hiso-6, Hen-2 and Hen-6), 4.55 — 4.51
(m, 4H, Hiso-1 and Hiso-3), 1.31 (s, 9H, t-Bu). *C NMR (150 MHz, DMSO0): § 150.2, 140.8, 137.2, 136.0,
134.0,126.7, 126.4 (2x C), 125.8 (2x C), 123.4, 120.9, 49.9, 49.8, 34.3, 31.1 (3x C). HRMS (TOF ASAP+) m/z
calcd. for CigH2;N [M-CI]*: 252.1752; found: 252.1749. HPLC: (MeOH/H,0, 5:3 + 0.1% TFA, 0.75 mL min,
214 nm): tg = 16.9 min, 99% pure.

5-(3,5-Bis(trifluoromethyl)phenyl)isoindolin-2-ium chloride (2e). Method E with 9e (0.396, 0.92) and
HCI (9.5 mL, 19 mmol, 2 M in Et;0) for 27 hours afforded 2e as a white solid (0.291 g, 0.79 mmol, 86%).
Mp 226 — 232 °C). R (CHCl3/MeOH/NHs (25% aq), 70:30:3) 0.67. IR (ATR): 2893 (w), 2685 (w), 2587 (w),
1378 (m), 1280 (s) cm™. *H NMR (600 MHz, DMSO): § 9.99 (br. s, 2H, NH,"), 8.34 (s, 2H, Hpn-2 and Hph-6),
8.12 (s, 1H, Hen-4), 7.93 (s, 1H, Hiso-4), 7.89 (d, 1H, J = 8.0 Hz, Hiso-6), 7.57 (d, 1H, J = 8.0 Hz, Hiso-7), 4.57 (s,
4H, Hiso-1 and Hiso-3). 3C NMR (150 MHz, DMSO0): 6 142.1, 137.1, 136.4, 136.0, 131.3 (2x C), 127.6, 127.4
(2x C), 123.3 (q, Jer = 272.9 Hz, 2x C), 123.7, 122.1, 121.2, 49.9 (2x C). HRMS (TOF ASAP+) m/z calcd. for
CisH12NFs [M-CI]*: 332.0874; found: 332.0871. HPLC (MeOH/H;0, 5:3 + 0.1% TFA, 0.75 mL min’, 214 nm):
tr = 15.2 min, 99% pure.

5-(3,5-Di-tert-butylphenyl)isoindolin-2-ium chloride (2f). The carbamate protected 9f (33 mg, 0.081
mmol) was added to THF (8 mL) and HCI (0.072 mL, 0.96 mmol, 37% aq), after which HCl was added to a
total of 0.54 mL (90 equiv, 37% aq) over 48 hours. The reaction mixture was then concentrated, and
crystallization from MeOH/Et,0 afforded 2f as an off-white solid (18 mg, 0.052 mmol, 64%). Mp 193 —
202 °C. IR (ATR): 2868 (s), 1597 (w), 1362 (m), 1248 (m), 876 (s), 711 (s) cm™. *H NMR (400 MHz, DMSO):
59.69 (br. s, 2H, NHy*), 7.70 (s, 1H, Hiso-4), 7.67 = 7.62 (m, 1H, Hiso-6), 7.49 (d, 1H, J = 7.8 Hz, Hiso-7), 7.43
(s, 3H, Ph), 4.56 (d, 4H, J = 9.4 Hz, His-1 and Hise-3), 1.35 (s, 18H, 2x t-Bu). 3C NMR (100 MHz, DMSO): &
151.4 (2x C), 139.6, 136.4, 134.3, 127.7, 123.7,121.9, 121.8, 121.5 (3x C), 50.6, 50.4, 35.1 (2x C), 31.7 (6%
C). HRMS (TOF ASAP+) m/z calcd. for Ca;H3oN [M-CI]*: 308.2378; found: 308.2376. HPLC (MeOH/H,0, 3:1
+0.1% TFA, 0.75 mL min, 214 nm): tg = 12.3 min, 98% pure.
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5-(3,5-di-tert-butylphenyl)isoindolin-2-ium 2,2,2-trifluoroacetate (2f, TFA" counterion). The protected
amine 9f (90 mg, 0.22 mmol) was added to DCM (5 mL) and TFA (0.17 mL, 2.2 mmol) and stirred for 48
hours. Partial evaporation and crystallization with Et,0 afforded the TFA salt of 2f as a white solid (69.8
mg, 0.17 mmol, 75%). *H NMR data were in accordance with the spectra recorded for 2f (CI counterion).
14 NMR (400 MHz, DMSO): 6 9.41 (br. s, 2H, NH,*), 7.70 (s, 1H, Hiso-4), 7.68 — 7.64 (m, 1H, Hiso-6), 7.49 (d,
1H, J=8.2 Hz, Hiso-7), 7.42 (s, 3H, Ph), 4.57 (d, 4H, J = 8.7 Hz, Hiso-1 and His-3), 1.35 (s, 18H, 2x t-Bu).

