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Foreword

In 2018, | got the opportunity to establish my research group. In light of the growing
problem of drug resistance in Mycobacterium tuberculosis and the considerable number
of people who die from tuberculosis each year, | decided to choose this topic as the main
research interest. The presented thesis aims to provide a summary of the most significant
results achieved within the last four years.

In the beginning, my group consisted of one PhD and five Bachelor students. Later
on, two Master students joined us. Presently, my research group comprises one PhD, two
Master and three Bachelor students. We quickly learned that an efficient approach to
tackling tuberculosis disease requires concerted collaboration with experienced partners.
In this regard, | am proud of establishing extensive cooperation with different institutions
and researchers, which allowed systematic multidisciplinary research involving the
design of new compounds, the synthesis of chemical libraries, the screening of
antimycobacterial activity, and advanced enzymatic assays. At this point, I would like to
emphasize the international cooperation with Dr. Davie Cappoen from the University of
Antwerp (Laboratory for Microbiology, Parasitology and Hygiene) and the internal
cooperation with Prof. Marek Sebela, doc. Karel Berka and Dr. Vaclav Bazgier from

Palacky University.



Abstract

Tuberculosis (TB) remains a challenging global health concern. TB claims more than a
million lives every year and is the world’s leading cause of death from a single infectious
agent, the leading killer of people with HIV, and a leading cause of deaths related to
antimicrobial resistance. On that account, this work is devoted to developing new drugs
highly active against drug-resistant TB strains. It highlights our research aimed at
identifying new small-molecule leads and associated targets against TB.

The first part of the habilitation thesis is composed of a brief introduction to the
current state of antituberculosis research and emphasizes the main achievements in this
field. A substantial part of this work belongs to our research mainly aimed at (i) the
development of novel mycobacterial ATP synthase inhibitors and (ii) the development of
novel mycobacterial Zmpl inhibitors. The last part of the thesis is dedicated to chemical
libraries prepared as a part of phenotypic whole-cell screening. Although this thesis
contains some unpublished results, a significant part was already published in peer-

reviewed journals.
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Mycobacterium tuberculosis, synthesis, inhibitors, mycobacterial ATP synthase,

virulence factor Zmp1, phenotypic screening.
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1 Introduction

The habilitation thesis summarizes the results achieved in the field of the development of
new antituberculosis drugs. It highlights our research aimed at identifying new small-
molecule leads and associated targets against TB. To gain insight into this problem, the
introduction is dedicated to the current state of antituberculosis research, discusses the
possibilities of tuberculosis treatment, and presents information on the development of

tuberculosis drugs and vaccines.

1.1 Tuberculosis

Tuberculosis (TB) is an infectious disease caused by pathogenic bacteria from the
Mycobacteriaceae family, Mycobacterium tuberculosis (M. tuberculosis). According to
the 2021 World Health Organization (WHO) report, tuberculosis is currently the 13th
leading cause of death worldwide and the second leading cause of death from a single
infectious agent after COVID-19. In 2020, an estimated 10 million people fell ill with
tuberculosis worldwide, and a total of 1.5 million people died from tuberculosis in 2020
(1.3 million died among HIV negative people and an additional 214 000 among HIV
positive people).r Tuberculosis is also a major cause of death related to antimicrobial
resistance. The highest reported TB mortality occurs in Africa and South-East Asia.

The disease usually affects the lungs (pulmonary TB); however, extrapulmonary TB
affecting other sites also exists. Primary infection by M. tuberculosis can progress to
active disease. In the ideal case, it can be defeated by the host immune system. However,
M. tuberculosis has the ability to adapt to the human immune system and survive latently
under low-energy conditions in a nonreplicating or dormancy-like state.? It is estimated
that this latent TB infects approximately one-third of the world’s population (about two
billion people).? Latent TB infection (LTBI) can develop into active disease, especially
in immunosuppressed patients, such as people coinfected with HIV/AIDS or people
undergoing anticancer chemotherapy. Indeed, most new TB cases involve the reactivation
of dormant M. tuberculosis that resides in LTBI hosts.? Targeted LTBI treatment is,

therefore, a key part of the End TB Strategy.>



Although TB is preventable and curable, the alarming increase in drug-resistant
tuberculosis cases dramatically complicates the treatment. Until today, multidrug-
resistant (MDR) and extensively drug-resistant (XDR) TB strains are a significant
problem for current antituberculosis therapy.! It is obvious that a considerable research
breakthrough is needed to rapidly reduce the incidence of TB worldwide, mainly in terms
of new strategies to reduce the duration of treatment regimens, as well as the development
of TB drugs that would be highly effective against drug-resistant strains of M.

tuberculosis.

1.2 Drug resistance

M. tuberculosis has the ability to quickly develop resistance to antimicrobial drugs, which
significantly complicates treatment. Consequently, drug-resistant tuberculosis strains
represent a significant public health concern worldwide.! There is an alarming increase
in the new cases of TB strains resistant to rifampicin, the most potent first-line anti-TB
agent. Globally in 2020, 71 % of people diagnosed with bacteriologically confirmed
pulmonary TB were tested for rifampicin resistance, up from 61 % in 2019 and 50 % in
2018.1

The development of resistance to M. tuberculosis is a very complex problem. Much
has been written about this issue, e.g. by Singh, V. et al.* and Castro R. A. D. et al. in
recent reviews.> Drug resistance in M. tuberculosis can develop mainly due to
spontaneous mutations on the bacterial chromosome. As a consequence of these
mutations, the structure of the biomolecular target within the bacteria may change and
stop responding to the antimycobacterial drug effective until now. In addition, prodrug
activation can be affected, drug permeability can be reduced, or effective intracellular
antimicrobial concentration by efflux can be decreased.*® Besides, inadequate dosing and
incomplete treatment regimens contribute significantly to the increase in drug-resistant
TB cases.

The latest WHO report! describes the classification of drug-resistant TB into five
categories: (1) isoniazid-resistant TB, (2) rifampicin-resistant TB (RR-TB), (3)
multidrug-resistant TB (MDR-TB), (4) pre-extensively drug-resistant TB (pre-XDR-TB),
and (5) extensively drug-resistant TB (XDR-TB). The definition of the first two is
obvious. MDR-TB is defined as resistance to the two most effective first-line anti-TB

drugs, rifampicin and isoniazid. Pre-XDR TB is TB caused by M. tuberculosis strains that

10



fulfil the definition of MDR/RR-TB and are also resistant to fluoroquinolones (a class of
second-line anti-TB drugs). Finally, XDR-TB is TB caused by M. tuberculosis strains
that fulfil the definition of MDR/RR-TB and are also resistant to fluoroquinolones and at

least one additional drug, bedaquiline or linezolid.

1.3 Current treatment of tuberculosis

Effective treatment of tuberculosis was first developed in the 1940s, when the antibiotic
Streptomycin was discovered. Currently, the standard treatment of drug-susceptible TB
relies on the combination of four antibiotics (isoniazid, ethambutol, rifampicin and
pyrazinamide) administered for two months in an intensive phase, followed by the
administration of two drugs (isoniazid and rifampicin) for an additional four months
(Table 1).°

In contrast, the duration of the treatment of drug-resistant TB strains can extend up
to 20 months and has to be supported with careful monitoring for adverse events. Usually,
the treatment requires a course of second-line drugs for at least nine months. In 2020,
WHO published a detailed overview of recommendations on the treatment of MDR/RR-
TB? that comprises recommended regimen for: (1) rifampicin-susceptible and isoniazid-
resistant TB; (2) shorter all-oral bedaquiline-containing regimen for MDR/RR-TB; (3)
longer regimens for MDR/RR TB; and (4) the bedaquiline, pretomanid and linezolid
(BPaL) regimen for MDR-TB with additional fluoroquinolone resistance.

According to the WHO consolidated guidelines on tuberculosis - drug-resistant
tuberculosis treatment,® medicines recommended for use in longer MDR-TB regimens
were classified into three groups (Table 1). Group A comprises highly efficient
fluoroquinolones  levofloxacin and moxifloxacin, bedaquiline and linezolid
recommended for all regimens. Group B covers agents of the second choice. Furthermore,
Group C includes other drugs that can complete the regimen when compounds from the
first two groups cannot be used. It should be noted that the last group of compounds is
considered the least safe from those described above.

WHO also mentioned other medicines not included in Group A, B or C.® For
example, earlier used aminoglycosides kanamycin and capreomycin that are no longer
recommended for treatment due to serious side effects. On the other hand, f-lactam drug
clavulanic acid can be included in MDR/RR TB regimens; however, only as a companion
agent to the carbapenems.
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Table 1: Sorting of drugs recommended for the treatment of drug-susceptible and drug-

resistant TB (adopted from WHO).’

Groups and steps Medicine Abbreviation

isoniazid INH (H)
i ) ethambutol EMB (E)

First-line - —
rifampicin RIF (R)
pyrazinamide PZA (2)
levofloxacin or LFX

Group A moxifloxacin MFX

Include all three medicines bedaquiline BDQ
linezolid LzD
clofazimine CFz

Group B - cycloserine or CS

Add one or both medicines terizidone TRD
ethambutol EMB
delamanid DLM
pyrazinamide PZA

Group C imipenem-cilastatin or | IPM-CLN

Add to complete the regimen, and meropenem MPM

when medicines from Groups A and | amikacin AMK

B cannot be used (or streptomycin) (STM (S))
ethionamide or ETO
prothionamide PTO
p-aminosalicylic acid | PAS

1.4 New TB drugs and vaccines development

1.4.1 New TB drugs

The current situation requires new TB drugs that would act more effectively without
serious side effects and significantly shorten the duration of therapy, especially in the case
of drug-resistant TB strains. The ideal antituberculosis drug must display high activity
with a low MIC value, especially against MDR and XDR strains and latent TB infections.
In addition, an ideal new drug should possess low toxicity and adequate safety profile,
optimized pharmacokinetic and pharmacodynamic properties, allow to shorten the

duration of therapy, have limited interactions with other drugs to allow combination
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therapy, particularly with antiretroviral agents. The main goals in successfully treating
tuberculosis are shortening the duration of therapy and the complexity of drug regimens.

In general, research of new drugs or new chemical entities comprises preclinical and
clinical development. The Working Group on New TB Drugs (WGND) carefully track
the progress of new candidates during the whole process, from lead optimization to
clinical trials and regularly update the database. The last update was presented in March
2022 and is depicted in Table 2.8 Nowadays, we can find 25 drugs, several combination
regimens, and 14 vaccine candidates in clinical trials (August 2021).* Groups of drugs
undergoing clinical development comprise new chemical entities as well as repurposed
drugs. Structures of the representative examples are demonstrated in Fig. 1.

Moreover, there are four drugs under investigation as host-directed therapy for
individuals with latent TB infection or the treatment of pulmonary TB (imatinib,

pravastatin, auranofin and metformin).

Table 2: Global new TB drug pipeline (adopted from WGND).®

2022 Global New TB Drug Pipeline’

Discovery Preclinical Development Clinical Development

Il 1
T 4 1f

= Regulatory
\,  Earystage > Market
Optimization y Development
. Approvals
. Results Reported /
PanD inhibitors JSF-3285* FNDR-20081* BVL-GSK098* Delpazolid Expected in 2022
Indazole sulfonamides
Diarylthiazoles MPL-446, 447* TB-47* GSK-286* Sutezolid 1B Practecal
DprE1 Inhibitors .
Direct Inha Inhibitors  CPZEN-45% GSK-839* TBAJ-587 Sudapyridine (WX-081) zanix Bedaquiline*
Mth energy
metabalism NTB-3119*  OTB-658 TBAJ-876 BTZ-043* simplici TB
lid ; .
e iGue | TEY-5-84 Sanfetrinem  TBI-223 TBA-7371* (4-month regimen)
Inhibitors MBX-4888A . * Truncate TB
Arylsulfonamides (1810)* Macozinone OPC-167832* (2-month regimens)
Inhibitors of MmplL3, (PBTZ'IGQ) "
Translocase-1, Clp, FNDR-10045* . .. GSK-656 (070) STREAM 2
PKS13, F-ATP synthase Pyrifazimine $Q-109* Underline = updates
Oxazolidincnes FNDR-20364* (TBI-166) SQL09T  Telacebect since October 2021
_ ) ) SPR720* _

waw ?‘\:n:llca‘l‘ class. Knnwn.chem;cma:iasses f?r any |.nd|cat|on are color coded: rifamyein, diarylquineline, %% wU R K I NG G RU U P

3 y @ ON NEW TB DRUGS
1New Molecular Entities not yet approved, being developed for TB or only pproved for TB. Shawing most advanced stage reported for each.
Details for prajects listed can be found at http://www newthdrugs.org/pipeline/clinical www.newtbdrugs.org
Ongoing projects without a lead d series identified: http://www.newtbdrugs.org/pipeline/discavery Updated: March 2022

The most exciting drug with a unique mechanism of action is bedaquiline (Fig. 1).
This compound was approved for MDR-TB treatment by the FDA in 2012 and was the
first new medicine for TB treatment in more than forty years. Bedaquiline is a member
of the diarylquinoline class targeting mycobacterial adenosine triphosphate (ATP)

synthase. It is also the part of novel TB regimens currently in development (BEAT-TB;
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bedaquiline — pretomanid — moxifloxacin — pyrazinamide; bedaquiline — pretomanid —
linezolid — moxifloxacin; bedaquiline — pretomanid — linezolid).® To date, bedaquiline is
the only approved drug targeting mycobacterial ATP synthase.
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OPC-167832 TBA-7371 SPR720 GSK 656
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N NH N OCH3 \)\/N o
FiC = F g
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13 14 16
Macozinone (PBTZ-169) Pyrifazimine (TBI-166) TBAJ-876 TBI-223

Benzothiazinone Riminophenazines antibiotic Diarylquinoline Oxazolidinone

Fig. 1: Structures of representative examples of drugs in different stages of clinical

development.

Another compound approved for medication used to treat multidrug-resistant TB is
delamanid (Fig. 1). Delamanid was approved in 2014 for use in the EU and Japan.® This
compound belonging to the nitroimidazoles interferes with mycolic acid biosynthesis by
inhibiting the synthesis of ketomycolic and methoxymyecolic acids. This inhibition leads
to the disruption of the mycobacterial cell wall and better drug penetration into bacteria.

The third tuberculosis drug to receive FDA approval is pretomanid (Fig. 1).
Pretomanid is the next nitroimidazole approved by FDA for medical use in August 2019.
Pretomanid has been developed by TB Alliance for the treatment of drug-resistant TB
infections in combination with bedaquiline and linezolid as part of the bedaquiline —
pretomanid — linezolid (BPaL) regimen. As well as the delamanid mentioned above,
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pretomanid acts as an inhibitor of mycolic acid biosynthesis and kills actively replicating
mycobacteria. Moreover, pretomanid acts as a respiratory poison under anaerobic

conditions against non-replicating bacteria.

1.4.2 Vaccines development

A hundred years ago, Albert Calmette and Camille Guérin developed the most effective
vaccine to prevent TB disease to date.l® The bacilli Calmette-Guérin (BCG) vaccine,
based on attenuation of bacteria, remains the only licensed vaccine that effectively
prevents severe forms of tuberculosis in children. Nevertheless, vaccine efficacy is much
lower in adults. However, there are 14 vaccine candidates in clinical trials: three in Phase
I, nine in Phase Il and two in Phase 111 (Table 3).2

Table 3: The global clinical development pipeline for new TB vaccines (adopted from
WHO report).?

' Phase | ) Phase Ila ) Phase I1b ) Phase 111 >

MTBVAC
AEC/BC02 i i DAR-901 booster VPM1002
e Biofabri, TBVI,
Anhui Zhifei Longcom L Dartmouth, GHIT SIIPL, VPM

University of Zaragoza

MIP/Immuvac
ICMR, Cadila
Pharmaceuticals

Ad5 Ag85A ID93 + GLA-SE H56: IC31
McMaster, CanSino IDRI, Wellcome Trust SSlI, Valneva, IAVI

ChAdOx185A-
MVAS85A TB/FLU-04L M72/AS01E
(ID/1IM/Aerosol) RIBSP GSK, Gates MRI
University of Oxford
_G.amTBvac BCG revaccination Ovi
Ministry of Health, Viral vector
) . Gates MRI . .
Russian Federation Protein/adjuvant
RUTI® D Mycobacterial —

whole cell or extract
Mycobacterial — live

Archivel Farma, S.L.

1.4.3 Two strategies in the development of the new drugs

Two different strategies in developing the new drugs are widely used - a target-based
approach and a phenotypic whole-cell screening approach.®9-> Target-based
approaches proceed from knowledge of a specific target, e.g. enzyme or receptor. This

15



rational approach requires identifying and validating the target and looking for a
candidate that efficiently binds to and modulates the target.

However, high-throughput phenotypic screening strategies are highly desired to
enhance TB drug discovery and development efficiency, especially in connection with
resistant TB strains. Phenotypic whole-cell based assays screen for compounds inhibiting
pathogen growth by identifying hits for further optimization and deconvolution of the
mode of action (MoA). Phenotypic whole-cell screens have historically provided the best

successes from hit to pre-clinical or clinical candidate.

1.5 Mycobacterial drug targets and host-directed therapies

In 1998, Cole et al. determined the complete genome sequence of the best-characterized
strain of Mycobacterium tuberculosis, H37Rv.® This significant discovery opened up a
new era of target-based designing of antituberculosis drugs. To date, we know many
targets at the level of M. tuberculosis and the level of the host.)” The brief overview of

mycobacterial targets and host-directed therapies is depicted in Fig. 2.

Mycobacterium tuberculosis Host

Cell wall (macrophage)

-DprE1 T

- MmpL3

Autophagy
-mTOR

-EGFR

- Toll-like receptors

Redox homeostasis
- Mtr
-MshC

Granuloma formation
- TNF-o

‘O P - VEGF
e _Pro- and anti-
inflammatory

host respones

DNA replication and

protein synthesis

- GyrA/GyrB

- DNA-dependent RNA
polymerase

-LeuRS

- RbpA

- DnaE2

Phagosom: Phagolysosome
- LXA4

-LTB4
-PGE2

Oxidative Phosphorylation Phagolysosome fusion

- AtpE -Zmp1
- QerB

Fig. 2: Overview of the mycobacterial drug targets and targeting essential processes at

the level of the host (this picture was drawn according to Torfs et al.).!’

At the level of bacteria itself, the attention of many researchers is focused on the
targeting of vitally important pathways such as oxidative phosphorylation, cell wall
biosynthesis, DNA replication and protein synthesis, etc. Furthermore, targeting
mycobacterial virulence factors (molecules produced by bacteria that can block the
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Immune response) is an attractive approach for developing potential anti-TB adjuvants.
This approach can be represented by targeting Zmp1, which interferes with the immune
system (this will be described in more detail in Chapter 3).

A detailed overview of mycobacterial drug targets is also described by WGND on

their web page.® From the adopted data shown in Table 4, it is apparent that the most

explored are those targets associated with mycobacterial cell wall biosynthesis.

Table 4: Overview of mycobacterial drug targets (adopted from WGND).®

L,D-transpeptidase
Mur ligases
D-alanine:D-alanine
Ligase

(DDL)

e Translocase 1

Cell Wall Synthesis

e WecA inhibitor
e DprE1 Covalent
Inhibitors
e DPRE1
Noncovalent
Inhibitors

Peptidoglycan Arabinogalactan Mycolic Acid
Layer Layer Layer
Lipid Il e Arabinosyl MmpL3 Inhibitor
D,D-transpeptidase transferase InhA Inhibitor

KasA Inhibitors
Unknown Target
Myecolic Acid
Inhibitors

(MurX or Mra'Y)
DNA gyrase

DNA Replication .

DNA Transcription | « RNA Polymerase

RNA Translation e rRNA/Ribosome

ATP-Synthase

Cytochrome bcl-aa3

NADH Dehydrogenase Type Il
MenG Inhibitor

Energy Metabolism

ClpP1P2

Proteolysis &
ClpC

Proteostasis

Unknown Target Cholesterol Metabolism
Tryptophan Synthase (TrpAB)

Aspartate decarboxylase (PanD)

Efflux transport of antibiotics (efpA)

Cellular
Metabolism

The last decade has witnessed an increase in the research approach, the so-called
Host-Directed Therapy (HDT).29182! This strategy is based on the modification of the
host response related to the activity and pathogenicity of M. tuberculosis infection. The
crucial fact is that HDT drugs, unlike classical antibiotics, act by modulating host cell
functions; therefore, the development of drug-resistance by infecting M. tuberculosis is
avoided. Key HDT mechanisms include autophagy induction, modulation of host
epigenetics, and modulation of the cytokine and lymphocyte-mediated response.?! It is a
relatively new concept in the treatment of TB and a promising strategy for treating drug-

resistant TB cases.
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Obviously, the TB pandemic requires the identification of novel drugs with a novel
mechanism of action that would be highly efficient against resistant strains and latent TB
infection. A combined effort of academic research and industrial partners, new trends,

and approaches could lead to the eradication of this infectious disease in the future.
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2 Mycobacterial ATP synthase inhibitors

Mycobacterial adenosine triphosphate (ATP) synthase is a key enzyme in the energy
metabolism of bacteria that has been found to be essential for the growth and survival of
bacteria in both replicating and non-replicating states.??> Mycobacterial ATP synthase is
a validated clinical target in the treatment of drug-resistant tuberculosis.?**?> Due to the
significant structural differences between bacterial and mammalian ATP synthases,
inhibition of mycobacterial ATP synthase is considered a relatively safe approach in the
treatment of multidrug-resistant (MDR) and extensively drug-resistant (XDR)
M. tuberculosis infections.

Mycobacterium tuberculosis is an obligate aerobic bacterium highly dependent on
oxidative phosphorylation that produces ATP for growth and survival. Furthermore, the
production of ATP is also essential in the dormant state, as ATP synthase carries specific
characteristics that facilitate survival under non-replicating conditions, including oxygen
insufficiency, nutrient limitation, and acidic pH.2

Oxidative phosphorylation (Fig. 3) is the source of energy that drives ATP synthase
to convert the electrochemical potential energy into chemical energy in the form of ATP

by the reaction of ADP with inorganic phosphate (Pi).?

succinate
dehydrogenase ATP synthase

H* (SDH) H* H*

gt
NADH = NAD™H" o, cinate fumarate+2H* H* H,0

H+
ADP + P; ATP + H,0 cytochrome bd

)

Fig. 3: Oxidative phosphorylation in M. tuberculosis (this figure was drawn according
to Bald et al.).?®

cytochrome bc,/aa;
supercomplex
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Mycobacteria are endowed with dehydrogenases that fuel the electron transport chain
(ETC). Furthermore, the reduction of dioxygen coupled with the generation of a proton
motive force (PMF) is arranged with two respiratory oxidases. In 2021, we reviewed in
detail known inhibitors targeting the most important enzymes included in oxidative

phosphorylation.??

2.1 Structure of mycobacterial ATP synthase

The mycobacterial F1Fo-ATP synthase (F-ATP synthase) is a membrane protein complex
consisting of two domains (F1 and Fo) and nine subunits (a3:f3:7.5:&:e:a:b:b":cg) encoded
by the atp operon (Fig. 4).22"-2 The hydrophilic stator domain F is formed with subunits
a3:f3:y.e, Where as:fz-hexamer forms the catalytic centre. The proton-translocation
domain Fo includes a structurally conserved a subunit and a ring of nine ¢ subunits. Both
domains are connected through a central stalk containing y and € subunits reversibly
coupling proton flow to either ATP synthesis or hydrolysis. The prevention of a3:fs-
subcomplex rotation is ensured by a peripheral stalk formed with b-¢ fused part and

subunit »".

cytoplasm

S

periplasm

Fig. 4: Structure of mycobacterial ATP synthase from Mycobacterium smegmatis
(figure created using Mol* Viewer and PDB: 7NJP).
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The transmembrane proton motive force drives the proton translocation throughout
the Fo rotor domain, causing the rotation of the j-&co complex and subsequent
conformational changes in the catalytic as:f3-subcomplex. As a consequence, the
synthesis of ATP occurs. Importantly, the specific structure of mycobacterial F-ATP
synthase results in suppression of proton motive force formation during ATP hydrolysis

and its low or latent ATPase activity in the fast- or slow-growing form.

2.2 Mycobacterial ATP synthase inhibitors

The first highly effective ATP synthase inhibitor, bedaquiline, was described in 2005%
and approved for MDR-TB treatment by the FDA in 2012. This compound represented a
new class of antimycobacterial drugs with a novel mode of action. Interestingly, it was
the first new medicine for treating tuberculosis in more than forty years. Bedaquiline
exhibits excellent anti-TB activity against both dormant and actively replicating
mycobacteria.

To date, bedaquiline is the only approved drug targeting mycobacterial ATP
synthase. Recently, Guo and co-workers revealed by cryo-electron microscopy that
bedaquiline binds to the highly conserved subunit ¢ of ATP synthase in Mycobacterium
smegmatis, closely related to M. tuberculosis.?® This binding induces significant
conformational changes in mycobacterial ATP synthase, creating distinct contacts
between bedaquiline and subunit a. Importantly, mycobacterial subunits ¢ and a differ
from human ATP synthase, which explains the specificity of bedaquiline for
mycobacteria mentioned above.

Later, new scaffolds such as thiazolidinediones, pyrazolopyrazinones,
diaminopyrimidines, diaminoquinazolines, chloroquinolines, or squaramides appeared,
as we recently reviewed.?? For brief illustration, only a few examples will be depicted

below.

2.2.1 Bedaquiline analogues

The discovery of bedaquiline by a Janssen Pharmaceutica research team has triggered a
broad interest of medicinal chemists.®9313241-44.33-40 Degpite its significant efficiency and
promising antitubercular profile, bedaquiline has several drawbacks, such as high

lipophilicity (contributing to its long terminal half-life and toxicity) and low solubility.
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Therefore, several research groups have focused on developing analogues with better
safety profiles.

For example, the Palmer group made an intensive effort in this field.3638-4043 They
reported several bedaquiline analogues, including derivatives 20 and 21 (Scheme 1), with
reduced cardiovascular toxicity compared to bedaquiline.®® The synthesis of these
analogues proceeded by the standard synthetic pathway outlined in Scheme 1 from
6-bromo-2-methoxyquinoline 17 and the appropriate aldehydes. LDA-mediated coupling
of benzylquinolines 19 with selected ketones provided final analogues 20. The 6-cyano
compounds 21 were prepared from the corresponding 6-bromo analogues by direct
cyanation. The desired diastereomers were isolated by supercritical fluid (SFC) HPLC.

(0] NMe2

: . 20a
'Y = 2-F, 3-Me, 3-OMe, 2,3-diOMe, 2,3,5-tiOMe | clogP = 5.68

'R" = OMe, OEt, SMe, SEt, : MICgp = < 0.004 uM
{R2 = OMe, O/Pr, OnPr, OCF2H, SMe, SO,Me, NMe | hERG = > 10 uM

Scheme 1. Synthesis of bedaquiline analogues 20 and 21.** Reagent and conditions:
(i) LiTMP, THF, =75 °C, 1.5 h then the appropriate aldehyde, —75 °C, 4 h; (ii) EtsSiH,
TFA, DCM,; (i) MsCl, EtsN, DMF, then NaBHg; (iv) LDA, THF, =75 °C, 1.5 h then the
appropriate ketone, then HOAc, 24-87 %; (v) Zn/Zn(CN)2, Pd.(dba)s/P(o-tol)s, DMF,
50 +°C, then separation of the diastereomers by SFC HPLC, 51-88 %.

2.2.2 Inhibitors based on pyrazolopyrazinone scaffold

The screening of chemically diverse compounds using the Mycobacterium smegmatis

ATP synthase enzyme pointed out a non-diaryl quinoline scaffold pyrazolopyrazinone as
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an attractive structure (Scheme 2).%” Synthesis of these scaffolds started with
trimethylaluminium mediated monoamidation of commercially available pyrazole-3,5-
dicarboxylate 22. Subsequent treatment with p-TSA afforded the cyclized product 24.
Dehydration using methanesulfonic acid followed by reaction with trimethylaluminum
and piperidine gave piperidinyl amide 26. The final reaction of intermediate 26 with
substituted benzyl bromides furnished the final compounds 27.

Compounds 27a (Scheme 2) showed the most promising results from the extensive
SAR study exhibiting ICso = 0.28 uM. Interestingly, compounds 27 do not inhibit any
CYP450 enzymes and could be a starting point for further research in the field of anti-TB
drug discovery. However, the authors of this publication did not mention any specific
binding to ATP synthase.

i, HN
/U\m—‘/( —— MeO /[w w w
HN = W K N-

24

26 27 27a

'R = 3,4-diCl, 4tBu; ICs0 = 0.28 uM
""""""""" MICso = 2 mg/ml

Et

Scheme 2. Synthesis of pyrazolopyrazinones 27.3” Reagent and conditions:
(i) aminoacetaldehyde dimethyl acetal, (AlMez)2, THF, reflux, 50 %; (ii) p-TSA, acetone-
H20, reflux, 67 %; (iii) methanesulfonic acid, rt, 72 h, 41 %,; (iv) piperidine, (AlMe3)2,
THF, rt, 2 h, 79 %; (v) NaH, RBnCH2Br, DMF, rt, 78-80 %.

2.2.3 Inhibitors based on diaminopyrimidine scaffold

One of the latest promising results was published by Hotra et al., who reported a novel
antimycobacterial drug 34 targeting the y subunit of ATP synthase (Scheme 3).%
A synthetic protocol for compound 34 (GaMF1) started with the preparation of precursor
30 (Scheme 3). 2,4-Dichloro-6-methyl pyrimidine 28 was reacted with ethylamine in hot
ethanol, giving a mixture of the two regioisomers separated chromatographically.
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Acylation of 4-nitroaniline with 3-bromobenzoyl chloride, reduction of the nitro group
and reaction with intermediate 30 gave the final compound 34.

Compound 34, termed GaMF1, inhibits specific mycobacterial ATP synthase
through the binding to the y subunit. Furthermore, GaMF1 was found to increase the
potency of bedaquiline, which makes this compound potent for an efficient multidrug

combination.

NN NN N N
T T T
Cl NHEt Cl
28 29 30

H

Br Br
1 H N.__NHEt
i i iv Q N
— HN" 0 —— HN" 0o — Br\©)L N~
N

NO, Me
34 (GaMF1)
31 |Cso =0.5 HM
NO, NH, MICso = 11 uM
32 33

Scheme 3. Synthesis of GaMF1.%? Reagents and conditions: (i) EtNH,, DIPEA, EtOH,
50 °C, 24 h, 33 %j; (ii) 3-BrPhCOCI, KoCOgz, THF, rt, 16 h, 98 %; (iii) Pt/C/S, Hz, 100 psi,
100 °C, 99 %; (iv) 30, DIPEA, dioxane, reflux, 2 days, 80 %.

2.2.4 Inhibitors based on the squaramide scaffold

The most exciting compounds related to our research are squaramides, firstly published
as antimycobacterial agents by Tantry et al. in 2017 (Scheme 4).3 They described
morpholine squaramide derivative 38a as a novel mycobacterial ATP synthase inhibitor
with nanomolar antituberculosis activity.

Synthesis of squaramides depicted in Scheme 4 proceeded from commercially
available squaric acid 35 in situ converted to dichloro intermediate 36. Subsequent
arylation of 36 and reaction with pyridin-2-ylmethanamine in the presence of the base
afforded squaramides 38.

Compound 38a displayed efficiency in a mouse TB infection model. Studies on a
membrane-based biochemical assay (Myc_ATPS ICsp 0.03 puM) measuring ATP
synthesis through oxidative phosphorylation suggested mycobacterial ATP synthase as a
molecular target. Furthermore, compound 38a showed sensitivity against a bedaquiline-
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resistant mutant, which indicated that this compound might occupy a different binding
site of the ATP synthase compared to that of bedaquiline.

R! R!
HO OH cl cl O H
;i i ;i i ol _ii N-g2
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o 0 o o
36 37 38

35

O/w
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IR"=CF;,CN,§&-N 0O ! O NT
: ~—/ : Ho e
E R2 = E N
i N N :
Y % YN |
: P P o] o]
, i 38a
5 N N Ny 5 Myc_ATPS ICg = 0.03 uM
B j K ) %/\E)\ ; Mib MIC = 0.5 M
| N N Ph ! Selectivity index >1000
1

Scheme 4. Synthesis of squaramide 38.% Reagents and conditions: (i) SOCl,, 80 °C, 3 h;
(ii) R1-Ph, AICIs, DCM, 0 °C, 2 h, 16 %; (iii) R®NH., TEA, 1,4-dioxan, 0-2 °C, 30 min,
16 %.

Subsequently, Li et al. enriched the library of squaramides with diamino substituted
compounds 42 (Fig. 5).*! Moreover, they synthesized other series, including furan-2(5H)-
ketone and maleimide (Fig. 5, compounds 39-41). However, none of the studied

squaramides exhibited higher potential than those published earlier by Tantry et al.*®

H
0=° O _o o=N_0 Oj fo
HN— HN— HN— RP-NH HN—
Ar Ar Ar Ar
42
R’ R’ R
39 40 a1

 RO= 5 o. 0
| 3-CH30, 4-CH30, 2-CH,0, F, Cl 5 j:f
[ , ¢ |0 NH HN
i R? = substituted phenyl : L
: : o) 7N
1 : N
42a

substituted heteroaryl

iAr=§ 7\ - \ ¢ 7N 7 W\ MIC H37Rv = 0.452 pg/ml
i ICs0 = > 64 pg/ml

Fig. 5: Overview of ATP synthase inhibitors published by Li et al.**
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2.2.5 Squaramides developed by our group

SAR studies on squaramides performed by Tantry et al. (Scheme 4) suggested that
2-pyridylmethyl substitution on the right-hand side (RHS) of the squaric acid scaffold
(Fig. 6) is crucial for reaching the desired potency. On the other hand, the left-hand side
(LHS) of molecule 38 is incomparably less explored. Tantry et al. studied only three
different modifications on the LHS, where a morpholinophenyl moiety was found to be
the best. For this reason, we decided to explore further possibilities and broaden the SAR
study of squaramides. Based on this knowledge, we initially designed and synthesized

two series of modified squaramides 38 and 43 (Fig. 6).

LHS RHS
r A hY r A N\
oﬂ
NI
ST YT IR R4
N N N_/SN R—N N_ /SN
. — . )l
o o o o o o
38a 38 43

Fig. 6: Design of new squaramides 38 and 43.

Our first synthetic effort leading to the target compounds 38 proceeded from the
work published by Tantry et al.*® (Scheme 5). Based on their experiences, we used
commercially available squaric acid 35 and converted it to the corresponding dichloro
derivative 36. Subsequently, crude 36 was subjected to arylation with various aromatic
compounds in the presence of 0.25 equiv AlClz as Lewis acid giving precursors 37. Since
the yields of this reaction were very low (1-23 %), compound 36 was purified prior to the
next step and obtained in a 55% yield. Further, we increased the amount of AICI3 to
2 equiv. Finally, crude intermediates 37 were directly reacted with pyridin-2-
ylmethanamine in the presence of the base giving products 38a-f in moderate to good
yields (14-73 % yield over two steps).

To properly compare the biological activity of the published compound 38a with our
analogues, the squaramide 38a was also synthesised for this purpose. Synthesis of
squaramides 38 depicted in Scheme 5 was the part of the Bachelor and Master thesis of

Jan Chasak.*>*6
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Scheme 5. Synthesis of target compounds 38a-f. Reagents and conditions: (i) SOCly,
DMEF, 80 °C, 1 h, 55 %, (ii)) R-Ph, AICIl3, DCM, 0 °C - rt, 2 h; (iii) pyridin-2-
ylmethanamine, 1,4-dioxane, TEA, 0 °C, 30 min, 14-73 %.

Since the method described above failed during our efforts to introduce
1-phenylpiperazine or 4-phenylpiperidine moiety into the final structure 38, we were
forced to completely modify this synthetic route (Scheme 6).

Boc,
N
BOC‘N/\\X oLi Q
/\ i \\/ Q ' o i X i
Boc—N X Br — —_— —_—
O = Qo
44 MeO OMe e
45
OMe
O OMe
46
Boc\
1 i
OMe
OMe
389 X= CH
38h (X =N)

Scheme 6. Synthesis of target compounds 38g-h. Reagents and conditions: (i) 3,4-
dimethoxycyclobut-3-ene-1,2-dione, 1.7M t-BuLi, dry THF, -78 °C, 1-1.5 h; (ii) TFAA,
MeOH, -78 °C - rt, 20 min, 24-51 %; (iii) pyridin-2-ylmethanamine, MeCN, rt, 16 h, 74-
95 %; (iv) for 38g: 10% HCI, DCM, rt, 15 min, 73 %, for 38h: 10% HCI, rt, 15 min; then
TFA, DCM, 1, 2 h, 28 %.

3,4-Dimethoxycyclobut-3-ene-1,2-dione was treated with the in situ prepared lithium salt

of 44. The addition of trifluoroacetic anhydride to the reaction solution with subsequent
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reaction termination with MeOH yielded monoketals 46. Then, intermediates 46 were
reacted with pyridin-2-ylmethanamine. Finally, the ketal and Boc protecting groups were
removed using 10% HCI solution to afford the target compound 38g in a 73% yield. TFA
in DCM had to be added to remove protecting groups in the case of compound 38h
thoroughly. This synthetic procedure was developed by my PhD student Milan Dak.

To further modify the central scaffold and implement an additional NH group to
increase the possibility of hydrogen-bond interaction between the compound and ATP

synthase, we designed and synthesized diamine analogues 43 (Scheme 7).

74 \ 74 \
H = H )<
HO OH MeO OMe MeO N N R! N N
0 - H = XX -
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Scheme 7. Synthesis of target compounds 43. Reagents and conditions:
(i) trimethylorthoformate, dry MeOH, 65 °C, 24 h, 89 %; (ii) pyridin-2-ylmethanamine,
MeCN, rt, 40 min, 80 %,; (iii) amines, MeCN, rt or 50°C, 16 h, 33-87 %; (iv)
2-aminobenzoxazoles, DBU, MeCN, 50 °C, 16 h, 8-50 %.
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Firstly, dimethoxy analogue 48 prepared from squaric acid 35 was reacted with pyridin-
2-ylmethanamine to give precursor 49. Target compounds 43a-0 were synthesized by
reacting 49 with various aliphatic, alicyclic or aromatic amines at room temperature or
50 °C in moderate to high yield (33 — 87 %). On the other hand, the reaction of 49 with
various 2-aminobenzoxazoles (prepared according to the protocol we developed)*’
required a higher reaction temperature (50 °C) and the presence of the base. Final
compounds 43p-v were obtained in low to moderate yield (8 - 50 %) influenced by the
lower solubility of target compounds. Synthesis of squaramides 43 depicted in Scheme 7
was the part of the Bachelor and Master thesis of Jan Chasak.*>4®

Subsequently, squaramides 38 and 43 were tested for their antimycobacterial
activity. All these experiments were performed by Dr. Davie Cappoen from the
University of Antwerp (Belgium). The libraries of squaramides 38 and 43 were initially
screened in a single shot assay against Mycobacterium tuberculosis H37Ra. From the
total library of investigated compounds 38 and 43, only members belonging to the phenyl
substituted sub-library 38 were identified as primary hits with a detection cut off > 60%
at 10 uM after 7 days of incubation. The phenyl substituted analogues 38 were submitted
for a MIC determination. We identified two compounds, 38b and 38c (Fig. 7), with
submicromolar (0.6 - 0.7 uM) activity against M. tuberculosis H37Ra. For none of these
derivatives, we detected acute cytotoxicity against the MRC-5 lung fibroblast, HepG2
metabolic active hepatocytes or Raw264.7 macrophage-like monocytes at concentrations
up to 128 uM.

Fig. 7: Structures of the most potent compounds.

Following the broad-spectrum screening, the compounds were further screened
against a panel of pathogenic bacteria and parasites. The only activity detected in the
broad screening was reported for compound 38b, which showed minor activity against

Leishmania donovani.

29



To access the activity against intracellular replicating M. tuberculosis, a macrophage
infection was performed with the compound series 38. Briefly, Raw264.7 macrophage-
like monocytes were infected at a multiplicity of infection of 10 with M. tuberculosis
H37Ra and subsequently treated with the compounds. Both compounds 38b and 38c
showed superior activity in the macrophage infection assay by achieving a 90% reduction
of intracellular bacillary load after 4 days of treatment within the macrophage monolayer.

In order to identify the exact molecular target, the spontaneous resistant mutants
were raised against 10x the MIC concentration of the tested compound 38b. Genotyping
of the AtpA-G units in the mutants showed the Lys (AAG) — Asn (AAT) transition at
position 179 to be dominant and causing resistance to the phenyl substituted analogues

(Fig 8). This mutation was mapped to subunit a of ATP synthase encoded by atpB.

CCCC D | C > I [ >

GTCGGACACCCGATCAAGTTGCTGAAAGGGCACGTGACGCTCCTCGCGCCGATCAACCTTGTCGAAGAAGTCGCCAAGCCAATCTCGTTGTCGCTCCGACTTTTCGGCAACATTTTCGCCGGCGGCATTCTGGTCGCACTGAT
! 1 1 ! ! 1 4 1 3 ! 3 1 3 1 3 ! : ! 4 1 4 1 : I
T t + + t + t t t + T
CAGCCTGTGGGCTAGTTCAACGACTTTCCCGTGCACTGCGAGGAGCGCGGCTAGTTGGAACAGCTTCTTCAGCGGTTCGGTTAGAGCAACAGCGAGGCTGAAAAGCCGTTGTAAAAGCGGCCGCCGTAAGACCAGCGTGACTA

155 160 165 L 170 175 180 185 190 195
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GTCGGACACCCGATCAAGTTGCTGAAAGGGCACGTGACGCTCCTCGCGCCEATCAACCTTGTCGAAGAAGTCGCCAAGCCAATCTCGTTGTCGCTCCGACTTITTCGGCAACATTTTCGCCGGCGGCATTCTGGTCGCACTGAT

WT IcrcmmcccmmwncmmsammAccmmmccmmcmmcm“mscmmmmmmmmmmnmscmmnncccsocnmmwom“mu
GTCGGACACCCGATCAAGTTGCTGAAAGGGCACGTGACGCTCCTCGCGCCBATCAACCTTGTCGAAGAAGTCGCCAAGCCAATCTCGTTGTCGCTCCGACTTTTCGGCAACATTTTCGCCGGCGGCATTCTGGTCGCACTGAT
38p IGrEGGA:AcccGAYcAAGTYncYaAAAGoccAca?ﬁAcccYccYcal:GccsArcAAthTGrtGAAGAAsYchcA@cAAchcercchcwccaAcvachﬁcAAcAwYn:cccscconcAYYcYﬁcYchAcYGAT
GTCGGACACCCOATCAAGTTGCTGAAAGGGCACGTGACGCTCCTCEEGCCEATCAACCTTOTCOAAGAAGTCOCCAATECAATCTCGTTGTCOCTCCGACTTTTCOGCAACATTTTCOCCGECEGCATTCTGETCGCACTGAT
38b |ovcscAcAcccoﬂcAAcYthvcu:«cccc»\covucacvchcccscccucnccHcrcc:«nswsvcccucAAvcvcancvcccvcccncvvvv:cccAAcAvHvccccccccccnrc‘lsmCGCACYGM
GTCGGACACCCOATCAAGTTGCTGAAAGGGCACGTOACGCTCCTCGCGCCGATCAACCTTOTCGAAGAAGTCOCCAATECAATCTCOTTGTCGCTCCGACTTTTCOGCAACATTTTCOCCEECEECATTCTGETCGCACTGAT

Fig. 8: Single nucleotide polymorphism in squaramide 38b resistant mutants.

Next, the compounds were tested against a bedaquiline (BDQ) resistant mutant
confirming the susceptibility of the BDQ resistant mutant for the test compounds at a
concentration (0.6 - 0.7 uM).

To further study the toxicity, the possibility for genotoxicity was excluded with a
vitotox assay, closely correlated to an Ames test. No genotoxicity was detected for the
compound series 38 for concentrations tested up to 128 uM.

To evaluate the drugability of the compounds, we tested their metabolic stability. All
compounds showed extreme susceptibility for metabolic destruction by phase | murine
CP450 enzymes but less extended to the phase Il UGT enzymes. However, when
repeating the assay with human CP450 and UGT enzymes, the overall stability improved,

with a remainder of 85 and 95 % of the parental compound after enzymatic exposure.
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Our squaramides were also docked into a model of ATP synthase, which was
performed by our colleagues Karel Berka and Vaclav Bazgier from the Department of
Physical Chemistry UP. Since no experimental structure was available for
M. tuberculosis, we have used a homology model built using the SwissModel server over
M. smegmatis structures. Since both mycobacteria share similar sequences with more than
75% identity, we have first docked squaramides using Autodock Vina into structures from
M. smegmatis in various states. We have identified that squaramides bind specifically into
the cavity between rotating ¢ subunits (atpE) and static a subunit (atpB), but only to state
2. Squaramides bound with RHS directly interact with this residue (Fig. 9). LHS
containing nitrogen as a hydrogen bond acceptor interacts with M. smegmatis atpB N174
(M. tuberculosis eq N172). Most contacts to atpE subunits are provided by nonpolar
interactions - e.g. M. smegmatis 159 (M. tuberculosis 155). Squaramides thus fit the
interface between subunits, effectively blocking the movement of the rotating subunits
by binding to E177 residue.

Fig. 9: Binding pose for compound 38b into Msm ATP synthase in state 2 — pdbid:7njp.

AtpB subunit is shown with cyan cartoon, AtpE subunits are shown in yellow and green

colours in the background.

All results mentioned above in this chapter have been summarized in the manuscript
and are prepared for publication. This multidisciplinary work comprises the design of
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new analogues, their synthesis and characterization, and biological evaluation. Two
undergraduate students and one PhD student were involved in synthesising new

derivatives.

2.2.6 New synthetic pathways leading to various squaramides

The binding pose for compound 38b into Msm ATP synthase illustrates a vast space for
further modification of structure 38 (Fig. 10). We realized that the squaric acid skeleton
is a unique feature, and its structural modification does not seem to be rational. On the
other hand, there are many possibilities to optimize the LHS and RHS part of the

squaramide structure.

Fig. 10: Binding pose for compound 38b into Msm ATP synthase, illustrating further

possibilities for modification of parent structure.

For this reason, we aimed to develop novel and highly universal synthetic pathways that
would enable us to prepare a wide range of squaramide analogues from available
precursors. For our initial work in this area, we selected the Liebeskind-Srogl coupling as
a universal method for C-C coupling using the number of commercially available boronic
acids (Scheme 8). Synthesis utilized dichloro derivative 36 that was in situ converted to
monochlor analogue 50. The reaction of intermediate 50 with p-methoyxythiofenol
followed by Liebeskind-Srogl cross-coupling reaction gave products 52. Final
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squaramides 53 were obtained upon the reaction of 52 with pyridin-2-ylmethanamine.
I would like to point out that my student Jan Chasak carried out described synthetic work
within his Master thesis.*

To develop a universal synthetic methodology, we used several boronic acids
without a specific selection of substrates. However, consecutively, we will select

appropriate analogues based on molecular docking and simultaneous biological tests.
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Scheme 8. Synthesis of new squaramide anlogues 53 based on the Liebeskind-Srogl
coupling. Reagents and conditions: (i) dry MeOH, dry DCM, rt, 16 h;
(if) p-methoyxythiofenol, TEA, dry THF, rt, 30 min, 42-64 % over two steps; (iii) boronic
acid/pinacol, CuTC, TFP, Pd(dba)s, dry dioxan, 100 °C, 20 h, 12-89 %,; (iv) pyridin-2-
ylmethanamine, MeCN, rt, 30 min, 65-85 %.

We suggested new analogues 56 differing from previous compounds in amide bonds
based on molecular docking. For suggested compounds, an efficient synthetic approach
was developed (Scheme 9). Firstly, intermediate 54 was successfully prepared in high
yield and converted to amides 55. The final reaction with pyridin-2-ylmethanamine

yielded compounds 56. All amides 56 were synthesized by my PhD student Milan Dak.
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Scheme 9. Synthesis of squaramides 56. Reagents and conditions: (i) NHsz (g), Et20,
0 °C, 30 min, 89 %; (ii) R-COOH, EDC.HCI, DMAP, DMF, rt, 2h, 26-60 %; (iii) pyridin-
2-ylmethanamine, MeCN, rt, 1 h, 60-90 %.
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Analogues 56 are currently undergoing initial biological screening for their activity
against M. tuberculosis H37Ra.

Obviously, the squaric acid scaffold is a particular feature with the potential to be
further developed into drug candidates for tuberculosis. Our systematic investigation of
squaric acid analogues revealed some specific modifications, demonstrating the
significant potential for structure-based design in developing next-generation

antituberculosis drugs.
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3 Mycobacterial Zmpl inhibitors

Zinc metalloprotease 1 (Zmpl) is a Mycobacterium tuberculosis 75 kDa secreted enzyme
found to be essential for intracellular survival and M. tuberculosis pathogenicity.*84°
In 2008, Master et al. described that mycobacterial Zmp1 interferes with the macrophage
phagosome maturation by inhibiting caspase-1 activation and thereby reduction of IL-1
secretion (Fig. 11).*® This disruption of the signalling pathway for inflammasome
activation prevents the early inflammatory response necessary for the complete clearance
of the invalid pathogen.>® However, the molecular mechanism of caspase-1 inhibition by
Zmpl has not been fully elucidated to date. Zmp1 and its inhibition leading to attenuation
of virulence may represent a potentially useful drug target and is worthy of further

investigation.

M. tuberculosis
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Fig. 11: Inhibition of the phagosome maturation process by mycobacterial Zmp1 (this

figure was drawn according to Ferraris and Rizzi).>*

3.1 Structure of mycobacterial Zmpl

The first structural characterization of Zmp1 was published in 2011 by Ferraris et al. (Fig.
12).52 They recombinantly expressed Zmpl in Escherichia coli, purified and co-
crystalized with the known broad-spectrum inhibitor of Zn-dependent metalloproteases
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phosphoramidone. Experiments carried out showed that Zmp1 is composed of two mainly
a-helical lobes interconnected by several loops distributed over the protein equatorial line
(Fig. 12). The active site of Zmp1 is located between two lobes with the catalytic zinc ion

coordinated in a tetrahedral geometry by the conversed residues His497 and His493.

Fig. 12: Crystal structure of Mycobacterium tuberculosis zinc metalloprotease Zmp1 in

complex with inhibitor (PDB: 3ZUK; figure created using Mol* Viewer).%?

The exciting study describing two open-state cryo-EM (cryo-electron microscopy)
structures of Zmp1 was published recently by Liang et al. (Fig. 13).>® Their structural

analysis highlighted the key conformational states for structural enzymology studies.

Fig. 13: Cryo-Em structure of M. tuberculosis Zmpl in the open state (PDB: 6XLY;
figure created using Mol* Viewer).53
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3.2 Zmpl inhibitors

The initial study on effective mycobacterial Zmpl inhibitors was published by
Peterea etal. in 2012, who investigated the interaction of this metalloprotease with
phosphormadion and chelators such as 1,10-phenanthroline and EDTA.®® A relatively
limited number of additional studies on this topic followed.>*>° All published substances
contain the rhodanine skeleton,®" hydroxamate moiety®® or thiazolidinedione
heterocycle.>® They are characterized by a chemical entity with an affinity towards Zn?*
ion called zinc-binding group (ZBG).

The most potent inhibitors are depicted in Fig. 14, along with the relevant available
data. However, it is hard to compare the functionality of these inhibitors as some of them
were studied merely theoretically in terms of Zmp1 inhibition using molecular docking
studies (Fig. 14, compounds 59 and 60).°>°¢ Regarding the mycobacterial Zmpl
inhibition, compound 61° exhibited the best experimental results to date. All structures

will be discussed in more detail below.
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Fig. 14: Structures of known Zmp1 inhbitors.>>°

3.2.1 Inhibitors containing rhodanine heterocycle

The first inhibitors containing rhodanine skeleton were described by Mori et al. in 2014.%*
The combination of in silico design and biochemical studies led to the identification of
the small molecule inhibitor 57 reaching the nanomolar Ki of 94 nM (Scheme 10).
Synthesis of this compound started from optically pure phenylalanine 63, which was

reacted with carbon disulfide, giving intermediate 64. Subsequent reaction with sodium
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chloroacetate, acidic cyclization, and final Knoevenagel condensation (Verley

modification) gave the desired inhibitor 57.

Ph
JEp
Ph
Ph , s NaOOC” >N” s .
- = JJ\ L H 111
HOOC” ~NH, Na0OC” ™N” “sNa Nao/\g
63 64 65
Phl . S
HOOC N//<S v, Ph_>_N>\\S COOH
P HOOC N
0 o
66 57

K; Mtb Zmp1 = 0.094 pM

Scheme 10. Synthesis of title compound 57.>* Reagent and conditions: (i): CSz, NaOH,
H-20, rt, on; (ii) sodium chloroacetate, H20, rt, 2 h; (iii) 6 M HCI, POClIs, 75 °C, 4 h,
66 %; (iv) p-carboxybenzaldehyde, p-alanine, CH3COOH, reflux, 6 h, 83 %.

Mori and co-workers enriched the library of rhodanines with inhibitors 58

(Scheme 11).%" Synthesis proceeded analogously as in the case of previous inhibitor 57

with the application of appropriate precursors.

R s CHO S
1
L1 S i RS 2
HOOC” NNy + | — N NI
Py X, HoOC N
o} R o}
67 68 58
' R' = CH,Ph, Me, H : s
! R? = 3-COOH, 3-COOMe, 3-COOBn, ! Me o
, . H S
: 4-COOBu, 4-COOCH,CH,Ph, | =N
! 4-OMe, 3-OMe, 4-CN, 4-COOH ! HOOC X
3 COOH
58a
Mtb Zmp1: ICs = 1.3 UM

Scheme 11. Synthesis of the title compounds 58.°” Reagent and conditions: (i): -alanine,
CH3COOH, reflux, 6 h, 50-94 %.
Furthermore, Mori et al. synthesized aminothiazoles 72 and 73 as possible

rhodanine-mimetics (Scheme 12).%" Synthesis of aminothiazole analogues started with

methylation of commercially available D-phenylalanine 63, giving methyl ester 69.
Subsequently, this ester was reacted with methoxycarbonyl isothiocyanate and
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hydrolyzed with sodium hydroxide to obtain thiourea 71. The Hantzsch synthesis of
thiazole consisting of the condensation of a-bromoacetophenones with thiourea 71
yielded the final compounds 72. The saponification of methyl esters 72 gave the

corresponding dicarboxylic acids 73.
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...........................................

'R = 3-0Me, 4-CN, 4-OMe, 4-NO;, 4-COOH,
| 3-COOH, H, 3-OMe, 4-COOMe, 3-COOMe | HOOC s

N

72a
Mtb Zmp1: I1C5¢ = 35.7 uyM

Ph

Scheme 12. Synthesis of thiazole conjugates 72 and 73.>” Reagent and conditions:
(i) SOClz, dry MeOH, 0 °C to rt, 1 h, 99 %; (ii) methoxycarbonyl isothiocyanate, DIPEA,
DCM, 0 °C to rt, 1 h, 94 %; (iii) 3 N NaOH, MeOH, reflux, 1 h, 74 %; (iv) DMF, rt, 1-3 h,
72-91 %; (v) NaOH/MeOH/THF, reflux, 3 h, 83-87 %.

Evaluation of the inhibitory activity of rhodanines 58 and thiazoles 72 and 73 against
recombinant Zmpl of M. tuberculosis revealed that all tested rhodanines exhibited
activity in the range ICso = 1.3 — 43.9 uM. On the other hand, only two thiazoles showed
modest inhibition. The most active thiazole 72a is depicted in Scheme 12,

Further rhodanine-based compounds were studied by Subhedar et al. in 2016
(Scheme 13).>® Collective of authors synthesized various conjugates 59 using [HDBU]
[HSO4] acidic ionic liquid as a catalyst for the key step of synthesis — Knoevenagel
condensation. Authors studied all synthesized compounds 59 for their biological activity
against several pathogens. However, the research point consists of assessing
antimycobacterial activity against M. tuberculosis and the molecular docking studies

against mycobacterial Zmpl. The most active analogue 59a exhibited MIC = 4.5 ug/ml.
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Scheme 13. Synthesis of rhodanine-tetrazoloquinoline conjugates 59.%° Reagents and
conditions: (i) [HDBU][HSO4], solvent-free, 80 °C, 30 min, 82-90 %.

A year later, the same group published a study on rhodanine-quinolidine conjugates
(Scheme 14).%¢ Authors prepared aldehydes 78 that were further subjected to DBU acetate
catalyzed Knoevenagel condensation with various rhodanines giving final substrates 60
in high yields. A series of conjugates were evaluated for their in vitro antimycobacterial
properties against Mycobacterium tuberculosis H37Ra and Mycobacterium bovis BCG.
Several compounds exhibited antimycobacterial activity with MIC ranging from 3.5 to
19.9 ug/ml against M. tuberculosis H37Ra. The most active analogue 60a is depicted in
Scheme 14. Follow-up molecular docking studies indicated the binding modes of
concerned molecules in the active site of mycobacterial Zmpl. Nevertheless, no

experimental study in this respect was provided.

R
76 77 78

R1 H, Me ; o]

| R2 = H, Me, OMe | EtO X
| R?=H, Me, F, Cl, OMe, OEt : A s
! R* = H, CH,COOH, CH,CH,COOH ! N i \\<S
""""""""""""""""" 60a

Mtb H37Ra: MIC = 3.5 pg/ml

Scheme 14. Synthesis of rhodanine-quinolidine conjugates 60.% Reagents and
conditions: (i) acetanhydride, reflux, 3-4 h; (ii) DMF, POCls;, 100 °C, 16 h;
(iii) rhodanines, [DBUH][OACc], solvent-free, 80 °C, 30 min, 80-91 %.
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3.2.2 Inhibitors containing hydroxamates

In 2018, Paolino et al. published the most active Zmpl inhibitors to date based on the
hydroxyquinoline-hydroxamate skeleton.®® Authors synthesized a small set of
8-hydroxyquinoline-2-hydroxamates 61 through a straightforward synthetic approach
depicted in Scheme 15. Using a fluorimetric assay, all final compounds were studied for
their in vitro inhibitory properties against Zmp1. Moreover, the binding mode was further
analyzed by molecular docking studies. Interestingly, five compounds from the evaluated

library exhibited nanomolar potencies. The best candidate, 61a, is depicted in Scheme 15.

OH 80 OH o}
79 61
! X =0, CH, ; X
! R =-Me, -CH,CH=CH, -CH,Ph, -(CHz),Ph | 2o

-CHy(4-Me)Ph, -CH,(3,4-diCl)Ph ' N

Mtb Zmp1: ICs0 = 11 nM

Scheme 15. Synthesis of hydroxyquinoline-hydroxamates 61.%8 Reagents and conditions:
HOBt, EDC, NMM, DMF, rt, 2 h, 35-77 %.

3.2.3 Inhibitors containing thiazolidinediones

The last described inhibitors to date were published by our group in 2020.%° We have
developed an efficient and straightforward synthetic protocol to prepare a series of
thiazolidinedione-hydroxamates 84 and 62 (Scheme 16). Synthesis of both series started
with thiazolidinedione 81. Firstly, the starting material was converted to esters 82 by
reacting with bromoacetate or methyl 2-bromopropionate. Subsequent acid-catalyzed
hydrolysis and coupling reaction with O-allylhydroxylamine hydrochloride or
O-benzylhydroxylamine hydrochloride gave products 84. Synthesis of inhibitors 62 was
initiated with Knoevenagel condensation of thiazolidinedione 81 with various aldehydes
yielding precursors 85. The rest of the reaction sequence proceeded similarly to the

previous synthesis of products 84.
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Scheme 16. Synthesis of thiazolidinediones 84 and 62.°° Reagents and conditions:
(i) methyl bromoacetate or methyl 2-bromopropionate, NaH, DMF dry, rt, 16 h; (ii) HBr
(40%), reflux, 5 h; (i) O-allylhydroxylamine hydrochloride or O-benzylhydroxylamine
hydrochloride, EDC.HCI, H20, rt, 2 h, 31-75 %; (iv) aldehyde, piperidine, EtOH, reflux,
5h.

Further, the inhibitory properties of prepared compounds towards a recombinant
Zmpl from Mycobacterium tuberculosis were assessed by prof. Marek Sebela
(Department of Biochemistry, UP Olomouc) by MALDI-TOF MS. This characterization
was completed by the evaluation of their antimycobacterial activity and acute cytotoxicity
using whole-cell assays performed by Dr. Davie Cappoen (University of Antwerp,
Belgium).

As expected, the extracellular antimycobacterial activity was rather limited, whereas
antimycobacterial activity against intracellular residing bacteria was present for most
tested compounds. Moreover, our results showed that none of the synthesised
thiazolidinedione-hydroxamates possessed acute cytotoxic effects against RAW264.7
macrophages. The existing structural differences were reflected in the variability of the
in silico predicted parameters and biologically determined responses. Our results indicate
a significant potency of the suggested thiazolidinedione-hydroxamates, where compound

62a (Scheme 16) was considered the best candidate from the first generation library.
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3.2.4 Other inhibitors prepared by our group

Molecular docking of the first generation of thiazolidinediones®® showed us that the
studied compounds would rather occupy the entrance into the central cavity than the zinc
catalytic site.>® Therefore, we designed novel derivatives 88 with a longer peptide chain
containing a terminal zinc-binding group COOH or COOMe (Fig. 15) that was proven to
interact with the zinc ion at the active site according to molecular docking studies.
Furthermore, thiazolidinediones are presented as PAINS (pan-assay interfering
compounds) and might be problematic for developing drug-like molecules.%® Careful
biophysical tests will have to be performed to verify the target engagement of the hit
compounds. For this reason, we designed novel classes 89 and 90 of compounds (Fig. 15)
with the modified central heterocyclic scaffold. Based on molecular docking, these
compounds appear to bind with a similar or higher affinity toward Zmp1 than those from

the first generation.
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Fig. 15: Design of novel Zmpl inhibitors.

