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Abstract

Mycobacterium tuberculosis (Mtb) is the world's second leading cause of death
from infectious diseases (after COVID-19). The ability of Mtb to enter the nonreplicating
persistence (NRP) and then transition to latent TB contributes to Mtb's drug tolerance and
treatment failure in chronically infected individuals.

The DosRST two-component regulatory system regulates the Mtb physiology to
promote NRP, in which peroxides such as the natural antimalarial drug artemisinin and
synthetic 1,2,4-trioxolanes have been demonstrated to inhibit this system and re-sensitize
Mtb. Hence, we proposed hybridizing two separate anti-TB classes by combining the
1,2,4-trioxane-containing moieties with the indole-2-carboxamide scaffold (MmpL3
inhibitors) and the benzothiazinone scaffold (DprE1 inhibitors), to establish a dual mode
of action, by increasing Mtb's sensitivity to the active anti-TB pharmacophore while also
targeting the DosRST signalling. These hybrid compounds prepared were evaluated for
their in vitro antimycobacterial activity, and the drug metabolism and pharmacokinetics
parameters were also assessed.

Additionally, we evaluated ~1519 DprE1 inhibitors disclosed in the literature
from 2009-2022 by performing an in-depth analysis of physicochemical descriptors and
absorption, distribution, metabolism, elimination, and toxicology properties to deepen our
understanding of DprE1 inhibitors and build machine learning classification models.

Among organic peroxides, six-membered cyclic 1,2,4-trioxanes and 1,2,4,5-
tetraoxanes have gained a great interest in medicinal chemistry, their synthesis being of
paramount relevance. The cyclocondensation of a representative library of ketones with
gem-dihydroperoxides or peroxysilyl alcohols/B-hydroperoxy alcohols to afford the
corresponding unsymmetrical 1,2,4,5-tetraoxanes or 1,2,4-trioxanes, mediated by the
silica sulfuric acid (SSA) catalyst, was systematically investigated in this thesis, yielding
an improved synthetic route to 1,2,4-trioxanes and 1,2,4,5-tetraoxanes.

Despite the endoperoxides’ potential pharmaceutical applications, fundamental
studies on the structures of trioxolanes and tetraoxanes are scarce. By combining X-ray
crystallography and vibrational spectroscopy, along with Hirshfeld surface analysis and
calculations (CE-B3LYP/6-31G(d,p)) of pairwise interaction energies of intermolecular
contacts existing in the crystal structure, a deeper understanding of the relative reactivity
and the properties of these endoperoxide classes was gathered.

Keywords: tuberculosis, endoperoxides, anti-tubercular hybrids, DosRST-
inhibitors, silica-supported catalysts, structural analysis, machine learning.
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Resumo

A infecdo por Mycobacterium tuberculosis (Mth) é, atualmente, a segunda
principal causa de morte no mundo por doengas infeciosas, estando apenas atras da
COVID-19. Acredita-se que um quarto da populacdo mundial esteja infetado por esta
micobactéria e a forma mais prevalente ¢ a tuberculose pulmonar, altamente contagiosa e
potencialmente fatal se ndo tratada.

A capacidade da Mtb de entrar no estado nao replicativo (NRP) e, em seguida,
transitar para a tuberculose latente, contribui para a tolerancia/resisténcia da micobactéria
relativamente a terapéutica, levando a falha no tratamento em individuos cronicamente
infetados. Desta forma, melhorias de tratamento contra a tuberculose (TB) requerem
moléculas de acdo mais rapida e capaz de contornar o problema da laténcia.

O sistema regulador de dois componentes DosRST, composto por um gene
regulador transcricional, DosR, e duas histidinas quinases, DosS e DosT, regula a
fisiologia da Mtb para promover o estado ndo replicativo, o qual é induzido por hipoxia,
mondxido de carbono e 6xido nitrico no meio celular.

Foi publicado que o antimalérico artemisinina (ART), um 1,2,4-trioxano de
origem natural, participa na desregulacdo das proteinas dependentes do sistema DosRST.
Essa inibicdo foi atribuida a capacidade da ligacdo peroxidica presente na estrutura 1,2,4-
trioxano da ART de interagir com o grupo heme em DosS e DosT, levando a sua
inativacdo. O pré-tratamento com ART aumenta assim a sensibilidade da Mtb latente a
isoniazida, um medicamento anti-TB de primeira linha, mas sem atividade antimicrobiana
contra a Mtb latente. Foi também descoberto em 2022 que os perdxidos sintéticos 1,2,4-
trioxolano OZ277 e 0Z439 podem direcionar a sinalizacdo de hipoxia mediada por DosS
em M. abscessus e reproduzir o fendtipo “knock-out” de DosS, aumentando a
sensibilidade da Mtb a antibioterapia.

Como os compostos ART, OZ277 e 0Z439 demonstraram inibir essas histidina-
quinases, postulou-se que outros endoperéxidos sintéticos também poderiam interagir
com DosS e DosT. A procura de novas moléculas com dupla acéo, capazes de interromper
a sinalizacdo de DosRST e, ao mesmo tempo, inibir uma proteina-alvo de Mtb conhecida,
afigura-se como uma estratégia de tratamento valida para travar a Mtb latente. Desta
forma, foi proposto hibridizar duas classes de compostos com propriedades anti-TB,
através da combinacdo de um fragmento que contém um endoperéxido com um
fragmento indole-2-carboxamida (que inibe a proteina transportadora MmpL3), ou com
um fragmento de benzotiazinona (que inibe a flavoenzima DprEl). O tipo de



endoperoxido escolhido para esta tese foi o endoperoxido ciclico 1,2,4-trioxano. Com
esta abordagem hibrida, procurou-se estabelecer um modo de ac¢éo duplo, aumentando a
sensibilidade da Mtb ao farmacoforo anti-TB e, a0 mesmo tempo, alterar a sinalizacao do
sistema DosRST. Os estudos realizados nesta tese concentram-se no desenho, sintese,
estrutura e propriedades de uma biblioteca de novos hibridos de 1,2,4-trioxano, com o
fragmento indole-2-carboxamida (IC) e com o fragmento benzotiazinona (BTZ). Esses
compostos hibridos foram avaliados quanto a sua atividade antituberculosa in vitro, e 0s
seus parametros farmacocinéticos e metabolismo (DMPK) foram também avaliados.

A andlise dos hibridos de peroxido-IC contra Mtb no estado replicativo (forma
ativa) demonstrou baixa atividade para a maioria dos compostos (ICso > 10 uM), embora
0 metabolito controlo 2.84 e o hibrido tetraoxano 2.86 tenham exibido atividade inibitoria
moderada no crescimento de Mtb (ICso = 5,680 e 2,634 uM, respetivamente). Os estudos
de modelacdo molecular explicam a baixa atividade dos hibridos peréxido-IC, uma vez
que os resultados obtidos foram pouco satisfatorios para estes compostos, exceto para o
analogo IC dimetilado, TICO1. No entanto, verificou-se que este hibrido de peroxido
também ndo era ativo contra o Mtb.

Em contrapartida, a sintese dos analogos peroxidos-BTZ resultou em dezasseis
novos compostos de hibridos peréxidos-BTZ e levou a identificacdo de compostos ativos
potentes, com valores de 1Cso na escala nanomolar (1,32-870 nM) e picomolar (< 0,457
nM). Os estudos de modelacdo molecular demonstraram boa sobreposi¢do entre o sistema
de anéis BTZ dos hibridos e o ligando de referéncia (BTZ043), o que justifica a potente
atividade submicromolar observada nessas séries.

Foram efetuados estudos in silico para os hibridos endoperoxidicos sintetizados e
0os dados obtidos foram comparados com os resultados in vitro de DMPK.
Experimentalmente, os hibridos IC-trioxano TIC01-03 apresentam lipofilicidades
similares e solubilidades baixas a pH 7,4, como previsto para 0os compostos indole-2-
carboxamida. Os perfis metabolicos dos hibridos peréxido-IC e peroxido-BTZ043
apresentaram valores de moderado a bom, enquanto para os hibridos peréxido-PBTZ169
foram de fraco a moderado. Os elevados valores de cLogP obtidos para todos os
compostos sintetizados explicam a baixa solubilidade aquosa destas moléculas.

Estudos in vivo dos perfis farmacocinéticos dos hibridos peréxido-BTZ B3, P1 e
dos compostos controlo indicam que os hibridos endoperoxido-BTZ sdo metabolicamente
menos estaveis do que os correspondentes BTZs. Isto deve-se, possivelmente, a ligacdo
labil do peroxido na sua estrutura, 0 que 0s torna mais suscetiveis ao metabolismo.
Comparando com os compostos lider (BTZ043 e PBTZ169), o peroxido-BTZ B3 exibiu
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dados farmacocinéticos semelhantes. Os compostos mais promissores da série
endoperoxido-BTZ foram selecionados para avaliacdo em células Mtb modificadas para
expressar proteina verde fluorescente (“green fluorescent protein”, GFP) dependente de
DosRST, de forma a avaliar a inibig&o neste sistema. Estes ensaios celulares encontram-
se em avaliacéo.

A vulnerabilidade ndo especifica da flavoenzima DprE1l pode explicar os
resultados promissores obtidos durante o desenvolvimento de hibridos endoperdxido-
BTZ. Embora o desenvolvimento de inibidores de DprE1 possa ser complexo, aprofundar
a compreensao das suas propriedades fisico-quimicos (FQ) e caracteristicas relacionadas
com a absorcéo, distribuicdo, metabolismo, excrecdo e toxicidade (ADMET) pode
facilitar a descoberta de novos compostos potentes. Com este objetivo em mente foi
realizada uma extensa analise dos descritores FQ e dos pardmetros ADMET para
aprofundar os conhecimentos acerca dos inibidores de DprE1l. Foram avaliadas 1519
moléculas classificadas como inibidores da enzima DprE1, com cobertura da literatura
disponivel desde 2009 até abril de 2022. Concomitantemente, foram construidos modelos
de classificacdo para os inibidores DprE1, de forma a possibilitar a previsao da atividade
de um composto através da analise das suas propriedades quimicas.

Para além da utilizacdo no tratamento do Mtb, os perdxidos organicos, em especial
os 1,2,4-trioxanos e os 1,2,4,5-tetraoxanos, em que a funcionalidade peroxido esta
inserida em anéis de seis membros, tém despertado grande interesse na quimica medicinal
devido ao seu potencial para o tratamento de outras doencgas, nomeadamente a malaria.
Uma parte dos estudos realizados no &mbito desta tese concentrou-se em melhorar os
métodos de sintese de perdxidos de seis membros para expandir as bibliotecas destes
compostos, facilitando a descoberta de novos candidatos a farmacos. Foi investigada a
ciclocondensacdo de um conjunto de cetonas com gem-dihidroperéxidos ou &lcoois
peroxisililicos/p-hidroperoxiélcoois para produzir os correspondentes 1,2,4,5-tetraoxanos
ou 1,2,4-trioxanos assimétricos, mediada pelo catalisador SSA. Os catalisadores
suportados em silica tém atraido a atencdo recentemente devido a sua promissora
reatividade, sendo também reciclaveis e reutilizaveis, com grandes vantagens econémicas
e ambientais. As etapas elementares envolvidas na via de ciclocondensacdo foram
investigadas através de calculos de orbitais moleculares, usando a teoria do funcional de
densidade (DFT), no nivel de aproximacao ®B97XD/def2-
TZVPP/PCM(DCM)//IB3LYP/6-31G(d). Os resultados sustentam uma proposta
mecanistica que destaca a funcgéo catalitica da SSA, onde a protonacéo inicial do grupo
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carbonilo da cetona pela SSA surge como uma etapa chave no mecanismo. Esta nova
abordagem envolvendo o catalisador suportado em silica oferece varias vantagens
sintéticas, nomeadamente a tolerancia a uma ampla gama de substratos. Alem disso, a
facil preparacéo, reciclabilidade e propriedades ecol6gicas do catalisador SSA sdo
caracteristicas que tornam este método uma ferramenta atraente para desenvolver novos
endoperoxidos biologicamente ativos, estabelecendo assim uma abordagem valida para a
sintese de novos endoperoxidos biologicamente ativos sem recurso a catalisadores

baseados em metais toxicos.

Apesar das potenciais aplicacfes terapéuticas dos endoperdxidos, os estudos
fundamentais sobre as estruturas dos 1,2,4-trioxolanos e 1,2,4,5-tetraoxanos Sao escassos.
Neste ambito, combinando a cristalografia de raios-X e a espectroscopia vibracional com
a andlise de superficie de Hirshfeld e calculos (CE-B3LYP/6-31G(d,p)) das energias de
interacdo par a par dos contatos intermoleculares existentes na estrutura cristalina, foi
possivel aprofundar o conhecimento estrutural, o que facilita a compreensdo da
reatividade relativa e das propriedades dessas classes de endoperdxidos.

Palavras-chave: tuberculose, endoperdxidos, hibridos antituberculares, inibidores de

DosRST, catalisadores suportados em silica, andlise estrutural, aprendizagem de
maquina.
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General organization of the thesis

Mycobacterium tuberculosis (Mtb) is the world's second leading cause of death
from infectious diseases (after COVID-19). The ability of Mtb to enter the nonreplicating
persistence (NRP) and then transition to latent TB contributes to Mtb's drug tolerance and
treatment failure in chronically infected individuals. Considering this, developing novel,
effective, and safe chemotherapeutic drugs for tuberculosis treatment remains a key
priority.

This PhD thesis includes six chapters:

Chapter 1 introduces tuberculosis's epidemiology, symptoms, diagnosis, and
pathology. The licensed vaccine, potential candidates, and approved drugs for
TB treatment were also addressed concisely, along with a discussion of the limitations of
TB therapy and the concerns of TB resistance associated with these regimens approved
by WHO. TB discovery initiatives have uncovered several novel protein targets, such as
the transporter mycobacterial membrane protein large 3 (MmpL3) and the flavoenzyme
decaprenylphosphoryl-B-p-ribose 2'-epimerase (DprE1). These are two prominent targets
for which several inhibitors have been identified through hit discovery, preclinical
investigations, and clinical trials. Finally, the function and structure of DosS, DosT, and
DosR were examined concerning the role of DosRST signalling in Mtb latency.

Chapter 2 presents the synthetic approaches and reaction conditions followed
during the preparation of our series of trioxane hybrids. Two separate anti-TB classes
were selected by combining peroxide-containing moieties with the indole-2-carboxamide
scaffold (MmpL3 inhibitors) and the benzothiazinone scaffold (DprE1 inhibitors),
choosing the 1,2,4-trioxane core for this research. This chapter also provides the results
of a detailed structural investigation of representative compounds to understand better
their chemical reactivity and properties, including biological activity. It presents the
results of in vitro activity tests of the synthesized compounds against replicant M.
tuberculosis. In parallel, this section describes and explores studies for
lipophilicity/solubility evaluation and docking simulations.

Chapter 3 depicts a computational analysis of the physicochemical and ADMET
properties of DprE1 inhibitors and the development of machine learning classification
models for identifying potential DprE1 inhibitors.

Chapter 4 describes a novel protocol for preparing non-symmetrical 1,2,4,5-
tetraoxanes and 1,2,4-trioxanes promoted by the heterogeneous Silica Sulfuric Acid (SSA)
catalyst. Different ketones react under mild conditions with gem-dihydroperoxides or
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peroxysilyl alcohols/B-hydroperoxy alcohols to generate the corresponding endoperoxides
in good yields. Our mechanistic proposal, assisted by molecular orbital calculations, at the
®wB97XD/def2-TZVPP/PCM(DCM)//B3LYP/6-31G(d) level of theory, enhances the role
of SSA in the cyclocondensation step. This novel procedure differs from previously
reported methods by using readily available and inexpensive reagents with recyclable
properties, establishing a valid alternative approach for synthesising new biologically
active endoperoxides.

Chapter 5 presents a general overview of the results obtained from our
investigations on the structure of endoperoxides with moieties 1,2,4,5-tetraoxane and
1,2,4-trioxolane. By combining X-ray crystallography and vibrational spectroscopy,
along with Hirshfeld surface analysis and calculations (CE-B3LYP/6-31G(d,p)) of
pairwise interaction energies of intermolecular contacts existing in the crystal structure,
it allowed us to deepen the understanding of the relative reactivity and the properties of
these endoperoxide classes.

Chapter 6 provides an overview of the work completed throughout this PhD
project, alongside the conclusions and some perspectives for future work.
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1.1. Tuberculosis — background

Tuberculosis (TB) is an airborne illness caused by a single infectious agent,
Mycobacterium tuberculosis (Mtb), one of the world's top ten infectious killers.! TB is a
well-known infectious bacterial illness that has tormented humanity for millennia.
Although reports date the earliest evidence of infection to 9000-year-old human remains,?
and archaeological discoveries on mummies in ancient Egypt as early as 1500 BC,3* the
etiological agent was not discovered until the late 19" century.>® The 19" century saw
substantial advances in our understanding of illness pathogenesis. Eventually, in 1882,
Robert Koch discovered the tubercle bacillus, which allowed the disease to be accurately
called tuberculosis.”®

Mtb is predicted to infect around 2 billion people, mainly in the latent form, with
a risk of individuals contracting the disease's most aggressive form (generally 5-10% of
the cases, predominantly among those with comorbidities such as diabetes or AIDS).!
Even though tuberculosis is normally treatable, the rise of drug-resistant strains,
combined with the continual increase in infection rates in Africa and Asia's poorest
regions, prompted the World Health Organization (WHO) to proclaim tuberculosis as a
global health emergency in 1993.° Worldwide, 10.6 million new cases of TB were
reported in 2021, with men accounting for 54% of this total, 32% in adult women, and
14% in children, among HIV-negative people. For the HIV-positive people, 51% were in
men, 38% were in women, and 11% were in children.! Moreover, the spread of multidrug-
resistant (MDR) and extensively drug-resistant (XDR) tuberculosis, and the simultaneous
pandemic of HIV-TB co-infection, together with a deficient healthcare infrastructure and

the lack of an effective vaccine, all contribute to the disease's endurance.%!!

1.2. Epidemiology

About a quarter of the world's population is infected with M. tuberculosis,
although the prevalence of the disease is not homogenous. Only 30 countries account for
86-90% of cases (Figure 1.1).! The list of “high burden countries” (HBC) comprises
essentially countries from sub-Saharan Africa, south-east Asia, and Western Pacific.! The
most affected regions are primarily connected with a poor economy, a low quality of life,
and frequently lack access to medical care, all of which significantly restrict the attempts
to control efficiently the disease. Simultaneously, the TB burden in the poorest regions —
particularly in Africa — correlates significantly with HIV infection prevalence.’? In

3
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2021, over 1.4 million HIV-negative, together with 187,000 HIV-positive individuals,
died of TB.! HIV-TB co-infection has been shown to be a substantial risk factor leading
to the progression of the disease.!* The proportion of tuberculosis cases co-infected with
HIV was highest in WHO African Region countries, reaching 50% in areas of southern

Africa.l
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Figure 1.1. Estimated TB incidence rates in 2021. Source from WHO.*

Over the last century, public health initiatives combined with the introduction of
several chemotherapeutic drugs have resulted in a sharp decline in the incidence and
mortality rates of disease in the western world, also demonstrating comparable results in
countries with a more considerable tuberculosis burden. Unfortunately, the rapid
proliferation of drug-resistant Mycobacterium strains has significantly hindered efforts to
eradicate the illness. The first examples of drug resistance date back to streptomycin's
initial clinical trials, prompting the development of combination drugs required for
effective therapy.®

Nonetheless, decades of ineffective antibiotic delivery resulted in the onset of
mycobacteria resistance to not one but numerous antitubercular drugs. With the rise of
multidrug-resistant tuberculosis (MDR-TB), extensively drug-resistant tuberculosis

(XDR-TB) and, more recently, the identified strains classified as totally drug-resistant
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tuberculosis (TDR-TB),!"8 the inevitability need for increased drug-discovery efforts
and global initiatives to control and stop the spread of TB became imperative.

As such, the World Health Assembly (WHA) issued a resolution in 2014
establishing a global program called 'Ending the TB epidemic'.*® The program's ultimate
goal is to reduce worldwide infection rates by 90% and mortality rates by 95%, till 2035.2°
The policy will require additional funding and commitment from governments to
facilitate access to health care and to improve people's quality of life, particularly in
regions with a high prevalence of disease and a poor economic status. Simultaneously,
the initiative anticipates greater financing to develop innovative antitubercular vaccines

and drugs.t%

1.3. The spectrum of tuberculosis infection and disease

Although mainly a respiratory pathogen, M. tuberculosis can cause systemic
infection and TB ranges from asymptomatic infection to life-threatening illness.??2% In
terms of clinical and public health, TB patients can be defined as having latent TB
infection (LTBI), non-transmissible and asymptomatic, or active TB disease, which is
transmissible and can be diagnosed by culture-based or molecular methods.

The spectrum of TB infection is illustrated in Figure 1.2, showing that exposure
to Mtb can result in two outcomes: the pathogen is either eliminated or persists. In the
first scenario, the pathogen is eradicated either by innate immune responses (in which
tuberculin skin tests (TSTs) or interferon-y release assays (IGRAS) may be negative) or
by adaptive immune responses (in which TSTs and IGRAs can be positive or
negative).’#? Nevertheless, in case Mth infection is not totally eradicated, the
mycobacteria might remain dormant (LTBI), and the infected person will frequently get
positive TST and IGRA results, and be asymptomatic. However, a positive TST or IGRA
test does not always imply LTBI, as individuals who have successfully eradicated the
infection may still have a positive TST or IGRA due to memory T cell responses.?2?
These outcomes help to explain why TSTs and IGRAS have a low predictive (prognostic)

value.?*
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Culture - - - Intermittently positive +
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Infectious No No No Sporadically Yes
Symptoms None None None Mild or none Mild to severe

Figure 1.2. The spectrum of tuberculosis infection and disease— from infection to active
(pulmonary) disease. Adapted from Furin et al.? and Pai et al.?®

1.3.1. Symptoms

Active TB is characterized by persistent cough, unexplained weight loss, fever,
and, if severe, night sweats and bloody coughing. Active pulmonary tuberculosis is
contagious, and in the early stages of the disease, active TB may be asymptomatic in
around 25% of cases.?” Extrapulmonary TB may present more complicated symptoms,

depending on the organ systems affected.?®

1.3.2. Diagnosis

The diversity of TB symptoms makes diagnosis difficult. Therefore, Mth must be
found in a biological sample before a definitive diagnosis of tuberculosis is issued. TB
TST or TB blood tests are employed to identify Mtb in the body. Their positive result
merely indicates that a person has been infected with the mycobacteria; it does not
indicate if the individual has LTBI or has developed TB illness. Therefore, further tests
(such as a chest X-ray and sputum sample) are required to diagnose TB.2>%

In many countries with a high incidence of tuberculosis, sputum-smear
microscopy is the principal diagnostic tool for examining individuals with tuberculosis
symptoms. However, this approach has several drawbacks, including poor sensitivity and
the inability to differentiate between drug-susceptible and drug-resistant TB strains. The
current gold standard for bacteriological confirmation of tuberculosis is culture using a
commercially available liquid medium. Yet, due to high cost, biosafety constraints, and
lengthy result-generating time, it is rarely employed as a primary diagnostic test in most

6
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countries with a high TB prevalence.334

1.4. Tuberculosis Infection Cycle

TB is an airborne disease spread through respiratory fluid droplets of individuals
with active TB. Mtb has a limited ability to survive outside a human host and has no other
known animal reservoir; hence Mtb relies on humans with latent infections as a critical
biological reservoir.®®

Mtb enters the body via the respiratory system; after inhalation, it is translocated
to the lower respiratory tract, infecting alveolar macrophages, the mycobacteria's primary
target cell type.?6® These cells absorb the mycobacteria by receptor-mediated
phagocytosis, a process that is facilitated by a broad range of receptors.2®3" After
internalization, Mtb actively blocks phagosome fusion with the lysosome (phagosome-
lysosome fusion), to ensure its survival.® M. tuberculosis can then breach the phagosomal
membrane via the early secreted antigenic target of 6 kDa (ESAT-6) secretion system-1
(ESX-1), releasing bacterial products into the macrophage cytosol, including
mycobacterial DNA 34

Subsequently, mycobacteria can obtain access to the lung interstitium through two
possible mechanisms: Mtb infection of epithelial cells and transmigration of Mtb-infected
macrophages across the epithelium, where the infection process evolves. Monocytes and
dendritic cells travel synchronously to lymph nodes, where T-cell priming can take place.
Consequently, lymphocytes T-cells and B-cells initiate a multicellular host reaction, also
known as a granuloma, at the site of the infection. The granuloma formation is vital to
control a chronic infection. It comprises mainly of the recruitment at the infectious stage
of macrophages, highly differentiated cells such as epithelioid, Foam, and multinucleated
giant cells, containing the infection from the surrounding tissues with layers by T-cells
and B-cells. While granuloma initially restricts the infection, certain mycobacteria can
persist within these structures for lengthy periods in a dormant state.**** These
granulomas consist of neutrophils, lymphocytes, and other immune cells and become
covered in calcified fibrotic components;?® in 95% of cases, transmission leads to a latent
infection that presents no symptoms. While latent TB is most frequently associated with
lung granulomas, in situ polymerase chain reaction (PCR) studies have identified latent
Mtb in adipose tissues surrounding several organs other than the lungs.*® Although the

disease remains asymptomatic in most infected people, the granulomas may occasionally
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be unable to stop the spread of bacteria. The bacteria reproduce within the granuloma as
it grows. If the mycobacterial load is too high, the granuloma will not be able to control
the infection, and the mycobacteria will eventually spread to other organs (brain
included). At this stage, the mycobacteria can reach the bloodstream or re-enter the
respiratory system to be discharged; the infected host now has an active, highly
contagious TB infection and is symptomatic. The mechanisms of progression are not fully
understood. A significant risk factor has been found as compromised immune system
function in the host, such as HIV co-infection. Necrosis of the granuloma and
development of the so-called caseum are caused by an insufficient supply of nutrients and
oxygen to the centre of a granuloma.*® Ultimately, liquefaction of the granuloma occurs,
releasing the content and enabling disease progression into the clinical stage. The release
of infected necrotic tissue into the lung alveoli is characterized by a chronic cough, a
hallmark sign of pulmonary TB. The infected human is highly contagious, and the
aerosolized germs may infect a second host. In addition, the discharged germs may enter
the bloodstream and spread to other organs, where they might cause the extrapulmonary
form of the disease to develop.*’

In healthy individuals, contact with Mtb-containing aerosol is only likely to cause
infection in 5% of cases where an active infection is acquired directly, or the latent
infection becomes reactivated. The reactivation rate is much higher for
immunocompromised individuals, such as those positive for HIV. Active TB occurs
mainly in the pulmonary form, mainly affecting the lungs, while extrapulmonary TB
contributes to 15% of all cases. The most common forms of extrapulmonary TB are

lymphatic, pleural, and disseminated TB.%

1.5. Mycobacterial cell envelope

All mycobacterial species are distinguished by their cell envelope. The structure
representation of the cell envelope of Mycobacterium tuberculosis is illustrated in Figure
1.3. Mtb has a distinctive cell envelope, contributing to its success as the most successful
pathogen of our time. Mth's unique cell membrane is particularly rich in lipids, making it
waxy and robust,*® which confers in the mycobacteria, resistance, a hydrophobic barrier
to antibiotics,* and its key virulence properties.>®>? Given these features and the fact that

many drugs for tuberculosis inhibit the transport or synthesis of complex lipids, a better
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knowledge of Mtb's lipid structures and synthesis is a major focus of current research,
with the potential for the development of novel drug targets. Mycobacteria's envelope is
suggested to have a dual membrane structure: a specialized mycobacterial outer
membrane (MOM) composed of an inner layer of mycolic acids (MAs) and an outer layer
of free lipids.>*°® Mycolic acids are long-chained (70-90 carbons) a-alkyl, s-hydroxy
fatty acids, representing 40-60% of the cell's dry weight.>’>° Even though the free lipids
are not linked to the envelope and can be removed, the MA layer is covalently bonded to
the polysaccharide cell wall,>3¢° which is not observed in Gram-negative bacteria. This
linkage is a component of the mycoloylarabinogalactan—peptidoglycan complex
(mAGP), containing branched arabinose domains esterified on the outer surface with
MAs and linked to the peptidoglycan (PG) through the arabinogalactan (AG) galactan
helices.’v% Due to the large size of the periplasmic space of Mtb, enzymatic reactions
can occur, and the material can be processed and transported to the MOM.5>6485 [nitially,
it was believed that the inner membrane of Mtb was a conventional bacterial membrane;
however, lipid studies have demonstrated that the phospholipid composition is primarily
phosphatidyl-myo-inositol mannosides (P1Ms). PIM2 (two mannose sugars on the inositol
moiety) appears to be present primarily in the inner layer of the inner membrane, whereas
PIMs (with six mannose residues) is believed to fill the outer leaflet.®® The strong packing
of these chains results in a membrane that is more stable, less fluid, and less permeable
to drugs, denominated as the mycobacterial inner membrane (MIM).%¢¢7 The lipoglycans
lipoarabinomannan (LAM) and lipomannan (LM), which are most likely extend from the
MIM into the periplasm, both contain lipid anchors based on PIMs. The phospholipids as
diphosphatidylglycerol (DPG) and phosphatidylethanolamine (PE) are also found in the
outer leaflet.5768-70

For Mtb to maintain its virulence and intracellular survival, the integrity of the
mycobacterial cell envelope is crucial. Understanding its biosynthesis and structure is
essential in the search for novel drugs to halt the ever-increasing rise of resistance.>’:68-7
Due to its limited drug permeability, this efficient barrier is the one of the reasons for the
intense antibiotic treatment of tuberculosis. Nevertheless, this distinctive cell wall has
several unigque biosynthetic pathways, including several mycobacterial-specific enzymes
that serve as targets for antimycobacterial treatment. As a result, it is unsurprising that a

wide range of antitubercular drugs acts as cell wall biosynthesis inhibitors.



Chapter 1: Overview of Tuberculosis and emergent MmpL3, DprE1, and DosRST Inhibitors

MOM

APG

Periplasm

MIM

Succinyl

LAM

g

= -4 @ ACPIM, E AC,PIM;
13 3% 3% 3 %n s %
AL ER TR AR
®,om, © © © 6 © 6 &6 6 0 00 O
$om 3338833 sss

1.6. Prevention: TB vaccines

Figure 1.3. Schematic illustration of the cell envelope of Mycobacterium tuberculosis.
Adapted by Batt et at.”* Please note that, due to the molecular complexity, structure
representations of mycolic acids in MOM have been simplified.