Method F: synthesis of 5-(naphthalen-2-yl)isoindolin-2-ium chloride (2g). The carbamate protected 9g
(0.107 g, 0.31 mmol) was added MeCN (30 mL) and HCI (0.258 mL, 3.10 mmol, 37% aq), followed by
stirring for 19 hours at room temperature. Evaporation of volatiles and drying for two hours under
vacuum (0.5 mbar, 60 °C), followed by crystallization from MeOH/Et,0 afforded 2g as an off-white solid
(69 mg, 0.25 mmol, 79%). Mp >175 °C (decomp.). *H NMR (DMSO-d6, 600 MHz): & 9.84 (br. s, 2H, NH,*),
8.23 (s, 1H, Naph), 8.03 (d, 1H, J = 8.6 Hz, Naph), 8.00 (d, 1H, J = 7.7 Hz, Naph), 7.96 (d, 1H, J = 7.8 Hz,
Naph), 7.86 (s, 1H, Hio-4), 7.85 (dd, 1H, J = 8.6, 1.5 Hz, Naph), 7.82 (d, 1H, J = 8.0 Hz, Hix-6), 7.59 — 7.53
(m, 3H, Hiso-7 and 2x Naph), 4.59 (s, 2H, Hiso-3), 4.57 (s, 2H, Hise-1). 3C NMR (DMSO-d6, 150 MHz): 6
140.3, 136.9, 136.1, 134.4, 133.3, 132.3, 128.6, 128.2,127.5, 127.2, 126.5, 126.3, 125.4, 125.0, 123.5,
121.5, 50.1, 49.9. IR(ATR): 2904 (m), 2706 (m), 2589 (m), 2498 (m), 2458 (w), 1595 (m), 1495 (m), 1409
(m), 1355 (m), 1271 (w), 1234 (w), 1198 (w), 1161 (w), 1128 (w), 884 (w), 862 (m), 813 (s), 776 (m), 706
(w), 672 (w), 623 (w) cm™. HRMS (TOF ASAP+) m/z calcd. for CigH1sN [M-Cl]*: 246.1283; found: 246.1278.
HPLC: (MeOH/H,0, 5:3 + 0.1% TFA, 0.75 mL min', 214 nm): tg = 5.8 min, 99% pure.

5-(4-Butylphenyl)isoindolin-2-ium chloride (2h). Method F with 9h (0.179 g, 0.509 mmol) and HCI (0.21
mL, 2.55 mmol, 37% aq) for 14 hours at room temperature afforded 2h as an off-white solid (0.116 g,
0.403 mmol, 79%). Mp >200 °C (decomp.). *H NMR (DMSO-d6, 600 MHz): & 9.40 (br. s, 2H, NH>*), 7.67 (s,
1H, Hiso-4), 7.63 (d, 1H, J = 8.0 Hz, Hiso-6), 7.57 (d, 2H, J = 8.1 Hz, Ha-2 and Ha-6), 7.46 (d, 1H, J = 7.9 Hz,
Hiso-7), 7.29 (d, 2H, J = 8.1 Hz, Ha-3 and Ha-5), 4.53 (s, 2H, Hiso-3), 4.52 (s, 2H, Hiso-1), 2.62 (t, 2H, J = 7.7
Hz, CH,), 1.58 (p, 2H, J = 7.6 Hz, CH2), 1.33 (sex, 2H, J = 7.5 Hz, CH.), 0.91 (t, 3H, J = 7.4 Hz, CHs). 3C NMR
(DMSO-d6, 150 MHz): & 141.9 (Car-4), 140.4 (Ciso-5), 136.9 (Ciso-3a), 136.1 (Ciso-7a), 134.0 (Ca-1), 128.9
(Car-3 and Car-5), 126.6 (Ciso-6), 126.6 (Car-2 and Car-6), 123.3 (Ciso-7), 120.9 (Ciso-4), 50.0 (Ciso-3), 49.9 (Ciso-
1), 34.4 (CH,), 33.0 (CH,), 21.7 (CH.), 13.8 (CHs). IR(ATR): 2956 (m), 2913 (s), 2694 (s), 2591 (s), 2495 (m),
2367 (w), 2258 (w), 1593 (m), 1489 (m), 1452 (m), 1427 (m), 1375 (m), 1356 (m), 1048 (w), 921 (w), 881
(m), 813 (s), 802 (s) cm™. HRMS (TOF ASAP+) m/z calcd. for CigH22N [M-CI]*: 252.1748; found: 252.1748.
HPLC: (MeOH/H,0, 5:3 + 0.1% TFA, 0.75 mL min, 214 nm): tz = 18.3 min, 99% pure. Spectral data for 2g
and 2i-j are assigned similarly to 2h.