Synthesis of inhibitors 88 was performed by my PhD student Milan Dak (Scheme
17). The first step of the reaction sequence was an aldol condensation between
thiazolidine-2,4-dione 80 and the corresponding aldehydes to form esters that were
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hydrolyzed, giving acids 91. The subsequent reaction between the corresponding
carboxylic acids 91 and the suitably modified amino acids gave thiazolidinediones 92.
These modified thiazolidinedione derivatives 92 were subsequently alkylated using
tert-butyl bromoacetate. The removal of the tert-butyl group using a mixture of
trifluoroacetic acid and dichloromethane gave the corresponding carboxylic acids 93,
which were further subjected in the final step to reaction with the corresponding

hydroxylamines using EDC.HCI.

O R .0 P o) a
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Scheme 17. Synthesis of thiazolidinediones 88. Reagents and conditions: (i) methyl 4/3-
formylbenzoate, piperidine, EtOH, reflux, 20 h, 73-74 %; (ii) 6M HCI, reflux, 4 h,
84-94 %; (iii) L-leucine / L-valine methyl ester.HCI, DIPEA, HOBt, EDC.HCI, DMF, rt,
19 h, 50-64 %; (iv) tert-butyl bromoacetate, K.COs, TBAI, acetone, 40 °C, 18 h, 70-93
%; (v) TFA, DCM, rt, 2 h, 82-95 %,; (vi) allyl/benzyl hydroxylamine.HCI, EDC.HCI,
H>O:THF, rt, 2 h, 59-86 %.

To avoid unwanted interactions of TZDs as pan-assay interfering compounds
(PAINS),®° we utilized scaffold hopping to substitute the central TZD for an indole or
pyrrole moiety proposing hydroxamates 89 or 90, respectively (Fig. 15). Despite some
structural similarity with previous TZD-hydroxamates, a notably different synthetic
pathway toward indole/pyrrole hydroxamates was needed and carried out by my PhD
student Veronika Slachtova.®

All the synthetic effort started with constructing the dipeptide side chains, which is
described in the PhD thesis of Veronika Slachtova in more detail.! The synthesis of

indole/pyrrole final compounds proceeded according to the protocol depicted in
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Scheme 18. Commercially available methyl indole or pyrrole-3-carboxylates 94 were
chosen as starting materials. The reaction sequence started with N-alkylation utilizing
tert-butyl bromoacetate. Selective removal of tert-butyl from diesters provided
intermediates 95. The desired heterocyclic hydroxamates 96 resulted from the coupling
of intermediate acids 95 with O-alkyl hydroxylamine hydrochlorides. Subsequent basic
hydrolysis of the methyl ester produced the free acids 97 conjugated with various
dipeptides giving intermediates 98. Base-mediated methyl ester cleavage accomplished
the formation of the target indole / pyrrole-hydroxamates 89 and 90. Our synthetic
protocol yielded two series of heterocyclic hydroxamates 89 and 90 isolated in lower
yields ranging from 2 to 60 % in two steps.
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Scheme 18. Synthesis of pyrrole/indole-hydroxamates 89 and 90. Reagents and
conditions: (i) K2COs, tert-butyl bromoacetate, MeCN, reflux, 16 h 83-90 %; (ii) TFA,
DCM, rt, 2 h, 95-98 %; (iii) O-allylhydroxylamine.HCI/O-benzylhydroxylamine.HCI,
EDC.HCI, H0, rt, 2 h, 73-92 %; (iv) 2 M aq. LiOH, THF, 60 °C, 2 h, 56-98 %; (V)
dipeptides, EDC.HCI, HOBt, DIPEA, DMF, rt, 16 h; (vi) LiOH, H20, MeOH, rt, 2 h,
2-60 %.

No direct activity of synthesized heterocyclic hydroxamates 88-90 was observed in
the whole-cell assay against Mycobacterium tuberculosis and Mycobacterium bovis.
However, the thiazolidinediones 88 showed dose-dependent inhibition of intracellular
survival of Mycobacterium tuberculosis H37Ra. Furthermore, the inhibition was

structure-dependent, with the most active derivative 88a (Fig. 16) inducing an 83.2%
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reduction of bacterial survival within the macrophage host cell. The promising biological
activity confirmed thiazolidinediones 88 as potent Zmp1 inhibitors that can be used as

tool compounds for further exploration of the role of Zmp1 for in vivo pathogenicity.
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Fig. 16: The most active analogue from tested heterocyclic hydroxamates 88-90 in a
macrophage infection assay.

Further, interesting inhibitory properties of analogues 88-90 towards a recombinant
Zmpl were analyzed by MALDI-TOF MS by our colleague prof. Marek Sebela
(Department of Biochemistry, UP Olomouc). Followed a previously developed
procedure®® based on monitoring the peptidolytic conversion of angiotensin 1
(DRVY |IHPF) in the reaction mixture, we assessed the inhibitory properties of all
derivatives 88-90. Most compounds provided only a weak inhibition at 40 uM

concentration. However, a few exceptions are depicted in Fig. 17.
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Fig. 17: Structures of the most potent inhibitors from libraries of analogues 88-90
analyzed by MALDI-TOF MS.

ICso values were 20 and 17, respectively, narrowing the best candidates to 89a and
90a (Fig. 17). A possible interpretation suggests the superiority of the pyrrole and indole
central moiety over that of thiazolidinedione. The most favourable substitutions R?, R?
and R® at the pyrrole/indole-based scaffold seem to be Me, iBu, and allyl, respectively,
or, with lower efficiency, H, iPr and benzyl, respectively.
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To sum up our achievements in the new mycobacterial Zmpl inhibitors
development, we designed and synthesized collections of new compounds and evaluated
their inhibitory properties. Our first generation of thiazolidinedione-hydroxamates
comprising the most active inhibitor 87a reaching the 1Cso = 18 uM (M. tuberculosis
Zmp1l) was published in Eur. J. Med. Chem. in 2020.° Following the first generation of
thiazolidinedione-hydroxamate analogues, we designed and synthesized next-generation
libraries 88-90. While these compounds did not exhibit significant antimycobacterial
potency, few analogues proved to be as active as previous analogue 87a. The presented
study results clearly indicate the potency of our inhibitors towards zinc-dependent
metalloprotease Zmp1l and provide a platform for future structure-based optimization.
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4 Phenotypic screening

Phenotypic screening is one of two strategies in new drug development, as discussed in
Chapter 1.4.3. Phenotypic whole-cell-based assays screen for compounds inhibiting
pathogen growth to identify hits for further optimization and deconvolution of the mode
of action (MoA). Importantly, this approach has a high potential to open the path for
discovering compounds that could inhibit completely new targets or new pathways,
leading to the identification of a new compound highly active against MDR or XDR TB
strains.

The efficient use of this approach is fueled by progress in combinatorial chemistry
comprising synthetic methods used to prepare a large number of compounds in a single
process. Consequently, high-throughput screening (HTS) is established as a tool for the
fast screening of the biological activity of the compound library. HTS can identify
candidates for further optimization and rapidly exclude compounds with a poor or no
effect.

Without any particular mycobacterial target, we suggested several libraries to be
synthesized and evaluated for their biological activity using a phenotypic screening

approach (Fig. 18).
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Fig. 18: Compounds designed for phenotypic screening (note: substituents R*-R® will

be explained further).

All these structures were designed as a follow-up to analogies in the literature. All
chemical libraries were parts of the Bachelor, Master, or PhD thesis of my students and

48



will be discussed separately below. It should also be mentioned that these students’
projects were mainly devoted to developing synthetic procedures leading to designed

compounds.

4.1 Thiazolidinedione-based conjugates

When we studied the thiazolidinedione heterocycle described above as a scaffold for
Zmpl inhibitors, we realized many biologically active compounds comprising this
structural motive. Since the combination of two pharmacophores is a well-established
approach for designing more potent drugs with a significant increase in biological

activity, we decided to combine thiazolidinedione with other pharmacophores.

4.1.1 Thiazolidinedione-pyrimidine conjugates

Our first conjugates published in 2019 were based on the combination of a
thiazolidinedione and pyrimidine heterocycles (Scheme 19).%? First of all, we decided to
employ the solid-phase synthetic approach based on easily accessible building blocks and
very simple chemical operations, enabling the effective development of potent
experimental therapeutics of this type in a combinatorial manner. The target conjugates
were synthesized on Wang resin via immobilization of lipophilic amino acids to optimize
the overall drug-likeness of final hybrids.®® Both heterocycles were connected by an
appropriate linker. Herein, ethylenediamine and propylenediamine were selected for
primary screening. Modification of thiazolidinedione core included a typical benzylidene
or alkylidene substitution pattern.®

The solid-phase synthesis started with amino acid immobilization on Wang resin
(Scheme 19). Resin 100 underwent Fmoc deprotection, substitution with 4,6-dichloro-5-
nitropyrimidine and treatment with aminoethanol or aminopropanol, resulting in resins
101. Subsequent Fukuyama-Mitsunobu transformation then yielded the key polymer-
supported intermediate 102. Knoevenagel condensation of resins 102 with various
aldehydes resulted in conjugates 104. The desired thiazolidinedione-pyrimidine
conjugates 103 and 105 were finally isolated by standard acidic cleavage and subsequent
HPLC purification. Notably, after Knoevenagel condensation, the formation of two
geometrical isomers E or Z is possible. These two isomers can be easily distinguished by
the *H NMR spectral characteristics. The NMR elucidation confirmed the formation of Z

isomers for all our products. The reaction proceeded smoothly with aromatic aldehydes
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bearing electron-withdrawing or electron-donating groups as well as aliphatic aldehydes,
giving the target products in crude purity between 58 and 91 %. Overall yields ranged
from 29 to 63 %. All synthetic procedures were performed by my student Veronika

Slachtova within her PhD thesis, in which all detailed information can be found®! besides
the published paper.®2
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Scheme 19. Solid-phase synthesis of thiazolidinedione-pyrimidines 103 and 105.
Reagents and conditions: (i) Fmoc-amino acid, HOBt, DMAP, DIC, DMF/DCM (1:1), rt,
16 h; (ii) 50% piperidine, DMF, rt, 15 min; (iii) 4,6-dichloro-5-nitropyrimidine, DIPEA,
DMF, rt, 2 h; (iv) amino alcohol, DIPEA, DMF, rt, 2 h; (v) thiazolidine-2,4-dione, PPhs,
DIAD, THF, tt, 1 h; (vi) aldehyde, piperidine, DMF, 70 °C, 16 h; (vii) 50% TFA in DCM,
rt, 1 h.

Afterwards, all final compounds were evaluated for their antimycobacterial and

antibacterial properties. All these assays were performed by Dr. Lucie Janovska from the
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Department of Microbiology, Faculty of Medicine and Dentistry, UP. We assessed their
properties against several gram-positive and gram-negative bacterial strains (S. aureus,
P. aeruginosa, E. coli, E. faecalis) and two fungal strains (C. albicans, A. niger).
Thiazolidinedione-pyrimidines 103 turned out completely inactive. On the contrary,
conjugates 105 were a little bit more potent. However, none of the compounds was

considered acceptable for further optimization (Fig. 19).
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Fig. 19: The most active analogues from the series 103 and 105.

It is worthy of notice that we implemented a rather controversial nitro group to our
structures. The nitro group is often considered a toxic moiety leading to mutagenicity and
genotoxicity. However, it was proved that mycobacteria have an ability to deal with this
problem, as is demonstrated by two FDA approved drugs (Delamanid and Pretomanid)

comprising the nitro group in their structures.

4.1.2 Thiazolidinedione-triazole conjugates

We decided to continue with the thiazolidinedione-based combinatorial approach to
extend the possibilities for phenotypic screening. In this case, we focused on the triazole
moiety with unique antimycobacterial potential®® and constructed conjugates of
thiazolidinedione with 1,2,3-triazole (Scheme 20). Our interest in such a combination was
further enhanced by the reported promising pharmacological properties of the
thiazolidinedione-triazole hybrids.%¢

Synthesis of designed hybrids relied on Cu' catalyzed azide-alkyne cycloaddition
(Scheme 20).%8 For this reason, we selected three simple azide-substituted residues R* for
the initial investigation to reveal any possible consequences of the triazole ring
modification. Moreover, thiazolidinedione heterocycle was further diversified by various

benzylidenes or alkylidenes according to the prevalent literature.5
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A straightforward synthetic protocol (Scheme 20) performed by my PhD student
Veronika Slachtova® started with N-alkylation of thiazolidinedione 80 with propargyl
bromide under standard conditions using K.COs in refluxing acetone® giving derivative
106. Subsequently, alkyne derivative 106 underwent Cu' catalyzed azide-alkyne
cycloaddition resulting in the desired hybrids 107 in low to moderate isolated yields of
13-58 %. Synthesis of thiazolidinedione-triazole conjugates 110 (Scheme 20) was
initiated with Knoevenagel condensation and followed with N-alkylation providing
alkynes 109 in excellent 50-97% isolated yields. Final compounds 110 were obtained

after Huisgen cycloaddition of 109 with various azides.
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Scheme 20. Synthesis of thiazolidinedione-triazoles 107 and 110. Reagents and
conditions: (i) propargyl bromide, KoCOs, acetone, reflux, 16 h, 48 %,; (ii) azide, sodium
ascorbate, CuSO45H20, DMF, rt, 5 h; (iii) aldehyde, piperidine, EtOH, reflux, 16-20 h.

We tested the antimycobacterial potency of the thiazolidinedione-triazole library
against M. tuberculosis H37Ra in cooperation with Dr. Davie Cappoen. None tested
conjugates showed significant antimycobacterial activity with 1Csp and MIC values > 64
uM. Further, acute cytotoxicity against human lung fibroblast MRC-5 cells (ATCC®
CCL-171) was assessed. Three compounds, all harbouring a pentilidene group, showed a
cytotoxic effect with CCsp values of 31.29, 28.47 and 35.49 uM (Fig. 20). Though, these
effects do not exceed the cytotoxic effect of the reference drug tamoxifen
(CCs0 = 11.06 uM).

52



Apart from the antimycobacterial activity, the compounds were tested for their
activity against the Gram-negative bacterium Escherichia coli (ATCC® 8739TM), the
Gram-positive bacterium Staphylococcus aureus (ATCC® 6538TM) and the yeast
Candida albicans (SC5314). None of the compounds showed activity against these

species with 1Cso > 64 uM.
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Fig. 20: Compounds exhibiting acute cytotoxicity against human lung fibroblast
MRC-5 cells.

4.1.3 Thiazolidinedione-benzoxazole conjugates

Further conjugates synthesized by Michal Kolatik as a part of his Bachelor thesis™
comprised thiazolidinedione and benzoxazole heterocycle. The synthetic pathway leading
to designed compounds is depicted in Scheme 21.

Firstly, thiazolidinedione 81 was subjected to Knoevenagel condensation followed
by alkylation and hydrolysis, giving acid 113. Condensation of 113 with
2-aminobenzoxazoles prepared according to our published protocol*’ afforded final
compounds 114. Derivatives 116 with a simple methylene bridge were synthesized from
acids 113 upon condensation with various aminophenoles and subsequent intramolecular

Mitsunobu reactions.
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Scheme 21. Synthesis of thiazolidinedione-benzoxazole conjugates 114 and 116.
Reagents and conditions: (i) aldehydes, piperidine, EtOH, 89 °C, 16 h; (ii) methyl
bromoacetate, NaH, DMF dry, rt, 16 h; (iii) HBr (40%), reflux, 5 h; (iv)
2-aminobenzoxazoles, DIC, HOBt, DCM dry, rt, 16 h; (v) aminophenoles, DIC, HOB,
DCM dry, rt, 16 h; (vi) PPhz, DIAD, THF dry, 16 h.

Final thiazolidinedione-benzoxazole conjugates 114 and 116 were evaluated for their
antimycobacterial and antibacterial properties. None of the tested analogues exhibited
activity against M. tuberculosis. However, analogue 114a proved significant activity

against Mycobacterium vaccae and Pseudomonas aeruginosa (Fig. 21).

Qﬁ“{“&“

114a
M. vaccae: MIC = 0.39 uM
P. aeruginosa: MIC = 0.39 uM

Fig. 21: Structure of the most active analogue from the library of conjugates 114 and
116.
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Three chemical libraries of thiazolidinedione conjugates were reported in this
chapter: (i) thiazolidinedione-pyrimidines, (ii) thiazolidinedione-triazoles, and (iii)
thiazolidinedione-benzoxazoles. We implemented the wide structural diversity needed
for phenotypic screening using various pharmacophores. Despite the low
antimycobacterial potential of studied compounds, we came up with structures that
showed interesting antibacterial activity and can be further optimized and studied.
Moreover, compounds 110a and 110b (Fig. 20) exhibited promising antileishmanial

properties undergoing an extensive biological study.

4.2 Pyrimidines for phenotypic screening

In 2020, we reported the solid-phase synthesis of new pyrimidine derivatives.” Inspired
by the literature, we suggested two different types of scaffolds, consisting of the central
pyrimidine heterocycle (Scheme 22 and 23)."' First derivatives comprised a
5-nitropyrimidine scaffold and two positions on the pyrimidine central core that differs
from the used amino acid and amine. Moreover, the second scaffold was modified with
various carboxylic acids. Synthesis of designed compounds was carried out by my student
Romana Machnikova within her Master thesis."

Target compounds 120 were synthesized from the resin-bound precursors 117
(Scheme 22). Firstly, Wang resin was acylated with five different Fmoc-protected amino
acids (Fmoc-p-Ala-OH, Fmoc-Phe-OH, Fmoc-Pro-OH, Fmoc-Met-OH, and Fmoc-Val-
OH). The Fmoc protecting group was then removed through exposure to 50% piperidine,
and the free amino group reacted with commercially available 4,6-dichloro-5-
nitropyrimidine. Subsequently, the nucleophilic substitution of the resulting chloride 118
afforded resin-bound pyrimidines 119. Standard cleavage with 50% TFA in DCM and
subsequent high-performance liquid chromatography (HPLC) purification afforded the
first library of pyrimidines 120. All final compounds 120 were obtained in excellent crude

purity ranging from 74 to 92 % as measured by LC-UV traces at 210-500 nm.

55



0 o) NO, o) NO,

Q@ton i @t w M T ot AT T gt e AN

R
Wang resin N "7 J NN N. 2N
L: Wang linker Y 118 19
ﬂ I
Q"o NH O'-o N o , No
J N AR!
HO R |
N__N
o) v = N~
O/L.o NH2 -CH,Ph 120
-CH,CH,SCHj
Y -CH(CHa3),

Scheme 22. Solid-phase synthesis of pyrimidines 120.”' Reagents and conditions:
(i) Fmoc-amino acid, HOBt, DMAP, DIC, DMF/DCM (1:1), rt, 16 h; (ii) 50% piperidine,
DMF, rt, 15 min; (iii) 4,6-dichloro-5-nitropyrimidine, DIPEA, dry DMF, rt, 2 h;
(iv) amine, DIPEA, DMF, rt, 16 h; (v) 50% TFA in DCM, rt, 1 h.

Synthesis of the second type of pyrimidine scaffold proceeded according to the solid-
phase synthetic pathway depicted in Scheme 23. Valine and cyclohexylamine
substitutions were chosen considering the initial antibacterial activity. After immobilizing
Fmoc-Val-OH on Wang resin and cleavage of the Fmoc protecting group, the resulting
intermediate 121 was reacted with 4,6-dichloro-5-nitropyrimidine. Nucleophilic
substitution of chloride 121 with cyclohexylamine delivered 5-nitropyrimidine 123.
Further, nitro group 123 was reduced using sodium dithionite. The third core was
introduced to the resin-bound amine 124 via acylation, for which ten different carboxylic
acids were selected. Finally, acid-mediated cleavage from the resin with TFA in DCM
and subsequent HPLC purification yielded a series of compounds 126 for biological

activity testing.
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Scheme 23. Solid-phase synthesis of final compounds 126. Reagents and the conditions:
(i) Fmoc-valine, N-hydroxybenzotriazole (HOBt), DMAP, DIC, DMF/DCM (1 : 1), 1,
16 h; (ii) 50% piperidine, DMF, rt, 15 min; (iii) 4,6-dichloro-5-nitropyrimidine, DIPEA,
dry DMF, rt, 2 h; (iv) amine, DIPEA, DMF, rt, 16 h; (v) Na2S204, K2COg3, ethyl viologen
diiodide, H2O/DCM, rt, 16 h; (vi) carboxylic acid, HOBt, DMAP, DIC, DMF/DCM
(1: 1) or DMF, rt, 16 h; (vii) 50% TFA in DCM, rt, 1 h.

All final pyrimidines were screened for their in vitro antibacterial activity against M.
tuberculosis H37Rv and several Gram-positive and Gram-negative strains such as
S. aureus, P. aeruginosa, E. coli, and E. faecalis in the concentration range of 1024 —
0.0312 pug/ml. Additionally, their antifungal activity against C. albicans and A. niger was
also investigated. None of the tested compounds 120 and 126 exhibited any activity
against fungal strains, E. coli, S. aureus, and E. faecalis. On the other hand, compound
120a (Fig. 22) showed considerable activity against P. aeruginosa (the bactericidal
activity was observed in the range of concentrations 2-8 pg/ml) and was found to be as
active as the standard (gentamicin). Further, compound 126a (Fig. 22) with the
4-pyridinyl moiety exhibited moderate antimycobacterial activity with a MIC value of

32 pug/ml.
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Fig. 22: The most active analogues from the pyrimidine libraries 120 and 126."



5 Conclusions and future perspectives

Prior to the Covid-19 pandemic, tuberculosis was the leading cause of death from a single
infectious agent worldwide. Even though TB is treatable in almost all cases, many drug-
resistant strains emerge. WHO estimates that half a million people annually have disease
resistance to the most effective antimicrobials used to treat it. For this reason, | decided
to establish my research group aimed at the development of new antimycobacterial
agents.

During the last four years, my research group has reached significant results in
antituberculosis drugs development. We mainly focused on the specific target at the level
of bacteria. However, some rather synthetic projects were involved in phenotypic whole-
cell screening.

From my point of view, the most exciting results were achieved in the projects
comprising the development of new mycobacterial ATP synthase inhibitors. Inspired by
the literature, we designed and synthesized several libraries of squaramide analogues.
Notably, few analogues exhibited nanomolar antimycobacterial activity, and for this
reason, Dr. Davie Cappoen (University of Antwerp) comprised these analogues in the
advanced biological test. They were able to generate spontaneous resistant mutants and
exactly proved the molecular target of our squaramides, subunit a of mycobacterial ATP
synthase. Moreover, our compounds showed sensitivity to bedaquiline-resistant strains.
These results will be submitted for publication in a short time.

Another promising direction in this work is targeting mycobacterial virulence factor
Zmpl. Employing this approach, we can help the immune system fight against bacteria
more efficiently. Focusing on this non-lethal pathway could result in efficient adjunctive
treatment options that have the potential to increase the antibiotic susceptibility of M.
tuberculosis. We prepared two generations of analogues based on the thiazolidinedione-
hydroxamate scaffold. Although we did not reach more active inhibitors compared to
those published in the literature, we originated several analogues that could be further
optimized in other to improve pharmacological properties.

Many of my students (Bachelor, Master, PhD) were involved in the research that

resulted in the successful synthesis of several libraries for phenotypic screening.
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However, we did not accomplish significant results related to antimycobacterial drugs
development in this field. On the other hand, we discovered an exciting hit compound
showing high activity against bacteria like Pseudomonas aeruginosa.

We published seven papers related to our research in peer-reviewed impact journals,
and two additional are currently prepared for publication. Our multidisciplinary work
comprises the design of new analogues, their synthesis and characterization, and
biological evaluation. Regarding the latest, we established international cooperation with
the team of biologists from the University of Antwerp (Laboratory for Microbiology,
Parasitology and Hygiene), led by Dr. Davie Cappoen.

During the last years, we have been immersed in the exciting issue of antituberculosis
research and discovered valuable structures. However, many outstanding questions for
future research remain. We will continue our effort to target some of the vital processes

of bacteria or target non-lethal pathways.
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6 Abbreviations

AIDS
AMK
ATP
BCG
BDQ
CCso
CFz
CS
CuTC
DCM
DIC
DIPEA
DLM
DMAP
DMF
DOTS
DR-TB
EDTA
EMB
Et
ETO
FDA
Fmoc
[HDBU][HSO4]
HDT
HIV
HOBt
HPLC
ICso

acquired immunodeficiency syndrome
amikacin

adenosin triphosphate

bacillus Calmette—Guérin

bedaquiline

50% cytotoxic concentration
clofazimine

cycloserine
copper(I)-thiophene-2-carboxylate
dichloromethane

N,N -diisopropycarbodiimide
N,N-diisopropylethylamine

delamanid

(4-dimethylamino)pyridine
N,N-dimethylformamide

directly observed treatment, short course
drug-resistant tuberculosis
ethylenediaminetetraacetic acid
ethambutol

ethyl

ethionamide

food drug administration
9-fluorenylmethoxycyrbonyl
1,8-diazabicyclo[5.4.0]-undec-7-ene-8-ium hydrogensulfate
host-directed therapy

human immunodeficiency virus
1-hydroxybenzotriazole

high performance liquid chromatography

half maximal inhibitory concentration
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INH

IPM-CLN

LDA

LFX

LTBI

LZD

M. tuberculosis
MALDI-TOF MS

MDR/RR-TB
MDR-TB
Me

MFX
MIC
MIC
MPM
NMM
PAS
PTO
PZA

RIF
RR-TB

rt

SAR
SFC
STM

B

TFA
TFP
THF
TRD
WGND
WHO
XDR-TB

isoniazid
imipenem-cilastatin
lithium diisopropylamide
levofloxacin

latent TB infection
linezolid

Mycobacterium tuberculosis

matrix-assisted laser desorption/ionization-time of flight mass

spectrometry

multidrug-resistant or rifampicin-resistant tuberculosis

multidrug-resistant tuberculosis
methyl

moxifloxacin

minimum inhibitory concentration
minimum inhibitory concentration
meropenem

N-methylmorpholine
p-aminosalicylic acid
prothionamide

pyrazinamide

rifampicin

rifampicin-resistant tuberculosis
room temperature
structure-activity relationship
supercritical fluid chromatography
streptomycin

tuberculosis

trifluoroacetic acid
tri(2-furyl)phosphine
tetrahydrofuran

terizidone

working group on new TB drugs
world health organization

extensively drug-resistant tuberculosis
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ZBG
Zmpl

zinc-binding group
zinc-dependent metalloprotease 1
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Causing approximately 10 million incident cases and 1.3—1.5 million deaths every year, Mycobacterium
tuberculosis remains a global health problem. The risk is further exacerbated with latent tuberculosis (TB)
infection, the HIV pandemic, and increasing anti-TB drug resistance. Therefore, unexplored chemical
scaffolds directed towards new molecular targets are increasingly desired. In this context, mycobacterial
energy metabolism, particularly the oxidative phosphorylation (OP) pathway, is gaining importance.
Mycobacteria possess primary dehydrogenases to fuel electron transport; aas-type cytochrome c oxidase
and bd-type menaquinol oxidase to generate a protonmotive force; and ATP synthase, which is essential
for both growing mycobacteria as well as dormant mycobacteria because ATP is produced under both
aerobic and hypoxic conditions. Small organic molecules targeting OP are active against latent TB as well

ATP synthase as resistant TB strains. FDA approval of the ATP synthase inhibitor bedaquiline and the discovery of
QerB clinical candidate Q203, which both interfere with the cytochrome bc; complex, have already confirmed
Inhibitors mycobacterial energy metabolism to be a valuable anti-TB drug target. This review highlights both
preferable molecular targets within mycobacterial OP and promising small organic molecules targeting
OP. Progressive research in the area of mycobacterial OP revealed several highly potent anti-TB com-
pounds with nanomolar-range MICs as low as 0.004 uM against Mtb H37Rv. Therefore, we are convinced
that targeting the OP pathway can combat resistant TB and latent TB, leading to more efficient anti-TB

chemotherapy.
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1. Introduction

Tuberculosis (TB) is a communicable disease associated with the
bacillus Mycobacterium tuberculosis (Mtb), and it is the most com-
mon cause of death among patients with a single infectious agent
[1]. Worldwide, there are approximately 1.3—1.5 million deaths
associated with this disease every year, and it is estimated that
approximately 10 million people fall ill with TB annually [1].
Moreover, an estimated 1.7 billion people have latent TB infection
(LTBI), defined as the state of persistent immune response to
stimulation by MT antigens without clinically manifested active TB
disease. Considering the very large reactivation risk, LTBI-infected
people represent a dangerous reservoir for new, active TB cases.
In particular, patients coinfected with HIV are at high risk for the
development of active TB from its latent phase [2]. Targeted LTBI
treatment is, therefore, a key part of the End TB Strategy. Despite
rapid development in the pharmaceutical industry and health care
systems in many countries during the past few decades, it seems
that treatment options for TB have reached their limits for several
reasons. First, at the end of the boom of new antibiotics, it seemed
that the library of antibacterial drugs was highly diverse to treat
almost all bacterial infections, including the complicated superin-
fections associated with attacks by multiple bacterial strains. At
that time, there was no need for the development of new structures
with alternative mechanisms of action, and the development of
antibacterial drugs was significantly reduced. At the same time,
antibiotics became a prevalent cure for most bacterial infections,
and in many cases, these drugs were misused for the treatment of
illnesses not associated with bacteria, including improvement in
animal husbandry, etc. As a result, most of the antibiotics polluted
the environment, influencing the naturally occurring bacteria.
Some of the bacterial pathogens have evolved in environments
loaded with antibiotics and become resistant. Other routes of
resistance development occurred in patients treated by antibiotics
who, for one reason or another, did not obey the prescription di-
rections, interrupted treatment sooner than they were supposed to,
or took subtherapeutic doses. In all cases, the bacteria encountered
antibiotics in low enough concentrations for the development of
drug resistance. On the molecular level, the main force driving drug
resistance is the acquisition of mutations in genes coding the drug
target or drug-activating enzymes. These mutations usually origi-
nate in the form of insertion, deletion or single-nucleotide poly-
morphism [3]. TB drug resistance appears via two main
mechanisms. The first one is primary or transmitted drug resistance
which forms when resistant strains are transmitted to a new host.
On the contrary, secondary or acquired drug resistance is mediated
by the acquisition of drug resistance mutations to one or more
drugs [4-6]. Currently, these resistant bacterial strains represent a
major health threat to the world’s population, and among them,
multidrug resistant (MDR) or extensively resistant (XDR) TB is
probably the most serious problem. Their treatment requires the
use of several drugs, many of which are toxic and have various side

effects. For example, aminoglycosides such as amikacin, kanamycin
and streptomycin cause ototoxicity due to effects to the eighth
cranial nerve [7]. Secondly, Capreomycin induces tubular neurop-
athy resulting in renal side effects and alkalosis [8]. Also, isoniazid-
mediated hepatotoxicity via a choline deficiency is often observed
[9]. Linezolid, as a reversible nonselective monoamine oxidase in-
hibitor, interacts with adrenergic and serotonergic agents
increasing the risk of serotonin syndrome [10]. Finally, rifamycins
induce CYP3A4 and thus interact with azole compounds leading to
subtherapeutic serum concentrations while CYP2D6 isozyme is
included in the metabolism of thioridazine resulting in elevated
levels and enhanced cardiotoxicity when the compound is
administered in combination with CYP2D6 inhibitors such as
fluoxetine or propranolol [11,12]. All the side effects make the
treatment expensive and, even worse, to take a long time and often
fail. For the abovementioned reasons, research on new anti-
tubercular agents has been resurrected, and its main area of focus
is new compounds with a new mechanism of action that would
allow for the treatment of resistant TB strains and the latent phase
of the disease.

There are several mechanisms by which Mycobacterium tuber-
culosis acquires resistance. Mtb may develop a thick, waxy, hydro-
phobic cell envelope that is impenetrable to antibiotics, it may
express enzymes that degrade the antibiotic or modify their mo-
lecular targets to reduce their affinity to the drug. Commonly, Mtb
starts the expression of diverse multidrug transporters encoded by
their DNA that transport various xenobiotics from the bacteria into
their surroundings [ 13]. The effectiveness of multidrug resistance is
often provided by the combination of several mechanisms, and the
efflux systems probably serve as a stepping stone for the devel-
opment of high-level multidrug resistance [13]. These transporters
are predominantly dependent on proton motive force or ATP
availability [14]. Small compounds that would interfere with the
bacterial electron transport chain are therefore promising candi-
dates for the treatment of MDR or XDR TB. Additionally, Mtb uses its
electron transport chain (ETC) for energy production via oxidative
phosphorylation during both replicating and latent (dormant)
persistence [15—18]. As a result, small molecules inhibiting energy
metabolism possess remarkable potential for LTBI, MDR TB, and
XDR TB treatment. This review is focused on the description of new
antitubercular drugs targeting bacterial energetics in these main
areas: 1. NADH, 2. QcrB, and 3. ATP synthase and homeostasis.

2. Druggable molecular targets within the ETC in Mth

In bacteria, the ETC is integrally involved in energy production
via oxidative phosphorylation. During oxidative phosphorylation,
various ETC protein complexes establish a transmembrane proton
motive force (PMF). PMF energy is subsequently used for the ATP
synthase-mediated production of ATP (Fig. 1) [19]. Energetic
metabolism and the ETC in Mtb are rather complicated, having
multiple side pathways and alternative mechanisms that have been
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Fig. 1. Oxidative phosphorylation in Mtb (this figure was drawn according to Bald and Koul) [26].

reported multiple times [14,19,20]. To briefly summarize all
mycobacterial ETCs, Mtb harbors multiple primary dehydrogenases
to transport electrons to the lipophilic redox carrier menaquinone.
Alternatively, Mtb possesses several reducing equivalents (e.g., ni-
trate reductase and fumarate reductase) to facilitate turnover under
anaerobic conditions [21,22]. Depending on oxygen availability,
electrons are then passed to terminal oxidases, an aasz-type cyto-
chrome c oxidase and cytochrome bd-type menaquinol reductase,
for dioxygen reduction [23]. Such a process is coupled to the gen-
eration of a PMF, thus powering ATP synthase to synthesize ATP
[14,24]. Individual roles of the main components of the ETC are
detailed below.

Recently, a very informative review article was published sum-
marizing the proteins and members of the ETC that may serve as
potential targets for drug development [25]. The review mostly
focuses on the biological aspects of the proteins and includes a
table with the eight most promising small molecules targeting
these proteins. These derivatives are all at advanced stages of drug
development towards resistant Mtb [25]. Additionally, there were
two more reviews published earlier as a summary of clinical can-
didates and approved drugs targeting mycobacterial metabolism
[14,26]. However, there are no more recent and comprehensive
overviews of early-stage research and development of small mol-
ecules interacting with mycobacterial energetics published.
Therefore, the main scientific contribution and novelty of our re-
view consist of the focus on basic research in medicinal chemistry
and early-stage development of small molecules targeting the ETC.
Furthermore, the review contains not only the most promising lead
compounds but summarizes all of the research.

2.1. Mycobacterial primary dehydrogenases

Mycobacteria harbor multiple primary dehydrogenases to fuel
the electron transport chain. The NADH dehydrogenase complex
(complex I) accepts electrons from NADH and passes them to the
electron carrier menaquinone [27]. NADH | dehydrogenase is
preferred under aerobic conditions, while NADH Il predominates in
an anaerobic environment with menaquinone connecting electron-
donating and electron-accepting reactions [28]. Succinate dehy-
drogenase forms complex II of the respiratory chain and couples
oxidative phosphorylation to central carbon metabolism via the
tricarboxylic acid cycle (TCA). Mycobacterial type-Il NADH dehy-
drogenase (NDH-2) as a promising target for the treatment of

tuberculosis was reviewed in 2017 [29]. The review mostly focused
on the biological properties of the enzyme and the methods of its
evaluation as a reasonable target. Therefore, in our review, we will
be more oriented towards small molecules as inhibitors and on the
newest articles on this topic.

2.1.1. NADH dehydrogenases

In prokaryotes, NADH is produced in the cytosol by glycolytic
enzymes (glyceraldehyde, 3-phosphate dehydrogenase, pyruvate
dehydrogenase) and enzymes in the tricarboxylic acid cycle (iso-
citrate, o-ketoglutarate, malate dehydrogenases) [30]. X-ray struc-
tural determination of the bacterial NADH dehydrogenase complex
revealed that it is L-shaped and composed of a hydrophobic
membrane arm and a hydrophilic matrix arm (Fig. 1) [27]. Myco-
bacteria were identified to contain two types of respiratory NADH
dehydrogenases. First, proton-pumping NADH I dehydrogenase
transfers electrons to menaquinone [31]. Coupled with the down-
hill electron transfer, there is uphill proton or sodium translocation
across the membranes with concomitant generation of a mem-
brane potential enabling ATP synthesis [32]. Electron transfer oc-
curs in the matrix arm via iron-sulfur clusters, while
transmembrane o-helices form proton pumping modules in the
membrane arm. Every two-electron menaquinone reduction cau-
ses four protons to be pumped into the crista space, generating
approximately half of the total proton motive force in mitochondria
[27]. On the other hand, nonproton pumping NADH Il dehydroge-
nase does not conserve energy, and its specific role is still unclear.
Since NADH II inhibitors are bactericidal towards nonreplicating
M. tuberculosis, they are probably essential for the recycling of
NADH under hypoxic conditions [33]. A more detailed description
of Mtb NADH dehydrogenases, their properties, their role in viru-
lence, and their possible use as therapeutic targets may be found in
Ref. [34].

2.1.2. Succinate dehydrogenase

Although embedded in the crista membrane, succinate dehy-
drogenase does not contribute to proton motive force by pumping
protons. Therefore, it is not considered an integral part of the res-
piratory chain. Succinate dehydrogenase transfers two electrons
directly to menaquinone, bypassing NADH dehydrogenase [27].
Most mycobacteria possess two succinate dehydrogenases, SDH1
and SDH2 [35]. Observations have indicated that SDH1 could be
dedicated to succinate dehydrogenase and that SDH2 catalyzes
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fumarate reductase activity, which is important for survival under
hypoxia [36]. SDH1 is a key regulator of oxidative phosphorylation,
catalyzing the oxidation of succinate to fumarate with a simulta-
neous interchange of menaquinone to menaquinol, while fumarate
reductase catalyzes the reverse reaction vital for proton motive
force maintenance [37,38]. However, the structure of both of these
mycobacterial enzymes remains experimentally unresolved [25].
Remodeling of the TCA confirmed that the activity of SDH is
essential for mycobacterial persistence and therefore represents a
potential novel drug target [14].

2.1.3. Inhibitors of mycobacterial primary dehydrogenases
Phenothiazine derivatives (Fig. 2) have been used as therapeu-
tics for a long time. Among them, thioridazine 1, chlorpromazine 2,
and trifluoperazine 3 are commonly used antipsychotic agents.
Promethazine 4, on the other hand, is used to treat various symp-
toms of allergies. The possibility of the use of these compounds in
antitubercular treatment was reviewed by Singh and coworkers
[39]. In addition to their primary use, the compounds were inves-
tigated because of their significant anti-TB activity in vitro. The
review article summarizes all of the results from the antitubercular
research of phenothiazine derivatives and concludes that their
main target is Mtb type Il NADH dehydrogenase, a key component
of the Mtb respiratory chain that helps the bacterium survive under
stress conditions [39,40]. Importantly, this protein is not a part of
the mammalian genome; therefore, it is a promising target for se-
lective inhibition. Therefore, targeting this component of the ETC
seems to be a promising strategy against latent Mtb. Thioridazine 1
was one of the most promising derivatives for potential anti-
tubercular drug development, even showing effectiveness against
phagocytosed Mth. Compound 1 is not a single target inhibitor since
it also inhibits bacterial efflux pumps, thereby helping to increase
the efficacy of other drugs [39]. In addition, the fact that all of these
compounds are currently used as drugs would simplify their
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development into commercial drugs and reduce research costs
during the late stages of clinical trials.

In 2012, a primary article was published on quinolinyl pyridines
with the general formula 5 along with their significant anti-TB
activity [41]. Their activity was associated with the inhibition of
NADH II. A small SAR study showed that compound 6 had an
MIC = 1.91 uM, while the ICsg against NADH Il = 43 nM.

Additionally, advanced in silico experiments were performed
[42]. Tethering fragment-based drug discovery revealed disulfide 7
as the most potent NADH II inhibitor. Its aromatic ring was pre-
dicted to bind within a hydrophobic clamp formed by GLN317 and
ILE379 deep in the quinone binding pocket. Moreover, there are
three predicted hydrogen bonds, between the carbonyl oxygen of
compound 7 and THR349 as well as between the backbone
carbonyl of ILE379 to the nitrogen in the fragment tail responsible
for the high binding affinity [42].

Wang and coauthors identified two types (8 and 9) of selective
NADH 1I inhibitors using multicomponent high-throughput
screening [43]. Altogether, they investigated 800 000 compounds,
obtained 7000 primary hits, and after multiple advanced screen-
ings (e.g., removing cytotoxic compounds), they ended up with
structures 8 and 9. These compounds showed the highest potency
against both Msmeg and Mtb NADH II (ICsp 10.7 nM and 64.7 nM,
respectively). Their activity against Mth NADH A was similarly
potent [43].

A series of 2-mercaptoquinozalines was prepared by Boshoff
et al. [44]. Whole-cell SARs for this series of identified compounds
with the general formula 10 were the most active. The authors
screened for pharmacological parameters, toxicity, and other
properties of the compounds related to drug development, and
compounds 10a — 10c were identified as the most potent. They
exhibit MIC values = 0.3—0.8 uM against Mtb, while microsomal
clearance was reasonable in the range of 1.4—4.7 mL/min/g and the
kinetic solubility was high enough (83—250 uM). Additionally, 10a
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Fig. 2. Structures of antitubercular agents that inhibit NADH reductases.
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— 10c were indicated to inhibit NADH II noncompetitively in an
enzyme kinetic study [44].

A series of 7-phenyl benzoxaborole derivatives was prepared
and found to be active against Mtb with ICqg values as low as 5.1 uM
by Sacchettini and coworkers [45]. Resistant mutants towards the
most active 7-phenyl benzoxaborole were isolated and character-
ized, and mutations were found in the genes for NADH dehydro-
genase (NADH) or the regulatory protein Mce3R, which suggests
that Ndh may be the target of this series of compounds [45].

Other molecules that are known to inhibit the growth of Mtb are
quinoline quinones [46]. Therefore, Cook and coauthors focused on
the elucidation of the mechanism of action and found that quino-
line quinones target Mth NADH I, which activates NADH oxidation
and generates a bactericidal level of ROS in a similar but more
efficient manner compared to the anti-Mtb drug clofazimine [47].
The most recent work on quinoline quinones was published by
Timmer et al. in which a large series of compounds were prepared
and evaluated; however, the best derivative, 7-chloro-6-
propargylamino-quinoline-5,8-dione, had only a moderate
MIC = 8 uM [48].

2.2. Mycobacterial cytochrome oxidases

Mycobacteria display a branched respiratory chain with two
terminal oxidases, aas-type Cu-heme cytochrome c oxidase enco-
ded by ctaB, ctaC, ctaD and ctaF genes and cytochrome bd mena-
quinol oxidase, which are both present for dioxygen reduction
coupled to proton motive force generation (Fig. 3). The cross-
membrane potential provides energy for various cellular compo-
nents, such as ATP synthase. The aas-type cytochrome c oxidase,
which forms a supercomplex with cytochrome bc; reductase, is the
major respiratory route under aerobic conditions [49,50]. On the
other hand, the bioenergetically less efficient cytochrome bd
branch is synthesized at low oxygen concentrations. Their expres-
sion is regulated according to an oxygen supply, but the molecular
mechanisms remain unknown [24,51].

2.2.1. The aas-type cytochrome c oxidase

The cytochrome c route consists of menaquinol-cytochrome ¢
oxidoreductase termed the bc; complex and an aas-type cyto-
chrome c oxidase [20]. This pathway represents the main myco-
bacterial respiratory route under standard aerobic conditions. The
bc; complex is composed of redox groups, including a 2Fe/2S center
located on a Rieske protein (QcrA), a single polypeptide bearing low
and high potential b-type hemes (QcrB) and cytochrome c; heme
(QcrC). Cytochrome oxidase ¢ functions as a proton pump [52].
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2.2.1.1. Structural organization of the bc; complex. The overall
structure of the bc; complex can be divided into three regions: the
membrane-spanning, the intermembrane space, and the matrix
regions (Fig. 3). The subunit composition of bc; complexes varies
significantly from 13 transmembrane helices in human mitochon-
dria to 10 or 11 helices in bacteria [53]. Despite such structural
diversity, all bc; complexes have three redox subunits in common: a
cytochrome b protein containing two b-type hemes with high (by)
and low (b;) potential, a c-type heme and an iron-sulfur protein
(ISP) with a high-potential 2Fe—2S iron-sulfur cluster. Furthermore,
the purified bc; complex contains ubiquinone and phospholipids.
All additional (supernumerary) subunits do not have a well-
established cellular function, and they are believed to contribute
to the enhanced overall stability [54,55].

2.2.1.2. Functions of the bc; complex. The cytochrome bc; complex
is essential in the respiratory chain for electron transport across the
membrane from menaquinol to cytochrome ¢ [56,57]. The cyto-
chrome b protein forms the hydrophobic core, enabling further
interactions within the complex [58]. There are two identical b-
type hemes, by and by, located on the cytoplasmatic and exterior
faces of the membrane, respectively [53]. Subunit b, contributes to
menaquinone reduction (Qy), whereas b, engages in menaquinol
oxidation (Qp). The bc; complex transfers H' to the coupled aas
cytochrome c oxidase that carries out oxygen reduction [59].

2.2.2. Cytochrome bd-type oxidase

Cytochrome bd oxidase has been investigated to a lesser extent,
and its function may be complex. Although not required for aerobic
growth, cytochrome bd plays an important role in the response to
antibacterial stress and adaptation to a reduced oxygen environ-
ment [60]. The cytochrome bd complex generates charge separa-
tion via electron transport instead of translocating H™ [61,62]. The
mycobacterial cytochrome bc; complex has already been validated
as a promising drug target. It displays two substrate (quinone/
quinol) binding sites that may be able to accommodate a variety of
small-molecule inhibitors. Moreover, targeting cytochrome bd ap-
pears highly efficient, but further structural and functional analysis
is needed to explore this enzyme [26].

2.2.3. Inhibitors of mycobacterial cytochrome oxidases
Imidazo[1,2-a]pyridines were synthesized as potent lead anti-
TB molecules from a high-throughput screen [63]. The most
promising compounds, 14 and 15, had notable antitubercular po-
tency in various Mtb strains with MICs = 0.03 yM—5 puM and
acceptable pharmacokinetic profiles. Furthermore, a dose-response
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Fig. 3. Mycobacterial cytochrome oxidases.
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efficacy study in an acute murine model revealed bacteriostatic
behavior in vivo, demonstrating a 2 log CFU reduction with respect
to nontreated controls. Resistant mutants were generated to find
the molecular target of the best derivative (14), which was identi-
fied as QcrB by genome sequencing [63]. Additional proof of this
target was given when the MIC of compound 14 increased signifi-
cantly (from 0.5 pM to 8 uM) in bacteria with significantly over-
expressed QcrB. This is one of the earliest studies showing QcrB as a
promising anti-TB target.

A set of five chemically diverse heterocyclic compounds was
investigated [64]. Among them, compounds 16—18 were the most
interesting, with imidazo[1,2-a]pyridine 16 being the most active
against M. tuberculosis H37Ryv, inhibiting its visible growth with
MIC >50 pM and more than 90% resazurin reduction under MABA
conditions of 0.15 puM. Imidazo[1,2-«]|pyridine 16 exhibited an
inability to inhibit Mth H37Rv while inhibiting the transfer of
electrons followed by resazurin reduction as well as the final ATP
production with kinetics similar to BDQ. Such an inability was
probably caused by the upregulation of cytochrome bd oxidase as
an alternative respiratory complex. Indeed, the cytochrome bd
oxidase mutant (cydKO) was found to be highly susceptible to
imidazo[1,2-x]pyridines with an MIC of less than 0.024 yM and
MABA less than 0.024 uM [64].

Surprisingly, another imidazopyridine, zolpidem (19, used for
the treatment of insomnia), was found to have anti-TB activity
(M. tuberculosis H37Rv, MIC 10—50 uM) [61]. A rationally designed
set of zolpidem analogs was subsequently synthesized, and their
antitubercular potency was evaluated. Among them, compound 20
had an MIC = 0.004 pM. Since the target was of great interest,
screening against a panel of gcrB-resistant mutants revealed that all
the tested imidazopyridines were bc; complex inhibitors, as
demonstrated by their loss of potency [61]. Another zolpidem
analog was studied in Ref. [65]. The authors rationally designed a
large library of the analogs and anagrams with the main scaffold
imidazopyridine and tested them against Mtb. The most potent
derivatives had MICs as low as 0.004 uM and reasonable selectivity,
which made them potential therapeutics.

Other imidazo[1,2-o]pyridines were subjected to target eluci-
dation. Compounds 21a — 21c showed the best potency against
intracellular Mtb and were therefore chosen for the next experi-
ments. They exhibited significant inhibition of M. tuberculosis
R37Rv with an ICsg of 0.15—0.39 uM. As the Mtb QcrBT3,3; mutant
strain showed resistance to the tested compounds with at least 8-
fold shifts in MICs (MICgg 6.5->20 uM), QcrB was proposed to be
their molecular target. Disrupted pH homeostasis and depleted ATP
levels provided further evidence of an effect on the electron
transport chain. Protein Rv1339, a member of the -lactamase su-
perfamily, was established as the secondary target. This protein
could affect cell wall structure, thereby impacting compound
permeation. Finally, none of the tested compounds was cytotoxic
against THP1 cells, making them potential drug candidates [66].

A set of more than fifty pyrrolo[3,4-c|pyridine-1,3(2H)-diones
was prepared by Westhuyzen et al. [67], and their HTS identified hit
pyrrolopyridine 22 that was active against Mth (M. tuberculosis
H37RvMa, MiCeo 0.132 uM). Unfortunately, pharmacological
parameter tests showed that its ester moiety undergoes micro-
somal hydrolysis (only 35% of 22 remained in solution after 40 min
of incubation). Subsequently, bioisosteric replacements of the labile
ester were investigated. The 1,2,4-oxadiazole moiety was identified
as biologically active and metabolically stable. In vivo pharmaco-
kinetic studies of 23 in mice indicated high clearance and low
plasma exposure (Cpyax = 0.033 pM), but the metabolic stability was
highly improved (97% of 23 remained in solution after 40 min of
exposure to microsomes). Codosing 23 with aminobenzotriazole
(ABT) improved the unfavorable parameters. To determine the
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mechanism of action, target identification studies were performed.
Hypersensitivity of the cydKO deletion mutant and the cross-
resistance of the cydKO/QcrBA317T mutant strongly indicated
that these compounds target the QcrB subunit of the bcl complex
[67].

Novel phenoxyalkylbenzimidazoles were prepared to expand
the SAR studies. Observed key determinants for antimycobacterial
activity were methyl groups at both the C-6 of the benzimidazole
and the C-4 of the terminal phenyl, a three-carbon atom linker, and
a nitrogen heteroatom on the alkyl chain. One of the most potent
compounds against Mtb H37Rv, 24, had MIC = 0.47 uM, improved
derivative 25 had an MIC = 0.061-0.070 pM. First, QcrB targeting
was confirmed by testing the MIC. All tested compounds showed a
5-fold lower MIC against the resistant mutant QcrBy342t compared
to the parental strain. The benzene ring may be responsible for QcrB
targeting since the QcrByssor mutant was not resistant to the
imidazole analogs. Second, ATP depletion together with decreased
intracellular pH provided further evidence for QcrB as a target [68].

A phenotypic screen by GSK identified 2-(quinoline-4-yloxy)
acetamides as potent Mtb growth inhibitors. A preliminary SAR
investigation of the antitubercular activity identified five analogs,
26a — 26b and 27a — 27b (Fig. 4; MICgp Mtb H37Rv, 0.3—3.3 uM).
Based on the SAR, another set of compounds was prepared with the
best compounds, 27¢ — 27e, showing activity of 0.62—0.45 uM
against M. tuberculosis H37Rv determined by MABA and thus
showing improved potency compared with the original hits, with
an activity of 1.11 uM under the same conditions. In general, bulky,
lipophilic substituents at R improved the potency, while a methoxy
at C-6 was critical for activity. In addition, the tested compounds
exhibited enhanced MICs of 0.12-<0.063 pM towards the Mth
cydKO strain. Based upon the magnitude of MIC enhancement,
these compounds were established as cytochrome bc; oxidase in-
hibitors [69].

The next promising antitubercular agents are imidazo[2,1-b]
thiazole-5-carboxamides, which are endowed with nanomolar
potency (Mtb H37Rv MIC < 0.05 uM). Moreover, compounds 28a —
28c¢ were exceptionally potent against mono-drug resistant strains
(MICgmp  less  than  0.04—0.201 uM, MiICiynu less than
0.04—-0.506 puM). Antituberculosis assays revealed two unsuitable
modifications, namely, a trifluoromethyl group in the ortho posi-
tion and a biaryl ether aniline compared to the biaryl ether ben-
zylamine. To suggest the molecular target, compounds 28a - 28¢
were screened against six QcrB mutants. As a result, their QcrB
selectivity was confirmed [70,71].

The synergistic effects between phenoxylakylbenzimidazoles
(PABs, e.g., 29) and other compounds targeting the bacterial res-
piratory chain, such as clofazimine and bedaquiline, were investi-
gated [72]. It was found that the combination of PABs with
clofazimine led to strong synergistic killing of both replicating and
nonreplicating Mtb. On the other hand, the combination of PABs
with bedaquiline showed antagonism, which disappeared within
three weeks, and as a result, the PAB-bedaquiline combination
became strongly bactericidal.

A new series of antimycobacterial 4-amino-thieno[2,3-d]py-
rimidines targeting cytochrome bc; oxidoreductase was discov-
ered. From 78 screened small molecule nucleotide mimetics, 30
exhibited the highest growth inhibition with an ICso of
2.7 + 0.84 pM. Finally, enhanced activity against gcrB mutants and
depletion of ATP levels confirmed cytochrome bc; as a target [73].

Four derivatives, 31-34 (Fig. 5), within a larger 2-ethylthio-4-
methyaminoquinazoline chemical library showed good activity
ranging from 0.02 to 0.09 pg/mL against Mth H37Rv and HepG2
cells, respectively, and low toxicity (TDsg > 5 pg/mL) in vitro. Qui-
nazoline 32 was the most selective from this series. Considering the
SAR, fluorine atoms at positions 6 and 8 and ethyl thioalkyl chains
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Fig. 4. Inhibitors of mycobacterial cytochrome oxidases.

were found to be preferable. Moreover, the smallest substitution in
position 4 was observed to enhance the antitubercular activity.
Quinazolines were revealed to target cytochrome bc; by whole-
genome sequencing [74].

The 2-(quinoline-4-yloxy)acetamides (QOAs) of general formula
35 (Fig. 5) were reported to be promising antitubercular agents.
These molecules have intracellular activity similar to INH and RMP
(MIC = 0.01-0.08 pg/mL) and great efficacy against resistant
M. tuberculosis isolates (MIC = 0.01-0.08 pg/mL). Target identifi-
cation based on genome sequencing and MIC indicated two targets:
DNA gyrase and the cytochrome bc1 complex. Docking experiments
revealed that the b-subunit of the cytochrome, namely, protein
residues THR313, MET342 and LEU167, are responsible for the main
interactions. Firstly, the hydroxyl group of the THR313 mediates
polar interaction essential to inhibitor stabilization in the protein
active site. Secondly, MET342 and LEU167 are involved in hydro-
phobic interactions with the Qp quinol oxidation site, which is vital
for cell survival [75].

Whole-cell screening identified morpholinothiophene analogs
as potential antitubercular scaffolds. Initial hit 36 (Fig. 5) showed
good antitubercular activity against Mtb H37Rv (MIC = 0.72 uM).
Moreover, compound 36 showed acceptable physicochemical and
pharmacokinetic properties. Therefore, many more morpholino-
thiophenes with the general formula 37 (Fig. 5) were synthesized
for the SAR study. Since the SAR suggested that the phenethyl linker
and the amide carbonyl were critical aspects of the pharmacophore,

it appeared that the whole series shared a similar pharmacophore
to scaffolds that target QcrB. To confirm the molecular target, ATP
and growth were monitored in the same experiment. As a result,
ATP depletion occurred in a dose-dependent manner, similar to
Q203 (a known QcrB inhibitor) [76].

As potent antitubercular agents in vitro, arylvinylpiperazine
amides were studied intensively. The investigated arylvinylpiper-
azine amides demonstrated potent antitubercular activity against
Mtb H37Rv in vitro (MIC 0.05—0.1 uM), and the ICsq for Mtb-infected
TFP-1 macrophages ranging from 0.1 to 0.3 pg/mL reflects the
potent ex vivo activity of these molecules. In addition, all com-
pounds had low cytotoxicity. Compounds 38a and 38c (Fig. 5)
proved the in vivo activity determined in a mouse model of acute
TB. Both compounds significantly reduced the bacterial loads in
mouse lungs by 0.4 and 0.6 logo, respectively, compared to the
vehicle control. A cross-resistance study revealed different in-
teractions with the quinol binding pocket of the cytochrome bc1-
aa3 oxidase QcrB subunit compared to Q203. Additionally, tran-
scriptomic and bioenergetic flux studies confirmed QcrB as the
primary target [77].

Various commercial chemical libraries were screened by
Cechetto and coworkers to find diverse anti-tubercular compounds
[78]. As a result, imidazopyridine amide derivative 39a was iden-
tified as the best inhibitor. Compound 39a was synthesized and
fully screened in vitro to find that its activity against MDR and XDR
Mtb is in the nanomolar range, and subsequent experiments found
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it to have in vivo activity at doses lower than 1 mg per 1 kg body
weight. The mechanism of action was elucidated and it was shown
that nanomolar concentrations significantly lower the levels of ATP,
which led to the suggestion that the compound inhibits cyto-
chrome bc1 activity [78]. Based on the structure of 39a, bioisosteric
pyrazolo[1,5-a]pyridine-3-carboxamide analogs were prepared
and identified as potential new antitubercular agents with high
activity against Mtbh H37Rv (MICgp = 0.125 pg/mL) [79]. More
importantly, lead compound 39b (Fig. 5) had remarkable activity
against 56 Mtb isolates, including 37 MDR and 2 XDR strains.
Moreover, a lack of toxicity combined with high oral bioavailability
was reported. Docking studies of 39b in the Q, binding site revealed
T-7 interactions with the aromatic side chains of TYR321 and
PHE156, similar to the interactions observed with Q203. Surpris-
ingly, 39b exhibited a strong synergy with subtherapeutic con-
centrations of PZA and RMP, causing a 4- and 5-fold reduction in
lung CFU [79].

High-throughput screening identified phenox-
yalkylbenzimidazoles as very adaptable scaffolds with nanomolar
MICs (MICsp = 0.34—5.3 uM) against Mtb. They inhibit Mtb growth
inside macrophages with insignificant cytotoxicity. These com-
pounds likely target QcrB, a component of the cytochrome bc;
complex. However, Mtb is able to reroute its ETC to provide resis-
tance to therapy. Considering these factors, combinations of ETC-
targeting compounds with synergistic activity are needed. Such
synergistic killing was achieved with compounds 40a-40e (Fig. 5)
in combination with CFZ under both replicating and nonreplicating
conditions [72].

2.3. Mycobacterial ATP synthase

2.3.1. Characterization and function of mycobacterial ATP synthase

ATP synthase is a ubiquitous enzyme present in mitochondria,
chloroplasts, or plasmatic membranes. Resembling a turbine, the
structure of ATP synthase consists of two components: a rotor (Fg)
and a stator (F;) connected through a central stalk, reversibly
coupling proton flow to either ATP synthesis or hydrolysis [27,80].
Oxidative phosphorylation is the source of energy that drives ATP
synthase to convert the electrochemical potential energy into
chemical energy in the form of ATP by the reaction of ADP with
inorganic phosphate (P;) [14,81].

Considering the mycobacterial ATP synthase (Fig. 6A), three o
and three B subunits alternate to form the hydrophilic stator (Fy),
which extends into the cytoplasm. The membrane-embedded rotor
(Fo) includes one a, two b, and a ring of more than ten ¢ subunits.
Rotor and stator connection via the central stalk containing v, 3 and
e subunits has specific fusion between one b and one & subunit [82].
The resulting b/ fusion protein improves the bonding interaction
between ATP precursors and the 23B3 hexamer, while the free b
subunit increases power transmission within the ATP synthase
complex. As a result, the presence of two different b subunits
probably enhances their overall mutual interaction [83].

Compared to mycobacterial ATP synthase, bacterial ATP syn-
thase (Fig. 6B) shows structural differences, such as relaxed junc-
tions between the b and & subunits. Moreover, bacterial ATP
synthase usually contains exactly ten ¢ subunits with proton-
binding sites. A lower number of monomers per subunit of the ¢
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Fig. 6. Mycobacterial (A), bacterial (B), and human (C) ATP synthases (this figure was drawn according to Lu and Bald) [80].

oligomer may decrease the H"/ATP ratio and thus complicate ATP
synthesis under low proton motive force conditions [84]. On the
other hand, eukaryotic ATP synthase (Fig. 6C) contains homologous
oligomycin sensitivity-conferring protein (OSCP) instead of the
& subunit, with only one b subunit accompanied by minor d and Fg
subunits and eight monomers in the c ring [85,86]. Finally, in ATP
synthase in chloroplasts, the b homodimer is replaced by two ho-
mologous b and b’ subunits [87].