Human TB protection from bovine bacilli was suggested when M. tuberculosis

was identified and distinguished from M. bovis.”> However, early studies demonstrated
that M. bovis is particularly pathogenic in humans, and infection can cause sickness.
Albert Calmette and Camille Guérin discovered a less virulent bovine pathogen in 1908.72
After 13 years of subculturing, researchers found a less virulent strain that could not cause
the development of the disease in animal studies.” The first human Bacillus Calmette-

10



Chapter 1: Overview of Tuberculosis and emergent MmpL3, DprE1, and DosRST Inhibitors

Guérin (BCG) vaccine was administered in 1921, and it is still the only clinically
authorized tuberculosis vaccine.”

Despite a century of global use and intense research, the disease-protective
efficacy is still unpredictable.” Overall analysis indicates that protection should extend
for 10-15 years following immunization,’® in which antigen reactivity has been observed
to diminish significantly within the first years in some individuals while being persistent
for more than 40 years in others.”” Nevertheless, additional factors were indicated to be
significant, including disease dissemination within the population, pre-exposure to non-
tuberculous mycobacteria in the environment,”® and even the BCG vaccine strain
employed.” While BCG's efficacy in adults is mainly unpredictable, it has been found to
provide a strong protective immunity in new-borns, notably against disseminated TB and
tuberculosis meningitis.2® According to previous research, earlier exposure to
mycobacteria may prime the immune system, resulting in a faster reaction to bovine
bacilli administration and reducing the expected stimulatory impact.”®8! These findings
encourage ongoing neonatal administration, especially in disease-prone areas.®
Conversely, live bacilli in BCG might cause infection, especially in immunocompromised
patients. The vaccine is no longer recommended for HIV-infected new-borns.®® Thus,
widely administered in most of the 20" century, many first-world countries have stopped
routine administration of the BCG vaccine due to the low risk of contracting TB within
these countries. The exception to this is in infants who are at high risk for TB.%

The need for new vaccines is evident considering the lack of predictable efficacy
of the BCG vaccine; the poor expected benefit in adults, especially those pre-exposed to
mycobacteria, and the higher risk of side effects in HIV-positive individuals. Yet, no new
antitubercular vaccines have entered the market in the last century.®®

There are currently several novel TB vaccines that achieve a less variable immune
response in adult populations. MVVA85A, based on a virus modified to produce the
mycobacterial antigen Ag85A, was the first novel agent to reach human effectiveness
trials since 1921.8 Several months after the initial inoculation, the vaccine was
administered to improve the efficacy of BCG. However, although effective in animal
models, MVABSSA failed to demonstrate clinical success.®” Following the development
of MVAB85A, new candidates based on different vaccine technologies and formulation
strategies started filling the antitubercular vaccine pipeline. As of 2022, there are 16
vaccine candidates in the pipeline at multiple phases I, II, and Il of clinical

development.?288 The most effective to date is M72/ASO01g, an adjuvant vaccine

11



Chapter 1: Overview of Tuberculosis and emergent MmpL3, DprE1, and DosRST Inhibitors

developed by GlaxoSmithKline (GSK) in association with Aeras containing of a fusion
protein of two mycobacterial antigens, Rv1196 and Rv0125.18 M72/AS01k is the first
vaccine that could provide efficacy against clinical disease, showing 54% protection
against progression to pulmonary tuberculosis in Mtb-infected patients in Kenya.?*! The
immunogenicity analysis at the completion of the three-year follow-up period revealed
that M72/AS01e induced an immune response and protected against progression to
pulmonary tuberculosis for at least three years.®! The vaccine has been licensed by Bill
& Melinda Gates Medical Research Institute for further development after completing

Phase IIb clinical trials.%%%

1.7. Tuberculosis treatment

Since 1943, when streptomycin was discovered from Streptomyces griseus,
several more anti-TB drugs have been found. The tuberculosis persistence and its ability
to resistance have led to stricter treatment requirements.®*°" Currently, treating TB needs
drugs to be administered under the observation of a healthcare professional to guarantee
that the entire course of treatment is completed. This practice is referred to as community-
or home-based directly observed treatment (DOT) and is the recommended form of
administration by the WHO.%®

These medications have downsides, including long treatments, unwanted side
effects, drug interactions, poor patient compliance, and drug resistance conferred by
Mycobacterium mutations.®*1% Searching for better medications and therapy regimens is

crucial in maintaining disease control. 10102

1.7.1. First-line treatment for drug-susceptible tuberculosis

There have been no notable changes in drug-susceptible tuberculosis (DS-TB)
treatment since the 1970s.19%-1% Typically, new TB patients have unknown drug
susceptibility at therapy initiation. Unless there is a risk of drug-resistant disease is
identified, a DS antituberculosis regimen is initiated.'® The structure representations of
the first-line drugs recommended by the current WHO guidelines for DS tuberculosis
treatment are shown in Figure 1.4. This regimen comprises four first-line drugs: isoniazid
(INH, H), pyrazinamide (PZA, Z), ethambutol (EMB, E), and rifampicin (RIF, R), for the
primary treatment course.?®% For TB patients who did not finish, or relapsed from their

first treatment course, the retreatment regimen includes the four first-line drugs HRZE
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and streptomycin (S), a second-line TB medicine.*1%7-1% Since the earliest research, it
has been noted that introducing any single antibiotic results in fast emergence of
resistance. Data from clinical trials demonstrated that monotherapy with INH resulted in
resistance, whereas combination therapy with streptomycin or para-aminosalicylic acid
(PAS) inhibited resistance development.!®1% These discoveries resulted in the
development of multi-drug therapy using a combination of antibiotics. Until the early
1970s, the average period of antituberculosis treatment was eighteen months or longer.
With the addition of rifampicin in the antibiotic therapy, the length of therapy was reduced
to nine months. In the 1980s, the substitution of PZA for streptomycin resulted in the six-

month short-course oral therapy regimen. 10411

OH
~
@)‘\N,NHZ [ /\/N\/\”/\/
H =
Isoniazid (INH, H) Pyrazmamlde (PZA, Z) Ethambutol (EMB, E)

OH

HoN
OH
”O% e
HO N 0 OH
0 o N
/ Si? —NH
H3C 7 >/ 2
H,N

O OH

Rifampicin (RIF, R) Streptomycin (S)

Figure 1.4. Structure representations of the molecules approved for the treatment of DS-
TB.

As depicted in Table 1.1, treatment of drug-sensitive TB involves a DOT short
course comprising a two-month intensive phase of treatment with INH, RIF, PZA, EMB
(2HRZE), and a four-month continuation phase with RIF and INH (4RH). The first
intensive phase consists of a once-daily four-drug therapy for two months, enabling rapid
bacillary load reduction as the treatment eliminates effectively growing bacteria.'*? Four
further months of two-drug therapy constitute the continuation phase.!** This four-
drug regimen achieves up to 95% cure rates for DS-TB in six months when administered
under DOT.1415 1t js currently implemented for pulmonary and most forms of
extrapulmonary tuberculosis.1%16:9116

For TB patients returning after relapsing or defaulting from their first treatment

course, they can receive the retreatment regimen consisting of an eight-month therapy
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2HRZES/1HRZE/5HRE 1Y’

Table 1.1: Treatment schemes for drug-susceptible TB, recommended by WHO.

Type Duration Combination

2HRZE/4AHR:
First-line 6 months 2 months INH + RIF + PYR + EMB
4 months INH+RIF

Drug-susceptible
B

2HRZES/1IHRZE/5HRE:

2 months INH + RIF + PYR + EMB + S
1 month INH + RIF + PYR + EMB

5 months INH + RIF + EMB

Relapse Situations
Drug-susceptible First-line 8 months
B

Since its discovery in 1952, INH, an isonicotinic acid hydrazide, has been
regarded as one of the most specific and efficient antituberculosis drugs for DS-TB.Y/
First synthesized in 1912,*® INH was substantially more potent than other modern
antituberculosis drugs, with selectivity for mycobacteria and activity against
streptomycin-resistant strains.!% The mechanism of action of INH is quite complex,
affecting several pathways associated with macromolecular synthesis, including mycolic
acid synthesis. INH is a prodrug activated by the catalase-peroxidase hemoprotein
(KatG), and the corresponding active drug inhibits beta-ketoacyl ACP synthase (KasA)
and InhA, an NADH-specific enoyl-acyl carrier protein (ACP) reductase, both of which
participate in fatty acid synthesis.!'®12* Consequently, this drug inhibits cell wall
synthesis. Reports indicate that it has a high early bactericidal impact on actively growing
Mtb, causing a fast drop in sputum bacilli during the first two weeks of treatment.*?® It is
ineffective against the nonreplicating subpopulation of mycobacteria and in anaerobic
conditions.'?® INH can be administered as a monotherapy to prevent the reactivation of
latent TB infection.!?1?> Hepatotoxicity (including hepatitis development) and
neurotoxicity (in particular peripheral neuropathy) are the most significant adverse
reactions associated when taking INH.25126

Pyrazinamide (PZA, Z) is an analogue of nicotinamide that was initially
synthesized in 1936 and first used as an antimycobacterial in 1952. PZA, unlike other
first-line anti-TB drugs, has efficacy against semi-dormant, nonreplicating M.

tuberculosis persisters;*?’ hence, PZA is the basis of a 6-month first-line therapy regimen
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for DS-TB.1%128 This makes pyrazinamide one of the key drugs of combination
chemotherapies against drug-resistant tuberculosis, such as MDR-TB.?° This sterilizing
action is unique among TB medications. Recent preclinical studies to establish effective
medication combinations with novel pharmacological candidates for shortening TB
therapy, for example, revealed that PZA is the only medicine that cannot be substituted
without reducing treatment effectiveness.*®132 PZA is a prodrug that must be converted
into the active pyrazinoic acid form by Mtb PZase/nicotinamidase (PZase).'*313 It is
generally acknowledged that pyrazinoic acid may not have a particular target but
produces acidification in the cytoplasm. There are several hypotheses on the mechanism
by which pyrazinoic acid induces cell death in Mth, ranging from acidification of the
cytoplasm to direct inhibition of cellular targets. One biological target is the translation-
involved ribosomal protein S1 (RpsA), the suppression of which would limit protein
synthesis.’*® Most examples of PZA resistance are due to mutations in the genes
producing PZase/nicotinamidase and RpsA, which result in decreased activation or
inhibition of the target.’3* Nevertheless, more recent investigations on resistance have
indicated that mutations in the panD gene provide modest PZA resistance. PanD encodes
an aspartate decarboxylase involved in pantothenate and coenzyme A production, an
essential mechanism for Mth survival; this may provide an alternate target for PZA.*®
Other processes observed following PZA administration include disruption of important
cellular functions through inhibition of essential enzymes, of membrane transport, or
protein and RNA production.*?813:138 pz A can induce hypersensitivity reactions (pruritis,
urticaria, and skin rashes), liver damage, and gastrointestinal issues.!3

Ethambutol, discovered in 1961, is a bacteriostatic drug active against actively
growing bacteria of the genus Mycobacterium but devoid of activity on nonreplicating
tubercle bacilli. It increases the efficacy of rifamycins, aminoglycosides, and
quinolones.'® The bacteriostatic effects of EMB are attributed to the suppression of the
arabinosyltransferase enzymes EmbA, EmbB, and EmbC, with EmbB being the primary
target, in which EmbA, B, and C are essential in cell-wall arabinogalactan
biosynthesis.1*-14 Resistance to EMB is mainly caused by mutations in EmbB and the
arabinose biosynthesis pathway.!*® The most often seen adverse effect of EMB is ocular
neuropathy, which may be permanent. The occurrence of this adverse drug event is
unexpected, thus therapeutic monitoring is necessary. 40145

Streptomycin was identified as the first aminoglycoside antibiotic. Although it is

used less frequently, due to the high likelihood of resistance, it can replace amikacin,
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when the latter is unavailable or there is documented resistance.*?® The most recent WHO
guidelines recommend against unnecessarily exposure of DS-TB patients to
streptomycin, due to its substantial toxicity.®All aminoglycosides may affect the
eighth cranial nerve resulting in loss of balance, hearing loss, or both.'*” Moreover,
neurotoxicity (apnea and muscle paralysis) and nephrotoxicity have been detected,
together with milder side effects such as headaches, rashes, and nausea.'#814°
Rifampicin (RIF), also known as rifampin, is a semisynthetic derivative of
structurally similar natural rifamycins.’®® RIF, an antituberculosis medication with a
strong sterilizing effect, was first synthesized in 1959 and brought into clinical use in
1972. By establishing a stable drug-enzyme complex, RIF inhibits bacterial DNA-
dependent RNA synthesis by attaching itself to the RNA polymerase in its B-subunit, thus
intervening in the RNA transcription and expression. Inhibition of bacterial transcription
activity results in death of the mycobacteria.®®*>* The selectivity for bacterial over
human RNA polymerase means that, compared to other RNA polymerase inhibitors, RIF
is relatively safe and does not inhibit the mammalian enzyme.?>*1> Resistance to this
chemotype was initially detected during the early stages of RIF development, when it was
recognized that a single mutation conferred substantial levels of resistance in bacteria.
The most clinically significant mutations are in the rpoB gene encoding for RNA
polymerase.’®® The administration of RIF results in reduced adverse effects. It may
produce some gastrointestinal distress but hepatotoxicity is minimal with RIF alone, and
less frequent than with isoniazid treatment.*?61%2 RIF-induced cytochrome P450 enzymes

result in drug-drug interactions with several antiretroviral drugs.'6:%7

1.7.2. Second-line treatment for multi-drug resistance tuberculosis

Second-line antituberculosis drugs are employed when resistance to first-line
therapy is manifested.

MDR-TB is defined as TB resistant to at least INH or RIF among the first-line TB
drugs, prompting the employment of second and third-line anti-TB treatments with low
toxicological profiles. Due to the more difficult-to-treat nature of MDR-TB, the mortality
rate is roughly 40% and causes about 20% of all TB deaths. Extensively drug-resistant
(XDR) displays the same antibiotic resistance observed in MDR-TB, in addition to
resistance to any fluroquinolones and at least one of three injectable second-line drugs,

namely kanamycin and amikacin, and bears a mortality rate of roughly 60%.'® Totally
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drug-resistant tuberculosis (TDR-TB) refers to Mtb clinical strains that show in vitro
resistance to all first- and second-line drugs tested, and the fatality rate is high. The
treatment of TDR-TB comprises antibiotics with limited effectiveness against Mtb.
Therefore, the main objective of therapy is to treat the acute infection rather than to
achieve a complete cure, 59160

Patients with MDR-TB are treated with different combinations of second-line
drugs, usually for extended periods (18 months or more).1%” Well-known antibiotics, such
as fluoroquinolones, linezolid, aminoglycosides, and carbapenems, have also been
demonstrated to have anti-TB action, and are widely used in MDR-TB and XDR-TB
treatment regimens due to their established safety and availability. Indeed, most second-
line medications recommended by WHO for MDR-TB treatment were not developed for
TB. Bedaquiline (Bdg) and delamanid (DIm) are the two exceptions that gained
conditional authorization from the European Medicines Agency in 2014 to treat MDR-
TB. The US Food and Drug Administration (FDA) gave Bdq accelerated approval to treat
tuberculosis resistance, making it the first TB drug approved by the FDA in 40 years.%’

Following a comprehensive evaluation of the relative benefits and risks, WHO
developed recommendations for each medication and categorized them into three
groups:1%’

- Group A: fluoroquinolones (moxifloxacin and levofloxacin), bedaquiline, and linezolid
were deemed highly efficacious and strongly suggested for inclusion in all regimens,
unless otherwise noted.

- Group B: clofazimine, cycloserine or terizidone were conditionally indicated as second-
choice medicines.

- Group C: includes all additional medicines employed when a regimen cannot be
formulated with drugs of Group A or Group B. In Group C drugs are ranked according to
the relative balance of projected benefits and risks.

The WHO guidelines of the second-line drugs for treatment of MDR-TB and
XDR-TB and their structure representations are shown in Table 1.2 and Figure 1.5.
Bedaquiline (Bdq) and delamanid (DIm) are the most recently approved drugs for the
treatment of MDR-TB, bedaquiline in 2012 and delamanid in 2014.16
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Table 1.2: Combination of medicines recommended to treat MDR-TB and XDR-TB
infection, advised by WHO’

Groups Medicine

Levofloxacin or Lfx

Group A: moxifloxacin Mfx

Include all three medicines Bedaquiline Bdqg
Linezolid Lzd

) Clofazimine Cfz

Group B: Cycloserine or Cs

Add one or both medicines yel
terizidone Trd
Ethambutol EMB
Delamanid DIm
Pyrazinamide PZA
Imipenem-—cilastatin or Ipm-Cln

Group C: _ meropenem Mpm

Add to complete the regimen and A mikacin AMm

when medicines from Groups A or (or streptomycin) (S)

B cannot be used Ethionamide or Eto
prothionamide Pto
p-aminosalicylic acid PAS
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Figure 1.5. Structure representations of the second-line anti-TB drugs for drug-resistant
tuberculosis treatment.
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1.8. Drugsin clinical development and emerging anti-TB drug
targets

There is a resurgence in demand for new TB drugs due to increased drug resistance
and a 40-year shortage of approved TB drugs. Several compounds from new classes (i.e.,
those with new targets and/or novel modes of action) or with beneficial features have
advanced in the drug development pipeline for tuberculosis treatment over the past
several years.'®? The Working Group on New TB Drugs currently lists 32 active
antituberculosis drug discovery initiatives in the discovery phase and many more in

clinical development, as shown in Figure 1.6.1°2

2022 Global New TB Drug Pipeline’ updated11/3/2022

Discovery Preclinical Development Clinical Development

r o " L 1 £ * 3 Regulatory
" Market
Lead Early Stage e \ Approvals
Optimization Development S 4
s - TBD-09, TBD-10 i * E * . Results Reported /
niiiola GSK-839 BVL-GSK098 Sanfetrinem Expected in 2022/23
Diarylthiazoles 'MK-7762l -3854[
DprE1 Inhibitors OTB-658  GSK-286* Delpazolid TB Practecal
Direct InhA Inhibitors MPL-447* .
Mtb energy metabolism * TBAJ-876 Sutezolid M Bedaquiline*
A JSF-3285
Gyrase Inhibitors TBAJ-587 e - . .
Arylsulfonamides CPZEN-45* Sudapyridine (WV-081) Simplici T.B
Inhibitors of MmpL3, TBI-223 BTZ-043* (4-month regimen)
Translocase-1, ClpC1, NTB-3119%* s
PKS13, F-ATP synthase Macozinone* " Truncate TB
Oxazolidinones MBX-4888A (1810)* (PBTZ-169) TBA-7371 (2-month regimens)
DnaE1 / Nargenici
asogs " FNDR-10045%, OPC-167832* STREAM 2
FNDR-20364* GSK-656* (070) Underline = updates
*New chemical class. Known chemical classes for any indication are color coded: rifamycin, G e since May 2022
eeeee lidinone, jarylquincline , imidazopyridine amide, beta-lactam.  Telacebec* Pyrifazimine (TBI-166) oS\
o sl omte s s spgsovc g emipl o s isoby wps st <o o > WORKING GROUP
TB. Showing most advanced stage reported for each. Details for projects listed can be found at ® ON NEW TB DRUGS
http://www.newtbdrugs.org/pipeline/clinical sQ-100% s iirgsons
Ongoing projects without a lead compound identified:
http://www.newtbdrugs.org/pipeline/discovery Updated: November 2022

Figure 1.6. Novel anti-TB drugs in the pipeline. Source on Working Group on New TB
Drugs.'63

These discovery initiatives have uncovered several novel protein targets, such as
the transporter mycobacterial membrane protein large 3 (MmpL3) and the flavoenzyme
decaprenylphosphoryl-B-p-ribose 2'-epimerase (DprE1). These are two prominent targets
for which several inhibitors have been identified through hit discovery, preclinical

investigations, and clinical trials,6416°
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1.8.1. MmpL3

MmpL3 is a membrane protein that belongs to the resistance-nodulation-cell
division (RND) protein superfamily. MmpL (Mycobacterial membrane protein Large)
transporters export lipids and glycolipids across the plasma membrane to the cell surface
in mycobacteria, including trehalose monomycolate (TMM), mycobactins, di- and poly-
acyltrehaloses, phthiocerol dimycocerosates, monomycolyldiacylglycerol, sulfolipids,
and glycopeptidolipids.>”16-170 MmpL3 is essential for the survival of Mtb, making this
protein an appealing target, demonstrating that MmpL3 inhibitors can potentially shorten
TB therapy.57'171'172

MmpL3 consists of 12 transmembrane helices (TMs 1-12), two periplasmic loops
(loops 1 and 2), and one C-terminal cytoplasmic domain. The periplasmic loops are
necessary for the function of MmpL3 and play a role in substrate binding.!”® It has been
hypothesized that the C-terminal domain serves as a signal for polar localization of the
protein.!”* MmpL3 employs the proton motive force (PMF) as an energy source to
transport TMM over the cell membrane into the periplasmic space, in which it functions
as a mycolic acid donor to another TMM molecule, to generate trehalose dimycolate
(TDM) or arabinogalactan. Conformational changes in the transmembrane domain of
MmpL3 take place during the flux of protons, which is required for TMM translocation.
This is supported by mutagenesis experiments, demonstrating that charged residues in the
transmembrane region are necessary for MmpL3 function and probably participate in this
proton relay channel.!’*1"™® The mechanism and scope of TMM transport mediated by
MmpL3 remain under study. Assays on spheroplasts indicate that MmpL3 acts as a
flippase.1” Recent refinement of the crystal structure of MmpL3 provided information
on the potential mechanism of TMM translocation, revealing that TMM binds to purified
MmpL3 with a Kq of 3.7 £ 1.3 uM, while there was no binding was observed when TDM
was analyzed.!®1” The transmembrane domain is believed to be the channel for proton
translocation mediated by the aspartate-tyrosine pairs (Asp256 and Tyr257 with Tyr646
and Asp645) on TM4 and TM10, which forms hydrogen bonds between these two
helices.t’%17817® Three out of four of these residues have been demonstrated to be
necessary for MmpL3 function.!’® It has been demonstrated that these MmpL3 inhibitors
bind to the same pocket in the transmembrane region of the protein, causing
conformational changes that impair the connection between the two Asp-Tyr pairs

required in proton translocation (Figure 1.7-A/B).}"® Additionally, most MmpL
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transporters, except MmpL7, share this catalytic tetrad, indicating that all MmpL
transporters operate with the same mechanism to induce substrate translocation.!’® It has
been shown that the transmembrane domain is the binding site for numerous drug classes.
The binding site can be separated into five subsites (Figure 1.7-C), four of which are
hydrophobic (S1, S2, S3, and S5), and S4 is hydrophilic. The steric bulk of the
hydrophobic amino-acid side chains determines the cavity size of hydrophobic subsites.
The hydrophilic two pair of aspartate and tyrosine residues have been observed to mediate

hydrogen bonding interactions with ligands at the S4 subsite.1’

1.8.1.1. Inhibitors of MmpL3

In recent years, a diversity of scaffolds, depicted in Table 1.3, have been
reported'® to inhibit MmpL3. These inhibitors span from several chemical classes,
including diarylpyrroles, 8182 1 2-diamine derivatives,'® adamantyl ureas,1818
benzimidazoles,*®¢18  indolecarboxamides,'®®1%  tetrahydropyrazolo  pyrimidine
carboxamides,1931%4 dihydro-spiro [piperidine-4,4°-thieno[3,2-c]pyrans], 19319
piperidinols,’®® acetamides,'®” carboxamides.’®® This dissertation will focus on
indolecarboxamides, as the investigation of this scaffold in the context of MmpL3 inhibition
and TB chemotherapy was one of our research aims. The reader is then directed to Chapter
2 for an overview of this class in deeper detail.

Numerous chemically distinct scaffolds, including the anti-tubercular clinical
candidate SQ109'® (Table 1.3), have been found to act as a MmpL3 inhibitor, giving this

protein a reputation as a promiscuous drug target.*¢>18

22



Chapter 1: Overview of Tuberculosis and emergent MmpL3, DprE1, and DosRST Inhibitors

A Periplasmic Space H ok B Periplasmic Space H +

Figure 1.7. Structure representation of MmpL3 and its mechanism of action. (A)
Mechanism of transport of MmpL3: the PMF in the transmembrane region of MmpL3
induces conformational changes that result in the transport of TMM into the periplasmic
space. (B) Inhibition of MmpL3: inhibitors bind to a pocket in the transmembrane region
of MmpL3, hampering the connection between the two Asp-Tyr pairs, disrupting TMM
transport. (C) Crystal structure of Mtb MmpL3 and the inhibitors at the binding site (with
sub-sites of the MmpL3 transmembrane pore displayed with docked structures of
inhibitors; PDB: 6AJJ, inhibitor ICA38).1% Adapted from Degiacomi et al.?5* and Zhang
etal.l’®
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Table 1.3: Compounds reported to inhibit the MmpL3 protein.

MIC

Chemical Class Compound Structure REF
(LM)
N
cl L| L_No
Diarylpyrroles BM212 Q 3.6 181
Cl
H
1,2-diamine derivatives SQ109 @N\/\HW 0.78 183
Adamantyl urea AUL235 @ TO( \(iF 0.3 184,185
.. cl N
Benzimidazoles c215 J@”H g, 160 186
Cl
F
Indolecarboxamides NIDT349 m’*@ 0.023 189,199
F ” [¢]
CF,
N’N
Tetrahydropyrazolo )Qi
pyrimidine carboxamide THP P i &N 0.3 193
N
Dihydrospiro[piperidine- N ?
4,4°-thieno[3,2-c]pyrans] SPIRO o Nﬁo 03 193199
Cl
CF,
Piperidinols PIPD1 N 1.28 196
d oH
N
“J’L“VY 80 197
Acetamides E1ll Ny .
ST
Cl
J (o]
Carboxamides HC2091 %Hﬂ 19.3 198
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1.8.2. DprE1l

DprEl, also known as decaprenylphosphoryl-B-p-ribose 2’-epimerase, is an
indispensable flavoenzyme involved in forming the Mtb cell wall.2% It catalyzes the two-
step epimerization of decaprenyl-phospho-ribose (DPR) to decaprenyl-phospho-
arabinose (DPA), the precursor for arabinogalactan and lipoarabinomannan synthesis, in
conjunction with decaprenylphosphoryl-p-2-keto erythro pentose reductase (DprE2,
Figure 1.8-A).2%0-202 DprE1 initiates the first step of the epimerization process, where
DPR is oxidized to the intermediate decaprenyl-phospho-2’-keto-p-arabinose (DPX), co-
factored by flavin adenine dinucleotide (FAD), yielding FADH2. The DprE2, which is
NADH-dependent, subsequently converts DPX to DPA.2%3-2% The epimerization happens
in the periplasmic region, which explains DprE1's vulnerability as a target?®, making this
flavoenzyme a promising target for developing novel therapeutic candidates to tackle TB.

DprEl is formed of a substrate-binding domain and a FAD-binding domain within
which FAD is firmly entrenched, with an isoalloxazine ring residing at the interface
between the substrate- and FAD-binding domains. By comparing the crystal structures of
bound and unbound DprEL, it is possible to observe that the residues around the substrate-
binding pocket are flexible. Figure 1.8-B shows a comparison between unbound DprE1
(top, PDB: 4FEH) and DprE1l bound to a covalent inhibitor (CT319, bottom, PDB:
4FDO). The substrate binding pocket is noticeably blocked in the bound structure, and
FAD is barely perceptible.?%®

The druggable yet promiscuous nature of DprE1 has led to a significant number
of DprE1 inhibitors with diverse molecular scaffolds and pharmacological profiles!64207-
211 as evidenced by an increasing number of publications on the subject. There have been
twenty-three new classes of DprE1 inhibitors identified with antimycobacterial activity.
These inhibitors are divided into two types, according to their mechanism of action
(MoA): (1) Covalent binders, where five classes have been shown to irreversibly inhibit
DprE1 by generating a covalent adduct with the C387 residue, and (2) non-covalent
inhibitors, in which seventeen reported classes were experimentally confirmed to act as
competitive inhibitors. Several DprE1 inhibitor reviews have been written over the last

decade, covering scaffold and docking studies.164165207-210,212
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Figure 1.8. Structure representation of DprE1 and its mechanism of action. (A) The DPA
biosynthetic pathway: in the presence of the co-factor FAD, the DprE1l and DprE2
enzymes catalyze the epimerization of the 2'-OH group in DPR to form DPA. (B) Cartoon
and surface representation of unbound DprE1 (top, PDB: 4FEH) and bound to a covalent
inhibitor CT319 (bottom, PDB: 4FDO) with the substrate binding pocket being

significantly narrowed in the bound representation (in pink).
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1.8.2.1. Covalent inhibition

DprE1 was first discovered as a target of benzothiazinones, which inhibit the
flavoenzyme DprEL1 irreversibly through the formation of a covalent adduct with the
amino acid Cys387. Makarov and colleagues demonstrated that benzothiazinones (BTZ)
are capable of strongly suppressing DprE1 activity in vitro and in vivo. Compound
BTZ043 (Figure 1.9) is one of the most promising benzothiazinones synthesized, with a
minimum inhibitory concentration (MIC) of 1 ng/mL (2.3 nM), which is significantly
superior to the MICs for frontline medications such as EMB (15 mg/mL) and INH (0.02-
0.2 mg/mL).2*3215 BTZ043 acts as a prodrug in the presence of FADH, where the nitro
group on the benzothiazinone core is reduced to its nitroso derivative 1.1 The reactive
nitroso form 1.1 reacts with the thiol group on the Cys387 residue in DprE1, producing a
semi-mercaptal bond and a covalent adduct, irreversibly inhibiting the enzyme as a
suicide substrate (Figure 1.9). Despite its exceptional potency (MIC = 2.3 nM), BTZ043's
efficacy in a mouse model of TB was lower than expected due to poor solubility, though
it has moderate hydrophobicity (logP = 2.84),206:213.216-220

Makarov and co-workers addressed these issues to improve the pharmacological
properties of the benzothiazinones, producing substituted 2-piperazino-benzothiazinones
(PBTZ) with increased lipophilicity.?® This new series included a diverse range of
compounds substituted in the piperazine ring's N-4 position; when hydrophilic groups
such as alcohols, carboxylic acids, secondary or tertiary amines were introduced, activity
was reduced or eliminated, comparatively to BTZ043. The most potent compounds were
the piperidines alkyl substituted at N-4 position, with MIC values ranging from 0.41 to
1.69 nM. The most active compound in this series was PBTZ169, also known as
Macozinone (MCZ, Table 1.4), bearing a cyclohexylmethyl group as the piperazine N-4
substituent. PBTZ169 had a much more significant bactericidal effect in the lungs than
BTZ043 at the same dose, reducing colony-forming units (CFU) by >0.5 log units.?2%-22
Compound PBTZ169 has successfully completed Phase I clinical trials and demonstrated
synergy with Bdg and PZA, establishing this combination as a viable novel tuberculosis
treatment regimen.??> Compounds BTZ043 and PBTZ169 are currently in Phase 1/22%2
and 2a?% of clinical trials for the treatment of both drug-susceptible TB and MDR-TB.
This dissertation will focus on the class of benzothiazinones, as the investigation of this class
of DprEL1 inhibitors with the aim of developing peroxide-based hybrids for TB chemotherapy

was one of our research objectives. The reader is then directed to Chapter 2 for an overview
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of this class in deeper detail.