5-(4-Butoxyphenyl)isoindolin-2-ium chloride (2i). Method F with 9i (0.140 g, 0.38 mmol) and HCI (0.318
mL, 3.81 mmol, 37% aq) for 16 hours at room temperature afforded 2i as a transparent solid (0.101 g,
0.332 mmol, 87%). Mp 176 — 177 °C. *H NMR (DMSO-d6, 600 MHz): 6 10.01 (br. s, 2H, NH,*), 7.64 (s, 1H,
Hiso-4), 7.60 — 7.59 (m, 1H, Hiso-6), 7.58 (app d, 2H, J = 8.0 Hz, Ha-2 and Har-6), 7.44 (d, 1H, J = 8.0 Hz, Hiso-
7),7.02 (d, 2H, J = 8.8 Hz, Har-3 and Har-5), 4.53 (s, 2H, Hiso-3), 4.51 (s, 2H, Hiso-1), 4.01 (t, 2H, J = 6.5 Hz,
OCH,), 1.71 (p, 2H, J = 7.4 Hz, CH,), 1.45 (sex, 2H, J = 7.4 Hz, CH,), 0.94 (t, 3H, J = 7.4 Hz, CH3). 3C NMR
(DMSO-d6, 150 MHz): 6 158.5, 140.1, 135.9, 133.4, 131.7, 127.8, 126.3, 123.3, 120.6, 114.9, 67.2, 49.9,
49.7,30.7, 18.7, 13.7. IR (ATR): 2930 (m), 2727 (m), 2631 (m), 2507 (w), 1604 (m), 1519 (m), 1244 (s),
1179 (m), 1124 (m), 1059 (m), 885 (s) cm™. HRMS (TOF ASAP+) m/z calcd. for C1sH,2NO [M-CI]*:
268.1701; found: 268.1697. HPLC: (MeOH/H,0, 5:3 + 0.1% TFA, 0.75 mL min’%, 214 nm): tz = 10.3 min,
98% pure.
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5-(4-(Trifluoromethyl)phenyl)isoindolin-2-ium chloride (2j). Method F with 9j (26 mg, 0.072 mmol) and
HCI (30 pL, 0.36 mmol, 37% aq) for 16 hours at room temperature afforded 2j as an off-white solid (19
mg, 0.064 mmol, 88%). Mp >235 °C (decomp.). *H NMR (DMSO-d6, 600 MHz): § 9.96 (br s, 2H, NH,"),
7.89 (d, 2H, J = 8.3 Hz, Har-2 and Ha-6), 7.84 (d, 2H, J = 8.3, Har-3 and Har-5), 7.78 (s, 1H, Hise-4), 7.74 (d,
1H, J = 7.9 Hz, Hise-6), 7.54 (d, 1H, J = 8.0 Hz, Hiso-7), 4.57 (s, 2H, Hiso-3), 4.56 (s, 2H, Hiso-1). 3C NMR
(DMSO-d6, 150 MHz): 6 143.6, 140.4, 136.3, 135.4, 128.1 (q, Jer = 31.9), 127.5, 127.3,125.9 (q, Jcr = 3.8
Hz), 124.3 (q, Jor = 271.7 Hz), 123.6, 121.6, 50.0, 49.8. IR (ATR): 2926 (w), 2891 (w), 2701 (w), 2594 (w),
2502 (w), 2465 (w), 2374 (w), 2265 (w), 1617 (w), 1603 (w), 1491 (w), 1324 (s), 1180 (m), 1161 (m), 1108
(s), 1070 (s), 818 (s) cm™. HRMS (TOF ASAP+) m/z calcd. for CisH1sNFs [M-CI]*: 264.0997; found:
264.1000. HPLC: (MeOH/H>0, 5:3 + 0.1% TFA, 0.75 mL min, 214 nm): tg = 4.9 min, 98% pure.