ATP synthase is strongly evolutionarily conserved among pro-
karyotes and eukaryotes. M. tuberculosis, an obligate aerobic bac-
terium, is dependent on oxidative phosphorylation to produce ATP
for growth and survival. Apart from replicating mycobacteria, ATP
synthase is also essential in the dormant state, carrying specific
features facilitating survival under nonreplicating conditions,
including oxygen insufficiency, nutrient limitation, and acidic pH
[88].

As such, mycobacterial ATP synthase features several functional
adaptations. First, mycobacterial ATP synthase lacks the ATP hy-
drolysis function to prevent ATP from being wasted. Suppression of
the hydrolytic activity may be caused by inhibitory binding of Mg-
ADP, subunit e dysregulation, or by the inhibitory protein subunit £
[89]. The second specific feature to mention is the ability to syn-
thesize ATP under low proton motive force (—110 mV), which is
closely linked to the structure of subunit c. A large c oligomer causes
increased H'/ATP turnover, resulting in promoted ATP formation.
Even an unusual stiffness of the stator stalk or highly lipophilic
cytoplasmatic membrane may speed up ATP synthesis [35,90].

All of the aforementioned differences compared to human ATP
synthase may be crucial to understand the design and development
of selective ATP synthase inhibitors.

2.3.2. Inhibitors of mycobacterial ATP synthase

One of the first compounds found to target Mtbh ATP synthase,
especially its subunit ¢, was bedaquiline 41 (Fig. 7) [91-95]. The
compound was efficient even against MDR Mtb and developed by
Jansen Pharmaceuticals [96]. Despite its high potency, compound
41 has several drawbacks, such as a long half-life, high lipophilicity,
and low solubility; therefore, several research groups have focused
on analogs with better pharmacological profiles. Palmer and co-
authors synthesized 26 analogs with the naphthalene unit replaced
with pyridines were to reduce the lipophilicity and half-life [96].
Compounds 42 and 43 (Fig. 7) significantly inhibited bacterial
growth of Mtb H37Rv under both replicating (MABA) and non-
replicating (LORA) conditions. Specifically, derivative 42 had an
MICgg of 0.01 pg/mL under MABA conditions and 0.06 pg/mL under
LORA conditions, and derivative 43 had an MICgy of 0.02 pg/mL
under MABA conditions and 0.02 pg/mL under LORA conditions.
Both compounds were also effective in vivo (CFU reduction) and
noncytotoxic (ICso values > 10 pg/mL in the Vero assay). Both
compounds have notably lower hERG potencies than bedaquiline,
resulting in reduced cardiovascular toxicity [96].

A luciferin-based ATP assay selected thiazolidinone derivative
44 for further studies. Compound 44 showed excellent anti-TB

activity (Mtb H37Rv, MICgp = 0.5 pg/mL, and intracellular MICgg
in macrophages = 4.0 pg/mL) and low cytotoxicity (therapeutic
window 80). Additionally, 44 exhibited a 2-8-fold higher MIC in
RMPR and MDR isolates of Mth. Considering the molecular target,
screening against M. smegmatis ATP synthase on an inverted
membrane was performed (ICsp 0.312 pM). Docking analysis
showed that residue LEU59 of Mtb ATP synthase was involved in H-
bond interactions with the phenyl ring of 44. Finally, 7-7 in-
teractions between TYR64 and the abovementioned phenyl ring
were detected [97].

In silico methods such as homology modeling and virtual
screening can find various molecules that effectively inhibit Mtb
FiFo ATPase. In this quest, four virtual hits, 45—48, were obtained
and showed better binding affinity compared to bedaquiline 41.
Molecular docking revealed key interactions with GLU61 and
ARG186 [98].

Simplification to the structure of bedaquiline used a fragment-
based approach and resulted in 4 series of 3-(4-(N,N-dimethyla-
minomethyl)phenyl)quinolines. Among these compounds, 49 and
50 were found to be the most potent candidates against Mth H37Rv
with MICs = 0.43 and 0.44 pg/mL and against DR isolates (MIC
0.48—0.94 pg/mL). Therefore, 49 and 50 were assayed for their
capacity to inhibit Mtb ATP synthase, showing a direct impact with
ICsp values of 20.3 + 1.0 and 38.8 + 1.0 uM, respectively. Compound
49 was the best candidate with an improved logP of 5.55, which is
beneficial for pharmacokinetic properties [99].

A very large SAR study of squaramides resulted in compounds
with nanomolar potencies in an ATP synthesis inhibition assay
[100]. The most active was derivative 51. Complete stasis after two
weeks of treatment with a 200 mg/kg dose established the in vivo
efficacy of 51 in a mouse model of acute TB, and the activity against
Mtb H37Rv showed an MIC = 0.43 uM. SAR exploration revealed
that 2-pyridylmethyl substitution is critical for achieving good
potency. On the left-hand side of the molecule, a morpholinophenyl
moiety was found to be the best. ATP synthase was suggested as a
molecular target based on a membrane-based biochemical assay
(Myc_ATPS 1Csp 0.03 puM) measuring ATP synthesis through
oxidative phosphorylation. This result was confirmed by sponta-
neous resistant mutant characterization. To understand the binding
mode, 51 was docked into Mtb ATP synthase. The pyridine nitrogen
of 51 forms -7 interactions and H-bonds with ARG186 of subunit
a. Furthermore, the morpholine oxygen interacts with PHE69 of
subunit ¢ through H-bonding [100].

The novel scaffold 6,7-dihydropyrazolo[1,5-a]pyrazin-4-one
was identified by screening using M. smegmatis ATP synthase. A
scaffold hopping approach revealed compounds 52 with improved
activity against Mtb H37Rv with MIC 2—4 pM. They do not inhibit
any of the CYP450 enzymes and could be a starting point for anti-TB
drug discovery [101].

Novel Mth ATP synthase inhibitors derived from neuroleptic
phenothiazines were synthesized. Compounds 53a and 53b with
the strongest Mth H37Rv growth inhibition (MIC = 6.25 pg/mL)
were screened for ATP synthesis inhibition using inverted

82



M. Urban, V. Slachtova and L. Brulikova

European Journal of Medicinal Chemistry 212 (2021) 113139

41 Bedaquiline 42

/NI (o)
D

£
| R V/
NG
R: 3,4-diCl; 4-tBu \—/_\
52

N NN
O
Br\©)LN N~
H
56

53a: R=cyclopentyl
53b: R=cyclohexy!

cl !
| NN N N
¢ O~
45

43

Fig. 7. Inhibitors of mycobacterial ATP synthase.

membrane M. smegmatis vesicles (ICsq values of 14 and 10.4 pM,
respectively). The blood-brain barrier crossing ability (Pe 2.7 x 10~°
and 3.0 x 10°® cm/s) was reduced compared to chlorpromazine,
indicating diminished CNS side effects. Docking studies showed -
7 interactions between the phenyl rings of 53 and PHEG9. Since
PHEG9 is absent in human enzymes, compounds 53 tended to be
safe and efficacious [102].

First, HTS resulted in the identification of 24-
diaminoquinazolines as ATP synthase inhibitors. Second, scaffold
hopping led to pyrazolopyrimidines with over 100-fold improved
selectivity for Mtb ATP synthase (Myc_ATPS ICsg = 0.5 uM; SI = 20).
Compound 54 docked into the bedaquiline binding site showed a 4-
fluorophenyl group responsible for the blocking capacity between
the Atp-a and Atp-c subunits. However, the absence of cross-
resistance against bedaquiline-resistant strains suggested that
pyrazolopyrimidines interact with ATP synthase differently than
bedaquiline despite binding at the same site [103]. Compound 54
had antitubercular activity against Mtb H37Rv with an
MIC = 6.2 uM.

A large study of potential antitubercular compounds was per-
formed [104]. First, a large virtual library of compounds was
screened in silico, and then a set of compounds was prepared from
the most promising hit. Among them, chloroquinolines of general
formula 55 with cytotoxicity above the detection limit (CCsq
>300 pg/mL) and excellent ATPase inhibitory activity and selectivity
(ICs50 0.51 + 0.030 uM; SI *200) were identified as lead compounds.
Compound 55a was the best compound and exhibited bactericidal

effects in the hypoxic Mtb culture (more than 2.3 logjo reductions in
CFU). In a murine model of chronic TB, compound 55a showed 2.12
logyo reductions in CFU in both the lung and spleen at a dose of
173 pmol/kg. Pharmacokinetic studies on 55a indicated quick ab-
sorption, high distribution volume (Vs 0.41 L/kg), moderate clear-
ance (0.06 L/h/kg), and a long half-life (4.2 h). These results suggest
that 55a is a promising drug candidate (activity against Mtb H37Rv,
MIC 3.12 pg/mL) [104]. Another study on six new chloroquinoline
derivatives containing the same scaffold 55 was published in
Ref. [105], the activity against Mtb was MICsg = 3.12—6.25 pg/mL,
and the ICsp against ATP synthase was 0.36—1.83 uM. Compound
55b was selected as the best compound with an MICsg of 3.12 ug/
mL against Mtb and an ICsg against ATP synthase of 0.39 pM.

To overcome the clinical resistance and long terminal half-life of
BDQ, a new generation of 3,5-dialkoxypyridine analogs is currently
under investigation. Among them, compound 56 had remarkable
properties and activity against Mtb H37Rv with a MICsp = 33 pM.
An inverted membrane vesicle (IMV) assay was used to confirm
mycobacterial ATP synthase inhibition (ICsg of 0.5 + 0.1 uM against
M. smegmatis and 5.2 + 1.1 puM against M. bovis BCG). Biochemical
and NMR studies showed that 56 inhibits ATP synthase by binding
to the y subunit loop. Preliminary in vitro ADME profiling revealed
that 56, with a clogP of 4.37, is less lipophilic than BDQ and
metabolically stable in mouse liver microsomes. Finally, in vitro ATP
synthesis experiments indicated a synergistic effect with BDQ
[106].
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2.3.3. Small molecules influencing ATP homeostasis

Small molecules interfering with energy metabolism may not be
restricted just to ATP synthase inhibitors, but they may influence
ATP homeostasis by the activation of latent ATP hydrolytic activity
or by rerouting electron flow to reactive electron species. Since the
results are similar to those of ATP synthase inhibitors, we are
adding them to this chapter (Fig. 8).

New amino lipopeptides named trichoderins were isolated from
the marine-derived fungus Trichoderma sp. These compounds were
tested for their antimycobacterial activities, and among them, tri-
choderin A (56) was the most potent with activity against Mtb
H37Rv (MIC 0.12 pg/mL). This sparked interest in identifying its
molecular target by influencing gene expression. It was found that
mycobacteria with the highly overexpressed genes atpB, atpE, atpF,
atpH, and parts of atpA coding mycobacterial ATP synthase became
resistant to Trichoderin A (56), which is indirect proof that com-
pound 56 targets ATP synthase. In addition, 56 reduced the intra-
cellular ATP concentration in M. bovis BCG [107].

The low level of bacterial respiration is an important point of
Mtb metabolic vulnerability. Therefore, a hypoxic ATP depletion
model has been developed to carry out HTS campaigns. Among 60
0000 screened compounds, thiophenes were identified to signifi-
cantly disrupt ATP homeostasis (hypoxic ATP ICs0 3.4 uM, aerobic
MICsg 1.7 pM for compound 57) [108].

A cellular screen and subsequent lead optimization provided
various anti-TB pyrimidine-imidazoles (PIs). Mechanism of action
studies linked their activity to glycerol metabolism. PIs cause the
accumulation of glycerol phosphate coupled with ATP depletion,
thereby impairing Mtb growth. Compound 58 strongly affected
carbon metabolism, leading to the highest anti-TB activity against
within a Pl series with an MIC = 0.036 uM against Mth H37Rv [109].

3. Author’s insight on the topic

Due to the ever-increasing risk of drug-resistant and latent TB,
searching for alternative molecular targets is becoming a hot topic.
Since energy metabolism represents a fundamental feature in
mycobacterial adaptation, targeting various ETC protein complexes
is a promising way to generate new anti-TB drugs. Progressive
research in the field of mycobacterial energy metabolism has
identified several small organic molecule inhibitors with significant
anti-TB potency, as summarized in Table 1. Considering the most
active scaffolds, some promising QcrB inhibitors, such as imidazo-
pyridine 20 [61], phenoxyalkylbenzimidazoles 25 [68], imidazo
[2,1-b]thiazole-5-carboxamides 28 [70], and arylvinylpiperazine

CgH17
i
O
P
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amides 38 [77], showed nanomolar MICs against Mtb H37Rv.
Nanomolar MICs against Mtb H37Rv were also found among ATP
synthase inhibitors, including C-pyridyl analogs 42 and 43 [96] and
pyrimidine-imidazole 58 [110].

To highlight the efficacy of targeting OP, there are already
various clinical candidates and approved drugs that have been
identified among small molecules targeting mycobacterial energy
metabolism. Their structures, current status, and targeted protein
components of the mycobacterial ETC pathway are summarized in
Table 2. Such therapeutic potential reinforces the importance of OP
as a promising drug target. Furthermore, these ETC-targeted drugs
combined with other drugs acting via different mechanisms lead to
synergistic killing, enabling more effective treatment of drug-
susceptible and drug-resistant TB [19,25].

4. Conclusion

This review summarizes the efforts in the development of a new
type of antitubercular drug focused on energetic metabolism in-
hibitors. Such compounds are very promising for the treatment of
MDR, XDR, and latent stage tuberculosis, especially in combination
with other drugs. In this review, we focused mostly on inhibitors of
NADH dehydrogenase, Mtb cytochrome oxidases, and ATP synthase.

NADH dehydrogenase is a promising molecular target for Mtb
infection since the protein is not a part of the mammalian genome,
and thus, its selective inhibition may selectively kill Mtb. Since this
enzyme is important for bacteria even in the latent stage, com-
pounds targeting Mtb NADH dehydrogenase may be advantageous
over compounds that are only effective against the active form.
However, the amount of literature on this topic is rather limited.
This may be because it is rather complicated to find compounds
that selectively target just this protein or due to the fact that it is
time-consuming and complicated to prove that NADH dehydroge-
nase is the target since similar effects, such as ATP depletion, may
be reached by targeting different proteins. Up to date, compound 8
(Fig. 2) exhibited the highest potency against Msmeg as well as Mtb
NADH II with ICsg of 10.7 nM and thus was identified as a primary
hit [43]. In our opinion, there is remarkable room for the devel-
opment of new small molecules targeting this part of the ETC.

A number of articles were published on inhibitors of Mtb cyto-
chrome oxidases. Some of them have nanomolar MIC values, which
probably makes them the most promising small molecules for the
future treatment of tuberculosis. Herein, imidazopyridines tuned
out to represent the key heterocyclic cores. Among them, imida-
zopyridine 20, derived from zolpidem 19 (Fig. 4), possess
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Fig. 8. Compounds disrupting mycobacterial ATP homeostasis.
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Table 1
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The most potent small organic molecules targeting mycobacterial energy metabolism with nanomolar MICs.

Compound Target(s) MIC value(s)
N Cytochrome be; complex 0.004 pM
/\C({
NH
o =
20 L/
n o~ CF3 Cytochrome bc; complex 0.061-0.070 pM
% NH R /j (\N,@
~._CF N
< O o
S8 NGO G ¢
28a - 28c 28a 28b 1‘& F 28¢
o Cytochrome be; complex <0.05 uM
F!/\\-)\N/ﬁ O)
K/N o
R: 38a - 38c
8, N
S7TH =
L O -
38a 38b 38c
Cytochrome bc; complex 0.05-0.1 pM
ATP synthase 0.01 pgfmL
ATP synthase 0.02 pg/mL
ATP homeostasis 0.036 pM

- o
NTEN G N
ALy
H S 58

outstanding inhibitory potency on the bc1 complex with MIC as low
as 0.004 uM [61]. In addition, several compounds with the highest
activity have been used for a long time as treatments for other
diseases. Given that, their pharmacological parameters, toxicity,
adverse effects, and other important properties are known, which
would significantly speed up anti-Mtb drug development while
reducing the price.

It is well known that mycobacterial ATP synthase carries idio-
syncratic features that contribute to efficient ATP production.
Therefore, elucidating the exact mechanism of how ATP synthase
works can add to the understanding of its general function and
reveal specific molecular adaptations. A better insight into all these

processes may provide key input for the rational design of new
small molecule entities acting as ATP synthase inhibitors. More-
over, mycobacterial ATP synthase exhibits critical differences
compared with human ATP synthase and thus reinforces the design
and development of selective ATP synthase inhibitors as antitu-
bercular agents, The most promising ATP synthase inhibitors 42
and 43 were derived from bedaquiline 41 (Fig. 7) by Palmer and
coworkers [96] by replacing the naphthalene unit with pyridines to
achieve reduced cardiotoxicity, lipophilicity and half-life. Both
compounds inhibited bacterial growth of Mtb H37Rv under MABA
with MICog of 0.01 and 0.02 pg/mL as well as LORA conditions with
MiCqp of 0.06 and 0.02 pg/mL, respectively.
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Table 2

European Journal of Medicinal Chemistry 212 (2021) 113139

Clinical candidates and approved drugs within small molecules targeting the mycobacterial ETC pathway.

Name Structure Target Current status
Bedaquiline 41 ATP synthase (subunit ¢) Approved
Squaramide 51 ATP synthase (subunit a) Preclinical
CF it
‘XN
(o) o
Q203 39a (\N - Cytochrome bc; complex (Qp site) Phase 1
JNJ
Qoo™
S
Thioridazine 3 (\N o NADH II (ROS-mediated oxidation)” Approved
JNJ
S
Clofazimine cl NADH 11 Approved
N =N Cl
Gl LT
N N
H
SQ109 H Proton motive force (MmpL3 inhibitor)” Phase 2
/X\W N/\/N @
H

2 Reactive oxygen species.
b Mycobacterial membrane protein Large 3.

This review summarizes all literature published about targeting
of energy metabolism of Mtb in order to find new therapeutics. This
article should be useful, especially for medicinal chemists that are
focused on the development of compounds with antitubercular
activity, since it shows the best structures from the majority of the
research articles published on this topic.

5. Future directions

Tuberculosis is one of the most prevalent infectious diseases,
and despite the long-term existence of antitubercular drugs, this
infection kills millions of people. The major problems are resistance
to mycobacterial strains and Mtb in the latent stage, which can
become reactivated when the immune system of the infected
person weakens due to various conditions, such as HIV infection,
cancer, or immunosuppressive treatment. Targeting Mtb energy
metabolism is a recent approach to overcome these problems with
old-fashioned antituberculotics. First, resistance is often caused by

overexpression of efflux pumps that need energy in the form of ATP
to drive xenobiotics (including antituberculotics) out of the bacte-
rial cell. Decreasing the level of cellular ATP by inhibiting bacterial
energy metabolism likely impedes drug efflux and makes the
bacteria more vulnerable to the drug. It is advisable to use in-
hibitors of the ETC in combination with other antitubercular drugs
to shorten the time of treatment and to treat MDR, XDR, and latent
tuberculosis [111].

The previous research of Mtb has resulted in several druggable
targets and a number of small molecules that are capable of
inhibiting Mtb growth. The main goal — full eradication of this in-
fectious disease, however, remains unresolved for the future
research and it seems that reaching this goal will be very difficult if
not impossible. Therefore, several easier goals should be achieved
in the meantime. First of all, it is important to use all tools of mo-
lecular and chemical biology to identify alternative targets and
more molecules that inhibit the infection. These are important for
overcoming the bacterial resistance. Especially functional genomic
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may be useful in components that are critical for Mtb to survive in
the human body. Secondly, more focus should be given to the full
understanding of the biology of Mtb and especially to the mecha-
nism of the development of the latent infection and its transition
into active phase. Such knowledge should result in either preven-
tion of this transition or possibility to completely cure the Mtb in
latent phase. Third, alternative drug regimens should be estab-
lished that would allow for more efficient usage of existing and new
drugs, shortening the duration of the cure, limiting the side effects,
reducing costs, and allowing for an effective treatment of immu-
nodeficient patients and patients with co-morbidities. Last not
least, new methods for fast and reliable diagnostics are of a high
interest, new biochemical assays should be developed that would
be compatible with the majority of the in vivo microenvironments.
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Abbreviations

TB tuberculosis

Mtb Mycobacterium tuberculosis

LTBI latent tuberculosis infection
MDR multi-drug resistant

XDR extensively drug-resistant

DNA deoxyribonucleic acid

ATP adenosine triphosphate

ETC electron transport chain

NADH nicotinamide adenine dinucleotide
QcrB subunit b of the cytochrome bc; complex
PMF proton motive force

TCA tricarboxylic acid cycle

SDH succinate dehydrogenase

MIC minimal inhibitory concentration
ROS reactive oxygen species

ISP iron-sulfur protein

CFU colony-forming units

MABA microplate Alamar Blue assay
BDQ bedaquiline

HTS high-throughput screening

ABT aminobenzotriazole

GSK GlaxoSmithKline

SAR structure-activity relationship
PAB phenoxy alkyl benzimidazole
INH isoniazid

RMP rifampicin

PZA pyrazinamide

CFZ clofazimine

ADP adenosine diphosphate

0scpP oligomycin-sensitivity-conferring protein
LORA Low-oxygen recovery assay

IMV inverted membrane vesicles

PI pyrimidine-imidazoles

European Journal of Medicinal Chemistry 212 (2021) 113139
References

[1] W.H. Organization, Global Tuberculosis Report 2019, World Health Organi-
zation; 2019, Geneva (Switzerland), 2019.

[2] S. Kiazyk, T.B. Ball, Tuberculosis (TB): latent tuberculosis infection: an
overview, Can. Comm. Dis. Rep. 43 (2017) 62.

[3] N. Dookie, S. Rambaran, N. Padayatchi, S. Mahomed, K. Naidoo, Evolution of
drug resistance in Mycobacterium tuberculosis: a review on the molecular
determinants of resistance and implications for personalized care,
J. Antimicrob. Chemother. 73 (2018) 1138—1151.

[4] S.H. Gillespie, Evolution of drug resistance in Mycobacterium tuberculosis:
clinical and molecular perspective, Antimicrob. Agents Chemother. 46 (2002)
267-274.

[5] J.C. Palomino, A. Martin, Drug resistance mechanisms in Mycobacterium
tuberculosis, Antibiotics 3 (2014) 317—-340.

[6] P.E. Almeida Da Silva, J.C. Palomino, Molecular basis and mechanisms of drug

resistance in Mycobacterium tuberculosis: classical and new drugs,

J. Antimicrob. Chemother. 66 (2011) 1417—-1430.

C.A. Peloquin, S.E. Berning, AT. Nitta, P.M. Simone, M. Goble, G.A. Huitt,

M.D. Iseman, J.L. Cook, D. Curran-Everett, Aminoglycoside toxicity: daily

versus thrice-weekly dosing for treatment of mycobacterial diseases, Clin.

Infect. Dis. 38 (2004) 1538—1544.

G. Di Perri, S. Bonora, Which agents should we use for the treatment of

multidrug-resistant Mycobacterium tuberculosis? J. Antimicrob. Chemother.

54 (2004) 593-602.

W.E. Sanders Jr., C.C. Sanders, Toxicity of antibacterial agents: mechanism of

action on mammalian cells, Annu. Rev. Pharmacol. Toxicol. 19 (1979) 53—-83.

AC. Go, LK. Golightly, G.R. Barber, M.A. Barron, Linezolid interaction with

serotonin reuptake inhibitors: report of two cases and incidence assessment,

Drug Metab. Pers. Ther. 25 (2010) 41-47.

W.J. Burman, K. Gallicano, C. Peloquin, Comparative pharmacokinetics and

pharmacodynamics of the rifamycin antibacterials, Clin. Pharmacokinet. 40

(2001) 327-341.

W.A. Daniel, M. Syrek, A. Haduch, J. Wojcikowski, Pharmacokinetics and

metabolism of thioridazine during co-administration of tricyclic antide-

pressants, Br. J. Pharmacol. 131 (2000) 287-295.

S.M. Gygli, S. Borrell, A. Trauner, S. Gagneux, Antimicrobial resistance in

Mycobacterium tuberculosis: mechanistic and evolutionary perspectives,

FEMS Microbiol. Rev. 41 (2017) 354—373.

P.A. Black, R.M. Warren, G.E. Louw, P.D. van Helden, T.C. Victor, B.D. Kana,

Energy metabolism and drug efflux in Mycobacterium tuberculosis, Anti-

microb. Agents Chemother. 58 (2014) 24912503, https://doi.org/10.1128/

AAC.02293-13, 14 pp.

N. Kamariah, P. Ragunathan, J. Shin, W.-G. Saw, C-F. Wong, T. Dick,

G. Griiber, Unique structural and mechanistic properties of mycobacterial F-

ATP synthases: implications for drug design, Prog. Biophys. Mol. Biol. 152

(2020) 64-73.

A. Harikishore, S.5.M. Chong, P. Ragunathan, R.W. Bates, G. Griiber, Targeting

the menaquinol binding loop of mycobacterial cytochrome bd oxidase, Mol.

Divers. (2020) 1-8.

V. Patil, V. Jain, Insights into the physiology and metabolism of a mycobac-

terial cell in an energy-compromised state, |. Bacteriol. 201 (2019)

€00210-e00219.

G.S. Shetye, S.G. Franzblau, S. Cho, New tuberculosis drug targets, their in-

hibitors, and potential therapeutic impact, Transl. Res. 220 (2020) 68—97.

D. Bald, A. Koul, Respiratory ATP synthesis: the new generation of myco-

bacterial drug targets? FEMS Microbiol. Lett. 308 (2010) 1-7.

H.LM. Boshoff, C.E. Barry III, Tuberculosis: metabolism and respiration in the

absence of growth, Nat. Rev. Microbiol. 3 (2005) 70-80, https://doi.org/

10.1038/nrmicro1065.

RK. Dhiman, S. Mahapatra, RA. Slayden, ME. Boyne, A. Lenaerts,

J.C. Hinshaw, S.K. Angala, D. Chatterjee, K. Biswas, P. Narayanasamy,

M. Kurosu, D.C. Crick, Menaquinone synthesis is critical for maintaining

mycobacterial viability during exponential growth and recovery from non-

replicating persistence, Mol. Microbiol. 72 (2009) 85-97, https://doi.org/
10.1111/.1365-2958.2009.06625.X.

K. Hards, C. Adolph, LK. Harold, M.B. McNeil, C-Y. Cheung, A. Jinich,

K.Y. Rhee, G.M. Cook, Two for the price of one: attacking the energetic-

metabolic hub of mycobacteria to produce new chemotherapeutic agents,

Prog. Biophys. Mol. Biol. 152 (2020) 35-44.

BS. Lee, E. Sviriaeva, K. Pethe, Targeting the cytochrome oxidases for drug

development in mycobacteria, Prog. Biophys. Mol. Biol. (2020).

GM. Cook, K. Hards, C. Vilcheze, T. Hartman, M. Berney, Energetics of

respiration and oxidative phosphorylation in mycobacteria, Microbiol.

Spectr. 2 (2014) 20, https://doi.org/10.1128/microbiolspec. MGM2-0015-

2013. MGM200152013/1-MGM200152013/20.

KK. Roy, M.AA. Wani, Emerging opportunities of exploiting mycobacterial

electron transport chain pathway for drug-resistant tuberculosis drug dis-

covery, Expet Opin. Drug Discov. 15 (2020) 231-241, https://doiorg/
10.1080/17460441.2020.1696771.

D. Bald, C. Villellas, P. Lu, A. Koul, Targeting energy metabolism in Myco-

bacterium tuberculosis, a new paradigm in antimycobacterial drug discov-

ery, mBio 8 (2017), https://doi.org/10.1128/mBi0.00272-17 e00272-17/1-
€00272-17/11.

17]

(8]

19]
[10]

]
2]
3]

[14]

[15]

[16]
7]

18]
9]

120]

[21]

[22]

123]
[24]

125]

126]

87



M. Urban, V. Slachtova and L. Brulikova

[27] B. Alberts, J. Alexander, ]. Lewis, M. Raff, K. Roberts, P. Walter, Molecular
Biology of the Cell, fourth ed., Wiley, 2004.

[28] L.Shi, C.D. Sohaskey, B.D. Kana, S. Dawes, R.J. North, V. Mizrahi, M.L. Gennaro,
Changes in energy metabolism of Mycobacterium tuberculosis in mouse lung
and under in vitro conditions affecting aerobic respiration, Proc. Natl. Acad.
Sci. USA. 102 (2005) 15629-15634, hittps://doi.org/10.1073/
pnas.0507850102.

[29] S. Sellamuthu, M. Singh, A. Kumar, SK. Singh, Type-Il NADH Dehydrogenase
(NDH-2): a promising therapeutic target for antitubercular and antibacterial
drug discovery, Expert Opin. Ther. Targets 21 (2017) 559-570.

[30] T. Yagi, Bacterial NADH-quinone oxidoreductases, |. Bioenerg. Biomembr. 23
(1991) 211-239, https://doi.org/10.1007/BF00762218.

[31] EAA. Weinstein, T. Yano, L-S. Li, D. Avarbock, A. Avarbock, D. Helm,
A.A. McColm, K. Duncan, J.T. Lonsdale, H. Rubin, Inhibitors of type Il NADH:
menaquinone oxidoreductase represent a class of antitubercular drugs, Proc.
Natl. Acad. Sci. USA. 102 (2005) 4548-4553, https://doi.org/10.1073/
pnas.0500469102.

[32] A.M.P. Melo, T.M. Bandeiras, M. Teixeira, New insights into type Il NAD(P)H:
quinone oxidoreductases, Microbiol. Mol. Biol. Rev. 68 (2004) 603-616,
https://doi.org/10.1128/MMBR.68.4.603-616.2004.

[33] S.PS. Rao, S. Alonso, L. Rand, T. Dick, K. Pethe, The protonmotive force is
required for maintaining ATP homeostasis and viability of hypoxic, non-
replicating Mycobacterium tuberculosis, Proc. Natl. Acad. Sci. U. S. A. 105
(2008) 1194511950, https://doi.org/10.1073/pnas.0711697105.

[34] C.Vilcheze, B. Weinrick, LW. Leung, W.R. Jacobs, Plasticity of Mycobacterium
tuberculosis NADH dehydrogenases and their role in virulence, Proc. Natl.
Acad. Sci. Unit. States Am. 115 (2018) 1599-1604.

[35] M. Berney, G.M. Cook, Unique flexibility in energy metabolism allows
mycobacteria to combat starvation and hypoxia, PloS One 5 (2010), https://
doi.org/10.1371/journal.pone.0008614. No pp. given.

[36] J.E. Griffin, J.D. Gawronski, M.A. DeJesus, T.R. loerger, BJ. Akerley,
C.M. Sassetti, High-resolution phenotypic profiling defines genes essential
for mycobacterial growth and cholesterol catabolism, PLoS Pathog. 7 (2011),
1002251, https://doi.org/10.1371/journal.ppat.1002251.

[37] T. Hartman, B. Weinrick, C. Vilcheze, M. Berney, J. Tufariello, G.M. Cook,
W.R. Jacobs Jr., Succinate y is the regul of respiration in
Mycobacterium tuberculosis, PLoS Pathog. 10 (2014) 15, https://doi.org/
10.1371 /journal.ppat.1004510, e1004510/1-e1004510/15.

[38] S. Watanabe, M. Zimmermann, M.B. Goodwin, U. Sauer, C.E. Barry III,
H.L Boshoff, Fumarate reductase activity maintains an energized membrane
in anaerobic Mycobacterium tuberculosis, PLoS Pathog. 7 (2011), e1002287,
https://doi.org/10.1371/journal.ppat.1002287.

[39] S. Sharma, A. Singh, Phenothiazines as anti cular agents: mechanistic
insights and clinical implications, Expet Opin. Invest. Drugs 20 (2011)
1665—1676, https://doi.org/10.1517/13543784.2011.628657.

[40] M.G. Nizi, J. Desantis, Y. Nakatani, S. Massari, M.A. Mazzarella, G. Shetye,
S. Sabatini, M.L. Barreca, G. Manfroni, T. Felicetti, Antitubercular poly-
halogenated phenothiazines and phenoselenazine with reduced binding to
CNS receptors, Eur. J. Med. Chem. (2020) 112420.

[41] P.S. Shirude, B. Paul, N. Roy Choudhury, C. Kedari, B. dodkar, B.G. Ugarkar,
Quinolinyl pyrimidines: potent inhibitors of NDH-2 as a novel class of anti-
TB agents, ACS Med. Chem. Lett. 3 (2012) 736—740, https://doi.org/10.1021/
mi300134b.

[42] A. Heikal, Y. Nakatani, W. Jiao, C. Wilson, D. Rennison, M.R. Weimar,
EJ. Parker, M.A. Brimble, G.M. Cook, “Tethering” fragment-based drug dis-
covery to identify inhibitors of the essential respiratory membrane protein
type I NADH dehydrogenase, Bioorg. Med. Chem. Lett 28 (2018) 22392243,
https://doi.org/10.1016/j.bmcl.2018.05.048.

[43] M.B. Harbut, B. Yang, R. Liu, T. Yano, C. Vilcheze, B. Cheng, J. Lockner, H. Guo,
C. Yu, S.G. Franzblau, H.M. Petrassi, W.RJ. Jacobs, H. Rubin, AK. Chatterjee,
F. Wang, Small molecules targeting Mycobacterium tuberculosis type II
NADH dehydrogenase exhibit antimycobacterial activity, Angew. Chem. Int.
Ed. 57 (2018) 3478—3482, https://doi.org/10.1002/anie.201800260.

[44] D. Murugesan, P.C. Ray, T. Bayliss, G.A. Prosser, J.R. Harrison, K. Green,
C. Soares de Melo, T.-S. Feng, LJ. Street, K. Chibale, D.F. Warner, V. Mizrahi,
0. Epemolu, P. Scullion, L. Ellis, J. Riley, Y. Shishikura, L. Ferguson, M. Osuna-
Cabello, K.D. Read, SR. Green, D.A. Lamprecht, P.M. Finin, AJ.C. Steyn,
T.R. loerger, ). Sacchettini, K.Y. Rhee, K. Arora, CE. Barry I, P.G. Wyatt,
H.LM. Boshoff, 2-Mercapto-Quinazolinones as inhibitors of type Il NADH
dehydrogenase and Mycobacterium tuberculosis: structure-activity re-
lationships, mechanism of action and absorption, distribution, metabolism,
and excretion characterization, ACS Infect. Dis. 4 (2018) 954-969, https://
doi.org/10.1021/acsinfecdis.7b00275.

[45] A. Korkegian, T. O'Malley, Y. Xia, Y. Zhou, D.S. Carter, B. Sunde, L. Flint,
D. Thompson, T.R. loerger, J. Sacchettini, The 7-phenyl benzoxaborole series
is active against Mycobacterium tuberculosis, Tuberculosis 108 (2018)
96-98.

[46] BJ. Mulchin, C.G. Newton, JW. Baty, C.H. Grasso, W.J. Martin, M.C. Walton,
E.M. Dangerfield, C.H. Plunkett, M.V. Berridge, ].L. Harper, The anti-cancer,
anti-inflammatory and tuberculostatic activities of a series of 6, 7-
substituted-5, 8-quinolinequinones, Bioorg. Med. Chem. 18 (2010)
3238-3251.

[47] A. Heikal, K. Hards, C.-Y. Cheung, A. Menorca, M.S.M. Timmer, B.L. Stocker,
G.M. Cook, Activation of type Il NADH dehydrogenase by quinolinequinones
mediates antitubercular cell death, J. Antimicrob. Chemother. 71 (2016)

European Journal of Medicinal Chemistry 212 (2021) 113139

2840-2847.

KT. Santoso, A. Menorca, C-Y. Cheung, GM. Cook, B.L. Stocker,
M.S.M. Timmer, The synthesis and evaluation of quinolinequinones as anti-
mycobacterial agents, Bioorg. Med. Chem. 27 (2019) 3532—3545.

LG. Matsoso, B.D. Kana, PK. Crellin, DJ. Lea-Smith, A. Pelosi, D. Powell,
S.S. Dawes, H. Rubin, R.L. Coppel, V. Mizrahi, Function of the cytochrome bc1-
aa3 branch of the respiratory network in Mycobacteria and network adap-
tation occurring in response to its disruption, J. Bacteriol. 187 (2005)
6300-6308, https://doi.org/10.1128/JB.187.18.6300-6308.2005.

[50] J.L. Small, SW. Park, B.D. Kana, T.R. loerger, J.C. Sacchettini, S. Ehrt, Pertur-

bation of cytochrome ¢ maturation reveals adaptability of the respiratory
chain in Mycobacterium tuberculosis, mBio 4 (2013).

B.D. Kana, EA. Weinstein, D. Avarbock, S.S. Dawes, H. Rubin, V. Mizrahi,
Characterization of the cydAB-encoded cytochrome bd oxidase from Myco-
bacterium smegmatis, J. Bacteriol. 183 (2001) 7076—7086, https://doi.org/
10.1128/JB.183.24.7076-7086.2001.

[52] J.A. Megehee, J.P. Hosler, M.D. Lundrigan, Evidence for a cytochrome bcc-aa3

interaction in the respiratory chain of Mycobacterium smegmatis, Microbi-
ology 152 (2006) 823—829, https://doi.org/10.1099/mic.0.28723-0.

D. Xia, L. Esser, W.-K. Tang, F. Zhou, Y. Zhou, L. Yu, C-A. Yu, Structural
analysis of cytochrome bcl complexes: implications to the mechanism of
function, Biochim. Biophys. Acta Bioenerg. 1827 (2013) 1278-1294, https://
doi.org/10.1016/j.bbabio.2012.11.008.

P.O. Ljungdahl, ].D. Pennoyer, D.E. Robertson, B.L. Trumpower, Purification of
highly active cytochrome bcl ¢ il from phyl lly diverse
species by a single chromatographic procedure, Biochim. Biophys. Acta
Bioenerg. 891 (1987) 227-241, https://doi.org/10.1016/0005-2728(87)
90218-0.

C.-A. Yu, L Yu, Structural role of phospholipids in ubiquinol-cytochrome ¢
reductase, Biochemistry 19 (1980) 5715-5720, https://doi.org/10.1021/
bi00566a008.

Y. Ko, 1. Choi, Putative 3D structure of QcrB from Mycobacterium tuberculosis
cytochrome bcl complex, a novel drug-target for new series of antituber-
culosis agent Q203, Bull. Kor. Chem. Soc. 37 (2016) 725—731, https://doi.org/
10.1002/bkes.10765.

M. Blaise, L. Kremer, Self-control of vitamin K2 production captured in the
crystal, J. Biol. Chem. 295 (2020) 3771-3772.

Z Pan, Y. Wang, X. Gu, J. Wang, M. Cheng, Refined homology model of cy-
tochrome bce complex B subunit for virtual screening of potential anti-
tuberculosis agents, J. Biomol. Struct. Dyn. 38 (2020) 4733—4745.

B.L. Trumpower, Cytochrome bcl complexes of microorganisms, Microbiol.
Rev. 54 (1990) 101—129, https://doi.org/10.1128/mmbr.54.2.101-129.1990.
S.T. Cole, R. Brosch, J. Parkhill, T. Garnier, C. Churcher, D. Harris, S. V Gordon,
K. Eiglmeier, S. Gas, CE. Barry I, F. Tekaia, K. Badcock, D. Basham, D. Brown,
T. Chillingworth, R. Connor, R. Davies, K. Devlin, T. Feltwell, S. Gentles,
N. Hamlin, S. Holroyd, T. Hornsby, K. Jagels, A. Krogh, J. McLean, S. Moule,
L Murphy, K. Oliver, |. Osborne, M.A. Quail, M.-A. Rajandream, J. Rogers,
S. Rutter, K. Seeger, |. Skelton, R. Squares, S. Squares, J.E. Sulston, K. Taylor,
S. Whitehead, B.G. Barrell, Deciphering the biology of Mycobacterium
tuberculosis from the complete genome sequence. [Erratum to document
cited in CA129:77224), Nature 396 (1998) 190—198, https://doi.org/10.1038/
24206.

L. Bown, S.K. Srivastava, B.M. Piercey, CK. Mclsaac, K. Tahlan, Mycobacterial
membrane proteins QcrB and AtpE: roles in energetics, antibiotic targets,
and associated mechanisms of resistance, J. Membr. Biol. 251 (2018)
105—117, https://doi.org/10.1007/s00232-017-9997-3.

C.V. Holyoake, RK. Poole, M. Shepherd, The CydDC family of transporters and
their roles in oxidase assembly and homeostasis, Adv. Microb. Physiol. 66
(2015) 1-53, https://doi.org/10.1016/bs.ampbs.2015.04.002.

KA. Abrahams, JAG. Cox, V.L. Spivey, NJ. Loman, M.J. Pallen,
C. Constantinidou, R. Fernandez, C. Alemparte, M.J. Remuinan, D. Barros,
L. Ballell, G.S. Besra, Identification of novel imidazo[1,2-a]pyridine inhibitors
targeting M. tuberculosis QcrB, PloS One 7 (2012), 52951, https://doi.org/
10.1371/journal.pone.0052951.

K. Arora, B. Ochoa-Montano, P.S. Tsang, T.L. Blundell, S.S. Dawes, V. Mizrahi,
T. Bayliss, CJ. MacKenzie, LAT. Cleghorn, P.C. Ray, P.G. Wyatt, E. Uh, |. Lee,
CE. Barry, H.l. Boshoff, Respiratory flexibility in response to inhibition of
cytochrome ¢ oxidase in Mycobacterium tuberculosis, Antimicrob. Agents
Chemother. 58 (2014) 6962—6965, https://doi.org/10.1128/AAC.03486-14, 5

PP-

G.C. Moraski, P.A. Miller, M.A. Bailey, J. Ollinger, T. Parish, H.I. Boshoff, S. Cho,
JR. Anderson, S. Mulugeta, S.G. Franzblau, Putting tuberculosis (TB) to rest:
transformation of the sleep aid, Ambien, and “anagrams” generated potent
antituberculosis agents, ACS Infect. Dis. 1 (2015) 85-90.

T. O'Malley, T. Alling, J. V Early, HA. Wescott, A. Kumar, G.C. Moraski,
MJ. Miller, T. quelin, P.A. Hipskind, T. Parish, Imid yridine com-
pounds inhibit mycobacterial growth by depleting ATP levels, Antimicrob.
Agents Chemother. 62 (2018), https://doi.org/10.1128/aac.02439-17 e02439-
17/1-e02439-17/8.

R. van der Westhuyzen, S. Winks, CR. Wilson, G.A. Boyle, RK. Gessner,
C. Soares de Melo, D. Taylor, C. de Kock, M. Njoroge, C. Brunschwig,
N. Lawrence, S.P.S. Rao, F. Sirgel, P. van Helden, R. Seldon, A. Moosa,
D.F. Warner, L. Arista, U.H. Manjunatha, P.W. Smith, LJ. Street, K. Chibale,
Pyrrolo[3,4-c]pyridine-1,3(2H)-diones: a novel antimycobacterial class tar-
geting mycobacterial respiration, J. Med. Chem. 58 (2015) 9371-9381,

88



M. Urban, V. Slachtova and L. Brulikova

[68]

169]

[70]

[71]

172]

[73]

[74]

[75]

176]

[77]

78]

1791

(80]

[81]

182]

[83]

[84]

[85]

[86]

https://doi.org/10.1021/acs.jmedchem.5b01542.

NS. Chandrasekera, BJ. Berube, G. Shetye, S. Chettiar, T. OMalley,
A. Manning, L Flint, D. Awasthi, T.R. loerger, J. Sacchettini, T. Masquelin,
P.A. Hipskind, J. Odingo, T. Parish, Improved phenoxyalkylbenzimidazoles
with activity against Mycobacterium tuberculosis appear to target QcrB, ACS
Infect. Dis. 3 (2017) 898916, https://doi.org/10.1021/acsinfecdis.7b00112.
N. Phummarin, H.I. Boshoff, P.S. Tsang, ]. Dalton, S. Wiles, CE. Barry 3rd,
B.R. Copp, SAR and identification of 2-(quinolin-4-yloxy)acetamides as
Mycobacterium tuberculosis cytochrome bc1 inhibitors, Med. Chem. Comm.
7 (2016) 2122-2127, https://doi.org/10.1039/C6MD0O0236F.

G.C. Moraski, N. Seeger, P.A. Miller, A.G. Oliver, Hl. Boshoff, S. Cho,
S. Mulugeta, J.R. Anderson, S.G. Franzblau, M.J. Miller, Arrival of imidazo(2,1-
b|thiazole-5-carboxamides: potent anti-tuberculosis agents that target QcrB,

ACS Infect. Dis. 2 (2016) 393-398, https://doi.org/10.1021/
acsinfecdis.5b00154.
G.C. Moraski, N. Deboosere, K.L. Marshall, HA. Weaver, A. Vandeputte,

C. Hastings, L. Woolhiser, AJ. Lenaerts, P. Brodin, M.J. Miller, Intracellular and
in vivo evaluation of imidazo [2, 1-b] thiazole-5-carboxamide anti-
tuberculosis compounds, PloS One 15 (2020), e0227224.

BJ. Berube, T. Parish, Combinations of respi 'y chain i have
enhanced bactericidal activity against Mycobacterium tuberculosis, Anti-
microb. Agents Chemother. 62 (2018) 1-10, https://doiorg/10.1128/
aac.01677-17.

G.A. Harrison, AEM. Bridwell, M. Singh, K. Jayaraman, LA. Weiss,
R.L Kinsella, J.S. Aneke, K. Flentie, M.E. Schene, M. Gaggioli, S.D. Solomon,
S.A. Wildman, MJ. Meyers, C.L. Stallings, Identification of 4-Amino-Thieno
[2.3-d|Pyrimidi as QcrB inhibitors in Mycobacterium tuberculosis,
mSphere 4 (2019), https://doi.org/10.1128/msphere.00606-19 e00606-
€00619/1-e00606-19/14.

A. Lupien, CS.-Y. Foo, S. Savina, A. Vocat, ]. Piton, N. Monakhova, A. Benjak,
D.A. Lamprecht, AJ.C. Steyn, K. Pethe, V.A. Makarov, S.T. Cole, New 2-
ethylthio-4-methylaminoquinazoline derivatives inhibiting two subunits of
cytochrome bcl in Mycobacterium tuberculosis, PLoS Pathog. 16 (2020),
https://doi.org/10.1371/journal.ppat.1008270 e1008270/1-e1008270/19.

F.T. Subtil, AD. Villela, B.L. Abbadi, V.S. Rodrigues-junior, C.V. Bizarro,
LF.S.M. Timmers, O. Norberto de Souza, K. Pissinate, P. Machado, A. Lopez-
Gavin, G. Tudo, J. Gonzalez-Martin, LA. Basso, D.S. Santos, Activity of 2-
(quinolin-4-yloxy)acetamides in Mycobacterium tuberculosis clinical iso-
lates and identification of their molecular target by whole-genome
sequencing, Int. J. Antimicrob. Agents 51 (2018) 378—384, https://doi.org/
10.1016/j.ijantimicag.2017.08.023.

LA.T. Cleghorn, P.C. Ray, J. Odingo, A. Kumar, H. Wescott, A. Korkegian,
T. Masquelin, A. Lopez Moure, C. Wilson, S. Davis, M. Huggett, P. Turner,
A. Smith, O. Epemolu, F. Zuccotto, ]. Riley, P. Scullion, Y. Shishikura,
L. Ferguson, J. Rullas, L. Guijarro, K.D. Read, S.R. Green, P. Hipskind, T. Parish,
P.G. Wyatt, Identification of morpholino thiophenes as novel Mycobacterium
tuberculosis inhibitors, targeting QcrB, ]. Med. Chem. 61 (2018) 6592—6608,
https://doi.org/10.1021/acs.jmedchem.8b00172.

CS. Foo, A. Lupien, M. Kienle, A. Vocat, A. Benjak, AR. Sommer,
D.A. Lamprecht, AJ.C. Steyn, K. Pethe, ]. Piton, K.-H. Altmann, S.T. Colea,
Arylvinylpiperazine amides, a new class of potent inhibitors targeting QcrB
of Mycobacterium tuberculosis, mBio 9 (2018), https://doi.org/10.1128/
mbio.01276-18 e01276-18/1-e01276-18/13.

K. Pethe, P. Bifani, J. Jang, S. Kang, S. Park, S. Ahn, J. Jiricek, J. Jung, H.K. Jeon,
J. Cechetto, Discovery of Q203, a potent clinical candidate for the treatment
of tuberculosis, Nat. Med. 19 (2013) 1157—1160.

X. Lu, Z. Williams, K. Hards, J. Tang, C.-Y. Cheung, H.L. Aung, B. Wang, Z. Liu,
X. Hu, A. Lenaerts, L. Woolhiser, C. Hastings, X. Zhang, Z. Wang, K. Rhee,
K. Ding, T. Zhang, G.M. Cook, Pyrazolo[1,5-a]pyridine inhibitor of the respi-
ratory cytochrome bce complex for the treatment of drug-resistant tuber-
culosis, ACS Infect. Dis. 5 (2019) 239-249, https://doi.org/10.1021/
acsinfecdis.8b00225.

P. Lu, H. Lill, D. Bald, ATP synthase in mycobacteria: special features and
implications for a function as drug target, Biochim. Biophys. Acta Bioenerg.
1837 (2014) 12081218, https://doi.org/10.1016/j.bbabio.2014.01.022.

M. Berney, G.M. Cook, Respiration and oxidative phosphorylation in myco-
bacteria, Adv. Photosynth. Respir. 39 (2014) 277-293, https://doi.org/
10.1007/978-94-017-8742-0_15.

C.S. Gajadeera, ]. Weber, Escherichia coli F1Fo-ATP synthase with a b/d fusion
protein allows analysis of the function of the individual b subunits, J. Biol.
Chem. 288 (2013) 26441-26447.

P.A. Del Rizzo, Y. Bi, S.D. Dunn, ATP synthase b subunit dimerization domain:
a right-handed coiled coil with offset helices, ]. Mol. Biol. 364 (2006)
735-746, https://doi.org/10.1016/jjmb.2006.09.028.

T. Meier, N. Morgner, D. Matthies, D. Pogoryelov, S. Keis, G.M. Cook,
P. Dimroth, B. Brutschy, A tridecameric ¢ ring of the adenosine triphosphate
(ATP) sy from the ther iphilic Bacillus sp. strain TA2.A1 facili-
tates ATP synthesis at low electrochemical proton potential, Mol. Microbiol.
65 (2007) 1181—1192, https://doi.org/10.1111/j.1365-2958.2007.05857.X.
.M. Willis, R.D. Moir, Integration of nutritional and stress signaling pathways
by Mafl, Trends Biochem. Sci. 32 (2007) 51-53, https://doi.org/10.1016/
jtibs.2006.12.001.

W. Jlang.j Hermolin, R.H. Fillingame, The preferred stoichiometry of ¢
subunits in the rotary motor sector of Escherichia coli ATP synthase is 10,
Proc. Natl. Acad. Sci. US.A. 98 (2001) 4966—-4971, https://doi.org/10.1073/

[87]

188]

[89]

[90

[91]

[92]

193]

94

195]

96

197]

[98]

[99]

[100]

[101]

[102]

[103]

European Journal of Medicinal Chemistry 212 (2021) 113139

pnas.081424898.
AL Cozens, J.E. Walker, The organization and sequence of the genes for ATP
synthase subum(s in the cyanobacterium Synechococcus 6301. Support for
an ic origin of cl J. Mol. Biol. 194 (1987) 359383,
https://doi.org/10.1016/0022-2836(87)90667-X.
A. Koul, L. Vranckx, N. Dendouga, W. Balemans, I. Van den Wyngaert,
K. Verg, HW.H. G R. Willebrords, A. Poncelet, J. Guillemont,
D. Bald, K. Andries, Diarylquinolines are bactericidal for dormant mycobac-
teria as a result of disturbed ATP homeostasis, ]. Biol. Chem. 283 (2008)
25273-25280, https://doi.org/10.1074/jbc.M803899200.
A.C. Haagsma, N.N. Driessen, M.-M. Hahn, H. Lill, D. Bald, ATP synthase in
slow- and fast-growing mycobacteria is active in ATP synthesis and blocked
in ATP hydrolysis direction, FEMS Microbiol. Lett. 313 (2010) 68—74, https://
doi.org/10.1111/.1574-6968.2010.02123 x.
P. Lu, H. Lill, D. Bald, ATP synthase in mycobacteria: special features and
implications for a function as drug target, Biochim. Biophys. Acta Bioenerg.
1837 (2014) 12081218, https://doi.org/10.1016/j.bbabio.2014.01.022.
A. Koul, N. Dendouga, K. Vergauwen, B. Molenberghs, L. Vranckx,
R. Willebrords, Z. Ristic, H. Lill, I. Dorange, . Guillemont, Diarylquinolines
target subunit ¢ of mycobacterial ATP synthase, Nat. Chem. Biol. 3 (2007)
323-324.
K. Andries, P. Verhasselt, J. Guillemont, HW.H. Gohlmann, J.-M. Neefs,
H. Winkler, J. Van Gestel, P. Timmerman, M. Zhu, E. Lee, A diarylquinoline
drug active on the ATP synthase of Mycobacterium tuberculosis, Science (80)
307 (2005) 223—-227.
M. Lakshmanan, A.S. Xavier, Bedaquiline—The first ATP synthase inhibitor
against multi drug resistant tuberculosis, J. Young Pharm. 5 (2013) 112—-115.
MJ. Lobo, R. Ray, G.G. Shenoy, Gaining deeper insights into the surface
binding of bedaquiline analogues with the ATP synthase subunit C of
Mycobacterium tuberculosis using molecular docking, molecular dynamics
simulation and 3D-QSAR techniques, New J. Chem. 44 (2020) 18831—-18852.
H. Guo, G.M. Courbon, S.A. Bueler, J. Mai, . Liu, J.L. Rubinstein, Structure of
mycobacterial ATP synthase bound to the tuberculosis drug bedaquiline,
Nature (2020) 1-5.
A. Blaser, H.S. Sutherland, AS.T. Tong, PJ. Choi, D. Conole, S.G. Franzblau,
C.B. Cooper, AM. Upton, M. Lotlikar, W.A. Denny, B.D. Palmer, Structure-
activity relationships for unit C pyridyl analogues of the tuberculosis drug
bedaquiline, Bioorg. Med. Chem. 27 (2019) 1283-1291, https://doi.org/
10.1016/j.bmc.2019.02.025.
S. Kumar, R. Mehra, S. Sharma, N.P. Bokolia, D. Raina, A. Nargotra, P.P. Singh,
L.A. Khan, Screening of antitubercular compound library identifies novel ATP
synthase inhibitors of Mycobacterium Tuberculosis, Tuberculosis (Oxford,
United Kingdom) 108 (2018) 56-63, https://doi.org/10.1016/
j.tube.2017.10.008.
R.K. Munnaluri, V. Manga, In silico Quest guided by physico-chemical de-
scriptors of bedaquiline for new scaffolds with potential inhibitory capacity
against homology model of mycobacterium F1FO ATP synthase, Asian J.
Chem. 30 (2018) 904—912, https://doi.org/10.14233/ajchem.2018.21145.
C. He, L. Preiss, B. Wang, L. Fu, H. Wen, X. Zhang, H. Cui, T. Meier, D. Yin,
Structural simplification of bedaquiline: the discovery of 3-(4-(N,N-Dime-
hyl)phenyl)qui Derived antitubercular lead compounds,
ChemMedChem 12 106119, https://doi.org/10.1002/
cmdc.201600441.
SJ. Tantry, S.D. Markad, V. Shinde, ]. Bhat, G. Balakrishnan, AKK. Gupta,
A. Ambady, A. Raichurkar, C. Kedari, S. Sharma, N.V. Mudugal, A. Narayan,
CN. Naveen Kumar, R. Nanduri, S. Bharath, J. Reddy, V. Panduga,
K.R. Prabhakar, K. Kandaswamy, R. Saralaya, P. Kaur, N. Dinesh, S. Guptha,
K. Rich, D. Murray, H. Plant, M. Preston, H. Ashton, D. Plant, J. Walsh,
P. Alcock, K. Naylor, M. Collier, J. Whiteaker, RE. McLaughlin, M. Mallya,
M. Panda, S. Rudrapatna, V. Ramachandran, R. Shandil,
V.K. Sambandamurthy, K. Mdluli, C.B. Cooper, H. Rubin, T. Yano, P. lyer,
S. Narayanan, S. Kavanagh, K. Mukherjee, V. Balasubramanian,
V.P. Hosagrahara, S. Solapure, S. Ravishankar, S. Hameed P, Discovery of
imidazo[1,2-a]pyridine ethers and squaramides as selective and potent in-
hibitors of mycobacterial adenosine triphosphate (ATP) synthesis, J. Med.
Chem. 60 (2017) 1379-1399, https://doi.org/10.1021/
acs.jmedchem.6b01358.
Y.B. Surase, K. Samby, S.R. Amale, R. Sood, K.P. Purnapatre, P.K. Pareek, B. Das,
K. Nanda, S. Kumar, AK. Verma, Identification and synthesis of novel in-
hibitors of mycobacterium ATP synthase, Bioorg. Med. Chem. Lett 27 (2017)
3454-3459, https://doi.org/10.1016/j.bmcl.2017.05.081.
S. Sellamuthu, A.H. Asseri, H.G. Goojani, G. Nath, SK. Singh, Preliminary
studies on ligand-based design and evaluation of new mycobacterial ATP
synthase inhibitors, Curr. Drug Ther. 13 (2018) 56-73, https://doiorg/
10.2174/1574885512666170911144732.
SJ. Tantry, V. Shinde, G. Balakrishnan, S.D. Markad, A.K. Gupta, J. Bhat,
A. Narayan, A. Raichurkar, LK. Jena, S. Sharma, N. Kumar, R. Nanduri,
S. Bharath, J. Reddy, V. Panduga, KR. Prabhakar, K. Kandaswamy, P. Kaur,
N. Dinesh, S. Guptha, R. Saralaya, M. Panda, S. Rudrapatna, M. Mallya,
H. Rubin, T. Yano, K Mdluili CB. Cooper, V. Balasubramanian,
VK. Sambandamurthy, V. Ramachandran, R. Shandil, S. Kavanagh,
S. Narayanan, P. lyer, K. Mukherjee, V.P. Hosagrahara, S. Solapure, S. Hameed
P S Ravnshankar‘ Scalfold morphing leadmg to evoluuon of 24-
and as of the ATP
synthesis pathway, Med. Chem Comm 7(2016) 1022—1032, https://doi.org/

(2017)

89



M. Urban, V. Slachtova and L. Brulikova

[104]

[105]

[106]

[107]

[108]

10.1039/C5MD00589B.

S. Singh, KK. Roy, S.R. Khan, VK. Kashyap, A. Sharma, S. Jaiswal, SK. Sharma,
M.Y. Krishnan, V. Chaturvedi, J. Lal, S. Sinha, A. Dasgupta, R. Srivastava,
AK. Saxena, Novel, potent, orally bioavailable and selective mycobacterial
ATP synthase inhibitors that demonstrated activity against both replicating
and non-replicating M. tuberculosis, Bioorg. Med. Chem. 23 (2015) 742752,
https://doi.org/10.1016/j.bmc.2014.12.060.

S.R. Khan, S. Singh, KK. Roy, M.S. Akhtar, AK. Saxena, M.Y. Krishnan, Bio-
logical evaluation of novel substituted chloroquinolines targeting myco-
bacterial ATP synthase, Int. J. Antimicrob. Agents 41 (2013) 41-46.

A. Hotra, P. Seankongsuk, A. Harikishore, P. Sae-Lao, RW. Bates,
P. Ragunathan, SW. Geok, J. Shin, C.N. Pradeep, H. Makhija, P. Droge,
K. Pethe, P.S. Ng, J.P. Sarathy, T. Dick, U. Lakshmanan, A. Poulsen, J.H.L. Tan,
N.P. Kalia, R. Kalyanasundaram, S. Anbarasu, K. Parthasarathy, G. Gruber,
Discovery of a novel Mycobacterial F-ATP synthase inhibitor and its potency
in combination with diarylquinolines, Angew Chem. Int. Ed. Engl. (2020).
P. Pruksakorn, M. Arai, L. Liu, P. Moodley, W.R. Jacobs Jr., M. Kobayashi,
Action-mechanism of trichoderin A, an anti-dormant mycobacterial amino-
lipopeptide from marine sponge-derived Trichoderma sp, Biol. Pharm. Bull.
34 (2011) 1287—-1290, https://doi.org/10.1248/bpb.34.1287.

P.A. Mak, S.P.S. Rao, M. Ping Tan, X. Lin, J. Chyba, ]. Tay, S.H. Ng, B.H. Tan,
J. Cherian, J. Duraiswamy, P. Bifani, V. Lim, BH. Lee, N. Ling Ma, D. Beer,
P. Thayalan, K. Kuhen, A. Chatterjee, F. Supek, R. Glynne, ]. Zheng,
H.L Boshoff, C.E. Barry 3rd, T. Dick, K. Pethe, LR. Camacho, A high-throughput
screen to identify inhibitors of ATP homeostasis in non-replicating

[109]

[110]

[111]

European Journal of Medicinal Chemistry 212 (2021) 113139

Mycobacterium tuberculosis, ACS Chem. Biol. 7 (2012) 1190-1197, https://
doi.org/10.1021/cb2004884.

K. Pethe, P.C. Sequeira, S. Agarwalla, K. Rhee, K. Kuhen, W.Y. Phong, V. Patel,
D. Beer, J.R. Walker, J. Duraiswamy, J. Jiricek, T.H. Keller, A. Chatterjee,
M.P. Tan, M. Ujjini, S.P.S. Rao, L. Camacho, P. Bifani, P.A. Mak, I. Ma,
S.W. Barnes, Z. Chen, D. Plouffe, P. Thayalan, S.H. Ng, M. Au, B.H. Lee, BH. Tan,
S. Ravindran, M. Nanjundappa, X. Lin, A. Goh, S.B. Lakshminarayana,
C. Shoen, M. Cynamon, B. Kreiswirth, V. Dartois, EC. Peters, R. Glynne,
S. Brenner, T. Dick, A chemical genetic screen in Mycobacterium tuberculosis
identifies carbon-source-d dent gro inhibi devoid of in vivo ef-
ficacy, Nat. Commun. 1 (2010), https://doi.org/10.1038/ncomms1060. Pet1/
1-Pet1/8,SPet1/1-SPet1/2.