DéJrE'I
o o Cys387 o
NO = \ -OH

2 o’ FADH, FAD N QL OL

S N S N

\lNr N /, \|( Cys387 Y
N
FsC DprE1 F,;C DprE1

(0]

BTZ043 Nitroso Derivative ® Inhibition of the DprE1
MIC = 2.3 nM 11

Phase 2 Clinical Trials

Figure 1.9. Mechanism of bioactivation and action of nitrobenzothiazinones: formation
of the active nitroso compound from BTZ043 and its reaction with the DprE1, leading to
irreversible inhibition of the enzyme.

The presence of a nitro group and its correlation with activity against DprE1
mutants C387A and C387S were taken as typical characteristics of covalent DprE1l
inhibitors.?%*

DprE1 has also been identified as the target of nitrobenzothiazoles (NBT0)?2°226,
dinitrobenzamides (DNBs),??’ nitroquinoxalines (NQs),??® and 3-nitro-1,2,4-triazoles
(NTZs),* all of which inhibit DprE1 covalently (Table 1.4). For a more comprehensive
review of covalent DprEL1 inhibitors the reader is referred to Chapter 3, where a perspective

on research directions for this topic will be offered.

1.8.2.2. Non-covalent inhibition

Numerous scaffolds acting as non-covalent inhibitors of DprE1 have also been
investigated for their activity against Mtb. These inhibitors, depicted in Table 1.5, include
non-nitro-substituted BTZ analogues (NC BTZ),22 2! benzothiazoles (BTO),2322%
1,2,3-triazole-2-mercaptobenzothiazoles (2-S-BT0),2** 1,4-azaindoles (AZA),35240
benzimidazoles (BI),?*! pyrazolopyridones (PP),2*? 4-aminoquinolone piperidine amides
(4-AQ),2¥  2-carboxyquinoxalines  (2-CQ),**  pyrrolothiadiazoles (PTD),24524
morpholine-pyrimidines  (MP),%*"  N-alkyl-5-hydroxypyrimidinone  carboxamides
(NAHPC),248:24 hydantoins (HYD),?>%?%! benzodioxanes (BD),?* 3,4-dihydrocarbostyril
derivatives  (CD),2*2*"  thiophene-arylamides  (TPA),®®  N-(4-hydroxy-3-
mercaptonaphthalenyl) sulfonamides (NHMS),?*® and avermectins (AVMT).? For a
more comprehensive review of non-covalent DprEL inhibitors the reader is referred to

Chapter 3, where a perspective on research directions for this topic will be provided.
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Table 1.4: Compounds reported to target DprE1 covalently, with irreversible inhibition.
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Table 1.5: Compounds reported to target DprE1 non-covalently.

MIC MIC
Structure REF Structure REF
(HM) (LM)
Non-covalent Benzothiazinones (NC-BTZ) g)ér}zgzoothladiazoles (PTD)
e o
N
s L) 03 220 . Y O\/@ 0.4 245
T
F3C
T @
?(ixothiazole derivatives (BTO) Morpholino-pyrimidines (MP)
0 ST\ o]
S%N = 0.027 232 o N F 1.7 247
IN H g NH K/N N
70 Y ©
1,2,3-Triazole-2-mercaptobenzothiazoles N-Alkyl-5- hydroxypyrimidinone Carboxamides
(2-S-BTO) (NAHPC)
w 163 om Q 4.7 248
Oy
2-carboxyquinoxaline derivatives (2-CQ) Hydantoins (HYD)
Ty38c 3 1a N
. o] -
J@[N\]\*w 244 0 "N 8.3 251
o~ F F ©
1,4-Azaindoles (AZA)
TBA-7371 o— Benzodioxanes (BD)
=\ 5
Y 1.56- 0 /@/ r
NN 239,240 0 NT)L 6.5 252
PV, 3.12 ( ]@( N
N 0
NH
(6]
OH
Benzimidazole (BI) 1(3),;-CD_i1hg7c;3r:;)2carbostyril Derivatives (CD)
OH
0 & 0.00044 253,256,
§ BN 156 241
van GV O -0.52 257

Foadeet

F

30



Chapter 1: Overview of Tuberculosis and emergent MmpL3, DprE1, and DosRST Inhibitors
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1.9. Latent tuberculosis infection (LTBI)

LTBI is described as the presence of antibodies to tuberculosis antigens in the absence
of clinical or radiologic manifestations of TB disease.?¥?%2 Consequently, LTBI screening
and treatment are crucial components of overall tuberculosis control and eradication
initiatives,262.263

Nowadays, four major antimycobacterial regimens are available for treating LTBI:
INH monotherapy, RIF monotherapy, and combinations of INH and RIF.?®3 In around
90% of patients, INH monotherapy is effective in delaying progression to TB illness, but
its lengthy duration and hepatotoxicity result in low compliance and completion rates.?%*
Notably, there is no evidence of an increased incidence of INH-resistant or RIF-resistant

tuberculosis after having preventive LTBI therapies comprising these drugs.2%5:266
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1.9.1. DosRST two-component regulatory system

The ability of Mtb to enter nonreplicating persistence (NRP) and then transition
to latent TB contributes to Mtb's drug tolerance and treatment failure in chronically
infected individuals, which is a limitation and causes a significant burden on patients and
healthcare infrastructure. The NRP is a specific condition in the mycobacterial infection
cycle in which the mycobacteria have a low metabolism, allowing for non-inherited
resistance to most antimycobacterial treatments.267-26°

As part of its pathogenesis, Mtb must overcome various obstacles the immune
system provides, including survival in hostile environments such as the macrophage and
granuloma.?®” The inhibition of aerobic respiration induced by oxygen deficiency or
exposure to carbon monoxide (CO) and nitric oxide (NO) is a typical stressor of intra-
and extracellular pathogenic mycobacteria.?®’-2%° Mtb can thrive in hypoxia despite the
fact that it is an obligate aerobe.?’® However, this can only be accomplished by gradually
decreasing oxygen levels, which appears to be the situation during granuloma
development. Mtb survives this stress by triggering a regulon of 48 genes that promotes
its entrance into a NRP while adjusting its metabolism to maintain energy levels and a
redox balance suitable for survival in the absence of respiration.?67-26%271-273 Thjs response
is controlled by the two-component regulatory system (TCS), DosRST. DosRST was
discovered to be involved with Mycobacterium spp. virulence and survival under
hypoxia;?"*2"" DosR is a response regulator, and DosS is a sensor histidine kinase
(Figure 1.10). Along with DosRS, another sensor kinase, DosT, enhances the sensibility
to hypoxia and NO.?® In response to hypoxia, NO and CO, DosS and DosT
autophosphorylate. Both kinases directly interact with and phosphorylate DosR.27%2"
This latter domain depends on divalent metals (e.g., Mg?", Mn?") to catalyze
autophosphorylation and phosphoryl-transfer reactions employing adenosine
triphosphate (ATP).280281 DosT, the sensor with the lowest oxygen affinity (Kq=26 pM),
is the first to be enzymatically activated when the oxygen concentration decreases,
followed by DosS (K¢ = 3 uM) at an even lower oxygen level, where they are able to
phosphorylate the essential transcription factor DosR. 8% Phospho-DosR then binds
directly to a conserved DNA motif and controls an estimated 50-gene core
regulon,267:269271-273 DsS also contains phosphatase activity, which is aerobically active
and dephosphorylates DosR to restrict expression.?8? Alternately, spontaneous

dephosphorylation of phospho-DosR may contribute to the signal diminishing.?™
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Supported with biochemical investigations of kinase activation, DosS is assumed to
operate as a redox and oxygen sensor, while DosT is thought to sense hypoxia.??
Nevertheless, reports show that DosS has a slow auto-oxidation rate and operates in a
reduced ferrous state, suggesting this histidine kinase may serve predominantly as an
oxygen sensor.?% DosS and DosT have similar structures in that they both include
prosthetic heme groups; however, the native oxidation state of their iron centres differs,
which has consequences for their respective roles.?®® Oxidized heme in DosS is shifted to
the ferrous form under hypoxic conditions, while oxygen-bound heme in DosT converts

to the deoxy form, activating the kinases via the heme.286:287

It was reported that ferrous
DosS showed more potent autophosphorylation activity than Fe(ll1)-containing DosS,
indicating that reduction promotes DosR activation, hence facilitating NRP. After
treatment with NO or CO, the autophosphorylation activity of ferrous DosS was
equivalent to that of reduced DosS. This observation suggests that DosS serves as a redox
sensor in the DosRST regulon.?’? In addition, DosS may play a pivotal DosR-independent
role in macrophage replication, tumour necrosis factor (TNF) suppression, and autophagy

pathways, as recently uncovered.?%

Artemisinin HypO)ua, Artemisinin
HC106A NO, Cco HC106A

J Peptldes (A-ext and D)
HC103A HC102A HC103A

Phenylcoumarin Cp10

HC104A Peptide (DevRy)

Upregulation of Dos regulon dormancy
TAG Synthesis
Hypoxia survival

Figure 1.10. Diagram of the DosRST signaling pathway showing examples of how
peptides and small compounds inhibit DosRST signaling. Adapted from Zheng et al.?”®
Legend: TAG — triacylglycerol.
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1.9.2. Inhibitors targeting the DosRST pathway

Since DosRST is initiated during infection and is essential for survival in hypoxic
granulomas, there is an interest in developing new drugs that target this pathway.
Inhibitors targeting the response of the regulator DosR or the two sensor histidine kinases,
DosS and DosT, are being investigated due to their potential to curtail TB therapy and
reduce relapse rates when paired with first-line drugs.?’®2"" Inhibiting TCS DosRST may
shorten the period of therapy by eliminating dormant Mtb, whereas earlier research
focused on the response regulator DosR.2""?® To identify TCS inhibitors, whole-cell
reporter-based high-throughput screenings (HTS) have been performed.?6°2%.2%1 | silico
pharmacophore-based screening with a library of 2.5 million compounds, a
phenylcoumarin (1.2, Figure 1.11) was found to inhibit DosR binding to target DNA,
down-regulate dormancy gene transcription and significantly impair hypoxic survival,
but not nutrient-deprived dormant bacteria or actively developing organisms.?%2

Through phage-display techniques in vitro biochemical assays, DosR mimetic
peptides that bind to DosS and block autokinase activity or phosphotransfer to DosR were
identified.?®3?% This research revealed TLHLHHL as a potential inhibitor for this
system.?%* This peptide reduced Mtb viability by 95% under hypoxia, but only 50% under
aerobic conditions, suggesting a preference for dormancy. However, the high peptide
concentration (5 mM) needed for this biological inhibitor likely hampered further
progress.?®* Using DosS as bait in phage-display revealed four peptide sequences. These
peptides shared similarities with the DosR protein's conserved sequences, leading to the
development of further synthetic peptides.?®® Two peptide sequences, VRLPD and
SGYVVK-DIKGME, also proved to inhibit DosR-regulated transcription, decreasing
Mtb survival in hypoxia (40-70%) but not in aerobic (15%) conditions. Although these
compounds did not halt phosphoryl-transfer activity, these peptides reduced DosS kinase
domain autophosphorylation.?®

In another report, disclosed in 2017, a whole-cell phenotypic screening assay was
employed to screen a library of 540,288 compounds for DosRST inhibition.?® This
screening procedure yielded six distinct groups of compounds as DosRST regulon
inhibitors, with the six most effective compounds from each class being selected and
designated as HC101 through HC106 (Figure 1.11). Initial experiments using HC101A
[artemisinin (ART)], HC102A, and HC103A (Figure 1.11) demonstrated a lack of

selectivity in general. In this situation, the DosR-strongly controlled hspX promoter was
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cloned upstream of green fluorescent protein (GFP) on a replicating plasmid, and Mtb
was transformed. Significant hypoxia and NO-induced GFP fluorescence were seen in
the reporter strain.?® Initial research to unravel the mechanism of action was conducted
on ART, HC102A, and HC103A. Comparatively to a DosR mutant control strain,
RNAseq transcriptional profiling experiments revealed that these compounds disrupt the
DosR regulon.?®2% Treatment with ART, HC102, and HC103 significantly reduced
triacylglycerol (TAG) accumulation. Combining these drugs with INH (to which latent
Mtb is often resistant) reduced Mtb viability very effectively.?®>2% This result is
consistent with prior research demonstrating that mutants of the TAG synthase gene tgsl
have a lower tolerance to INH.?%” Further research suggests that ART may change the
heme of DosS and DosT by an alkylation mechanism, resulting in different sensor
phenomena. ART inhibits the sensing module of DosS and DosT by oxidizing and
alkylating the heme group contained in these proteins.?®® In contrast, HC102A and
HC103A did not modify the heme (no oxidation or detectable alkylation) but hampered
the autophosphorylation activity of the sensors, with HC103A being the most effective.?®
In 2020, inhibitors HC104A and HC106A were investigated (Figure 1.11).27
HC104A had no effect on Mtb survival in a hypoxia model, in which HC106A reduced
Mtb survival by 50%, suggesting that HC104A inhibits DosR-regulated genes that are not
required for survival. It was revealed that these compounds did not affect the
autophosphorylation activities of DosS and DosT. Though, HC104A prevented DosR
from binding to DNA, whereas HC106A altered the electronic spectrum of deoxy-DosS.
This spectroscopic profile for DosS was divergent from ART, indicating that HC106A
may bind directly to the heme iron without affecting impairment.?’® HC104A was
evaluated for interactions with DosS, through UV-visible spectroscopy and kinase
autophosphorylation assays, but no effect was observed. HC104A might operate by
inhibiting the dimerization of the response regulator transcription factor DosR and its
DNA binding due to its structural similarities with virstatin.2’>2% Virstatin is known to
inhibit the dimerization of the ToxT transcription factor in Vibrio cholera.2%82%
Additional structure-activity relationship investigations for HC106A revealed that the
isoxazole moiety is required for inhibition. Contrary to ART, which did not reduce NO-
driven signalling, HC106 inhibited the DosR regulon when it was triggered by NO and
in infected macrophages.2’®?® HC106 suppressed NRP-associated physiologies, such as
TAG accumulation and survival during hypoxia, opposite to HC104. Resistance to

HC106 was increased by DosS overexpression, demonstrating that DosRST was
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the targeted pathway.?’® These results support the existence of diverse groups of small
molecules with multiple mechanisms for TCS DosRST inhibition.3%

As described previously, ART was identified as an inhibitor of DosRST signaling,
persistence, and antibiotic tolerance. This endoperoxide operates by oxidizing and
alkylating the heme group within DosS and DosT, hence inactivating the sensing module
of the proteins.?’®2% In 2022, it was discovered that synthetic 1,2,4-trioxolanes OZ277
and 0Z439 (Figure 1.11) could target DosS-mediated hypoxia signaling in M. abscessus
and reproduce the DosS knock-out phenotype. In chronically infected mice, OZ439
demonstrated bactericidal activity comparable to standard-of-care antibiotics, enhancing
the efficacy of antibiotics administered in combination.

Multiple mechanisms have been found for inhibitors of DosRST signaling,
including inhibition of autophosphorylation, disruption of phosphotransfer to DosR,
suppression of DosR DNA binding, heme-binding, oxidation/alkylation of heme of the
kinases DosS/T.2”® It is anticipated that merging these approaches may enhance the
drugs' synergistic effects.?”® These experiments showed that the DosS/heme-based T's
sensor is vulnerable to chemical inhibition. The knowledge of these small molecules as
DosS/T inhibitors opens a pathway for in silico screening of novel inhibitors that may

target the heme or bind in this susceptible sensory domain.
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Figure 1.11. Structure representations of DosRST signalling inhibitors.

1.10. Summary

This chapter introduced the epidemiology, symptoms, diagnosis, and pathology of
tuberculosis. The licensed vaccine, potential candidates, and approved drugs for
TB treatment were also addressed concisely, along with a discussion of the limitations of
TB therapy and the concerns of TB resistance associated with these regimens approved
by WHO.

TB discovery initiatives have uncovered several novel protein targets, such as the

transporter mycobacterial membrane protein large 3 (MmpL3) and the flavoenzyme
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decaprenylphosphoryl-B-p-ribose 2'-epimerase (DprE1). These are two prominent targets
for which several inhibitors have been identified through hit discovery, preclinical
investigations, and clinical trials. A brief review of potential inhibitors for MmpL3 and
DprEl was given, demonstrating their high potential for developing novel drugs to
achieve the aim of TB eradication.

Finally, the function and structure of DosS, DosT, and DosR were examined
concerning the role of DosRST signalling in Mtb latency. Antimalarial artemisinin and
synthetic peroxides can disrupt DosRST signalling and potentiate antibiotics' activity in
latent TB when used in combination. These findings could be instrumental in developing
solutions that could overcome growing resistance and enhance treatment effects,
particularly in cases of latent infection. We followed this path to contribute to the

continuous demand for better anti-TB drugs with novel mechanisms of action.

1.11. Presentation of the research project and its aims

The subsequent chapters of this dissertation will focus on the research conducted

during the Ph.D. program and can be divided into four sections:
- Chapter 2: Synthesis of 1,2,4-Trioxane-Containing Antitubercular Hybrids with
Potential for Dual Mechanisms of Action.
- Chapter 3: Computational Analysis of Physicochemical and ADMET Properties
of DprEl Inhibitors and Development of Predictive Classification Models for
Identifying Potential DprE1 Inhibitors.
- Chapter 4: Synthesis of Non-Symmetrical Dispiro 1,2,4,5-Tetraoxanes and 1,2,4-
Trioxanes Catalysed by Silica Sulfuric Acid.
- Chapter 5: Unravelling the Structure of Peroxides with Antiparasitic Activity:
Relative Impact of a Trioxolane or a Tetraoxane Pharmacophore on the Overall
Molecular Structure and Photoinduced Reactivity Studies in a Dispiro-1,2,4,5-
tetraoxane.
Along the thesis, a similar distribution of topics will be adopted.

This PhD project benefited from established collaborations between CCMar,
Universidade do Algarve (Portugal), and other national and international institutions:
CQC, Departamento de Quimica, Universidade de Coimbra; CQC-IMS, Faculdade de

Farmacia, Universidade de Coimbra (Portugal); CFisUC, Departamento de Fisica,
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Universidade de Coimbra (Portugal); CQE, from Instituto Superior Técnico, and
Faculdade de Ciéncias, University of Lisbon; Department of Chemistry, University of
Liverpool (United Kingdom); Liverpool School of Tropical Medicine, University of

Liverpool (United Kingdom).
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Chapter 2

Part of the work described in this section is included in a manuscript presently under
preparation:
Amado, P. S. M.; Woodley, C. M.; Cristiano, M. L. S.; O’Neill, P. M. Synthesis of

Endoperoxide-Based Antitubercular Hybrids with Potential for Dual Mechanisms of

Action. Manuscript in preparation.
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2.1. Background

2.1.1. Indole-2-carboxamides

In 2013, a HTS programme conducted at GSK revealed that the indole-2-
carboxamide (IC) scaffold exhibits antimycobacterial activity, with compound 2.1
(Figure 2.1) showing a MIC of 0.47 uM.! In the same year, two other research groups
explored and improved on this new scaffold.

The Kozikowski team (first research group) conducted a phenotypic screening of
a library of 6800 compounds against Mtb. The compounds were selected following
Lipinski's rule of five, aiming to identify drug-like compounds with antimycobacterial
activity.? 4,6-Dimethylindole-2-carboxamide 2.2 (Figure 2.1) was found to exhibit an
MICg of 0.93 uM and an encouraging cytotoxicity profile, showing a half-maximal
inhibitory concentration (CCso) against Vero primate cells of >200 pM, thus, with an
excellent selectivity index (S1).2 An extended series of 40 new indole-carboxamide (IC)
derivatives were subjected to SAR analyses to improve the drug-likeness of this series by
addressing its poor physicochemical properties. It was established that other heterobiaryl
rings, such as benzofuran, 5-azaindole, and benzimidazole, could not replace the indole
moiety (ring A). The positioning of carboxamide function on the indole ring was also
investigated. Shifting the carboxamide group to position 3 led to a significant reduction
in activity, demonstrating that the carboxamide group at position 2 is critical. The loss of
activity upon methylation of -NH, either of the indole or of the amide linker, revealed that
the two -NH groups are essential to maintain potent antitubercular activity. When the
lipophilic cyclohexane ring (ring B) was replaced by an unsubstituted phenyl ring or a
nitrogen-containing heterocyclic ring, the antitubercular activity of these analogues
dropped significantly.? The inclusion of a small ring (such as cyclopropyl) resulted in the
complete loss of action, whereas bulkier substituents produced compounds with potent
activity, a cyclooctane analogue 2.3 emerging as the most potent (MICg = 0.013 uM,
Figure 2.1).2

Another paper from the same research group revealed that a range of the saturated
amide side chains was tolerated across analogues. 4,6-disubstitution with lipophilic
groups proved crucial for activity, in which -F or -Cl substituents are favoured over
methyl groups, which may circumvent a metabolic liability.> Continuous optimization

resulted in the synthesis of IC compound 2.4, bearing a 4,6-difluoro-substituted indole
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and a chiral amide side chain, showing a potency of 12 nM and a superior toxicity profile,
with a Vero CCso > 192 uM (SI > 16000), together with excellent activity against MDR
and XDR Mtb strains (Figure 2.1). This compound also displayed superior ADMET
properties and was shown to act in synergy with rifampicin (RIF).2> Compounds with
bulkier spiro moieties, such as ICA38 (2.5, Figure 2.1), retained a potent anti-TB activity,
exhibiting a MIC = 0.003 pM.2

The Novartis team (second research group) also identified the hit 2.2 from a
phenotypic HTS of a 2 million compound library, during their search for inhibitors of
mycobacterial growth.*®> An SAR study was also conducted by this research team and
similar findings were reached concerning the essentiality of the indolecarboxamide core,
substituents in ring A, the indole and amide linker -NH group, and the lipophilic
cycloalkyl in ring B. Their findings also indicated that 4,6-dichloro substitution on the
indole ring provides superior metabolic stability, whilst the 4,4-dimethylcyclohexyl
amide side chain offers a reasonable balance between metabolic stability and activity. The
most advanced compounds were NITD-304 (2.6) and NITD-349 (2.7), which
demonstrated potent anti-MDR-TB activity, with MICs ranging from < 0.04 to 0.08 uM
(Figure 2.1).® Interestingly, compound 2.4 demonstrated improved in vivo
pharmacokinetic (PK) properties and a better dose-dependence during in vivo efficacy
evaluation, compared to 2.7, although having similar activity and lipophilicity.’
Furthermore, the compounds 2.6 and 2.7 can also act synergistically with RIF.38

From research using genome sequencing to identify the molecular target and
crystal structures of MmpL3 with different indolecarboxamides, MmpL3 was established
as the target protein.>1°

The poor solubility of indole-2-carboxamides is a disadvantage. The amide-amine
substitution of the incipient scaffold and the replacement of the indole ring with
benzothiophene or benzoselenophene resulted in great improvements in solubility (10-
20-fold higher). Without the carboxamide linker, potent activity was still achieved.
However, the indole ring continues to be essential for high potency. Compound 2.8
exhibited a MICgo Mtb (Figure 2.1) of 0.13 uM, making it equipotent and 14-fold more
soluble than its carboxamide counterpart. This compound also was shown to inhibit the
mycolate transporter protein MmpL3.1

Since the discovery of the antitubercular properties of the IC scaffold, new IC
derivatives active against Mtb (MIC < 10 pM) have emerged.'>*” Additionally, many of

these indole-2-carboxamide derivatives have been shown to treat nontuberculous
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mycobacterial infections,® such those originating from Mycobacterium abscessus,®*23
M. massiliense, M. chelonae, M. avium and M. xenopi.?® According to the available
evidence, several of these compounds exhibit activity against paediatric brain tumor cells,
particularly the paediatric glioblastoma multiforme (GBM) cell line KNS42. Compound
2.9 was identified as the most potent, with dual anti-TB and cytotoxic activities against
line KNS42, with a MIC of 0.62 uM and an ICso = 0.84 UM, respectively (Figure 2.1).%

Cl 0 0
T ﬁjﬁ%
H H

MIC Mtb = 0.47 pM MIC Mtb = 0.93 uM

e Linker change

: W|th isosteres i i

MICqp Mtb 0.013 UM MIC Mtb o.o12 UM
F Cl F
0 0 0
N HNO@ N HN N HN
F N cl N F N
ICA38 2.5 NITD-304 2.6 NITD-349 2.7
MIC Mtb = 0.003 uM MIC Mtb = 0.015 uM MIC Mtb = 0.023 uM
0
JOR DA
FsC N HN Br H HN
2.8 2.9
MICgo Mtb = 0.13 uM MIC Mtb = 0.62 uM

ICso (KNS42) = 0.84 uM

Figure 2.1. Structure representations of indole-2-carboxamides with potent activity as
MmpL3 inhibitors.
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2.1.2. Benzothiazinones

2.1.2.1. Covalent Inhibition

The flavoenzyme DprE1 was first discovered as a target of benzothiazinones
(BTZ), a class of compounds known to inhibit DprE1 irreversibly through formation of a
covalent adduct with the amino acid residue Cys387. Makarov and colleagues
demonstrated that BTZ are capable of strongly suppressing DprE1 activity in vitro and in
vivo. Compound BTZ043 (2.10, Figure 2.2A) is one of the most promising
benzothiazinones synthesized, with a minimum inhibitory concentration (MIC) of 1
ng/mL (2.3 nM), which is significantly superior to the MICs of frontline medications such
as ethambutol (EMB, 15 mg/mL) and isoniazid (INH, 0.02-0.2 mg/mL).2>?" BTZ043 acts
as a prodrug in the presence of FADH2, where the nitro group linked to the BTZ core is
reduced to a nitroso functionality, affording the active derivative 2.11 (which is generated
by DPR). The nitroso form 2.11 reacts with the thiol group on the Cys387 residue in
DprE1, producing a semi-mercaptal bond with the amino acid residue and a covalent
adduct that acts as a suicide substrate, irreversibly inhibiting the enzyme (Figure 2.2A).

Despite its exceptional potency (MIC = 2.3 nM), BTZ043's efficacy in a mouse
model of TB was lower than expected due to its poor solubility (though it has moderate
hydrophobicity (logP = 2.84)).2>%8-33 Makarov and co-workers addressed these issues to
improve the pharmacological properties of the benzothiazinones. As a result, substituted
2-piperazino-benzothiazinones (PBTZ) with increased lipophilicity were produced.®
This new series yielded a variety of compounds with diverse substituents in the
piperazine ring's N-4 position; when hydrophilic groups such as alcohols, carboxylic
acids, secondary or tertiary amines were introduced, activity was reduced or eliminated,
in contrast to 2.10. The most potent blocks examined were piperidines alkyl substituted
at N-4 position, affording PBTZ compounds with MIC values ranging from 0.41 to 1.69
nM. The most active compound was PBTZ169, also known as Macozinone (2.12, Figure
2.2B), bearing a cyclohexylmethyl group as the piperazine N-4 substituent. PBTZ169
produced a much more significant bactericidal effect in the lungs than 2.10, at the same
dose, reducing colony forming units (CFU) by >0.5 log units.>>®** PBTZ169 has
successfully completed Phase I clinical trials and demonstrated synergy with Bdg and
PYR, establishing this combination as a viable novel tuberculosis treatment regimen. 35
The van der Waals interactions between the trifluoromethyl group of the molecule and
the backbone of the residues are key features for potent activity, as are the interactions
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involving the sulfur atom and the carbonyl group in the thiazinone ring..2>3233

The clearly established essentiality of a nitro group at position 8 and its correlation
in activity against DprE1 mutants C387A and C387S were taken as typical features of
covalent DprE1 inhibitors.3’ Since then, more than 600 new nitrobenzothiazinones (BTZ)
have been described and nearly 90% of these synthetized molecules have evidenced
activity against Mtb (MIC < 10 uM) (Figure 2.2C).26-%

2.1.2.2. Non-covalent Inhibition

The nitro functional group in BTZs is critical for a covalent mechanism of
inhibition. Its replacement with other functional groups with insufficient electrophilic
properties for covalently binding to DprE1 resulted in a 500-fold increase in the MIC,
compared to BTZ043. These modifications were made in response to concerns about the
nitro group's possible mutagenicity, which have now been dismissed.>?® Nonetheless,
progress has been made towards replacing the nitro functional group while retaining
activity. Makarov et al.®* proposed non-covalent benzothiazinone inhibitors (NC BTZ) in
2015, obtained by replacing the nitro group with a pyrrole ring. The MIC values for the
compounds against the drug-resistant Mtb Hz7Rv strain varied from 0.34 uM to 5.0 uM,
thus less potent than the nitro-containing BTZs but still very active. Despite their in vitro
efficacy, these compounds were ineffective against a mouse model of acute TB,
demonstrating the difference in activity between non-covalent and covalent binding for
BTZ-mediated TB death. PyrBTZ01 (2.13) and PyrBTZ02 (2.14) exhibited the best
activity, with MIC values of 0.35 uM and 0.34 pM, respectively (Figure 2.2D). Tiwari
et al. replaced the nitro group for an azide group, resulting in the non-covalent inhibitor
BTZ with a MIC value of 0.47 uM (2.15, Figure 2.2D). Enzymatic experiments with
recombinant DprE1 from Mtb revealed that BTZ-Ns is an effective reversible and non-
covalent inhibitor of DprE1.%% In another investigation, Liu and co-workers demonstrated
that replacing the nitro group in BTZs with halogen (ClI, Br, or I) resulted in inhibitors of
the DprEl enzyme, with DprE1 ICsp values of 0.92-2.35 puM and MIC values of 0.03-
0.063 UM against Mtb Ha7Rv strains (2.16-18, Figure 2.2D).> All these data demonstrate
how effectively the 1,3-benzothiazin-4-one scaffold inhibits enzyme activity, even in a
non-covalent mode of binding.