Method G: synthesis of amino(5-(4-(tert-butyl)phenyl)isoindolin-2-yl)methaniminium chloride (3d) via
5-(4-(tert-butyl)phenyl)isoindoline (12d). Modified reaction conditions to the procedure presented by
Bernatowicz et al.>%°! Where the salt 2d (0.100 g, 0.35 mmol) was added to K,COs (15 mL, sat. aq) and
extracted with EtOAc (3 x 25 mL). The combined organic phases were dried over MgSOy, filtered, and
evaporated under reduced pressure, affording the free amine 12d (80 mg, 0.32 mmol, 92%). The free
amine 12d (30 mg, 0.119 mmol) and 13 (17 mg, 0.117 mmol) was added to MeCN (3 mL) and refluxed for
31 hours. Filtration of the reaction mixture and washing the precipitate with MeCN (3 x 2 mL) afforded
3d as a grey solid (22 mg, 0.067 mmol, 57%) upon drying. Mp 299 — 303 °C. IR (ATR): 3322 (w), 3140 (w),
2957 (w), 1623 (s), 1580 (m), 1458 (m), 1368 (m), 813 (s) cm™. *H NMR (400 MHz, DMSO-d6): § 7.66 —
7.59 (M, 4H, Hiso-4, Hiso-7, Hpn-3 and Hen-5), 7.52 — 7.41 (s, 7H, Hiso-6, Guan, Hpn-2 and Hen-6), 4.80 (d, 4H, J
= 8.5 Hz, Hiso-1 and Hiso-3), 1.33 (s, 9H, tBu). 3C NMR (150 MHz, DMS0): § 155.3 (Guan), 150.6 (Cpn-4),
140.5 (Cpn-1), 137.3 (Ciso-5), 136.5 (Ciso-7a, from HMBC), 134.6 (Ciso-4a), 126.9 (Cer-3 and Cpn-5), 126.8
(Ciso-7, from HMBC), 126.2 (Cpn-2 and Cphp-6), 123.6 (Ciso-6), 121.2 (Cis0-4), 53.4 (Ciso-1), 53.2 (Cis0-3), 34.7
(C4-tBu), 31.6 (tBu). HRMS (TOF ASAP+) m/z calcd. for C1oH23N3 [M-HCI]™: 293.1892; found: 293.1888.
HPLC: (MeOH/H,0 1:1 + 0.1% TFA, 0.75 mL min, 214 nm): tz = 6.1 min, 99% pure. Spectral data for 3e
and 3f are assigned similarly to 3d.

Amino(5-(3,5-bis(trifluoromethyl)phenyl)isoindolin-2-yl)methaniminium chloride (3e) via 5-(3,5-
bis(trifluoromethyl)phenyl)isoindoline (12e). Method G with 2e (0.150 g, 0.41 mmol) afforded 12e as a
dark solid (0.118 g, 0.36 mmol, 87%). The amine 12e (40 mg, 0.121 mmol), 13 (18 mg, 0.121 mmol), and
8 hours reflux according to method G afforded 3e as an off-white solid (41 mg, 0.100 mmol, 83%). Mp
278 -284°C. IR (ATR): 3454 (w), 3329 (w), 3143 (w), 1628 (s), 1377 (m), 1279 (s), 1168 (m), 1129 (s), 1051
(m), 683 (s) cm™. *H NMR (400 MHz, DMSO-d6): & 8.38 (s, 2H, Hen-2 and Hpn-6), 8.13 (s, 1H, Hen-4), 7.94 (s,
1H, Hiso-4), 7.90 — 7.85 (m, 1H, Hiso-6), 7.60 — 7.47 (m, 5H, Hiso-7 and Guan), 4.83 (s, 4H, Hiso-1 and His-3).
13C NMR (150 MHz, DMSO): 6 155.0, 142.3, 136.8 (2x C), 136.5, 136.2, 130.9, 127.5 (2x C), 127.2, 123.3
(g, Jer = 267.4 Hz, 2x C), 123.5, 122.4, 121.9, 52.8 (2x C). HRMS (TOF ASAP+) m/z calcd. for C17H13N3Fg [M-
HCI]*: 374.1092; found: 374.1086. HPLC (MeOH/H,0, 3:1 + 0.1% TFA, 0.75 mL min?, 214 nm): tg = 5.0
min, 95% pure.