K. Pethe, P.C. Sequeira, S. Agarwalla, K. Rhee, K. Kuhen, W.Y. Phong, V. Patel,
D. Beer, J.R. Walker, J. Duraiswamy, J. Jiricek, T.H. Keller, A. Chatterjee,
M.P. Tan, M. Ujjini, SP.S. Rao, L. Camacho, P. Bifani, P.A. Mak, I. Ma,
S.W. Barnes, Z. Chen, D. Plouffe, P. Thayalan, S.H. Ng, M. Au, B.H. Lee, B.H. Tan,
S. Ravindran, M. Nanjundappa, X. Lin, A. Goh, S.B. Lakshminarayana,
C. Shoen, M. Cynamon, B. Kreiswirth, V. Dartois, E.C. Peters, R. Glynne,
S. Brenner, T. Dick, A chemical genetic screen in Mycobacterium tuberculosis
identifies carbon-source-dependent growth inhibitors devoid of in vivo ef-
ficacy, Nat. Commun. 1 (2010), https://doi.org/10.1038/ncomms1060. Pet1/
1-Pet1/8 SPet1/1-SPet1/2.

B.S. Lee, N.P. Kalia, X.EF. Jin, EJ. Hasenoehrl, M. Berney, K. Pethe, Inhibitors of
energy metabolism interfere with antibiotic-induced death in mycobacteria,
J. Biol. Chem. 294 (2019) 1936—-1943.

90



Appendix 2

Squaric acid analogues in medicinal chemistry
Chasék, J.; Slachtova, V.; Urban, M.; Brulikova, L.*

Eur. J. Med. Chem. 2021, 209, 112872.

91



ean Journal of Medicinal Chemistry 209 (2021) 112872

Contents lists available at ScienceDirect

European Journal of Medicinal Chemistry

ELSEVIER journal homepage: http://www.elsevier.com/locate/ejmech

Review article

Squaric acid analogues in medicinal chemistry )
1 G 1 I W ‘ Cheek for
Jan Chasak *', Veronika Slachtova *', Milan Urban ", Lucie Brulikova * .
* Department of Organic Chemistry, Faculty of Science, Palacky University Olomouc, 17. listopadu 12, 771 46, Olomouc, Czech Republic
b Medicinal Chemistry, Institute of Molecular and Translational Medicine, Faculty of Medicine and Dentistry, Palacky University in Olomouc, Hnévotinska 5,
779 00, Olomouc, Czech Republic
AR'T:1 C LE L'N:F 0O ABSTRACT
Article history: In this review, we summarize the published data on squaric acid analogues with a special focus on their
Received 18 August 2020 use in medicinal chemistry and as potential drugs. Squaric acid is an interesting small molecule with an

Received in revised form

12 September 2020

Accepted 21 September 2020
Available online 2 October 2020

almost perfectly square shape, and its analogues have a variety of biological activities that are enabled by
the presence of significant H-bond donors and acceptors. Unfortunately, most of these compounds also
exhibit reactive functionalities, and this deters the majority of medicinal chemists and pharmacologists
from trying to use them in drug development. However, this group of compounds is experiencing a
renaissance, and large numbers of them are being tested for antiprotozoal, antibacterial, antifungal, and

g:ﬁ::zd:ﬁd antiviral activities. The most useful of these compounds exhibited ICsy values in the nanomolar range,
Squarate which makes them promising drug candidates. In addition to these activities, their interactions with
Squaramide living systems were intensively explored, revealing that squaric acid analogues inhibit various enzymes
Biological activity and often serve as receptor antagonists and that the squaric acid moiety may be used as a non-classical

isosteric replacement for other functional groups such as carboxylate. In summary, this review is focused
on squaric acid and its analogues and their use in medicinal chemistry and should serve as a guide for
other researchers in the field to demonstrate the potential of these compounds based on previous
research.
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1. Introduction

The squaric acid scaffold (Fig. 1) represents a unique moiety that
has received considerable attention, especially during the last
decade, due to its numerous synthetic [1 10|, pharmaceutical
[1-3,11,12], and other applications [1,2,13-17]. Squaric acid 1 (also
known as quadratic acid; 3.4-dihydroxycyclobut-3-ene-1,2-dione)
is a planar aromatic framework that received its special name
because of its extraordinary, almost perfect square shape. The first
cyclobutenediones were synthesized in the 1950s [18-20] and
triggered this area of unique and versatile synthons in organic
chemistry [10]. In the medicinal chemistry field, however, the
squaric acid scaffold only came to the forefront in the last decade
due to earlier concern about the risk of in vivo toxicity because of
the scaffold’s rather reactive functional groups. Squaric acid itself as
well as its analogues features several unique physicochemical and
pharmacokinetic properties described in more detail further.

1.1. Physicochemical properties

Squaric acid is a symmetrical planar diprotic four-membered
oxocarbon compound that possesses unique 27m-pseudo-aroma-
ticity [21]. Consequently, squaric acid features unusual high double
acidity (pKay = 0.54; pK;> = 3.58) due to the resonance stabilized
squarate dianion (Fig. 1) [22]. Several physicochemical methods
were employed to confirm the aromatic character of the squarate
dianion (Fig. 1) by geometric (bond length, bond order), energetic
(aromatic stabilization energies) and magnetic parameters ('7O-
chemical shifts, nucleus-independent chemical shifts) [23,24].

Among the most common squaric acid analogues (Fig. 2),
squaramides 5 have received considerable attention especially
because of their interesting molecular structure capable of multiple
interactions with biological targets via specific molecular recogni-
tion [2]. Squaramides can bind selectively through the four
hydrogen bonds, acting both as hydrogen bond donors and ac-
ceptors. The potential of secondary squaramides to participate in
hydrogen bonding is another significant feature which is one of the
reasons for their high melting points of 275300 °C and their low
solubility in water [3]. Studies of squaramide-based artificial re-
ceptors used for the recognition of cations described that the
capability to serve as a hydrogen bond acceptor is modulated by the
increase in aromaticity [25]. The ability of squaramides to act as
hydrogen bond donors to anionic species was investigated as well
[26]. Squaramide-based artificial receptors designed to bind
carboxylate anions proved hydrogen bond donor ability also due to
enhanced aromaticity. Furthermore, electrostatic potentials sug-
gest that the combined effect of two carbonyls enables squaramides

o) o)
j:ﬁ pK,q = 0.54
HO OH HO
1

squaric acid

European Journal of Medicinal Chemistry 209 (2021) 112872

to form strong acceptor interactions more efficiently in comparison
with ureas [2].

Despite certain similarities between amides and squaramides,
the rigid and planar structure of squaramides containing two
coplanar carbonyls makes them a distinctive feature. sp’>-Hybri-
dised nitrogens make this arrangement stable by providing their
lone pairs to conjugation with the m-system orthogonal to the plane
[2]. The mutual influence of a NH and carbonyl oxygen contributes
to the formation of zwitterionic structures. Moreover, the dipole
presented by a zwitterionic squaramide form is known to mimic
the az-ammonium carboxylate motif and thus represents z-amino
acid bioisosteres [27]. Amide-like restricted rotation around the
C—N bonds forces a bis-secondary squaramide having two C—~N
bonds to prefer anti/anti conformation [2].

1.2. Pharmacological profile

In general, the main core of the squaric acid derivatives is
chemically stable in water environment which these compounds
encounter in the organism. Some studies revealed, that squar-
amides used as isosteres of amino acids may be more resistant
against decarboxylases because they do not contain nucleophilic
nitrogen important for the decarboxylation [2,27].

Although many derivatives were designed as potential drugs,
the pharmacological profile was evaluated only in several of them
and only the most promising lead compounds were selected for
these advanced studies. As a result, several candidates have entered
various stages of clinical trials (Fig. 3). Among them, perzinfotel 8,
discovered in 1999 [27] as a unique NMDA antagonist, had a
favourable preclinical profile and therefore seemed to be a suitable
lead structure for the development of a drug for the treatment of
neurological disorders such as stroke and head trauma. In Ref. [27],
the authors tried to improve its low bioavailability by synthesizing
tetrazole analogue, which unfortunately failed in in vivo experi-
ment designed to show neuroprotective potency (focal ischemia
model involving occlusion of the middle cerebral artery in rats).
Further attempts to modify perzinfotel 8 [28] afforded prodrug 9
that was adsorbed much better, it was enzymatically transformed
to parent compound 8 and this significantly improved the perzin-
fotel half-life and potency in vivo (oral administration in a rodent
model of inflammatory pain) [28].

Navarixin 10, squaric acid dibutyl ester 11, pibutidine 12 and
BMY-25368 13 (Fig. 3) are other examples of SQ analogues that
entered clinical trials. Navarixin 10 (SCH527123, MK-7123) acts as
an antagonist of the cysteine chemokine receptor (interleukin 8A
receptor) and is under Phase Il clinical trials for the treatment of
solid tumours (combination therapy, late-stage disease, metastatic

O 0 0
j;ﬁ P M
_PRez= 290

o 0 e}
3

Fig. 1. Resonance stabilized squarate dianion.
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disease, second-line therapy or greater) in the USA and Israel [29].
Navarixin has also been investigated for the treatment of asthma,
chronic obstructive pulmonary disease and psoriasis [30]. It was
thought to reduce neutrophil migration to the diseased lung what
should improve a participant's symptoms. However, this assump-
tion was not proved, and this research has been discontinued.
Squaric acid dibutyl ester 11 (SQX 770) was evaluated for its safety

and efficacy for the treatment of herpes labialis in a clinical trial
containing 54 patients and it was found that the compound is
slightly effective in reducing the number of the disease outbreaks
per year but it had non-serious adverse effects in more than 50% of
the treated patients (mostly non-serious itching, redness, or
swelling) [31,32]. Pibutidine 12 exhibited an H, antagonistic effect
and was investigated as a gastrointestinal agent for ulcers [33-35]
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by Taisho Pharmaceutical. In 2000, however, it was discontinued in
Phase I due to cardiotoxicity and gastrointestinal toxicity [36]. BMY-
25368 13, developed by Bristol-Myers Squibb, advanced as far as
phase IIl clinical studies for duodenal and gastric ulcers. This
compound acts as a histamine H; receptor antagonist [37,38].

Another example of pharmacokinetic and pharmacodynamic
profiling for SA analogue was done in Ref. [39], where an anti-
tuberculotic compound 14 (Fig. 3) was developed. In 14, high
metabolic clearance was observed, which was likely caused by cy-
tochromes. Therefore, the authors used pan CYP inhibitor (amino-
benzotriazole, ABT) together with 14 in in vivo experiment (peroral
administration in mice) and this caused a 300-fold increase in free
plasma concentration when administered along with 100 mg/kg
ABT. This provided plasma concentration above MIC for 15 h which
was considered sufficient for further evaluation of pharmacody-
namic profile in the acute model of tuberculosis infection. In gen-
eral, it seems that some SA analogues may be enzymatically stable
and other may be metabolized by various enzymes and therefore it
is advisable to investigate the metabolic clearance for the most
promising lead structures before they enter more expensive clinical
trials.

Despite the importance of squaric acid analogues as privileged
scaffolds in drug discovery, only two reviews have been published
recently on this topic, both about squaramides [40,41]. The first [40]
is a very comprehensive review about squaramides, their use in
chemical biology, and especially their supramolecular properties.
The second review [41] summarizes the synthetic approaches to
squaramides. Older reviews on squaramides and squaric acid con-
jugates exist [2,3]. In contrast, this article presents an overview of
squaric acid derivatives in general and focuses predominantly on
their potential applications in drug development. The main pur-
pose of this review is to provide an overview of the squaric scaffold-
based derivatives as agents with remarkable potential in the me-
dicinal chemistry field. Considerable attention is given to structure-
activity relationship (SAR) studies and mechanism of action studies.

2. Squaric acid analogues in medicinal chemistry

Squaric acid analogues are significant in medicinal chemistry for
many reasons. First, unlike many other compounds designed as
potential drugs, they usually do not suffer from high lipophilicity
and low solubility in water. Especially when squaric acid or the
squaramide scaffold is combined with amine and carboxylic
groups, the resulting compounds show increased solubility, and
this makes them suitable therapeutic agents [42,43]. In addition,
squaric acid analogues may serve as non-classical isosteres for
carboxylates and amino acids during drug development [2]. For
example, N-(hydroxydioxocyclobutenyl)-containing analogues of
gamma-amino-butyric acid and 1-glutamate were successfully used
as analogues of compounds that are active towards amino acid
receptors (AMPA and NMDA) in neurons [44].

Mono-amides of squaric acid (squaramates) are often used for
bioconjugation with Lys and other amines. Diamides (squar-
amides) have been used as a phosphate group surrogate in
nucleotide [45-47] or oligonucleotide (ON) analogues [48,49]. A
chemically synthesized 2'-sugar-linked squaramate—RNA conju-
gate, prepared by the reaction of 2'-amino-modified RNA with
diethyl squarate, was reported to cross-link to aminoacyl-
transferase FemXWv [50], and this is the only example of the
use of a squaric acid analogue in nucleic acid conjugation. Within
the research aimed at base-functionalized nucleic acids for ap-
plications in chemical biology, the authors designed [51,52,123]
novel squaramate-linked cytosine 2'-deoxyribonucleoside
triphosphate (dNTP) for the enzymatic synthesis of modified DNA
and cross-linking with proteins.
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The use of squaric acid analogues in chemical biology is mostly
represented by their bioconjugation to proteins or carbohydrates
and by their use as ion receptors. In contrast, in medicinal chem-
istry, these compounds have numerous biological effects, including
antiplasmodial, antichagasic, anticancer, and antibacterial activity,
which makes them promising agents in drug development. In this
chapter, various activities of squaric acid analogues will be sum-
marized, and the advances towards their therapeutic use will be
critically reviewed.

2.1. Antiprotozoal activity

Protozoans are unicellular eukaryotic organisms responsible for
several serious human diseases, such as malaria, human African
trypanosomiasis (HAT, sleeping sickness), leishmaniasis, and Chagas
disease [53]. These four tropical diseases are endemic in many
countries worldwide and together affect approximately 226 million
people, particularly in developing countries [ 54]. Moreover, protozoal
infections are among the most common life-threatening secondary
infectionsin immunocompromised patients, e.g., patients with HIV or
undergoing cancer chemotherapy. There are many antiparasitic
compounds available; however, their use is often limited due to the
emergence of drug resistance. An urgent need for novel efficient drugs
thatact by different mechanisms encourages global antiparasitic drug
discovery. Squaric acid analogues might help to overcome the
increasing antiparasitic drug resistance because many of these ana-
logues have promising antiparasitic activities (42,55 58].

The first squaric acid analogues with activity against Plasmo-
dium falciparum, the causative agent of malaria, appeared in 2013
[57]. The Santos group followed in their previous works [59,60] and
synthesized a series of conjugates containing a squaric moiety and
heterocycles of general structure 15 and 17 derived from known
antimalarials (Fig. 4). Three compounds had nanomolar potency
against chloroquine-resistant P. falciparum and approximately two-
fold higher potency than the parent drug chloroquine. Moreover,
they were not cytotoxic against NIH 3T3 or HEK 293T cells. The
most interesting derivative 16 from this series is depicted in Fig. 4.
Encouraged by these promising results, Ribeiro et al. synthesized
other squaramides modified with aminoquinoline (Fig. 4) and
tested them against liver-stage malaria parasites using human
hepatoma cells (Huh7) infected by Plasmodium berghei. Compound
18 (Fig. 4) showed a 7.3-fold greater effect compared to the stan-
dard drug primaquine (the only available drug active against all
Plasmodium exoerythrocytic forms). Overall, both papers by the
Santos group [57,58] were focused on finding the most favourable
linker between the substituted quinoline and squaramide parts.
They tested various flexible alkyl chains, a rigid piperazine linker,
and the direct binding of the heterocycle to the squaramide moiety.
However, the rigid alkyl chain proved to be the most effective linker
within the selected library. The direct binding of squaramide and
aminoquinoline resulted in reduced activity [57]. Considering these
interesting results, squaramide-modified aminoquinolines might
represent a new class of antiplasmodial agents.

Squaramide-based compounds were also tested for their anti-
leishmanial activity [55]. Leishmaniasis is a parasitic disease
endemic in 98 countries worldwide. More than 1 million new cases
are reported per year, and 350 million people are at risk of being
infected [61]. The substances currently available for the treatment
of this illness are pentavalent antimonials, paromomycin, ampho-
tericin B, and miltefosine. Because these compounds are becoming
less efficient due to the emergence of protozoal resistance, there are
no effective substances to cure this parasitic disease. Considering
the widespread resistance, there is an urgent need to identify new
highly active antileishmanial drugs. Due to their interesting bio-
logical activity, modified squaramides have been explored as
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Fig. 4. Squaramides with antiplasmodial activity [57,58].

antileishmanial agents [55]. In 2016, the Sanchez-Moreno group
reported the synthesis of variously substituted squaramides of
general structures 19-21 (Fig. 5) and their antileishmanial activity
on promastigote and amastigote forms of Leishmania donovani,
Leishmania infantum, and Leishmania braziliensis. Three of the pre-
pared compounds exhibited higher activity than the standard drug
glucantime and were less toxic (Fig. 5). Among them, compound 23
(Fig. 5) was the most effective. Moreover, the authors observed
certain alterations in the excretion products of all species indicating
the leishmanicidal activity of the studied squaramides.

%

R
H
HO, N
J L "
o (o]
19

Of note, squaramide-based compounds have already been
explored as highly efficient antichagasic agents [42,56]. Chagas
disease (also known as American trypanosomiasis) is an insect-
transmitted protozoal infection caused by Trypanosoma cruzi. The
World Health Organization (WHO) has stated that an estimated 8
million people are infected with Trypanosoma cruzi worldwide,
especially in Latin America, causing more than 10,000 deaths per
year [62]. Current treatment is based on the use of nifurtimox (NFX)
and benznidazole (BZN), compounds developed more than 40 years
ago. Moreover, their mechanism of action is still under debate

e
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Fig. 5. Squaramides with I activity [55].
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[63,64]. Unfortunately, both agents are limited in their ability to
eliminate T. cruzi from the body and have severe side effects such as
vomiting, anorexia, and peripheral polyneuropathy due to their
high toxicity [42]. For this reason, it is necessary to overcome the
serious drawbacks of current antichagasic drugs and develop less
toxic and more selective compounds.

During their research with novel squaramides, Olmo et al. found
that some of the tested compounds of general structures 25 and 26
exhibited interesting antichagasic properties (Fig. 6) [42]. In vitro
and in vivo studies of various structurally simple amino-
squaramides revealed compound 27 (Fig. 6) to be the most active
from the selected library in both the acute and chronic phases of
Chagas disease. In immunosuppression experiments in a mouse
model, the monitoring of total Ig-G in response to T. cruzi infection
showed comparatively low levels in treated mice and confirmed
compound 27 as an ideal candidate for preclinical studies.

The obtained knowledge triggered a study of similar squar-
amides of general structures 28 and 29 reported by Martin-Escolano
et al., in 2019 (Fig. 6) [56]. Among various substitutions, a longer
alkyl chain and a dimethylamino substituent showed efficacy
against T. cruzi [42). Therefore, the subsequent survey focused on the
study of squaramides with longer alkyl chains [56]. To perform an
SAR study, they evaluated derivatives with an increasing length of
the linear aliphatic chain (C0-C16), compounds with different
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heteroatoms, and squaramides containing two or three basic ni-
trogens (Fig. 6). Based on the in vitro and in vivo studies, compound
30 was identified as the most potent form of the studied library.
Interestingly, the authors attempted to determine the mechanism of
action and suggested that compound 30 can depolarize the mito-
chondrial membrane, resulting in an energetic deficit and subse-
quent cell death by necrosis. Because selected compound 30
exhibited better trypanocidal properties in vitro and lower toxicity
compared to the standard drug BZN, it is worth further investigation
in the preclinical phase.

2.2. Antibacterial activity

Bacterial infections represent one of the greatest public health
problems, especially when we consider the increasing antibiotic
resistance. This rapid emergence of resistant bacteria is occurring
worldwide; therefore, it is essential to extend the spectrum of
existing antibiotics. From this point of view, many compounds
derived from squaric acid have been studied.

The first reports of antibacterial activity associated with the
squarate scaffold associated emerged in 1996 [65] when the Kojima
group noted that several squaramides of general structure 31 could
act as H, antagonists (Fig. 7). Moreover, some of the tested de-
rivatives such as 32 exhibited moderate to weak inhibitory activity
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Fig. 6. Squaramides with antichagasic activity [4
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Fig. 7. Squaramides acting as H; antagonists [65,66].

against Helicobacter pylori. Later, this observation resulted in the
synthesis of other potent H; antagonists and their progression to
human clinical trials (as mentioned above with Pibutidine and
BMY-25368, Fig. 3) [66].

Lindhorst and co-workers described the interesting behaviour
of mannosidic squaric acid monoamides 33 and 34 (Fig. 8) [67,68].
Bacteria use fimbriae (also known as pili) to connect to the host cell
[69], and synthetic mannosides based on the squarate structure can
inhibit type 1 fimbriae-mediated mannose-specific bacterial
adhesion that normally proceeds through the lectin FimH. Syn-
thetic squarate 33 showed high affinity to FimH and exhibited ~50-
fold greater inhibitory potency than the standard agent pNPMan
(67).

The high potency of squaramides within the medicinal chem-
istry field was recently confirmed by work published in J. Med.
Chem. [70]. During the search for novel antibacterial agents, the
Murakami team focused on the large antibacterial target, RNA po-
lymerase, which is essential for gene expression, cell growth, and
viability [71]. Using a high-throughput screening of a corporate
compound library, the Murakami team identified a highly active
novel structural framework of general structure 35 based on the
squaramide moiety (Fig. 9). This squaramide was shown to bind to
the RNA polymerase switch region and result in the dysfunction of
the region with consequent transcriptional inhibition. Detailed SAR
studies indicated that the terminal isoxazole and benzyl rings are
essential for specific binding to pockets in the switch region.
Nevertheless, there are further structural modifications to be
explored.

Recently, the groups of Gupta and Ravishankar reported one of
the most active compounds against Mycobacterium tuberculosis
(Mtb) based on the unique squaramide feature acting as a myco-
bacterial ATP synthase inhibitor (Fig. 10) [39]. ATP synthase is a
ubiquitous key enzyme in the energetics and metabolism of

OH OH
-0
H
HOH N X-Et
O
o} (0]
33: X=0
34: X =NH

Fig. 8. Sq tes as inhi of bacterial adl [67].

bacteria that utilizes the energy stored in as transmembrane elec-
trochemical potential for the production of ATP [72]. ATP synthase
in Mtb has recently been validated as a highly promising target of
antibacterial compounds. It is noteworthy that these research
groups screened approximately 900,000 compounds in coopera-
tion with AstraZeneca to identify hits and proceed with lead opti-
mization (Fig. 10). The lead series of squaramides 37 was very
specific and selective while lacking cytotoxicity [ 73]. Interestingly, a
comparison of squaramide 14 with bedaquiline (an approved drug
for tuberculosis treatment that acts as an ATP synthase inhibitor)
showed the absence of cross-resistance in bedaquiline-resistant
mutants. This finding suggests that squaramide 14 interacts with
an ATP synthase site distinct from that with which bedaquiline
interacts. These observations indicate the high potency of squar-
amide 14 in the identification of novel drug candidates active
against drug-resistant mutants of Mtb.

2.3. Cytotoxic activity

The treatment of cancer remains a hot topic. Many researchers
explore how to reduce the inherent toxicity of currently used drugs,
limit adverse effects on the human body, and improve drug tar-
geting. The most commonly used chemotherapeutics (many
approved more than 40 years ago) suffer from low bioavailability
due to low water solubility or poor membrane permeability and
thus require high dosage. Furthermore, the majority of these
compounds have led to the development of multidrug resistance
along with fatal side effects. Therefore, the discovery of novel
effective anticancer agents with different mechanisms of action has
become one of the main research goals worldwide.

Squaric acid analogues have received special attention as potent
anticancer agents especially in the last decade [45,74-79]. How-
ever, the first report on cytotoxic squaramides appeared as early as
2005 [80], when Grabner et al. studied the complex compound [Pt
(12-C404)3(H,NPr)s |- 3H,0 38 (Fig. 11) obtained by the reaction of
cis-[Pt (HZO)Z(HZNPH)ZISO.; with barium squarate in a 1:1 M ratio
and found that it exhibited interesting cytotoxic properties. In this
complex, platinum atoms are joined by squarate ligands that
occupy a rather significant distance (approximately 2 A) between
platinum atoms (so-called trinuclear complex); the distance be-
tween oxygen atoms is relatively short in comparison (approxi-
mately 3.1-3.2 A). 3D structure is deposited in the published paper
as Supplementary data [80]. The cytotoxicity of this compound was
tested on T24 cells, which exhibited slightly reduced size after
exposure to this compound. This complex has not achieved cyto-
toxicity similar to cisplatin; however, future studies with squarate
complexes might help to overcome the inherent cytotoxicity of
platinum complexes.

In 2012, Villalonga et al. reported the synthesis of
oligosquaramide-based macrocycles with anticancer properties of
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Fig. 11. Structure of trinuclear complex.

general structure 39 (Fig. 12) [79]. They prepared various oligomer
cyclosquaramides and acyclic oligosquaramides and tested their

anticancer activity primarily on mantle cell lymphoma (MCL) cell
lines Jeko-1 and Z-138. Interestingly, the appropriate size of the
macrocycle was crucial for antiproliferative activity. The most
interesting oligomer comprises five squaramide scaffolds (40,
n = 3) connected with appropriate linkers (Fig. 12) and displays a
well-defined structure with a certain level of conformational pre-
organization and flexibility that is very important for ligand bind-
ing on the desired target. In contrast, corresponding acyclic
oligosquaramides and smaller cyclosquaramides containing 2-4
squaramides did not show any anticancer activity. The oligosquar-
amide 40 exhibited significant antiproliferative activity against
both Jeko-1 and Z-138 cells and was subsequently tested against
the NCI-60 human tumour cell line panel. Moreover, oligosquar-
amide 40 did not show toxicity against controlled nontransformed
NIH3T3 fibroblasts. Although the biological target of cyclo-
squaramides remains unknown to date, the authors speculated that
target proteins may include kinases. However, determining the
exact mechanism of action will require more information and
consistent studies in the future.

The anticancer SAR of squaric acid analogues inspired by the
structure of the known antimitotic agent combretastatin A4 (CA4)
demonstrated the potency of this motif (Fig. 13) [75]. Liu et al.
synthesized various 3,4-diaryl squaric acid analogues 43 as CA4
mimetics incorporating the squaric scaffold as a cis-restricted linker
and studied their cytotoxicity. All the compounds were tested
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Fig. 13. Squaric acid analogues with antimitotic activity [75].

against the non-solid human CEM cell line and further evaluated
against a panel of human tumour cell lines, including Bel-7402,
HepG2, and SMMC-7221 human liver cancer cells, MCF-7 human
breast cancer cells, SW-1990 human pancreatic cancer cells,
HCT116 human colon adenocarcinoma cells, and CEM human
leukaemia cells, with CA4 employed as a positive control. The
extended SAR study revealed that some of the tested compounds
exhibited nanomolar activities against human leukaemia cells and
potent activities against a panel of human tumour cell lines. Of
note, compounds 44 and 45 exhibited activities comparable to the
standard drug CA4 (ICsq (CEM) = 1.6 nM). Moreover, the reported
SAR study showed that all three methoxy groups of the A ring are
essential, whereas the substitution of the B ring can be more varied.
The authors also reported preliminary mechanism of action studies
revealing that compounds 44 and 45 cause cell cycle arrest tumour
cells in G2-M phase and interact with the colchicine binding site on
microtubules.

In 2016, Quintana et al. reported the cytotoxicity of various
squaramates and squaramides of general structure 46 (Fig. 14)
evaluated on different tumour cell lines (especially Hela, cervical
carcinoma, and HGC-27, gastric carcinoma) [78]. The reported
anticancer SAR of all hybrids depicted in Fig. 14 demonstrates the
necessity of both NH groups (squaramates did not show any sig-
nificant activity). Interestingly, squaramides with cinchona-based

substituents exhibited micromolar potency with IC;, values of
3-12 uM in HGC-27 or Hela cells. The best candidate from the
evaluated library was compound 47 with an ICg, value of 1.81 uM in
HGC-27 cells and 34.63 uM in Hela cells. Squaramide 47 was
further tested on different cell lines such as T98 and U87 glio-
blastoma cells (the most aggressive cell type causing brain cancer),
HEK293 transformed human kidney cells, MDCK cells (epithelial
cells) and Vero (African green monkey kidney cell). The results
confirm cell type-dependent toxicity (ICso values of 60.25 pM and
715 uM for glioblastoma cell lines U87 and T98, respectively,
9.03 uM for HEK293, 70.20 pM for MDCK, and 33.40 uM for Vero).
Furthermore, the authors found out that the inhibitory effect of 47
is associated with cell cycle arrest at the G1 phase and the induction
of caspase-dependent apoptosis. Based on these results, squar-
amide 47 could act as a hit for further optimization.

In 2016, Soukarieh et al. designed novel cap-binding inhibitors
of 4E factor (elF4E) based on the squaramide scaffold [45]. The
factor elF4E is a component of the eukaryotic translation initiation
factor 4F complex, which recognizes the 7-methylguanosine cap
structure at the 5’ end of messenger RNAs and is a key player in the
regulation of translation. elF4E activity is implicated in mitosis,
embryogenesis, and apoptosis. Interestingly, elF4E is overexpressed
in numerous human tumours, which makes it an interesting target
for anticancer therapy. Based on the known crystal structure of
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elF4E and in consideration of the cellular bioavailability of potent
drugs, Soukarieh et al. designed and synthesized novel elF4E cap-
binding inhibitors, some of which contain the squaramate scaf-
fold (Fig. 15). Most of the tested squaramates did not show any
significant activity; only compounds 49 and 50 exhibited modest
inhibitory effects (Fig. 15). Moreover, these two depicted squar-
amates were co-crystallized with elF4E. The obtained crystal
structures showed similar binding modes to cap derivatives re-
ported previously.

Carbocyclic nucleosides 51-53 incorporating the squaric acid
scaffold synthesized by Lu et al. (Fig. 16) were examined for their
anticancer activity in a National Cancer Institute battery of human
tumour cell lines [77]. All three derivatives exhibited modest
anticancer activity against non-small cell lung cancer (NCI-H522)
at 10 uM. Squaramide 51 and squaramate 52 showed micromolar
potency against renal cancer (UO-31). Moreover, compound 51
exhibited modest anticancer activity against ovarian cancer
(OVCAR-8) and leukaemia (CCRF-CEM), whereas compound 52 was
potent against colon cancer (KM12) and melanoma (UACC-257) at
10 pM. Interestingly, derivative 53 showed moderate growth

o R
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R = Me, Bn, 3-Me-Bn, 3-MeO-Bn,
3-CF3-Bn, 3-CI-Bn, 4-F-Bn,
4-jPr-Bn, 3,5-di-tBu-Bn

inhibition of CNS cancer (SF-295) at 10 uM. Furthermore, all three
analogues were tested for toxicity to Hela cells. However, none of
the tested compounds showed better inhibitory effects compared
with the standard drug cisplatin. Overall, the tested squaric acid
analogues exhibited moderate anticancer activity with a selective
effect on some of the tested cell lines. However, more studies are
needed to demonstrate the potency of the presented carbocyclic
nucleosides as non-classical bioisosteres for the heterocyclic base
in cancer treatment.

The squaric acid scaffold was also incorporated into the struc-
ture of nucleosides designed as inhibitors of SNM1A [81]. SNM1A
(sensitive to nitrogen mustard 1A) is a DNA repair enzyme that
plays a crucial role in the repair of interstrand crosslinks. The
enzyme is considered a potential therapeutic target for the treat-
ment of cancer that is resistant to DNA crosslinking agents. Because
the active site of SNM1A contains a zinc atom, Doherty et al. pro-
posed that a molecule modified with a zinc-binding group might
block this enzyme and inhibit the repair of interstrand crosslinks.
Because squarate or the squaramide ring can selectively bind
through hydrogen bonds acting as hydrogen bond donors or

°//Q 2

cl HN N,
> 2 A\J\JE,}

49 50

Fig. 15. Squaramates as elF4E inhibitors [45].
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acceptors, this nucleoside modification was selected as a suitable
zinc-binding group (Fig. 16). Unfortunately, neither squarate 54 nor
squaramide 55 showed any activity in the performed assay.
Squaric acid derivatives as cytotoxic agents were further
described by Fernandez-Moreira et al. [74]. They studied several
squarates and squaramides for their cytotoxicity against Hela cer-
vical cancer cells (Fig. 17). Compound 57 exhibited the greatest
cytotoxicity (ICso = 0.88 uM). Moreover, the cyclobutenedione ring
was modified with various fluorophores for potential application in
cell imaging studies, and the novel luminescent compounds were
visualized using fluorescence cell microscopy. The authors
observed lysosomal and nuclear localization. Squarate compound
58 was the most promising candidate from the evaluated library.
Compound 58 enters the cell and accumulates in the nucleus. These

(2
7 X

results indicate the high potential of squaramide-based trans-
porters, which merit further investigation.

2.4. Antiviral activity

Among all the viral diseases, acquired immunodeficiency syn-
drome (AIDS) caused by the human immunodeficiency virus (HIV)
continues to be a major global health issue, having claimed almost
33 million lives. Due to gaps in HIV services, 690,000 people died
from HIV-related causes in 2019, and 1.7 million people were newly
infected [82]. The emergence of resistance and/or a lack of tolera-
bility in individual patients requires a wider range of treatment
options. As a result, the development of new anti-HIV agents with
improved safety, better resistance profiles, and new mechanisms of

0] O

OMe

Hela cells: ICsy = 46.7 uM
suitable for cell imaging

Fig. 17. Luminescent derivatives studied for their cytotoxicity against HelLa cells [74].

n
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action is gaining attention [83]. Squaric acid analogues offer
interesting opportunities within this research area.

In contrast to their significant antibacterial properties, the
antiviral activity of squaric acid analogues has not been explored
extensively. Most attention has been paid to analogues with anti-
HIV activity. In 2005, Lee et al. screened a novel series of peptido-
mimetics containing a squaramide scaffold of general structure 59
(Fig. 18) as bioisosteric replacement for guanidine. These com-
pounds were studied for their ability to inhibit the Tat-TAR inter-
action required for the conversion of arrested RNA polymerase Il
into a form needed for successful viral transcription. Derivative 60
was able to bind TAR RNA with high affinity (K, = 7.7 pM) [84].

Another series of anti-HIV squaramides of general structure of
61 was synthesized and studied by Ghosh et al., in 2019 [85]. All the
HIV-1 protease inhibitors contain a squaramide-derived scaffold as
the P2 ligand combined with an (R)-hydroxyethylamine sulfon-
amide isostere (Fig. 18). Compound 62 with an N-methyl-3-(R)-
aminotetrahydrofuranyl squaramide P2 ligand exhibited the best
HIV-1 protease inhibitory K; value of 0.51 nM. To explain the
inhibitory potency, an energy-minimized active site model of in-
hibitor 62 was employed, and this model revealed several key in-
teractions with Asp29 and Asp30 [85].

Previously mentioned carbocyclic nucleosides 51-53 incorpo-
rating the squaric acid scaffold synthesized by Lu et al. (Fig. 16)
were examined for their antiviral activity [77]. However, no anti-
viral activity was observed for any of the analogues against a Na-
tional Institute of Allergy and Infectious Diseases (NIAID) panel of
25 viruses [77].

2.5. CXCR2 receptor antagonists
CXCR1 and CXCR2 receptors are G protein-coupled receptors

activated by growth-related protein-z (CXCL1) and interleukin-8
(CXCL8) [86]). These receptors are expressed on many different
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Fig. 18. Anti-HIV peptidomimetics containing squaramide scaffold [84] and
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inflammatory and structural cells, where they regulate pulmonary
functions. Therefore, CXCR2 is involved in the pathology of various
lung diseases such as chronic obstructive pulmonary disease
(COPD), asthma, acute respiratory distress syndrome, and cystic
and pulmonary fibrosis [87 -89]. Due to the key role of CXCR2 in a
number of inflammatory disorders, potent selective CXCR2 antag-
onists have been developed over the past decade as promising anti-
inflammatory agents [90].

In 2007, Gonsiorek et al. confirmed the pharmacological speci-
ficity of Sch527123 as a novel, potent, and allosteric CXCR2 antag-
onist with potential therapeutic utility in a variety of inflammatory
conditions (Fig. 19) [91]. To measure compound affinity, [*H]
Sch527123 was characterized in both equilibrium and nonequilib-
rium binding analyses. Its binding to CXCRs was both saturable and
reversible. Although Navarixin 10 bound to CXCR1 with good af-
finity (Ka = 3.9 + 0.3 nM), the compound is CXCR2-selective
(Kg = 0.049 + 0.004 nM). The extraordinary picomolar potency of
Sch527123 binding to hCXCR2 arises from slow (approximately
24 h at room temperature) dissociation from the receptor [91].

o) 0
~/
\ N N:
N H H /0
i OH Y
10

hCXCR2 Ky = 0.049+0.004 nM

Fig. 19. Navarixin (Sch527123) [91].
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N,N'-diarylsquaramides 63 were identified by McCleland and
co-workers as selective and potent CXCR2 antagonists (Fig. 20) [92].
They studied squaramides as bioisosteric replacements of previ-
ously synthesized N,N'-diarylureas and N,N'-diaryl (cyano)guani-
dine-type CXCR2 antagonists. Based on SAR, NHs and the phenolic
group are essential. In contrast, diarylsquaramides are insensitive
to the ionization state of the phenol. The 3-position adjacent to the
phenol is tolerant to the modulation of physicochemical parame-
ters by the introduction of solubilizing sulfonamides and amides.
All the other aromatic substituents have limited effects on solubi-
lity. Within the series, squaramide 64 (Fig. 20) displays the best
activity and most desirable pharmacokinetic profile [92].

Another isosteric urea replacement by N,N’'-diarylsquaramide
moiety, which has received an increased attention, was disclosed in
three patents by Glaxo-SmithKline in 2001 and 2002 (Fig. 21) [93].
Additionally, there was a joint application from Pharmacopeia and
Schering-Plough in 2002 covering phenol-containing squaramides
such as compound 65 with the typical aryl right-hand side, com-
pound 69 bearing a branched alkyl group, and compound 70 con-
taining a benzyl-type group (Fig. 21). The preference of a 3-(N,N-
dimethylcarboxamido)-2-hydroxyphenyl left-hand side indicates
this as an optimal group for this class of squaramides. All these
phenol-containing CXCR2 antagonists play an important role in the
resurgence of chemokine receptor antagonists and demonstrate
efficacy in complex chronic diseases such as COPD and cystic
fibrosis [93].

Extended SAR studies conducted with the diaryl cyclo-
butenedione series comprising general structures 71 resulted in
compound 72 (Fig. 22), which demonstrated significant affinity in
the CXCR2 binding assay (ICso = 36 nM) [94]. Due to concerns about
the metabolic fate of the 4-NO; group, the 3-dimethylcarboxamide
derivative 73 (Fig. 22) was created and showed excellent in vitro
potency (CXCR2 IC;, = 15 nM) and good functional activity in a
CXCR2 chemotaxis assay (ICsp = 19 nM). Moreover, compound 73
showed improved organic solubility and better predicted absorp-
tion. Further SAR studies focused on the exploration of the right-
hand benzylic functionality. The (R)-ethyl analogue 74 (Fig. 22)
demonstrated superior binding affinities (CXCR2 IC5 = 6.8 nM) and
a high level of oral bioavailability. However, the best potency
(CXCR2 IC55 = 2.6 nM) was observed upon replacement of the
phenyl ring of 74 with heterocyclic rings affording the previously
mentioned clinical candidate Sch527123 (Fig. 19) [94].

Novartis is developing the CXCR2 selective antagonist 75
(Fig. 23) with the potential to become the first anti-inflammatory
treatment for COPD. Recently, Martin and co-workers developed
a manufacturing concept for the choline salt of a nonsymmetric
squaramide as a potent CXCR2 antagonist to increase drug
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substance quality [95]. Progress was outlined in terms of yield
improvement as well as purging strategies for key impurities.
Furthermore, an alternative sequence has been explored to avoid
the switching of the phenolate salt from triethylammonium to free
acid to a choline salt, providing significant cost reduction [95].

2.6. Bioisosteres

The concept of isosterism between relatively simple chemical
entities was originally contemplated by James Moir in 1909 [96].
The term "bioisostere” was introduced in 1950 by Harris Friedman,
who defined bioisosteres as compounds eliciting a similar biolog-
ical effect [97]. Bioisosteres are usually less than exact structural
mimetics and are often more alike in biological rather than physical
properties. Consequently, bioisosteres introduce structural changes
that can be beneficial for the design and development of drug
candidates, and thus they have become a fundamental tactical
approach in medicinal chemistry [98]. In this context, squaric acid
derivatives were also explored as non-classical bioisosteres.

First, squaric acids were identified as useful isosteres of car-
boxylic acids and tetrazoles in angiotensin Il antagonists due to
their high intrinsic acidity. Squarate 76 (Fig. 24) reduced blood
pressure in Goldblatt hypertensive rats, although efficacy was
lower than the analogous tetrazole [99].

In an elegant example of isostere design, diaminosquaric acid
derivatives 77 were conceived as achiral mimetics of glutamic acid
[100]. Some of these molecules exhibited modest affinity for the N-
methyl-D-aspartate (NMDA) glutamate receptor. The phosphonate
derivative 78 (Fig. 24) was the most potent NMDA ligand, although
it showed lower affinity than glutamic acid with an ICsp = 70 nM
[100].

Butera et al. studied bioisosteric replacement of N-cyanoqua-
nidine with a squaramide moiety to identify structurally novel
adenosine 5'-triphosphate-sensitive potassium (Kup) channel
openers of general structure 79 to treat urge urinary incontinence
(uur) [101]. A systematic SAR study on aryl and alkylamidine
groups produced definitive trends summarized in Fig. 24. Mecha-
nistic studies were performed within the series, and compound 80
(Fig. 24) showed significant Karp hyperpolarization and thus rep-
resents an attractive development candidate for the treatment of
uur [101].

Additionally, squaramide-type nucleotide analogues 81 and 82
were evaluated as phosphate isosteres. NMR analysis of compound
83 (Fig. 25) revealed its N-type form of ribose puckering identical to
that in cAMP and cGMP. Due to their acidity (pK, = 2.3) and
conformational properties, they are interesting as potential anti-
viral and anticancer agents [102].
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Fig. 20. NN'-diarylsquaramides as antagonists of CXCR2 receptor [92].
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CXCR2 antagonists [94].

Additional squaramide-based phosphate bioisosteres 84 were
described by Xie et al. [103]. They showed that the squaric acid
moiety could be incorporated in protein tyrosine phosphatase in-
hibitors as a phosphate bioisostere. As a result, compounds 85 and
86 (I'igz. 26) were developed and showed moderate inhibitory ac-
tivity against Yersinia pestis protein tyrosine phosphatase with
ICsp s at pH 5.5 of 120 + 20 and 350 + 40 pM, respectively [103].

2.7. Vaccines

The introduction of vaccination against bacterial infections
represents a breakthrough in human medicine [104]. Instead of a
curing effect, an immunological memory is installed. In the field of
vaccine development, the squaric acid moiety was initially used to
prepare glycoconjugates from synthetic linker-equipped carbohy-
drates [105,106].
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o) 0 Peng and co-workers studied factors affecting the conjugation of
bacterial polysaccharides to protein carriers employing squaric acid

chemistry. Based on the identification of efficient conjugation to
Cl bovine serum albumin (BSA) and recombinant tetanus toxin frag-
ment C (rTT-Hc) at pH 8.5, 9.0, and 9.5, higher-quality labelling of

the O-SP-core (O-SPcNH;) polysaccharide antigen with methyl

S _ squarate has been achieved. The novelty of the described approach

02 O is based primarily on the direct conjugation without the intro-

duction of linkers to the molecule. Overall, the results indicate an

N N increased efficiency of conjugation of the Vibrio cholerae O1 lipo-
OH polysaccharide (LPS) to BSA from 25% to 51% [106].

2.8. Various receptor antagonists
Fig. 23. A selective CXCR2 antagonist in development at Novartis [95].

In 1992, Kinney et al. described a series of squaramide-based
) . NMDA antagonists. These compounds inhibit excitatory amino
In the context of cancer immunotherapy, Palitzsch et al. syn-  ;¢ids (EEAs) such as a glutamic acid neurotransmitter that can lead
thesized muci MUC1-glycopeptide vaccines with TTox as the 5 peyronal cell death [100]. Therefore, NMDA antagonists have
immune-stimulating carrier and analysed their SAR in immuniza-  peen considered for the treatment of epilepsy, stroke, and neuro-
tions. Diethyl squarate has been used to couple glycopeptide anti- degenerative disorders [107]. Among all the studied isosteres,

gens to carrier proteins. As a result, a synthetic glycopeptide  phosphonic acid 87 provided protection against NMDA-induced
vaccine inducing tumour-associated MUC1- specific IgG mono- lethality in mice (Fig. 27) [100].

clonal antibodies that differentiate between normal and tumour

The squarate scaffold has also been used as a carboxylic acid
mammary cells has been generated [105].

bioisostere for the design of a potent, non-peptidic, non-tetrazole

(o) 0 o] o} o]

FiC” N7 N ~N" "NH N ONH
2 H OH R" H 2 ~N A

Ok on
O 77 e 78

76 NMDA binding
angiotensin |l binding IC50 = 0.47 pM
ICs50 = 24 M

o} 0
o} o}
R' and R% p-cyano substitution optimal R! NC B
0-EH/CH3/Br/CI substitution best K\E\ o = \QN -
/e N N~ H H ,><
various heteroaryls tolerated R/Z H H

pheny! preferred

79 80

R (R)-3,3-dimethyl-2-
butyl/1-methylbenzyl/t-
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in vitro rat bladder strip
IC50 = 0.09+0.021 pM

N-alkylation essential
N-acylation tolerated

Fig. 24. Squaric acid isostere 76 as in Il receptor ant ist [99], diami ic acid-based NMDA ant s 78 [100], and N-cyanoguanidine bioisosteres 80 as Kqp
channel openers [101].
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Fig. 25. Squaramide-type nucleotide analogues [102].
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IC50 = 120420 uM ICso = 0£40 M

Fig. 26. Squaric acid-based protein tyrosine phosphatase inhibitors [103].
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Fig. 27. Phosphonoalkyl squaramide-based NMDA antagonist 87 [100] and
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FaC

angiotensin Il inhibition IC55 = 25 nM

te-derived in ILinhibi

88 [99].

substitution useless

NMDA affinity ICsg = 30 nM
NMDA-induced lethality EDsqy = 2.1 mglkg
stimulated TCP binding ICsq = 7.6 pM

Fig. 28. Fused phosphonoalkyl squaramides as NMDA antagonists [27].

ngﬁ = »

F16357

o} O

]
— N
92

PAR1 antagonism at 10 uM = 97 %

Fig. 29. Squarate-type cinnamoylpiperazine PAR1 antagonists [108].

angiotensin Il antagonist [99]. The main purpose of this study was
to assess in vitro potency as angiotensin Il antagonists and the
in vivo antihypertensive profile of various carboxylic acid bio-
isosteres including squarates compared with losartan. Unfortu-
nately, squarate 88 was less potent in lowering blood pressure than
losartan (Fig. 27) [99].

In another series of NMDA antagonists, the diazabicyclic amino
acid phosphonate 90 was found to have equivalent potency as GCS-

19755 89 in the [*H]CPP binding assay, the stimulated [*H]TCP
binding assay, and the NMDA-induced lethality model in mice [27].
Compound 90 is a unique NMDA antagonist with a favourable
preclinical profile offering an opportunity for the treatment of
several neurological disorders (Fig. 28). Extensive SAR exploration
indicated that the 6- or 8-membered ring compounds possessed
diminished activity and revealed that a 2-carbon side chain is
optimal for NMDA receptor affinity. Substitution on the ring was
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COOH

n /,

HN~

93
K = 0.5 nM

Fig. 30. Biphenyl squaramide as a vitronectin receptor antagonist [ 109].

not beneficial, and replacement of the phosphonic acid group was
also ineffective [27].

Planty and co-workers synthesized squarate-type cinna-
moylpiperazines as new protease activated receptor 1 (PAR1) an-
tagonists [108]. Because human PARI is involved in thrombin-
induced platelet aggregation, its antagonism should result in
novel antiplatelet drugs. Additionally, PART antagonists do not
affect thrombin’s role in the coagulation cascade and thus have a
limited impact on bleeding. All the reported squarate analogues
were derived from the cinnamoylpiperazine PAR1 inhibitor F16357
91 (Fig. 29). Replacement of the carbonyl scaffold by a squarate
bioisostere led to very potent PAR1 antagonists such as compound
92, which showed 97% antagonism at 10 pM (Fig. 29). In contrast,
no anti-aggregant properties were detected in an in vitro human
platelet model [108].

In 2007, other squaramides were investigated as arginine
mimetic moieties acting as vitronectin receptor (ay[fiz) antagonists
by Klaus et al. [109]. Squaramide 93 proved to be a subnanomolar
ayfi; antagonist (K; of 0.5 nM) and could be used as a new treatment
of restenosis after balloon angioplasty (Fiz. 30) [109].

Finally, phosphoglycolipid analogues modified by the squaryl
group were studied by Ding and co-workers for their modulatory
activity towards the class A G-protein coupled receptor (GPR) 55
[ 110]. Localized in spinal cord sensory axons, GPR55 plays a key role
in neuropathic pain, cancer, and inflammation [ 111]. In this study,
the endogenous ligand lyso-phosphatidyl--D-glucoside (LPGlc)-
derived analogues with a squaryl diamide group were developed as
GPR55 modulators. Compound 95 showed LPGle-like behaviour and
repelled dorsal root ganglion ( DRG) nociceptive axons (Fiz. 31) [110].

2.9. Various enzyme inhibitors

The first enzyme to highlight in association with squaric acid
inhibitors is histone deacetylase (HDAC) [112]. HDAC catalyses the
deacetylation of the lysine residues, thereby affecting the chro-
matin remodelling process, and its inhibition has antiproliferative

OH
8]
H
ﬂ;&&,o\ o oM
P 3
o \,/\_fo
8 ?]/(CHz)mCHa
(o]
94
LPGlc

—
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0] o
H N R
N " H
o]
96
R = OH or SCH;
n=2;34

Fig. 32. Squaric acid derivatives as potential HDAC inhibitors [112]

effects. To prepare suberoylanilide hydroxamic acid (SAHA) ana-
logues as HDAC inhibitors, Hannesian et al. replaced the Zn-binding
group (ZBG) with squaric acid, N-hydroxyurea, and 4-
hydroxymethyl oxazoline moieties (Fig. 32). Subsequently, they
tested the inhibitory activity against HADC. Unfortunately, no
inhibitory activity against HDAC was observed at concentrations
less than 1.0 pM, and no cytotoxicity to tumour cell lines was
observed below 20 pM [112].

Another series of squaramide-based hydroxamic acids of gen-
eral structure 97 were studied as novel class | and lIB HDAC in-
hibitors for the topical treatment of cutaneous t-cell lymphoma
(CTCL) [112]. Fournier et al. targeted mycosis fungoeides, an early
form of CTCL, by a topical approach with HDAC inhibitors with an
improved safety profile. As a result, a novel scaffold binding to class
I, 1IB, and IV HDACs include a hydroxamic acid as ZBG and a
squaramide that pinches the Aspl04 carboxylate. SAR studies
revealed that a parg-substituted phenyl improves potency and
metabolic clearance, whereas a benzylic side chain decreases po-
tency. Additionally, aliphatic branching with small substituents
improves organic and aqueous solubility and further increases
metabolic clearance. Docking studies also predicted that 5- or 6-
carbon linkers would provide the best inhibitory activity. Lead
compound 98 showed good potency with an IC5p of 7.3 nM in the
Hut78 cell line, which was comparable to those of approved drugs
(Fig. 33) [113].

The second potential target for tacrine-squaramide inhibitors is
acetylcholinesterase (AChE) [ 114]. This serine protease catalyses the
hydrolysis of the acetylcholine (Ach) neurotransmitter to produce
choline and acetic acid, which are associated with cognitive
impairment and dementia. Because tacrine is a central reversible
AChE inhibitor marketed in 1993 for Alzheimer’s disease treatment,
a series of tacrine-squaramide homodimers was evaluated for their

5__(CH2)eCHs

35

Fig. 31. Squaramide analogue of LPGlc as a GPRSS modulater [110],
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Fig. 33. Squaramide-type inhibitors of class I and IIB HDAC [113].
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Fig. 35. Squaric acid N-hydroxylamide amides as ADAMTS-5 inhibitors [115].
anti-cholinesterase activity to find less toxic analogues. Com-

pounds 99 and 100 exhibited the best inhibition of hAChE of 2.0 and
13 nM, respectively, and inhibition of hBChE of 110 and 21 nM,

£ N/
° r §
103aX=0
103b X =S

respectively (Fig. 34). Moreover, both inhibitors possessed the
lowest cytotoxicity to HepG2 cells [114].

In 2018, the parallel synthesis of 200 squaric acid N-hydrox-
ylamide amides was performed by Charton et al. [115]. Subse-
quently, the library was screened against the zinc metalloenzyme
ADAMTS-5, thus allowing the identification of the totally new
micromolar inhibitor 102 with an ICso of 2.6 uM (Fig. 35) [115].

A series of squaric acid-peptide conjugates of general structures
103 was synthesized and studied as matrix metalloprotease-1
(MMP-1) inhibitors [116]. In general, MMPs are structurally related
endopeptidases remodelling the extracellular matrix. Their over-
expression is associated with a wide range of pathological condi-
tions such as multiple sclerosis [117], rheumatoid arthritis [118],
angiogenesis [119], and metastasis [ 120]. The squaric acid moiety of
all the studied compounds was substituted in the 3-position with
various zinc-binding functional groups, and the 4-position was
modified with monopeptides or dipeptides interacting with S1" and

S

=g
> HO‘N N H 0
NI N
O : N7
Ph— H

104
MMP-1 inhibition ICsy 15 pM

Fig. 36. Squaric acid-based peptidic inhibitors of MMP-1 [116].
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bulky hydrophobic groups essential
position of N critical (para prefered)
pyridine good
2-anilinopyrimidine replacement better
f t-Bu robust potency
other aryls/alkyls worse

=y N N7
106
HTS hit Plk1 K; =5 nM
Plk1 K= 2.2 uM ECso = 1.05 uM

Fig. 37. Squarate-containing polo-like inhibitors [121].

Table 1
The most potent squaric acid analogues with submicromolar biological activity,

Compound Target{s) 1Csy or Ki value(s)

- I T
ff_\-n " . n‘/ Mrh ATP synthase (Myc_ATPS) ICsp = 30 nM
Nl MM Y e

T )

N g e Ly

ol el
o0 P. falciparum (PIW2) ICsp = 95 NM
{1
SN -

e

'
o =/

[s) O Human leukaemia cells (CEM) ICop = 1.7 or 1.4 nM

TN~ OH or (NHy)
I

|

OMe

HIV-1 protease

CXCR2

L Anglotensin 1l

Human acetylcholinesterase (RAChE)

\

K = 0.51 nM
ICsp = 8 nM

€50 = 25 nM
IC5p = 2.0 nM
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$2' enzymatic subsites. Positional scanning revealed that the com-
bination of an ~N (Me)OH chelating group and Leu-Tle-NHMe
peptide was the best (Fig. 36). Moreover, the conversion of one
carbonyl to thiocarbonyl resulted in an 18-fold increase in potency,
providing compound 104 with an ICs of 15 uM (Fig. 36) [116].

The last enzyme group known to be influenced by squarate-
containing inhibitors are polo-like kinases (Plks) [121]. Plks are
serine/threonine kinases involved in the regulation of cell cycle via G2
and mitosis, thus controlling cell proliferation. Recently, ATP-
competitive Plk1 inhibitors have inspired Zhang et al. to perform
hit-to-lead optimization of an initial HTS hit 105 (Fig. 37). Molecular
modelling revealed the importance of a hydrophobic aromatic amine
side chain that enables H-binding. However, the incorporation of a 2-
anilinepyrimidine moiety as a replacement for the 4-pyridyl signifi-
cantly improved kinase affinity. Considering the substitution of the 2-
aniline pyrimidine scaffold, hydrophobic aromatic cores interacting
along the sidechain of Arg136 were beneficial. To attain acceptable
pharmacokinetic properties, a simple t-butyl aliphatic right-hand
side chain showed robust potency. Moreover, the position of the
pyridine nitrogen was a critical parameter with the para position
preferred. Finally, extensive SAR studies led to inhibitor 106 with Plk1
Ki = 5nM and EDsg = 1.05 tM and moderate efficacy at 100 mpk in a
MiaPaCa tumour model [121].

3. Conclusions and future perspectives

Squaric acid derivatives, squaramides, squaramines, and squa-
rates are very simple, yet highly useful molecules. Despite these
structures being discovered many decades ago by synthetic organic
chemists, their use as potential therapeutics has only been explored
quite recently. The main reason for this was their appearance; the
structures include highly reactive functionalities that are usually
associated with negative side-effects, such as toxicity, lack of
selectivity, and promiscuity towards various molecular targets.
Such compounds are generally not appreciated by pharmaceutical
companies and regulatory organizations despite their superior
pharmacological activity, because they often fail in late phases of
drug development after large investments have been made and, in
some of the worst cases, after they cause severe damage to the
health of the first patients. However, such a strict selection of
compounds entering the primary screening along with growing
drug resistance emerging for the majority of infectious agents,
cancers, etc. has resulted in a lack of effective drugs for some of the
most prevalent illnesses. This environment has led to renewed
attention to some of the previously overlooked compounds,
including derivatives of squaric acid. These compounds have a va-
riety of biological activities in low concentrations (often sub-
micromolar), such as antiparasitic, antibacterial, cytotoxic, and
antiviral activity, and some have known mechanisms of action
(they inhibit certain receptors, enzymes, etc.), which makes them
potentially useful in drug development. Ongoing research covering
diverse fields of medicinal chemistry has revealed several small
squaric acid analogues with significant biological activity; the most
potent scaffolds from each group are summarized in Table 1.

Therefore, several compounds have passed clinical trials, and
although none are on the market yet, it is very likely that this will
change soon. Squaric acid analogues have been overlooked by
medicinal chemists for some time but this has changed. In the
future, all of the synthesized analogues of squaric acid should be
tested for possible biological activities, and if they are selected for
the development of a potential new drug, their toxicity should be
carefully evaluated using in vitro experiments initially. Advanced
in vivo toxicology experiments should follow as soon as possible to
distinguish between compounds with selective activity to a drug-
gable target and compounds with toxic side effects.
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were analyzed by MALDI-TOF MS. Nine of the tested compounds were found to inhibit the enzymatic
reaction more effectively than the generic metalloprotease inhibitor phosphoramidon. Furthermore, the
lidinedione-hydroxamate hybrids were evaluated for their in vitro antimycobacterial
activity and acute cytotoxicity using whole-cell assays. Results showed that none of the hybrids exhibited
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acute cytotoxicity against RAW264.7 macrophages. Whereas extracellular antimycobacterial activity was
limited, RAW264.7 macrophage infection results showed that a majority of the hybrids inhibited the
intracellular growth of Mpycobacterium tuberculosis at a concentration of 100 and 10uM. The
thiazolidinedione-hydroxamate compound 2n was considered to be the best candidate of the evaluated

library.

© 2019 Elsevier Masson SAS. All rights reserved.

1. Introduction

Tuberculosis (TB), an infectious disease predominantly caused
by the bacillus Mycobacterium tuberculosis (Mtb) still poses a major
and enduring global health threat [1]. The infectious disease re-
mains one of the top 10 causes of death and is, additionally, the
leading cause of death due to a single infectious agent. In 2017,
approximately 10 million people developed active TB disease and
over 1.6 million persons died as a result [2]. Furthermore, the
epidemic is fueled by the current HIV/AIDS pandemic and ever-
increasing emergence of anti-TB drug resistance [2]|. Moreover,
there is only a limited number of drugs available on the market for
the treatment of multidrug-resistant (MDR) and extensively drug-
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resistant (XDR) TB. Additionally, treatment is less efficient and
associated with serious side effects [3]. Without doubt, the dis-
covery of entirely new compounds with an alternative mechanism
of action to the existing therapeutics and directed towards un-
known targets of Mtb becomes more and more desirable [4,5].
One attractive mycobacterial target is represented by the
promising and validated 20S proteasome protein, which is neces-
sary for persistence in mice and vitality of the bacterium in path-
ogenesis as it protects Mtb against nitrosative stress from the host
[6]. More recently, another interesting mycobacterial enzyme with
protease activity was identified, i.e. zinc metalloprotease 1 (Zmp1).
The enzyme is found to be essential for the intracellular survival
and pathogenesis of Mth [7-11]. In 2008, Master et al. illustrated
that Zmp1 affects the macrophage phagosome maturation via
suppression of inflammasome activation and subsequent phag-
olysosome formation, desired for the full clearance of the invalid
pathogens (Fig. 1). The exact action mechanism of Zmp1 in the
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Fig. 1. ibition of the ph process by mycobacterial Zmp1 (this
figure was adopted from Ferraris and Rizzi) [11].

pathogenesis, however, has not been fully elucidated. Though,
there is evidence that the zinc metalloprotease, a type of enzyme
which can carry out diverse functions in pathogenic microorgan-
isms, may be released from Mtb and act on the activation of the
caspase-1/interleukin-1f inflammasome, ultimately disrupting
phagolysosome formation and Mtb clearance [8]. Therefore, Zmp1
and its inhibition leading to virulence attenuation may also
represent a potentially useful drug target and are worthy of further
investigation.