In 2021, Madikizela et al. described the synthesis of halogenated non-nitro
benzothiazinones, in which the 8-nitro functional group and the trifluoromethyl group at

C-6 were replaced by H or F. In vitro tests against Mycobacterium aurum DSM 43999
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and Mtb Hs7Rv revealed no significant inhibitory effects (2.19 and 2.20, MIC = 60-100
MM, Figure 2.2D), indicating that the 8-nitro group is required for activity in covalent
inhibitors, while the elimination the -CFs at position 6 of the benzothiazinone ring
significantly reduces the antimycobacterial activity in BTZ compounds designed to

inhibit DprE1 non-covalently.®

A) Mechanism of Action of Nitrobenzothiazinones
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Figure 2.2. A) Activation of compound BTZ043 by reduction of nitro to nitroso group;
B) PTBZ169; C) Allowed chemical diversity in the development of BTZs, from SAR
analysis; D) Structure representations of non-covalent benzothiazinones.
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2.2. The endoperoxide-hybrid approach and aim of this
project.

It is widely documented that treating non-replicating persistent (NRP)
tuberculosis infection is a considerable therapeutic challenge, which partially justifies the
extensive anti-TB treatment regimens.5 As described in Chapter 1 (Section 1.9.1.), the
Dos regulon is controlled by the regulator protein DosR and its two heme-based histidine
sensor kinases, DosS and DosT, regulating the Mtb's capacity to transit into the NRP
state.%55" Due to the NRP Mtb's decreased metabolism and absorption of anti-TB drugs,
many anti-TB treatments are ineffective against NRP Mtb.

Artemisinin (ART, 2.21, Figure 2.3) downregulates DosRST-dependent proteins
and reduces survival in hypoxic shift-down assays. This inhibition was attributed to the
ability of ART to interact with heme in DosS and DosT, leading to inactivation.
Moreover, pre-treatment with ART increases the sensitivity of NRP Mtb to treatment by
isoniazid — a first-line anti-TB drug with no activity against NRP Mth.%® Additionally, it
was discovered in 2022 that synthetic peroxides 1,2,4-trioxolane OZ277 (2.22) and
0z439 (2.23, Figure 2.3) could target DosS-mediated hypoxia signalling in M.

abscessus and reproduce the DosS knock-out phenotype.®

02277, 2.22
DosS/T inhibition

o-0
ART, 2.21 \OO
DosS/T inhibition @ \—\
02439, 2.23 O
DosS/T inhibition o

Figure 2.3. Structure representations of antimalarial endoperoxides with proved activity
as DosRST inhibitors.

Since ART, 0Z277, and 0Z439 have been shown to inhibit these heme-based
histidine kinases, we postulated that other synthetic endoperoxides may also interact with
DosS and DosT. In addition, pursuing a dual-action small molecule capable of
disrupting DosRST signaling while also inhibiting a known Mtb target protein appears to
be a valid treatment strategy for NRP Mtb.
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Hybrid drugs are produced when two structural or pharmacophoric moieties
merge covalently to create a single molecule, with each scaffold possessing its own
activity.®® Consequently, this sort of hybrid molecules reduces the likelihood of drug
resistance and can be tailored to act in different molecular targets.”

Endoperoxide based drug-hybrids have been extensively explored in numerous
parasitic diseases, namely malaria,”*~"® schistosomiasis,’®’” and leishmaniasis,’”® among
others. Most of these hybrids are produced by linking a peroxide moiety, either a synthetic
peroxide or an ART derivative, to a scaffold (e.g., aminoquinoline, pyrimidine,
pyrazinoisoquinoline, pyrazole) that exhibits a different mechanism of action.

The two anti-TB drug classes explored in this section are the MmpL3 inhibitor
indole-2-carboxamide scaffold and the DprE1 inhibitor benzothiazinone scaffold.

As described previously, both classes are very potent against replicating Mtb. For
example, indole-2-carboxamide NITD-304 (2.6) has a MIC of 0.015 puM against
replicating Mtb, although in the model of nonreplicating persistent TB, the molecule was
found to be less effective, with a MIC >27 uM.® Similarly, BTZ043 (2.10) exhibits a very
potent MIC of 0.0023 uM but was demonstrated to be less potent in starvation and
auxotrophic low-metabolism in vitro models?® and inactive (MICge > 10 pg/mL) against
the streptomycin-starved 18b strain (ss18b), a model for nonreplicating Mtb.*

Given the findings mentioned above, we propose hybridizing the two separate
anti-TB classes by combining peroxide-containing moieties with the indole-2-
carboxamide scaffold (MmpL3 inhibition) and the benzothiazinone scaffold (DprEl
inhibition), using the 1,2,4-trioxane moiety for this research. With this endoperoxide-
based hybrid approach we aim to establish a dual mode of action, increasing Mth's
sensitivity to the active anti-TB pharmacophore while also targeting the DosRST

signaling.

2.2.1. This Project: Design of Peroxide Containing Hybrid Molecules

Synthetic endoperoxides are typically amphiphilic molecules where the
peroxide-containing moiety is stabilized by a bulky aliphatic group, such as
spirocyclohexyl or spiroadamantyl. Modifying the sidechain will improve the
physicochemical properties for superior oral solubility and metabolic stability.’9-8

A suitable site for peroxide moieties substitution would be in a non-polar side
chain of the molecule. Both the indole-2-carboxamide ICA38 (2.5) and the
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benzothiazinone BTZ043 (2.10) include amine functionalities linked to side chains in
carbocyclic spiro rings, which are ideally suited for the attachment of a peroxide
containing building block. In addition, coupling occurs during a final convergent step
of the synthesis, allowing the peroxide core to be generated prior to its linkage to the

other scaffold and thereby preventing any synthetic incompatibilities (Scheme 2.1).

MIC =3 nM Sp:ro rings Spiro trioxane

NO,

y
ﬁiﬁﬁ i H@‘ STons

Spiro trioxane

BTZ043
MIC =2.3 nM

Scheme 2.1. Analysis for the synthesis of peroxide containing hybrids.

As described in Section 2.1.1, selected indole-2-carboxamides inhibit the
transporter protein MmpL3. The structure of the complex formed between MmpL3
and ICA38 was determined, revealing that this indole-2-carboxamide recognizes the
same binding pocket as the inhibitors SQ109 and AU1235 (the reader is referred to
Table 1.3 in Chapter 1 for the structure representations of SQ109 and AU1235),
within the pore of MmpL3, in sub-sites S3, S4 and S5 (Figure 2.4).2° ICA38's bulky
indole group fits neatly into the hydrophobic subsite (S3) at the top of the channel,
resulting in a more extensive hydrophobic interaction. This inhibitor disrupts the two
Asp-Tyr pairs involved in proton translocation upon binding. In the S4 subsite, the
amide group of ICA38 forms hydrogen bonds with the side chain of Asp645, whereas
the carbonyl oxygen of ICA38 establishes a non-canonical hydrogen bond with the
side chain of Tyr646. The carbocyclic spiro group inserts favourably into the bulky
hydrophobic subsite (S5) at the bottom of the tunnel, thereby providing an extensive
network of hydrophobic interactions.® Notably, it has been found that the S5 pockets
may tolerate a range of hydrophobic amide side chains, corroborating the pattern
observed for other MmpL3 inhibitors.!’
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Asp64'15 S5 hydrophobic
subsite

Figure 2.4. PyMol representation of ICA38 co-crystallised with MmpL3 (left, PDB:
6AJJ).1° Structure representation and binding mode of indole-2-carboxamide ICA38 in
the binding site of MmpL3 (right).

Regarding the proposed hybrids, the N-linked hydrophobic amide moiety would
be replaced by a spiro endoperoxide (Figure 2.5A). It is envisaged that the hydrophobic
amide containing peroxide would be tolerated at the S5 site. The indole ring will be
maintained in the proposed compounds, including the substituents at positions 4 and 6,
which is ideal to guarantee optimal contact within subsite S3. Moreover, if permitted, it
is anticipated that the binding mechanism of the peroxide side chain will not affect the
hydrogen bonding interactions in the S4 pocket. Three endoperoxide classes were
considered to design the corresponding hybrids (Figure 2.5B/C): 1,2,4-trioxanes, 1,2,4,5-
tetraoxanes and 1,2,4-trioxolanes. Trioxolane- and tetraoxane-containing analogues
(Figure 2.5B) were synthesised by another member of the group while trioxane-
containing analogues were synthesised within this PhD project. The proposed 1,2,4-

trioxane-based targets (T1C01-03) are summarized in Figure 2.5C.
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A) 1,2,4-Trioxanes
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Figure 2.5. A) Structure representation and proposed binding mode of ICA38 and IC-
trioxane hybrids, in subsites S3, S4 and S5. B) Structure representation of the
trioxolane and tetraoxane scaffold. C) Structure representation of the proposed 1,2,4-
trioxane containing 1C-hybrid MmpL3 inhibitors prepared within this PhD project.

As described in Section 2.1, the DprE1 flavoenzyme displays a polar localization
in Mycobacterium tuberculosis, in which BTZ DprEL1 inhibitors bind within the binding
pocket, with their hydrophobic amine side chains at position 2 extending into solvent-
exposed space (Figure 2.6A/B).®° This interaction profile was demonstrated using BTZ-
TAMRA as a fluorescent probe in chemical biology experiments. This probe combines
the BTZ core with the bulky fluorescent dye carboxytetramethylrhodamine (TAMRA)
via an octyl linker, while maintaining a reasonable Mtb MIC of 6.2 ug/mL (Figure
2.6C).%8

74



Chapter 2: Synthesis of 1,2,4-Trioxane-Containing Antitubercular Hybrids with Potential for Dual
Mechanisms of Action

Figure 2.6. A) Crystal structure of BTZ403 (dark pink) in complex with DprE1 (PDB:
6HEZ)® and B) Crystal structure of PBTZ169 (green) in complex with DprE1 (PDB:
4ANCR),% showing the side chain of both molecules in the solvent exposed space. C)
Structure representation and overlay of docked structure of BTZ-TAMRA with the
extracted reference ligand (BTZ043, in white).

The SAR investigations around the trifluoromethyl and nitro groups at positions
6 and 8 were found to be very restrictive, with minor modifications tolerated. In contrast,
considerable diversity in the structure of the amine side chain at position 2 is possible.*"=°
These findings imply that structural changes in position 2 are a suitable spot for
hybridization since side chain modifications are unlikely to impact negatively the binding
interactions within the active site. Therefore, we proposed that substituting the amine side
chain at position 2 of BTZ043 and PBTZ169 with peroxide-containing moieties is
feasible, in which modification of the amine side chains is depicted in Figure 2.7. BTZ
based hybrids were designed as either analogues of BTZ043 (B1-5) or of PBTZ169
(structures P1-7). Tetraoxane- (B1 and P1-2) and trioxolane- (B2 and P3) containing

analogues were synthesised by another member of the group. Within this PhD project,
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1,2,4-trioxanes B3-B5, P4-P7 and controls C1-C4 were synthesised.

o{(S) ')
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(s
AT = ﬁ:g;
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MIC = 0.0023 uM

NO /\O o
“0
|
d Y e
Fs;C nR
o}
PTBZ169 1,2,4,5-Tetraoxane: Y =X=0,n=1
MIC = 0.66 nM 1,2,4-Trioxane: Y =0, CHy; X=0,CH, ; Y= X,n=1

1,2,4-Trioxolane: X=0,n=0

BTZ043 Analogues PBTZ169 Analogues
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B5, X = CH,, Y = O, R = -Adamantyl- P5,X =0, Y = CHy, R' = -C5H4g-, Z = -CHyp-

P6, X = CH,, Y = O, R' = -Adamantyl-, Z = -CHy-
P7,X =0, Y =CHy, R' = -CH; Z = -CO-

Figure 2.7. Proposed structure representations of BTZ043- and PBTZ169-derived
peroxide hybrids.

Three classes of molecules were considered for synthesis: 1,2,4-trioxane hybrids
B3-B5 and P4-P7 and two types of control compounds. The control compounds are
divided into two categories: a) non-peroxide controls (C1 and C3), enabling to compare

the effect of the peroxide scaffold against the replicative and non-replicative state
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in Mtb and b) the metabolite controls (C2 and C4), which are the hypothesized products

from the decomposition or metabolism of the peroxide moieties, in which these

compounds would likely contribute in part to the mycobacterial activity (Figure 2.8-A).
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Figure 2.8. A) Proposed structure representations of peroxide containing BTZ-hybrid
DprE1 inhibitors for this PhD project. B) Docked structures of 1,2,4-trioxanes B3-B5,
P4-P7 and controls C1-C4. The side chain of all molecules can be observed in the solvent
exposed space.
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In Figure 2.8-B, the docked structures of the corresponding 1,2,4-trioxanes B3-
B5, P4-P7 and controls C1-C4 in the DprE1 enzyme are illustrated. Most of the side
chain containing peroxide extends out of the pocket and into solvent-accessible space.
Hence, replacing the side chains of BTZ043 and PBTZ169 with peroxide-containing
moieties in the amine side chain at position 2 is probably to be tolerated in the active site

of the flavoenzyme.

2.3. Results and discussion

2.3.1. Synthesis
2.3.1.1. Indole-2-Carboxamides

The preparation of the indole-2-carboxamide-trioxane hybrids involved a
convergent synthetic strategy culminating in amide coupling between peroxide-
containing amines and 4,6-dichloro-indole-2-carboxylic acid 2.27. The synthetic
strategies adopted are depicted in Scheme 2.2.

The synthesis of carboxylic acid 2.27 starts with reaction between (3,5-
dichlorophenyl)hydrazine hydrochloride 2.24 and ethyl pyruvate, in acidic conditions,
affording the corresponding (3,5-dichlorophenyl) hydrazone 2.25, with 68% yield.®
Fischer indole synthesis follows, by treating 2.25 with the Eaton’s reagent, in toluene,
to produce ethyl 4,6-dichloro-indole carboxylate 2.26 in moderate yield (64%). The
proton corresponding to the indole ring (N-H) is evidenced at 9.31 ppm together with
the singlet (-CHs) disappearance at 2.11 ppm in the *H NMR spectrum (in CDCl3).
B3C{*H} NMR also evidences characteristic carbon peaks for the indole ring at 107.10
ppm (=CH). Hydrolysis of the ester derivative 2.26 upon treatment with LiOH in THF
and water (1:1) gave the free acid 2.27, with 83% yield.

Amine derived 1,2,4-trioxanes and their corresponding intermediates were also
synthesized by adapting procedures described in the literature, and the synthetic
strategies are depicted in Schemes 2.3 and 2.4. The different methods for the synthesis
of various 1,2,4-trioxane cores have been explored and are described in Chapter 4. For
the synthesis of the dimethyl- and spirocyclohexyl-trioxane derivatives (Scheme 2.3),
the strategy begins with Co(Il)-mediated peroxysilylation of allylic alcohols 2.29 and
2.30 to generate their silyl peroxides derivatives (HSP), as intermediate compounds.
Allylic alcohol 2.30 can be generated by reduction of the starting 1-cyclohexene-1-

carboxylic acid 2.28 with LiAlH4, affording the allylic alcohol in quantitative yield.

78



Chapter 2: Synthesis of 1,2,4-Trioxane-Containing Antitubercular Hybrids with Potential for Dual
Mechanisms of Action

A) Retrosynthesis plan
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Scheme 2.2. A) Retrosynthesis plan for the preparation of peroxide containing 2-indole-
carboxamides. B) Synthesis of the indole scaffold. Reagents and conditions: (a) Ethyl
pyruvate, H.SO4, EtOH, 0 °C-rt, 3 h; (b) Eaton’s reagent, toluene, reflux, 2 h; (c) LiOH,
THF/H20, rt, 12-16 h.

The HSP  derivatives then  underwent reaction with  2-(4-
oxocyclohexyl)isoindoline 1,3-dione in the presence of heterogeneous catalyst Silica
Sulfuric Acid (SSA), affording 1,2,4-trioxane- containing phthalimides 2.31 and 2.32
in moderate yields (24-56%). The phthalimido group was chosen as the protecting group
for this reaction since it tolerates the strong oxidative conditions required to produce the
1,2,4-trioxane moiety. The presence of three characteristic 1,2,4-trioxane carbon peaks
in their respective *C NMR spectra indicated the formation of the 1,2,4-trioxane cores
[0 100.67/100.56 (O-C-0), 76.92 (O-C-CH>), 67.03/66.57 (-CH2) ppm for 2.31 and 4
100.88 (O-C-0), 77.86 (O-C-CH.), 66.43 (-CH2) ppm for 2.32, in CDClz]. The
detection of duplicate peaks on the *C{*H} NMR, confirmed that the peracetalization
step yielded a mixture of diastereoisomers, cis or trans, in an approximately 2:1 ratio.
Since separating the diastereoisomers by column chromatography or preparative TLC
was unsuccessful, the synthesis was continued using the mixture. The phthalimido
protecting group was removed by hydrazinolysis to give the hydrochloride salts of the
desired amines (2.33 and 2.34) in moderate yields (72 and 81%).84 Following the amide

coupling protocol, the novel indole-2-carboxamide peroxide hybrids were efficiently
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generated.® The 1,2,4-trioxane amines 2.33 and 2.34 were reacted with 4,6-dichloro-
indole-2-carboxylic acid 2.27 under a nitrogen atmosphere, in the presence of 1-ethyl-
3-(3-(dimethylamino)-propyl)carbodiimide hydrochloride (EDC-HCI) and
hydroxybenzotriazole (HOBt) as coupling agents and triethylamine as a base, to obtain
compounds TIC01 and TICO02 in reasonable yields (17-35% and 21-38%, respectively).

O H
< > /< a) < > H
—_—
OH 92% OH
2.28 2.30
0]
HO—>_\ b) R»] O‘OSlEtS C) R1 O_OO
e —_— —_— >< N
Ri R R,— “—OH R2 O
de HSP cisl/trans )
crude
2.29, R;=CH, R,=H 56% 2.31, Ry=CH, R,=H
2.30, R1:R2 = -C4H8- 24% 2-32, R1:R2 = -C4H8'
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o
g RO 0 R, 0-O 4
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72% 233, R1=CH3’ R2=H 17-35% TIC01, R1=CH3‘ R2=H
81% 234, R1=R2 = -C4H8- 21-38% TIC02, R1=R2 = -C4H8-

Scheme 2.3. Schematic representation of the general synthetic approach followed to
prepare the dimethyl and cyclohexyl substituted peroxide amines for the indole-2-
carboxamide-derived hybrids. Reagents and conditions: (a) 1. LiAlH4, anhydrous Et20,
0°C, 1h; 2. H20; (b) EtsSiH, Co(thd)z, under O., DCE, rt, o/n; (c) 2-(4-
oxocyclohexyl)isoindoline-1,3-dione, SSA, anhydrous CH2Cly, O-rt, 1 h; (d) 1.
N2H4.H20, CHCI3/MeOH (7:3), 60 °C, o/n; 2. 2 M HCI in Et,0, 0-rt, 30 min; (e) 2.27,
EDC-HCI, HOBt, EtsN, CH2Cly, rt, o/n.

For the adamantyl-trioxane-IC hybrid (Scheme 2.4), the synthesis began with the
preparation of the phthalimido 1,2,4-trioxane 2.37. The process involved perhydrolysis
of spiro-oxirane adamantane 2.36 to its B-hydroperoxy alcohol derivative HPA, then
cyclocondensation with 2-(4-oxocyclohexyl)isoindoline 1,3-dione in the presence of
SSA, according to a procedure described in Chapter 4. The phthalimido 1,2,4-trioxane

2.37 was obtained in 47% vyield. The presence of three characteristic 1,2,4-trioxane
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carbon peaks in the respective *C NMR spectra also indicated the formation of the 1,2,4-
trioxane core [6 100.69 (O-C-0), 81.44 (O-C-CHy>), 63.80 (-CH2) ppm, in CDCls]. The
spiro-epoxide 2.36 was previously obtained via Corey—Chaykovsky reaction, from 2-
adamantan-2-one 2.35, in 83% yield. Hydrazinolysis of 1,2,4-trioxane 2.37 to remove the
phthalimido protecting group gave the free amine 2.38 as its respective hydrochloride salt
in moderate yield (65%). The target 1,2,4-trioxane amine 2.38 was then coupled with 4,6-
dichloro-indole-2-carboxylic acid 2.27, in the presence of EDC-HCI and HOB}, to afford
the trioxane-1C hybrid TICO3 in low yield (18-37%, respectively).

Spectroscopic analysis proved the formation of the trioxane-1C hybrids. The
main distinctive peaks in this synthesis were indole core aromatic protons, the predicted
integration in the aliphatic region of the 'H NMR spectra, and evidence of 1,2,4-trioxane
carbons in the C{*H} NMR spectra. Quite interestingly, it was possible to isolate the

different diastereoisomers for each 1,2,4-trioxane hybrid during purification by column

chromatography.
—_—
3% OH| 47%
crude HPA
65%
cisltrans cisltrans
2.37 2.38
18- 37% ;

cis/trans

TICO03

Scheme 2.4. Schematic representation of the synthetic approach followed to prepare the
adamantyl substituted peroxide amines for the indole-2-carboxamide-derived hybrids.
Reagents and conditions: (a) (CH3)3S(O)I, t-BuOK, 1,2-dimethoxyethane, reflux, 18 h;
(b) SSA, H202.Et;0O, 0-rt, 1 h. (c) 2-(4-oxocyclohexyl)isoindoline-1,3-dione, SSA,
anhydrous CH2Cly, 0-rt, 1 h; (d) 1. N2Hs.H20, CHCIl3/MeOH (7:3), 60 °C, o/n; 2. 2 M
HCI in Et20, 0-rt, 30 min; (e) 2.27, EDC-HCI, HOBLt, EtzN, CH2Cly, rt, o/n.
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2.3.1.2. Benzothiazinones

Makarov's research group explored a new synthetic method for antitubercular
benzothiazinone derivatives, with the improvement of linking the amine moiety to a
stable 2-(alkylsulfanyl)-4H-1,3-benzothiazin-4-one intermediate 2.39 (Scheme 2.5). This
method avoids derivatization of the amine substituent (e.g., dithiocarbamates formation)
and can be simply adapted for automatic combinatorial chemistry with
varied amine moieties at position 2.8 As such, we selected this method as the final step
in coupling the peroxide amine derivatives to the benzothiazinone core.

The synthetic strategy (Scheme 2.5) for the BTZ hybrids involved the SnAr
coupling of peroxide-containing amines with  2-(methylsulfanyl)-8-nitro-6-
(trifluoromethyl)-4H-1,3-benzothiazin-4-one 2.43 as convergent point of synthesis. The
common alkylsulfanyl intermediate 2.43 was synthesised by initial nitration of 2-chloro-
5-trifluoromethyl benzoic acid 2.40 through treatment with concentrated HNO3 and
H>SO4 to afford 2.41. 2-Chloro-3-nitro-5-(trifluoromethyl)benzoic acid 2.41 was then
converted to the primary amide 2.42 via an intermediate acid chloride and NHsOH.
Treatment of 2.42 with carbon disulfide (CS.) in the presence of NaOH, followed by the
addition of the alkylating agent CHsl, affords 2-(alkylsulfanyl)-4H-1,3-benzothiazin-4-
one derivative 2.43 in moderate yield (42%). Synthesis of 2.43 was proved by *H NMR
through the presence of a characteristic peak integrating to 3 protons corresponding to the
thiomethyl group (6 2.76 ppm, in DMSO-ds).

Boc-piperidone-derived 1,2,4-trioxanes and their corresponding intermediates
were also synthesized by adapting procedures described in the literature, and the synthetic
strategies are depicted in Schemes 2.6 and 2.7. The synthetic strategy begins with Co(ll)-
mediated peroxysilylation of allylic alcohols 2.29 and 2.30 to generate their silyl peroxide
derivatives (HSP), followed by reaction with commercial boc-piperidone (2.44) under
the presence of SSA, affording boc-piperidone derivative dimethyl 1,2,4-trioxane 2.45
and spirocyclohexyl 1,2,4-trioxane 2.46 in moderate yield (58 and 38%, respectively,
Scheme 2.6). The presence of three characteristic 1,2,4-trioxane carbon peaks in their
respective *C NMR spectra also indicated the formation of the boc-piperidone derivative
1,2,4-trioxane cores [6 100.4 (O-C-0O), 77.2 (O-C-CHy>), 66.6 (-CH.) ppm for 2.45 (in
CDCls) and 6 100.94 (O-C-0), 78.28 (O-C-CH>), 66.04 (-CH2) ppm for 2.46, in CD3CN].
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A) Retrosynthesis plan
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Scheme 2.5. A) Retrosynthesis plan for the preparation of peroxide containing
benzothiazinones, through the alkylsulfanyl pathway. B) Synthesis of the
benzothiazinone core. Reagents and conditions: (a) HNOs, H2SO4, 90 °C, 1 h; (b) 1.
SOCly, toluene, reflux, o/n; 2. NH4OH, CH3CN, -20 °C, 30 min; (c) 1. CS2, NaOH,
DMSO, 10°C, 1 h; 2. CHzsl, 10°C, 1 h.

Subsequent boc deprotection of 2.45 and 2.46 with HCI (2 M in diethyl ether) in
methanol affords the target amines 2.47 and 2.48 as HCI salts, in 36 and 75% yield,
respectively (Scheme 2.6). During the deprotection reaction, a disparity in yield between
dimethyl- and spirocyclohexyl-substituted trioxane during boc protecting group removal
was observed. The less bulky derivative (dimethyl) indicated that there was a peroxide
bond susceptibility in the acidic conditions, with the detection of additional products from
its degradation. In contrast, the spirocyclohexyl-trioxane exhibited greater peroxide
stability, ascribed to the electron donor effect and steric hindrance of the bulky cyclohexyl

ring.
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Scheme 2.6. Schematic representation of the general synthetic approach followed to
prepare the dimethyl and cyclohexyl substituted peroxide amines for the BTZ043-derived
hybrids. Reagents and conditions: (a) EtsSiH, Co(thd)., under Oz, DCE, rt, o/n; (b) SSA,
anhydrous CH2Cly, 0 °C-rt, 1 h; (c) 2 M HCl in Et20, rt, 48 h.

For the adamantyl-trioxane-BTZ hybrid (Scheme 2.7), the synthesis began with
the preparation of the boc-piperidone 1,2,4-trioxane 2.50 by perhydrolysis of previously
prepared boc-piperidone spiro-oxirane 2.49 to its -hydroperoxy alcohol derivate HPA,
followed by its cyclocondensation with adamantan-2-one 2.35 in the presence of SSA,
affording 2.50 with 63% vyield. The presence of three characteristic 1,2,4-trioxane
carbon peaks in their respective *C NMR spectra also indicated the formation of this
1,2,4-trioxane core [104.62 (O-C-0), 75.67 (O-C-CHy), 65.27 (-CH>) ppm, in CDClI3].
The boc-piperidone spiro-epoxide 2.49 was previously obtained through Corey—
Chaykovsky reaction with boc-4-piperidone (2.44), in low yield (28%). Removal of the
boc group in 2.50 with HCI (2 M) in diethyl ether affords the target amine 2.51 as the
hydrochloride salt, with 72% vyield. No evidence of peroxide bond degradation was
observed, implying that the peroxide bond remained stable due to the protective electron

donor effect of the bulky adamantyl group attached to the trioxane ring.
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Scheme 2.7. Schematic representation of the synthetic approach followed to prepare the
adamantyl substituted peroxide amines for the BTZ043-derived hybrids. Reagents and
conditions: (a) (CH3)3S(0O)I, t-BuOK, 1,2-dimethoxyethane, reflux, 18 h; (b) SSA, H20>—
Et20, 0 °C-rt, 1 h. (c) Adamantan-2-one 2.35, SSA, anhydrous CH2Cl, 0 °C-rt, 1 h; (d) 2
M HCl in Et20, rt, 48 h.

Concerning the synthetic path for the preparation of PBTZ169-derived trioxane
hybrids, for the dimethyl-trioxane analogue (Scheme 2.8) it starts with initial Co(ll)-
mediated peroxysilylation of allylic alcohol 2.29 followed by cyclocondensation with
ethyl 4-oxocyclohexanecarboxylate 2.52 in the presence of SSA, affording 1,2,4-
trioxane 2.53 in moderate yield (68%). The presence of three characteristic 1,2,4-
trioxane carbon peaks in their respective *C NMR spectra also indicated the formation
of the corresponding 1,2,4-trioxane core [6 101.16/101.06 (O-C-0O), 76.96/76.92 (O-C-
CH.), 66.74/66.49 (-CH2) ppm, in CDCIs]. The detection of duplicate peaks on the
BC{'H} NMR confirmed that the peracetalization step yielded a mixture of
diastereoisomers in an approximately 2:1 ratio. Since separating the diastereoisomers
cis or trans by column chromatography was also unsuccessful for this series, the
synthesis was resumed using the mixture of diastereoisomers. The ester derivative 2.53
was then reduced to the primary alcohol by treatment with LiAlHa, affording the alcohol
derivative 2.54 in 93% yield. For the synthesis of 2.57, two synthetic routes were
analyzed. The first approach for reaching the final 1,2,4-trioxane amine involved the
conversion of the alcohol to its mesylate derivative, with subsequent Sn2 substitution
with boc-piperazine. Mesylation of alcohol 2.54 occurred in 76% yield affording the
mesylate derivative 2.55, although the Sn2 substitution with boc-piperazine 2.56 did not
occur even in the presence of sodium hydride or triethylamine. These results led us to
propose an alternative approach, with oxidation of the alcohol to its corresponding

aldehyde, followed by reductive amination. Oxidation of alcohol 2.54 to the aldehyde
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2.58 using pyridinium chlorochromate (PCC) was easily achieved, and 2.58 was used
immediately thereafter, without further purification, to prevent further oxidation to the
corresponding carboxylic acid. Subsequent reductive amination with boc-piperazine 2.56
produced compound 2.57 in 35% yield. The boc protecting group was removed by
treatment with HCI (4 M in dioxane) to afford the target amine 2.59 as a dihydrochloride
salt in high yield (88%). It should be highlighted that the short-timed boc deprotection
reaction with HCI 4 M in dioxane prevented decomposition of the peroxide bond,
allowing higher yield than when using 2 M HCI in diethyl ether.