Amino(5-(3,5-di-tert-butylphenyl)isoindolin-2-yl)methaniminium chloride (3f) via 5-(3,5-di-tert-
butylphenyl)isoindoline (12f). Method G with the TFA-salt of 2f (68 mg, 0.16 mmol) afforded 12f as a
brown oil (46 mg, 0.150 mmol, 92%), which was reacted directly with 13 (22 mg, 0.150 mmol) for 5 hours
at reflux, affording 3f as a lightly purple solid (38 mg, 0.098 mmol, 66%). Mp 283 - 290°C. IR (ATR): 3339
(w), 3144 (w), 2966 (w), 1635 (s), 1462 (w), 1363 (w), 869 (w), 829 (w) cm™. *H NMR (400 MHz, DMSO-
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d6): 6 7.66 — 7.59 (m, 2H, Hiso-4 and Hiso-6), 7.52 (s, 4H, Guan), 7.48 — 7.44 (m, 1H, His.-7), 7.42 (s, 3H, Ph),
4.80 (d, 4H, J = 8.0 Hz, Hio-1 and Hiso-3), 1.35 (s, 18H, 2x tBu). 3C NMR (100 MHz, DMSO): 6 155.5, 151.4
(2x C), 141.8, 136.4, 134.5,127.3,123.5,121.8, 121.7, 121.6 (3x C), 53.3, 53.1, 35.1 (2x C), 31.8 (6x C).
HRMS (TOF ASAP+) m/z calcd. for C,3H32N3 [M-CI]*: 350.2596; found: 350.2589. HPLC (MeOH/H-0, 3:1 +
0.1% TFA, 0.75 mL min’, 214 nm): tz = 18.1 min, 97% pure.

Method H: synthesis of amino(5-(naphthalen-2-yl)isoindolin-2-yl)methaniminium chloride (3g) via 5-
(naphthalen-2-yl)isoindoline (12g). Modified reaction conditions to the procedure presented by
Bernatowicz et al.°>>* Where the salt 2g (41 mg, 0.144 mmol) was added to K,CO3 (30 mL, sat. ag) and
extracted with EtOAc (5 x 25 mL). The combined organic phases were dried over MgSQ,, filtered, and
evaporated under reduced pressure, affording the free amine 12g (35 mg, 0.143 mmol, 99%). The free
amine 12g (35 mg, 0.143 mmol) was added 13 (20.2 mg, 0.138 mmol) and MeCN (3 mL), before it was
refluxed for 17 hours. The cooled reaction mixture was then filtered, and the precipitate was washed
with Et,0 (5 x 5 mL) and MeCN (3 x 1 mL). The crude precipitate was then crystallized from MeOH/Et,0
affording 3g as an orange solid (21 mg, 0.065 mmol, 47%). Mp 180 — 185 °C. IR (ATR) 3114 (m), 3018 (m),
2970 (m), 1738 (m), 1628 (s), 1576 (m), 1497 (m), 1448 (m), 1370 (s), 1217 (m), 1081 (w), 857 (w), 806
(s), 741 (m), 708 (w) cm™. *H NMR (DMSO-d6, 600 MHz): & 8.26 (s, 1H, Naph), 8.02 (app d, 1H, J = 8.6 Hz,
Naph), 8.00 (app d, 1H, J = 7.7 Hz, Naph), 7.96 (d, 1H, J = 7.6 Hz, Naph), 7.87 (dd, 1H, J = 8.5, 1.8 Hz,
Naph), 7.82 (s, 1H, Hiso-4), 7.82 (app d, 1H, J = 8.0 Hz, H50-6), 7.56 — 7.51 (m, 7H, His,-7 and 2x Naph and
4 Houan), 4.85 (s, 2H, Hiso-3), 4.82 (s, 2H, Hiso-1). 3C NMR (DMSO-d6, 150 MHz): 6 154.9, 139.8, 137.0,
136.2,134.6, 133.3, 132.3, 128.5, 128.2, 127.5, 126.8, 126.5, 126.2, 125.4, 125.1, 123.3, 121.2, 52.9,
52.7. HRMS (ESI+) m/z calcd. for CisH1sN3 [M-CI]*: 288.1500; found: 288.1501. HPLC: (MeOH/H,0, 5:3 +
0.1% TFA, 0.75 mL min, 214 nm): tg = 10.9 min, 96% pure.