The molecular structures of the mycobacterial 20S proteasome
and Zmp1 are markedly different. Unlike the monomeric Zmp1 [7],
20S proteasome is a large barrel-shaped oligomer: 7 #-subunits are
arranged into an o-ring and 7 f-subunits form a f-ring. These rings
are stacked to a symmetric complexof ;5 4.7 7% .7 [12]. The
active site of Zmp1 appears between the two structural domains
rich in o-helices and contains a catalytic zinc ion in tetrahedral
coordination. Because of the presence of hydrophobic residues,
peptide substrates with a large hydrophobic P1’ side chain (e.g. Phe,
Leu, lle) are well accommodated. There is also a secondary binding
pocket available at the active site, with arginine residues, which has
been suggested a promising docking site for inhibitors [7].
Conversely, the proteolytic mechanism of 20S proteasome involves

Mori et al., 2014 [14]

Paalino et al., 2018 [16]

Subhedar ef al., 2016 [18]

the N-terminal threonine residue of each [-subunit [13]. The
arrangement of the substrate binding pocket in M. tuberculosis 20S
proteasome allows versatility in degrading of hydrophobic, basic as
well as acidic peptide substrates [ 12]. The enzyme shows not only a
different mechanism but also substrate and cleavage specificity
compared to Zmp1. Thus, it is clear that the designing of new in-
hibitors of these two enzyme targets has to follow unique princi-
ples and approaches.

To date, only a few examples of Zmp1 inhibitors are known
[14-18]. In 2014, the first selective Mtb Zmp1 inhibitors emerged,
when the Botta group identified active structures by combining an
in silico structure-based inhibitor design and biochemical studies
(Fig. 2) [14]. Most of the defined structures in their study comprised
the rhodanine skeleton that further served as a basic structural
motif for the development of other Zmp1 inhibitors [15-18]. The
most potent Zmp1 inhibitor to date was identified in the latest
study from 2018 [16] when Paolino et al. described a series of 8-
hydroxyquinolines modified with a hydroxamate substitution as
the zinc-binding group.

In the present study, a protocol for synthetic preparation of
thiazolidinedione-hydroxamates was developed. All synthesized
compounds were evaluated for their antimycobacterial activity. In
addition, the inhibitory properties of the studied compounds to-
wards a recombinant Zmp1 from Mycobacterium tuberculosis were
analyzed by MALDI-TOF MS.

2. Results and discussion

Based on the biological significance of both thiazolidinedione
scaffold [19-21] and known hydroxamate-based zinc-binding
group (ZBG) [22,23], a new library of thiazolidinedione-
hydroxamate hybrids was designed and synthesized (Fig. 3). Two
lipophilic hydroxamates as privileged scaffolds in a multitude of
medicinally useful agents were selected for our initial studies
[23-25]. Thiazolidinedione heterocycle may further be modified by
various benzylidenes or alkylidenes according to various known
biologically active structures [19]. Furthermore, the thiazolidine-
dione and hydroxamate scaffolds are connected via an appropriate
linker R?, where two simple variants were selected for the initial
study.

Subhedar et al., 2017 [17]

Fig. 2. Examples of known Zmp1 inhibitors and design of novel compounds.
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Fig. 3. Structures selected for the study.

3. Chemistry

First, simple thiazolidinedione-unsubstituted hydroxamates 1
were generated (Scheme 1). The initial thiazolidinedione 3 was
synthesized according to a previously described procedure [26] and
reacted with methyl bromoacetate or methyl 2-bromopropionate
giving compounds 4. This step was followed by the acid-
catalyzed hydrolysis resulting in carboxylic acids 5. The desired
compounds 1 were obtained after a coupling reaction of the car-
boxylic acids 5 with either O-allylhydroxylamine hydrochloride or
0-benzylhydroxylamine hydrochloride using N-(3-
dimethylaminopropyl)-N'-ethyl ~ carbodiimide  hydrochloride
(EDC.HCI) under aqueous conditions in moderate yields (see
Table 1).

Next, hydroxamates 2 were synthesized (Scheme 1). The syn-
thetic procedure was initiated with Knoevenagel condensation of
thiazolidinedione 4 with various aldehydes to reach compounds 6.
Then a substitution with methyl bromoacetate or methyl 2-
bromopropionate gave compounds 7. After the acid-mediated hy-
drolysis of 7, the resulting carboxylic acids 8 were coupled with
either O-allylhydroxylamine hydrochloride or O-benzylhydroxyl-
amine hydrochloride using EDC.HCI to give hydroxamates 2 in
yields ranging from 31 to 75% (see Table 2). The lower yields were
caused by losses during column chromatography.

Finally, we assessed the stereochemical outcome of our syn-
thetic protocol. The formation of two geometrical isomers E or Z
after Knoevenagel condensation is possible. These two isomers can
easily be distinguished by their 'H NMR spectral characteristics. It is
well known that the benzylidine proton appears above 7.90 ppm
for Zisomer and below 7.42 ppm for E isomer [27,28]. The measured
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Scheme 1. Synthesis of model compounds 1 and 2.

Reagents and conditions: (i) methyl bromoacetate or methyl 2-bromopropionate, NaH, DMF dry, rt, on;: (ii) HBr {40%), reflux, 5 h; (iii) O-

NMR data confirmed the formation of Z isomers for all our products.
Moreover, the final compounds containing a stereogenic centre
were analyzed by supercritical fluid chromatography (SFC). All
analyses confirmed the racemic form of both mentioned derivatives
(See Supplementary).

3.1. In silico prediction of drug-likeness properties

To select those compounds suitable for further screening, in
silico physicochemical and pharmacokinetic parameters of the
thiazolidinedione-hydroxamates were predicted using the
knowledge-based FAFDrugs4 [29] and admetSAR [30] software
tools [6,31]. Narrowing the library to a series of compounds with a
favourable drug-likeness and no toxicity alerts avoids futile in-
vestment in compounds with possible undesirable effects in later
stages of the drug discovery and development cascade. For each
hybrid, the predicted drug-likeness parameters are shown in
Table 3, whereas ranges of such parameters followed by 95% of
known drugs are also added in the footnotes [32,33]. The results
revealed that the synthesized thiazolidinedione-hydroxamates
meet the Lipinski's rule of five as the predicted values of the mo-
lecular weight, n-octanol, and water partition coefficient, hydrogen
bond acceptors and hydrogen-bond donors parameters fall within
the prescribed ranges. Furthermore, the number of atoms was also
found within the range, improving drug-likeness [29]. Aqueous
solubility was forecasted to be good for all thiazolidinedione-
hydroxamates, except for 2g, for which it was predicted to be
reduced with a logS" of -522. The thiazolidinedione-
hydroxamates were also considered to have a good oral bioavail-
ability, based on Verber’s rule [34]. All hybrids were designated to
class Il considering acute oral toxicity, which reveals that the
compounds should possess fairly high lethal doses (i.e.
LDsp = 0.5-5 g/kg) and can be considered druggable. As for muta-
genicity (Ames test), there were no alerts indicated. In contrast,
another rule of thumb such as the GSK 4/400 rule, which antici-
pates higher risks of toxicity, interactions with off-targets or diffi-
culties during development if the logP and the molecular weight is
larger than 4 and 400, respectively, suggested that 2e and 2g could
be less druggable [29]. Though, the overall results indicate that the
synthesized thiazolidinedione-hydroxamates generally do possess
drug-likeness behavior. Therefore, all derivatives are selected for
further investigation, except the compounds 2e and 2g.

3.2. Inhibitory activity towards Zmp1

The inhibitory properties of the studied compounds towards a
recombinant zinc metallopeptidase (Zmpl) from Mth were

hydrochloride or 0-

benzylhydroxylamine hydrochloride, EDCHCI, H,0, rt, 2 h; (iv) aldehyde, piperidine, EtOH, reflux, 5h.

118



4 V. Slachtova et al. / European journal of Medicinal Chemistry 185 (2020) 111812

Table 1
Overview of synthesized products 1.

Table 2
Overview of synthesized products 2.
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@ lsolated yield after purification. B R
2e - W : O* G 49
analyzed by matrix-assisted laser desorptionfionization-time of @ =
flight mass spectrometry (MALDI-TOF MS). The reaction mixture
contained human angiotensin Il as a substrate and the respective 2f o N 7\ 50
inhibitor. The proteolytic digestion of angiotensin Il (m/z 1046) K Q—QCFg
produced two peptide fragments providing characteristic signals in 28 48
the mass spectrum, namely DRVY (m/z 552) and IHPF (m/z 513), in §© "Lj\e’ E—O—CFJ
accordance with the literature [35] and as confirmed by tandem MS
(MS/MS) analyses (not shown). The production of the fragments 2h o

was accompanied by a simultaneous decrease in the angiotensin Il
signal (Supplementary Figs. S1-2).

MALDI is generally not considered a robust ionization technique
for quantitative measurements, but a growing number of reports
have documented its applicability for quantifying peptides [36].
This stems from reduced experimental difficulties because of the
ongoing technological improvement of the instruments [37]. In this
work, we eliminated both sample-to-sample and shot-to-shot
variability of peak intensities by reading intensity ratios of the re-
action product at m/z 552 and substrate at m/z 1046 in mass spectra
averaged from 1000 laser shots. Finally, the inhibition rate was
calculated from the ratio of the determined time-dependence
slopes for inhibited and control reaction (Supplementary
lable S1). Fig. 4 shows the obtained results. All compounds were
found to inhibit the enzymatic reaction but the existing structural
differences were reflected in their inhibitory strength. The most
potent inhibitors were 2¢, 2k-m, and 1b (which inhibited almost
completely), whereas 2d and 2g inhibited only by less than 20%.

Using the measured inhibition percentages, 1Cso (half-maximal
inhibitory concentration) values of the inhibitors can be estimated
(100% activity for [I]=0uM) and they appear in the range of
20-160 pM. Experimental 1Csy values were obtained with three
different inhibitor concentrations for 2n (18 uM) and 2e (38 uM),
which represent highly efficient and medium-efficient inhibitors
from the studied group, respectively. These numbers correspond to
inhibition constants described for some other Zmp1 inhibitors
[6,14,38).

Supplementary table (Table S2) shows a graphic interpretation
of the influence of chemical functional groups on the inhibitory
properties. The analyzed hybrid compounds can be divided into
five clusters according to the substituent at the thiazolidinedione
moiety (R*): without any substitution, with a benzylidene, fluo-
robenzylidene, trifluorobenzylidene, and pentylidene substituting
group. In each cluster, the presence of either a benzyl or allyl

S—@—c&. !
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TN
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2§ o 40
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2k 60
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0 N O
21 e 56
K si/[\‘g i—O—F
am A VY S 7
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20 45
\(\/\
Y Wy
2p o I 45
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* Isolated yield after purification.

substitution at the hydroxamate moiety (R') was considered, plus a
possible methyl group in the linker (R?). As can be seen, the benzyl
group at the hydroxamate function resulted predominantly in a
lower inhibition potency compared to the allyl group at this posi-
tion for the hybrid compounds with both non-substituted and
trifluorbenzylidene-substituted thiazolidinedione ring. An oppo-
site trend was found for those containing the benzylidene-
substituted thiazolidinedione ring, whereas no clear trend was
observed for the other two clusters. The methyl group presence in
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Table 3
In silico predicted physicochemical and pharmacokinetic p s of the thiazolidinedi hyd t
Compound MW*  LogP” HBD® HBA" No. of Rotatable logSw* Solubility Forecast Oral bioavailability (Veber's 4/ Ames test Acute oral
atoms"” bonds’ Index rule] 400  toxicity toxicity
1a 2803 1.14 1 6 19 5 -2.11 Good Good Good Non m
1b 23024 029 1 6 15 5 -1.12 Good Good Good Non m
1c 29433 1.54 1 6 20 5 -2.44 Good Good Good Non ]
1d 24427 069 1 6 16 5 -1.46 Good Good Good Non m
2a 36841 3.26 1 6 26 6 -3.99 Good Good Good Non m
2b 31835241 1 6 22 6 -3.06 Good Good Good Non n
2¢ 38243 367 1 6 27 6 -4.32 Good Good Good Non m
2d 33237 282 1 6 23 6 -34  Good Good Good Non m
2e 43641 415 1 6 30 7 -4.9 Good Good Bad Non m
2f 386.35 330 1 6 26 7 —~3.97 Good Good Good Non m
2g 45043 455 1 6 3 7 522 Reduced Good Bad Non m
2h 40037 370 1 6 27 7 -43  Good Good Good Non m
2i 3864 336 1 6 27 6 -4.17 Good Good Good Non m
2 336.34 251 1 6 23 6 -3.23 Good Good Good Non m
2k 40042 377 1 6 28 6 -4.5 Good Good Good Non m
21 350.36 292 1 6 24 6 -3.57 Good Good Good Non m
2m 34842 352 1 6 24 8 -3.79 Good Good Good Non m
2n 298.36 2.67 1 6 20 8 ~2.84 Good Good Good Non u
20 36244 392 1 6 25 8 -4.12 Good Good Good Non m
2p 31238 3.07 1 6 21 8 —-3.18 Good Good Good Non m

* Molecular Weight (MW; 130 to 725).

b Log partition coefficient between n-octanol and water (-2 to 6.5).
© Number of hydrogen bond donors (0-6).

¢ Number of hydrogen acceptors (2-20).

© Number of atoms (20-70).

! Number of rotatable bonds (0-15).

% Log aqueous solubility (6.5 to 0.5).
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Fig. 4. Inhibitory activity toward Zmp1. Inhibition rate at a given inhibitor concen-
tration of 40 uM was calculated by inverting the ratio of slopes for inhibited and
control reaction. Phosphoramidon (RDF) was used as a reference at a final concen-
tration of 40 pM [16].

the linker resulted in lower inhibitory properties when compared
to the counterparts without this group, for the compounds with
pentylidene and trifluorbenzylidene substitutions at the thiazoli-
dinedione ring. It was the opposite for those with the fluo-
robenzylidene substitution. Generally, this interpretation indicates
that the measured inhibition data reflect a structure-based inter-
action with the enzyme molecule as they are not fully random.

3.3. In vitro biological activity

Following the synthesis and enzymatic assays, the
thiazolidinedione-hydroxamate hybrids were evaluated for their

in vitro activity against Mycobacterium tuberculosis H37Ra using a
whole-cell assay. Antimycobacterial potency was assessed using
resazurin, as previously reported [39]. The results were expressed
as the ICs,, and also minimal inhibitory concentration (MIC) at
which the mycobacterial growth is reduced by 90% (Table 4). In
parallel, the acute cytotoxicity of the thiazolidinedione-
hydroxamates against the eukaryotic RAW264.7 macrophage cell
line was studied using a previously reported neutral red uptake
(NRU) assay [40]. The cytotoxic concentration (CCsg) of a compound
is defined as the concentration at which the NRU by the cells is
reduced by 50% (Table 4). The selectivity index (SI) of the synthe-
sized compounds was calculated by dividing the CCso with the MIC
(Table 4). Results showed that most of the thiazolidinedione-
hydroxamates showed no significant antimycobacterial activity
against extracellular Mtb H37Ra, i.e. ICs9 and MIC values > 64 uM
(Table 4). The hybrids 2f, 2k, 21, 2m and 2n showed a low anti-
mycobacterial potency with ICs, values of 51.7, 44.4, 60.0, 55.0 and
42.2 respectively. For 2n, a MIC value of 61.8 could be calculated.
Except for 20, none of the compounds exhibited acute cytotoxicity
against RAW264.7 macrophages, i.e. CCyq values > 128 pM (Table 4).
Only 20 showed a low cytotoxic effect with a CCsq value of 43.9 pM.
Though, this effect did not exceed the cytotoxic effect of the
reference drug tamoxifen (CCsp = 11.1 uM). As a result, a SI of at
least 2.1 and 0.7, respectively, could be calculated for 2n and 2o.
Although only a low antimycobacterial activity against extracellular
Mtb H37Ra was present, 2n showed to be the most potent of the
evaluated hybrids. Interestingly, this compound belonged to those
providing the strongest inhibitory properties towards the myco-
bacterial enzyme Zmp1.

As the thiazolidinedione-hydroxamate hybrids were designed
as Zmpl-inhibitors, the in vitro antimycobacterial activity of the
compounds against intracellular residing Mtb H37Ra bacilli was
assessed as well. The intracellular activity was studied using a
luminometric macrophage infection assay [41]. Based on the
luminescent signal of the synthesized compounds and untreated
control, the obtained results were expressed as inhibition
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Table 4
In vitro antimycobacterial activity and acute cytotoxicity results.

Compound ICs0 (uM)* MIC (pM)” CCyp (UM)* SI
1a >64 >64 >128 ND
1b >64 >64 =128 ND
1c >64 >64 >128 ND
1d >64 >64 >128 ND
2a >64 >64 >128 ND
2b >64 >64 >128 ND
2¢ =64 >64 >128 ND
2d =64 >64 =128 ND
2e 59.5 >64 =128 ND
2f 51.7 >64 >128 ND
2g >64 >64 >128 ND
2h =64 >64 >128 ND
2i =64 >64 =128 ND
2j =64 >64 >128 ND
2k =64 >64 >128 ND
21 60.0 >64 >128 ND
2m 55.0 >64 >128 ND
2n 422 61.8 >128 >2.1
20 444 >64 439 >0.7
2p >64 >64 >128 ND
Isoniazid 0.1 03 ND ND
Tamoxifen ND ND 1.1 ND

ND, not done.
# Fifty percent inhibitory concentration.
b Minimum inhibitory concentration.
© Fifty percent cytotoxicity concentration.
4 Selectivity index {CCsp/MIC).

percentages. As depicted in Fig. 5, sixteen of the thiazolidinedione-
hydroxamates were found antimycobacterial at a final test con-
centration of 100 uM. Only 2f, 2h, 2m and 20 completely lacked
intracellular activity. Considering a final concentration of 10 uM,
eight of the thiazolidinedione-hydroxamates showed an anti-
mycobacterial activity in this experimental arrangement, namely
1b, 1d, 2a, 2c, 2e, 2g, 2i, and 2k. The percentage inhibition was 30.2,
216, 38.3, 46.9, 48.8, 19.4, 20.6 and 25.1%, respectively. This in-
dicates that the existing structural differences not only influence
the enzymatic inhibitory strength towards Zmp1 but also affect less
straightforward biological properties such as cell membrane
penetration. The hybrid 2n, which showed only a low anti-
mycobacterial activity against extracellular Mth H37Ra, exhibited
intracellular activity at the relatively high 100-uM concentration. In

100

80

60

40

20

Percentage Inhibition (%)

o 4
AP AR 240 48 42 a2 424 B Dt DS a0 RS

Fig. 5. 1lul, ial activity of the thiazolidinedione-hydrox-
amates. The growth inhibition of Mtb H37Ra"* inside RAW264.7 macrophages upon
24 h of exposure to 100 and 10 uM of the hybrids was expressed as the percentage
inhibition. l1soniazid (INH) was used as a reference at a final test concentration of
0.1 M. Results are presented as the mean + SD.

contrast, 2e excels in antimycobacterial activity against intracel-
lular residing Mtb H37Ra, even at the lower concentration of 10 uM,
whereas it lacks a significant extracellular activity. Structure-
activity relationship deductions indicate that the R? linker, con-
necting the thiazolidinedione and hydroxamate moieties, did not
influence in vitro intracellular activity too much. In contrast, the R’
substitution appeared largely influential. For example, for the
simple thiazolidinedione-unsubstituted hydroxamates 1, the
benzyl-substitution (1a and 1c) reduced intracellular anti-
mycobacterial activity at lower concentrations. In contrast, the R!
benzyl-substitution of the thiazolidinedione-hydroxamates 2
increased their in vitro potency against intracellular residing Mth
H37Ra. For the latter group, the R? substitution also showed to be
important: the presence of an alkyl reduced the antimycobacterial
activity at low concentrations, whereas substitution with either an
unsubstituted benzyl group or fluorinated benzyl group increased
the inhibition percentage in the intracellular test. Hybrid 2e was
selected as the most potent inhibitor of intracellular residing Mth
H37Ra, with an inhibition percentage of 70.4 and 48.8% at 100 and
10 uM, respectively. Hybrid 2n, however, was selected as the most
optimal compound considering the overall results, including the in
silico drug-likeness predictions and target-based enzymatic assays.

3.4. Pose identification with in silico molecular docking

In order to explain the inhibitory effect of the thiazolidinedione-
hydroxamates, we have employed a molecular docking of 2n into
the internal central cavity of Mycobacterium tuberculosis zinc met-
alloprotease Zmp1 structure (PDB ID: 3ZUK) [7]. The compound
mimics the interactions of the indole part of phosphoramidon in-
hibitor crystal pose as shown in Fig. 6A. Both aromatic moieties, the
indole of phosphoramidon and thiazolidinedione of compound 2n,
interact via a -7 interaction with the phenyl ring of F48. They also
share the H-bond with R628 and the hydrophobic interactions with
the aliphatic chain in the cleft formed by F48 and W604. Phos-
phoramidon, however, shows a direct interaction with the zinc
atom and its surroundings leading towards much stronger inhibi-
tion (K; = 35 nM according to PDBBIND) [42]. Compound 2n shows
additional polar contacts with the cavity entrance at R616. This is in
agreement with the previous suggestion of designing such prom-
ising inhibitors, which would target the secondary binding pocket
at the active site of Zmp1 [7].

The reasons for a good performance of the compound 2n seem
to be i) nonpolar aliphatic chain interaction with the hydrophobic
cleft, where larger moieties do not fit, ii) unbranched linker joining
the polar moiety of 2n to the thiazolidinedione ring, which allows
more flexibility towards the polar part of the entrance into the
cavity and iii) polar interactions with highly populated charged
residues within the entrance.

The studied thiazolidinedione-hydroxamates are thus expected
to occupy the entrance into the central cavity, approximately 7 A
apart of the zinc-binding catalytic site (Fig. 6B). This is probably the
reason for their lower efficiency than it could have been expected
from their rational design (combining structural features of previ-
ously described potent inhibitors) as they are only gate-keeping the
entry/exit of the peptidic substrate and do not further interfere
with the reaction on the zinc atom. In contrast, as shown in crystal
structures, phosphoramidon interacts directly with the zinc cata-
lytic site and this allows the compound to inhibit also human zinc
metallopeptidase neprilysin (NEP) structure (PDB ID: 1DMT) [43] as
shown in Fig. 6C. NEP is able to cleave peptide bonds between
hydrophobic residues in a variety of peptides such as opioid Met-
and Leu-enkephalins [44] or angiotensins (e.g. angiotensin II).
However, while the cleft surrounding the zinc-binding catalytic site
is structurally identical, the entrance into the cavity differs
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Fig. 6. Pose identification with docking. A - a

of the docked
pose of 2n with that of phosphoramidon (from the crystal structure, PDB 1D: 3ZUK) at
the catalytic site of Zmp1; B — the docked poses of thiazolidinedione-hydroxamates in

the entrance compared to the crystal pose of ph king the
entrance and also occupying the catalytic site of Zmp1: C ~ a comparison of the
binding of phosphoramidon in the cavity of Zmp1 (PDB ID: 3ZUK) and neprilysin (NEP;
PDB ID: 1DMT) [43]. Notice the conserved amino acids around the zinc-binding cat-
alytic site; on the contrary, the entrance shows a variability in the constituting amino
acids.

dramatically between the Mycobacterium and human zinc
metallopeptidases.

4. Conclusion

In conclusion, we have developed an efficient synthetic protocol
for the preparation of a series of thiazolidinedione-hydroxamates
and assessed their inhibitory properties towards a recombinant
Zmp1 from Mycobacterium tuberculosis by MALDI-TOF MS. This
characterization was completed by whole-cell biological activity
and cytotoxicity tests. Results showed that none of the synthesized
thiazolidinedione-hydroxamates possessed acute cytotoxic effects
against RAW264.7 macrophages. The extracellular anti-
mycobacterial activity was rather limited, whereas anti-
mycobacterial activity against intracellular residing bacilli was
present for the majority of the tested hybrid library. The existing
structural differences were reflected in the variability of the in silico
predicted parameters and biologically determined responses.
When looking for a synergic behavior of the studied synthetic
compounds in all performed experimental tests, the compound 2n,
which does not contain aromatic R' and R* substituents as well as a
branched R? linker, was found the most optimal.

5. Experimental section
5.1. Materials and methods

Solvents and chemicals were purchased from Sigma-Aldrich
(www.sigmaaldrich.com) and Fluorochem (www.fluorochem.co.
uk). All reactions were carried out at ambient temperature (21 °C)
unless stated otherwise. Analytical thin-layer chromatography
(TLC) was performed using aluminum plates precoated with silica
gel (silica gel 60 F254).

The LC-MS analyses were carried out on UHPLC-MS system
consisting of UHPLC chromatograph Accela with photodiode array
detector and triple quadrupole mass spectrometer TSQ Quantum
Access (Thermo Scientific, CA, USA), using Nucleodur Gravity C18
column (dimensions 1.8 um, 2.1 x 50 mm at 30 °C and a flow rate of
800 plfmin (Macherey-Nagel, Germany). The mobile phase was (A)
0.1% ammonium acetate in water, and (B) 0.1% ammonium acetate
in acetonitrile, linearly programmed from 10% to 80% B over
2.5 min, kept for 1.5 min. The column was re-equilibrated with 10%
of solution B for 1 min. The APCI source operated at a discharge
current of 5pA, vaporizer temperature of 400°C and a capillary
temperature of 200°C.

NMR 1H/13C spectra were recorded on JEOL ECX-500SS
(500 MHz) or JEOL ECA400II (400 MHz) spectrometer at magnetic
field strengths of 11.75T (with operating frequencies 500.16 MHz
for 1H and 125.77 MHz for 13C) and 9.39T (with operating fre-
quencies 399.78 MHz for 1H and 100.53 MHz for 13C) at ambient
temperature (~21 °C). Chemical shifts (4) are reported in parts per
million (ppm), and coupling constants (/) are reported in Hertz (Hz).
NMR spectra were recorded at ambient temperature (21°C) in
DMSO-dg and referenced to the resonance signal of the solvent.

HRMS analysis was performed with LC-MS and an Orbitrap
high-resolution mass spectrometer (Dionex, Ultimate 3000,
Thermo Exactive plus, MA, USA) operating in positive full scan
mode in the range of 80-1200 m/z. The settings for electrospray
ionization were as follows: 150 °C oven temperature and 3.6 kV
source voltage. The acquired data were internally calibrated with
phthalate as a contaminant in methanol (m/z 297.15909). Samples
were diluted to a final concentration of 0.1 mg/ml in a solution of
water and acetonitrile (50:50, v/v). The samples were injected into
the mass spectrometer following HPLC separation on a Kinetex C18
column (2.6 um, 100 A, 50 x 3.0 mm) using an isocratic mobile
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phase of 0.01M acetonitrile/ammonium acetate (80/20) at a flow
rate of 0.3 mImin~".

SFC chiral analyses were performed using an Acquity UPC sys-
tem (Waters) consisting of a binary solvent manager, sample
manager, column manager, column heater, convergence manager,
PDA detector 2998, QDA mass detector and chiral analytical col-
umns CHIRALPAK IA3, IB3, IC3 and ID3 (4,6 x 100 mm, 3 pm par-
ticle size). The chromatographic runs were performed at a flow rate
of 22 mlmin~ ', column temperature of 38 °C and ABPR 2000 psi.

5.2. Chemistry

5.2.1. General procedure for Knoevenagel condensation

A mixture of thiazolidinedione 3, aldehyde (1 eq), piperidine
(0.8 eq) and EtOH (130 ml/17 mmol) was refluxed on (16-20 h) and
worked up according to method A or B.

Method A: The reaction mixture was poured into H,0 (200 ml),
acidified with AcOH (10 ml) and filtered affording compounds 6.

Method B: The product was concentrated in vacuum and purified
by column chromatography (mobile phase: hexane/EtOAc 6:2)
affording compounds 6.

5.2.2. General procedure for reaction with bromoester

Thiazolidinedione 3 or 6 was dissolved in dry DMF (10 ml/
8 mmol). NaH (1 eq) was slowly added to the reaction mixture
followed by stirring and stirred for 10 min. Bromoester (1 eq) was
added dropwise. After stirring overnight (24 h), the reaction
mixture was diluted with water (50 ml). The product was extracted
with DCM (5 x 50 ml), organic layers were washed with 5% HCl,
brine, dried over Na,;S04 and concentrated in vacuum.

5.2.3. Methyl 2-(2,4-dioxo-5-pentylidenethiazolidin-3-yl)acetate
7a

Orange oil. Yield: 81% (822 mg). "H NMR (500 MHz, DMSO-dg):
6712 (t, ] =7.7 Hz, 1H), 4.44 (s, 2H), 3.70 (s, 3H), 2.28-2.23 (m, 2H),
1.53-1.47 (m, 2H), 1.32 (dd, | = 14.9, 7.4 Hz, 2H), 0.89 (t, ] = 7.3 Hz,
3H). *C NMR (126 MHz, DMSO-ds): 6 167.17, 166.63, 163.57, 140.10,
123.92, 52.58, 41.83, 31.01, 29.23, 21.74, 13.56. HRMS: m/z: calcd for
Cy1H5NO,S: 258.0795 [M+H]"; found: 258.0796.

5.2.4. Methyl 2-(2,4-dioxo-5-pentylidenethiazolidin-3-yl)
propanoate 7b

Mobile phase: DCM/MeOH 98:2. Brown solid. Yield: 44%
(467 mg). "H NMR (500 MHz, DMSO-dg): & 7.10 (t, | = 7.7 Hz, 1H),
5.07 (q, ] =71 Hz, 1H), 3.65 (s, 3H), 2.24 (dd, | = 14.8, 7.5 Hz, 2H),
1.51-1.46 (m, 5H), 1.32 (dd, | = 14.9, 7.4 Hz, 2H), 0.89 (t, ] = 7.3 Hz,
3H). '*C NMR (126 MHz, DMSO-dg): 6 169.02, 166.42, 163.42, 140.12,
123.77, 52.57, 49.98, 30.99, 29.24, 21.76, 13.95, 13.57. HRMS: m/z:
caled for Cy,H ;NO,4S: 272.0951 [M+H]"; found: 272.0952.

5.2.5. Ester hydrolysis

Ester 4/7 was dissolved in HBr 40% (8 ml/5 mmol) and refluxed
for 5 h. The mixture was cooled down to rt and diluted with water
(50 ml) and worked up according to method A or B.

Method A: The resulting suspension was filtered and washed
with water.

Method B: The product was extracted with EtOAc (3 x 50 ml),
washed with brine, dried over Na;SO4 and concentrated in vacuum.

5.2.6. 2-(2,4-Dioxo-5-(4-trifluoromethyl)benzylidene)thiazolidin-
3-yl)propanoic acid 8a

FaC,

B
N OH

Method A. Brown solid. Yield: 55% (734 mg). '"H NMR (500 MHz,
DMSO-dg): 6 13.28 (s, 1H), 8.06 (s, 1H), 7.91 (d, | = 8.4 Hz, 2H), 7.86
(d,J=8.1Hz, 2H), 5.03 (q, ] = 7.2 Hz, 1H), 1.52 (d, ] = 7.2 Hz, 3H). '*C
NMR (126 MHz, DMSO-dg): 4 169.89, 166.32, 164.63, 136.83, 131.89,
130.63, 130.01 (q, J=32.7 Hz), 126.12, 123.79 (q, J=272.1Hz),
123.68, 50.49, 13.87. HRMS: m/z: calcd for C14H10F3NO4S: 346.0355
[M+H]"; found: 346.0358.

5.2.7. 2-(2,4-Dioxo-5-pentylidenethiazolidin-3-yl)propanoic acid

8h
o
i
NT)LOH
o

Method B. Brown solid. Yield: 83% (415 mg). '"H NMR (500 MHz,
DMSO-dg): 6 13.16 (s, 1H), 7.08 (t, | = 7.7 Hz, 1H), 4.93 (q, ] = 7.2 Hz,
1H), 2.24 (dd, = 14.8, 7.5 Hz, 2H), 1.51-1.45 (m, 5H), 1.32 (dd,
] =149, 7.4Hz, 2H), 0.89 (t, /= 7.3 Hz, 3H). '*C NMR (126 MHz,
DMSO-dg): 6 169.97, 166.48, 163.58, 139.59, 123.94, 50.06, 30.96,
29.26, 21.76, 13.91, 13.57. HRMS: mjfz: caled for C;;Hi5sNO4S:
258.0795 [M+H]": found: 258.0795.

5.2.8. Reaction with hydroxylamine.HCI

Carboxylic acid (1 eq) 5/8 was suspended in water (20 ml/
1 mmol). Hydroxylamine.HCl (1.5 eq) was dissolved in water (20
ml/1 mmol). The amine mixture was added to the acid mixture and
the pH was adjusted to 4.5 with 1M NaOH. THF was added until a
homogeneous solution was obtained. EDCHCI (3 eq) was dissolved
in water (10 ml/1 mmol) and added in aliquots (4 ml/1 min) to the
reaction mixture. The reaction was stirred for 2 h and worked up
according to the method A or B.

Method A: The reaction was filtered and the solid was dried
overnight.

Method B: The product was extracted with EtOAc (3 x 40 ml),
washed with saturated NaHCO;, brine, dried over Na,SO4 and
concentrated in vacuum.

5.2.9. N-(benzyloxy)-2-(2 4-dioxothiazolidin-3-yl)acetamide 1a
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o

1. O

N
H

Method A. Mobile phase: DCM/MeOH 90:10. White solid. Yield:
49% (277mg). 'H NMR (500 MHz, DMSO-dg): 6 11.22 (s, 1H),
7.42-7.35 (m, 5H), 4.82 (s, 2H), 4.25 (s, 2H), 4.10 (s, 2H). '*C NMR
(126 MHz, DMSO-ds): & 171.84, 17146, 162.66, 135.65, 128.87,
128.32, 77.05, 41.14, 33.97. HRMS: m/z: caled for C;;H;;N,0,S:
281.0591 [M+H]"; found: 281.0592.

5.2.10. N-(allyloxy)-2-(2,4-dioxothiazolidin-3-yl)acetamide 1b

N
H

o
S o)

SrN\/U\ O
(¢}

Method B. Mobile phase: CHCl;/MeOH 90:10. Yellow oil. Yield:
55% (257 mg). 'H NMR (500 MHz, DMSO-dg): 6 11.35 (s, 1H),
5.95-5.87 (m, 1H), 5.31 (d, ] = 17.3 Hz, 1H), 5.26 (d, ] = 10.4 Hz, 1H),
4.27 (s, 4H), 4.03 (s, 2H). '*C NMR (126 MHz, DMSO-dg): 6 171.82,
171.44,162.49, 132.70, 119.48, 76.05, 41.11, 33.96. HRMS: m/z: calcd
for CgH1oN204S: 231.0434 [M+H]"; found: 231.0435.

5.2.11. N-(benzyloxy)-2-(2,4-dioxothiazolidin-3-yl)propanamide 1c

o]

Method B. Mobile phase: DCM/MeOH 90:10. Yellow oil. Yield:
61% (342mg). 'H NMR (500 MHz, DMSO-dg): 6 11.35 (s, 1H),
7.40-7.38 (m, 4H), 7.37-7.36 (m, 1H), 4.75 (d, ] = 7.1 Hz, 2H), 4.68
(q. J=71Hz, 1H), 4.16 (s, 2H), 1.40 (d, | = 7.2 Hz, 3H). '*C NMR
(126 MHz, DMSO-dg): 6 171.71,171.31,165.08, 135.67, 128.94, 128.28,
76.90, 49.39, 34.03, 13.61. HRMS: m/z: calcd for CyzHy4N204S:
295.0747 [M+H]|"; found: 295.0749.

5.2.12. N-(allyloxy)-2-(2,4-dioxothiazolidin-3-yl)propanamide 1d

§
ngj)Lu,o\/\

o}

Method B. Mobile phase: CHCl;/MeOH 90:10. Yellow oil. Yield:
52% (240mg). 'H NMR (500 MHz, DMSO-dg): 6 11.24 (s, 1H),
5.94-5.86 (m, 1H), 5.30 (dd, J = 17.3, 1.6 Hz, 1H), 5.24 (d, ] = 10.5 Hz,
1H), 4.65 (q,J = 7.1 Hz, 1H), 4.25-4.23 (m, 2H), 4.16 (s, 2H), 1.38 (d,
J=7.2Hz, 3H). *C NMR (126 MHz, DMSO-dg): & 171.66, 171.29,
164.87,132.80, 119.24, 75.83, 49.33, 34.02, 13.59. HRMS: m/z: calcd
for CoH13N204S: 245.0591 [M+H]"; found: 245.0593.

5.2.13. 2-(5-benzylidene-2,4-dioxothiazolidin-3-yl)-N-(benzyloxy)
acetamide 2a

13,0

Method A. White solid. Yield: 58% (451 mg). "H NMR (500 MHz,
DMSO-dg): 6 11.34 (s, 1H), 7.96 (s, 1H), 7.65 (d, ] = 7.3 Hz, 2H), 7.56 (t,
J=73Hz, 2H), 7.52 (d, ] = 7.1 Hz, 1H), 7.42-7.37 (m, 5H), 4.84 (s,
2H), 4.28 (s, 2H). '*C NMR (126 MHz, DMSO-d): 4 166.96, 165.15,
162.54, 135.64, 133.50, 132.83, 130.77,130.15, 129.39, 128.91, 128.33,
121.00, 77.10, 41.50. HRMS: m/z: calcd for CioHigN;04S: 369.0904
[M+H]"; found: 369.0907.

5.2.14. N-(allyloxy)-2-(5-benzylidene-2,4-dioxothiazolidin-3-yl)
acetamide 2b

Method A. White solid. Yield: 51% (339 mg). '"H NMR (500 MHz,
DMSO-dg): 6 11.26 (s, 1H), 7.96 (s, 1H), 7.64 (d, ] =6.0 Hz, 2H),
7.58-7.51 (m, 3H), 5.96 (s, 1H), 5.35 (d, J=17.2 Hz, 1H), 5.28 (d,
J=92Hz, 1H), 430 (d, J=28.8Hz, 4H). *C NMR (126 MHz,
DMSO-dg): 6 166.94, 165.13, 162.38, 133.48, 132.82, 132.69, 130.77,
130.14, 129.39, 120.99, 119.54, 76.09, 41.46. HRMS: m/z: calcd for
Ci5H14N204S: 319.0747 [M+H]"; found: 319.0749.

5.2.15. 2-(5-benzylidene-2,4-dioxothiazolidin-3-yl)-N-(benzyloxy)
propanamide 2¢

F ¢
QJYT‘LQ

Method B. Mobile phase: DCM/MeOH 98:2. Yellow solid. Yield:
64% (373 mg). 'H NMR (500 MHz, DMSO-dg): 6 11.46 (s, 1H), 7.94 (s,
1H), 7.65 (d, ] = 74 Hz, 2H), 7.58-7.50 (m, 3H), 7.40-7.34 (m, 5H),
4.87 (q, ] = 7.1 Hz, 1H), 4.77 (q, ] = 10.7 Hz, 2H), 1.50 (d, ] = 7.2 Hz,
3H). 3¢ NMR (126 MHz, DMSO-dg): 4 166.75, 164.99, 164.90, 135.69,
132.96, 130.63, 130.05, 129.40, 128.97, 128.27, 121.36, 76.92, 49.85,
13.86. HRMS: m/z: caled for CyoHisN204S: 383.1060 [M+H]':
found: 383.1058.

5.2.16. N-{allyloxy)-2-(5-benzylidene-2,4-dioxothiazolidin-3-yl)
propanamide 2d

o H
Method B. Mobile phase: DCM/MeOH 98:2. Yellow solid. Yield:

62% (314 mg). '"H NMR (500 MHz, DMSO-dg): 6 11.36 (s, 1H), 7.94 (s,
1H), 7.64 (d, J = 7.4 Hz, 2H), 7.58—7.51 (m, 3H), 5.91 (dq, /= 10.7,
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6.1 Hz, 1H), 5.31 (d, ] = 17.3 Hz, 1H), 5.24 (d, ] = 11.7 Hz, 1H), 4.85 (q,
J=71Hz, 1H), 426 (t, | =52 Hz, 2H), 148 (d, ] = 7.2 Hz, 3H). *C
NMR (126 MHz, DMSO-dg): 4 166.72, 164.98, 164.70, 132.95, 132.82,
130.63, 130.05, 129.39, 121.36, 119.30, 75.87, 49.81, 13.85. HRMS: m/
z: caled for CygH1gN204S: 333.0904 [M+H|"; found: 333.0905.

5.2.17. N-(benzyloxy)-2-(2,4-dioxo-5-(4-trifluoromethyl)
benzylidene)thiazolidin-3-yl)acetamide 2e

F3C

L 5P o
AR
o H

Method A. White solid. Yield: 49% (298 mg). '"H NMR (500 MHz,
DMSO-dg): 6 11.35 (s, 1H), 8.04 (s, 1H), 7.87 (dd, ] = 19.3, 8.2 Hz, 4H),
7.43-737 (m, 5H), 4.85 (s, 2H), 4.29 (s, 2H). *C NMR (126 MHz,
DMSO-dg): 6 166.62, 164.93, 162.45, 136.81,135.63, 131.67, 129.97 (q,
] =31.5Hz), 128.92, 128.33, 126.13, 124.00, 123.79 (q, ] = 273.4 Hz),
7711, 4163. HRMS: mfz: caled for CoHisFsN,04S: 437.0777
[M+H]"; found: 437.0775.

5.2.18. N-(allyloxy)-2-(2,4-dioxo-5-(4-trifluoromethyl)
benzylidene )thiazolidin-3-yl)acetamide 2f

F1C,

\ 4

S ° o)
= |
N\)\N'O\/\
o H

Method A. Yellow solid. Yield: 50% (289 mg). "H NMR (500 MHz,
DMSO-dg): 6 11.27 (s, 1H), 8.03 (s, 1H), 7.89 (d, ] = 8.4 Hz, 2H), 7.85
(d,J=8.4Hz, 2H), 5.96 (dd, J = 16.1, 9.9 Hz, 1H), 5.35 (d, ] = 17.2 Hz,
1H), 5.28 (d, J=10.1Hz, 1H), 4.33 (s, 4H). *C NMR (126 MHz,
DMSO-dg): 4 166.60, 164.91, 162.29, 136.81, 132.69, 131.66, 130.63,
129.97 (q, |=31.5Hz), 126.16, 124.00, 123.81 (q, J=272.1 Hz),
119.56, 76.11, 41.59. HRMS: m/z: calcd for C;3H,3F3;N,0,S: 387.0621
[M+H]"; found: 387.0621.

5.2.19. N-(benzyloxy)-2-(2,4-dioxo-5-(4-trifluoromethyl)
benzylidene)thiazolidin-3-yl)propanamide 2g

FiC
o
NW)LN,O
A H

Method B. Mobile phase: DCM/MeOH 95:5. White solid. Yield:
48% (126 mg). "H NMR (500 MHz, DMSO-d;): 4 11.47 (s, 1H), 8.03 (s,
1H), 7.91 (d, ] = 8.3 Hz, 2H), 7.86 (d, ] = 8.1 Hz, 2H), 7.41-734 (m,
5H),4.88(q,]=7.0Hz,1H),4.77 (q,/ = 8.4 Hz, 2H),1.50 (d, ] = 7.1 Hz,
3H). "*C NMR (126 MHz, DMSO-dg): 6 166.41,164.82, 164.78, 136.94,
135.67, 131.05, 130.53, 129.85 (q, J = 32.7), 128.98, 128.28, 126.16,
124.41,123.80 (q, J = 273.4 Hz), 49.95, 13.82. HRMS: m/z: calcd for
C,1H;F3N,0,S: 451.0934 [M+H]"; found: 451.0934.

5.2.20. N-(allyloxy)-2-(2,4-dioxo-5-(4-trifluoromethyl)
benzylidene )thiazolidin-3-yl)propanamide 2h

F3C,

o H

Method B. Mobile phase: DCM/MeOH 98:2. White solid. Yield:
31% (127 mg). 'H NMR (500 MHz, DMSO-ds): 6 11.37 (s, 1H), 8.02 (s,
1H), 7.91 (d, ] = 8.3 Hz, 2H), 7.85 (d, | = 8.2 Hz, 2H), 5.91 (qd, J = 11.8,
6.1 Hz, 1H), 5.31 (d, ] = 17.3 Hz, 1H), 5.24 (d, ] = 10.4 Hz, 1H), 4.86 (q,
J=6.9Hz, 1H), 4.26 (t, ] =5.1 Hz, 2H), 149 (d, /= 7.1 Hz, 3H). '*C
NMR (126 MHz, DMSO-dg): 6 166.38, 164.76, 164.62, 136.94, 132.81,
131.04, 130.54, 129.85 (q. /=315 Hz), 126.18, 124.41, 123.80 (q,
J=2721Hz), 119.34, 75.89, 49.92, 13.79. HRMS: m|z: calcd for
Ci7H15F3N204S: 401.0777 [M+H]"; found: 401.0775.

5.2.21. N-(benzyloxy)-2-(5-(4-fluorobenzylidene)-2,4-
dioxothiazolidin-3-yl)acetamide 2i

Method A. Yellow solid. Yield: 75% (617 mg). "H NMR (500 MHz,
DMSO-dg): 6 11.33 (s, 1H), 7.97 (d, | = 7.0 Hz, 1H), 7.71 (dd, ] = 12.5,
6.7 Hz, 2H), 7.42-7.36 (m, 7H), 4.84 (s, 2H), 4.27 (s, 2H). *C NMR
(126 MHz, DMSO-dg): 6 166.85, 165.11, 164.06, 162.53, 162.06,
135.64,132.66, 132.47,129.51,128.99, 128.82, 128,41, 128.26, 120.70,
116.74, 116.67, 116.43, 77.10, 41.51. HRMS: m/z: caled for
CigH15FN;0,S: 387.0809 [M+H]"; found: 387.0813.

5.2.22. N-(allyloxy)-2-(5-(4-fluorobenzylidene)-2,4-
dioxothiazolidin-3-yl)acetamide 2j

o]
S\l& o
= |
N\/LN'O\/\
o H

Method A. Yellow solid. Yield: 75% (432 mg). '"H NMR (500 MHz,
DMSO-dg): 6 11.25 (s, 1H), 7.97 (s, 1H), 7.74—7.69 (m, 2H), 7.38 (t,
J=84Hz, 2H), 595 (s, 1H), 5.35 (d, J=171Hz2H), 5.28 (d,
J=9.5Hz, 2H), 432 (br s, 4H). '*C NMR (126 MHz, DMSO-dg):
6 166.82, 165.10, 162.37, 162.06, 132.70, 132.62, 132.43, 129.50,
119.54,116.72, 116.61, 116.55, 116.44, 76.09, 41.47. HRMS: m/z: calcd
for CysH13FN20,4S: 337.0653 [M+H]"; found: 337.0653.

5.2.23. N-(benzyloxy)-2-(5-(4-fluorobenzylidene)-2,4-
dioxothiazolidin-3-yl)propanamide 2k

125



V. Slachtova et al. / European Journal of Medicinal Chemistry 185 {2020) 111812 1n

D
NW/LN,O\/Q

o H

Method B. Mobile phase: DCM/MeOH 98:2. Green solid. Yield:
45% (62 mg). 'H NMR (500 MHz, DMSO-ds): & 11.46 (s, TH), 7.96 (s,
1H), 7.72 (dd, J=8.5, 5.5Hz, 2H), 7.43-7.34 (m, 7H), 4.87 (q,
J=71Hz, 1H), 4.77 (d, ] = 8.2 Hz, 2H), 1.49 (d, | = 7.2 Hz, 3H). *C
NMR (126 MHz, DMSO-dg): 4 166.63, 164.95, 164.89, 163.97, 161.97,
135.69, 132.59, 131.89, 129.62, 128.97, 128.27, 121.07, 116.68, 116.50,
76.92, 49.88, 13.86. HRMS: m/z: calcd for CgH7FN,04S: 401.0966
[M+H]"; found: 401.0968.

5.2.24. N-(allyloxy)-2-(5-(4-fluorobenzylidene)-2,4-
dioxothiazolidin-3-yl)propanamide 21

N N,O\/\
o H

Method B. Mobile phase: DCM/MeOH 95:5. Green solid. Yield:
45% (54 mg). '"H NMR (500 MHz, DMSO-dg): é 11.35 (s, TH), 7.95 (s,
1H), 7.72 (dd, | = 8.7, 5.4 Hz, 2H), 7.41 (t, ] = 8.8 Hz, 2H), 5.95-5.87
(m, 1H), 5.30 (d, ] = 16.0 Hz, 1H), 5.24 (d, | = 10.4 Hz, 1H), 4.84 (q,
J=7.0Hz, 1H), 426 (t, ] = 5.2 Hz, 2H), 148 (d, | = 7.2 Hz, 3H). *C
NMR (126 MHz, DMSO-dg): 6 166.59, 164.94, 164.69, 161.97, 132.81,
132.59, 132.52, 131.88, 129.64, 121.07, 119.31, 116.67, 116.50, 75.88,
49.84, 13.84. HRMS: m/z: caled for CigHisFN204S: 351.0809
[M-+H]*; found: 351.0811.

5.2.25. N-(benzyloxy)-2-(2,4-dioxo-5-pentylidenethiazolidin-3-yl)

acetamide 2m
fe]
S o
N A0
0 H

Method B. Brown solid. Yield: 35% (174 mg). 'H NMR (500 MHz,
DMSO-dg): 6 11.29 (s, 1H), 7.43-7.37 (m, 5H), 7.09 (dt, J=11.2,
7.6 Hz, 1H), 4.83 (d, | = 8.5Hz, 2H), 4.21 (s, 2H), 2.27 (dq, | = 11.2,
74 Hz, 2H), 1.53 (dd, | = 14.5, 10.9 Hz, 2H), 1.36 (ddd, J = 14.5, 11.1,
75Hz, 2H), 092 (t, /=113, 73Hz, 3H). *C NMR (126 MHz,
DMSO-dg): 6 166.79, 163.86, 162.60, 139.33, 135.64, 128.86, 128.33,
124.32,77.07, 41.19, 30.95, 29.28, 21.75, 13.57. HRMS: m|z: calcd for
Cy7H0N,0,4S: 349.1217 [M+H]"; found: 349.1217.

5.2.26. N-(allyloxy)-2-(2,4-dioxo-5-pentylidenethiazolidin-3-yl)
acetamide 2n

s ¢S PN

Method B. Mobile phase: hex/EtOAc 60:40. Yellow solid. Yield:
40% (178 mg). "H NMR (500 MHz, DMSO-de): 6 11.40 (s, 1H), 7.08 (t,
J=77Hz, 1H), 591 (ddd, J=16.5, 113, 6.0Hz, 1H), 5.32 (d,
J=173Hz,1H),5.26 (d,] = 10.4 Hz,1H), 4.35-4.13 (m, 4H), 2.24 (dd,
J=14.7, 74 Hz, 2H), 1.50 (dt, | = 15.0, 7.4 Hz, 2H), 1.32 (dd, | = 14.9,
7.4 Hz, 2H), 0.89 (t, | = 7.3 Hz, 3H). *C NMR (126 MHz, DMSO-dg):
4 166.76, 163.85, 162.43, 139.28, 132.70, 124.31, 119.48, 76.06, 41.16,
30.94, 29.27, 21.74, 13.57. HRMS: m/z: caled for Cy3HigN»04S:
299.1060 [M+H]"; found: 299.1060.

5.2.27. N-(benzyloxy)-2-(2,4-dioxo-5-pentylidenethiazolidin-3-yl)

propanamide 20
o]
NW)L °
o H

Method B. Mobile phase: DCM/MeOH 95:5. Yellow oil. Yield: 60%
(160 mg). '"H NMR (500 MHz, DMSO-dg): 6 11.41 (s, 1H), 7.39-7.34
(m, 5H), 7.04 (t, ]=7.7Hz, 1H), 4.76 (t, ]=8.8 Hz, 3H), 2.23 (q,
J=74Hz, 2H), 1.51-1.48 (m, 2H), 1.45 (d, ] = 7.2 Hz, 3H), 1.33 (dd,
J=14.9, 74 Hz, 2H), 0.89 (t, /=73 Hz, 3H). *C NMR (126 MHz,
DMSO-dg): & 166.59, 164.94, 163.73, 138.64, 135.68, 128.95, 128.26,
124.51, 76.89, 49.64, 30.87, 29.32, 21.75, 13.85, 13.59. HRMS: m/z:
caled for CigH2N204S: 363.1373 [M+H]"; found: 363.1372.

5.2.28. N-(allyloxy)-2-(2,4-dioxo-5-pentylidenethiazolidin-3-yl)

propanamide 2p
\(O
\_ng 7)'L”,O\/\

o

Method B. DCM/MeOH 85:15. Yellow oil. Yield: 56% (129 mg). 'H
NMR (500 MHz, DMSO-dg): 6 11.31 (s, 1H), 7.04 (s, 1H), 5.91 (ddd,
J=17.0,11.2,5.9 Hz, 1H), 5.29 (d, ] = 15.8 Hz, 1H), 5.23 (d, ] = 8.8 Hz,
1H), 4.76 (q, ] = 7.1 Hz, 1H), 4.24 (s, 2H), 2.23 (dd, ] = 14.8, 7.4 Hz,
2H), 1.51-147 (m, 2H), 1.43 (d, /= 72 Hz, 3H), 1.33 (dd, | = 14.9,
7.4 Hz, 2H), 0.89 (t, ] = 7.3 Hz, 3H). *C NMR (126 MHz, DMSO-de):
6 166.54, 164.74, 163.71, 138.63, 132.81, 119.25, 75.84, 49.59, 30.87,
2932, 21.75, 13.84, 13.58. HRMS: m/z: calcd for Cy4HzoN»04S:
313.1217 [M+H]"; found: 313.1215.

5.3. In silico prediction of drug-likeness properties

Physicochemical and pharmacokinetic parameters of the
thiazolidinedione-hydroxamates were in silico predicted using the
FAFDrugs4 [29] and admetSAR tools [30]. The different parameters
predicted were as follows: molecular weight, octanol/water parti-
tion coefficient, number of hydrogen donors, number of hydrogen
acceptors, number of atoms, number of rotatable bonds, aqueous
solubility, Solubility Forecast Index, oral bioavailability via Veber's
rule, 4/400 GSK rule, Ames toxicity and acute oral toxicity.

5.4. Zmp1 inhibition assay
Human angiotensin II (Sigma-Aldrich, Cat. No. A9525) was dis-
solved in LC-MS-quality water to a concentration of 4 nmol/ml.

Aliquots (24 ul) of the stock solution were mixed with 1 ul of 2M
NH4HCO; in 0.5-ml test tubes. This was followed by pipetting either
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1 pl of neat acetone (control) or 1 ul of 1 mM inhibitor solution in
acetone (sample). After pre-incubation in a thermostat at 37 °C for
3 min, the reaction was started by adding 1 pl of a recombinant
Zmp1 metallopeptidase from Mycobacterium tuberculosis (ProSci,
Poway, CA, USA; Cat. No. 90-361; diluted 1:4, v/v, with cold 50 mM
NH4HCO; and kept on ice during the measurements) and pro-
ceeded at 37 °C for 20 min. Aliquots (0.5 ul) of the reaction mixture
were aspirated by a pipette each 2 min, spotted onto the MALDI
target (an MSP BigAnchor 96 BC; Bruker Daltonik, Bremen, Ger-
many), immediately overlaid with matrix solution (2-cyano-4-
hydroxycinnamic acid, 5mg/ml in acetonitrile: 2.5% (v/v) tri-
fluoroacetic acid, 7:3, v/v), and left to dry and crystallize.

MALDI-TOF MS measurements were carried out on a Microflex
LRF 20 instrument equipped with a 60-Hz nitrogen laser operating
at Amax = 337 nm (Bruker Daltonik). Mass spectra were accumu-
lated from 1000 laser shots in the reflectron positive ion mode
using an acceleration voltage (IS1) of 18.0 kV, extraction voltage
(1S2) of 15.5 kV, lens voltage of 9.3 kV, reflectron voltage of 19.0 kV,
detector voltage of 1590 V and pulsed ion extraction delay time of
350ns The instrument was calibrated externally with a peptide
mixture (Peptide Calibration Standard II; Bruker Daltonik).

The enzymatic reaction was monitored by the hydrolysis of
angiotensin Il yielding a peptide DRVY (m/z 552.3), which is
accompanied by a simultaneous decrease in the angiotensin Il
signal (DRVYIHPF; m/z 1046.5). The ratio of m/z 552 versus m/z 1046
signal intensities was plotted against the reaction time to achieve
an increasing linear dependence. The inhibition rate at the given
inhibitor concentration of 40 M was finally calculated by inverting
the ratio of slopes for inhibited and control reaction. Phosphor-
amidone (RDF) was used as a reference inhibitor [16]. Three
different inhibitor concentrations in the range of 2080 uM were
used to determine the corresponding ICsy value. The measured
responses (percentages of inhibition) were plotted against the
respective concentrations. All data points obtained for a single in-
hibitor were fitted by a straight line (linear regression equation:
y = a'x + b) and then ICsq (in pM) was obtained as a result of
calculating formula (50 - b)/a.

5.5. In vitro antimycobacterial activity

In vitro activity of the synthesized hybrids against Mtb H37Ra
(ATCC® 25177™) was evaluated by a resazurin assay. The
thiazolidinedione-hydroxamates were solubilized in DMSO
(Sigma-Aldrich) at stock concentration of 10 mM. A two-fold serial
dilution of each compound was made in liquid Middlebrook 7H9
broth (Sigma-Aldrich) with 10% oleic acid, albumin, dextrose,
catalase (OADC) enrichment (BD Biosciences; complete 7H9 broth)
with final concentrations ranging from 64 to 0.25 pM. Volumes of
100 ul of the serial dilutions were added in triplicate to flat-
bottomed 96-well plates. A mycobacterial suspension was pre-
pared by thawing and dissolving a frozen glycerol-stock of Mth
H37Ra and, subsequently, diluting it in complete 7H9 broth to
obtain a suspension with an appropriate inoculum size. A volume of
100 ul of the mycobacterial suspension was added to each well of
the test plates. Isoniazid was used as a reference drug. Positive
(100% growth) and negative (0% growth) controls were included as
well. Test plates were incubated at 37 °C for 7 days. After 7 days of
exposure, extracellular mycobacterial replication was assessed by
resazurin. To each test well, 20 ul of a 0.02% resazurin (Sigma-
Aldrich) solution was added. Test plates were incubated at 37 °C
until a color change from blue to pink occurred. Fluorescence was
measured at A,, =550 nm and A, = 590 nm using a spectropho-
tometer (Promega Discover). Results were presented as the mean of
triplicate values.

5.6. Assessment of acute in vitro cytotoxicity

The 50% cytotoxic concentration towards the RAW264.7 murine
macrophage cell line (ATCC® TIB-71™) was determined by a
neutral red uptake (NRU) assay. The RAW264.7 cells were cultured
in Dulbecco's modified Eagle's medium (DMEM; Thermo Fisher)
supplemented with 10% (v/v) heat-inactivated fetal calf serum
(iFCS; Thermo Fisher) in a 5% CO; atmosphere at 37 °C until a semi-
confluent layer of cells was obtained. Next, the cells were harvested
and seeded into transparent, flat-bottomed 96-well plates at a
density of 40.000 cells per well and left for recovery at 37 °C and 5%
CO,. The following day, twofold serial dilutions of the tested com-
pounds were made in DMEM +10% iFCS with a final starting con-
centration of 128 pM. As a positive control, tamoxifen (Sigma-
Aldrich) was included. The RAW264.7 cells were washed with
sterile phosphate-buffered saline (PBS; Thermo Fisher) and
exposed to the compounds by adding volumes of 100 pl of the serial
dilutions. Tamoxifen was used as a reference drug. Test plates were
left for 24 h at 37 °C and 5% CO,. After 24 h exposure to the com-
pounds, the cells were washed two times with sterile PBS and
100 pl neutral red (Sigma-Aldrich) working solution was added per
well. Subsequently, the test plates were incubated for 3 h at 37 °C
and 5% CO;. The cells were washed again with sterile PBS and 150 pl
of a 1:1 ethanol/acetic acid (Merck) mixture was added in each
well. The plates were left shaking until the color became homog-
enous purple, and the optical density was measured at 530 nm and
620 nm (reference wavelength) using a plate reader (Promega
Discover). Results were presented as the mean of triplicate values.

5.7. Macrophage infection assay

The intracellular activity of the thiazolidinedione-hydroxamates
was tested by infecting the murine RAW264.7 macrophage cell line
with Mtb H37Ra""*, a laboratory Mth H37Ra strain transformed with
a pSMT1 luciferase reporter plasmid. The RAW264.7 cells were
cultured, harvested and seeded into transparent, flat-bottomed 96-
well plates as described above. Upon recovery, the cells were
washed with sterile PBS and infected with H37Ra™* at a multi-
plicity of infection (MOI) of 10 for 2 h at 37 °C. RAW264.7 cells were
washed two times with sterile PBS, incubated with 100 pg/ml
gentamicin (Sigma-Aldrich) for 1 h to kill the residual extracellular
bacteria and, again, washed with sterile PBS. Then, the infected
RAW264.7 cells were treated with the thiazolidinedione-
hydroxamates at a final test concentration of 10 and 100 uM.
Isoniazid was included as a reference drug at 0.1 uM. Uninfected
cells were used as control. At 24 h post-exposure, the infected
RAW264.7 cells were washed and lysed with 200 pl of 1% Triton X-
100 (Sigma-Aldrich). To assess the intracellular mycobacterial
replication, 25 ul of 1% (v/v) n-decanal in ethanol was added to
100 pl of the lysate and luminescence was measured using a
luminometer (Promega Discover). Results were presented the
mean of triplicate values.