The preparation of the spirocyclohexyl 1,2,4-trioxane 2.63 followed the same
synthesis plan, previously optimized. It starts with Co(ll)-mediated peroxysilylation of
allylic alcohol 2.30 to generate the silyl peroxide HSP, followed by peroxyacetalization
reaction with carbonyl 2.52 in the presence of SSA, affording diastereoisomers cis or
trans of 1,2,4-trioxane 2.60 in moderate yield (40%, Scheme 2.9). The presence of
three characteristic 1,2,4-trioxane carbon peaks in their respective *C NMR spectra also
indicated the formation of this 1,2,4-trioxane core [6 101.35/101.25 (O-C-O),
77.72/77.68 (O-C-CH), 66.20/65.91 (-CH2) ppm, in CDClI3)], whereas the mixture of
diastereoisomers was formed in an approximately 2:1 ratio. The mixture of
diastereoisomeric esters 2.60 was then reduced to the primary alcohol by treatment with
LiAIH4, affording 2.61 in 91% vyield. The reductive amination route previously
optimized was employed, whereas alcohol 2.61 was oxidized by PCC, followed by
reductive amination with boc-piperazine, to afford 2.62, in 44% yield. Boc deprotection
was achieved by treatment with HCI (4 M, in dioxane) to afford the target amine 2.63

as a dihydrochloride salt.
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First approach

Ho a) O_Olet3
Pat—ubd KEH
OH 8% 3%

cisltrans
2.29 crude HSP 2.53
0-0

— X S K O ™

o} OH 76%

cisltrans

2.54 2.55 2.56

NaH or Et3N K @
Reaction failed 2.57 «—NBOC

Alternative approach

X3 2 0] -

cis/trans cisltrans

2.54 crude 2.58

5% K C 8% K : :
cis/trans & cisltrans &
NBoc NH

2.57 2.59
HCI

Scheme 2.8. Schematic representation of the synthetic strategies explored to achieve the
dimethyl substituted peroxide amines for the PBTZ169-derived hybrids. Reagents and
conditions: (a) EtsSiH, Co(thd)2, under O, DCE, rt, o/n; (b) ethyl 4-
oxocyclohexanecarboxylate 2.52, SSA, anhydrous CH>Cly, 0 °C-rt, 1 h; (c) 1. LiAlIH4,
anhydrous Et20, 0°C, 1 h; 2. H20 (d) MsClI, EtsN, CH2Cl», 0°C-rt, 2 h; (e) PCC, CH2Cly,
0 °C-rt, 1 h; (f) Boc-piperazine 2.56, AcOH, DCE, NaBH(OAC)3, rt, 16 h; (g) 4 M HCl in
dioxane, 0 °C-rt, 2-4 h.
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2.30 crude HSP 2.60
0O-0 O
e XSO, | OO
91% 0]
cis/trans cisltrans
2.61

. OO OOy
44% 90%
cisltrans & cisl/trans «»
NBoc NH

2.62 2.63
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Scheme 2.9. Schematic representation of the synthetic approach followed to prepare the
cyclohexyl substituted peroxide amines for the PBTZ169-derived hybrids. Reagents and
conditions: (a) EtsSiH, Co(thd)., Oz, DCE, rt, o/n; (b) ethyl 4-oxocyclohexanecarboxylate
2.52, SSA, anhydrous CH2Cly, 0 °C-rt, 1 h; (c) 1. LiAlH4, anhydrous Et.O, 0 °C, 1 h; 2.
H-0; (d) PCC, CH:Cly, 0 °C-rt, 1 h; (e) Boc-piperazine 2.56, AcOH, DCE, NaBH(OAC)s,
rt, 16 h; (f) 4 M HCI in dioxane, 0 °C-rt, 2-4 h.

As depicted in Scheme 2.10, the synthesis of the adamantyl derived 1,2,4-trioxane
2.65 required prior generation of spiro-epoxide 2.64, achieved via Corey—Chaykovsky
epoxidation reaction with 2.52, with a yield of 24%. Perhydrolysis of spiro-oxirane 2.64
to its B-hydroperoxy alcohol derivative, followed by its cyclocondensation with
adamantan-2-one 2.35, catalysed by SSA, afforded the adamantyl derived 1,2,4-trioxane
2.65. Isolation of analytically pure 2.65 by flash chromatography was not possible since
it co-elutes with adamantan-2-one. Therefore, the product was carried forward to the next
step without further purification. Hydrolysis of ester 2.65 with LiOH gave the
corresponding carboxylic acid 2.66, affording an overall yield of 17% over three steps.
The presence of three characteristic 1,2,4-trioxane carbon peaks in their respective *C
NMR spectra also indicated the formation of the adamantyl-1,2,4-trioxane core [6 104.45
(O-C-0), 76.89 (O-C-CHy), 76.89 (-CH2) ppm, in CDCIs]. Reduction of 2.66 with LiAlH4
afforded the corresponding alcohol 2.67 in 97% vyield. Oxidation of 2.67 with PCC
produced the intermediate aldehyde and subsequent reductive amination with boc-
piperazine 2.56 afforded the boc-piperazine derivative 1,2,4-trioxane 2.68 in 39% yield.
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The boc protecting group was then removed by treatment with HCI 4 M in dioxane to
afford the 1,2,4-trioxane amine 2.69 as an HCI salt, in 95% yield.

OH OH
O
b) c)

o4 o
070" SN
) B 2.35

2.52 2.64 —  Crude

0-0 o) d) 0-0 0]
— O e OO
o) o_\ 17% over 0 OH

three steps

cis/trans

2.65 2.66
97% 39%
cis/trans cis/trans
2.67 2.68 NBOC
Tos% <©< J<:>j
cis/trans
2.69 NH HCI

Scheme 2.10. Schematic representation of the synthetic approach followed to prepare the
adamantyl substituted peroxide amines for the PBTZ169-derived hybrids. Reagents and
conditions: (a) (CH3)3S(O)I, t-BuOK, THF, reflux, 18 h; (b) SSA, H202-Et;0, 0 °C-rt, 1
h; (c) SSA, anhydrous CH2Cl, 0 °C-rt, 1 h; (d) LiOH, THF/H20 (1:1), rt, 18 h; (e) 1.
LiAlIH4, anhydrous Et2O, 0 °C, 1 h; 2. H20; (f) PCC, CH2CIy, 0 °C-rt, 1 h; (g) Boc-
piperazine 2.56, AcOH, DCE, NaBH(OAC)3, rt, 16 h; (h) 4 M HCI in dioxane, 0 °C-rt, 2-
4 h.

The amide analogue of the simplest trioxane hybrid (P7, Scheme 2.11) was also
synthesised, to evaluate whether an amide linker would affect the activity and stability of
these BTZ hybrids. The synthesis began by a coupling reaction of boc-piperazine 2.56
with 2.43, in the presence of triethylamine in ethanol, affording 2.70 with 79% yield. The
BTZ-boc-piperazine 2.70 was then treated with HCI 4 M in dioxane, to remove the boc

protecting group, affording 2.71 as the HCI salt. Hydrolysis of ester-trioxane 2.53 with
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LiOH gave the corresponding carboxylic acid 2.72 in 95% vyield, and P7 was synthesised
with a 65% yield by amide coupling of 2.71 with the synthesised peroxide 2.72 in the
presence of HOBt and EDC hydrochloride as coupling agents.

N
F3C 79% F.C N 94% N

0-Q 0 o) 0-0 0 SN
X AL = X I 4
95% N

cisltrans cisltrans

2.53 2,72 2.7

NO, (\N o
d) SN )KOK R
T

(0]
65% cisltrans \/‘/

F5C P7
o)

Scheme 2.11. Schematic representation of the general synthetic approach followed to
prepare the amide analogue PBTZ169-derived hybrid P7. Reagents and conditions: (a)
Boc-piperazine 2.56, EtsN, 60 °C, 1-2 h; (b) 4 M HCI in dioxane, 0 °C-rt, 4 h; (c) LiOH,
THF/H20 (1:1), rt, 18 h; (d) EDC-HCI, HOB, 2.71, EtsN, CH2Cl>, rt, o/n.

To evaluate and validate the role of the peroxide bond in the BTZ hybrid series,
two categories of control group scaffolds were also synthesized: two non-peroxide amine
moieties (2.75 and 2.79) and one ketone moiety (2.83) related to a potential degradation
product of the PBTZ169-derived peroxides. The preparation of these amine analogues is
depicted in Scheme 2.12. Synthesis of 2.75 begins by the acid-catalysed ketalization of
2,2-dimethylpropane-1,3-diol with fmoc-piperidone 2.73, affording the ketal analogue of
the fmoc-piperidone 2.74 in 91% vyield, followed by removal of the Fmoc protection with
diethylamine to achieve the free amine 2.75 in 45% yield. Preparation of the PBTZ169-
non-peroxide analogue also proceeded by the ketalization of 2,2-dimethylpropane-1,3-
diol with 2.52 to afford the ketal analogue 2.76, and subsequent reduction with LiAlH4to
the corresponding alcohol 2.77 in high yield (92%). Subsequent oxidation with PCC,
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followed by reductive amination with 2.56, afforded compound 2.78 (39% vyield), from
which a boc deprotection with HCI 4 M in dioxane yielded the desired amine 2.79 as HCI
salt (86% yield).

O:CNFmoc —» >CNFmoc —> >< NH
91% 45%

2,73 2.74 2.75
e, f)
O X4 X0
3% 2% OH 39%
2,52 2,76 2,77

2.52 2.80 2.81 2.82 2.83

Scheme 2.12. Schematic representation of the general synthetic approach followed to
prepare the control analogues for the BTZ043- and PBTZ169-derived hybrid series.
Reagents and conditions: a) 2,2 dimethylpropane-1,3-diol (5 mmol), SSA, CHCly, rt, 6
h; b) diethylamine/CH2Cl> (1:1), rt, o/n; c) ethylene glycol, H2SOs-SiO2, CH2Cl3, 0 °C-rt,
5h; d) 1. LiAIH4, Et20,0°C, 1 h; 2. H20; e) PCC, CH2Cl», 0 °C-rt, 1 h; f) Boc-piperazine,
AcOH, DCE, NaBH(OAC)s, rt, 16 h; g) 4 M HCI in dioxane, 2 h.

For synthesizing the ketone moiety 2.83 (Scheme 2.12), first, it was required to
protect the carbonyl group to avoid incompatibilities during the synthetic route.
Protection by an acid-catalysed ketalization of 2.52 with ethylene glycol afforded the
corresponding ketal 2.80 in 92% yield. Reduction of the ester functional group of 2.80
with LiAlH4 gave the corresponding alcohol 2.81 in 94% yield. Oxidation of 2.81 with

PCC and subsequent reductive amination with boc-piperazine 2.56 afforded compound
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2.82 in 44% yield. Both Boc and ketal protecting groups were removed by treatment with
HCI 4 M in dioxane, yielding the target amine 2.83 as HCI salt, in moderate yield (40%).

The peroxide-containing building blocks and their control group analogues were
coupled to the BTZ core 2.43 under SnAr conditions (Table 2.1).8% C1 was synthesised
by coupling 2.43 with 4-piperidone. All synthesised BTZ compounds (B1-5, P1-7, C1-4)

were submitted to biological evaluation against replicating Hs7Rv Mtb.

Table 2.1. Summary of yields for the final coupling step.

NO, NO, NO, K\ N
S._S S._R s. N J
W a) mN/ \(
F5C FsC F5C N
o} o o}
2.43 B3-5; C1/2 P4-6; C3/4
Analogue R \E(')Zl)d Analogue R \Eclfol)d

0-0 0-0
B3 4N 62 P6 ﬂ ><3> 52
XX XX
0-0
B4 4N 65 c1 —%N&O 41
X
0-0 6]
BS 4N X ><3> 53 C2 X X 72
(o] (e}
0-0
P4 %@ox 65 C3 %h&o 39
0-0 0]
P5 %@O 64 ca 7”‘“/_<_——><o:>< 38

Reagents and conditions: a) Peroxide or control-group containing amine, EtsN, EtOH, 60 °C, 2 h.

2.3.2. Biological evaluation

All compounds synthesized were screened against replicating Hs7Rv Mtb, and
the respective ICso values are depicted in Tables 2.2 and 2.3. For the IC compounds
(Table 2.2) both the non-peroxide analogues NITD304 (2.6) and 2.84 displayed anti-
TB activity, with the result obtained for 2.6 comparable to the literature value of 0.015

1M disclosed for this molecule.*® The metabolite control compound 2.84 also displayed
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moderate anti-TB activity, with an ICsg of 5.680 uM. Of all synthesized compounds -
tetraoxanes (2.85 and 2.86), trioxolanes (2.87 and 2.88) and trioxanes (T1C01-03) - only
tetraoxane 2.86 exhibited activity against Mtb, with a moderate ICso value of 2.634 pM.
A considerable decrease in activity was observed between the reference compound 2.6
and tetraoxane-1C hybrid 2.86, suggesting that a SAR optimization in the S5 pocket is
necessary. It appears that the S5 pocket cannot withstand the increase in polarity, as the
switch of the spirocyclic group in template molecule 1CA38 [cLogP (spiro rings) =
5.35] to the dimethyl-1,2,4-trioxane-cyclohexyl moiety [clogP =2.86] in TICO1 proved
incompatible for the S5 pocket. SAR exploration of the linking and terminal cyclohexyl
rings by the addition of methyl substituents in 2.86 could be a proposal for structure
optimization. The discrepancy in TB activity between analogues is not likely related to
DMPK properties, as no trends were identified between active and inactive compounds
in the predicted DMPK data (please see Section 2.3.4, for the DMPK results).

Table 2.2. Summary of obtained ICso values for peroxide containing IC MmpL3

inhibitors.
(@)
m
3- N
R-$-NH N Cl

1Csp? 1Cs0?
Analogue R Analogue
: J (UM)

R
26" X O+ 003  TICOL-1 >(O><:>§- >10
(NITD304) ' 0-0

(o]
284" 0@% 568  TICO1-2 >( @% > 10
O-0

0-0 (0]
2.85" <€>< @ >10  TIC02-1 O( ><:>+ > 10
0-0 0-0

2.86"" QZiz@% 244 TIC02-2 Og Z@ > 10

0-0 o
2.87% >10  TIC03-1 @( X >+ >10
O 0O-0

Oo-0
(o]
b 3 -
288 Uo)@i >10  TIC03-2 @go@ > 10

2 Tested against Ha7Rv Mtb, experiments were performed in triplicate. ® Compounds synthesized by
another member of the group (in marine blue).
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In contrast to the IC analogues, all BTZ analogues maintained potent activity
against replicating Hz7Rv Mtb (Table 2.3). Compounds B2 and P2 require retesting at
lower concentrations to determine an accurate I1Cso value. Besides carbonyl-containing
compounds P7 and C1, potency at low nanomolar concentrations was exhibited
throughout the series. These biological findings are consistent with modelling studies
and observation from the activity of BTZ-TAMRA, which demonstrated that the
peroxide-containing side chain protrudes into solvent-accessible space and interacts
minimally with the binding pocket of DprE1, indicating that modifications of the amine-
linked peroxide-containing side chain and their control analogues can be wide-ranging.

The BTZ043 analogues B1 and B3 possess 1Csg values just two-fold higher than
the parent molecule BTZ043, with B5 nearly four-fold higher, thus being slightly less
potent than BTZ043. Furthermore, the cyclohexyl-trioxane B4 and BTZ043 were found
to be equipotent, indicating the small contribution to binding interactions that the side
chain mediates.

Of the PBTZ169 analogues P1-3, both the methylene linker containing analogues
P1 and P3 showed a decrease in activity compared to PBTZ169 (ICso values are greater
than the maximum possible MIC value), while for P2 an accurate 1Cso value could not be
recorded due to mediating near maximal inhibition at the lowest concentration measured
(0.457 nM). This increase in potency compared to P1 and P6 may come from the
additional methylene linker, allowing greater flexibility of the side chain, which avoids
unfavourable steric interactions with the “entrance” of the binding pocket. Of the 1,2,4-
trioxanes P4-6, the adamantyl analogue P6 was the most potent — this increase in potency
may be related to the high lipophilicity (LogD = 5.5) of this compound, which may impact
activity through permeability, and add additional stability to the peroxide bond. P7 was
the poorest performing compound of the peroxide-containing series with an 1Csq of 423.0
nM. The position of the carbonyl group in this structure is expected to place it within the
“entrance” of the DprE1 binding pocket which may experience unfavourable interactions
with non-polar residues which define the shape of this region. This is supported by the
poor activity of control compound C1 (ICso = 870 nM), where its piperidone carbonyl
would be expected to lie in a similar region of space. The potency of the carbonyl-
containing C3 (7.70 nM) supports the assumption of a structural rather than a
physicochemical effect, as in this structure the carbonyl is distant from the binding pocket

(Please see Section 2.3.3 for more details in the docking studies).
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All control compounds C1-4 showed slightly decreased potency compared to their
parent compounds, confirming that the presence of peroxide moieties does not adversely
affect the activity of these compounds.

Table 2.3. Summary of obtained ICso values for peroxide containing BTZ DprEl
inhibitors.

NO, NO, (\N’R

S_R SN
4 ¥
F3C F3C
(0] 0]
B1-5, C1/2 P1-6, C3/4
ICso? 1Cs0®
Compd R (M) Compd R (M)

o 0-0
BTZ043 %NC><oj/ 1.32 P3¢ L@LO)Q\% 1.47

e 0-0
b
PBTZ169 \O <042 P4 “7@%% 6.86

BL* %NCXZ_Z@ 2.26 P5 %7<:><25C> 11.09

Oo-0 0-0
B2 ¢ %Ngo@ <80°  P6 %ﬂo@ 1.12

?ng% N %NQ<Z§< 221 P7 2}—@{)} 423

B4 %NCXZ}O 1.32 c1 4 o 870

B5 4N ><O_Z><3> 4.08 (szAG?) %NC><Z>< 3.97

Pl d* 0-0
(0]
W56 %@o_o@ 2.26 c3 )= 7.70

0-0 O
d* c
P2 _g/—<:><o_o><3> <0.46 C4 . o>< 11.04

2 Tested against Hs7Rv Mth, experiments were performed in triplicate P Value is for MIC ¢ Requires retesting
at lower concentrations to determine accurate 1Cs values.® Compounds synthesized by another member of
the group (in marine blue).

95



Chapter 2: Synthesis of 1,2,4-Trioxane-Containing Antitubercular Hybrids with Potential for Dual
Mechanisms of Action

2.3.3. Molecular Docking Studies

The publication of the crystal structures for MmpL3 and DprE1 complexed
with ICs and BTZs, respectively, enabled us to perform docking studies with the
synthesized peroxide hybrids.

2.3.3.1. MmpL3 inhibitors

Molecular docking simulations were performed to analyse the potential binding
mechanism of the indole-2-carboxamide trioxane hybrids within the MmpL3 active site,
given that MmpL3 is the most significant potential enzymatic target of our analogues.
The crystal structure of 1IC compound ICA38 in complex with Mycobacterium smegmatis
(Msm) was used (PDB: 6AJJ).2° Though the published crystal structure of the mycolic
acid transporter MmpL3 complexed with ICA38 is from M. smegmatis, not from M.
tuberculosis, this crystal structure database was used to better compare the corresponding
ligand with the synthesized IC peroxide hybrids. Nevertheless, despite the similarity
between the two species and the conservation of the MmpL3 structure, caution must be
exercised when analysing the docking studies.°

To confirm the docking process, the co-crystallized ligand ICA38 was re-docked
into the MmpL3 binding site, following the protocol for docking depicted in Table 2.4
and using the docking program GOLD.® This yielded 3 docked pose solutions, with the
best scoring pose having a root mean square deviation (RMSD) of 0.553 A and no pose
with an RMSD greater than 0.65 A, confirming that the docking protocol was valid
(RMSD <15 A).

After validation of the docking protocol, all the 1C-peroxide hybrid compounds
were docked into the active site of the protein, using the docking program GOLD®' and
the docking protocol highlighted in Table 2.4. The binding pose with the highest
GoldScore was then selected and visualised in PyMol 8 and potential interactions were
identified.

The most favourable docking pose (i.e., lowest binding energy) retained the key
interactions that are observed in ICA38 (illustrated in Figure 2.9A). ICA38 inhibits
MmpL3 by binding to the S3—-S5 subsites of the proton transport channel, disrupting the
critical components of the S4 subsite - precisely, an N-H mediated hydrogen bond to
Asp645 and a hydrogen bond between the amide carbonyl and Tyr646, the two Asp-Tyr
hydrogen bond pairs (Asp256-Tyr646 and Asp645-Asp257) are disrupted, thus inhibiting
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the proton motive force for substrate translocation.

Table 2.4. Docking protocol for the IC-trioxane hybrids

Feature Protocol
Protein PDB 6AJJ
Protonation Hydrogens added to protein
Waters Delete remaining water molecules
Ligands Ligands added as.mo12 file, after energy minimization
- . IC analogues were docked using the extracted ICA38
Binding Site .
molecule as a reference ligand
Search -
0,
Efficiency 100% Efficiency
Number of GA 10-terminated before this if 3 solutions found within 1.5 A
runs RMSD
Lone Pairs Lone pairs saved
Output poses saved as individual files to allow better
Output . .
inspection of each pose
Scorl_ng GoldScore
Function

The indole and spirocarboxylic groups of ICA38 are lodged in the bulky S3 and
S5 hydrophobic subsites, where they establish hydrophobic interactions with the
surrounding residues. The carbocyclic spiro group shows hydrophobic interactions with
the residues Phe260 and Phe649 within the S5 pocket. Regarding the S3 pocket, residues
116253, 11e249, 11297, Val638, Gly641, and Leu642, displayed hydrophobic contacts with
the bulky indole group,'® and SAR analyses revealed that the S3 pocket lacks tolerance
for substituents in the indole ring, other than those at the 4 and 6 positions.?

Figure 2.9B reveals that TICOL, inthe lowest docking pose, was orientated
similarly to ICA38 within the MmpL3 binding pocket. The TIC01 docking pose is shown
to be inserted in the S4 hydrophilic subsite, establishing hydrogen bonds with Asp645
(distance 1.0 A) and Tyr646 (distance 1.9 A) via the amide carbonyl. The S3 hydrophobic
subsite housed the indole nucleus, whilst the spiro rings containing the 1,2,4-trioxane ring
moiety were entrenched in the S5 hydrophobic subsite and overlapped with the
spirocyclic group of ICA38. These results suggest that TIC01 might function as an
MmpL3 inhibitor, hence, exhibiting anti-TB action. However, the screening against
replicating Hs7Rv Mtb (Table 2.2) demonstrated that this peroxide lacked

antimycobacterial activity. Even though the docking pose was favourable, it appears that
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the S5 pocket cannot withstand the increase in polarity, as the switch of the spirocyclic
group in 1C38 (cLogP = 5.35) to the spiro 1,2,4-trioxane (clogP = 2.86) in TICO1 was
incompatible for the S5 pocket, highlighting the limitations of the docking studies carried

out.

A

Figure 2.9. Molecular docking structures of IC analogues. A) Docked structures ICA38
(magenta). B-D) Overlays of docked structures of TICO01 (orange), TIC02 (light blue),
TICO3 (light green), with extracted ligand ICA38 (light grey).

In contrast, the trioxane hybrids TIC02 and T1C03 were shown not to be correctly
aligned with the ligand ICA38 (Figure 2.9C/D). A poor overlap of the indole moiety can
be observed, in which the bicyclic moiety was pushed further into the S3 pocket, and the

S4 hydrogen bonding motif was lost. Even Phe260 and Phe649 residues could not contain
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the bulky dispiro endoperoxides because the length of the side chains exceeded the

space capacity of the S5 pocket.

2.3.3.2. DprELl inhibitors

Regarding DprE1 flavoenzyme docking studies, crystal structures have been
reported of complexes with BTZ043 (PDB: 6HEZ)® and PBTZ169 (PDB: 4NCR).*?
However, for comparative purposes, it was established that all BTZ-peroxide
hybrid compounds should be docked into the same crystal structure (PDB: 6HEZ). To
confirm the docking process, the co-crystallized ligand BTZ043 was re-docked into the
DprE1 binding site, following the protocol for docking depicted in Table 2.5 and using
the docking program GOLD.®” This yielded 3 docked pose solutions, with the best scoring
pose having an RMSD of 0.2326 A and no pose possessing an RMSD greater than 0.3319
A, confirming that the docking protocol was valid (RMSD < 1.5 A)).

After validation of the docking protocol, all the BTZ-peroxide hybrid compounds
were then docked into the protein's active site using the docking program GOLD?®" and
the docking protocol highlighted in Table 2.5. The binding pose with the highest
CHEMPLP score was then selected and visualised in PyMol 2 to identify potential

interactions.®

Table 2.5. Docking protocol for the BTZ-trioxane hybrids

Feature Protocol
Protein PDB 6HEZ
Protonation Hydrogens added to protein
Waters Delete remaining water molecules
Ligands Ligans added as.mo12 file, after energy minimization
- . CYS387, identified as a residue in the binding site of
Binding Site e -
BTZ043, was selected. Binding site identified within 6 A
Search -
0,
Efficiency 100% Efficiency
Number of GA 10-terminated before this if 3 solutions found within 1.5 A
runs RMSD
Lone Pairs Lone pairs saved
Output poses saved as individual files to allow better
Output . .
inspection of each pose
Scoring CHEMPLP score
Function
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BTZ043 is positioned in the substrate-binding pocket in front of the isoalloxazine
ring of FAD and binds covalently to Cys387 (Figure 2.10A/C). The residue Lys418 is
structurally close to Cys387 in the binding site of DprE1. Consequently, Lys418 can
induce a protonation transformation, increasing the nucleophilicity of Cys387. Lys418
also displays a role in forming H-bonding contacts between the hydroxyl of the
semimercaptal bond covalent bond between BTZ043 and Cys387 (distance 2.8 A). The
trifluoromethyl group of BTZ043 is in a hydrophobic pocket formed and displaying van
der Waals and dipolar interactions by side chains of residues His132, Gly133, Lys134,
Lys367, Phe369, and Asn385. The piperidine ring of BTZ043 is maintained on each side
by FAD and by residues Gly117 and Val365. BTZ043's spirocyclic moiety is positioned
on the protein surface, allowing for some flexibility in the protein domain. Between
Leu363 and the spirocyclic moiety, there is only one van der Waals interaction.®?

A detailed analysis at the DprE1-PBTZ169 active site (Figure 2.10B/D) reveals
that the benzothiazinone ring interacts with the same residues as previously identified in
the DprE1-BTZ043 structure, except for an additional van der Waals contact with
Trp230.32 When compared to the DprE1-BTZ043 complex structure, the
cyclohexylmethyl-piperazine moiety is positioned between the isoalloxazine ring of FAD
and residues Gly117, Trp230, and Leu363, with the side chains of the latter two adopting
substantially different conformations.3 Additionally, an H-bonding interaction is also
observed between the hydroxyl of the semimercaptal bond in Cys387 with Lys418
(distance 2.1 A).

The docked structures of the two BTZ-based peroxide hybrid series in association
with DprE1 with the reference ligand (BZ043, white) are shown in Figures 2.11 and 2.12.

Docking poses demonstrate the predicted binding site, with the BTZ rings and
piperidine or piperazine rings exhibiting considerable overlaps with the extracted ligand.
Due to the semimercaptal bond with Cys387 and the steric restrictions of the
benzothiazinone ring, the orientation of all peroxide hybrids within the active site is
maintained across all compounds. There were no detectable differences in the orientation
of the BTZ double-ring structure among the respective BTZ043-based peroxide hybrids.
Subsequently, the trifluoromethyl group at position 6 faces residues Lys134, Gly133,
His132, Lys367, and Phe369 in all compounds. Similarly, the orientation of the hydroxyl
of the semimercaptal bond is not fixed, and it continually forms an H-bond interaction
with Lys418 at distances between 2.7 and 3.2 A. Most of the peroxide-containing side

chain extends out of the pocket and into a solvent-accessible region. The substituents at
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the 2-position generally make only a few contacts with the protein, which explains the

tolerance between the amine side chains in the different peroxide hybrids.

A
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A\ ;.\»
-‘/ Ai
C D
at x
¥NH NH $-NH "NH
o Lys418 o Lys418
Leu363 .NH, Leu363 _NH,
o Cys387 7~ N\ Cys387
'( HO - 8 Vai3es O-N"® Valzes
o) N385 N385
\|/ Lys134 Lys134
Leu317 N Lys367 Le”317 - Lys367
. CF3 Trp230 .-
20 Phe369 Phe369
Gly117 Gly133 Gly117 Gly133
His132 His132

Figure 2.10. A) Annotated crystal structure of DprE1 in complex with BTZ043 (PDB:
6HEZ); B) Annotated crystal structure of DprE1 in complex with PBTZ169 (PDB:
4NCR); Structure diagram of covalent and non-covalent interactions between DprE1 with
C) BTZ043 and D) PBTZ169.

As indicated in Section 2.3.2 concerning anti-TB activity, peroxide hybrid P7 and
control compound C1 were the least active compounds of each series, with an 1Csg of
423.0 and 870 nM, respectively. Docking studies of these compounds reveal that the
carbonyl group in both P7 and C1 are positioned within the “entrance” of the DprEl
binding pocket, close to residues Leu317 and Leu363 (Figure 2.13A/C). This observation
shows that unfavourable interactions may occur between these non-polar residues that

define the shape of this region and influence the binding of these compounds to the active
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site (Figures 2.13C-F). The potency of carbonyl containing C3 (7.70 nM) indicates that
this effect is structural and not physicochemical, as the carbonyl is distant from the
binding pocket in this molecule (Figure 2.13B).

o Lys418

Leu363 NH,

R b
( o . Cys387

HO\ /S Val365

N385
Lys134
Leu317 “ Lys367
Trp230 .'

Phe369

Gly117 Gly133
His132
Y=0,CHy;; X=0,CH, ; Y=X

Figure 2.11. Molecular docking structures of BTZ043-based peroxide hybrids. A-E)
Overlays of docked structures of B3 (yellow), B4 (pink), B5 (green), C1 (blue) and C2
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(light brown) with the extracted reference ligand (BTZ043, white). F) Structure diagram
of covalent and non-covalent interactions between DprE1 with peroxide hybrids.

A B

\
Ao Lysa1s

N
Leu363 -.NH2
Cy5387

Rl Oy .8 Val365

N385
Lys134
Leu317 - \W:I:i:l\ Lys367
Trp230

Phe369

Gly117 Gly133

His132
Y= 0, cHz, X= 0, CHZ’ N Y X

R'=CH,;=0

Figure 2.12. Molecular docking structures of PBTZ169-based peroxide hybrids. A-E)
Overlays of docked structures of P4 (deep pink), P5 (brown), P6 (light green), P7 (dark
green) and control C4 (salmon) the extracted reference ligand (BTZ043, white). F)
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Structure diagram of covalent and non-covalent interactions between DprEl with
peroxide hybrids.

Figure 2.13. Molecular docking structures of A) C1 and P7; B) C1 and C3; A) C1 and
its interaction with residues Leu317 and Leu363 and D) P7 its interaction with residues
Leu317 and Leu363, at the DprE1l binding site. Structure diagram of non-covalent
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interactions between residues Leu317 and Leu363 with D) control C1 and F) peroxide
analogue P7.

2.3.4. DMPK Data

All synthesised compounds were submitted for predicted and measured DMPK
screening, provided by AstraZeneca. This screening fulfilled dual roles: 1) obtaining
the measured DMPK allows to identify a molecule with appropriate properties, and 2) to
compare predicted versus measured data. Predictive data can be combined with SAR and
computational modelling to design new compounds if the values are comparable.