Amino(5-(4-butylphenyl)isoindolin-2-yl)methaniminium chloride (3h) via 5-(4-butylphenyl)isoindoline
(12h). Method C with 2h (90 mg, 0.31 mmol) afforded 12h (74 mg, 0.294 mmol, 94%), which then was
added 13 (38 mg, 0.261 mmol) and MeCN (4 mL). Reflux for 5 hours and work-up afforded 3h as a white
solid (62 mg, 0.188 mmol, 72%). Mp >245 °C (decomp.). IR (ATR): 3320 (m), 3148 (m), 2956 (m), 2928
(m), 2858 (m), 2427 (w), 1635 (s), 1582 (m), 1493 (m), 1458 (m), 1406 (w), 1371 (m), 1078 (w), 810 (m)
cm™. 'H NMR (DMSO-d6, 600 MHz): & 7.63 (s, 1H, Hiso-4), 7.62 (app d, 1H, J = 8.0 Hz, Hise-6), 7.59 (d, 2H, J
= 8.0 Hz, Har-2 and Har-6), 7.55 (br. s, 4H, guan), 7.44 (d, 1H, J = 8.4 Hz, His.-7), 7.29 (d, 2H, J = 8.0 Hz, Har-3
and Har-5), 4.80 (s, 2H, Hiso-3), 4.78 (s, 2H, Hiso-1), 2.62 (t, 2H, J = 7.6 Hz, CH,), 1.58 (p, 2H, J = 7.6 Hz, CH,),
1.33 (sex, 2H, J = 7.5 Hz, CH,), 0.91 (t, 3H, J = 7.4 Hz, CHs). *C NMR (DMSO0-d6, 150 MHz): & 155.0 (Couan),
141.9 (Car-4), 140.0 (Cis0-5), 137.1 (Cis0-3a), 136.1 (Ciso-7a), 134.1 (Car-1), 128.9 (Car-3 and Car-5), 126.6 (Car-
2 and Car-2) 126.3 (Ciso-6), 123.1 (Ciso7), 120.7 (Ciso-4), 52.9 (Ciso-3), 52.6 (Ciso-1), 34.4 (CH2), 33.1 (CH2),
21.7 (CH,), 13.8 (CHs). HRMS (TOF ASAP+) m/z calcd. for CioHaN3 [M-CI]*: 294.1970; found: 294.1966.
HPLC: (MeOH/H;0, 5:3 + 0.1% TFA, 0.75 mL min, 214 nm): tz = 39.1 min, 98% pure. Spectral data for 3g
and 3i are assigned similarly to 3h.