5.8. In silico molecular docking

All 3D structures of the designed library of ligands were ob-
tained with Marvin 15.1.5, software which can be used for drawing,
displaying and characterization of chemical structure, sub-
structures and reactions. Polar hydrogens were added to all ligands
and proteins with the AutoDock Tools program [45]. Docking of the
library of the structures into Mycobacterium tuberculosis zinc met-
alloprotease Zmp1 (PDB ID: 3ZUK) was carried out using AutoDock
Vina 1.1.2 [46]. A grid box with the edge of 21 A was centred on the
active site of Zmp1 in the crystal structure (grid x: 95.8, y: 93.2, z:
33.0). The exhaustiveness parameter was set to 80 (default: 8).
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After docking, we compared the docked poses in bulk and that of
the compound 2n was further analyzed and interpreted.
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ARTICLE INFO ABSTRACT

Article history: Herein, we report the polymer-supported synthesis of new pyrimidine derivatives and their anti-
Received 31 July 2019 mycobacterial and antimicrobial activity. Our methodology is based on the fast and efficient solid-phase
Received in revised form synthesis having the ability to implement structural diversity from the readily available building blocks
18 Septembes 200 through minimum synthetic route and with high yields. Our method was validated in the synthesis of a
Accepted 19 September 2019
Available online 24 SepEmber 2019 model chemical library prepared via a ial approach. All the prepared compounds were
evaluated for their antimycobacterial acnvuy against Mycnbnclzmm tuberculosis H37Rv, antibacterial
= - activity against Stap hyk us aureus, Escherichia coli, and Enterococcus faecalis,
W"m,;s and activity against two fungal strains of Candida albicans and Aspergillus niger. Our results reveal that
Solid-phase synthesis most of the tested compounds have modest antimycobacterial activity against M. tuberculosis H37Rv,
Antimycobacterial with the most active being pyrimidine 2f (MIC value 32 pg/mL). . compound 1b showed
Antibacterial considerable activity against P. aeruginosa. These results indicate the potential of our developed meth-
odology that could lead to a pathway for the preparation of new drug candidates in the future.
© 2019 Elsevier B.V. All rights reserved.
1. Introduction pyrimidines based on solid-phase synthesis. Our method focuses

Recently, there has been a gradual increase in the number of
multidrug-resistant (MDR) pathogens with a minimum response to
the known antibacterial drugs [1]. In particular, Mycobacterium
tuberculosis has an increasing prevalence of MDR and extensively
drug-resistant strains; thus, tuberculosis (TB) remains a major
health problem worldwide [2]. The current situation requires a
search for novel antibacterial agents with new modes of an action
directed as of yet unknown targets.

The pyrimidine scaffold plays an important role in several bio-
logically active substances and possesses a range of diverse bio-
logical activities such as anti-cancer 3], anti-inflammatory [4],
anti-hepatitis [5], anti-diabetic [6] etc. Moreover, variously modi-
fied pyrimidines were successfully studied as antibacterial agents
[7-16]). Some of the representative examples are depicted in Fig. 1.

Given the biological significance of the pyrimidine heterocycle,
we employed a fast and effective approach to prepare new

* Corresponding author.
E-mail address: |ucie brulikova@ upolcz (L Brulikovd .

htps: /jdol.ong/ 10101 6/) .molstruc.2019.127101
0022-2860/© 2019 Elsevier B.V. All rights reserved.

on the ability to introduce structural diversity from abundant and
readily available building blocks with a minimal synthetic route.
Here, wehave synthesized 30 new pyrimidines and presented their
antibacterial activities.

2. Material and methods

Solvents and chemicals were purchased from Sigma-Aldrich
(Milwaukee, US, www.sigmaaldrich.com) or Fluorochem (Derby-
shire, UK, www.fluorochem.co.uk). The synthesis was carried out
on Domino Blocks (www.torvig.com) in disposable polypropylene
reaction vessels. All the reactions were carried out at room tem-
perature of 21 °C unless stated otherwise. The volume of the wash
solvent was 10 mL/g of the resin.

For LC-MS analysis, a sample of the resin (-5 mg) was treated
with trifluoroacetic acid (TFA) in dichloromethane (DCM), the
cleavage cocktail was evaporated by a stream of nitrogen, and
cleaved compounds were extracted into 1 mL of MeOH.

The LC/MS analyses were carried out on the UHPLC-MS system
consisting of UHPLC chromatograph Acquit with a photodiode
array detector and single quadrupole mass spectrometer (Waters),
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Fig. 1 Structures of known pyrimidines 1[15), B [7) m [12] wv [16L vV [11] and Vi [13] with antimycobacterial or antibacterial properties.

using XSelect C18 column at 30°C and a flow rate of 600 pL/min.
The mobile phase was (A) 0.01 M ammonium acetate in H>0, and
(B) CH3CN, linearly programmed from 10% A to 80% B over 2.5 min,
kept for 1.5min. The column was re-equilibrated with 10% of so-
lution B for 1 min. The ESI source operated at a discharge current of
5 pA, vaporizer temperature of 350 °C and a capillary temperature
of 200°C.

Purification was carried out on the C18 reverse-phase column
(YMC Pack ODS-A, 20 x 100 mm, 5 um particles); gradient was
formed from 10 mM aqueous ammonium acetate and CH3CN, a
flow rate of 15 mL/min. For the lyophilization of residual solvents
at —110°C, the ScanVac Coolsafe 110-4 was used.

NMR 'H/BC spectra were recorded on JEOL ECX-500SS
(500 MHz) or JEOL ECA400Il (400 MHz) spectrometer at a mag-
netic field strengths of 11.75T (with operating frequencies
50016 MHz for 1H and 125.77 MHz for 13C) and 9.39T (with
operating frequencies 399.78 MHz for 1H and 100.53 MHz for 13C)
at room temperature (~21°C) Chemical shifts () are reported in
parts per million (ppm), and coupling constants (J) are reported in
Hertz (Hz). NMR spectra were recorded at 21°C in DMSO-ds and
referenced to the resonance signal of the solvent. Acetate salts
exhibited a singlet at 1.7—19 ppm inthe 'H NMR spectrum and two
resonances at 173 and 23 ppm in the 3C spectrum.

HRMS analysis was performed using LC-MS an Orbitrap Elite
high-resolution massspectrometer (Dionex Ultimate 3000, Thermo
Exactive plus, MA, US) operating at a positive full scan mode
(120000 FWMH) in the range of 1001000 m/z. The settings for the
electrospray ionization were at an oven temperatureof 150 °C and a
source voltage of 36kV. The acquired data were internally cali-
brated with phthalate as a contaminant in CHsOH (m/z 29715909).
Samples were diluted to a final concentration of 0.1 mg/mL in H0
and CH3OH (50:50, vjv). Before HPLC separation (column Phe-
nomenex Gemini, 50 x 200 mm, 3 um particles, C18), the samples
were injected by direct infusion into the mass spectrometer using
an autosampler. The mobile phase was isocratic CH3CN/IPAJ0.01 M
ammonium acetate (40:5:55) and the flow rate was 0.3 mL/min.

21. Antimycobacterial and antimicrobial activity

Antimycobacterial activity of the pyrimidines against
M. tuberculosis H37Rv (NCTC 7416) was evaluated using their
minimum inhibitory concentration (MIC) by Resazurin microtiter
assay [17,18] as we described earlier [19]. The antimicrobial activ-
ities of the final compounds against Staphylococcus aureus (CCM
3953), Pseudomonas aeruginosa (CCM 3955), Escherichia coli (CCM
3954), Candida albicans (ATCC 90028), Aspergillus niger (CCM 8189),
and Enterococcus faecalis (CCM 4224) were determined from their
MIC as described earlier [19,20]).

3. Chemistry
3.1. Synthesis of resins 3 and 6

Wang resin (loading 1.0 mmol/g, -1 g) was washed three times
with DCM. A solution consisting of Fmoc-amino acid (2 mmol), N-
hydroxybenzotriazole (HOBt, 2 mmol), 4-dimethylaminopyridine
(DMAP, 0.5mmol) and N,N'-diisopropylcarbodiimide (DIC,
2mmol) in NN-dimethylformamide (DMFYDCM (1:1, v/v, 10mL)
was added to the resin. The resin slurry was shaken at rt for 16 h.
After this time, the resin was washed three times with DMF and
three times with DCM. The Fmoc protecting group was removed by
exposure to 50% piperidine in DMF(v/v 10 mL) for 15 min,and then,
the resin was washed three times with DMF and three times with
DCM.

32. Reaction with 4,6-dichloro-5-nitropyrimidines (resins 4 and 7)
Resins 3 (~1g) were washed three times with dry DMF and

reacted with a solution consisting of 46-dichloro-5-

nitropyrimidine (5mmol) and N,N-diisopropylethylamine (DIEA,

5 mmol) in dry DMF(10 mL) at rt for 2 h. The resin was then washed

five times with DMF and three times with DCM.

33. Reaction with amines (resins 5 and 8)

Resins 4 (250 or 500 mg) were each washed three times with
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dry DMF and reacted with a solution consisting of amine
(1.25 mmol or 2.5 mmol ) and DIEA (1.25 mmol or 2.5 mmol) in DMF
(2.5 mLor 5mL)at rt for 2 h. The resin was then washed three times
with DMF and three times with DCM.

3.4. Reduction of the nitro group (resins 9)

Resin5 (~250 mg) waswashed three times with DCM. A solution
of Naz5204 (2.5 mmol), K2C03 (3.0 mmol) and ethyl viologen diio-
dide (0.25 mmol) in water (2.5 mL) and DCM (2.5 mL) was added to
the resin. The resin slurry was shaken at rt for 16 h. The resin was
then washed three times with each solvent: DCM/water (1:1, v/v),
DMF and DCM.

3.5. Acylation with carbaxylic acids (resins 10)

Resins 6 (250 mg) were washed three times with DCM. A so-
lution of carboxylic acid (0.75 mmol )}, HOBt (0.75 mmol) and DIC
(0.75 mmol) in DMF/DCM (1:1, v/v, 2.5 mL) was added to the resin.
The resin slurry was shaken at rt for 16 h. The resin was then
washed three times with DMF and three times with DCM.

3.6. Cleavage from resin with TFA (compounds 1 and 2)

Resins 5 and 6 (~250 mg) were each treated with 2mL of a so-
lution consisting of TFA/DCM (1:1, v/v) for 1 h. The cleavage cocktail
was collected, and the resin was washed three times with 50% TFA
in DCM. The combined extracts were evaporated by a stream of
nitrogen, and the crude products were purified by reversed-phase
HPLC.

3.7. Analytical data of individual compounds

3.71. 3{(5-Nitro-6-(propylamino )pyrimidin-4-yl)amino)
propanoic add 1a

H Noz
HO_~ N W)‘-YN ~N
o

NN

Yellow solid. Yield: 37.0 mg (80%). 'H NMR (500 MHz, DMSO-ds):
§9.52(t,J=54Hz,1H),9.43 (t, J= 5.7 Hz, 1H), 8.08 (s, 1H), 3.75 (q.
J=6.7Hz, 2H), 350 (q, ] =6.2Hz, 2H), 2.57 (t, J=6.8 Hz, 2H), 1.59
(sxt, J=7.3Hz, 2H), 0.88 (t, J=74Hz, 3H).3C NMR (101 MHz,
DMSO-ds): & 175.96, 158.60, 157.03, 156.80, 112.75, 43.85, 37.23,
3370, 22.52, 1146. HRMS: mfz: caled for CyoHygNsOf: 270.1197
[M+H]*; found: 270.1197.

3.72. 3-(6-Cyclohexylamino )-5-nitropyrimidin-4-yl)amino)
propanoic add 1b

wo ~ MM
N N

| R e e
[} NN L

Yellow solid. Yield: 357mg (78%). 'H NMR (500 MHz,
DMSO0-dg): 6 12.35 (s, 1H), 9.53 (t. J= 58 Hz, 1H),9.19 (d, J= 7.7 Hz,
1H), 809 (s, 1H), 419-4.10 (m, 1H), 3.75 (q, J= 6.7 Hz, 2H), 2.57 (¢,
J=6.7Hz, 2H), 1.93—184 (m, 2H), 1.73-165 (m, 2H), 161-1.53 (m,
1H), 145-1.29 (m, 4H), 128-115 (m, 1H). ®C NMR (126 MHz,
DMSO0-dg): & 17304, 159.50, 156.69, 155.91, 111.88, 4950, 36.84,
3331, 31.76, 2495, 2424. HRMS: mjz: caled for Ci3H20Ns0%:
3101510 [M+H]*; found: 310.1509.

3.7.3. 3-((6-(Benzylamino )-5-nitropyrimidin-4-yl Jamino)
propanoic acid 1c
u NOz 7\”
HO A~ N N A
YN
NN
Yellow solid. Yield: 443 mg (80%). 'H NMR (500 MHz,
DMSO-dg): 6 12.36 (s, 1H), 9.82 (t, J=6.0Hz,1H),9.52 (t,J= 58 Hz,
1H), 8.07 (s, 1H), 7.35-7.28 (m, 4H), 7.26-721 (m, 1H), 4.78 (d,
J=6.1Hz, 2H), 3.76 (q,] =66 Hz, 2H), 258 (t, J= 6.8 Hz, 2H). BC
NMR (126 MHz, DMSO-ds): 6 173.06, 159.38, 156.71, 156.65, 138.74,
128.30,127.21,126.85, 112.19, 44.15, 36.87, 33.33. HRMS: m/z: calcd
for Cy4H1gNsO7: 318.1197 [M+H]*; found: 3181194,

3.74. 3-((6-Morpholino-5-nitropyrimidin-4-yl Jamino )propanoic
acid 1d

u N2 o

HO.__- N A N_~
Y
NN

Yellow solid. Yield: 547mg (62%). 'H NMR (500 MHz,
DMSO0-ds): 6 8.97 (t, J=4.9 Hz, 1H), 805 (s, 1H), 3.67-3.63 (m, 6H),
3.50-3.41 (m, 4H), 236 (t, J=65 Hz, 2H). BC NMR (126 MHz,
DMSO-ds): & 173.19, 157.41, 157.33, 156.46, 112.81, 65.85, 4758,
37.09, 33.64. HRMS: m/z: caled for CyyHigNsO2: 298.1146 [M+H]*;
found: 298.1145.

3.7.5. (5-Nitro-6-(propylamino)pyrimidin-4-yl)phenylalanine 1e

Yellow solid. Yield: 349mg (70%). 'H NMR (500 MHz
DMSO0-dg): 69.42 (t, J=58Hz, 1H),9.37 (d, ] =7.1 Hz, 1H), 8.09 (s,
1H), 7.31-726 (m, 2H), 7.25-715 (m, 3H), 5.03 (dt, J=6.9, 53 Hz,
1H), 3.50 (q. 6.2Hz, 2H), 327 (dd, J=139, 5.2Hz, 1H), 3.20 (dd,
J=13.9, 6.8 Hz, 1H), 1.64~1.52 (m, 2H), 0.88 (t, J=74 Hz, 3H). *C
NMR (126 MHz, DMSO-dg): 6 171.94, 159.31, 156.45, 156.19, 136.46,
129.26, 128.36, 126.81, 112,08, 55.00, 42,67, 36.52, 2196, 11.18.
HRMS: mjz: caled for CigHxNsOZ: 346.1510 [M+H|*; found:
3461510.

3.7.6. (6-(Cyclohexylamino)-5-nitropyrimidin-4-yl)phenylalanine
if

Yellow solid. Yield: 485mg (75%). 'H NMR (400 MHz,
DMS0-dg): 6 13.19 (br. s, 1H) 9.38 (d, J=71 Hz, 1H). 9.13 (d,
J=7.8Hz, 1H), 8.09 (s, 1H), 7.30~7.24 (m, 2H), 7.24-7.17 (m, 3H),
5.09-4.98 (m, 1H), 4.23—4.07 (m, 1H), 330317 (m, 2H), 192-1.83
(m, 2H), 1.72-1.63 (m, 2H), 160152 (m, 1H), 145-1.28 (m, 4H),
121-1.15 (m, 1H). °C NMR (126 MHz, DMSO-ds): 6 171.89, 159.46,
156.19, 15567, 13645, 12924, 128.36, 126 81, 111.97, 55.02, 4965,
3647, 3170, 2493, 2425. HRMS: m/z: calcd for CyoHaNsOF:
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386.1823 [M+H]*; found: 386.1825.
3.7.7. (6-{Benzylamino)-5-nitropyrimidin-4-yl)phenylalanine 1g
o ~°2 N

;; g

H
e I/g,"a/\/
N__-N

~ ~z

g

-

v ¢

\

Yellow solid. Yield: 276mg (50%). 'H NMR (500 MHz
DMSO-ds): 6 9.81 (t,] =6.0 Hz, 2H), 952 (d. ] =68 Hz, 2H), 8.06 (s,
1H), 732730 (m, 4H), 725~7.22 (m, 3H), 7.19-7.15 (m, 3H), 4.88
(q. J=59Hz, 1H), 477 (d, J=6.0Hz, 2H), 327 (dd, J=137,52Hz,
1H), 3.19 (dd, J=136, 61 Hz, 1H). °C NMR (126 MHz, DMSO-dg):
4 171.82, 15935, 15659, 15576, 13868, 13708, 129.36, 12831,
128.11,127.22, 126 86, 126.45, 112.11,55.78, 44.17, 36.77. HRMS: m/z:
calcd for CooHaoNsOF: 394.1510 [M+H]*; found: 3941512,

3.7.8. (6-Morpholino-5-nitropyrimidin-4-yl)phenylalanine 1h

o No; (o
o RN
~ NN

®

Yellow solid. Yield: 13.1 mg (25%). "H NMR (500 MHz, DMSO-de):
5 8.69 (d, J=6.7Hz, 1H), 805 (s, 1H), 723712 (m, 3H), 710 (d,
J=70Hz, 2H), 4.74-4.66 (m 1H), 3.68-3.58 (m, 4H), 351 (dt,
J=13.0,46 Hz, 2H), 338 (dt, J=132, 4.6 Hz, 2H), 325 (dd, J=135,
5.3Hz, 1H), 3.15 (dd, J=135, 5.6Hz 1H). °C NMR (126 MHz,
DMSO-dg): & 17195, 15737, 157.21, 15542, 137.63, 12934, 12791,
126.17, 112,84, 65.82, 5623, 47.53, 36.91. HRMS: mjz calcd for
Cy7HxNsO3: 374.1459 [M+H]*; found: 374.1459.

3.79. (5-Nitro-6-(propylamino)pyrimidin-4-yl)proline 1i

<“l NOz
YN, ‘/KJ‘»/\

Ho-‘%b N N

Yellow solid. Yield: 47.0 mg (90%). '"H NMR (400 MHz, DMSO-dg):
6 836 (t, J=5.8Hz, 1H), 8.01 (s, 1H), 4.62 (t, J=7.1Hz, 1H),
3.51-3.38 (m, 2H), 327-3.15 (m, 1H),3.04 (br. 5, 1H), 2.35-2.22 (m,
1H), 2.05-1.94 (m, 1H), 1.94-1.82 (m, 2H), 1.57 (sxt, ] =7.3 Hz, 2H),
0.87 (t, J=7.4Hz, 3H). 3C NMR (126 MHz, DMSOds): 6 17271,
15685, 155.61, 154.70, 113.54, 61.81, 50.12, 42.64, 2840, 2464,
22.13, 11.16. HRMS: m/z: caled for CyoHigNsOZF: 296.1353 [M+H|*;
found: 296.1356.

3.2.10. (6-(Cyclohexylamino)-5-nitropyrimidin-4-yl)proline 1j

QL
AN AN
‘§° Nn LU

~F ~

HO'

Yellow solid. Yield: 95 mg (86%). 'H NMR (500 MHz, DMSO-ds):
58.06-8.00(m, 2H), 4.67-4.57 (m, 1H), 4.14-4.03 (m, 1H), 319 (br.
s, 1H), 3.03 (br. s, 1H), 234-2.24 (m, 1H), 2.04-195 (m, 1H),
1.94-1.81 (m, 4H),1.73—164 (m, 2H), 1.62-1.54 (m, 1H), 145-1.28
(m, 4H),1.26-115 (m, 1H). 3C NMR (126 MHz, DMSO-ds): §172.64,
157.05, 154.88, 15483, 11331, 61.83, 50.24, 4963, 31.92, 2853,

2498, 2464, 2440. HRMS: mjz: caled for C1sH22Ns04: 336.1666
[M+H]*; found: 336.1666.

3.2.11. (6-{Benzylamino)-5-nitropyrimidin-4-yl)proline 1k

Pan N

CA LML

o

no-\o N._=N
Yellow solid. Yield: 48.0mg (85%). 'H NMR (500MHz,

DMSO-dg): 6 12.58 (br.s, 1H),8.79(t, J=6.1 Hz,1H), 8.00(s, 1H),7.31
(d.J=44Hz, 4H), 725-7.20(m, 1H), 4.71(d,J =6.1 Hz, 2H), 4.62(t,
J=70Hz,1H),325-3.19(m, 1H),3.05(br. 5,1H), 2.34-2.24 (m, 1H),
205-1.95 (m, 1H) 194-1.82 (m, 2H). 8C NMR (126 MHz,
DMSO-dg): 6 172.53, 156.92, 155.61, 154.56, 139.16, 12827, 127.14,
126.78, 113.74, 61.79, 50.08, 44.09, 28.55, 24.65. HRMS: m/z: calcd
for C1sH1gNs03: 344.1353 [M+H]*; found: 344.1355.

3.7.12. (6-Morpholino-5-nitropyrimidin-4-yl)proline 1l

ey
~N__ A N__~
£ i S
HOS, NN

Yellow solid. Yield: 432mg (80%). 'H NMR (400MHz
DMSO-dg): 6 796 (s, 1H), 4.65 (t, /= 7.0 Hz, 1H), 3.78—3.64 (m, 6H),
3.61-3.46 (m, 3H), 344334 (m, 1H), 2.38-2.27 (m, 1H), 2.05-183
(m, 3H). 13C NMR (126 MHz, DMSO-dg) & 172.51, 15827, 156.55,
155.89, 111,64, 66.18, 61.76, 51.00, 49.24, 28.88, 24.42. HRMS: m/z:
caled for CiaHigNsO# : 3241302 (M=+H]*; found: 3241301,

3.7.13. (5-Nitro-6-{propylamino)pyrimidin-4-yl)methionine 1m

o NO;
H H
oo N N
~ N.=N
e
5

-

Yellow solid. Yield: 35.0mg (50%). 'H NMR (500MHz,
DMSO-dg): 610.01 (d, ] =6.2Hz, 1H), 9.44 (t, ]= 58 Hz, 1H), 8.04 (s,
1H), 4.39 (q, J=5.5Hz, 1H), 3.55-3 43 (m, 2H), 2.47-2.35 (m, 2H),
217-201 (m, 2H), 199 (s, 3H), 1.59 (sxt, J=73 Hz, 2H), 0.89 (t,
J=74Hz, 3H). °C NMR (126 MHz, DMSO-ds): & 17184, 159.36,
156.79, 155.25, 111.82, 55.55, 42.53, 31.89, 29.37, 22,00, 14.66, 11.22.
HRMS: m(z: caled for CzH20Ns045*: 3301231 [M+H]*; found:
330.1234.

3.7.14. (6-(Cyclohexylamino )-5-nitropyrimidin-4-yl)methionine In

Yellow solid. Yield: 459mg (68%). 'H NMR (500MHz,
DMSO-dg): 61002 (d,J= 62 Hz, 1H),922(d, ] =7.7 Hz,1H), 8.05 (s,
1H), 4.39(q.J= 54 Hz, 1H), 4.20-4.09 (m, 1H), 3.02-294 (m, 1H),
248-2.34 (m, 2H), 2.15-2.00 (m, 2H), 1.99 (s, 3H), 1.90-1.88 (m,
1H), 1.72-163 (m,_2H), 1.58-153 (m, 1H), 1.45-1.30 (m, 4H),
1.28-1.19 (m, 1H). *C NMR (126 MHz, DMSO-ds): & 171.98, 159.49,
156.01,155.24,111.80, 55.59, 49.39, 43.38, 31.87, 29.36, 24.97, 24.25,
14.66. HRMS: mjz: caled for CisHgNsOsS*: 3701544 [M+H|*;
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found: 370.1540.

3.715. (6-(Benzylamino)-5-nitropyrimidin-4-yl)methionine 1°

° NOs 2,
1 H
G O.JLT N_A_N ,‘,J:;,l«
NN
-
s

-

Yellow solid. Yield: 523mg (66%) 'H NMR (500 MHz
DMSO-dg): 6 1008 (d, J=6.2 Hz, 1H), 9.82 (t,] =6.1 Hz, 1H), 8.03 (s,
1H), 737-7.28 (m, 4H), 725-7.21 (m, 1H), 4.84-4.71 (m, 2H),
436-4.31 (m, 1H), 248-2.36 (m, 2H), 2.15-2.01 (m, 2H), 1.98 (s,
3H). ®C NMR (126 MHz, DMSO-dg): 6 172.08, 159.38, 156.84, 155.08,
138.80, 128.31, 127.25, 12685, 112.07, 5593, 4410, 32.06, 29.37,
14.69. HRMS: mjz: calcd for CigHagNsO4S*: 378.1231 [M+H]*;
found: 378.1232.

3.7.16. (6-Morpholino-5-nitropyrimidin-4-yl)methionine 1p

o : NO, O
HO"U\-/ f L\\/"\.)
< N.2N
r ~F

£

-~

Yellow solid. Yield: 339mg (45%). 'H NMR (500 MHz
DMSO0-dg): & 9.00 (d, J =6.4 Hz, 1H), 8.05 (s, 1H), 447 (dd, ] =11.7,
5.7Hz,1H), 3.65(t, J=4.8 Hz, 4H),3.51 -342(m, 4H), 2.47-2.43 (m,
2H), 2.12-2.02(m, 2H), 2.00 (s, 3H). 3C NMR (126 MHz, DMSO-ds):
§ 17231, 15737, 15733, 155.48, 112.84, 65.83, 54.89, 47.55, 31.62,
2938, 1463. HRMS: mjz: caled for CysHagNsOsS*: 358.1180
[M+H]*; found: 358.1176.

3.717. (5-Nitro-6-{propylamino )pyrimidin 4-yl)valine 1q

o, NO; .,

S e PN

~ NN

Yellow solid. Yield: 251mg (57%). 'H NMR (500 MHz,
DMSO-dg): 69.90 (d, J=76 Hz, 1H), 946 (t, J= 58 Hz, 1H) 8.02 (s,
1H), 446 (dd, J=7.7, 39 Hz, 1H), 3.56-3 44 (m, 2H), 2.25-2.15 (m,
1H), 159 (sxt, J=74Hz, 2H), 095 (d, J=69Hz 3H), 088 (t,
J=7.4Hz, 3H), 085 (d, J=69Hz 3H). C NMR (101MHz
DMSO-dg): & 172.04, 159.43, 156.65, 156.54, 112.18, 58.76, 42.67,
30.24, 21.97, 18.70, 17.91, 11.19. HRMS: mjz: calcd for Ci2H20NsO4 @
2981510 [M+H]*; found: 298.1508.

3.718. (6<{Cydohexylamino)-5-nitropyrimidin-4-yi)valine 1r

o 0z

)
" OAJ\I N TN N TA
NN &

s Nz ~

Yellow solid. Yield: 27.7 mg(57%). 'H NMR (500 MHz, DMSO-ds):
5966 (d,J=7.7Hz, 1H),9.21(d, ] = 7.8 Hz, 1H), 807 (s, 1H), 4.65 (dd,
J=7.8,43Hz, 1H) 421-4.12 (m, 1H), 2.30-2.21 (m, 1H), .93-1.85
(m, 2H) 1.70-167 (m, 2H), 1.61-1.53 (m, 1H), 1.46-1.30 (m, 4H),
128-118(m,1H), 0.97(d, J= 6.9 Hz, 3H),091 (d. J = 69 Hz, 3H). 3C
NMR (126 MHz, DMSO-dg): é 171.99, 15948, 156.32, 155.85, 111.93,
59.39, 49.63, 4947, 31.72, 30.42, 25.00, 24 28, 18.69, 18.08. HRMS:
mjz: caled for CysHaaNsOZ: 338.1823 [M+H]*; found: 338.1821.
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3.719. (6-{Benzylamino)-5-nitropyrimidin-4-yl)valine 1s

NOz |, r’-’““-

o 2
Ho)l\- “\/liT- N A
TR

Yellow solid. Yield: 394mg (79%). 'H NMR (500 MHz,
DMSO-dg): 6 9.86 (t, J=6.1 Hz, 1H), 9.60 (d. J=7.8 Hz, 1H), 8.06 (s,
1H), 735-7.29 (m, 4H), 725-7.22 (m, 1H), 4.83—4.74 (m, 2H), 4.70
(dd, J=78, 4.4Hz, 1H), 2.31-2.22 (m, 1H), 098 (d, ] =69 Hz, 3H),
093 (d, ] =6.9Hz, 3H). °C NMR (101 MHz, DMSO-ds): & 172.03,
159.43,156.59,156.53,138.65, 128.30, 127.21, 126.86, 112.36, 58.90,
4421, 3030, 18.70, 17.95. HRMS: m|z: caled for CieH20NsO4:
3461510 [M+H]*; found: 346.1513.

3.7.20. (6-Morpholino-5-nitropyrimidin-4-yl)valine 1t

] NO; 0
HO/U\,H\H).N,N\/

. NozN

Yellow solid. Yield: 364mg (77%). 'H NMR (500 MHz,
DMSO-ds):  8.98 (d, J=75Hz, 1H), 8.02 (s, 1H), 439 (dd, J=7.5,
39Hz, 1H), 3.64 (t, J= 48 Hz, 4H), 3.50 (dt, ] =133, 4.7 Hz, 2H),
343 (dt, J=134, 4.7Hz 2H), 225-213 (m, 1H), 054 (d, /= 69 Hz,
3H), 0.84(d, = 69 Hz, 3H). 3C NMR (101 MHz, DMSO-ds): 6 172.20,
15744,157.18, 156.48,112.91,65.86, 58 .93, 47.70, 30.25, 18.72,17.89.
HRMS: mjz: caled for C3HxNsO3: 326.1459 [M+H]*; found:
3261461

3.7.21. (5-Nitro-6-(piperidin-1-yl)pyrimidin-4-yl)valine Tu

e
HO I N T)§(,N —
A NN

Yellow solid. Yield: 285mg (60%). 'H NMR (500 MHz,
DMSO-dg): & 894 (d, J=75 Hz, 1H), 7.97 (s, 1H), 4.39 (dd, | =74,
3.8Hz, 1H), 3.49-3.40 (m, 2H), 3.40-332 (m, 2H), 225-2.13 (m,
1H), 1.69-1.52 (m, 6H), 0.94 (d, J=6.9 Hz, 3H), 0.84 (d, J= 68 Hz,
3H). >C NMR (101 MHz, DMSO-ds): & 172.23,157.32, 157.26,156.34,
112.53, 59.19, 48.33, 30.35, 25.42, 23.30, 18.75, 18.00. HRMS: m/z
caled for C1aH22Ns0F : 324.1666 [M+H]*; found: 324.1666.

3.7.22. (6-(Cyclooctylamino)-5-nitropyrimidin-4-yi)valine v

Yellow solid. Yield: 283mg (54%). 'H NMR (500 MHz,
DMSO0-ds): 6 10.01(d,J=76Hz 1H),9.34 (d, J=79Hz, 1H), 8.02 (s,
1H), 4.43-4.29 (m, 2H), 2.24-2.13 (m, 1H), 1.87-1.80 (m, 2H),
1.76-145 (m, 12H), 0.95 (d, J= 6.9 Hz, 3H), 083 (d, J=6.9 Hz, 3H).
13C NMR (126 MHz, DMSO-dg): 6 171.83, 159.56, 155.77, 155.43,
111.63, 61.07, 50.54, 31.26, 31.22, 30.96, 26.70, 24 88, 23.11, 1883,
18.76. HRMS: m|z: caled for CizH2sNsO4: 366.2136 [M+H]*; found:
3662135

3.7.23. (6-(Hexylamino)-5-nitropyrimidin-4-yijvaline 1w
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o NO;
S B I

Yellow solid. Yield: 32.8mg (67%). 'TH NMR (500 MHz,
DMSO-dg): 6 9.77 (d, J=7.7 Hz, 1H), 945 (t, ] =5.8 Hz, 1H), 8.03 (s,
1H),4.57 (dd, J=728, 4.1 Hz, 1H), 353 (ddd, J]=13.1, 7.1, 1.5 Hz, 2H),
2.23(dtd, ] =13.7,6.9, 4.3 Hz, 1H), 1.64-1.52 (m, 2H), 1.34-1.23 (m,
6H),0.96 (d, ] = 6.9 Hz, 3H\0.88 (d, ] = 3.8 Hz, 3H, overlapped with
CH3), 0.85 (t, J=68Hz, 3H, overlapped with CHz). C NMR
(126 MHz, DMSO-ds): 6 172.05, 159.42,156.67, 156.02, 111.90, 5993,
40.91,30.91,30.66,28.63, 2599,21.98, 18.75, 18.33,13.84. HRMS: m/
z: caled for CisHasNsO4: 340.1979 [M+H]*; found: 340.1981.

3.7.24. (6<{Cyclohexylamino )-5-2(2,4-diaxothiazolidin-3-yl)
acetamido )pyrimidin-4-yl)valine 2a

£\
o H=o

%H

o N+

A N L H
HOOYTY )
A N zN

White solid. Yield: 23.6 mg (43%). 'H NMR (500 MHz, DMSO-de):
5920 (s,1H), 7.91 (s, 1H), 5.62 (d, J= 8.0 Hz, 1H), 5.55(d, J=8 3 Hz,
1H), 451-4.47 (m, 1H), 436-425 (m, 4H), 3.86-3.76 (m, 1H),
2.13-2.03 (m, 1H), 1.87—-179 (m, 2H),1.76—166 (m, 2H),163-1.55
(m, 1H), 135-1.08 (m, 5H),0.91 (d, J= 68 Hz, 3H, overlapped with
CH3), 090 (d, J=6.8Hz, 3H, overlapped with CH3). C NMR
(126 MHz, DMSO-dg ) & 173.74, 17243, 171.87,165.57, 157.27,157.20,
155.35, 9465, 58.58, 48.78, 44.04, 3413, 32.85, 30.03, 25.37, 2484,
19.12, 18.36. HRMS: mjz: caled for CagHzzNgOsS™: 463.1769 [M-H];
found: 463.1769.

3.7.25. (6(Cydohexylamino)-5-(thioph:
pyrimidin-4-yl)valine 2b

2-carboxamido)

White solid. Yield: 9.1 mg (18%). "H NMR (500 MHz, DMSO-de):
59.31 (s, 1H), 8.03—794 (m, 2H), 7.83 (d, J=4.8 Hz, 1H), 725-7.19
(m, 1H), 602 (br. 5, 1H), 5,56 (br. s, 1H), 4.43(dd, J= 83, 5.7 Hz, 1H),
3.87(br. s, 1H), 2.09 (dq. J=13.1, 6.6 Hz, 1H), 181 (br. s, 2H), 1.67 (br.
s, 2H), 1.59-1.56 (m, 1H), 1.34—1.18 (m, 4H), 1.16-1.03 (m, 1H)0.88
(d, J=71 Hz, 3H, overlapped with CHs), 0.86 (d, J=68Hz 3H,
overlapped with CHs). °C NMR (126 MHz, DMSO-ds): & 174.04,
161,05, 157.77, 155.49, 140.03, 131.76, 130.19, 12846, 95.90, 58.73,
49,52, 3326, 30.85, 25.88, 25.51, 19.40, 18.75. HRMS: m/z: caled for
CaoH2gNs055+: 4181907 [M+H]*; found: 418.1909.

3.726. (6 Cydohexy
pyrimidin-4-y!)valine 2¢

)-5-(thiophene-3-carboxamido)

White solid. Yield: 7.2 mg (14%). 'H NMR (500 MHz, DMSO-ds):
69.12(s, 1H), 8.34-8.31(m, 1H), 796 (s, 1H), 7.66-7.61 (m, 2H), 586
(d,J =8.1Hz, 1H), 5.50 (d, J=83 Hz, 1H), 441 (dd, J=8.3, 5.6 Hz,
1H), 3.94-380 (m, 1H), 215-203 (m, 1H) 1.84-1.76 (m, 2H),
1.70-1.64 (m, 2H), 1.59-1.56 (m, 1H), 1.36-1.16 (m, 4H), 1.15-1.04
(m, 1H),087 (d, J=66 Hz, 3H, overlapped with CH3), 0.86 (d,
J=67Hz, 3H, overlapped with CHi). *C NMR (126 MHz,
DMSO-dg): & 173.60, 161.32, 157.48, 157.20, 155.17, 13743, 129.85,
127,62, 126.37,95.67, 58.20, 48.84, 32.76, 30.35, 2535, 24.96,18.83,
18.26. HRMS: mjz: calcd for CxHpgNsOsS*: 4811907 [M+H]*:
found: 418.1909.

3.727. (6-(Cyclohexylamino )-5-(2-ox0-2H-chromene-3-
carboxamido )pyrimidin-4-yi)valine 2d

04 O
o
SN

[+] NH
S
XL O

White solid. Yield: 15.9 mg (28%). "HNMR (500 MHz, DMSO-dg):
69.41 (s, 1H), 8.85 (s, 1H), 8.03 (dd, ] =7.8, 1.5 Hz, 1H), 7.97 (s, 1H),
7.81-7.75 (m, 1H), 7.56 (d, J =84 Hz, 1H), 747 (dt, J=76, 1.0Hz,
1H), 6.01 (t, J= 82 Hz, 2H), 441 (dd.J= 83, 6.5 Hz, 1H), 3.93-381
(m, 1H), 2.17-2.06 (m, 1H), 1.88-1.78 (m, 2H), 1.77-1.65 (m, 2H),
1.62-1.54 (m, 1H) 1.37-1.16 (m, 4H), 1.16-1.05 (m, 1H),0.93 (d,
J=6.7Hz, 3H, overlapped with CH3), 0.92 (d, ] =6.7 Hz, 3H, over
lapped with CHs). 3C NMR (126 MHz, DMSO-dg): & 173.83, 161.48,
160.59, 157.15, 157.06, 155.44, 153.70, 145 .99, 133.95, 130.13, 125.29,
121.17, 118.40,116.16, 95.03, 58.64, 48 .84, 32 87, 29.99, 25.39, 24.88,
19.15,18.58. HRMS: m/z caled for CasH3gNsOS : 4802241 [M+H]*;
found: 480.2242.

3.7.28. (6-{Cyclohexylamino)-5-(4-fluoro-3-nitrobenzamido)
pyrimidin-4-ylvaline 2e

iy
A _F
o T
H

o N
Ho™ N AN
XX 0
White solid. Yield: 14.3 mg (26%). "HNMR (500 MHz, DMSO-ds):
68.78(dd,J=7.3,2.2Hz 1H),8.43 (ddd, ]=8.7, 4.2, 23 Hz, 1H), 795
(s, 1H), 7.76 (dd, J=11.0, 8.7 Hz, 1H), 6.02 (d, ] =8.1 Hz, 1H), 5.77 (d,
J=80Hz 1H), 4.31 (dd, J=78, 58Hz, 1H), 392382 (m, 1H),
2.13-2.01 (m, 1H), 1.84-1.76 (m, 2H), 1.70~1.64 (m, 2H), 1.59~156
(m, 1H), 1.33—1.15(m, 4H), 1.13—1.02(m, 1H), 0.85 (d, /= 6.8 Hz, 3H,
overlapped with CHs), 0.86 (d, J=6.8Hz, 3H, overlapped with
CH3)13C NMR (126 MHz, DMSO-dg): & 173.74,162.75, 157.47,157.30,
15618 (d, J=266Hz), 15539, 136.50 (d, J=7.8Hz), 136.04 (d.
J=9.7Hz), 13146 (d, J=3.2Hz), 126.12, 11838 (d, J=21.0Hz),
95.19, 58.52. 48.94, 32.82, 30.18, 25.38, 25.06, 18.98, 18.57. HRMS:
m|z: calcd for CHaFNgO3: 475.2100 [M=+-H]*; found: 475.2100.
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3.7.29. (6-(Cyclohexylamino)-5-{isonicotinamido )pyrimidin -4-yi)
valine 2f

White solid. Yield: 22.5 mg (45%). '"H NMR (500 MHz, DMSO-ds):
69.54 (br. s, 1H), 8.79~9.74 (m, 2H), 7.96 (s, 1H), 7.95-7.92 (m, 2H),
598 (d, J=8.1Hz, 1H), 572 (d, J=79Hz, 1H), 431 (dd, =77,
5.6Hz, 1H), 3.90-384 (m, 1H), 2.08 (dq, J=136, 6.8Hz, 1H),
184176 (m, 2H), 1.70-1.64 (m, 2H), 1.59-1.56 (m, 1H), 1.34-1.16
(m, 4H), 115-1.02 (m, 1H), 0.86 (d,] =6.8 Hz, 3H, oveflapged with
CHs), 0.85 (d, J=6.7Hz, 3H, overlapped with CH3). “C NMR
(126 MHz, DMSO-dg): 6 174.20,164.72,15790,157.75,155.97,150.53,
141.85, 122.57, 95,60, 59.21, 49.41, 33.36, 30.90, 2593, 25.58, 19.43,
19.08. HRMS: m{z: calcd for G1Hx;NgO3: 4112150 [M-H]; found:
411.2136.

3.7.30. (6-(Cyclohexylamino )-5-(picolinamido )pyrimidin-4-yl)
valine 2g

White solid. Yield: 23.4 mg (47%). 'H NMR (500 MHz, DMSO-ds):
69.63(s,1H), 8.75-8.73 (m, 1H), 8.11-8.07 (m, 1H), 8.03 (td, ] = 7.6,
1.7 Hz, 1H), 797 (s, 1H), 7.68-7.64 (m, 1H), 582 (d, ] =80 Hz, 1H),
5.60 (d, J=82Hz 1H), 4.40 (dd, J=8., 5.8 Hz, 1H), 3.89-380 (m,
1H), 2.13-2.02 (m, 1H), 1.85-1.76 (m, 2H), 1.72-162 (m, 2H),
1.59-1.52 (m, 1H), 1.33-1.14 (m, 4H), 1.13-1.02 (m, 1H), 0.87 (d,
J=6.6Hz, 3H, overlapped with CH3), 0.85 (d, J=6.6Hz, 3H, over-
lapped with CHsz). >C NMR (126 MHz, DMSO-ds): 4 173.58, 16351,
15730, 157.00, 155.13, 15010, 148.34, 137.65, 126.57, 122.37, 95.63,
5836, 48.88, 32.71, 3030, 25.35, 2493, 18.81, 18.42. HRMS: m/z:
caled for CpyH;NgO3: 411.2150 [M-H|; found: 411.2137.

4. Results and discussion

Fig. 2 shows the two different types of scaffolds, consisting of
the central pyrimidine heterocycle. The 5-nitropyrimidine central
core was selected concerning the compounds depicted in Fig. 1 and
which has a proven antibacterial activity. Moreover, the nitro group
of scaffold 1 can open up a synthetic route for other modifications
and can provide easy access to diverse pyrimidines 2 modified with
other various pharmacophores (Fig 2) Combining two pharma-
cophoric systems is awell-established approach for designing more

lar Structure 1200 (2020) 127101 7

potent drugs with a significant increase in the biological activity
(221}

Structure 1 comprises the 5-nitropyrimidine scaffold and two
positions on the pyrimidine central core that differ from the used
amino acid and amine. Varying the substituents at these two po-
sitions allows the generation of a library with a diverse range of
compounds. Amino acids were selected as one of the substituents
as they are known for their ability to tune optimal pharmacokinetic
and pharmacodynamic properties of the potential drugs [22--24].
Additionally, the impact of the amino acid moiety on anti-
mycobacterial activity has also been reported for several purine
derivatives [25,26]. We decided to modify the central pyrimidine
core with five different amino acids. The amino acid side chain was
selected considering its lipophilicity, as our new compounds were
designed primarily as a potential antimycobacterial agent (more
than 60% of the mycobacterial cell wall are lipids). The remaining
second position of the pyrimidine scaffold was substituted with
various amines that have also been found in the broad spectrum of
antibacterial or antimycobacterial agents eg Refs. (27,28]. For this
study, we selected representative members of aliphatic, aromatic,
alicyclic and heterocyclic amines.

The second moiety (Fig. 2, structures 2) was introduced through
the acylation of the amino group with various carboxylic acids.
These moieties were selected considering their occurrence in
various biologically active compounds (e.g. derivatives with anti-
bacterial activities [7,12,14,29,30]) and ready availability. An over-
view of all the commercially available building blocks is presented
in Fig 3.

Target compounds 1 were synthesized from the resin-bound
precursors 3 (Scheme 1). Firstly, Wang resin was acylated with
five different Fmoc-protected amino acids (Fmoc-p-Ala-OH, Fmoc-
Phe-OH, Fmoc-Pro-OH, Fmoc-Met-OH, and Fmoc-Val-OH). The
Fmoc protecting group was then d th Xp to 50%
piperidine in DMF for 15 min to give resin 3. Subsequent reaction of
the free amino group of 3 with commercially available 4,6-dichloro-
5-nitropyrimidine, followed by nucleophilic substitution of the
resulting chloride 4 afforded resin-bound pyrimidines 5. Standard
cleavage with 50% TFA in DCM and subsequent high-performance
liquid chromatography (HPLC) purification represents our first li-
brary of 5-nitropyrimidine compounds 1a-w for biological testing.

*Reagents and conditions: (i) Fmoc-amino acid, HOBt, DMAP,
DIC, DMF/DCM (1:1), rt, 16 h; (ii) 50% piperidine, DMF, rt, 15 min;
(iii) 4,6-dichloro-5-nitropyrimidine, DIEA, dry DMF, rt, 2h; (iv)
amine, DIEA, DMF, rt, 16 h; (v) 50% TR in DCM, rt, 1 h.

All final compounds 1a-w depicted in Table 1 were obtained in
excellent crude purity ranging from 74 to 92% as measured by LC-
UV traces at 210-500 nm. Lower yields in the case of some com-
pounds were probably caused by losses during HPLC purification.

Final compounds 1a-w were screened for their in vitro anti-
bacterial activity against M. tuberculosis H37Rv and several Gram-
positi and Gram ) strains such as S aureus,
P. aeruginosa, E coli, and E. faecalis in the concentration range of
1024-0.0312 ug/mL Additionally, their antifungal activity against

N4\

[ | i

NH

various
pharmacophores

2

Fig. 2 Design of new pyrimidines.
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Fig. 3. Overview of the used building blocks.
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Scheme 1. Solid-phase synthesis of final ompounds 1a-w*.

C. albicans and A. niger was also investigated. The antimicrobial
activities were determined from their minimum inhibitory con-
centration (MIC) as described earlier [20]. Gentamicin was used as
the drug control for bacteria, isoniazid (INH) for M. tuberculosis and
amphotericin B for yeast and mold. Antimycobacterial activity of
the pyrimidines 1a-w against M. tuberculosis H37Rv (NCTC 7416)
was evaluated by determining their MIC and Resazurin microtiter
assay [17,18]. The results of the antibacterial activities for the first
pyrimidine series 1a-w are summarized in Table 2.

None of the tested compounds exhibited any activity against
fungal strains and E coli. On the other hand, compounds 1f and 1n
displayed slight antibacterial activity against S. aureus and
E. faecalis. Encouragingly, compound 1b showed considerable ac-
tivityagainst P aeruginosa (the bactericidal activity was observed in
the range of concentrations 2—8 pug/mL) and was found to be as
active as the standard drug gentamicin. Additionally, many of the
tested compounds displayed slight antimycobacterial activities
ranging from 128 to 1024 pg/mL (see Table 2).

The results of the first series of pyrimidines 1a-w indicate that
the choice of amino acid has the leastimpact on antimycobacterial

activity. Thus, we chose the amino acid valine, which exhibited the
best properties during the synthesis route for the implementation
of the second pyrimidine series 2. On the other hand, it seems that
the resulting activity differs concerning the selected amine. We
initially tested the propylamine, cyclohexylamine, benzylamine,
and morpholine containing adducts (1a-t) and found that the
cyclohexylamine substitution exhibits the best activity. In light of
this, we could find the possibility that the other amines could affect
antimicrobial activity. Thus, we broadened the range of amines for
the valine series by synthesizing three additional amines (piperi-
dine 1u, cyclooctylamine 1v, and hexylamine 1w). However, there
was only a very slight improvement in the antimycobacterial ac-
tivity for the cyclooctylamine containing moiety (compound 1v).
Nonetheless, we have chosen cyclohexylamine modification for
implementation to the second pyrimidine series 2 considering
other antibacterial activities of the cyclohexylamine modified py-
rimidines 1f and 1n.

The synthesis route of the target compounds 2a-j is depicted in
Scheme 2. Valine (R?) and cyclohexylamine (R?) substitutions were
chosen considering the initial antibacterial activity. After the
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immobilization of Fmoc-Val-OH on Wang resin and cleavage of the
Fmoc protecting group by exposure to 50% piperidine in DMF for
15 min, the resulting intermediate 6 was reacted with 4,6-dichloro-
5-nitropyrimidine. Nucleophilic substitution of chloride 7 with
cyclohexylmine delivered S-nitropyrimidine 8.

Further, the reduction of the nitro group of 8 t corresponding
amine 9 was essential. We explored several reaction conditions
using two reducing agents, sodium dithionite and tin(Il) chloride.
The first strategy used sodium dithionite under phase-transfer
catalysis conditions in a DCM~—water system. For this, tetrabuty-
lammonium hydrogen sulfate and ethyl viologen diiodide were
used as phase-transfer catalysts. Here, the best results were
observed for ethyl viologen diiodide. However, due to the incom-
plete conversion of starting material after an overnight reaction,
the reduction was repeated twice for the satisfactory results. Thus,
we decided to change the reducing agent and opted for the more
common strategy using tin(l1) chloride. Unfortunately, in this case,
as well, thereaction had to be repeated twice for the full conversion
of starting nitro derivative to amine 9. Taking into account of the
results obtained from our experiments and the risk in the removal
of tin{I1) salts (as we described earlier [31]), we decided to use the
combination of sodium dithionite and ethyl viclogen diiodide for
further experiments.

The third and the remaining core was introduced to the resin-
bound amine 9 via acylation for which ten different carbaxylic
acids were selected (Table 3). We used the standard HOBt/DIC
protocol for this procedure but unfortunately struggled with poor
solubility of some selected carboxylic acids in DMF (uracil-5-
carboxylic acid, 6-flu: icotinic acid or thiazolidine-4-carbaxylic
acid). As a result, the final products derived from these acids
were obtained in a very low crude yield and were not isolated
(Table 3). Finally, acid-mediated cleavage from the resin with TFA in
DCM, and subsequent HPLC purification presented our second se-
ries of compounds 2a-g for biological activity testing.

The final compounds 2a-g were screened for their in vitro
antibacterial activity against M. tuberatlosis H37Rv, Gram-positive
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Table 2
The in vitro antibacterial activity of ds 1a-w (MIC values in pg/mL).
Entry berculosk P aureus CCM 3953 Enterococcus faecalts CCM 4224 Psewdomonas aeruginasa CCM 3955
H37Rv

1a NA* NA ~M NA
1 512 NA M 2*
1c 512 NA ~M NA
1d NA NA M NA
1e 1024 NA ~M NA
i 256 512 512 NA
1g 1024 NA M NA
1h NA NA ~M NA
1 1024 NA ~M NA
1 1024 NA N NA
1k 1024 NA ~M NA
u NA NA ~M NA
im NA NA ~M NA
in 512 512 1024 NA
1o NA NA M NA
1P NA NA ~M NA
1q 1024 NA ~M NA
1r 256 NA ~M NA
1s 256 NA ~M NA
1t 512 NA M NA
Tu 1024 NA ~M NA
v 128 NA ~M NA
w 1024 NA ~M NA
INH 025 = = -
gentamicin - 16 [} 4

* NA < not active in the range of concentrations 1024—0.0312 pg/mL.

® The bactericidal activity was observed in the range of concentrations 2—8 ug/ml.

Qo L @ )i“"

Wang resin
L: Wang linker
asesae
Scheme 2. Salid-ph ithesks of final ds 2a-f.* and the conditl;

no,"

Gfin‘“"cf‘ : =En

oy R
_".Q’*o 7,)\/ B %
N N
10

(1) Fmoc-valine, N-hydraxybenzotriazale (HOBt), DMAP, DIC, DMF/DCM (1 : 1), 1t, 16h; (i)

saummnurms:un (ill) 45-dichloro-5-nitrapyrimidine, DIEA, dry DMEF, 12, 2 h; (v) amine, DIEA, DME, rt, 16 h; (v) NaySaQy, KOy, ethyl vidlogen dilodide, H0/DOM, rt,

16h; (i) cabaxylic ackd, ¥

and Gram-negative strains such as S. aureus, P. aeruginosa, E. coli,
andE. faecalis and two fungal strains C albicans and A. niger. None of
the tested compounds 2a-g exhibited any activity against S. aureus,
P. aeruginosa, E coli and E. faecalis, and fungal strains. On the con-
trary, the antimycobacterial activities of the synthesized pyrimi-
dines 2a-g were more promising (Table 4) Some of the tested
compounds exhibited slight to moderate antimycobacterial activity
against M. tuberculosis H37Rv. Encouragingly, among our new py-
rimidines, compound 2f with the 4-pyridinyl moiety exhibited
moderate antimycobacterial activity with a MIC value of 32 ug/mL
Interestingly, the hetero-isomer, pyrimidine 2g turned out to be
inactive. Heteroatom position and its impact on antimycobacterial
activity were also observed for thiophene derivatives 2b and 2c.
Both of these examples suggest that the heteroatom position plays
an important role in the bioactivity.

(HOBt), DMAP, DIC, DMF/DCM (1 : 1) or DME, 11, 16h; (vil ) S0% TFA In DOM, 1, 1h.

5. Conclusions

In summary, 30 new pyrimidines were synthesized and evalu-
ated for their antimicrobial screening against M. tuberculosis, a
selected panel of Gram-positive and Gram-negative bacteria, and
two fungal strains. Compound 2f exhibited moderate anti-
mycobacterial activity with a MIC value of 32 pug/mL, whereas
several other compounds were in the range of 1281024 ug/mL
Additionally, some of the tested compounds displayed a slight
antibacterial activity against S. aureus and E. faecalis (MIC value
512 ug/mL). Notably, the highest activity in the series was seen for
compound 1b against P. geruginosa. This data indicates that there is
a significant potential for this class of pyrimidines as they possess
an entirely different molecular structure from the known anti-TB
drugs and may even have a different mechanism of action. How-
ever, additional work is required to prove the potential of our
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Table 3
| sized products 22
Entry 13 Yield [%]
2a ({u 43
7
N
s
3
2b 18
&
2c b 14

F
2t e a5
2 a7
!
G4
2n N

2 N
NI < Not isolated.
Table 4
The in vitro | activity of ds 2a-g (MIC
values in pg/mL)
Entry Mycobacterium tuberculasts
H37Rv
2a 1024
2 128
2¢ 256
2d NA
2e NA
2f 32
28 NA
INH 025
*NA < not active in the range of concentrations 1024—0.0312 pg/
mL

compounds and to discover novel anti-TB agents that could prevent
the emergence of resistance.

Our methodology is based on the solid-phase synthetic
approach that introduces structural diversity from the abundant

1200 (2020) 127101 n

and commercially available building blocks with minimal synthetic
routes. This approach canaid in the rapid generation of a structure-
activity relationship and for further improved drugs based on the
promising pyrimidine scaffold.
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ABSTRACT: This study reports two synthetic approaches leading i NCTS
to 2-aminobenzoxazoles and their N-substituted analogues. Our first R—©: 2

synthetic strategy involves a reaction between various o-amino- .
phenols and N-cyano-N-phenyl-p-toluenesulfonamide as a non-

hazardous electrophilic cyanating agent in the presence of Lewis

acid. The second synthetic approach uses the Smiles rearrangement
upon activation of benzoxazole-2-thiol with chloroacetyl chloride. N CICH,COC

Both developed synthetic protocols are widely applicable, afford the @o% M

desired aminobenzoxazoles in good to excellent yields, and use

nontoxic and inexpensive starting material.

B INTRODUCTION

2-Aminobenzoxazoles and their N-substituted analogues play an
important role in medicinal chemistry and chemical biology.'™”
They are described as potential therapeutic agents including
various enzyme inhibitors (proteases, chymase, butyrylcholi-
nesterase, topoisomerase I1 inhibitors, etc.).”” They also have
applications in materials chemistry.q In addition, amino-
benzoxazoles serve as positron emission tomography probes.”
Therefore, the development of effective methods leading to 2-
aminobenzoxazoles and their analogues has attracted great
attention.

Several methods for synthesis of 2-aminobenzoxazoles have
been reported (Scheme l)."'w_w However, most of these
methods suffer from specific drawbacks. The most published
protocol comprises the cyclization of 2-aminophenols using
BrCN as a cyanating agent,” ™' but this BrCN reagent is
highly toxic. The next reported approach is the direct 2-C
amination of benzoxazoles,” >* but its drawbacks include the
use of transition metal catalysts, high temperatures, nitrogen
atmosphere, or co-oxidants. In recent years, many efficient
methods have been developed for the synthesis of N-substituted
aminobenzoxazoles.” "> Most of these methods suffer from low
yields and use toxic precursors or expensive reagents. N-
substituted aminobenzoxazoles can be prepared from corre-
sponding hydroxyl/thiol scaffolds through the aryl halides
(Scheme 1).* Unfortunately, this method requires toxic and
acidic halogenating agents. Amination using Rose Bengal as a
photocatalyst has been recently reported.” Despite being
efficient and the low cost of Rose Bengal catalyst, this protocol
needs a strong organic base (DBU) and has long reaction time
that downgrade its advantages. Microwave-enhanced on-water
amination of 2-mercaptobenzoxazoles has also been recently
introduced.” However, its drawbacks include an inert
atmosphere or co-oxidants. In addition, transition metal

7 ACS Publications  © 2019 American Chemical Society

=
BF3.E,0 N
b 3-Et2 A NNH,
OH ( i 5
‘M‘J up to 60% yield
R'R?NH,

N R
OO
o R'

Smiles rearrangement

up to 83% yleld

catalysts used in this method may be expensive and higher
temperatures are sometimes inevitable.

Given the shortcomings of the abovementioned methods, we
attempted to develop a new, nontoxic, and efficient protocol
relying on an inexpensive starting material. Thus, accordingly,
we designed two independent protocols leading to 2-amino-
benzoxazoles (Scheme 1, path a) and their N-mono or
disubstituted analogues (Scheme 1, path b). The first protocol
is based on the use of N-cyano-N-phenyl-p-toluenesulfonamide
(NCTS) as a nonhazardous electrophilic cyanating agent. It
combines operational simplicity, a nontoxic reagent, and wide
substrate scope. The second approach is based on the Smiles
rearrang; it that enables the functionalization of hetero-
aromatic rings under economic conditions. Both the developed
protocols are widely applicable and afford the desired
compounds in good yields, thus indicating their efficacy.

B RESULTS AND DISCUSSION

In 2015, Kasthuri et al. reported the synthesis of 2-amino-
benzoxazoles using an efficient, air-stable, and nonhazardous
electrophilic cyanating agent, i.e, NCTS."" NCTS can be easily
synthesized from inexpensive and commercially available ?henyl
urea by dehydrative tosylation in pyridine in high yields."* The
synthetic protocol described by Kasthuri etal.* required 1 equiv
of LIHMDS to accomplish the reaction. Unfortunately, despite
our efforts to acquire additional optimization, we found the
reaction to be irreproducible in our hands as it yielded only up to
11% of the desired product 2a (Table 1, entry 6).** Compound
3 was always detected as the major product according to liquid
chromatography—mass spectrometry (LC—MS) traces.
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Scheme 1. Aminobenzoxazole Synthesis
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Table 1. Optimization of the Reaction Conditions”

Q
©:NH7 _ NeTs @:NnyH, x Hw@gﬁ—@—
oW  LHMDS, THF d
1 2 3
entry NCTS (equiv) LiHMDS (equiv) T (°C)  results” (% of 2a)
1, 1 1 Otort 9
2 1 3 Otort 9
3 12 1 Otort 6
4 LS 1 Otort 4
N 12 3 Otort 9
6 1 3 0 to 60 11

“Reaction conditions: o-aminophenol (0.18 mmol, 20 mg), NCTS,
LiHMDS, tetrahydrofuran (THF; 1 mL), 2 h. “Conversion estimated
from LC—MS traces at 210—3500 nm.

Following these results, we changed the reaction conditions
keeping NCTS as a cyanating agent. Initial investigations were
aimed at the direct use of NCTS without any activation.
Unfortunately, NCTS was found to be ineffective in this case.
Thus, we suggested that the use of a strong Lewis acid as BFy
Et,0 in combination with NCTS could successfully activate the
CN group toward a nucleophilic attack”” and afford the desired
product 2a. Indeed, our expectations met with successful results,
and after some optimization (Table 2), the desired product 2a
was obtained in good yield. Using these optimal conditions, the
reaction can proceed even at a § mmol scale. This result
suggested that the process might be scaled up with only a slightly
lower yield.