However, measured DMPK results could not be obtained for 1,2,4-trioxolane and
1,2,4,5-tetraoxane-containing compounds due to their incompatibility with the assay
conditions. This circumstance was due to the solubility of the analogues; since the
experiment was conducted under HTS conditions, it was not possible to fine-tune the
conditions to measure those molecules.®® Thus, DMPK values were only measured for
1,2,4-trioxane hybrids TI1C01-03, B3, B5, and P4-P6, and the control compound 2.84.

Predicted and measured DMPK data obtained is summarised in Tables 2.6 and 2.7.

2.3.4.1. MmpL3 inhibitors

For the IC compounds, 1,2,4-trioxane hybrids TIC01-1/2, TIC02-2, TIC03-1/2,
and the metabolite control, compound 2.84, returned values from the DMPK assays
enabling comparison between experimental and predicted values (Table 2.6).

For compound 2.84, solubility was found to be over-predicted 5-fold; however,
this still predicted poor solubility for this compound (12.0.73 vs 2 uM). The IC-trioxane
hybrids TICO01-3 were experimentally demonstrated to be similarly lipophilic and poorly
soluble at pH 7.4, an anticipated property observed in indole-2-carboxamides. Dimethyl-
derived trioxanes TIC01-1 and TI1CO01-2 displayed a good experimental rat hepatocyte
stability (12.6 and 16.1 pl/min/mg, respectively) and good experimental stability in
human liver microsomes (< 3 ul/min/mg, respectively), being in line with the predicted
values. In contrast, spirocyclohexyl- and adamantyl- trioxane hybrids TIC02 and
T1CO03 were shown to have a moderate experimental rat hepatocyte stability, though these
peroxide hybrids displayed high clearance values in human liver microsomes, defining
these compounds as poorly stable. These results can be explained by the high metabolism
suffered in the cyclo-alkyl chains of these compounds, compared to the dimethyl trioxane
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analogue.

The values for plasma protein binding (PPB %free) and intrinsic clearance appear
to be primarily concordant, with clearance values for rat hepatocyte clearance being set
within the correct thresholds - human microsomal clearance appears to be under-
anticipated by this model. Predicted or experimental values of all compounds were

indicative of high protein binding properties.

Table 2.6. Summary of key predicted and measured DMPK values for the IC compounds
— predictions kindly provided by AstraZeneca. Rat hepatocyte clearance thresholds: <30
pl/min/mg — good, 30-90 pl/min/mg — moderate; > 90 pl/min/mg — poor. Human liver
microsomal clearance thresholds: <30 pl/min/mg — good, 30-90 pl/min/mg — moderate;
> 90 pl/min/mg — poor.?

Aqueous Human Rat Human
solubility Prot. hepatocyte ~ microsome
Cmpd ID Type LogD74 pH 7.4 Binding CLint CLint
(LM) (% free) (ul/min/mg)  (ul/min/mg)
Pred 5.43 2.837 0.088 22.44 41.38
2.6 1
Exp - - - - -
284 , Pred 317 12.07 1.134 13.46 16.29
' Exp >3.80 2.000 1.100 23.80 40.10
Pred 6.057  0.2690 0.009 4718 15.93
2.85 3 Exp - ) ) ) .
286 4 g(eg :5.191 ?.6060 ?.037 f3.398 _15.55
287 c E;eg ?.367 ?.2250 ?.006 ?.834 5%8.68
288 g Pred 6080 01920 0.009 23.37 66.98
Exp - - - - -
Pred 4524  7.083 0.201 9.130 9.009
Ticot-1 - 71 Exp 4200 <0.8 0.110 12.60 <3
Pred 4.524  7.083 0.201 9.130 9.009
TIC01-2 - 7-2 Exp 3.600 <1.400 0.350 16.10 <3
TIc02-1 8.1 E;eg ?.332 _1.200 ?.066 _36.89 f17.53
Pred 5.332  1.200 0.066 36.89 47.53
TIC02-2 8-2 Exp 3.600 <2.30 0.050 51.50 119.0
Pred 6.516  0.3330 0.015 30.065 96.46
TICO3-1 81 £ 3400 <6.80 <031 227 99.20
Pred 6.516  0.3330 0.015 30.07 96.46
TIC03-2 8-2 Exp 3400 <13.1 <3 61.60 89.80

@ Figures in brackets represent experimentally derived values. Experimental values measured once, through a
high-throughput platform provided by AstraZeneca, UK. The methods of the five assays, including logD7 .4,
aqueous solubility, plasma protein binding, and microsome and hepatocyte clearance measurements, have been
reported previously.®® Values are colour coded with a traffic light system, according to how good or bad a
particular value is. Green — good, — acceptable/medium, red — poor.
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To establish a correlation between the predicted and measured/experimental
values, we performed a Pearson’s correlation and calculated the R-squared (R?), a
goodness-of-fit measure for evaluating linear regression models, such as those employed
to predict DMPK values. The results are described in Figure 2.14. For the indole-2-
carboxamide peroxide hybrids, Pearson's correlation analysis indicated that all
parameters were not statistically significant (p > 0.05), except for the PPB parameter (r =
0.939, p = 0.018), implying that the correlation between these predicted and experimental
variables cannot be determined, for this sample analysis. These observations suggest that
the regression model does not explain the fitted experimental data. Consequently, the
obtained results reveal that specific regression models may not be optimal for forecasting
the properties of this scaffold or that software tools used to predict these DMPK
parameters should be employed with caution. The opposite situation is observed for the
PPB% parameter, in which the predicted and experimental value displayed a strong
positive linear relationship (with r = 0.939, p = 0.018) and R? value of 0.882. This result
shows that the PPB% predictions should be accurate and can be used to aid in the design
of analogues.

A LogD7 4 B Aqueous Solubility Cc PPB (%free)
1 9 R*=0.4389 s 15 R*=0.4214 15 R*-0.882
® r=-0.662 = r=-0.649 r=0.939
Z = 2
< 5 p=0.152 ] L] p=0.163 g p=0.018 *
=) § 10 2 10
3 @ 772 £
3 g T
5 g B
E < T 05
T 4 = B
z - ;
£ X
3 g 962 0ol @
2.50 375 4.00 425 0 5 0 15 00 05 10 15
Measured LogD7 4 Measured Aqueous Solubility (uM) Measured PPB (%free)
D Rat Hepatic Clearance E Human Microsome Clearance
125
50 R?=0.6204 R?=0.6449
? r=0.787 g r=0.793
_ 100
£, p=0.083 ., £
E E
o (=]
=1 =1
= 3 =
£ 15
3] o 50
B 2 8
T T
5 5 25
S 9
a 10 o
0
20 40 60 0 50 100 150
Measured CLint (pg/min/mg) Measured CLint (pg/min/mg)

Figure 2.14. Scatter plots of measured versus predicted values for each DMPK parameter
and Pearson correlation coefficient between measured versus predicted values for the IC-
peroxide hybrids. A) LogD-.4; B) Aqueous solubility; C) PPB (%free); D) Rat hepatic
clearance; E) Human microsome clearance.
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2.3.4.2. DprEL1 Inhibitors

Predicted and experimental values were obtained for several endoperoxide and
control compounds, enabling the evaluation of the effectiveness of the predictive models
for the BTZ compounds, and the representative values are described in Table 2.7.

For all compounds but C1, where metabolic stability was vastly underestimated,
metabolic stability values were correctly assigned to their threshold values. Similarly,
solubility and human PPB were also underestimated for C1, but for all others the values
were similar. LogD was also predicted to be concordant enough for use.

The BTZ043 analogues B1-B2 and B5 are very lipophilic, with logD values > 4.5,
having correspondingly poor predicted and measured aqueous solubility — indicating that
this may be the issue determining incompatibility with the high-throughput assay
protocol. Trioxanes B3 and B4 were slightly less lipophilic, with logD7.4 values of 3.2
(Exp.) and 3.9 (Pred), respectively. However, despite this, solubility remained low. The
BTZ043 analogues B1-2,4-5 were also predicted to have good-moderate metabolic
stability, with slightly higher predicted metabolism in human liver microsomes.
Curiously, trioxane B5 displayed a poor measured rat hepatocyte stability, with a high
clearance value of 139 puL/min/mg, substantially higher than the predicted value (47.1
puL/min/mg).

Meanwhile, the trioxane B3 displayed good predicted and measured metabolic
stability with a low clearance of 8.5 pyL/min/mg in human liver microsomes. The
PBTZ169 analogues P1-3,5-6 were similarly lipophilic and poorly soluble at pH 7.4.
Notably, the PBTZ series of compounds comprises a piperazine moiety, so these
compounds have been observed to be more soluble in acidic media.3?> Predicted rat
hepatocyte clearance for P1-3 indicated good metabolic stability. However, this contrasts
with the predicted human microsomal clearance, indicative of poor stability, with the
trioxolane P3 being the highest.

P2 is predicted to be less metabolically stable than P1, despite differing by only
an additional methylene linker, indicating that the model identified this as a marker for
potential metabolism. Trioxanes P4-P6 displayed good to moderate measured rat
hepatocyte stability, with P4 displaying moderate stability in human liver microsomes, in
line with predicted values. In contrast, P5 and P6 were predicted to be poorly stable in
human liver microsomes. The poor predicted human microsomal stability may be due to

the substituted piperazine which may undergo N-demethylation — a key metabolic
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pathway for other piperazine-containing drugs.®>** Compound P7, due to the presence of
an additional carbonyl, was predicted to be less lipophilic and slightly more water-soluble
with respect to P4. Similarly, P7 has a good metabolic stability profile — predicted to be
better than P4, which might indicate that the model predicts the methylene linker as a
potential site for metabolism.

Compared to the target compounds, the control compounds C1-3 were less
lipophilic and more water-soluble than their peroxide counterparts -
particularly C1, which had a measured LogD of 1.8 and a measured solubility of 499
M. C1 also had a significantly poorer metabolic profile compared to the BTZ-derived
peroxides, with measured clearance in rat hepatocytes and human liver microsomes of
>300 pL/min/mg and >300 pL/min/mg, respectively. Control compounds C2-4 all
exhibited moderate to good metabolic stability profiles.

To establish a correlation between the predicted and measured/experimental
values we performed a Pearson’s correlation and calculated the R-squared (R?), a
goodness-of-fit measure for evaluating linear regression models, such as those employed
to predict DMPK values. The results are described in Figure 2.15. For the
benzothiazinone-based peroxide hybrids, Pearson's correlation analysis revealed that all
parameters were statistically significant (p < 0.01 or p < 0.001). All DMPK parameters
displayed a strong positive linear relationship (with r > 0.886) and R? values ranging from
0.785 to 0.972, with the model for prediction of human microsome clearance scoring the
highest, with r = 0.986 and R? = 0.972 (p < 0.01). These findings show that these DMPK

models are robust and may be employed to aid in the design of novel BTZ-analogues.
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Table 2.7. Summary of key predicted and measured DMPK values for the BTZ
compounds — predictions kindly provided by AstraZeneca. Rat hepatocyte clearance
thresholds: <30 pl/min/mg — good, 30-90 pul/min/mg — moderate; > 90 pl/min/mg — poor.
Human liver microsomal clearance thresholds: <30 pl/min/mg — good, 30-90 pl/min/mg
— moderate; > 90 pl/min/mg — poor.?

Aqueous Human Rat Human
solubility Prot. hepatocyte = microsome
Cmpd  Type LogDrs pH 7.4 Binding CLint CLint
(LM) (% free) (W/min/mg)  (ul/min/mg)
Pred 4.6 0.55 0.18 10 21.2
Bl
Exp - - - - -
Pred 4.7 0.63 0.19 38.91 46.8
B2
Exp - - - - -
B3 Pred 3.1 12.0 35 16.1 12.8
Exp 3.2 <3.20 3.1 16.5 8.5
Pred 3.9 3.6 14 77.1 59.8
B4
Exp - - - - -
B5 Pred 4.9 0.53 0.12 47.1 81.6
Exp >3.6 <1.90 <32 139 -
Pred 5.3 0.17 0.046 5.8 48.6
P1
Exp - - - - -
Pred 5.3 0.13 0.064 8.5 64.0
P2
Exp - - - - -
Pred 5.6 0.15 0.027 8.7 117.2
P3
Exp - - - - -
P4 Pred 3.8 3.3 0.64 9.4 33.2
Exp 4.0 6.0 0.36 12.8 56.9
p5 Pred 4.6 2.1 0.29 45.2 161.4
Exp >4.1 <10 <0.28 43.2 -
PG Pred 55 0.31 0.075 50.9 126.5
Exp - <54 <31 52.7 -
Pred 34 13.0 14 8.5 21.6
P7
Exp - - - - -
c1 Pred 1.9 29.823 13.4 92.0 78.5
Exp 1.8 499 24 > 300 > 300
co Pred 34 4513 2.2 33.2 18.1
Exp 3.2 2.0 <31 26.1 9.1
c3 Pred 24 6.214 7.2 16.9 317
Exp 2.6 33 7.2 12.9 49.6
ca Pred 4.0 15 0.62 20.0 44.4
Exp >3.5 14 <2.6 12 -

Experimental values measured once, through a high-throughput platform provided by AstraZeneca, UK.
The methods of the five assays, including logD7.4, aqueous solubility, plasma protein binding, and
microsome and hepatocyte clearance measurements, have been reported previously.® Values are colour
coded with a traffic light system, according to how good or bad a particular value is. Green — good,

— acceptable/medium, red — poor.
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Figure 2.15. Scatter plots of measured versus predicted values for each DMPK parameter
and Pearson correlation coefficient between measured versus predicted values, for the
BTZ-peroxide hybrids. A) LogD7.4; B) Aqueous solubility; C) PPB (%free); D) Rat
hepatic clearance; E) Human microsome Clearance.
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2.3.5. In vivo PK cassette screening results for Selected Compounds B3,
P1,BTZ043 and PBTZ169

Considering the in vitro properties, compounds CW02-9-8 (P1), PA54-2 (B3),
BTZ043, and PBTZ169 were selected for the evaluation of in vivo pharmacokinetic (PK)
profiles. In vivo PK cassette screening was carried by a Contract Research Organization
(CRO), ChemPartner (Shanghai, China). PK data from studies in male CD1 mice, after
single IV dosing at 1 mg/kg and after a single oral administration of 25 mg/kg, is
presented in Table 2.8. Plots of the mean plasma concentration-time profiles of CW02-
9-8, PA54-2, BTZ043, and PBTZ169 are shown in Figure 2.16.

All compounds have exhibited a low clearance CL (0.727-2.46 mL/min/kg). Oral
administration of 25 mg/kg of BTZ-peroxides resulted in rapid absorption that reached
106 ng/mL (Cmax) at 4 h (Tmax) for CW02-9-8 and 595 ng/mL at 1 h for PA54 (Table
2.8). Oral bioavailability was poor in the hybrids CW02-9-8 and PA54, with the values
F: 3.51%, F: 6.38%, respectively, which were significantly lower than those of BTZ043
and PTBZ169 (F: 32.3%, 47.9%). Rapid biotransformation of CW02-9-8 was evidenced
by the low half-time values (T12) in both intravenous (iv) or oral (po) administration (T
=0.291 h and 1.04 h) and AUCne (i.v.) = 505 h.ng. mL and AUCne (p.0.) = 432 h.ng.
mLL. In contrast to the simpler peroxide-BTZ PA54, it exhibited T/ values for i.v. of
0.549 h and for p.o. 2.73 h, respectively. Interestingly, oral administration T1> of PA54
is improved by 2-fold with respect to BTZ043 (T2 = 1.35 h) and is equivalent to
PBTZ169 (T12=2.71 h). Regarding the p.o. AUC e (2191 h.ng. mLt) for hybrid PA54,
it was found to be 3-fold lower when compared to the BTZ043 (6623 h.ng. mL™) and 2-
fold lower when compared to the PBTZ169 (4856 h.ng. mL™). Opposite to the i.v.
AUCnE (1375 h.ng. mL™?) for compound PA54, it was found to be ~1.5-fold higher
compared to BTZ043 (821 h.ng. mL™?) and ~3-fold higher when compared to the
PBTZ169 (406 h.ng. mL™). These findings indicate that peroxide-BTZ compounds are
less stable than standard BTZs, perhaps due to the labile peroxide link in their structure,
which makes them susceptible to extensive metabolism. In contrast to the lead

compounds, however, peroxide-BTZ PA54 exhibited acceptable PK data.
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Table 2.8. Mean Plasma Pharmacokinetic parameters of CW02-9-8, PA54, BTZ043 and
PBTZ169 after single 1V dosing at 1 mg/kg (4 in 1 cassette) and after single PO dosing
at 25 mg/kg in male CD1 mice.

CW02-9-8 PA54 BTZ043 PBTZ169
parameters unit V. p.0  i.Vv. p.o V. p.o iv. p.o
Dose mg/kg 1 25 1 25 1 25 1 25
CL L/h/kg 1.98 0.727 1.22 2.46
Vss L/kg 0.292 0.359 0.558 1.86
Tu2? h 0.291 1.04 0549 273 058 155 135 271
Tmax h 4.00 1.00 0.50 1.00
Cmax ng/mL 106 595 2247 1400
AUC)ast h.ng.mL? 505 432 1371 2187 818 6362 403 4849
AUCins h.ng. mL? 506 443 1375 2191 821 6623 406 4856
MRTins? h 0.147 0.493 0.458 0.755
F° % 3.51 6.38 32.3 47.9

3Plasma elimination half-life. "Mean residence time. ‘Oral bioavailability.
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Figure 2.16. Mean plasma concentration-time profiles of CW02-9-8, PA54-2, BTZ043
and PBTZ169 after A: single IV dosing at 1 mg/kg in male CD1 mice and B: after single
PO dosing at 25 mg/kg male CD1 mice.
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2.4. Summary and Conclusions

To summarize, peroxide-based TB drug hybrids based on an indole-2-
carboxamide (IC) MmpL3 inhibitor and on a benzothiazinone DprE1 inhibitor were
designed and synthesized. These scaffolds were chosen due to their high potency against
replicating Mtb but low activity against non-replicating persistent Mtb.

The screening of IC-based peroxide hybrids against replicating Mtb demonstrated
poor activity for most of the compounds (ICso > 10 uM), although the metabolite control
compound 2.84 and the tetraoxane hybrid 2.86 exhibited moderate inhibitory activity of
the Mtb growth (1Cs0=5.680 and 2.634 uM, respectively). Docking studies explained the
poor activity of IC compounds, as IC-peroxide hybrids displayed showed poor docking
results, except for IC-analogue TICO1. However, this peroxide hybrid was found not to
be active against Mtb.

Fortunately, our research in BTZ analogues resulted in 16 novel BTZ-peroxide
compounds and led to the identification of potent representatives in replicating Mtb
assays, with 1Cso values in the nanomolar (1.32-870 nM) and picomolar range (< 0.457
nM). Docking studies demonstrated good overlap between the BTZ ring system of the
hybrids and the reference ligand, supporting the potent sub-micromolar activity achieved
by these series.

Moreover, in silico data were calculated for endoperoxide hybrids and compared
to the in vitro DMPK results. Experimentally, the 1C-trioxane hybrids T1C01-03 were
similarly lipophilic and poorly soluble at pH 7.4, as expected for indole-2-carboxamide
compounds. The metabolic profiles of IC-based and BTZ043-based peroxide hybrids
were moderate to good, whereas those derived from PBTZ169 were poor to moderate.
The high cLogP values for all synthesized compounds are mirrored in the low anticipated
aqueous solubility at pH 7.4.

In vivo pharmacokinetic profiles of B3, P1, and controls BTZ043 and PBTZ169,
indicate that peroxide-BTZs are less stable than standard BTZs, perhaps due to the labile
peroxide link in their structure, which makes them susceptible to extensive metabolism.
In contrast to the lead compounds, however, peroxide-BTZ B3 exhibited acceptable PK
data.

Selected compounds were screened against whole cell Mtb modified to express

DosRST-dependent GFP, and the testing is still ongoing.
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2.5. Experimental Section

2.5.1. General Experimental details

Chemicals. All reagents and solvents used were of analytical grade and were used without
further purification. When necessary, solvents were freshly distilled from appropriate
drying agents prior to use. Analytical thin layer chromatography (TLC) was carried out
using TLC Silica gel 60 F254 aluminium sheets (AL TLC 20x20). Column

chromatography was carried out using technical grade Silica Gel 60 (0.04 — 0.063 mm).

Analytical equipment. *H and *C Nuclear Magnetic Resonance (NMR) spectra were
recorded using a Bruker AMX400 spectrometer or a 500 MHz JEOL system equipped
with a Royal HFX probe, in solution, using the deuterated solvents described in each
experimental procedure. The chemical shifts (3) are described in parts per million (ppm),
downfield from an internal standard of tetramethylsilane (TMS). Melting points (°C) were
obtained on an SMP30 melting point apparatus and are uncorrected. High Resolution
Mass Spectrometry (HRMS) was recorded using the analytical services within the
Chemistry Department at the University of Liverpool (UoL). HRMS was conducted on a
VG analytical 7070E machine, Frisons TRIO mass spectrometer, or Agilent QTOF 7200,
using chemical ionisation (CI) or electrospray (ESI) (UoL). Elemental analysis (%C, %H,
%N and %S where specified) were determined by the University of Liverpool
Microanalysis Laboratory. HPLC was carried out using an Agilent 1200 system with a
ZORBAX Eclipse Plus C18 column (4.6 mm x 100 mm, 3.5 um) at 25°C.

Safety. Organic peroxides are potentially hazardous compounds (inflammable and
explosive) and must be handled carefully: 1) a safety shield should be used for all
reactions involving H>Oz; 2) direct exposure to strong heat or light, mechanical shock,

oxidizable organic materials or transition-metal ions should be avoided.

HPLC — Methods: Flow rate 1 mL/min for 17 minutes using MeCN/Water (both solvents
with or without 0.1% Formic acid) with compounds dissolved in acetonitrile (with or
without 0.1% Formic acid). UV detector recorded signals at 254 nm.

HPLC Method A: min, gradient: 2% MeCN hold to 1 min, 2-98% MeCN to 11 min, then
hold at 98% MeCN to 15 min, then back to 2% MeCN until end (to 17 min).

HPLC Method B: min, gradient: 50% MeCN hold to 1 min, 50-98% MeCN to 12 min,
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then hold at 98% MeCN to 15 min, then back to 50% MeCN until end (to 17 min).
HPLC Method C: min, gradient: 2% MeCN (0.1% Formic acid) hold to 1 min, 2-98%
MeCN (0.1% Formic acid) in 11 min, then hold at 98% MeCN (0.1% Formic acid) to 15
min, then back to 2% MeCN (0.1% Formic acid) until end (to 17 min).

HPLC Method D: min, gradient: 50% MeCN (0.1% Formic acid) hold to 1 min, 50-98%
MeCN (0.1% Formic acid) to 12 min, then hold at 98% MeCN (0.1% Formic acid) to 15
min, then back to 50% MeCN (0.1% Formic acid) until end (to 17 min).

HPLC Method E: min, gradient: 20% MeCN (0.1% Formic acid) hold to 1 min, 20-45%
MeCN (0.1% Formic acid) to 12 min, then to 98% MeCN (0.1% Formic acid) to 15 min,
then back to 20% MeCN (0.1% Formic acid) until end (to 17 min).

HPLC Method F: min, gradient: 25% MeCN (0.1% Formic acid) hold to 1 min, 25-75%
MeCN (0.1% Formic acid) to 12 min, then to 98% MeCN (0.1% Formic acid) to 15 min,
then back to 25% MeCN (0.1% Formic acid) until end (to 17 min).

HPLC Method G: min, gradient: 35% MeCN (0.1% Formic acid) hold to 1 min, 35-36%
MeCN (0.1% Formic acid) to 12 min, then to 98% MeCN (0.1% Formic acid) to 15 min,
then back to 35% MeCN (0.1% Formic acid) until end (to 17 min).

2.5.2. General Procedures

General Procedure 1: Synthesis of 1,2,4-trioxanes via hydroperoxysilylation of
allylic alcohols, followed by cyclocondensation to 1,2,4-trioxane. The procedure with
the catalyst silica sulfuric acid (SSA) was used, which is described in detail in Chapter
4. Step 1: Hydroperoxysilylation of allylic alcohols. To a solution of allylic alcohol (1
mmol) in anhydrousl,2-dichloroethane (DCE, 10 mL) was added Co(thd). (0.03 mmol),
at room temperature, and the solution allowed to stir, while bubbling with oxygen for 5
min. Triethylsilane (2 mmol) was then added and the reactants were allowed to react
under an oxygen atmosphere. The original purple/brown solution became green, and the
reaction was followed by TLC until completion. The reaction mixture was then filtered
through a plug of celite in a sinter funnel, under reduced pressure. The celite was further
washed with ethyl acetate and the resulting combined filtrate was then concentrated under
reduced pressure to give the semi-crude peroxysilyl alcohol, which was used immediately
in the next step without further purification. Step 2: Cyclocondensation of the peroxysilyl
alcohol to 1,2,4-trioxanes. The peroxysilyl alcohol semi-crude (1 mmol) and the carbonyl

compound (1.5 mmol) were dissolved in anhydrous dichloromethane (5 mL). The mixture
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was cooled to below 5°C and then silica sulfuric acid (SSA, 2 mmol) was added. The
final mixture was then warmed and allowed to stir at room temperature until completion
of the reaction (reaction followed by TLC, usually 30-60 min). The resulting solution was
then filtered, rinsed with dichloromethane, and concentrated under reduced pressure.
Purification by flash chromatography using a mixture of EtOAc/Hexane (unless specified

differently) gave the pure product.

General Procedure 2: Synthesis of 1,2,4-trioxanes via perhydrolysis of spiro-
oxiranes, followed by cyclocondensation to 1,2,4-trioxanes. The procedure with SSA
was used, which is described in detail in Chapter 4, or adapted the procedure from An et
al.% Step 1: To a spiro-oxirane (1 mmol) in solution of MgSO4 dried H202—Et,0 (15 mL,
see note below), SSA (2 mmol) or bis(acetylacetonato)dioxomolybdenum(V1)
(MoO2(acac)2, 0.05 mmol)®? was added, at 0°C. The reaction mixture was then allowed
to warm at room temperature and stirred until completion (usually 1 h). The final mixture
was then washed with water (1 x 100 ml) and brine (1 x 100 mL). In the event of using
the SSA method, prior filtration to remove the SSA catalyst and rinsing with CH2Cl; is
required. The combined aqueous layers were extracted with CH2Cl> (2 x 75 mL). The
combined organic layers were concentrated under vacuum, affording the B-hydroperoxy
alcohol crude, which was immediately used in the next step without any further
purification. Step 2: Cyclocondensation of the p-hydroperoxy alcohol to 1,2,4-
trioxanes. The B-hydroperoxy alcohol semi-crude (1 mmol) and the carbonyl compound
(1.5 mmol) were dissolved in anhydrous dichloromethane (5 mL). The mixture was
cooled to below 5°C and then SSA (2 mmol) was added. The mixture was then warmed
and allowed to stir at room temperature, until completion of the reaction (usually 1-2 h).
The resulting solution was then filtered, rinsed with dichloromethane, and concentrated
under vacuum. Purification by flash chromatography using a EtOAc—hexane gradient

(unless specified differently) gave the pure 1,2,4-trioxane compound.

General Procedure 3: Reduction with LiAIH4. The procedure described by
Kwiatkowski and et al.®® was followed, with slight modifications. A solution of the
carboxylic acid or ester (1 mmol) in anhydrous diethyl ether (5 mL) was added dropwise
to a suspension of LiAIH4 (3 mmol) in anhydrous diethyl ether (5 mL), at 0°C. The
reaction mixture was allowed to stir at 0°C for 60 min. Then it was quenched successively

with H20 (2 mL) and 6 M NaOH (1.0 mL) and was allowed to warm to room temperature
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while stirring. Anhydrous Na,SO4 was added, and the mixture was stirred for 30 min,
then filtered over a pad of celite. The filtrate was washed with EtOAc (3x15 mL). The
combined organic layers were concentrated under reduced pressure to afford the desired

product.

General Procedure 4: Corey—Chaykovsky epoxidation. The procedure described by
Sabbani et al.** was followed, with slight modifications. A suspension of potassium tert-
butoxide (1.5 mmol) in anhydrous 1,2-dimethoxyethane or tetrahydrofuran (5 mL) was
treated with trimethylsulfoxonium iodide (1.5 mmol), and the mixture was allowed to stir
at reflux temperature, under nitrogen, for 2 h. The mixture was then cooled to room
temperature and treated dropwise over 2 min with a solution (2 mL) of the corresponding
ketone (1 mmol) and left stirring under reflux overnight, or until completion. The final
mixture was cooled to room temperature and then quenched with water. The aqueous
layer was extracted with dichloromethane (3 x 15 mL), the combined organic layers were
dried over anhydrous MgSOs, filtered and concentrated under reduced pressure.
Purification by flash chromatography using a 0-5% EtOAc—hexane gradient (unless

specified differently) gave the pure spiro-epoxide.

General Procedure 5: Deprotection of the phthalimide group. The procedure
described by Lobo et al.3* was followed, with slight modifications. A solution of trioxane-
phthalimide (1 mmol) and hydrazine monohydrate (6 mmol) in chloroform:methanol
(7:3, 6 mL) was heated at 60 °C, overnight. The reaction mixture was then cooled down
to room temperature and filtered to remove solid by-products, then washed with
dichloromethane and the organic phase concentrated under reduced pressure. The crude
was dissolved in methanol (1 mL), cooled down to 0 °C, then a 2 M ethereal HCI solution
(5 mL) was added dropwise. The solid obtained was filtered and washed with diethyl

ether and hexane to give the desired trioxane hydrochloride salt.

General Procedure 6: Synthesis of the 1,2,4-trioxane-carboxamide hybrids. The
procedure described by Stec et al.® was followed, with slight modifications. 4,6-Dichloro-
1H-indole-2-carboxylic acid (2.27, 1 mmol) was dissolved in anhydrous dichloromethane
(5 mL/mmol) at room temperature. To the solution was added hydroxybenzotriazole
(HOBt, 1.5 mmol) and 1-ethyl-3-(3-(dimethylamino)propyl)-carbodiimide hydrochloride
(EDC-HCI, 1.5 mmol), under a nitrogen atmosphere. After stirring for 1 h, the appropriate
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trioxane-amine (1.1 mmol) and triethylamine (2 mmol) were added, and the resulting
reaction mixture was allowed to stir at room temperature until disappearance of the
starting material (followed by TLC, usually overnight). Water was added to the resulting
solution and the final mixture was extracted with dichloromethane (3 x 15 mL) and
EtOAc (3 x 15 mL). The organic layers were combined, washed with brine, dried over
anhydrous MgSOsa, filtered, and concentrated under reduced pressure. The residue was
purified by flash chromatography using a 0-40% EtOAc—hexane gradient (unless
specified differently) to obtain the required peroxide hybrid.