Amino(5-(4-butoxyphenyl)isoindolin-2-yl)methaniminium chloride (3i) via 5-(4-butoxyphenyl)-
isoindoline (12i). Method C with 2i (40 mg, 0.132 mmol) afforded 12i which then was added directly to
13 (20.6 mg, 0.140 mmol) and MeCN (3 mL) under argon. Reflux for 6 hours and work-up afforded 3i as a
lightly red solid (12 mg, 0.035 mmol, 27% from 2i). Mp >240 °C (decomp.). IR (ATR): 3394 (m), 3326 (m),
3194 (w), 3129 (m), 2956 (w), 2934 (w), 2865 (w), 1625 (s), 1582 (m), 1569 (m), 1493 (s), 1460 (s), 1369
(m), 1291 (m), 1272 (m), 1247 (s), 1225 (s), 1181 (s), 1031 (m), 975 (m), 897 (w), 811 (s), 632 (m) cm™. H
NMR (DMSO-d6, 600 MHz): § 7.60 — 7.59 (m, 4H, Hiso-4 + Hiso-6 + Har-2 + Ha-6), 7.47 (br. s, 4H, Heuan),
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7.42 (d, 1H, J = 8.4 Hz, Hi-7), 7.02 (d, 2H, J = 8.6 Hz, Ha-3 and Har-5), 4.79 (s, 2H, Hiso-3), 4.77 (s, 2H, Hiso-
1),4.01 (t, 2H, J = 6.5 Hz, OCH,), 1.72 (p, 2H, J = 6.8 Hz, CH,), 1.45 (sex, 2H, J=7.4 Hz, CH,), 0.95 (t, 3H, J =
7.4 Hz, CHs). 3C NMR (DMSO0-d6, 150 MHz): § 158.5, 154.9, 139.8, 136.0, 133.6, 131.9, 127.9, 126.0,
123.1,120.3,114.9,67.2,52.9,52.7,30.7, 18.7, 13.7. HRMS (TOF ASAP+) m/z calcd. for C19H24N30 [M-
Cl]*: 310.1919; found: 319.1916. HPLC: (MeOH/H,0, 5:3 + 0.1% TFA, 0.75 mL min?, 214 nm): tg = 23.6
min, 99% pure.

Inhibition of bacterial growth

Growth medium with MilliQ H,0 was used as a negative control, while sterile MilliQ H,0 and bacteria
suspension was used as a positive control. Bacteria were transferred from a blood plate to growth
medium (MH-bullion, VL787693 717, Merck) for E. coli, P. aeruginosa and S. aureus and BHI-bullion
(CM1135, OXOID) for E. faecalis and S. agalactiae gr. B and incubated at 37°C overnight. The following
day part of the bacteria suspension was transferred to fresh medium and cultivated in a shaker incubator
at 37°C for 1.5 h (E. coli, E. faecalis and Streptococcus gr. B) or 2.5 h (S. aureus and P. aeruginosa). The
bacteria suspension was then diluted 1:100 in medium and added to all wells on a 96-well microtiter
plate (Nunc 167008), followed by sample aliquotes (and Gentamicin as a reference antibiotic) in
duplicates. The plates were incubated at 372C overnight before growth was controlled visually and
photometrically at 600 nm.

Inhibition of biofilm formation

S. epidermidis was used to assess the effect of the test compounds on biofilm formation. Growth media:
tryptic soy broth (TS; Merck, Darmstadt, Germany). An overnight culture of S. epidermidis grown in TS
was diluted with fresh TS containing 1% glucose (1:100). Aliquots of 50 pL were transferred to a 96-well
microtiter plate, and 50 pL of test compounds, dissolved in water at ranging concentrations, was added.
After overnight incubation at 37 °C, the bacterial suspension was carefully discarded and the wells
washed with water. The plate was dried and the biofilm fixed by incubation for 1 h at 55 °C before the
surface attached cells were stained with 100 pL of 0.1% crystal violet for 5 min. The crystal violet solution
was removed and the plate once more washed with water and dried at 55 °C for 1 h. After adding 70 pL
of 70% ethanol, the plate was incubated at room temperature for 10 min. Biofilm formation was
observed by visual inspection of the plates. The MIC was defined as the lowest concentration where no
biofilm formation was visible. A S. epidermidis suspension, diluted with 50 uL of water, was used as a
positive control, and 50 pL Staphylococcus haemolyticus suspension with 50 pL of water was employed
as a negative control. A mixture of 50 pL water and 50 uL TS was used as assay control.

Cytotoxicity to HepG2-cells

Cytotoxicity was evaluated after 24 h exposure in human hepatocellular liver carcinoma (HepG2, ATCC
HB-8065™) cells, and 20,000 HepG2 cells were seeded per well. HepG2 were grown overnight, and then
incubated with test compound (range of concentrations) diluted in MEM Earle's supplemented with
gentamycin (10 pg/mL), non-essential amino acids (1%), sodium pyruvate (1 mM), L-alanyl-L-glutamine
(2 mM), but without FBS (total volume was 100 pl). Ten uL of CellTiter 96® AQueous One Solution
Reagent (Promega, Madison, WI, USA) was added and plates were then further incubated for 1 h.

22



Paper IV 235

Absorbance was measured at 485 nm in a DTX 880 Multimode Detector. Results were calculated as %
survival compared to negative (assay media) and positive (Triton X-100; Sigma-Aldrich) controls.
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