With optimum reaction conditions, the substrate scope was
explored (Table 3). We found out that the substitution pattern
does not affect the reaction yields. Both EWG and EDG
substituents yielded the desired products in moderate to good
yields (45-60%). Considering the satisfactory LC—MS

Table 2. Optimization of the Reaction Conditions with Lewis

Acids”
NHz — NeTs E:[N
H—NH,
@or‘ BF,E,0 o
1 1,4-dioxane 2a
entry BF,Et,O (equiv) NCTS (equiv) T (°C) results” (% of 2a)

1 3 3 reflux 86
2 3 3 100" 39
3 3 2 reflux 75
4 3 L5 reflux 87
5 3 12 reflux 54
6 2 LS reflux 90
7 1 LS reflux 71

“Reaction conditions: o-aminophenol (0.18 mmol, 20 mg), NCTS,
BF;-Et,0, 1,4-dioxane (1 mL), 30 h. “External temperature of the
bath. “Conversion estimated from LC—MS traces at 210—500 nm.

conversions, we estimated that the multistep isolation and
purification procedure resulted in lowered isolated yields.
Hence, different solvents were tried to improve the workup
and isolated yield (Supporting Information, Table S1).
Unfortunately, none of the used solvents led to a higher yield.

Based on the observations and prevalent literature,” the
reaction mechanism was proposed (Scheme 2). The reaction is
initiated through the Lewis acidic activation of NCTS via the
coordination of its cyano group to BF;-Et,0. The activation
facilitates the subsequent nucleophilic attack of the amino group
and the elimination of the sulfonamide residue. The hydroxy
group then attacks the electron-deficient carbon. Finally, the
desired product 2 is formed during the workup. We confirmed
the eliminated sulfonamide by mass m/z = 246 [M — H],
providing the next experimental support for our mechanistic
proposal.

DOK: 10.1021 /acsomega.9b02702
ACS Omega 2019, 4, 19314-19323
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Table 3. Substrate Scope of the Cyclization Reaction”

NH,
RE X N2 NCTS af X N‘}—an
A on BF3.Et,0 A~
dioxane, 125 °C 2a-h
tah 25-30h
N N N
D—NH, \@ H—NH, /E:: S NH.
- : e
2a; 60% yield 2b; 53% yield 2¢; 54% yield
ON-_A N N c N
T O T
Z0 0N o o
2d; 48% yield 2e; 47% yield 2f; 50% yield
o]
N ~ N
(o] N
O O
ci o Z~q
2g; 50% yield 2h; 45% yield

“Reaction conditions: o-aminophenol (0.9 mmol, 100 mg), NCTS
(1.5 equiv), BF3-Et;O (2 equiv), 1,4-dioxane ($ mL), reflux, 25—30 h.

We were also interested in the catalyst-free synthesis of N-
substituted benzoxazole analogues. Recently, the Smiles
rearrangement, an intramolecular SN, reaction, has received
renewed attention.”® It enables the functionalization of
heteroaromatic rings via breaking a C~X single bond and
forming a new C—X or C—C bond under economic conditions.
In 2017, Wang et al. published an interesting synthesis of N-aryl-
2-aminobenzoxazoles from substituted benzoxazole-2-thiol and
2-chloro-N-arylacetamides in a KOH-dimethylformamide
(DMF) system.”” However, this method is described only for
aromatic substrates. By taking inspiration from the capabilities of
the Smiles rearrangement and commercially available hetero-
cyclic thiols, we suggested a synthetic approach to N-substituted
aminobenzoxazoles.

First, we focused on the reaction of benzoxazole-2-thiol with
various aliphatic bromoamines and expected the Smiles
rearrangement to result in the desired thiol (Scheme 3).
Interestingly, some of the investigated substrates reacted giving
the mixture of thiol and disulfide or other unexpected products.

The reaction of benzoxazole-2-thiol 4 with 3-bromopropyl-
amine HBr § according to the conditions listed by Abdelazeem

etal’ gave a mixture of benzoxazole 6 and disulfide analogue 7
(Scheme 3). The reaction conditions were further optimized
concerning the amine and base equivalents (Supporting
Information, Table S2). If an excess of the base was used,
disulfide was obtained as the main product of the reaction.
However, 2 equiv of the amine together with 2 equiv of the base
provided compound 6 selectively. Moreover, radical scavenger
Et;N strongly suppressed disulfide 7 formation. Therefore,
disulfide 7 might be probably formed by a radical mechanism.
On the other hand, there was no effect of oxidation (Supporting
Information, Table S2, entry 8).

Subsequently, we explored the reaction of benzoxazole-2-thiol
with 2-bromoethylamine HBr (Scheme 3). Surprisingly, we
observed a different reactivity compared to bromopropylamine
(Supporting Information, Table S3). The reaction of benzox-
azole-2-thiol started with 4 equiv of the amine and 3 equiv of
K,COj, giving a mixture of products 9 and 10. Disulfide 10 was
formed selectively using just 2 equiv of the amine. The
temperature was found to play a key role in the reaction.
Heating at 70 °C resulted in a mixture of both compounds, and
an increased temperature of 120 °C afforded disulfide 10
selectively. Changing the amount of K,CO, did not provide the
desired selectivity. Consequently, we tried Et;N instead and
realized that 2 equiv of the amine and 1 equiv of Et;N are the
most convenient conditions for the synthesis of compound 9.

We also studied the reactivity of benzoxazole-2-thiol with 4-
bromobutylamine HBr 11 (Scheme 3, Supporting Information,
Table S4). The bromoamine 11 was synthesized from
commercially available aminoalcohol according to the pre-
viously described procedure followed by ionex workup.*
Surprisingly, the rapid S-membered ring closure provided
pyrrolidine 14 as the main product regardless of the reaction
conditions. This ring-closing reaction is speeded up by negligible
ring strain and insignificant entropy change. Lower temperature
only slowed all of the conversion down. Finally, 2 equiv of the
amine and 2 equiv of Et;N in refluxing toluene provided
compound 14 within 4 h.

The reactivity of S-bromopentylamine HBr 15 was also
explored (Scheme 3, Supporting Information, Table S5).
Bromoamine 15 was synthesized from S5-aminopentan-1-ol
according to the previously described procedure followed by
ionex workup.” The substitution leading to product 16
proceeded smoothly after the careful optimizations using 2
equiv of Et;N in refluxing toluene. Harsher reaction conditions
were tried to obtain the rearranged compound 17, but we

Scheme 2. Proposed Reaction Pathway

DOK: 10.1021 /acsomega.9b02702
ACS Omega 2019, 4, 19314-19323
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Scheme 3. Reaction of Benzoxazole-2-thiol with Various Aliphatic Bromoamines
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Table 4. Optimization of Reaction Conditions with Cyclohexylamine®

e

4

chloride (equiv)

12

12

17

12

12

12

1.2
8 12

entry

I

N
291
CICH,COCI

base (equiv)
Cs,CO, (3.2)
Cs,CO; (3.2)
Cs,CO; (32)
Cs,CO, (3.7)
Cs,CO, (3.2)
Cs,CO; (32)
DBU (32)

NaH (3.2)

" rp + " s o
G« -

301
T (°C) time (h)
160 (MW) 1/2
160 8
160 (MW) 1/2
160 (MW) 1/2
160 (MW) 1/2
160 (MW) 1/2
reflux 2
150 2

R a®

31
solvent ratio of 301:311 (%)"
DMF 57:0
DMF 58:0
DMF 31:0
DMF 48:0
N,N-DMA 25:0
N,N-DMA 47:0
MeCN 0:95
N,N-DMA 0:42

“Reaction conditions: Benzoxazole-2-thiol (0.16 mmol, 25 mg), cyclohexylamine (0.16 mmol), base, CICH,COCI, solvent (1 mL). "Conversion
estimated from LC—MS traces at 210—500 nm.
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Table 5. Substrate Scope of the Rearrangement
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observed the formylation in DMF instead. As a result,
compound 18 was isolated after the microwave irradiation.

We next investigated the behavior of chloroacetamide as well
as aromatic substrates in the Smiles reaction (Scheme 4). For
this, we studied the reactivity of aromatic 4-bromobenzylamine
19 (Scheme 4, Supporting Information, Table S6). Lower
susceptibility to nucleophilic attack usually makes aromatic
halides rather unreactive. However, the unexpected reaction
occurred on using 2 equiv of Et;N in refluxing toluene. Under
these conditions, the amino group was found to be sufficiently
nucleophilic to substitute the thiol, providing benzoxazolamine
22.

The investigation of more challenging substrates such as
amides and benzylic bromides gave only the expected
substitution products. Their rearrangement was probably
prevented by sterically and energetically demanding transition
states. First, we examined the reactivity of 2-chloroacetamide 23
(Scheme 4, Supporting Information, Table S7). All of the

o

optimizations gave mostly compound 25 probably due to lower
acidic nitrogen nucleophilicity as well as an unfavorable
transition state. Moreover, microwave irradiation afforded a
mixture of 25 and 2-aminobenzoxazole 2. We also explored the
reactivity of 3-(bromomethyl)aniline (Scheme 4, Supporting
Information, Table S8). There was no rearrangement regardless
of the reaction conditions. We always obtained only the
substitution product 27. Finally, reactions with various aromatic
bromoanilines were attempted, but no reaction occurred as
expected.

Since we aimed at a wide substrate scope, a universal method
was needed. Thus, a more challenging intramolecular variant of
the Smiles rearrangement using chloroacetyl chloride was
explored (Table 4). First, reaction conditions described by
Tian et al.”” applied on cyclohexylamine as a model substrate
were attempted (Table 4, entry 1). This one-pot reaction was
performed under microwave irradiation as well as under
conventional heating in an oil bath at 160 °C. The second
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reaction provided a slightly better result. Excess chloride or
Cs,COy, as well as changing the solvent, prolonged the reaction
time, or the higher temperature gave worse conversion. On the
other hand, no rearrangement occurred using different bases.
Since bromoacetyl bromide showed better activating properties,
milder reaction conditions were considered for aniline
(Supporting Information, Table $9). The reaction proceeded
evenat 85 °C without compromising the isolated yield. Different
bases provided only the substitution product 31c. Unfortu-
nately, these milder conditions failed with other amines giving
the substitution product 31 only.

With the optimized reaction conditions, we studied the scope
of the rearrangement (Table 5). Various types of amines,
including aromatic, aliphatic, alicyclic (both primary and
secondary), and bisnucleophilic ethanolamine, were tested.
Regardless of the electron effects and substitution patterns, the
aromatic and primary amines reacted smoothly, giving the
desired products 30a—h in good yields (58—83%). On the other
hand, a steric hindrance on the amine lowered the yield
significantly. The reaction resulted in a moderate isolated yield
of benzoxazole 301 (32%), while the reaction with morpholine
gave low yield of 30j (25%). The rearrangement of diethylamine
completely failed. Finally, we upscaled the reaction of
benzoxazole-2-thiol 4 with aniline to 3.5 mmol of 4, which
required a slightly prolonged reaction time (8 h), giving 30c in a
71% isolated yield. This result suggested that the process also
can be upscaled with only a slightly lower yield.

Based on the above observations and the existing literature,
the reaction mechanism set out in Scheme 5 was suggested.
First, S-alkylated thiol undergoes the Smiles rearrangement by
the nucleophilic attack of the nitrogen at the benzoxazole ring
carbon, forming a new C—N bond to give the spiro intermediate.
Second, rearomatization and alkaline hydrolysis in the presence
of Cs,CO; afford the N-substituted benzoxazole 30.

B CONCLUSIONS

In conclusion, synthetic strategies affording various 2-amino-
benzoxazoles and their N-substituted analogues from readily
available starting materials have been developed. Our first
approach to substituted 2-aminobenzoxazoles is based on the
nonhazardous cyanating agent NCTS, activated with BF;-Et,0.
This newly developed synthetic protocol combines operational
simplicity, a nontoxic and readily available reagent, and wide
substrate scope. Moreover, an efficient one-pot amination of
benzoxazole-2-thiol by various amines mediated with chlor-
oacetyl chloride via the intramolecular Smiles rearrangement
was developed. Our methodology stands out because of the wide
amine scope, short reaction time, and a metal-free approach. The
obtained results also indicated that the reactions can be scaled
up, providing an alternative process for the chemical industry.
Finally, we believe that our methodologies represent a
straightforward way to various aminobenzoxazoles and their
analogues as important building blocks in organic and medicinal
chemistry.

B EXPERIMENTAL SECTION

General Information. Solvents and chemicals were
purchased from Sigma-Aldrich (www.sigmaaldrich.com) and
Fluorochem (www.fluorochem.co.uk). All reactions were
carried out at ambient temperature (21 °C) unless stated
otherwise. Analytical thin-layer chromatography (TLC) was

performed using aluminum plates precoated with silica gel (silica
gel 60 F254).

The LC—~MS analyses were carried out on an UHPLC-MS
system consisting of UHPLC chromatograph Accela with a
photodiode array detector and triple quadrupole mass
spectrometer TSQ Quantum Access (Thermo Scientific, CA),
using a Nucleodur Gravity C18 column (dimensions 1.8 ym, 2.1
% 50 mm? at 30 °C and a flow rate of 800 #L/min (Macherey-
Nagel, Germany)). The mobile phase was (A) 0.1% ammonium
acetate in water and (B) 0.1% ammonium acetate in acetonitrile,
linearly programmed from 10 to 80% B over 2.5 min, kept for 1.5
min. The column was re-equilibrated with 10% of solution B for
1 min. The APCI source operated at a discharge current of 5 uA,
vaporizer temperature of 400 °C, and a capillary temperature of
200 °C.

NMR 1H/13C spectra were recorded on a JEOL ECX-500SS
(500 MHz) or JEOL ECA400II (400 MHz) spectrometer at
magnetic field strengths of 11.75 T (with operating frequencies
500.16 MHz for 1H and 125.77 MHz for 13C) and 9.39 T (with
operating frequencies 399.78 MHz for 1H and 100.53 MHz for
13C) at ambient temperature (~21 °C). Chemical shifts (5) are
reported in parts per million (ppm), and coupling constants (J)
are reported in hertz (Hz). NMR spectra were recorded at
ambient temperature (21 °C) in DMSO-d, and referenced to
the resonance signal of the solvent.

HRMS analysis was performed with LC~MS and an Orbitrap
high-resolution mass spectrometer (Dionex, Ultimate 3000,
Thermo Exactive plus, MA) operating in positive full scan mode
in the range of 80—1200 m/z. The settings for electrospray
ionization were as follows: 150 °C oven temperature and 3.6 kV
source voltage. The acquired data were internally calibrated with
phthalate as a contaminant in methanol (m/z 297.15909).
Samples were diluted to a final concentration of 0.1 mg/mL in a
solution of water and acetonitrile (50:50, v/v). The samples
were injected into the mass spectrometer following HPLC
separation on a Kinetex C18 column (2.6 gm, 100 A, 50 X 3.0
mm?®) using an isocratic mobile phase of 0.01 M MeCN/
ammonium acetate (80/20) at a flow rate of 0.3 mL/min.

All reactions carried out under microwave irradiation were
performed with the CEM Discover SP microwave synthesizer,
using the dynamic mode in the following settings: maximum
amount of microwave power (150 W), premixing time (1 min),
and stirring speed (high). A simultaneous cooling of the reaction
vessel provided by compressed air (24 psi) was applied during
the entire experiment (PowerMax option “ON”). All 0.5 mmol
scale reactions were performed in a 10 mL borosilicate glass
reaction vessel closed with a disposable silicon cap and equipped
with a Teflon-coated egg-shaped magnetic stir bar. The
temperature was monitored by an external infrared sensor.

General Procedures and Characterization of Individ-
ual Compounds. Cyclization of Aminophenols with NCTS.
O-aminophenol 1 (0.9 mmol; 1 equiv) and NCTS (1.35 mmol;
1.5 equiv) were dissolved in 1,4-dioxane (4 mL). BF;-Et,0 (1.8
mmol; 2 equiv) was added dropwise. The mixture was refluxed
overnight (monitored by TLC, 24—30 h). After that, the cooled
(rt) mixture was quenched with sat. NaHCO, (pH ~ 7), diluted
with H,O (30 mL), and extracted with EtOAc (3 X 30 mL).
Combined organic layers were dried over anhydrous Na,SO,
and concentrated in vacuo. The residue was purified by column
chromatography using Hex/EtOAc.

Benzo[d]oxazol-2-amine (2a). Brown solid. Yield: 60% (72
mg). 'H NMR (400 MHz, DMSO-d,): 8 7.35 (s, 2H), 7.30 (d, ]
=7.8 Hz, 1H),7.19 (d, ] = 7.3 Hz, 1H), 7.08 (t, ] = 7.2 Hz, 1H),
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6.95 (t, ] = 7.2 Hz, 1H). *C NMR (101 MHz, DMSO-d,): &
162.70, 147.92, 143.61, 123.45, 119.92, 115.25, 108.38. HRMS:
m/z: caled for C,H¢N,0: 135.0553 [M + H]*; found: 135.0554.
5-Methylbenzo[d]oxazol-2-amine (2b). Brown solid. Yield:
53% (71 mg). 'H NMR (400 MHz, DMSO-d,): § 7.29 (s, 2H),
7.16 (d, ] = 8.0 Hz, 1H), 7.00 (s, 1H), 6.75 (d, ] = 7.9 Hz, 1H),
230 (s, 3H). *C NMR (101 MHz, DMSO-dg): & 162.89,
146.09, 143.78, 132.47, 120.46, 115.69, 107.80, 21.10. HRMS:
m/z: caled for CgHgN,O: 149.0709 [M + H]'; found: 149.0709.
6-Methylbenzo[d]oxazol-2-amine (2c). Brown solid. Yield:
54% (72 mg). "H NMR (400 MHz, DMSO-d,): § 7.29 (s, 2H),
7.14 (s, 1H), 7.06 (d, ] = 7.9 Hz, 1H), 6.90 (d, ] = 7.6 Hz, 1H),
232 (s, 3H). “C NMR (101 MHz, DMSO-d,): § 162.30,
148.06, 140.89, 129.38, 124.09, 114.69, 108.9, 20.97. HRMS:
m/z: caled for CgHgN,O: 149.0709 [M + H]'; found: 149.0710.
5-Nitrobenzo[d]oxazol-2-amine (2d). Yellow solid. Yield:
48% (77 mg). "H NMR (400 MHz, DMSO-dy): § 7.98-7.96
(m, 1H), 7.95-7.90 (m, 3H), 7.55 (d, ] = 8.7 Hz, 1H). *C NMR
(101 MHz, DMSO-dg): § 164.80, 152.31, 144.65, 144.36,
116.65, 109.98, 108.64. HRMS: m/z: caled for C,HiN,O;:
178.0258 [M — H]*; found: 178.0242.
6-Nitrobenzo[d]Joxazol-2-amine (2e). Yellow solid. Yield:
47% (75 mg). '"H NMR (400 MHz, DMSO-d,): § 8.29—-8.17
(m, 3H), 8.10 (dd, ] = 8.7, 2.3 Hz, 1H), 7.32 (d, ] = 8.7 Hz, 1H).
3C NMR (101 MHz, DMSO-d): & 166.35, 150.99, 147.19,
140.29, 121.09, 114.13, 104.65. HRMS: m/z: caled for
C,HN,0;: 178.0258 [M — H]*; found: 178.0241.
5-Chlorobenzo[d]oxazol-2-amine (2f). Brown solid. Yield:
50% (76 mg). 'H NMR (400 MHz, DMSO-d): § 7.58 (s, 2H),
7.32 (d, J = 8.4 Hz, 1H), 7.22 (d, = 2.1 Hz, 1H), 6.97 (dd, J =
8.4, 2.2 Hz, 1H). C NMR (101 MHz, DMSO-dy): & 163.86,
146.73, 145.30, 127.65, 119.43, 114.88, 109.39. HRMS: m/z:
caled for C;H(CIN,O: 169.0163 [M + H]’; found: 169.0165.
6-Chlorobenzo[d]oxazol-2-amine (2g). Red solid. Yield:
50% (75 mg). 'H NMR (400 MHz, DMSO-d): § 7.52 (s, 2H),
748 (d,] = 1.8 Hz, 1H), 7.17 (d, ] = 8.3 Hz, 1H), 7.12 (dd, ] =
8.3, 2.0 Hz, 1H). *C NMR (101 MHz, DMSO-d,): & 163.31,
148.27, 142.80, 123.69, 123.54, 115.85, 109.13. HRMS: m/z:
caled for C;H(CIN,0: 169.0163 [M + H]’; found: 169.0164.
Methyl 2-Aminobenzo[d]oxazol-5-carboxylate (2h). Yel-
low solid. Yield: 45% (49 mg). "H NMR (500 MHz, DMSO-d,):
57.72(d,] = 1.7 Hz, 1H), 7.65 (dd, J = 8.3, 1.7 Hz, 1H), 7.63 (s,
2H), 7.43 (d, J = 8.3 Hz, 1H), 3.84 (s, 3H). '*C NMR (101
MHz, DMSO-d): 5 166.36, 163.71, 151.30, 144.02, 125.32,
122.17, 115.78, 108.47, 52.05. HRMS: m/z: caled for
CoHgN,05: 193.0608 [M + H]; found: 193.0607.
Cyclization of Aminophenols with LIHMDS. O-Amino-
phenol 1 (1.61 mmol; 1 equiv) and NCTS were dissolved in
THEF (dry, 2.5 mL). The mixture was cooled down to 5 °C,and 1
M LiHMDS in hexane (1.61 mmol; 1 equiv) was added
dropwise. It was stirred at 5 °C to rt for 1 h. Then, the reaction
mixture was poured into ice water (50 mL) and stirred for 15
min. This was followed by an extraction with EtOAc (3 x 50
mL), and the organic layers were washed with brine (1x), dried
over anhydrous Na,SO, and concentrated in vacuo. The residue
was purified by column chromatography using Hex/EtOAc.
2-Aminophenyl-4-methylbenzenesulfonate (3). Brown
solid. Yield: 35% (148 mg). 'H NMR (500 MHz, DMSO-d,):
59.28 (s, 2H), 7.63 (d, ] = 8.3 Hz, 2H), 7.30 (d, ] = 8.2 Hz, 2H),
7.13 (dd, ] = 8.0, 1.6 Hz, 1H), 6.91 (td, ] = 7.9, 1.6 Hz, 1H), 6.72
(dd, J = 8.0, 1.1 Hz, 1H), 6.68 (td, ] = 7.9, 1.4 Hz, 1H), 2.33 (s,
3H). *C NMR (101 MHz, DMSO-dg): § 150.19, 142.89,
137.82, 129.42, 126.86, 126.15, 124.40, 119.04, 115.59, 21.05.

HRMS: m/z: caled for C;3H;3NO;S: 264.0689 [M + H];
found: 264.0689.

Smiles Rearrangement with 3-Bromopropylamine HBr.
Benzoxazole-2-thiol 4 (1.61 mmol, 1 equiv), K,CO; (3.2 mmol;
2 equiv/4.8 mmol; 3 equiv), and 3-bromopropylamine HBr §
(3.2 mmol; 2 equiv/1.61 mmol; 1 equiv) were suspended in
DMEF (10 mL). The reaction mixture was stirred at 70 °C for 2 h.
It was followed by dilution with H,O (50 mL) and extraction
with EtOAc (3 X 50 mL). Organic layers were washed with brine
(1x), dried over anhydrous Na,SO,, and concentrated in vacuo.
The residue was purified by column chromatography using
Hex/EtOAc.

3-(Benzo[d]oxazol-2-ylamino)propane-1-thiol (6). White
solid. Yield: 67% (222 mg). 'H NMR (500 MHz, DMSO-d;): 8
7.90 (t,] = 5.6 Hz, 1H), 7.32 (d, ] = 7.8 Hz, 1H), 7.23 (d, ] = 7.1
Hz, 1H), 7.10 (td, ] = 7.6, 1.0 Hz, 1H), 6.96 (td, ] = 7.7, 1.2 Hz,
1H), 3.39 (dd, ] = 12.6, 6.7 Hz, 2H), 2.56 (dd, ] = 13.8, 6.8 Hz,
2H),2.40 (t, ] = 7.3 Hz, 1H), 1.86 (p, ] = 6.9 Hz, 2H). *C NMR
(126 MHz, DMSO-d,): § 162.31, 147.98, 143.24, 123.51,
120.02, 115.36, 108.42, 40.74, 32.96, 21.11. HRMS: m/z: caled
for C,oH},N,0S: 209.0743 [M + H]*; found: 209.0743.

N,N'-(Disulfanediylbis(propane-3, 1-diyl)bis(benzo[d]-oxa-
zol-2-amine)) (7). Yellow solid. Yield: 66% (219 mg). 'H NMR
(500 MHz, DMSO-dy): 37.94 (t,J = 5.6 Hz,2H), 7.31 (d,] = 7.8
Hz,2H),7.23 (d, ] = 7.4 Hz, 2H), 7.09 (td, ] = 7.7, 0.9 Hz, 2H),
6.96 (td, J = 7.8, 1.1 Hz, 2H), 3.39 (dd, J = 12.7, 6.6 Hz, 4H),
2.81 (t, ] = 7.1 Hz, 4H), 2.03-1.90 (m, 4H). 3C NMR (126
MHz, DMSO-d,): § 162.25, 147.99, 143.23, 123.51, 120.04,
115.39, 108.43, 40.89, 35.02, 28.38. HRMS: m/z: caled for
CaHpN,0,8,: 415.1257 [M + H]*; found: 415.1258

Smiles Rearrangement with 2-Bromoethylamine HBr.
Benzoxazole-2-thiol 4 (1.61 mmol, 1 equiv), K,CO; (4.8
mmol; 3 equiv), and 2-bromoethylamine HBr 8 (3.2 mmol; 2
equiv) were suspended in DMF (10 mL). The reaction mixture
was stirred at 120 °C for 2 h. This was followed by dilution with
H,0 (50 mL) and extraction with EtOAc (3 X 50 mL). Organic
layers were washed with brine (1x), dried over anhydrous
Na,SOy, and concentrated in vacuo. The residue was purified by
column chromatography using Hex/EtOAc.

N,N'-(Disulfanediylbis(ethane-2,1-diyl)bis(benzo[d]-oxa-
zol-2-amine)) (10). White solid. Yield: 71% (220 mg). '"H NMR
(400 MHz, DMSO-dy): 58.14 (t,J = 5.7 Hz,2H), 7.33 (d,] = 7.8
Hz, 2H),7.25 (d, ] = 7.6 Hz, 2H), 7.10 (td, ] = 7.5, 0.9 Hz, 2H),
6.97 (td, ] = 7.7, 1.1 Hz, 2H), 3.61 (dd, ] = 12.9, 6.4 Hz, 4H),
3.01 (t, ] = 6.7 Hz, 4H). *C NMR (101 MHz, DMSO-dg): &
162.03, 148.02, 143.08, 123.62 120.24, 115.56, 108.58, 41.45,
36.86. HRMS: m/z: caled for C,gH ¢N,0,S,: 387.0944 [M +
H]*; found: 387.0944.

Smiles Rearrangement with 4-Bromobutylamine HBr.
Benzoxazole-2-thiol 4 (0.6 mmol, 1 equiv) and Et;N (1.2
mmol, 2 equiv) were dissolved in toluene (5 mL) and premixed
at rt for 10 min. Subsequently, 4-bromobutylamine HBr 11 (1.2
mmol, 2 equiv) was added. The reaction mixture was refluxed for
4 h. It was cooled to room temperature, diluted with H,O (20
mL), and extracted with EtOAc (3 X 20 mL). Organic layers
were dried over anhydrous Na,SO, and concentrated in vacuo.
The residue was purified by column chromatography using
Hex/EtOAc.

2-(Pyrrolidin-1-yl)benzo[d]oxazole (14). White solid. Yield:
54% (60 mg). 'H NMR (400 MHz, DMSO-dg): 5 7.37 (dd, ] =
7.9,0.5 Hz, 1H),7.25 (dd, ] = 7.8, 0.8 Hz, 1H), 7.12 (td, ] = 7.7,
1.1 Hz, 1H), 6.97 (td, ] =7.7,1.3 Hz, 1H), 3.54 (ddd, ] = 6.7, 4.3,
2.6 Hz, 4H),2.00—1.93 (m, 4H). "*C NMR (101 MHz, DMSO-
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dg): 6 160.51, 148.54, 143.59, 123.72, 119.77, 115.36, 108.63,
47.16, 25.03. HRMS: m/2: caled for C,,H,;N,0: 189.1022 [M
+ HJ; found: 189.1022.

Smiles Rearrangement with 5-Bromopentylamine HBr.
Benzoxazole-2-thiol 4 (0.6 mmol, 1 equiv) and Et;N (1.2 mmol,
2 equiv) were dissolved in toluene (5 mL) and premixed at rt for
10 min. Subsequently, 5-bromopentylamine HBr 15 (1.2 mmol,
2 equiv) was added. The reaction mixture was refluxed for 4 h. It
was cooled to room temperature, diluted with H,0 (20 mL),
and extracted with EtOAc (3 X 20 mL). Organic layers were
dried over anhydrous Na,SO, and concentrated in vacuo.

5-(Benzo[d]oxazol-2-ylthio)pentan-1-amine HBr (16).
White solid. Yield: 95% (134 mg). 'H NMR (400 MHz,
DMSO-d,): 6 7.68=7.59 (m, 2H), 7.37—-7.28 (m, 2H), 3.54 (br
s, 3H), 3.37-3.28 (m, 2H), 2.60 (t, ] = 6.5 Hz, 2H), 1.85—1.71
(m,2H), 1.53—1.35 (m, 4H). *C NMR (101 MHz, DMSO-d,):
8 164.47, 151.18, 141.31, 124.52, 124.12, 118.15, 110.09, 41.04,
31.77, 31.68, 28.75, 25.30. HRMS: m/z: caled for C1,H (N, OS:
237.1056 [M + H]*; found: 237.1056.

Smiles Rearrangement with 16. Compound 16 (0.42 mmol,
1 equiv) and Et;N (0.84 mmol, 2 equiv) were dissolved in DMF
(4 mL). The reaction mixture was stirred under microwave
irradiation at 120 °C for 2 h. After that, it was cooled to room
temperature, diluted with H,O (20 mL), and extracted with
EtOAc (3 X 20 mL). Organic layers were dried over anhydrous
Na,SO, and concentrated in vacuo. The residue was purified by
column chromatography using Hex/EtOAc.

N-(5-(Benzo[d]oxazol-2-ylthio)pentyl)formamide (18).
Brown oil. Yield: 58% (64 mg). "H NMR (400 MHz, DMSO-
dg): 67.99 (s, 1H), 7.97 (br s, 1H), 7.68—7.59 (m, 2H), 7.36—
7.28 (m, 3H), 3.35-3.28 (m, 2H, overlapped with H,0), 3.09
(q,J=6.3Hz,2H), 1.84—1.73 (m, 2H), 1.50~1.38 (m, 4H). *C
NMR (101 MHz, DMSO-d;): 5 164.43, 160.87, 151.18, 141.31,
124.52, 124.12, 118.16, 110.10, 36.83, 31.59, 28.51, 28.39,
25.30. HRMS: m/z: caled for Cj3H N,0,S: 265.1005 [M +
H]J*; found: 265.1006.

Smiles Rearrangement with 4-Bromobenzylamine. Ben-
zoxazole-2-thiol 4 (0.6 mmol, 1 equiv) and Et;N (1.2 mmol, 2
equiv) were dissolved in toluene (§ mL) and premixed at rt for
10 min. Subsequently, 4-bromobenzylamine 19 (1.2 mmol, 2
equiv) was added. The reaction mixture was refluxed overnight
(monitored by TLC, 18 h). It was cooled to room temperature,
diluted with H,0 (20 mL), and extracted with EtOAc (3 X 20
mL). Organic layers were dried over anhydrous Na,SO, and
concentrated in vacuo. The residue was purified by column
chromatography using Hex/EtOAc.

N-(4-Bromobenzyl)benzo[d]oxazol-2-amine (22). Brown
solid. Yield: 69% (125 mg). 'H NMR (400 MHz, DMSO-d,):
5848 (t, ] = 6.1 Hz, 1H), 7.56—7.49 (m, 2H), 7.34 (d, ] = 8.6
Hz, 3H), 7.24 (dd, ] = 7.8, 0.6 Hz, 1H), 7.10 (td, ] = 7.6, 1.0 Hz,
1H), 6.98 (td, ] = 7.7, 1.2 Hz, 1H), 4.50 (d, ] = 6.0 Hz, 2H). 1*C
NMR (101 MHz, DMSO-dg): § 162.29, 148.11, 143.01, 138.54,
131.21, 129.39, 123.61, 120.28, 120.02, 115.58, 108.58, 45.02.
HRMS: m/z: caled for C;H|;BrN,O: 303.0128 [M + H];
found: 303.0126.

Smiles Rearrangement with 2-Chloroacetamide. Benzox-
azole-2-thiol 4 (1.61 mmol, 1 equiv), K,CO; (4.8 mmol; 3
equiv), and 2-chloroacetamide 23 (3.2 mmol; 2 equiv) were
suspended in DMF (10 mL). The reaction mixture was stirred at
70 °C for 4 h. It was cooled to room temperature, diluted with
H,0 (50 mL), and extracted with EtOAc (3 X 50 mL). Organic
layers were washed with brine (1x), dried over anhydrous

Na,S0y, and concentrated in vacuo. The residue was purified by
column chromatography using Hex/EtOAc.

2-(Benzo[dJoxazol-2-ylthio)acetamide (25). Yellow solid.
Yield: 46% (152 mg). 'H NMR (400 MHz, DMSO-d,): 8 7.75
(s, 1H), 7.63 (ddd, ] = 7.0, 3.1, 1.2 Hz, 2H), 7.39—7.27 (m, 3H),
4.12 (s, 2H). “C NMR (101 MHz, DMSO-dy): § 168.00,
164.10, 151.28, 141.27, 124.63, 124.25, 118.19, 110.19, 35.82.
HRMS: m/z: caled for CoHgN,0,8: 209.0379 [M + H]"; found:
209.0378.

Smiles Rearrangement with 3-(Bromomethyl)aniline.
Benzoxazole-2-thiol 4 (0.6 mmol, 1 equiv), 3-(bromomethyl)-
aniline 26 (1.2 mmol, 2 equiv), and K,CO; (1.2 mmol, 2 equiv)
were suspended in DMF (§ mL). The reaction mixture was
stirred at 70 °C for 2 h. It was cooled to room temperature,
diluted with H,0 (20 mL), and extracted with EtOAc (3 X 20
mL). Organic layers were dried over anhydrous Na,SO, and
concentrated in vacuo. The residue was purified by column
chromatography using Hex/EtOAc.

3-((Benzo[d]oxazol-2-ylthio)methyl)aniline (27). White
solid. Yield: 80% (123 mg). '"H NMR (400 MHz, DMSO-d,):
5 7.65 (m, 2H), 7.37—7.29 (m, 2H), 6.97 (t, ] = 7.7 Hz, 1H),
6.66 (t,] = 1.9 Hz, 1H), 6.59 (d, ] = 7.5 Hz, 1H), 6.47 (m, 1H),
5.13 (brs, 2H), 4.47 (s, 2H). *C NMR (101 MHz, DMSO-dj):
§ 164.04, 151.22, 148.92, 141.28, 136.52, 129.10, 124.60,
124.27, 118.27, 116.19, 114.01, 113.35, 110.18, 36.00. HRMS:
m/z: caled for C;H,N,0S: 257.0743 [M + H]*; found:
257.0742.

Smiles Rearrangement with Amines. To a stirred solution of
amine 29 (0.48 mmol, 1 equiv) and Cs,CO; (1.54 mmol, 3.2
equiv) in DMF (3 mL) cooled to —5 °C were added
chloroacetyl chloride (0.58 mmol, 1.2 equiv) and benzoxazole-
2-thiol 4 (0.48 mmol, 1 equiv). The reaction mixture was
refluxed (monitored by TLC, 4—7 h). After that, the cooled (rt)
mixture was diluted by H,0 (20 mL), extracted with CH,Cl, (3
% 30 mL), and washed with brine (50 mL). Combined organic
layers were dried over Na,SO, and concentrated in vacuo. The
residue was purified by column chromatography using Hex/
EtOAc and Tol/MeCN.

N-Benzylbenzo[d]oxazol-2-amine (30a). Yellow solid.
Yield: 83% (89 mg). '"H NMR (500 MHz, DMSO-d;): & 8.45
(t,] = 6.1 Hz, 1H), 7.41~7.30 (m, SH), 7.25 (dd, ] = 15.1, 7.8
Hz, 2H), 7.10 (td, ] = 7.7, 1.0 Hz, 1H), 6.98 (td, ] = 7.8, 1.2 Hz,
1H),4.52 (d,] = 6.2 Hz,2H). "*C NMR (101 MHz, DMSO-d,):
5 16246, 148.13, 143.15, 139.06, 128.39, 127.19, 127.06,
123.64, 120.24, 115.54, 108.60, 45.69. HRMS: m/z: caled for
C,H,,N,0,8: 225.1022 [M + H]*; found: 225.1023.

N-Hexylbenzo[d]oxazol-2-amine (30b). Orange solid.
Yield: 58% (60 mg). 'H NMR (400 MHz, DMSO-dy): & 7.89
(t,] = 5.6 Hz, 1H), 7.31 (d, ] = 7.8 Hz, 1H), 7.22 (d, ] = 7.6 Hz,
1H),7.09 (t, ] = 7.6 Hz, 1H), 6.95 (td, ] = 7.8, 0.9 Hz, 1H), 3.28
(dd, J = 13.0, 6.8 Hz, 2H), 1.62—1.51 (m, 2H), 1.35-125 (m,
6H), 0.86 (t, ] = 6.7 Hz, 3H). *C NMR (101 MHz, DMSO-dj):
5162.40, 147.99, 143.40, 123.52, 119.94, 115.32, 108.42, 42.29,
30.98, 28.88, 25.96, 22.10, 13.93. HRMS: m/z: caled for
C13H N, 0: 219.1492 [M + H]*; found: 219.1491

N-Phenylbenzo[d]oxazol-2-amine (30c). Yellow solid.
Yield: 76% (76 mg). 'H NMR (400 MHz, DMSO-d): &
10.61 (s, 1H),7.76 (d, ] = 7.8 Hz, 2H), 7.47 (dd, ] = 13.3, 7.7 Hz,
2H),7.37 (t, ] = 7.9 Hz, 2H), 7.22 (td, ] = 7.7, 0.9 Hz, 1H), 7.13
(td, J=7.8, 1.2 Hz, 1H), 7.03 (t, ] = 7.4 Hz, 1H). *C NMR (101
MHz, DMSO-d,): 6 157.97, 146.99, 142.43, 138.73, 129.00,
124.01, 122.12, 121.68, 117.55, 116.62, 108.97. HRMS: m/z:
caled for C;H (N,O: 211.0866 [M + H]*; found: 211.0864
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N-(4-Nitrophenyl)benzo[d]oxazol-2-amine (30d). Yellow
solid. Yield: 74% (90 mg). '"H NMR (400 MHz, DMSO-d,): &
11.45 (s, 1H), 8.30 (d, ] = 9.1 Hz, 2H), 7.98 (d, ] = 8.8 Hz, 2H),
7.60—7.54 (m, 2H), 7.29 (t, ] = 7.6 Hz, 1H), 7.22 (t, ] = 7.7 Hz,
1H). *C NMR (101 MHz, DMSO-d,): & 156.87, 147.00,
144.93, 141.67, 141.27, 125.37, 124.38, 122.68, 117.30, 117.15,
109.41. HRMS: m/z: caled for C,3HgN;05: 256.0717 [M + H];
found: 256.0719.

N-(4-Methoxyphenyl)benzo[d]oxazol-2-amine (30e). Ox-
ange solid. Yield: 78% (90 mg). '"H NMR (500 MHz, DMSO-
dg): 61036 (s, 1H), 7.65 (d, ] = 9.1 Hz, 2H), 7.45 (d, ] = 7.8 Hz,
1H), 7.41 (d,] = 7.1 Hz, 1H), 7.19 (td, ] = 7.6, 1.1 Hz, 1H), 7.09
(td, ] = 7.7, 1.2 Hz, 1H), 6.96 (d, ] = 9.1 Hz, 2H), 3.74 (s, 3H).
BC NMR (101 MHz, DMSO-d): & 158.36, 154.65, 147.08,
142.64, 131.92, 123.91, 121.34, 119.15, 116.34, 114.23, 108.82,
55.25. HRMS: m/z: caled for C1;H,,N,0,: 241.0972 [M + H]*;
found: 241.0970.

N-(4-Bromophenyl)benzo[d]oxazol-2-amine (30f). Yellow
solid. Yield: 82% (113 mg). '"H NMR (500 MHz, DMSO-d): &
10.77 (s, 1H), 7.74 (d, ] = 8.9 Hz, 2H), 7.55 (d, ] = 8.9 Hz, 2H),
7.48 (dd, ] = 14.3, 7.7 Hz, 2H), 7.23 (td, ] = 7.7, 1.0 Hz, 1H),
7.15 (td, J = 7.8, 1.2 Hz, 1H). *C NMR (101 MHz, DMSO-d,):
5 157.63, 146.97, 142.19, 138.14, 131.77, 124.11, 121.94,
119.46, 116.77, 113.58, 109.09. HRMS: m/z: caled for
C,3HyBrN,0: 288.9971 [M + H]'; found: 288.9969.

N-(3-Bromophenyl)benzo[d]oxazol-2-amine (30g). Yellow
solid. Yield: 78% (108 mg). '"H NMR (400 MHz, DMSO-d,) &
10.82 (s, 1H), 8.11 (t, ] = 1.9 Hz, 1H), 7.67 (dd, J = 8.2, 1.2 Hz,
1H), 7.51 (d, ] = 8.9 Hz, 2H), 7.33 (t, ] = 8.1 Hz, 1H), 7.23 (m,
2H), 7.16 (td, ] = 7.6, 1.1 Hz, 1H). *C NMR (101 MHz,
DMSO-dg): 6 157.44, 146.94, 142.07, 140.34, 130.97, 124.66,
124.16, 122.08, 121.93, 119.62, 116.94, 116.46, 109.14. HRMS:
m/z: caled for Cj;HoBrN,O: 288.9971 [M + H]*; found:
288.9971.

N-(2-Bromophenyl)benzo[d]oxazol-2-amine (30h). White
solid. Yield: 81% (112 mg). 'H NMR (400 MHz, DMSO-d): &
9.87 (s, 1H), 7.93 (s, 1H), 7.70 (d, ] = 8.0 Hz, 1H), 7.45 (t, ] =
7.2 Hz, 2H), 7.37 (d, ] = 7.6 Hz, 1H), 7.25-7.08 (m, 3H). *C
NMR (101 MHz, DMSO-d,): § 133.00, 128.48, 126.53, 125.46,
124.07, 121.55, 117.20, 109.10. HRMS: m/z: caled for
C3HBrN,0: 288.9971 [M + H]"; found: 288.9969.

2-(Benzo[d]oxazol-2-ylamino)ethan-1-ol (30i). White
solid. Yield: 55% (47 mg). 'H NMR (400 MHz, DMSO-d,): &
7.92(t,] = 5.7 Hz, 1H), 7.32 (d,] = 7.8 Hz, 1H),7.22 (d, ] = 7.4
Hz, 1H), 7.09 (td, ] = 7.7, 0.8 Hz, 1H), 6.96 (td, ] = 7.7, 1.1 Hz,
1H), 4.80 (t, ] = 5.5 Hz, 1H), 3.56 (q, ] = 5.9 Hz, 2H), 3.35 (q, ]
= 5.8 Hz, 2H overlapped with H,0). *C NMR (101 MHg,
DMSO-d,): 5 162.49, 148.03, 143.31, 123.56, 120.01, 115.34,
108.47, 59.44, 44.99. HRMS: m/z: caled for CyH;(N,O,:
179.0815 [M + H]*; found: 179.0814.

2-Morpholinobenzo[d]oxazole (30j). White solid. Yield:
31% (30 mg). 'H NMR (400 MHz, DMSO-dg) § 7.42—7.40 (m,
1H), 7.33—7.28 (m, 1H), 7.16 (td, ] = 7.6, 1.1 Hz, 1H), 7.03 (td,
J=7.7,1.3 Hz, 1H), 3.76—3.69 (m, 4H), 3.62—3.55 (m, 4H)."*C
NMR (101 MHz, DMSO-d,): § 161.85, 148.30, 142.79, 124.02,
120.69, 115.98, 108.98, 65.41, 45.37. HRMS: m/z: caled for
C;H;3N,05: 205.0972 [M + H]*; found: 205.0972.

N-Cyclohexylbenzo[d]oxazol-2-amine (30l). Orange solid.
Yield: 33% (34 mg). 'H NMR (400 MHz, DMSO-d): 57.84 (d,
J=7.7Hz, 1H),7.31 (d, ] = 7.8 Hz, 1H), 7.22 (d, ] = 7.7 Hg,
1H),7.08 (t,] = 7.6 Hz, 1H), 6.95 (t, ] = 7.7 Hz, 1H), 3.54 (brs,
1H), 1.96 (m, 2H), 1.73 (m, 2H), 1.59 (m, 1H), 1.36—1.23 (m,
4H), 1.21-1.10 (m, 1H). '*C NMR (101 MHz, DMSO-d,): §

161.65, 147.85, 143.41, 123.50, 119.90, 115.27, 108.37, 51.56,
32.42, 2520, 24.55. HRMS: m/z: caled for C,3H;(N,O:
217.1335 [M + H]*; found: 217.1337.

Substitution with Cyclohexylamine. To a stirred solution of
amine 29 (0.48 mmol, 1 equiv) and DBU (1.54 mmol, 3.2
equiv) in MeCN (3 mL) cooled to —§ °C were added
chloroacetyl chloride (0.58 mmol, 1.2 equiv) and benzoxazole-
2-thiol 4 (0.48 mmol, 1 equiv). The reaction mixture was
refluxed (monitored by TLC, 3 h). After that, the cooled (rt)
mixture was diluted by H,O (20 mL), extracted with CH,Cl, (3
X 30 mL), and washed with brine (50 mL). Combined organic
layers were dried over Na,SO, and concentrated in vacuo. The
residue was purified by column chromatography using Hex/
EtOAc.

2-(Benzo[d]oxazol-2-ylthio)-N-cyclohexylacetamide (311).
White solid. Yield: 62% (86 mg). 'H NMR (400 MHz, DMSO-
dq): 6 8.19 (d, ] = 7.7 Hz, 1H), 7.66—7.58 (m, 2H), 7.38—7.29
(m, 2H), 4.11 (s, 2H), 3.62—3.48 (m, 1H), 1.79—1.63 (m, 4H),
1.53 (m, 1H), 1.32—1.11 (m, SH). *C NMR (101 MHz,
DMSO-dg): 5 164.96, 163.94, 151.22, 141.24, 124.61, 124.24,
118.14, 110.12, 48.02, 35.83, 32.14, 25.11, 24.31. HRMS: m/z:
caled for € gH gN,0,S: 291.1162 [M + H]*; found: 291.1161.
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Appendix 6
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found for some of them.

Gram-negative strains such as Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli and
Enterococcus faecalis and two fungal strains (Candida albicans and Aspergillus niger). Slight activity was

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

The thiazolidine-2,4-diones (glitazones) are well-known phar-
macophores introduced in the late 1990's for the treatment of type
2 diabetes mellitus [1]. Thiazolidinediones are found to exhibit a
broad spectrum of biological activities [2] that can be antidiabetic
[2,3], antimicrobial [2,4--15], anti-HIV [11,16] or anti-inflammatory
[17-20]. Several thiazolidinediones have been synthesized and
screened for their antitubercular activity against M. tuberculosis
H37Rv that showed promising results indicating the potential of
this scaffold in the development of novel anti-TB agents
[2,3,10--15,21-24]. For example, several hybrid arylidene thiazoli-
dinediones synthesized by Kumar et al. in 2014 [23] exhibited
moderate to good activity with MIC value < 50 pM. To date, the best
result in this field has been described by Khan et al. [25] Screening
of 700 compounds, known to be active against the whole cell of
M. tuberculosis led to the selection of one thiazolidinedione
showing excellent anti-TB activity with MIC value 1.4 uM.

* Corresponding author.
E-mail address: lucie bt

likova@upol.cz (L Brulikova).

htps://dol.org/10.1016/j.molstruc.2019.01.073
0022-2860/© 2019 Elsevier B.V. All rights reserved.

Subsequently, they validated mycobacterial ATP synthase as the
target for the selected thiazolidinedione.

Pyrimidine pharmacophore plays an important role in several
biological active substances and was found to possess a range of
diverse biological activities such as anticancer [26], anti-
inflammatory [27], anti-hepatitis [28], anti-diabetic [29] and
many others. Moreover, variously modified pyrimidines were suc-
cessfully studied as antibacterial agents [30-39].

Since the combination of two pharmacophores is a well-
established approach for designing more potent drugs with a sig-
nificant increase in biological activity [40,41], we decided to
combine two known pharmacophores - thiazolidinedione scaffold
and 5-nitropyrimidine (Fig. 1) primarily as novel potent antitu-
bercular agents.

Herein, we introduce the solid-phase synthesis protocol for the
preparation of thiazolidinediones conjugated with 5-
nitropyrimidine that does not require isolation/purification of in-
termediates and uses relatively inexpensive starting materials. Our
methodology is based on easy access to structural diversity from
abundant and easily available building blocks with minimal syn-
thetic operations. Very few papers have described the solid-phase
synthetic approach using Merrifield resin for the construction of
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Fig. 1. Design of novel thiazolidinediones.

novel thiazolidinediones [42-44]. To the best of our knowledge,
none of the reported solid-phase synthetic approaches have been
used for rapid and effective preparation of the chemical library of
thiazolidinediones-pyrimidine conjugates.

2. Materials and methods

Solvents, chemicals and the polystyrene resins were purchased
from Sigma-Aldrich (St. Louis, Missouri, USA). Synthesis was carried
out on Domino Blocks in disposable polypropylene reaction vessels
(Torviq, Niles, MI).

All reactions were carried out at ambient temperature (21 °C)
unless stated otherwise. The volume of wash solvent was 10 mL per
1 g of resin. For washing, resin slurry was shaken with the fresh
solvent for 1 min before changing the solvent. After adding the
individual reagents, the resin slurry was shaken vigorously to break
any potential resin clumps. Resin-bound intermediates were dried
by a stream of nitrogen for prolonged storage and/or quantitative
analysis.

For LC-MS analysis, a sample of the resin (-5 mg) was treated
with trifluoracetic acid (TFA) in dichloromethane (DCM), the
cleavage cocktail was evaporated by a stream of nitrogen, and
cleaved compounds extracted into 1 mL of MeOH. The LC-MS an-
alyses were carried out on UHPLC-MS system consisting of UHPLC
chromatograph Accela with photodiode array detector and triple
quadrupole mass spectrometer TSQ Quantum Access (Thermo
Scientific, CA, USA), using Nucleodur Gravity C18 column (di-
mensions 1.8 ym, 2.1 x 50 mm) at 30 “C and flow rate of 800 pL/min
(Macherey-Nagel, Germany). Mobile phase was (A) 0.1% ammo-
nium acetate in water, and (B) 0.1% ammonium acetate in aceto-
nitrile, linearly programmed from 10% to 80% B over 2.5 min, kept
for 1.5 min. The column was re-equilibrated with 10% of solution B
for 1 min. The APCI source operated at a discharge current of 5 pA,
vaporizer temperature of 400°C and a capillary temperature of
200°C.

Purification was carried out on C18 column 19 x 100 mm for
5 um particles; gradient was formed from 10 mM aqueous ammo-
nium acetate and acetonitrile with a flow rate 15mL/min. For
Iyophilization of residual solvents at —110 °C the ScanVac Coolsafe
110-4 was used.

NMR "H/'3C spectra were recorded on JEOL ECX500 spectrom-
eter at magnetic field strengths of 11.75T (with operating fre-
quencies 500.16 MHz for 1H and 125.77 MHz for 13C). Chemical

shifts (6) are reported in parts per million (ppm), and coupling
constants (/) are reported in Hertz (Hz). NMR spectra were recorded
at ambient temperature (21°C) in DMSO-dg, or CD30D solutions
and referenced to the resonance signal of the solvent. Acetate salts
exhibited singlet at 1.7—1.9 ppm in the 'H NMR spectrum and two
resonances at 173 and 23 ppm in *C spectrum. In some cases, re-
sidual signal for DMF appeared at 2.54 ppm; 1 carbon from diamine
linker is overlapped with DMSO.

HRMS analysis was performed with LC-MS and an Orbitrap
high-resolution mass spectrometer (Dionex Ultimate 3000, Thermo
Exactive plus, MA, USA) operating in positive full scan mode in the
range of 801200 m/z. The settings for electrospray ionization were
as follows: 150 °C oven temperature and 3.6 kV source voltage. The
acquired data were internally calibrated with phthalate as a
contaminant in methanol (m/z 297.15909). Samples were diluted to
a final concentration of 0.1 mg/mL in a solution of water and
acetonitrile (50:50, v/v). The samples were injected into the mass
spectrometer following HPLC separation on a Kinetex C18 column
(2.6 um, 100 A, 50 x 3.0 mm) using an isocratic mobile phase of
0.01 M MeCN/ammonium acetate (80/20) at a flow rate of 0.3 mL/
min.

2.1. General synthetic methods

2.1.1. Synthesis of resins 1

Wang resin (loading 1.0 mmol/g, ~1 g) was washed three times
with DCM. A solution consisting of Fmoc-amino acid (2 mmol),
HOBt (2 mmol), DMAP (0.5 mmol) and DIC (2 mmol) in DMF/DCM
(1:1, v/v, 10 mL) was added to the resin. The resin slurry was shaken
atrt for 16 h. The resin was washed three times with DMF and three
times with DCM.

2.1.2. Reaction with 4,6-dichloro-5-nitropyrimidines (resins 2)

Firstly, Fmoc protecting group of resins 1 (~1 g) was removed by
exposure to 50% piperidine in DMF (v/v 10 mL) for 15 min, and then,
the resin was washed three times with DMF and three times with
DCM. Further, resins were washed three times with dry DMF and
reacted with a solution consisting of 4,6-dichloro-5-
nitropyrimidine (5 mmol) and DIEA (5 mmol) in dry DMF (10 mL)
at rt for 2 h. The resin was washed five times with DMF and three
times with DCM.
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2.1.3. Reaction with amino alcohols (resins 3)

Resins 2 (~500 mg) were each washed three times with dry DMF
and reacted with a solution consisting of amino alcohol (2.5 mmol)
and DIEA (2.5 mmol) in dry DMF (5 mL) at rt for 2 h. The resin was
washed three times with DMF and three times with DCM.

2.14. Fukuyama-Mitsunobu reaction with thiazolidinedione (resins
4)

Resins 3 (~500 mg) were each washed three times with anhy-
drous THF. A solution consisting of thiazolidine-2,4-dione
(1.25 mmol) and PPh; (1.25 mmol) in anhydrous THF (5 mL) was
added. The resin was stored in a freezer for 30 min followed by
reaction with DIAD (1.25 mmol) at rt for 1 h. The resin was washed
three times with THF and five times with DCM.

2.1.5. Knoevenagel condensation with aldehydes (resins 5)

Resins 4 (~250 mg) were each washed three times with DMF and
reacted with a solution consisting of aldehyde (0.62 mmol) and
piperidine (0.25 mmol) in DMF (2.5 mL) at 70 °C for 20 h. The resin
was washed three times with DMF and three times with DCM.

2.1.6. Cleavage from resin with TFA (compounds 6 and 7)

Resins 4 and 5 (~250 mg) were each treated with 2 mL of a so-
lution consisting of TFA/DCM (1:1, v/v) for 1 h. The cleavage cocktail
was collected, and the resin was washed three times with 50% TFA
in DCM. The combined extracts were evaporated by a stream of
nitrogen, and the crude products were purified by reversed-phase
HPLC.

2.2. Analytical data of individual compounds

2.2.1. (6-((2-(2,4-Dioxothiazolidin-3-yl)ethyl)Jamino)-5-
nitropyrimidin-4-yl)valine 6a

Orange solid. Yield: 27%.'"H NMR (500 MHz, DMSO-ds ): 6 9.64 (d,
J=7.7Hz, 1H), 952 (t, | = 4.9 Hz, 1H), 8.06 (s, 1H), 4.63 (dd, J = 7.8,
4.3 Hz, 1H), 4.08 (s, 2H), 3.75 (s, 4H), 2.28-2.22 (m, 1H), 0.97 (d,
J=69Hz, 3H), 090 (d, J=69Hz, 3H). *C NMR (126 MHz,
DMSO-dg): 6 172.44, 172.01, 159.23, 15711, 156.14, 112.10, 59.45,
40.73, 38.80, 33.77, 30.52, 18.75, 18.16. HRMS: m/z: calcd for
C4H5Ng0gS: 399.1081 [M+H]"; found: 399.1085.

2.2.2. (6-((3-(2.4-Dioxothiazolidin-3-yl)propylJamino)-5-
nitropyrimidin-4-yl)valine 6b

Orange solid. Yield: 58%."H NMR (500 MHz, DMSO-dg): 6 9.97 (d,
J=76Hz, 1H), 9.51 (t, ] = 6.0 Hz, 1H), 8.01 (s, 1H), 4.40 (dd, ] = 7.6,
3.8 Hz, 1H), 4.17 (s, 2H), 3.57-3.50 (m, 4H), 2.19 (qd, / = 10.8, 6.8 Hz,
1H), 1.81 (p, J]=6.8Hz, 2H), 095 (d, J=6.9Hz, 3H), 0.83 (d,
J=6.9Hz, 3H). *C NMR (126 MHz, DMSO-dg): 6 172.58, 172.23,
159.40, 156.63, 156.44, 112.29, 59.03, 38.26, 30.33, 26.82, 18.71,
18.00. HRMS: m/z: caled for Cy5H,oNgOgS: 413.1238 [M+H]|";
found: 413.1241.

2.2.3. (6-((2-(2,4-Dioxothiazolidin-3-yl)ethylJamino )-5-
nitropyrimidin-4-yl)phenylalanine 6¢

Orange solid. Yield: 51%. "H NMR (500 MHz, DMSO-ds): 6 9.59 (d,
J=6.7Hz,1H), 9.47 (t, ] = 5.1 Hz, 1H), 8.07 (s, 1H), 7.21 (t, ] = 7.2 Hz,
2H), 715 (t, ] = 7.2 Hz, 1H), 7.10 (d, ] = 6.9 Hz, 2H), 4.75 (dd, | = 11.9,
5.5Hz, 1H), 4.07 (s, 2H), 3.75 (s, 4H), 3.28 (dd, = 13.5, 5.4 Hz, 1H),
318 (dd, J=13.5, 54Hz, 1H). *C NMR (126 MHz, DMSO-d;):
6172.42,172.08,171.88,159.15, 157.15, 155.42, 137.49, 129.41, 127.96,
126.23, 111.93, 56.28, 40.78, 38.71, 36.86, 33.77. HRMS: m/z: calcd
for CigHgNgOgS: 447.1081 [M+H]"; found: 447.1085.

2.2.4. (6-((3-(2.4-Dioxothiazolidin-3-yl)propylJamino)-5-
nitropyrimidin-4-yl)phenyl-alanine 6d

Brown solid. Yield: 74%. '"H NMR (500 MHz, DMSO-d): 4 9.48
(dd,J =14.1,6.6 Hz, 2H), 8.08 (s, 1H), 7.24 (t, ] = 7.2 Hz, 2H), 7.17 (dd,
J=175,71Hz, 3H), 4.91 (dd, | = 12.3, 6.0 Hz, TH), 4.17 (s, 2H), 3.53
(dt, J=111, 6.7 Hz, 4H), 3.27 (dd, ] =13.7, 5.2 Hz, 1H), 3.19 (dd,
J=13.7, 6.2Hz, 1H), 1.81 (p, = 6.8 Hz, 2H). '*C NMR (126 MHz,
DMSO-dg): 4 172.57, 172.22, 171.94, 159.32, 156.60, 155.81, 136.99,
129.33, 128.14, 126.49, 112.12, 55.67, 38.84, 38.25, 36.73, 33.96,
26.82. HRMS: mjz: caled for CyqH,oNgOgS: 4611238 [M-+H|*;
found: 461.1239.

2.2.5. (6-((2-(2,4-Dioxothiazolidin-3-yl)ethyl Jamino )-5-
nitropyrimidin-4-yl)proline 6e

Yellow solid. Yield: 50%. "H NMR (500 MHz, DMSO-dg): 6 8.38 (t,
J=5.6 Hz, 1H), 7.98 (s, 1H), 4.56 (s, 1H), 4.06 (s, 2H), 3.71 (s, 4H),
3.07 (d, ] =59.0 Hz, 2H), 2.26-2.18 (m, 1H), 2.01-1.93 (m, 1H),
1.88-1.79 (m, 2H). "*C NMR (126 MHz, DMSO-d;): 6 172.95,172.37,
172.06, 156.59, 156.03, 154.42, 113.78, 62.90, 49.97, 40.95, 38.63,
33.75, 24.46, 21.25. HRMS: m|z: calcd for Ci4HigNgOgS: 397.0925
[M+H]"; found: 397.0928.

2.2.6. (6-((3-(2,4-Dioxothiazolidin-3-yl)propyl)amino)-5-
nitropyrimidin-4-yl)proline 6f

Yellow solid. Yield: 84%. '"H NMR (500 MHz, DMSO-ds): 6 8.40 (t,
J=6.0Hz, 1H), 7.98 (s, 1H), 4.57 (s, 1H), 4.18 (s, 2H), 3.53 (¢,
J= 6.8 Hz, 2H), 3.46 (dt, | = 9.3, 6.8 Hz, 2H), 3.15 (s, 1H), 3.03 (s, 1H),
2.28-2.18 (m, 1H), 2.02-1.92 (m, 1H), 1.91-1.83 (m, 2H), 1.82-1.75
(m, 2H). *C NMR (126 MHz, DMSO-dg): 4 172.91, 172.56, 172.21,
156.80, 155.78, 154.65, 113.62, 62.96, 50.17, 38.90, 38.20, 33.95,
27.05. HRMS: m/z: calcd for Cy5HgNg0gS: 411.1081 [M-+H]*; found:
411.1084.