General Procedure 7: N-Boc removal;

(i) 2 M HCI in diethyl ether method. The procedure described by Sabbani et al.®* was
followed, with slight modifications. Anhydrous HCI-Et.O (2 M, 9 mL) was added to a
solution of N-Boc-protected starting material (1 mmol) in anhydrous Et,O (1.8 mL) and
the reaction mixture was allowed to stir at room temperature under a nitrogen atmosphere,
until completion (usually 24-48 h). The white precipitate was filtrated and washed with
anhydrous Et.O and hexane to give the desired hydrochloride salt.

(i) 4 M HCI in 1,4-dioxane method. The procedure described by Han et al.®® was
followed with slight modifications. The N-Boc-protected starting material (1 mmol) was
added to a solution of 4 M HCl/dioxane (20 mL), under stirring over an ice-water bath,
under an atmosphere of nitrogen. The reaction mixture was then allowed to warm to room
temperature and left to stir until completion (usually 2-4 h). Diethyl ether (20 mL) was
added, the white solid formed was filtered, then washed with Et,O and hexane to give the
desired hydrochloride salt.

General Procedure 8: Synthesis of the 1,2,4-trioxane-benzothiazinone hybrids. The
procedure was adapted from Makarov et al.%% A suspension of 2-(methylthio)-8-nitro-6-
(trifluoromethyl)-4H-benzo[e][1,3]thiazin-4-one (2.43, 1 mmol) and the respective 1,2,4-
trioxane amine (1.5 mmol), in 15 mL of ethanol, was treated with 3 mmol of
triethylamine, at room temperature. The reaction mixture was heated to 60°C until
completion (usually for 30-60 minutes). The solvent was removed by evaporation under
reduced pressure and the residue was dissolved in dichloromethane (20 mL) and washed
with brine (2x20 mL). The organic layer was dried over anhydrous MgSQ, filtered, and

concentrated under reduced pressure. Purification by recrystallization with methanol or
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through flash chromatography, using a EtOAc—hexane gradient (unless specified

differently), yielded the peroxide hybrids.

General Procedure 9: Ketal formation. The procedure was adapted from Jin et al.®
Microwaves were not used in this procedure. A simpler procedure was proposed for the
ketal formation with SSA: the carbonyl compound (1.1 mmol) and corresponding alcohol
(in excess, 5 mmol) were dissolved in anhydrous dichloromethane (5 mL), and SSA (2
mmol) was added. The mixture was left to stir at room temperature until completion
(usually overnight). The resulting solution was filtered, rinsed with dichloromethane and
concentrated under reduced pressure. Purification by flash chromatography using a

mixture of EtOAc/Hexane gave the pure compound.

General Procedure 10: Oxidation to aldehyde. The procedure from Opsenica et al.®’

was followed, with slight modifications. Pyridinium chlorochromate (PCC, 2.5 mmol)
was added to a solution of alcohol (1 mmol) in anhydrous CH2Cl> (5 mL), and the
resulting suspension was allowed to stir overnight at room temperature. The crude
product was filtered through a plug of silica using a mixture of 3/7 EtOAc/hexane as
eluent. Such obtained aldehyde was used immediately thereafter, without further

purification.

General Procedure 11: Reductive amination with Boc-piperazine

The procedure by Lobo et al.®* was followed, with slight modifications. The
corresponding crude aldehyde (1 mmol) and amine Boc-piperazine (1.5 mmol) were
dissolved in dichloroethane (DCE, 10 mL) and glacial acetic acid (1.1 mmol) was added.
The mixture was allowed to stir at room temperature for 30 minutes, followed by addition
of sodium triacetoxyborohydride (2.5 mmol), then left to stir for 16 hours. The reaction
mixture was washed with aqueous NaOH (5 M; 2 x 10 mL) and dichloromethane (2 x 20
mL). The combined organic layers were dried over MgSOQsa, filtered, and the solvent
removed under reduced pressure. The residue was purified by flash chromatography using

a 0—40% EtOAc—hexane gradient (unless specified differently) to obtain desired product.
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2.5.3. Synthesis
Preparation of (E)-ethyl 2-(2-(3,5-dichlorophenyl)-
hydrazono)propanoate (2.25)

Cl O
/[ j\ _N
Cl N
H

The procedure described by Jiricek et al.8 was followed. 3,5-Dichlorophenylhydrazine
hydrochloride 2.24 (2.50 g, 11.71 mmmol) and ethyl pyruvate (1.30 mL, 11.71 mmol)
was dissolved in ethanol (15 mL). Concentrated Sulfuric acid (2 mL) was added slowly
to the reaction mixture, at 0 °C. The mixture was then warmed to room temperature and
allowed to stir for 2 hours. The solvent was removed under reduced pressure, the residue
dissolved in ethyl acetate (EtOAc) (50 mL) and allowed to stir with 1 M NaOH solution.
The organic phase was then washed with brine (2x50 mL) and dried over with MgSOa.
Purification through flash chromatography (EtOAc: hexane, 20:80, v/v) yielded the
desired product (2.2 g, 68%) as a white powder (m.p.=137-139 °C). *H NMR (400 MHz,
CDCls): 6 7.66 (s, 1H), 7.11 (d, J = 1.8 Hz, 2H), 6.94 (s, 1H), 4.33 (9, J = 7.1 Hz, 2H),
2.11 (s, 3H), 1.39 (t, J = 7.1 Hz, 3H). *C{"*H} NMR (101 MHz, CDCl3): & 164.77, 145.03,
135.73, 135.08, 121.75, 112.54, 61.59, 14.30, 10.55. HRMS (ESI, m/z) calcd for
C11H12CI2N202Na [M+Na]*: 297.0168; found 297.0173. Diff: -1.84 ppm.

Preparation of ethyl 4,6-dichloro-1H-indole-2-carboxylate (2.26)

Cl
O
Dﬁ%
Cl H 0—\

This compound was synthesised following the procedure by Jiricek et al.®® (E)-ethyl 2-
(2-(3,5-dichloro-phenyl)hydrazono)propanoate 2.25 (1 g, 3.63 mmol) was dissolved in
toluene (20 mL) and added Eaton’s reagent (5 mL). The reaction mixture was then
allowed to stir under reflux for 2 hours. The solution was left to cool down and it was
added EtOAc and 1 M NaOH solution until a pH of 11 was reached. Aqueous phase was
then washed 3 times with EtOAc. The combined organic layers were washed with brine
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and dried over with anhydrous MgSO.. Filtered and concentrated under reduced pressure.
Recrystalization with hexane and EtOAc, gave the desired product 2.26 (0.61 g, 64%) as
awhite solid (m.p. 184-185 °C). *H NMR (400 MHz, CDCls): § 9.31 (s, 1H), 7.34 (s, 1H),
7.28 (d,J=1.8 Hz, 1H), 7.17 (d, J = 1.6 Hz, 1H), 4.45 (q, J = 7.1 Hz, 2H), 1.44 (t,J =
7.1Hz, 3H). BC{*H} NMR (101 MHz, CDCls): § 161.62, 137.07, 131.07, 128.53, 128.43,
125.37, 121.33, 110.53, 107.10, 61.56, 14.35. HRMS (CI, m/z) calcd for C11H10CI2NO>
[M+H]": 258.0083; found 258.0085. Diff: -0.80 ppm.

Preparation of 4,6-dichloro-1H-indole-2-carboxylic acid (2.27)

Cl
(@)
Q\/\B—-{
N OH
Cl H

Procedure adapted from Jiricek et al.2® LiOH (0.139 g, 5.81 mmol) was added to a
solution of ethyl 4,6-dichloro-1H-indole-2-carboxylate 2.26 (0.50 g, 1.94 mmol) in
THF:H2O (1:1) (20 mL). The reaction mixture was allowed to stir until completion
(followed by TLC), at room temperature. THF was removed under reduced pressure, the
remaining mixture was diluted with water and acidified with 1 M HCI. The aqueous layer
was extracted with EtOAc (3 x 30 mL) and the extracts washed with brine (2 x 30 mL)
and dried over with anhydrous MgSOas. The organic phase then was filtered and
concentrated under reduced pressure. The solid obtained was crushed with cold hexane
and dichloromethane (CH2Cly), filtered and washed with both solvents, giving the desired
product 2.27 (0.37 g, 83%) as a light brown solid (m.p. 234-236 °C). *H NMR (400 MHz,
DMSO-ds): 6 12.30 (s, 1H), 7.44 (m, 1H), 7.27 (d, J = 1.7 Hz, 1H), 7.07 (d, J = 2.1 Hz,
1H). B¥C{*H} NMR (101 MHz, DMSO-dg): & 162.51, 137.93, 130.88, 129.19, 127.23,
124.97, 120.29, 111.76, 105.40. HRMS (ESI, m/z) calcd for CoHsClLNO2 [M-H]:
227.9625; found 227.9626. Diff: -0.78 ppm.
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Preparation of cyclohex-1-enyl-methanol (2.30)

OH

Compound 2.30 was synthesized in accordance with general procedure 3, from
cyclohexene-1-carboxylic acid 2.28. Obtained as a colourless oil (92% yield). *H NMR
(400 MHz, CDCls): § 5.71 — 5.65 (m, 1H), 3.97 (s, 2H), 2.07 — 1.97 (m, 4H), 1.80 — 1.53
(m, 5H). ¥*C{*H} NMR (101 MHz, CDCls): § 137.55, 123.08, 67.74, 25.62, 24.92, 22.54,
22.44. HRMS (CI, m/z) calcd for C7H120 [M+NH4]*: 112.1121; found 112.1124. Diff: -
2.88 ppm.

Preparation of 1-oxaspiro[2.5]octane
ES
This compound was synthesised following the general procedure 4, from cyclohexanone
and 1,2-dimethoxyethane as the solvent. Purification through flash chromatography
(EtOAC: hexane, 1:99, v/v) yielded 1-oxaspiro[2.5]octane as a colourless oil (37% vyield).
'H NMR (400 MHz, CDCls): § 2.59 (s, 2H), 1.79 — 1.70 (m, 2H), 1.64 — 1.46 (m, 8H).

3C{*H} NMR (101 MHz, CDCl3): § 59.03, 54.51, 33.67, 25.27, 24.91. HRMS (CI, m/z)
calcd for C7H16NO [M+NHa]*: 112.1121; found 112.1121. Diff: -0.61 ppm.

Preparation of 2-(3,3-dimethyl-1,2,5-trioxa-9-spiro[5.5]undecyl)-1,3-

isoindolinedione (2.31)
0
0-0
X_H
o
o

Compound 2.31 was synthesised following the general procedure 1, from 2-methylprop-

2-en-1-ol (2.29) and 2-(4-oxocyclohexyl)isoindoline-1,3-dione. Purification through
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flash chromatography (EtOAc: hexane, 5:95, v/v) yielded 2.31 as a white solid (56%
yield). 'H NMR (400 MHz, CDCls):  7.82 (m, 2H), 7.70 (td, J = 5.4, 3.0 Hz, 2H), 4.20
(tt, J=12.4,4.0 Hz, 1H), 3.93 - 3.39 (m, 2H), 3.18 — 2.37 (m, 3H), 1.84 — 1.03 (m, 11H).
13C{H} NMR (101 MHz, CDCls): § 168.22, 168.10, 133.88, 133.80, 132.00, 131.98,
123.11, 100.67, 100.56, 76.92, 67.03, 66.57, 49.92, 49.89, 33.27, 27.43, 25.54, 25.14,
22.33. Duplicate peaks on *C{*H} NMR were observed and are due to the mixture of
isomers cis or trans. HRMS (ESI, m/z) calcd for CisH21NOsNa [M+Na]*: 354.1312;
found 354.1319. Diff: -1.39 ppm. Anal. Calcd for C1gH2:NOs: C, 65.24; H, 6.39; N, 4.23,
found: C, 65.14; H, 6.37; N, 4.22.

Preparation of 2-(7,8,15-trioxa-12-dispiro[5.2.5.2]hexadecyl)-1,3-

isoindolinedione (2.32)

Compound 2.32 was synthesised following the general procedure 1, from 2.30 and 2-
(4-oxocyclohexyl)isoindoline-1,3-dione, or following the general procedure 2 (SSA
Method), from 1-oxaspiro[2.5]octane and 2-(4-oxocyclohexyl)isoindoline-1,3-dione.
Purification through flash chromatography (EtOAc: hexane, 5:95, v/v) followed by
recrystallization with acetone yielded 2.32 as a white solid (24% yield). *H NMR (400
MHz, CDCls): & 7.85 — 7.78 (m, 2H), 7.74 — 7.66 (m, 2H), 4.19 (ddt, J = 12.2, 7.8, 4.0
Hz, 1H), 3.64 (s, 2H), 3.09 — 2.31 (m, 3H), 2.00 — 1.64 (m, 4H), 1.63 — 1.27 (m, 11H).
13C{H} NMR (101 MHz, CDCls): & 168.23, 168.13, 133.87, 133.80, 132.02, 132.00,
123.12, 100.88, 77.86, 77.65, 66.43, 66.01, 50.04, 49.91, 31.07, 30.14, 25.93, 25.17,
21.31. Duplicate peaks on *C{*H} NMR were observed and are due to the mixture of
isomers cis or trans. HRMS (ESI, m/z) calcd C21H2sNOsNa [M+Na]™: 394.1625; found
394.1626. Diff: -0.24 ppm. Anal Calcd for C21H2sNOs: C, 67.91; H, 6.78; N, 3.77, found:
C,67.51; H, 7.03; N, 3.58.
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Preparation of 3,3-dimethyl-1,2,5-trioxa-9-spiro[5.5]Jundecylamine
hydrochloride (2.33)

0-0
XS
0]

Compound 2.33 was synthesised following the general procedure 5, from 2-(3,3-
dimethyl-1,2,5-trioxa-9-spiro[5.5]undecyl)-1,3-isoindolinedione 2.31. Obtained as a
colourless solid (81% yield). *H NMR (400 MHz, CD3OD): & 3.96 — 3.43 (m, 2H), 3.27
—2.80 (m, 2H), 2.00 — 0.93 (m, 13H). B®C{*H} NMR (101 MHz, DMSO-ds): & 100.58,
100.45, 77.23, 77.20, 66.21, 65.88, 48.47, 48.41, 31.49, 26.47, 26.22, 22.27. Duplicate
peaks on BC{*H} NMR were observed and are due to the mixture of isomers cis or trans.
HRMS (ESI, m/z) calcd C10H20NO3 [M+H]*: 202.1438; found 202.1442. Diff: -2.33 ppm.

Preparation of 7,8,15-trioxa-12-dispiro[5.2.5.2]hexadecylamine
hydrochloride (2.34)

0-0
OH e
(0]

Compound 2.34 was synthesised following the general procedure 5, from 2-(7,8,15-
trioxa-12-dispiro[5.2.5.2]hexadecyl)-1,3-isoindolinedione 2.32. Obtained as a colourless
solid (72% yield). *H NMR (400 MHz, CDs0OD): & 3.81 — 3.47 (m, 2H), 3.26 — 3.17 (m,
1H), 2.92 (br s, 1H), 2.40 (br s, 1H), 2.03 — 1.94 (m, 2H), 1.87 — 1.34 (m, 16H). 3C{H}
NMR (101 MHz, DMSO-de): 6 101.42, 77.53, 65.56, 65.18, 49.05, 32.29, 30.81, 28.40,
25.85, 21.28. Duplicate peaks on *C{*H} NMR were observed and are due to the mixture
of isomers cis or trans. HRMS (ESI, m/z) calcd C13H24NO3 [M+H]*: 242.1751; found
242.1758. Diff: -2.81 ppm.
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Preparation of spiro[adamantane-2,2'-oxirane] (2.36)

<K
Compound 2.36 was synthesised following the general procedure 4, from adamantan-
2-one 2.35 and 1,2-dimethoxyethane as the solvent. Purification through flash
chromatography (EtOAc: hexane, 1:99, v/v) yielded a colourless solid (83% yield). *H
NMR (400 MHz, CDCls): 6 2.64 (s, 2H), 2.05 — 1.75 (m, 12H), 1.40 (t, J = 3.1 Hz, 2H).
13C{*H} NMR (101 MHz, CDCls): § 64.60, 54.82, 37.07, 36.85, 35.89, 35.06, 27.12,

26.98. HRMS (CI, m/z) calcd for C11H170 [M+H]*: 165.1274; found 165.1275. Diff: -
0.36 ppm.

Preparation of 2-(dispiro[cyclohexane-1,3'-[1,2,4]trioxane-6",2""-
tricyclo[3.3.1.13"]decan]-4-yl)-1,3-isoindolinedione (2.37)

Compound 2.37 was synthesized following the general procedure 2 (SSA Method),
from 2.36 and 2-(4-oxocyclohexyl)isoindoline-1,3-dione. Purification through flash
chromatography (EtOAc: hexane, 5:95, v/v) followed by recrystallization with acetone
yielded a colourless solid (47% yield). *H NMR (400 MHz, CDCls): § 7.83 (dd, J = 5.5,
3.0 Hz, 2H), 7.70 (dd, J = 5.5, 3.0 Hz, 2H), 4.20 (tt, J = 12.4, 4.0 Hz, 1H), 3.70 (br s, 1H),
3.03 (br s, 1H), 2.77 — 2.00 (m, 5H), 1.94 — 1.38 (m, 17H). *3C{*H} NMR (101 MHz,
CDCls): 6 168.23, 133.86, 132.00, 123.12, 100.69, 81.44, 63.80, 49.93, 37.76, 33.73,
31.97, 27.52, 27.43, 24.74. HRMS (ESI, m/z) calcd C2sH29NOsNa [M+Na]*: 446.1938;
found 446.1925. Diff: -2.79 ppm.
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Preparation of dispiro[cyclohexane-1,3'-[1,2,4]trioxane-6",2"'-
tricyclo[3.3.1.13"]decan]-4-ylamine hydrochloride (2.38)

0-0
><:>—NH2 HCI
o

Compound 2.38 was synthesised following the general procedure 5, from 2-
(dispiro[cyclohexane-1,3'-[1,2,4]trioxane-6',2"-tricyclo[3.3.1.13"]decan]-4-yl)-1,3-
isoindolinedione 2.37. Obtained as a colourless solid (65% yield). *H NMR (400 MHz,
CDCls): & 4.00 (br s, 1H), 3.64 (br s, 1H), 2.94 — 2.39 (m, 3H), 2.07 (br s, 2H), 1.84 —
1.65 (M, 12H), 1.55 — 1.19 (m, 8H). *C{*H} NMR (101 MHz, CDCl5): § 101.33, 101.18,
81.26, 81.23, 64.06, 63.66, 49.65, 49.37, 37.76, 34.03, 31.96, 31.27, 27.51, 27.41.
Duplicate peaks on *C{*H} NMR were observed and are due to the mixture of isomers
cis or trans. HRMS (ESI, m/z) calcd C17H2sNOs [M+H]": 294.2064; found 294.2061.
Diff: 0.89 ppm.

Preparation of (4,6-dichloro-1H-indol-2-yl)(3,3-dimethyl-1,2,5-trioxa-
9-spiro[5.5]undecylamino)-formaldehyde (T1C01)

0 Cl
0-0 ~
Kl
© Cl

TICO01 was synthesised following the general procedure 6, from 3,3-dimethyl-1,2,5-
trioxa-9-spiro[5.5]undecylamine  hydrochloride  2.33.  Purification by flash
chromatography (EtOAc: hexane, 15:85, v/v) yielded two colourless solids:

- Isomer 1 (cis or trans): 17% yield. M.p = 212-214 °C. 'H NMR (400 MHz, DMSO-
de): 6 12.05 (s, 1H), 8.50 (d, J = 7.9 Hz, 1H), 7.42 (dd, J = 1.7, 0.9 Hz, 1H), 7.35 (s, 1H),
7.22 (d, J = 1.7 Hz, 1H), 3.93 (br s, 1H), 3.71 (br s, 1H), 2.72 (br d, J = 26.7 Hz, 1H),
1.76 — 0.86 (m, 14H). C{'H} NMR (101 MHz, DMSO-ds): & 159.96, 137.21, 133.98,
128.06, 126.77, 125.29, 119.83, 111.55, 101.29, 101.09, 77.10, 65.90, 47.40, 32.22,
27.87, 22.20. HRMS (ESI, m/z) calcd Ci9H22CI2N20sNa [M+Na]*: 435.0849; found
435.0849. Diff: -1.79 ppm. Purity HPLC (Method A): 90.63%, Rt = 11.64 min.

- Isomer 2 (cis or trans): 35% yield. M.p = 200-202 °C. *H NMR (400 MHz, DMSO-
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de): 8 12.05 (s, 1H), 8.49 (d, J = 7.9 Hz, 1H), 7.42 (t, J = 1.2 Hz, 1H), 7.34 (s, 1H), 7.22
(d, J = 1.7 Hz, 1H), 3.94 (br s, 1H), 3.77 (br s, 1H), 2.90 — 2.69 (m, 1H), 1.82 — 1.05 (m,
14H). BC{*H} NMR (101 MHz, DMSO-ds): & 159.96, 137.24, 134.03, 128.03, 126.76,
125.29, 119.81, 111.56, 101.28, 100.95, 77.14, 66.24, 47.39, 28.18, 22.46, 18.95. HRMS
(ESI, m/z): calcd C19H22CI2N20sNa [M+Na]*: 435.0849; found 435.0849. Diff: 0.03 ppm.
Purity HPLC (Method C): 92.51%, Rt = 11.66 min.

Preparation of (4,6-dichloro-1H-indol-2-yl)(7,8,15-trioxa-12-
dispiro[5.2.5.2]hexadecylamino)formaldehyde (T1C02)

TIC02 was synthesised following the general procedure 6, from 7,8,15-trioxa-12-
dispiro[5.2.5.2]hexadecylamine  hydrochloride  2.34.  Purification by flash
chromatography (EtOAc: hexane, 15:85, v/v) yielded two colourless solids:

- Isomer 1 (cis or trans): 21% yield. M.p = 195-197 °C. *H NMR (400 MHz, CDCls): §
10.22 (s, 1H), 7.38 (s, 1H), 7.16 (d, J = 1.6 Hz, 1H), 6.87 (d, J = 2.2 Hz, 1H), 6.13 (d, J
= 8.1 Hz, 1H), 4.20 — 4.07 (m, 1H), 3.76 (br s, 1H), 3.55 (br s, 1H), 2.95 (br s, 1H), 2.40
(brs, 1H), 2.12 — 1.66 (m, 5H), 1.62 — 1.16 (m, 11H). *C{*H} NMR (101 MHz, DMSO-
ds): 6 159.97, 137.20, 133.98, 128.06, 126.77, 125.29, 119.83, 111.55, 101.29, 100.14,
77.61, 65.26, 47.41, 37.19, 35.06, 27.89, 25.85, 21.44. HRMS (ESI, m/z) calcd
C22H26CIaN204Na [M+Na]*: 475.1162; found 475.1159. Diff: 1.21 ppm. Purity HPLC
(Method C): 90.44%, Rt = 12.77 min.

- Isomer 2 (cis or trans): 38% yield. M.p = 192-194 °C. 'H NMR (400 MHz, CDCls): §
10.24 (s, 1H), 7.38 (s, 1H), 7.16 (d, J = 1.6 Hz, 1H), 6.87 (d, J = 2.2 Hz, 1H), 6.13 (d, J
= 8.1 Hz, 1H), 4.20 — 4.07 (m, 1H), 3.76 (br s, 1H), 3.55 (br s, 1H), 2.95 (br s, 1H), 2.40
(brs, 1H), 2.12—1.66 (m, 5H), 1.62 — 1.16 (m, 11H). *C{*H} NMR (101 MHz, CDCl3):
5 160.47, 136.78, 131.69, 130.10, 127.59, 125.42, 121.03, 110.79, 100.89, 100.43, 77.92,
77.34, 7722, 66.39, 48.06, 28.54, 25.88, 20.96. HRMS (ESI, m/z) calcd
C22H26CI2N20sNa [M+Na]*: 475.1162; found 475.1158. Diff: 0.91 ppm. Purity HPLC
(Method C): 92.48%, Rt = 12.82 min.
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Preparation of (4,6-dichloro-1H-indol-2-yl)(dispiro[cyclohexane-1,3"-
[1,2,4]trioxane-6',2""-tricyclo [3.3.1.1*>"]decan]-4-ylamino)-
formaldehyde (T1C03)

o) Cl

Cl

TI1C03 was synthesised following the general procedure 6, from dispiro[cyclohexane-
1,3'-[1,2,4]trioxane-6',2"-tricyclo[3.3.1.13"]decan]-4-ylamine  hydrochloride  2.38.
Purification by flash chromatography (EtOAc: hexane, 15:85, v/v) yielded two colourless
solids:

- Isomer 1 (cis or trans): 18% yield. M.p = 200-203 °C. *H NMR (400 MHz, CDCls): §
10.19 (s, 1H), 7.38 (d, J = 1.6 Hz, 1H), 7.16 (d, J = 1.6 Hz, 1H), 6.90 (dd, J = 2.3, 0.9 Hz,
1H), 6.17 (d, J = 8.0 Hz, 1H), 4.20 — 3.98 (m, 2H), 3.68 (br s, 1H), 2.75 (br s, 1H), 2.23
—1.68 (m, 18H), 1.61—1.42 (m, 3H). 3C{*H} NMR (101 MHz CDCls): § 160.45, 136.76,
131.72, 130.15, 127.53, 125.40, 121.05, 110.81, 100.75, 100.41, 81.40, 63.80, 47.87,
37.72, 34.16, 31.95, 28.20, 27.50, 27.39. HRMS (ESI, m/z) calcd C2sH3z0CI2N20sNa
[M+Na]": 527.1475; found 527.1473. Diff: 0.40 ppm. Purity HPLC (Method A): 95.99%,
Rt =13.96 min.

- Isomer 2 (cis or trans): 37% yield. M.p = 215-217 °C. *H NMR (400 MHz, DMSO-
de): 6 12.05 (s, 1H), 8.47 (d, J = 8.1 Hz, 1H), 7.42 (s, 1H), 7.32 (s, 1H), 7.20 (s, 1H), 4.10
(br s, 1H), 3.94 (br s, 1H), 3.69 (br s, 2H), 2.93 — 2.59 (m, 2H), 2.00 — 1.50 (m, 19H).
13C{*H} NMR (101 MHz, DMSO-de): § 159.91, 137.23, 134.01, 128.04, 126.76, 125.28,
119.79, 111.54, 101.23, 101.00, 81.03, 63.48, 47.30, 37.68, 34.91, 33.62, 32.00, 29.16,
28.21, 27.37. HRMS (ESI, m/z) calcd C2sH30Cl2N20sNa [M+Na]*: 527.1475; found
527.1473. Diff: 0.41 ppm. Purity HPLC (Method D): 99.87%, Rt = 11.99 min.
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Preparation of 2-chloro-3-nitro-5-(trifluoromethyl)benzoic acid (2.41)

NO,
cl
OH
FsC
0

The procedure was adapted from Cooper et al.®® 2-Chloro-5-trifluoromethylbenzoic acid
2.40 (5g, 22.27 mmol) was added to a solution of sulfuric acid (17.7 mL) and nitric acid
(2.5 mL), under vigorous stirring. The mixture was warmed to 90 °C, over 25 min, then a
further 7.8 mL of sulfuric acid was added to the thick mixture and vigorous stirring was
continued. After 45 min at 90 °C the mixture was cooled to room temperature and poured
over crushed ice, then rinsing forward with icy water. The product was isolated by
vacuum filtration, washed with cold water and dried under reduced pressure to give the
desired product 2.41 as a white solid (5.3 g, 88% yield). *H NMR (400 MHz, CD3z0D): §
8.42 (d, J=2.2 Hz, 1H), 8.36 (d, J = 1.7 Hz, 1H). **C{*H} NMR (101 MHz, CD30D): §
164.46, 150.31, 135.20, 131.74, 130.27, 129.92, 129.82 (q, J = 3.6 Hz), 129.57, 129.22,
128.44, 126.44, 123.78 (q, J = 3.2, 2.7 Hz), 121.03, 118.32. HRMS (ESI, m/z) calcd for
CsH3CIF3NO4 [M-H]: 267.9630; found 267.9629. Diff: 0.51 ppm.

Preparation of 2-chloro-3-nitro-5-(trifluoromethyl)benzamide (2.42)

NO,
cl
NH
FsC 2
o)

The procedure was adapted from Cooper et al.®®, with slight modifications. 2-chloro-3-
nitro-5-(trifluoromethyl)benzoic acid 2.41 (5.00 g, 18.55 mmol) was dissolved in toluene
(90 mL), SOCI; (4.00 mL, 55.60 mmol) was added and the reaction mixture was refluxed
overnight. The solvent was then evaporated under reduced pressure and the corresponding
benzoylchloride was dried under reduced pressure for several minutes. The crude was
dissolved in 15 mL acetonitrile and 74 mL ag. NH4OH were added slowly, at -20 °C.
After 10 min, 50 mL EtOAc were added. The aqueous layer was washed with EtOAc (3
x 30 mL) and with brine (30 mL). The organic layer was dried over anhydrous MgSQg,

filtered, and concentrated under reduced pressure, giving the final product 2.42 (4.65 g,

131



Chapter 2: Synthesis of 1,2,4-Trioxane-Containing Antitubercular Hybrids with Potential for Dual
Mechanisms of Action

93%). *H NMR (400 MHz, CDs0D): § 8.27 (dd, J = 2.1, 0.8 Hz, 1H), 7.97 (dd, J = 2.1,
0.8 Hz, 1H). 3C{*H} NMR (101 MHz, CDs0OD): § 167.29, 149.39, 140.32, 130.03 (g, J
=34.9 Hz), 127.85 (g, J = 3.7 Hz), 126.65, 123.83, 122.67 (g, J = 3.8 HZz), 121.12, 118.42.
HRMS (CI, m/z) calcd for CsHsCIF3N2O3 [M+H]": 268.9935; found 268.9945. Diff: -
3.45 ppm.

Preparation of 2-(methylthio)-8-nitro-6-(trifluoromethyl)-4H-
benzo[e][1,3]thiazin-4-one (BTZ) (2.43)

F3;C

Procedure adapted from Makarov et al.®%, with slight modifications. To a solution of 2-
chloro-3-nitro-5-(trifluoromethyl)benzamide 2.42 (4.00 g, 14.89 mmol) in anhydrous
DMSO (60 mL) was added carbon disulfide (3.15 mL, 52.13 mmol), at 10 °C. Sodium
hydroxide (1.34 g, 33.51 mmol), in powder, was added to the reaction mixture, and the
final mixture was allowed to stand for 1 hour. Subsequently, iodomethane (3.25 mL,
52.13 mmol) was added. The reaction mixture was allowed to stand for another 2 hours,
then 100 mL of ice water was added. The resulting yellow-orange solid was separated by
filtration and washed with ice water. Recrystallization from methanol yielded the pure
product 2.43 (2.01 g, 42% yield) as yellow crystals.