2.2.7. (2)-(6-((2-(2,4-dioxo-5-(4-(trifluoromethyl)benzylidene)
thiazolidin-3-yl)ethylJamino )-5-nitropyrimidin-4-yl)valine 7a

Brown solid. Yield: 36%.'H NMR (500 MHz, DMSO-ds): 6 9.66 (d,
J=78Hz, 1H), 9.60 (t, | = 6.1 Hz, TH), 7.98 (s, 1H), 7.95 (s, 1H), 7.88
(d, ] =8.4Hz, 2H), 7.81 (d, | = 8.3 Hz, 2H), 4.57 (dd, | = 7.8, 42 Hz,
1H), 394 (ddd, J=13.7, 6.4, 3.3Hz, 2H), 3.87-3.78 (m, 2H),
2.22-2.15 (m, 1H), 091 (d, ] = 6.9 Hz, 3H), 0.84 (d, | = 6.9 Hz, 3H).
3C NMR (126 MHz, DMSO-dg): 4 171.98, 167.15, 165.60, 159.12,
157.16, 156.02, 136.97, 130.53, 130.48, 129.86 (q, J=28.75 Hz),
126.11,126.09, 124.56, 123.81 (q, ] = 271.25 Hz), 112.05, 59.52, 41.27,
30.58, 18.68, 18.14. HRMS: m/z: calcd for Ca2H21F3NgOgS: 555.1268
[M+H]"; found: 555.1272.

2.2.8. (Z)-(6-((2-(5-(4-fluorobenzylidene )-2,4-dioxothiazolidin-3-
yl)ethyl)amino )-5-nitropyrimidin-4-yl)valine 7b

Brown solid. Yield: 42%. '"H NMR (500 MHz, DMSO-d;): 4 9.60 (t,
J=7.7Hz, 2H), 7.99 (s, 1H), 7.88 (s, 1H), 7.67 (dd, | = 8.8, 5.4 Hz, 2H),
738 (t, ]=8.8Hz, 2H), 4.62 (dd, /=78, 4.3 Hz, 1H), 3.92 (ddd,
J=133, 64, 32Hz, 2H), 3.83 (ddd, |=16.4, 8.4, 4.7 Hz, 2H),
2.23-2.16 (m, 1H), 0.92 (d, | = 6.9 Hz, 3H), 0.85 (d, /] = 6.9 Hz, 3H).
3C NMR (126 MHz, DMSO-ds): 6 171.98, 167.39, 165.79, 163.90,
161.91, 159.12), 157.12, 156.16, 132.53, 131.35, 129.69, 121.23, 116.60,
116.42, 112.11, 59.25, 41.14, 30.51, 18.68, 18.05. HRMS: m/z: calcd for
C21H31FNg06S: 505.1300 [M+H]"; found: 505.1302.

2.2.9. (Z)-(6-((2-(5-benzylidene-2,4-dioxothiazolidin-3-yl)ethyl)
amino )-5-nitropyrimidin-4-yl)valine 7c¢

White solid. Yield: 49%. "H NMR (500 MHz, DMSO-ds): 6 9.60 (t,
J=75Hz, 2H), 7.99 (s, 1H), 7.87 (s, 1H), 7.60 (d, ] = 7.2 Hz, 2H), 7.53
(t,]=74Hz, 2H), 749 (t,] = 7.2 Hz, 1H),4.63 (dd, | = 7.8, 4.3 Hz, 1H),
3.95-3.90 (m, 1H), 3.83 (ddd, /= 15.9, 8.3, 4.7 Hz, 2H), 2.24-2.17
(m, 1H), 0.93 (d, /= 6.9 Hz, 3H), 0.86 (d, ] = 6.9 Hz, 3H). '*C NMR
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(126 MHz, DMSO-dg): 6 171.94, 167.51, 165.83, 159.12, 157.11, 156.20,
133.00, 132.42, 130.50, 130.01, 129.33, 121.52, 112.13, 59.16, 41.10,
30.47, 18.67, 18.04. HRMS: m/z: calcd for Cy;Hy;NgO6S: 487.1394
[M+H]"; found: 487.1399.

2.2.10. (Z)-(6-((2-(5-(4-methoxybenzylidene)-2,4-dioxothiazolidin-
3-yl)ethyl)amino)-5-nitropyrimidin-4-yl)valine 7d

White solid. Yield: 39%. 'H NMR (500 MHz, DMSO-d): 6 9.59
(dd, J = 10.7, 5.0 Hz, 2H), 7.99 (s, 1H), 7.82 (s, 1H), 7.56 (d, ] = 8.8 Hz,
2H), 710 (d, ] = 8.9 Hz, 2H), 4.64 (dd, | = 7.8, 4.3 Hz, 1H), 3.94-3.88
(m, 2H), 3.88-3.79 (m, 5H), 2.24-2.18 (m, 1H), 0.93 (d, ] = 6.9 Hz,
3H),0.87 (d,] = 6.9 Hz, 3H). *C NMR (126 MHz, DMSO-dg): 4 171.98,
167.59, 165.95, 161.07, 159.11, 157.10, 156.23, 132.46, 132.13, 125.48,
118.24,114.94, 112.15, 59.11, 55.48, 41.00, 30.47, 18.67, 18.02. HRMS:
mjz: caled for C3H4Ng05S: 517.1500 [M+H]"; found: 517.1500.

2.2.11. (Z)-(6-((2-(2,4-dioxo-5-(pyridin-4-ylmethylene )thiazolidin-
3-yl)ethyl)amino )-5-nitropyrimidin-4-yl)valine 7e

Orange solid. Yield: 39%. '"H NMR (500 MHz, DMSO-d;): 6 9.60
(dd,J=12.3, 6.9 Hz, 2H), 8.72 (d, | = 6.1 Hz, 2H), 7.99 (s, 1H), 7.84 (s,
1H), 7.53 (d, ] = 6.1 Hz, 2H), 4.61 (dd, | = 7.8, 4.3 Hz, 1H), 3.99-3.90
(m, 2H), 3.87-3.77 (m, 2H), 2.25-2.17 (m, 1H), 0.92 (d, ] = 6.9 Hz,
3H), 0.85(d, ] = 6.9 Hz, 3H). *C NMR (126 MHz, DMSO-ds): 6 172.05,
166.94, 165.47, 159.15, 157.13, 156.15, 150.63, 140.04, 129.42, 126.62,
123.32,112.11, 59.32, 41.31, 30.54, 18.71, 18.07. HRMS: m/z: calcd for
CyoHa; N, 0gS: 488.1347 [M+H]"; found: 488.1350.

2.2.12. (6-((2-((Z)-24-dioxo-5-((E)-3-phenylallylidene)thiazolidin-
3-yl)ethyl)amino )-5-nitropyrimidin-4-yl)valine 7f

Yellow solid. Yield: 31%."H NMR (500 MHz, DMSO-d;): 4 9.59 (t,
J=70Hz, 2H), 8.01 (s, 1H), 7.66 (d, J=70Hz, 2H), 7.56 (d,
J =112 Hz, 1H), 7.45-7.36 (m, 3H), 7.30 (d, ] = 15.2 Hz, 1H), 6.96 (dd,
J=15.2,11.4 Hz, 1H), 4.66 (dd, | = 7.8,4.3 Hz, 1H), 3.91-3.86 (m, 2H),
3.85-3.76 (m, 2H), 2.26-2.20 (m, 1H), 0.94 (d, | = 6.8 Hz, 3H), 0.89
(d, ] = 6.8 Hz, 3H). *C NMR (126 MHz, DMSO-d): 6 171.97, 167.33,
165.31, 159.13, 157.09, 156.27, 143.82, 135.53, 132.81, 129.76, 128.90,
127.84, 123.20, 122.70, 112.16, 59.08, 40.93, 30.45, 18.69, 18.02.
HRMS: m/z: caled for C3H24Ng06S: 513.1551 [M+H]"; found:
513.1555.

2.2.13. (Z)-(6-((2-(2,4-dioxo-5-pentylidenethiazolidin-3-yl)ethyl)
amino)-5-nitropyrimidin-4-yl)valine 7g

White solid. Yield: 29%. '"H NMR (500 MHz, DMSO-dg): 4 9.57 (t,
J=5.9Hz, 1H),9.51 (d, /= 7.8 Hz, 1H), 7.99 (s, 1H), 6.96 (t, ] = 7.7 Hz,
1H),4.72 (dd, ] = 7.8, 4.4 Hz, 1H), 3.85 (d, ] = 5.0 Hz, 2H), 3.82-3.76
(m, 2H), 2.29-2.24 (m, 1H), 2.17 (q, = 7.4 Hz, 2H), 1.49-142 (m,
2H), 1.30 (dt, J = 14.7, 7.3 Hz, 2H), 0.97 (d, ] = 6.9 Hz, 3H), 0.93 (d,
J=6.8Hz, 3H), 087 (t, J=73Hz, 3H). C NMR (126 MHz,
DMSO-dg): 4 171.97, 167.36, 164.53, 159.11, 157.04, 156.44, 138.03,
124.77, 112.18, 58.76, 40.87, 30.82, 30.35, 29.31, 21.71, 18.68, 17.91,
13.56. HRMS: m/z: calcd for C19H26Ng06S: 4671707 [M+H]"; found:
467.1706.

2.2.14. (2)-(6-((3-(2,4-Dioxo-5-(4-(trifluoromethyl)benzylidene)
thiazolidin-3-yl)propyl)amino)-5-nitropyrimidin-4-yl)valine 7h
Yellow solid. Yield: 55%. '"H NMR (500 MHz, DMSO-d;): 6 9.85 (d,
J=7.7Hz,1H),9.54 (t,] = 6.0 Hz, 1H), 8.00 (d, ] = 9.7 Hz, 2H), 7.89 (d,
J=8.4Hz, 2H), 7.83 (d, | = 8.4 Hz, 2H), 4.49 (dd, ] = 7.7, 4.0 Hz, 1H),
3.72 (t, ] = 6.7 Hz, 2H), 3.58 (dt, ] = 16.2, 6.8 Hz, 2H), 2.23-2.17 (m,
1H), 193 (t, /]=6.8Hz, 2H), 094 (d, ]=6.9Hz, 3H), 0.84 (d,
J=6.9Hz, 3H). *C NMR (126 MHz, DMSO-dg): & 172.06, 167.20,
165.63, 159.36, 156.85, 155.75, 136.97, 130.88, 130.54, 129.81 (q,
J=32.50Hz), 126.13, 126.10, 124.49, 123.81 (q, J=271.25Hz),
112.02, 60.38, 38.25, 30.80, 26.78, 18.77, 18.50. HRMS: m/z: calcd for
Cy3H,3F3NgOgS: 569.1425 [M+H]|"; found: 569.1440.

2.2.15. (Z)-(6-((3-(5-(4-Fluorobenzylidene)-2 4-dioxothiazolidin-3-
yl)propyl)amino )-5-nitropyrimidin-4-yl)valine 7i

Yellow solid. Yield: 55%. 'H NMR (500 MHz, DMSO-d): 4 9.90 (d,
J=7.7Hz, 1H), 9.54 (t, | = 6.0 Hz, 1H), 8.00 (s, 1H), 7.93 (s, 1H), 7.69
(dd, | =8.8, 5.4Hz, 2H), 7.38 (t, J]=8.8Hz, 2H), 4.44 (dd, | =77,
3.9Hz, 1H), 3.71 (t, ] = 6.6 Hz, 2H), 3.56 (ddt, J=19.7, 13.3, 6.5 Hz,
2H), 2.24-2.15 (m, 1H), 1.95-1.89 (m, 2H), 0.94 (d, /] = 6.9 Hz, 3H),
0.84 (d, ] = 6.9 Hz, 3H). '*C NMR (126 MHz, DMSO-dg): 6 172.00,
167.42,165.81,163.94, 161.95, 159.35, 156.88, 155.60, 132.59, 131.74,
129.67, 121.14, 116.62, 116.44, 111.96, 60.66, 38.22, 30.88, 26.86,
18.78, 18.64. HRMS: m/z: calcd for CyHp3FNgOgS: 519.1457
[M+H]"; found: 519.1457.

2.2.16. (Z)-(6-((3-(5-Benzylidene-2 4-dioxothiazolidin-3-yl)propyl)
amino)-5-nitropyrimidin-4-yl)valine 7j

White solid. Yield: 40%. 'H NMR (500 MHz, DMSO-ds): 6 9.67 (d,
J=7.8Hz, 1H), 9.54 (t, | = 6.0 Hz, 1H), 8.04 (s, 1H), 7.92 (s, 1H), 7.62
(d,J=7.2Hz, 2H), 7.54 (t, ] = 7.4 Hz, 2H), 7.49 (t,] = 7.2 Hz, 1H), 4.63
(dd, =78, 43 Hz, 1H), 3.72 (t, | = 6.7 Hz, 2H), 3.58 (dt, | =13.0,
6.7 Hz, 2H), 2.28-2.21 (m, 1H), 1.96-1.89 (m, 2H), 0.95 (d, ] = 6.9 Hz,
3H), 0.89 (d, ] = 6.9 Hz, 3H). *C NMR (126 MHz, DMSO-ds): 6 171.99,
167.55,165.85,159.36,156.70, 156.22,132.98, 132.82, 130.58, 130.06,
129.35,121.41,112.21, 59.44, 38.32, 30.49, 26.83,18.73, 18.14. HRMS:
m|z: caled for C23H24Ng06S: 501.1551 [M+H] " ; found: 501.1553.

2.2.17. (Z)-(6-((3-(5-(4-Methoxybenzylidene )-2,4-dioxothiazolidin-
3-yl)propyl)amino)-5-nitropyrimidin-4-yl)valine 7k

Yellow solid. Yield: 63%. "H NMR (500 MHz, DMSO-ds): 4 9.63 (d,
J=78Hz, 1H), 9.54 (t, | = 6.0 Hz, 1H), 8.04 (s, 1H), 7.87 (s, 1H), 7.58
(d, ] = 8.9 Hz, 2H), 7.10 (d, ] = 8.9 Hz, 2H), 4.65 (dd, ] = 7.8, 4.3 Hz,
1H), 3.83 (s, 3H), 3.70 (t, J=6.6Hz, 2H), 3.61-3.53 (m, 2H),
2.27-2.21 (m, 1H), 1.91 (p, | = 6.8 Hz, 2H), 0.96 (d, ] = 6.9 Hz, 3H),
0.90 (d, ] = 6.9 Hz, 3H). '*C NMR (126 MHz, DMSO-dg): 6 172.03,
167.60, 165.96, 161.14, 159.36, 156.67, 156.29, 132.90, 132.20, 125.44,
118.06, 114.95, 112.24, 59.29, 55.48, 38.33, 30.45, 26.88, 18.72, 18.08.
HRMS: mfz: caled for Cr3H26Ng07S: 5311656 [M+H]"; found:
531.1656.

2.2.18. (Z)-(6-((3-(2.4-Dioxo-5-(pyridin-4-ylmethylene)
thiazolidin-3-yl)propyl)amino)-5-nitropyrimidin-4-yl)valine 71

Brown solid. Yield: 50%. "H NMR (500 MHz, DMSO-dg): 4 9.54
(dd, ] = 14.1, 7.0 Hz, 2H), 8.73 (d, ] = 6.1 Hz, 2H), 8.06 (s, 1H), 7.87 (s,
1H), 7.55 (d, J= 6.1 Hz, 2H), 4.69 (dd, | = 7.8, 4.4Hz, 1H), 3.72 (t,
J=6.6 Hz, 2H), 3.59 (dd, ] =13.6, 6.8 Hz, 2H), 2.30-2.22 (m, 1H),
193 (dt, /=120, 59Hz, 2H), 0.96 (d, ]=6.9Hz, 3H), 0.91 (d,
J=6.9Hz, 3H). *C NMR (126 MHz, DMSO-d;): é 172.01, 167.00,
165.50, 159.39, 156.63, 156.49, 150.64, 140.04, 129.75, 126.53,
123.34, 112.34, 58.95, 38.37, 30.32, 26.71, 18.70, 17.96. HRMS: m/z:
caled for C5yH33N706S: 502.1503 [M+H]"; found: 502.1503.

2.2.19. (6-((3-((Z)-24-dioxo-5-((E)-3-phenylallylidene )thiazolidin-
3-yl)propyl)amino)-5-nitropyrimidin-4-yl)valine 7m

Yellow solid. Yield: 41%. "H NMR (500 MHz, DMSO-dg): 4 9.54 (d,
J=72Hz, 2H), 8.06 (s, 1H), 7.67 (d, J=71Hz, 2H), 7.61 (d,
J=114Hz, 1H), 7.46-7.36 (m, 3H), 7.33 (d, ] = 15.2 Hz, 1H), 6.99 (dd,
J=15.2,11.4Hz, 1H), 4.72 (dd, ] = 7.7, 4.5 Hz, 1H), 3.68 (t, ] = 6.5 Hz,
2H), 3.57 (dt, ] = 9.9, 6.8 Hz, 2H, overlapped with water), 2.26 (dd,
J =114, 6.8 Hz, 1H), 1.90 (t, /] = 6.6 Hz, 2H), 0.96 (d, ] = 6.9 Hz, 3H),
0.93 (d, J = 6.8 Hz, 3H). '*C NMR (126 MHz, DMSo-ds): 6 172.01,
167.35,165.32, 159.37, 156.60, 156.56, 144.02, 135.52, 133.21, 129.81,
128.90, 127.87, 123.24, 122.52, 112.35, 58.83, 38.40, 30.27, 26.87,
18.70, 17.92. HRMS: m/z: calcd for C24H26Ng0gS: 527.1707 [M+H]";
found: 527.1706.
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Fig. 2. Structures selected for this study.

2.2.20. (Z)-(6-((3-(2,4-Dioxo-5-pentylidenethiazolidin-3-yl)propyl)
amino)-5-nitropyrimidin-4-yl)valine 7n

Yellow solid. Yield: 47%.'H NMR (500 MHz, DMSO-dg): 6 9.62 (d,
J=78Hz, 1H), 9.51 (t, ] = 6.0 Hz, 1H), 8.04 (s, 1H), 7.02 (t, ] = 7.7 Hz,
1H), 4.68 (dd, ] = 7.8, 4.3 Hz, 1H), 3.64 (t, | = 6.7 Hz, 2H), 3.54 (dt,
J=10.5, 6.7 Hz, 2H), 2.29-2.23 (m, 1H), 2.21 (dd, ] = 14.8, 7.4 Hz,
2H), 1.87 (p, ] = 6.7 Hz, 2H), 1.48 (dt, | = 14.9, 7.4 Hz, 2H), 1.31 (dq,
J=14.4,7.3 Hz, 2H), 0.97 (d, | = 6.9 Hz, 3H), 0.92 (d, | = 6.9 Hz, 3H),
0.88 (t, J=7.3 Hz, 3H). '*C NMR (126 MHz, DMSO-dg): é 172.00,
167.34, 164.55, 159.35, 156.64, 156.35, 138.50, 124.62, 112.25, 59.17,
38.37,30.91,30.42, 29.33, 26.79, 21.74, 18.72, 18.04, 13.57. HRMS: m/
z: caled for CooH25Ng06S: 481.1864 [M+H]|"; found: 481.1867.

2.3. Antimycobacterial activity

Antimycobacterial activity of the pyrimidines against
M. tuberculosis H37Rv (NCTC 7416) was evaluated in duplicates by
determining their minimum inhibitory concentration (MIC) in 96-
well microtitre plates. Stock solutions of the drugs and their sub-
sequent 2-fold serial dilutions were prepared in 5% DMSO. Isoniazid
was used as the drug control. M. tuberculosis H37Rv was cultured in
Middlebrook 7H9 broth (Himedia, Mumbai) supplemented with
10% OADC (Himedia, Mumbai). The inoculums were prepared by
diluting the mycobacterial culture in 7H9 broth. The controls con-
sisted of drug-free media for sterility check and the media inocu-
lated with M. tuberculosis H37Rv for the growth patterns in drug-
inoculated tubes. The tubes were incubated for 1-2weeks at
37 °C. The MICs were defined as the lowest concentration of the
compound at which no visible bacterial growth was observed and
evaluated by Resazurin microtiter assay [45,46]).

2.4. Antimicrobial activity

The antimicrobial activities of the final compounds against

Staphylococcus aureus (CCM 3953), Pseudomonas aeruginosa (CCM
3955), Escherichia coli (CCM 3954), Candida albicans (ATCC 90028),
Aspergillus niger (CCM 8189), and Enterococcus faecalis (CCM 4224)
were determined by their MIC as described earlier [47]. Gentamicin
was used as the drug control for bacteria, and amphotericin B for
yeast and mould.

Antimicrobial activities of the synthesized compounds were
assessed using the standard dilution micromethod in duplicates.
Disposable microtitration plates were used for the tests. The stock
solution of compounds in 5% DMSO (1024 ug/mL) were diluted
2-16 times with an additional Breath heart infusion broth (50 pL)
inoculated with the tested bacteria/yeast at a concentration of
10°-10° CFUmL '. Tested concentrations of compounds were
512-0.015 pg/mL.

The minimum inhibitory concentration (MIC) of aerobic bacteria
was read after 24 h of incubation at 37 °C as the minimum inhibi-
tory concentration (MIC) of the tested substance that inhibited the
growth of the bacterial strain. The MIC of anaerobic bacteria, yeast
and mould was read after 48 h of incubation at 30 °C.

The minimum bactericidal concentration (MBC) or minimum
fungicidal concentration (MFC) may be characterized as the mini-
mum concentration of the sample required to achieve irreversible
inhibition, i.e., killing the bacteria/yeast after a defined period of
incubation. The MBC was examined by a modified imprint method.
With an applicator, ~5 L of the tested samples with defined con-
centrations were transferred from the microplate wells and
imprinted on the surface of blood agar for bacteria or Sabouraud
agar without antimicrobial agents for yeast. The MBC was deter-
mined as the lowest concentration that inhibited the visible growth
of the used bacterium.

The minimum bacteriostatic concentration (MBS) may be
characterized as the minimum concentration of the sample
required to achieve reversible inhibition, i.e., the bacteria growth
after removing the effects of the antimicrobial compound.
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3. Results and discussion

In view of the biological significance of thiazolidinedione and 5-
nitropyrimidine scaffolds, we designed and synthesized a library of
novel hybrids depicted in Fig. 2.

The two scaffolds (thiazolidinedione and 5-nitropyrimidine) are
connected via an appropriate linker. For primary screening and the
development of synthetic protocol, we selected ethylenediamine
and propylenediamine linkers. The whole system was built on the
Wang resin via the immobilization of various amino acids that are
known for their ability to tune optimal pharmacokinetic and
pharmacodynamics properties of potential drugs [45 - 50]. Since all
novel compounds were designed primarily as promising antitu-
bercular agents (more than 60% of the mycobacterial cell wall are
lipids), the central part of amino acid linker was selected consid-
ering its lipophilicity. For the first group of novel thiazolidinediones
(structures |) three different amino acids were selected (with
respect to their lipophilicity) to test the impact of amino acid on
resulting biological activity. For the second group of compounds
(structures Il only valine linker containing lipophilic central part
was chosen. Furthermore, thiazolidinedione scaffold was modified
with variously substituted benzylidenes or alkylidenes. Some
benzylidenes have already been found to be involved in the con-
struction of biologically active structures (see Fig. 1) [23,25].

3.1. Solid-phase synthesis of the model compounds

Solid-phase synthesis of the desired compounds commenced
with the immobilization of amino acids on Wang resin to give
corresponding resin 1 (Scheme 1). Subsequent deprotection of
amino group and substitution with 4,6-dichloro-5-nitropyrimidine
afforded resin 2. The chlorine atoms of resin 2 are very reactive and
can be easily hydrolyzed as we had described earlier [51]. For this
reason, resin 2 was immediately modified with aminoethanol or
aminopropanol giving resin 3. Desired precursor 4 was obtained
after Fukuyama-Mitsunobu reaction where thiazolidinedione was
easily prepared from thiourea and chloroacetic acid according to
previously described procedure [10]. Here, thiazolidinedione was
allowed to react with resin 3 for 16 h; however, subsequent opti-
mization studies showed that 99% conversion was possible in 1 h.

* Reagents and conditions: (i) Fmoc-amine acid, N-hydroxybenzotriazale (HOBt),
DMAP, DIC, DMF/DCM (1:1), 16h; (i) 50% piperidine, DME, 15min; (iii) 4,6-
dichloro-5-nitro-pyrimidine, DIEA, dry DME 2 h; (iv) amino alcohol, DIEA, dry
DMEF, rt, 2 h; (v) thiazolidine-2 4-dione, PPhy, DIAD, dry THE 1, 1 h; (vi} aldehyde,
piperidine, DMF, 60 °C, 20 h: (vii} 50% TFA in DCM, rt, 1 h.

Further, Knoevenagel condensation of resin 4 with variously
substituted aldehydes afforded polymer-bound intermediate 5.
When thiazolidinedione-resin 4 reacted with aldehyde in the
presence of N N-diisopropylethylamine (DIEA) as a base in DCM at
room temperature, conversion of 4 to resin 5 was only about 30%
according to LC-MS traces at 210500 nm. Then, trials with various
bases, solvents and reaction temperature were carried out; the
optimal reaction conditions were aldehyde, piperidine, DMF, 70°C,
20h. The reaction occurred smoothly with aromatic aldehydes
bearing electron-withdrawing or electron-donating groups as well
as aliphatic aldehydes in crude purity between 58 and 91%. Finally,
the resulting derivatives 6 and 7 were isolated by standard cleavage
and HPLC purification (Tables 1 and 2). Overall yields ranged from
29 to 63% and the lower yields were caused with some losses
during HPLC purification procedure.

After Knoevenagel condensation, formation of two geometrical
isomers E or Z is possible. These two isomers can be easily distin-
guished by the 'H NMR spectral characteristics. It is well known

Table 1
Overview of synthesized products 6.
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Table 2
Overview of synthesized products 7.
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7h NN P Og 55
7i NN @ _Q_}’z 55
7j NN Q 3 40
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7m v a4 a
n NN M 47

that benzylidine proton appears above 7.90 ppm in Z isomer and
below 742ppm in E isomer [52,53]. The NMR elucidation
confirmed the formation of Z isomers for all our products.

3.2. In vitro evaluation of antitubercular activity against
M. tuberculosis H37Rv and antimicrobial activity against other
strains

The final compounds 6 and 7 were tested for their antimicrobial
activity against reference Gram-positive and Gram-negative bac-
terial strains (Staphylococcus aureus CCM 3953, Pseudomonas aer-
uginosa CCM 3955, Escherichia coli CCM 3954, Enterococcus faecalis
CCM 4224), against two fungal strains (Candida albicans ATCC
90028, Aspergillus niger CCM 8189) and against Mycobacterium
tuberculosis H37Rv.

Thiazolidinediones 6 exhibited no significant activities and none
of the derivatives showed activity against E. Coli, P. aeruginosa,
C. albicans and A. niger. On the contrary, compounds 7 showed more
interesting results. Thiazolidinedione 7h (see Table 3) showed the
highest antimicrobial activity against S. aureus CCM 3953
(MIC=128 pg/mL) and  antitubercular  activity  against
M. tuberculosis H37Rv (MIC = 256 pg/mL). Mycobacterium has a
similar cell wall construction as Gram-positive bacteria. The com-
pounds that had an antimicrobial effect on Gram-positive bacteria
(like 7f or 7h) may have a bacteriostatic or inhibitory effect on the

Table 3

Minimum inhibition concentrations (MIC; ug/mL), minimum bacteriostatic con-
[: (MBS) or mi bactericidal concentrations (MBC) of synthesized
compounds 7.

Entry Mycobacterium Staphylococcus Enterococcus
tuberculosis aureus faecalis
MIC Mic MBS/ MIC MBS/
MBC MBC
7a 256 256/- 1024 1024(-
7b 1024 1024/
7c 1024 1024/~
7" 1024 256 256/- 256 256/-
7g 1024 1024/-
7h 256 128 128/ 256 256/-
1024
7i 1024 1024/-
7 1024 -[1024
7k 512 512/-
71 1024 1024/~ 1024 1024/-
isoniazid 0.125 x x x x
gentamicine % 16 -/16 64 -/64

strain Mycobacterium tuberculosis H37Rv.

Moreover, we observed certain structure-activity dependence
for compounds 7. While derivative 7h with propylenediamine
linker between two pharmacophores exhibited the most inter-
esting activities, compounds 7a with ethylenediamine linker
showed only slight antimicrobial activity against S. aureus and
P. aeruginosa.

4. Conclusion

In summary, we have developed a rapid and effective approach
to the synthesis of novel thiazolidinedione-pyrimidine conjugates
by employing an efficient solid-phase synthetic protocol. Our
methodology is based on easy access to structural diversity from
abundant and easily available building blocks with minimal syn-
thetic operations and was validated in synthesis of model chemical
library prepared via a combinatorial manner. Although the design
of our library was motivated by testing the reactivity of various
building blocks, some of the prepared derivatives exhibited slight
antimicrobial and antitubercular activity mainly against S. aureus
CCM 3953 (MIC= 128 pg/mL) and moderate activity against
M. tuberculosis H37Rv (MIC = 256 pg/mL). The developed synthetic
protocol can be used for fast and efficient synthesis of a chemical
library designed with use of sophisticated methods in the future.
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Veronika Slachtova® and Lucie Brulikova*?

Tuberculosis (TB) is an infectious disease caused predominantly
by bacillus Mycobacterium tuberculosis (MTB). The increasing
prevalence of multidrug-resistant MTB necessitates the discov-
ery and development of alternative drugs against tuberculosis
with a new mechanism of action. Over the past years, several
benzoxazole derivatives have been synthesized and screened
for their biological activity. Interestingly, some of them had

1. Introduction

TB is a bacterial infection caused by Mycobacterium tuberculosis
(MTB) which belongs to Mycobacterium tuberculosis complex
(MTC). MTB is a very slow-growing, intracellular organism
known for its lipid-rich cell wall. Consequently, the treatment of
infected patients requires the use of multiple-drug therapy for
several months. Moreover, an increasing number of the MTB
strains are becoming resistant to one or more of the standard
anti-TB drugs, which complicate treatment and the rise of the
number of people affected by drug-resistant TB and latent TB is
alarming. Multidrug-resistant (MDR) tuberculosis is defined by
its in vitro resistance to at least isoniazid (INH) and rifampicin;
while extensively drug-resistant (XDR) TB is resistant to at least
one fluoroquinolone and one second-line anti-TB drug in
addition to INH and rifampicin.""® The occurrence of MDR and
XDR MTB infections intensified the efforts to discover novel
anti-TB agents with a new mode of action and directed at yet
unknown targets of MTB.

The current situation and effort to effectively control TB
requires development of new antitubercular agents acting on
new targets. Overall, new antitubercular drug should meet at
least some of these criteria: (1) be more potent than the
existing drugs; (2) should have a good safety profile; (3) should
be able to reduce the duration of therapy; (4) should be
effective to treat multidrug-resistant and extensively drug-
resistant tuberculosis; (5) should be compatible with concom-
itant ART since many patients are co-infected with HIV, and (6)
should have no antagonistic activity against other tuberculosis
drugs in the treatment regimen. With no doubt, the discovery

[a] Dr. L. Brulikovd
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tional Medicine, Hnévotinska 5, Olomouc, Czech Republic, 77900
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promising antitubercular activity. Despite that, none of the
benzoxazole derivatives has entered the phase of the preclin-
ical hit-to-lead optimization step in anti-TB research. In this
review, we are summarizing recently published articles that
evaluate the potency of benzoxazole heterocycle in the
development of novel anti-TB agents and outlined the future
aspects of this promising heterocycle.

of entirely new compounds with an alternative mechanism of
action to the existing therapeutics remains challenging.

Over the past years, the benzoxazole skeleton was found to
have a wide range of biological activities and it is currently one
the most important scaffolds found in pharmacologically active
compounds. As a consequence of this enormous interest,
benzoxazole heterocycles and their biological properties have
been reviewed many times.” """ Furthermore, variously substi-
tuted benzoxazoles have been found in many natural products
such as Boxazomycin A, Calcimycin or Nakijinol B (Fig-
ure 1)‘E||—ul

Boxazomycin A

Calcimycin

Nakijinol B

Figure 1. Benzoxazoles as component of natural products.

Inspired by the nature, researches synthesized a variety of
benzoxazole derivatives and screened for their biological
activity”™ which resulted in several marketed drugs (Fig-
ure 2)."8

Two different synthetic approaches were applied to prepare
different benzoxazoles: (a) solution-phase synthetic approach
and (b) solid-phase synthetic approach. Both of this approaches
have been clearly summarized in 2017 A conventional
solution-phase synthetic approach (Figure 3) comprises the
condensation of o-aminophenols with aldehydes”**” or car-
boxylic acids.”***! Benzoxazoles can also be synthesized via the
condensation of o-aminophenols with ortho-esters” or 1,1-
dihaloalkenes.”’*®

Solid-phase synthetic approach covers the efficient meth-
ods leading to benzoxazole libraries formed by combinatorial
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Figure 3. Solution-phase methods leading to benzoxazoles.

assembly (Figure 4). Wang et al. reported the synthesis of
benzoxazole using Wang resin,” Beebe et al. used polystyrene-
based linker and 3-nitrotyrosins,”” Chen with coworkers
established a strategy on PEG-5000 soluble support.”" Gong

Lucie Brulikova received her Ph.D. in Organic
Chemistry at Charles University in Prague
under supervising of prof. Antonin Holy. After
that, she joined prof. Hlavaé group at
Department of Organic chemistry, Palacky
University in Olomouc, where she is currently
working as assistant professor. In 2017 she
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design and development of new antitubercu-
lotics.
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Figure 4. Solid-phase methods leading to benzoxazoles.

Hioki et al. (2007)

and his coworkers described the solid-supported synthesis
using Merrifield resin®? and Hioki with his group reported
solid-phase synthesis with use of a traceless aniline linker.”*

Both above mentioned approaches produced a number of
interesting compounds. The unflagging effort resulted in
several above mentioned marketed drugs. Despite that, none
of the benzoxazole derivatives has entered the phase of the
preclinical hit-to-lead optimization step in anti-TB research.

For this reason, benzoxazole-based compounds remain
promising heterocyclic scaffold and the detailed SAR studies
might reveal entirely new approach to help with the struggles
to find a new treatment against tuberculosis. In this review, we
will focus on benzoxazole derivatives as promising antituber-
cular agents considering the type and position of substitution
and also the future aspects in anti-TB research.

Veronika Slachtovd studied at Faculty of
Pharmacy in Brno, where she also received
her M.Sc degree in 2017. Afterwards, she
Jjoined the group of Lucie Brulikovd as a
doctoral student. Her research interest is
solution-phase as well as solid-phase syn-
thesis of biologically active compounds.
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2. Benzoxazoles as anti-TB agents

Benzoxazole skeleton has been studied as antitubercular agent
since 1949.°" However, this structure has attracted the
considerable attention mostly during the last two decades.
Different substituents can be incorporated onto the benzene
ring to improve the biological activity; especially the substitu-
tion at the position 2 and 5 is influential.

2.1. Benzoxazole-pyrazoline derivatives

Pyrazoline heterocycle has been found to have an interesting
antitubercular activity.”*>*" Considering this fact, Soni group
designed and synthesized a series of novel pyrazoline based
benzoxazole derivatives 1 and 2 (Table 1) and screened for their

Table 1. In vitro antitubercular activity of line-b les 1 and 2
against MTB H,Rv strain.
i ¥
A "“N 2 N\N/KO
O%S o o
= Lf? RzlLN/(\\ N
rZ N 1 H 2
Entry R R MIC Entry R' R MIC
(ng/ (ng/
mL) mL)
1a CH; SH 6.25 im CH,  4-pyridyl 25
1b CH, NH, 6.25 in NH, NH, 6.25
1c CH, CH, 25 10 NH, SH 125
1d CH, 2-CIC,H, 25 2a CH, CH, 25
1e CH, 2-OMeCH, 25 2b CH, CH(CH), 25
1f CH, 3-OMeCH, 25 2¢ CH, CH,CH,CH, 125
1g CH, 4-OMeCH, 125 2d CH, CHCI 6.25
1h CH, 4-OHCH, 08 2e CH, C.H. 6.25
1i CH, 345- 25 2f CH, 2-CICH, 25
(OMe),C,H,
1j CH, CH,CH, 50 2g CH, 2-OMeCH, 25
1k CH, 2-pyridyl 25 2h CH, 3-CICH, 125
1 CH, 3-pyridyl 25 2i CH, 3-OMeCH, 16

activity against MTB H,,Rv, MDR-TB and XDR-TB strains.”® Two
compounds of these series had interesting activity, even better
than all of the standard drugs (Streptomycin (6.25 pg/mL),
Pyrazinamide (3.12 pg/mL) and Ciprofloxacin (3.12 ng/mL)) with
value 0.8 pg/mL (1h) and 1.6 pg/mL (2i) against MTB H;,Rv
strain.

In 2014 Brahmkshatriya group reported two papers focused
on combining of the pyrazoline and benzoxazole pharmaco-
phores.”® In vitro antitubercular activity evaluation of the first
group of compounds against MTB H;,Rv, MDR-TB and XDR-TB
revealed significant potency of target compounds 3 (Table 2).
Most of the prepared compounds had potent activity (MIC
value 1.25 - 25 pg/mL) against H,;Rv strain. More interestingly,
a few compounds showed better antitubercular activity than
INH against MDR-TB and XDR-TB strains.”"
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The second group of conjugates (Table 3) revealed a few
analogues with an activity comparable with INH against H,,Rv
strain (4a) and against MDR-TB strain (4a, 4k and 4n).""

In 2016, Devi group reported QSAR (Monte Carlo method)
and docking studies of benzoxazole-pyrazoline based struc-
tures 4."" Their computational results indicate that the
presence of F or Cl substitution is preferred to Br and |, thiol
group is preferred to amino group and OH or CH, group are
more preferable then OCH.. These results might be valuable for
the design of further benzoxazole-pyrazoline compounds with
potent antitubercular activity.

2.2. Benzoxazoles with 2-phenyl/benzyl substitution

Recently, Temiz-Arpaci group published two articles describing
a series of 2-phenyl/benzyl substituted benzoxazoles with
potent antimicrobial activity"** Firstly, they described the
synthesis of series of benzyl substituted benzoxazoles 5 and
their antitubercular activity against MTB and its isolate
(Table 4).*"" Further, authors suggested that a [4-(p-chloro/
fluoro-phenyl)piperazin-1-ylJacetamido moiety in position 5
might permit an easier penetration through the lipophilic
mycobacterial cell wall. The series of ten tested compounds
revealed certain structure-activity relationships reflected the
presence of halogen (F or Cl). On the other hand, all of the
tested compounds were less active then the reference drugs
(INH and ethambutol).

Three years later, Temiz-Arpaci et al. modified the structure
5 with p-tert-butylphenyl moiety giving compounds 6 (Ta-
ble 5). Again, they expected that a lipophilic p-tert-butyl-
phenyl moiety in the position 2 of the benzoxazole part might
improve the penetration through the lipophilic mycobacterial
cell wall. Unfortunately, neither this substitution of benzoxazole
skeleton brought better results than those from the previous
report. The best MIC values were 8 pg/mL.

In 2016, Ertan-Bolelli etal. reported the synthesis and
biological evaluation of 5-amino-2-(4-substitutedphenyl)-ben-
zoxazoles 7 and 8 (Table 6).*" Few of the tested compounds
had interesting antitubercular activity with MIC value of 8 pg/
mL. Moreover, molecular docking of the most active com-
pounds from this series into the active site of InhA revealed
interaction with Tyr158 and/or co-factor NAD . For this reason,
compounds 7a, 7c and 7f might be considered as promising
scaffolds for new potent anti-TB drugs.

2.3. Benzylsulfanyl benzoxazoles

Benzylsulfanyl modification of the benzoxazole skeleton re-
vealed promising results in the field of anti-TB research. In 2002
and subsequently in 2009, Klimesova et al. reported synthesis
and biological evaluation of 2-benzylsulfanyl benzoxazole
derivatives 9 (Table 7).***! Moreover, compounds 9e and 9i
were tested against MDR M. tuberculosis (MTB 7357/98,
4166/04, 4977/03 and 550/04). Compound 9e exhibited signifi-
cant activity against both sensitive and resistant strains of MTB
(MIC value 2-4 umol/L). In contrast, derivative 9i had activity
with MIC value 8-32 umol/L. Furthermore, benzoxazole 9e

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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showed the lowest lipophilicity {log P=3.779) and enlarged
molar refractivity (MR=84.365 AS}‘ All these results indicate
that the introduction of benzyl moiety and two nitro groups
increase the anti-TB activity compared to other substituent.
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Ent: X R' R* R* R* R* MIC (namnt) XDR-TB C ici
Ty H,Rv MDR-TB ytotoxicity 1C50 (ng/mL)
3a SH H H OCH, OCH, H 125 125 =100 ND
3b 5H H H H OCH, H 6.25 6.25 50 ND
3c SH H cl H H H 6.25 125 =100 ND
3d 5H H H Cl H H 3.25 125 50 =62.5
3e SH H H H [al] H 325 25 50 325
3f 5H OCH, H OCH, OCH, H 6.25 125 50 ND
3g SH OCH, H H OCH, H 125 125 25 ND
3h 5H OCH, Cl H H H 6.25 50 25 ND
3i SH OCH, H [al] H H 25 625 50 ND
3j 5H OCH, H H cl H 3.25 25 50 =62.5
3k SH OCH, OCH, H H OCH, 125 50 125 =625
31 SH OCH H Br H H 1.25 3.25 125 = 62.5
3m SH OCH, H H Br H 325 25 25 325
3n MH; H H OCH, OCH: H 6.25 625 =100 ND
30 NH, H H H OCH, H 125 25 50 MND
3p MH, H cl H H H 25 25 50 ND
3q NH; H H Cl H H 25 50 =100 ND
3r MH; H H H a H 6.25 3.25 =100 ND
3s NH, OCH, Cl H H H 125 125 =100 ND
3t MH; OCH; H H Br H 25 3.25 50 ND
INH - - - - . 05 6.25 50 ND
Table 3. In vitro antitubercular activity of pyrazoline-benzoxazoles 4. Table 4. In vitre antitubercular activity of benzoxazoles 5.
0}\. R?
1
e QL 3
’?"\\TW\( NA] a /jo>_)=/
R"\;ﬁ\Rz \%(\\O K,N\J-L_N/L P N/
4 n=l, H
% 5
; ) z MIC {ng/mL})

Entry X R R R Hy,Rv MDR-TB Entry R R Wi e m%?; ]; il
4a MH; OCH, H H 0.625 6.25 5a cl al 32 8
4b MH; OCH, Cl cl 125 125 5b F al 16 8
4c MH; QOCH, H F 6.25 a5 5¢ al CH, 64 12
ad NH, OCH, Br H 125 25 <5 F cH, 12 16
4e MH; H H H 25 a5 5e al H 64 16
af MH; H Br H 25 125 5§ F H 16 &4
a9 NH, cl H H 25 25 sq o r 8 .
4h MNH, Cl Br H 325 25 5h F F & 12
4? SH OCH, H H 6.25 125 5i al Br 64 8
4j 5H OCH, Cl Cl 6.25 125 5 F Br 16 8
4k SH OCH, H F 125 6.25 INH ~ ~ <025 <025
41 5H QOCH, Br H 125 25 athambutol _ B 2 3
4m SH H H H 25 25
4n SH H Br H 125 6.25
4o SH Cl H H 1.25 25
4p SH cl Br H 6.25 12.5
ann i - 623 625 2.4. Benzoxazole alkaloids

In 1999, Rodriguez et al. screened marine natural products from
the West Indian gorgonian coral Pseudopterogorgia elisabethae
with anti-TB properties.”” Their effort resulted in the isolation
10 and
biogenetic precursor seco-pseudopteroxazole 11 (Figure 5).
Pseudopteroxazol 10 exhibited potent growth inhibition (97%)

of two active alkaloids - pseudopteroxazol its
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Table 5. In vitro antitubercular activity of b les 6.
R o 0
T8 LI -oom
XN N
H
6
g MIC (ng/mL)
Entry R X H,,Rv MTB isolate
6a H - 8 8
6b F CH, 8 8
6c F - 16 32
6d Br - 128 128
6e CHe - 32 32
6f NO, - 32 16
6g H CH, 8 32
6h CH; - 16 8
6i c - 64 16
6j CH; CH, 8 8
6k C.H, - 32 16
6l cN - 64 32
6m OCH, CH, 64 16
6n NO, CH, 32 32
60 Br CH, 16 8
INH - - <0.25 <025
ethambutol - - 2 2

of MTB H;,Rv with MIC value 12.5 pg/mL. On the other hand,
seco-pseudopteroxazole 11 inhibited only 66% of mycobacte-
rial growth.

Several years later, the same group reported biological
evaluation of ileabethoxazole 12 (Figure 5), perhydroacenaph-
thene-type diterpene alkaloid from Pseudopterogorgia elisabe-
thae.*® This novel benzoxazole alkaloid showed interesting
activity against MTB H;;Rv at the concentration range of 128-64
pg/mL.

Chemist
ISEeLVf;V'”cS'TrY\/

Reviews

CHy 0—
N

Figure 5. Structure of the benzoxazole alkaloids 10-12.

2.5. 2-Amino benzoxazoles and related structures

Between 1966-1973 Sycheva and others reported several
papers describing various benzoxazoles amino-(or hydrazino)-
modified at the position 2 (Figure 6).%%*

First attempts of Sycheva group at benzoxazole derivatiza-
tion at the position 2 in order to reach active anti-TB
compound led to the synthesis compounds 13 (Figure 6).""
Investigation of anti-TB activity (H;;Rv strain) of the synthesized
compounds revealed that the most interesting activity pos-
sessed the thioamide of 6-ethoxy-2-benzoxazole carboxylic
acid, 6-ethoxy-2-hydrazinobenzoxazole and 6-ethoxy-2-(thiazol-
yl-2'-amino)benzoxazole with MIC value 0.5 pg/mL, 4 pg/mL
and 8 pg/mL, respectively (in the absence of serum). The
presence of serum led to the dramatic decreasing in tuber-
culostatic activity.

The consecutive in vitro tests of derivatives 14 (Figure 6)
revealed interesting activity against H,,Rv strain of thiazoyl
compound 14b with MIC value 0.5 pg/mL in absence of serum
and 2 pg/mL in serum!® On the other hand, 2-pyridyl
derivative 14a showed lower activity (with MIC value 4 pg/mL
in absence of serum and 15 pg/mL in serum). Moreover, the

Table 6. In vitro antitubercular activity of benzoxazole compounds 7 and 8.

O

G R!
\ MIC (pg/mL) ) MIC (ug/mL)
Entry X R R HyyRv MTB isolate Entry X B R Hy:Rv MTB isolate
7a H 8 8 8g - OCH, NO, 64 16
7b - a - 16 8 8h CH, H NO, 32 16
7c F 8 8 8i CH, cl NO, 32 16
7d - Br - 8 32 8j CH, F NO, 32 16
7e CH 16 8 8k CH, Br NO, 32 16
7f - CH, - 8 8l CH, CH, NO, 32 16
79 - OCH, - 64 8 8m - H NH, 64 32
7h CH, H - 32 32 8n - cl NH, 64 64
7i CH, «} - 16 8 80 F NH 64 64
7j CH, F - 16 32 8p Br NH 64 64
7k CH, Br - 16 16 8q - CHs NH, 64 16
71 CH, CH, - 32 64 8r - CH, NH, 64 64
8a - H NO, 64 32 8s - OCH, NH, 64 64
8b - cl NO, 64 32 8t CH, H NH, 32 16
8¢ - F NO, 64 64 8u CH, cl NH, 16 16
8d - Br NO, 64 32 8v CH, F NH, 32 16
8e - C.H, NO, 64 16 8w CH, Br NH, 16 16
8f - CH, NO, 64 64 8x CH, CH, NH, 16 16
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Table 7. In vitro antitubercular activity of b les 9a-j* and 9k-a.**

O,
Clo
",

MTB My 331/88
Entry B 14 days 21 days
9a H 250 500
9b 4-NO, =62 >125
9c 3-NO, =62 125
9d 2-NO, =250 =250
9e 3,5-NO, 8 8
of 2,4-NO, 8 8
9g 4-CN =62 =62
9h 3-CN 125 125
9i 4-CSNH, 8 16
9j 3-CSNH, 8 16
9k 4-Cl 250 =500
9l 3l 62 125
9m 2-Cl =250 =250
9n 4-F 250 500
90 3-F 62 125
9p 4-CH, =500 > 500
9q 3-CH, 250 500
9r 4-OCH, 62 125
9s 3-0CH, 125 250
9t 2-F 125 250
9u 4-Br =62 >125
9v 3-Br 125 250
9w 2-F, 6-Cl 62 125
9x 34-Cl >125 =250
9y 34F 125 125
9z 2-F, 6-NO, =62 =62
9aa 4-CF, 125 125
9ab 3-CF, 62 125
9ac 3,5-CF, 62 125
INH - 05 1
N N R
Coye SO0
R%0 o R? 0
13

14a R" = 2-pyridyl, R =H
14b R = 2-thiazolyl, R? = H
14c R = 2-pyridyl, RZ =NO,
14d R' = 2-thiazolyl, R? = NO;

R" = NH, NHNH,, CSNHy
NH-2-thiazolyl, SH, OH, CN,
CONH,

R? =CHj C,Hs

N N R
b I
R? 0 HN-R' g2 0O  NH
15 16

R; = H, CH,CgHs, (CH2),CeHs
Rz = H, NO3, CH;CONH

Figure 6. Structures of the 2-amino modified benzoxazoles 13-16.

introduction of nitro group to the position 6 afforded
compounds with decreased activity.

In 1967, Sycheva et al. broaden the series of their benzox-
azole derivatives with (benzoxazol-2-yl) hydrazines 15 and 16
(Figure 6).*” In vitro tuberculostatic activity testing showed 1-

ChemistrySelect 2018, 3,4653-4662  Wiley Online Library
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phenyl-2-(benzoxazolyl-2')hydrazine and (6-nitrobenzoxazolyl-
2) hydrazine as the most active compounds from this series
(MIC =4 pg/mL, without serum).

Based on the previous promising result showing the
potency of 2-(2-thiazolylamino)-benzoxazole, Sycheva and
coworkers reported the synthesis and biological evaluation of
2-(2'-thiazolylamino)benzoxazole analogues 17 (Figure 7).**

N,
Ly
R! (o] R?

17
R'=H, CH; CiHs

RZ=
L K00 O
§—HN—<’::© §—HN—</ZI>

Figure 7. Structures of the 2-amino modified benzoxazoles 17.

Results obtained from anti-TB testing against H,Rv strain
indicated that the di(benzoxazolyl-2-)amine and N-benzothia-
zolyl-2-benzoxazolyl-2)amine are the most interesting com-
pounds from this study with MIC value 2 and 8 ug/mL without
serum, respectively. The presence of an alkoxy group in the
position 6 decreases the activity.

Sycheva et al. also described a number of N-(benzoxazol-2-
yl)-N'-phenylthioureas 18 (Figure 8).“” Biological evaluation of

N
R?/CEC))_N;—NH
S Q

18
R'=H, OCHa OCzHs
R? = H, Br, OC;Hs OCH;

R!

Figure 8. Structures of the benzoxazoles 18.

18 revealed, that the most active compound from this series, N-
(2-benzoxazolyl)-N'-p-ethoxyphenyl)thiourea, inhibited the
growth of MTB (strain Hy;Rv) at concentration of 2 pg/mL in the
absence of serum (15 pg/mL in the presence of serum). In
contrast, benzoxazole without p-ethoxy substitution had lower
activity (8 pg/mL in the absence of serum, 250 ug/mL in serum),
that indicates the importance of an alkoxy group in the p-
position of the benzene ring. Furthermore, introduction of an
alkyl group into the position 6 of the benzoxazole skeleton did
not result in an increase in anti-TB activity.

The group of Khazi reported the synthesis and biological
evaluation of benzoxazole derivatives of 1,3,4-thiadiazoles and

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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(/I‘)—NH
d
19
i s N N N
O ety I Qe
o o

Figure 9. Structures of the benzoxazoles 19.

thiazoles 19 (Figure 9).*" All prepared compounds were tested
against M. tuberculosis; however, none of the tested com-
pounds had interesting antitubercular activity.

Thiadiazole compounds represent other heterocyclic scaf-
fold having very interesting pharmacological and biological
profile. Based on this knowledge, Hegde etal. combined
benzoxazole with thiadiazole heterocycle and obtained com-
pounds 20 evaluated for their antitubercular properties against
MTB H;;,Rv using the BACTEC 460 radiometric system (Fig-
ure 10). Both derivatives had a very good inhibitory activity
against MTB Hy;Rv at < 6.25 pg/mL.=

R\(s\”/n
N }:N

N—-N o f

20a R = benzyl
20b R = 3-pyridiyl

Figure 10. Structure of the thiadiazole-based b 20.

2.6. 2-Substituted 5,7-di-tert-butylbenzoxazoles

Vinsova et al. paid their attention to the synthesis of lipophilic
benzoxazoles, since lipophilic part in molecules may permit
their easier penetration through the mycobacterial cell wall.
Firstly, they reported the synthesis and biological evaluation of
2-substituted 5,7-di-tert-butylbenzoxazoles.”**” By the reaction
of substituted benzoquinone with amino acids and dipeptides
a series of several 57-di-tert-butylbenzoxazoles 21 was
obtained (Figure 11). Unfortunately, none of the tested com-
pounds had any promising anti-TB activity.*®

After that, Vinsova and coworkers pursued the synthesis
and biological evaluation of 2-substituted 5,7-di-tert-butylben-
zoxazoles 22 and 23 (Figure 12)°” All of the prepared
benzoxazoles were screened for their antitubercular activity
against M. tuberculosis H,Rv strain. Interestingly, 5,7-di-tert-
butyl-2-(pyridin-4-yl)benzoxazole and 5,7-di-tert-butyl-2-styryl-
benzoxazole exhibited the highest activity in vitro with MIC
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R

21

R = H, CHy, CgHs, CHaCgHs, CH{CH3)z, CH,CH(CHz);, CH,CHZSCH;
CH;CgHa(4-OH), 1H-indol-3-yi(methyl), CONHz COOCH;

COOH

.J“\n,nvcoorc ;\rﬂ((
[¢] 0

Figure 11. Structure of the tri-substituted benzoxazoles 21.

N\>_<:>
d LR
22

R =H, CHs, Cl, Br, CF3, OH,
NOz. N(CHj3)z, SCHs, 4-F-3-OCgHy

COOH

H
AN
LA
OH

N
R
o

23

R = CH,OH, styryl, 5-, 6-membered
heterocycle, substituted heterocycle

Figure 12. Structure of the tri-substituted benzoxazoles 22 and 23.

value 6.25 and 3.13 pg/mL, respectively (INH as standard - MIC
value 0.02 pg/mL).

2.7. Others

Imramovsky et al. reported synthesis and biological evaluation
of  2-[(F)-2-substituted-ethenyl]-1,3-benzoxazoles 24 (Fig-
ure 13)."¥ In spite of the relatively large series of synthesized

N R
ool
24
O 0D 0o 1 som

HaCO

o -0t or 15
) o 0 Oroen

Figure 13. Structure of benzoxazoles 24.

compounds, none of them had any potential based on the
anti-TB activity shown. However, derivatives modified with 4-

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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OMePh, 4-SMePh and 2,3-dihydro-1-benzofuran-5-yl moiety
were active against M. avium 330/88 (MIC=32-62.5; 62.5 and
32 umol/L, respectively). SAR observations also indicate that
electron-donor groups (4-OMe) are favorable substituent.
Another promising scaffold was reported by Sycheva
et al.*” They designed and synthesized S-heterylmercaptoacetic
acids comprising also the benzoxazoles 25 (Figure 14) and

NH,

) J@[Z\H/_‘s

25
R = H, OC;Hs

Figure 14. Structure of benzoxazoles 25.

evaluated their biological activity. Compounds 25 substituted
with ethoxy group was active against MTB H;;,Rv (MIC=1 pg/
mL, without serum). However, studied benzoxazole 25 did not
have appropriate pharmacological properties.

Sankar et al. reported in silico design, synthesis and bio-
logical evaluation of 1,3-benzoxazole-5-carbohydrazide 26 (Fig-
ure 15) that had in vitro activity against MTB H,,Rv strain.®” A
small substitution in the position 2 enhances biological activity.

e
N N
N OCH.
SIS R had
O
26
Figure 15. Structure of benzoxazoles 26.

The group of Westwell published the synthesis and bio-
logical evaluation of several 4-hydroxycyclohexa-2,5-dien-
ones.®” Benzoxazole 27 (Figure 16) had potency against MTB

NHO
CL-O-
0
27

Figure 16. Structure of benzoxazoles 27.

H;;Rv with MIC value 1.56 ug/mL. Moreover, benzoxazole 27
showed inhibition of MTB Thioredoxin C/Thioredoxin reductase
signaling (IC., =50 puM).

One of the best result to date emerged from a library of
more than 60 novel quinolone analogues.®” Compound 28
(Figure 17) showed a MIC value of 5.5 uM and no measurable
cytotoxicity. Moreover, this benzoxazole was found to have
good blood stability and no hERG affinity.

ChemistrySelect 2018, 3,4653-4662  Wiley Online Library
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Figure 17. Structure of benzoxazole 28.

3. Potential targets of benzoxazole-based
compounds

The most promising approach against tuberculosis is targeting
specific mycobacterial enzymes with small molecules. As a
consequence of this external intervention, the disruption of
some important cellular processes may occur. However, the
discovery of novel anti-TB agents with a new mode of action
and directed towards unknown targets of MTB remains also
challenging.

The benzoxazole skeleton offers a number of interactions
with the host protein. The planar aromatic heterocycle can act
through the m-m stacking, nitrogen and oxygen atoms can
mediate the hydrogen bonding and lipophilic character may
enable the hydrophobic interactions.

Mycobacterium tuberculosis enoyl acyl carrier protein reduc-
tase (MtinhA) is one of the most attractive enzymes to design
and develop novel drugs for tuberculosis therapy®® and
might be a promising target for novel inhibitors active against
MDR and XDR MTB.®” Several benzoxazoles have been studied
in respect to the MtinhA inhibition.”” The synthesized benzox-
azole-pyrazoline compounds 4 (Table 3) were docked into the
enoyl-acyl carrier protein (ACP) reductase, a known molecular
target of INH. Reported experiments showed a successful
docking into the active site of enoyl-ACP reductase with
significant contribution of benzoxazole core over the other two
ring nucleus (pyrazoline, aryl). These results might indicate the
potential target of benzoxazole-based compounds.

Further, Pauli et al. reported in silico approach that might
reveal new InhA inhibitors.* Among others, benzoxazole 29
(Figure 18) was selected for in vitro evaluation. Pauli group

\/YS
Nf
NH
0,
04\©: / :
N

29

Figure 18. Structure of benzoxazole 29 as potent InhA inhibitor.
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reported that benzoxazole 29 interacts via hydrogen bond to
NADH and several hydrophobic interactions with the protein,
including Ala198 (important to tight binding).

One of the other potential target of tuberculosis is
Mycobacterium protein tyrosine phosphatase B (mPTPB). Zhang
with co-workers applied the Diversity-Oriented Synthesis (DOS)
strategy in order to find novel and selective drug-like inhibitors
of this enzyme and synthesized a range of novel bicyclic
salicylic acids as mPTPB inhibitors.*® However, benzoxazoles
comprised in this study did not show any interesting specificity
to the studied enzyme. Nevertheless, other substitution might
be worthy.

4. Conclusion

In this review, we have summarized the available information
regarding to benzoxazole scaffold and its antitubercular
properties. Benzoxazole moiety has been frequently studied
and successfully combined with another promising heterocycle
such is pyrazoline. However, none of the reviewed benzoxazole
derivatives reached nanomolar concentrations and has entered
the phase of the preclinical hit-to-lead optimization in anti-TB
research.

Despite this, the search for new benzoxazole-based com-
pounds active against TB remains a challenge. In particular,
since the occurrence of MDR and XDR MTB infections is
alarming and the molecular mechanism involved in the
resistance and its possible targets is still not completely
understood.

In this review, benzoxazoles several possible targets have
been also outlined; however, additional efforts must be made
in order to discover novel anti-TB agents with a new mode of
action and directed at unknown targets of MTB. This review
should serve the researchers working in the area of the
development of new antituberculotics as a guide through both
the successful and less successful research that has been done
during the recent past years in order to find new antitubercu-
lotics based on benzoxazole scaffold and help them to focus
their future research towards the most promising structures.

5. Future perspectives

TB is one of the top 10 causes of deaths worldwide and the
first among the mortality caused by bacterial infections. It is
estimated that until 2020 nearly 1 billion additional people will
be infected with TB, 200 million will become sick, and 35
million will die of this disease. Many M. tuberculosis strains are
resistant to one or more of the standard TB drugs, which
complicates treatment and the rise in number of people
affected by drug-resistant TB and latent TB is alarming. The
current situation and effort to effectively control TB requires
development of new antitubercular agents acting on new
targets. With no doubt, the discovery of entirely new com-
pounds with an alternative mechanism of action to the existing
therapeutics remains challenging.

The question is, can any benzoxazole serve as a lead for the
discovery of new antitubercular agents acting on new targets?

ChemistrySelect 2018, 3, 4653 - 4662
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The above literature findings reveal benzoxazoles as a promis-
ing scaffold that is in the most cases substituted with other
heterocycle contributing to the antitubercular activity. From
this point of view, the pyrazoline modification of benzoxazole
remains the most promising from all studied substitutions.
Several compounds of these series had interesting activity,
even better than all of the standard drugs against MTB H.,Rv
strain.

All biological studies reported in this review make benzox-
azole nucleus highly suitable for discovery of new antituber-
cular agents. However, detailed SAR studies and additional
efforts must be made in order to discover novel anti-TB agents
with a new mode of action and directed at unknown targets of
MTB.
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