'H NMR (400 MHz, DMSO-de): 6 8.96 (d, J = 2.2 Hz, 1H), 8.84 (d, J = 2.4 Hz, 1H), 2.77
(s, 3H). BC{*H} NMR (101 MHz, DMSO-de): 5 181.74, 163.57, 143.77, 136.66, 133.02,
132.98, 129.15, 128.81, 127.22, 127.19, 126.37, 124.27, 121.56, 14.98. HRMS (CI, m/z)
calcd for C1oHsF3N203S, [M+H]": 322.9766; found 322.9765. Diff: 0.35 ppm.
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Preparation of tert-butyl 3,3-dimethyl-1,2,5-trioxa-9-aza-9-
spiro[5.5]undecanecarboxylate (2.45)

X<

Compound 2.45 was synthesised following the general procedure 1, using 2.29 and boc-
4-piperidone (2.44). Purification by flash chromatography (EtOAc: hexane, 5:95, v/v)
yielded 2.45 as a colourless solid (58% yield). M.p = 69-70 °C. *H NMR (400 MHz,
CDCl3): 8 3.96 — 3.57 (m, 2H), 3.56 — 3.20 (m, 4H), 2.42 — 1.71 (m, 3H), 1.59 — 1.02 (m,
16H). 3C{*H} NMR (101 MHz, CDCls): § 154.6, 100.4, 80.0, 77.2, 66.6, 40.3, 34.4,
28.4, 22.6. HRMS (ESI, m/z) calcd C14H2sNOsNa [M+Na]*: 310.1625; found 310.1627.
Diff: -0.75 ppm.

Preparation of tert-butyl 7,8,16-trioxa-3-aza-3-
dispiro[5.2.5.2]hexadecanecarboxylate (2.46)

OO,

Compound 2.46 was synthesised following the general procedure 1, from 2.30 and 1-
boc-4-piperidone (2.44), or following the general procedure 2 (SSA Method), from 1-
oxaspiro[2.5]octane and 2.44. Purification by flash chromatography (EtOAc: hexane,
5:95, v/v) yielded 2.46 as a colourless solid (38% yield). *H NMR (400 MHz, CD3CN): §
3.87-3.48 (m, 2H), 3.48-3.26 (m, 4H), 2.37 — 2.16 (m, 1H), 1.86 — 1.43 (m, 9H), 1.42 (s,
9H), 1.40 — 1.13 (m, 4H).B*C{*H} NMR (101 MHz, CD3CN): § 154.89, 100.94, 79.57,
78.28, 66.04, 40.82, 34.52, 32.15, 30.47, 28.13, 26.14, 21.63. HRMS (ESI, m/z) calcd
C17H20NOsNa [M+Na]*:350.1938 found 350.1942. Diff: -1.17 ppm.
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Preparation of 3,3-dimethyl-1,2,5-trioxa-9-azaspiro[5.5]Jundecane
hydrochloride (2.47)

O0-0
XS e
0]

Compound 2.47 was synthesised following the general procedure 7 (2 M HCI-Et:O
method), from tert-butyl 3,3-dimethyl-1,2,5-trioxa-9-aza-9-
spiro[5.5]undecanecarboxylate 2.45. Yielded 2.47 as a colourless solid (36% yield). *H
NMR (400 MHz, DMSO-ds): & 3 3.72 (br s, 1H), 3.42 (br s, 1H), 2.84 — 2.62 (m, 3H),
2.49 — 0.89 (m, 11H). C{'*H} NMR (101 MHz, DMSO-ds): & 100.59, 77.07, 65.77,
42.71, 35.36, 29.77, 22.42. HRMS (ESI, m/z) calcd CoH1sNO3 [M+H]": 188.1281; found
188.1285. Diff: -2.27 ppm.

Preparation of 7,8,16-trioxa-3-azadispiro[5.2.5.2]hexadecane
hydrochloride (2.48)

0-0
O e
@]

Compound 2.48 was synthesised following the general procedure 7 (2 M HCI-Et,O
method), from tert-butyl 7,8,16-trioxa-3-aza-3-dispiro[5.2.5.2]hexadecanecarboxylate
2.46. Yielded 2.48 as a colourless solid (75% yield). *H NMR (400 MHz, CDsOD): §
3.66 (brs, 1H), 3.53 (br s, 1H), 3.17 — 3.07 (m, 4H), 2.43 —1.20 (m, 15H). ¥C{*H} NMR
(101 MHz, CD30D): & 97.57, 78.05, 65.85, 41.07, 30.88, 29.51, 25.45, 20.79. HRMS
(ESI, m/z) calcd C12H22NO3 [M+H]*: 228.1594; found 228.1587. Diff: 3.33 ppm.
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Preparation of tert-butyl 1-oxa-6-azaspiro[2.5]octane-6-carboxylate
(2.49)

.

Ao
K

Compound 2.49 was synthesised following the general procedure 4, from 1-boc-4-

0]

piperidone (2.44) and 1,2-dimethoxyethane as the solvent. Purification by flash
chromatography (EtOAc:hexane, 5:95, v/v) yielded 2.49 as a colourless solid (28% yield).
'H NMR (400 MHz, CDCls): § 3.72 (s, 2H), 3.43 (ddd, J = 13.3, 9.4, 3.7 Hz, 2H), 2.69
(s, 2H), 1.80 (td, J = 9.4, 4.7 Hz, 2H), 1.48 (s, 9H), 1.44 (d, J = 4.9 Hz, 2H). *C{'H}
NMR (101 MHz, CDCla): & 154.77, 79.75, 57.17, 53.75, 42.55, 32.95, 28.43. HRMS
(ESI, m/z) calcd for C11H19NO3Na [M+Na]*: 236.1257; found 236.1256. Diff: 0.55 ppm.

Preparation of tert-butyl dispiro[piperidine-4,3'-[1,2,4]trioxane-6",2"'-
tricyclo[3.3.1.13"]decane]-1-carboxylate (2.50)

0-0 0
<K
o) o%
Compound 2.50 was synthesised following the general procedure 2 (MoO2(acac).
Method), from tert-butyl 1-oxa-6-azaspiro[2.5]octane-6-carboxylate 2.49 and
adamantan-2-one 2.35. Purification by flash chromatography (EtOAc:hexane, 4:96, v/v)
yielded 2.50 as a colourless solid (63% yield). *H NMR (400 MHz, CDCls): & 3.75 (br s,
3H), 3.53-2.36 (m, 4H), 2.21-1.62 (m, 14H), 1.58—1.47 (m, 3H), 1.45 (s, 9H). BC{*H}
NMR (101 MHz, CDCls): 6 154.76, 104.62, 79.57, 75.67, 65.27, 39.26, 37.14, 34.86,

33.35, 28.45, 27.13, 27.11, 27.04. HRMS (ESI, m/z) calcd C21H33sNOsNa [M+Na]*:
402.2251; found 402.2254. Diff: -0.64 ppm.
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Preparation of dispiro[piperidine-4,6’-[1,2,4]trioxane-3°,2"’-
tricyclo[3.3.1.13"]decane] hydrochloride (2.51)

0-0
X NHHCI

o)
Compound 2.51 was synthesised following the general procedure 7 (2M HCI-Et,O
method), from tert-butyl dispiro[piperidine-4,3'-[1,2,4]trioxane-6',2"-
tricyclo[3.3.1.1>"]decane]-1-carboxylate 2.50. Yielded 2.51 as a colourless solid (72%
yield). *H NMR (400 MHz, CD3sOD): 3.88 (br s, 1H), 3.54 (br s, 1H), 3.33 — 2.81 (m,
6H), 2.23 — 1.54 (m, 17H). *C{*H} NMR (101 MHz, CD30D): & 104.67, 73.22, 64.15,

36.74, 34.49, 32.92, 32.05, 27.18, 27.17. HRMS (ESI, m/z) calcd C1sH26NO3 [M+H]":
280.1907; found 280.191. Diff: -0.84 ppm.

Preparation of ethyl 3,3-dimethyl-1,2,5-trioxa-9-
spiro[5.5]undecanecarboxylate (2.53)

0-0 O
X0

Compound 2.53 was synthesised following the general procedure 1, from 2.29 and ethyl
4-oxocyclohexanecarboxylate 2.52. Purification by flash chromatography (EtOAc:
hexane, 5:95, v/v) yielded 2.53 as a colourless solid (68% yield).

'H NMR (400 MHz, CDCl3): § 4.12 (d, J = 7.1 Hz, 2H), 3.91 — 3.36 (m, 2H), 2.85 — 2.28
(m, 2H), 1.94 — 1.68 (m, 5H), 1.61 — 1.27 (m, 6H), 1.27 — 1.22 (m, 3H), 1.21 — 1.06 (m,
2H). 8C{*H} NMR (101 MHz, CDCls): & 175.03, 174.94, 101.16, 101.06, 76.96, 76.92,
66.74, 66.49, 60.33, 60.31, 60.23, 42.12, 41.71, 35.24, 27.10, 26.38, 26.07, 24.76, 24.44,
22.00, 14.23, 14.20. Duplicate peaks on *C{*H} NMR were observed and are due to the
mixture of isomers cis or trans. HRMS (ESI, m/z) calcd C13H220sNa [M+Na]*: 281.1359;
found 281.1361. Diff: -0.51 ppm.
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Preparation of (3,3-dimethyl-1,2,5-trioxa-9-spiro[5.5]undecyl)methanol
(2.54)

KO

Compound 2.54 was synthesised following the general procedure 3, from ethyl 3,3-
dimethyl-1,2,5-trioxa-9-spiro[5.5]undecanecarboxylate 2.53. Yielded 2.54 as a
colourless oil (93% yield). *H NMR (400 MHz, CDCls): § 3 3.95 — 3.37 (m, 4H), 3.32 —
2.48 (m, 1H), 1.96 — 1.66 (m, 3H), 1.63 — 1.08 (m, 12H). 3C{*H} NMR (101 MHz,
CDCls): 6 102.01, 101.93, 76.91, 76.87, 67.71, 67.52, 66.72, 66.48, 39.58, 34.18, 27.12,
25.19, 22.71. Duplicate peaks on *C{*H} NMR were observed and are due to the mixture
of isomers cis or trans. HRMS (CI, m/z) calcd Ci11H2104 [M+H]*: 217.1434, found
217.1439. Diff: -2.04 ppm.

Preparation of (3,3-dimethyl-1,2,5-trioxaspiro[5.5]undecan-9-yl)methyl

methanesulfonate (2.55)

(0] OMs

The procedure was adapted from Tang et al.*® with slight modifications. To a solution of
2.54 (0.50 g, 2.31 mmol) and triethylamine (0.97 mL, 6.94 mmol) in CH2Cl, (12 mL) at
0 °C was added dropwise a solution of methanesulfonyl chloride (0.27 mL, 3.49 mmol)
in CH2Cl> (2.5 mL). The mixture was allowed to stir at rt, for 1 h, before being quenched
with water (20 mL). After separation of the aqueous layer, the organic layer was washed
with water (20 mL) and brine (20 mL), dried over MgSOyg, filtered, and concentrated to
afford 2.55 (0.68 g, 76%), without further purification, as a colourless solid. *H NMR
(400 MHz, CDCls): 4 4.06 (dd, J = 11.4, 6.4 Hz, 2H), 4.01 — 3.13 (m, 2H), 3.01 (d, J =
4.4 Hz, 3H), 2.96 — 2.16 (m, 1H), 1.93 — 1.67 (m, 4H), 1.65 — 0.95 (m, 10H). *C{'H}
NMR (101 MHz, CDCls): 6 101.42, 76.97, 73.73, 73.55, 66.75, 66.51, 37.29, 37.27,
36.65, 36.57, 26.79, 24.90, 24.89, 24.52, 22.40. Duplicate peaks on *C{*H} NMR were
observed and are due to the mixture of isomers cis or trans. HRMS (ESI, m/z) calcd for
C12H2206SNa [M+Na]": 317.1029; found 317.1030. Diff: -0.31 ppm.
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Preparation of tert-butyl 4-{(3,3-dimethyl-1,2,5-trioxa-9-
spiro[5.5]undecyl)methyl}-1-piperazine-carboxylate (2.57)

o] N
&’N}Boc

Compound 2.57 was synthesised following the general procedures 10 and 11, from (3,3-
dimethyl-1,2,5-trioxa-9-spiro[5.5]undecyl)methanol 2.54 and 1-boc-piperazine 2.56.
Purification by flash chromatography (EtOAc: hexane, 25:75, v/v) yielded 2.57 as a
colourless solid (35% yield).'"H NMR (400 MHz, CDCl3): § 3.96 — 3.14 (m, 6H), 2.91 —
2.19 (m, 5H), 2.18 — 2.12 (dd, J = 9.6, 7.1 Hz, 2H), 1.80 — 1.47 (m, 7H), 1.46 — 1.44 (s,
9H), 1.42 — 1.01 (m, 7H). *C{*H} NMR (101 MHz, CDCls): § 154.82, 102.18, 102.08,
79.51, 79.49, 76.86, 76.84, 66.73, 66.47, 64.50, 64.27, 53.49, 47.22, 41.84, 34.29, 34.11,
28.44,27.19, 26.78, 22.23. Duplicate peaks on **C{*H} NMR were observed and are due
to the mixture of isomers cis or trans. HRMS (ESI, m/z) calcd for C2oH3z7N20s [M+H]":
385.2697; found 385.2703. Diff: -1.66 ppm.

Preparation of 3,3-dimethyl-9-[(1-piperazinyl)methyl]-1,2,5-
trioxaspiro[5.5]Jundecane dihydrochloride (2.59)

KO@N&

NH HCI

Compound 2.59 was synthesised following the general procedure 7 (4M in 1,4-dioxane
method), from tert-butyl 4-{(3,3-dimethyl-1,2,5-trioxa-9-spiro[5.5]undecyl)-methyl}-1-
piperazine-carboxylate 2.57. Yielded 2.59 as a colourless solid (88% vyield). *H NMR
(400 MHz, CD30D): 4.19 - 3.33 (m, 11H), 3.29 - 3.15(dd, J = 7.0, 3.2 Hz, 2H), 2.95 (br
s, 1H), 2.26 — 0.89 (m, 14H). *C{"H} NMR (101 MHz, CDsOD): & 100.77, 100.66,
76.68, 76.66, 66.15, 65.94, 62.18, 62.08, 48.75, 48.73, 40.29, 31.55, 31.50, 30.90, 26.62,
26.24, 25.85, 19.47. Duplicate peaks on *C{*H} NMR were observed and are due to the
mixture of isomers cis or trans. HRMS (ESI, m/z) calcd for CisHN20O3 [M+H]":
285.2173; found 285.2177. Diff: -1.59 ppm.
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Preparation of ethyl 7,8,15-trioxa-12-
dispiro[5.2.5.2]hexadecanecarboxylate (2.60)

0-0 @)
OO

Compound 2.60 was synthesised following the general procedure 1, from 2.30 and 2.52,
or following the general procedure 2 (SSA Method), from 1-oxaspiro[2.5]octane and
2.52. Purification by chromatography (EtOAc: hexane, 5:95, v/v) yielded a white solid
(40% yield). *H NMR (400 MHz, CDCls): § 4.12 (qd, J = 7.1, 5.4 Hz, 2H), 3.84 — 3.34
(m, 2H), 2.86 —2.30 (m, 2H), 1.93 - 1.27 (m, 17H), 1.24 (td, J = 7.1, 5.6 Hz, 3H). *C{*H}
NMR (101 MHz, CDCl3): 4 175.04, 174.94, 101.35, 101.25, 77.72, 77.68, 66.20, 65.91,
60.32, 60.29, 42.18, 41.70, 32.92, 29.93, 25.91, 25.89, 24.77, 24.44, 21.28, 14.22.
Duplicate peaks on *C{*H} NMR were observed and are due to the mixture of isomers
cis or trans. HRMS (ESI, m/z) calcd for CisH260sNa [M+Na]*: 321.1672; found
321.1676. Diff: -1.09 ppm.

Preparation of (7,8,15-trioxa-12-dispiro[5.2.5.2]hexadecyl)methanol
(2.61)

OO

Compound 2.61 was synthesised following the general procedure 3, from ethyl 7,8,15-
trioxa-12-dispiro[5.2.5.2]hexadecanecarboxylate 2.60. Yielded 2.61 as a colourless solid
(91% yield). *H NMR (400 MHz, CDCls): § 3.97 — 3.51 (m, 2H), 3.51 — 3.38 (m, 2H),
3.01-2.00 (m, 2H), 2.00 — 1.05 (m, 17H). *C{*H} NMR (101 MHz, CDCls): § 102.20,
102.12,77.66, 77.64,67.74, 67.54, 66.22, 65.89, 39.63, 39.58, 34.32, 32.06, 30.04, 27.53,
25.93, 25.90, 25.21, 24.84, 21.29. Duplicate peaks on 3C{*H} NMR were observed and
are due to the mixture of isomers cis or trans. HRMS (CI, m/z) calcd C14H2504 [M+H]*:
257.1747, found 257.1735. Diff: 4.94 ppm.
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Preparation of tert-butyl 4-{(7,8,15-trioxa-12-
dispiro[5.2.5.2]hexadecyl)ethyl}-1-piperazinecarboxylate (2.62)

0 N
«—"I}Boc

Compound 2.62 was synthesised following the general procedures 10 and 11, from (3,3-
dimethyl-1,2,5-trioxa-9-spiro[5.5]undecyl)methanol 2.61 and 1-boc-piperazine 2.56.
Purification by flash chromatography (EtOAc: hexane, 25:75, v/v) yielded 2.62 as a
colourless solid (44% yield). *H NMR (400 MHz, CDCls): § 3.92 — 3.25 (m, 6H), 2.96 —
2.19 (m, 5H), 2.15 (t, J = 7.6 Hz, 2H), 1.76 — 1.46 (m, 11H), 1.45 (s, 9H), 1.44 — 1.14 (m,
7H). BC{*H} NMR (101 MHz, CDCls): § 154.82, 102.39, 102.28, 79.50, 79.48, 77.61,
66.21, 65.90, 64.52, 64.27, 53.49, 43.92, 36.89, 34.31, 34.11, 32.18, 29.78, 28.44, 27.19,
26.79, 25.94, 25.91, 21.25. Duplicate peaks on **C{*H} NMR were observed and are due
to the mixture of isomers cis or trans. HRMS (ESI, m/z) calcd for C23H41N20s [M+H]":
425.3010; found 425.3015. Diff: -1.14 ppm.

Preparation of 12-[(1-piperazinyl)methyl]-7,8,15-
trioxadispiro[5.2.5.2]hexadecane dihydrochloride (2.63)

«—OI}H HCI

Compound 2.63 was synthesised following the general procedure 7 (4 M in 1,4-dioxane
method), from tert-butyl 4-{(7,8,15-trioxa-12-dispiro[5.2.5.2]hexadecyl) ethyl}-1-
piperazinecarboxylate 2.62. Yielded 2.63 as a colourless solid (90% yield). *H NMR (400
MHz, D20): & 3.93 — 3.36 (m, 11H), 3.18 —3.08 (m, 2H), 2.01 — 1.05 (m, 18H). *C{*H}
NMR (101 MHz, D20): 6 102.63, 102.46, 79.44, 79.38, 65.59, 65.27, 62.03, 61.90, 48.73,
40.43, 30.87, 30.84, 25.70, 25.31, 25.08, 20.75. Duplicate peaks on 3C{*H} NMR were
observed and are due to the mixture of isomers cis or trans. HRMS (ESI, m/z) calcd for
C18H33N203 [M+H]": 325.2486; found 325.2489. Diff: -1.06 ppm.
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Preparation of ethyl 1-oxaspiro[2.5]octane-6-carboxylate (2.64)

o)

o0~ O

~

Compound 2.64 was synthesised following the general procedure 4, from ethyl 4-
oxocyclohexanecarboxylate 2.52 and tetrahydrofuran as the solvent. Purification yielded
2.64 as a colourless oil (24% yield).

'H NMR (400 MHz, CDCls): § 4.16 (g, J = 7.1 Hz, 2H), 2.64 (d, J = 11.5 Hz, 2H), 2.45
—2.34 (m, 1H), 2.13 — 1.98 (m, 1H), 1.97 — 1.91 (m, 1H), 1.90 — 1.85 (m, 2H), 1.84 —
1.70 (m, 2H), 1.53 — 1.37 (m, 2H), 1.26 (t, J = 7.1 Hz, 3H). *C{*H} NMR (101 MHz,
CDCl3) 6 175.11, 60.36, 57.49, 53.85, 41.89, 31.96, 26.50, 14.23. HRMS (ESI, m/z) calcd
Ci0H1603Na [M+Na]*: 207.0992; found 207.0994. Diff: -0.93 ppm.

Preparation of ethyl dispiro[cyclohexane-1,6'-[1,2,4]trioxane-3",2"'-
tricyclo[3.3.1.137]decane]-4-carboxylate (2.65)

Compound 2.65 was synthesised following the general procedure 2 (SSA Method), from
ethyl 1-oxaspiro[2.5]octane-6-carboxylate 2.64 and adamantan-2-one. Isolation of
analytically pure product by flash chromatography on silica gel was not possible since it
co-elutes with adamantan-2-one. Therefore, the product was carried forward to the next
step. MS (ESI) [M+Na]*: 373.2 (100).
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Preparation of dispiro[cyclohexane-1,6'-[1,2,4]trioxane-3",2"'-
tricyclo[3.3.1.1%3"]decane]-4-carboxylic acid (2.66)
0-0 0]
The procedure by Jiricek et al.® was followed, using ethyl dispiro[cyclohexane-1,6'-
[1,2,4]trioxane-3',2"-tricyclo[3.3.1.1>"]decane]-4-carboxylate 2.65. Purification by flash
chromatography (gradient eluent EtOAc: hexane, 50-100%:50-0%, v/v) yielded 2.66 as a
colourless solid (17% yield over 3 steps). *H NMR (400 MHz, CDCls): § 3.92 — 3.52 (m,
2H), 2.93 (br s, 1H), 2.56 (dt, J = 7.5, 3.6 Hz, 1H), 2.27 — 1.62 (m, 19H), 1.51 — 1.12 (m,
2H). 3C{"H} NMR (101 MHz, CDCls): § 180.95, 104.45, 76.89, 64.03, 40.47, 37.17,

36.24, 33.38, 30.14, 27.15, 24.05, 23.28. HRMS (ESI, m/z) calcd C1sH2505 [M-H]:
321.1701; found 321.1706. Diff: 0.60 ppm.

Preparation of (dispiro[cyclohexane-1,6'-[1,2,4]trioxane-3",2"'-
tricyclo[3.3.1.13"]decan]-4-yl)methanol (2.67)

0-0
Compound 2.67 was synthesised following the general procedure 3, from
dispiro[cyclohexane-1,6'-[1,2,4]trioxane-3',2"-tricyclo[3.3.1.1> "]decane]-4-carboxylic
acid 2.66. Yielded 2.67 as a colourless foam (97% yield). *H NMR (400 MHz, CDCls):
§3.75 (s, 2H), 3.50 (d, J = 6.4 Hz, 2H), 3.12 — 2.27 (m, 2H), 2.10 — 1.74 (m, 10H), 1.67
—1.45 (m, 8H), 1.41 — 0.92 (m, 4H). BC{'"H} NMR (101 MHz, CDCls): & 104.34, 78.08,

67.16, 62.67, 40.25, 37.19, 36.21, 33.92, 31.03, 28.91, 27.16, 25.10. HRMS (ESI, m/z)
calcd for C1gH2804Na [M+Na]*: 331.1880; found 331.1887. Diff: -2.03 ppm.
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Preparation of tert-butyl 4-{(dispiro[cyclohexane-1,6'-[1,2,4]trioxane-
3',2"-tricyclo[3.3.1.1*"]de-can]-4-yl)methyl}-1-piperazinecarboxylate
(2.68)

NBoc

Compound 2.68 was synthesised following the general procedure 10 and 11, from
(dispiro[cyclohexane-1,6'-[1,2,4]trioxane-3',2"-tricyclo[3.3.1.1%"]decan]-4-yl)methanol
2.67 and 1-boc-piperazine. Purification by flash chromatography (EtOAc: hexane, 25:75,
v/v) yielded 2.68 as a colourless solid (39% vyield). *H NMR (400 MHz, CDCls): § 3.74
(s, 2H), 3.40 (t, J = 5.0 Hz, 4H), 3.05 — 2.27 (m, 5H), 2.19 — 2.13 (m, 2H), 2.11 — 1.68
(m, 10H), 1.67 — 1.49 (m, 7H), 1.48 — 1.44 (s, 9H), 1.45 (m, 3H), 1.13 — 0.81 (m, 2H).
BC{*H} NMR (101 MHz, CDCls): 5 154.80, 104.30, 79.53, 78.23, 63.97, 62.75, 53.48,
43.57, 37.22, 37.19, 34.09, 33.39, 28.44, 27.18, 27.16. HRMS (ESI, m/z) calcd for
C27H4sN20s [M+H]*: 477.3323; found 477.3329. Diff: -1.32 ppm.

Preparation of 4-[(1-piperazinyl)methyl]dispiro[cyclohexane-
1,6'-[1,2,4]trioxane-3',2""-tricyclo-[3.3.1.13"]decane] dihydrochloride
(2.69)

LA

Compound 2.69 was synthesised following the general procedure 7 (4 M in 1,4-dioxane
method), from tert-butyl 4-{(dispiro[cyclohexane-1,6'-[1,2,4]trioxane-3',2"-
tricyclo[3.3.1.1>"]decan]-4-yl)methyl}-1-pipe-razinecarboxylate 2.68. Yielded 2.69 as a
colourless solid (95% yield). *H NMR (400 MHz, D,0): § 3.91 — 3.36 (m, 11H), 3.15
(dd, J = 14.0, 7.0 Hz, 2H), 2.06 — 0.98 (m, 22H). *C{*H} NMR (101 MHz, D0): §
106.18, 78.67, 61.99, 61.42, 48.73, 40.45, 36.26, 32.83, 31.31, 30.70, 26.55, 24.65.
HRMS (ESI, m/z) calcd for C22H3z7N203 [M+H]*: 377.2799; found 377.2807. Diff: -2.21

ppm.
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Preparation of tert-butyl 4-[8-nitro-4-oxo-6-(trifluoromethyl)-1,3-
benzothiazin-2-yl]-1-piperazine-carboxylate (2.70)

0
NO, ﬁN)koJ<
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This compound was synthesised following the general procedure 8, from 1-boc-
piperazine 2.56 and 2-(methylthio)-8-nitro-6-(trifluoromethyl)-4H-benzo[e][1,3]thiazin-
4-one 2.43. Recrystallization from methanol gave the pure product 2.70 as a yellow solid
(79% yield).
'H NMR (400 MHz, CDCls): § 9.11 (d, J = 2.2 Hz, 1H), 8.79 (d, J = 2.1 Hz, 1H), 4.03
(brs, 4H), 3.60 (s, 4H), 1.50 (s, 9H). *C{*H} NMR (101 MHz, CDCls): § 166.37, 162.63,
154.26, 143.91, 133.78, 133.50, 130.11, 126.68, 126.17, 126.13, 123.69, 81.07, 46.21,
43.20, 28.34. HRMS (ESI, m/z) calcd for C1sH19F3sN2OsSNa [M+Na]*: 483.092; found
483.0922. Diff: -0.33 ppm.

Preparation of 8-nitro-2-(1-piperazinyl)-6-(trifluoromethyl)-1,3-
benzothiazin-4-one dihydrochloride (2.71)

NO2 i~ NHHCI
s _N
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N
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Compound 2.71 was synthesised following the general procedure 7 (4 M in 1,4-dioxane
method), from tert-butyl 4-[8-nitro-4-oxo-6-(trifluoromethyl)-1,3-benzo-thiazin-2-yl]-1-
piperazinecarboxylate 2.70. Obtained as a pale-yellow solid (94% yield). *H NMR (400
MHz, CD30D): 6 8.89 (dd, J=2.2, 0.7 Hz, 1H), 8.84 — 8.82 (m, 1H), 4.19 (t, J = 5.4 Hz,
4H), 3.35 (t, J = 5.4 Hz, 4H). *C{*H} NMR (101 MHz, DMSO-ds): § 165.86, 163.09,
144,90, 138.33, 134.51, 131.92, 128.26, 127.92, 126.90, 126.89, 126.43, 124.41, 121.70,
43.20, 42.09. HRMS (ESI, m/z) calcd for Ci3H12F3NsOsS [M+H]*: 361.0577; found
361.0579. Diff: -0.55 ppm.
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Preparation of 3,3-dimethyl-1,2,5-trioxa-9-
spiro[5.5]undecanecarboxylic acid (2.72)

KO~
) OH

The procedure by Jiricek et al.®® was followed, using ethyl 3,3-dimethyl-1,2,5-trioxa-9-
spiro[5.5]undecanecarboxylate 2.53. White solid (95% yield). 'H NMR (400 MHz,
CDCls): § 3.91 - 3.38 (m, 2H), 2.85 — 2.39 (m, 1H), 2.00 — 0.76 (m, 14H). BC{*H} NMR
(101 MHz, CDCls): 6 181.11, 180.98, 101.04, 100.95, 76.96, 66.74, 66.49, 41.67, 41.29,
35.09, 27.12, 27.08, 24.51, 24.18, 22.59, 22.21. Duplicate peaks on *C{*H} NMR, it is
due to the mixture of isomers cis or trans. HRMS (ESI, m/z) calcd C11H170s5 [M-H]:
229.1081; found 229.1082. Diff: -0.40 ppm.

Preparation of (9H-fluoren-9-yl)methyl 3,3-dimethyl-1,5-dioxa-9-aza-
9-spiro[5.5]Jundecanecarboxylate (2.74)

XX

This compound was synthesised following the general procedure 9, from Fmoc-
piperidone 2.73 and 2,2-dimethylpropane-1,3-diol. Purification by flash chromatography
(EtOAC: hexane, 25:75, v/v) yielded a white solid (91% yield). *H NMR (400 MHz,
CDCls): 6 7.76 (d, J = 7.5 Hz, 2H), 7.57 (dd, J = 7.6, 1.1 Hz, 2H), 7.39 (td, J = 7.5, 1.2
Hz, 2H), 7.31 (td, J = 7.5, 1.2 Hz, 2H), 4.42 (d, J = 6.9 Hz, 2H), 4.24 (t, J = 6.8 Hz, 1H),
3.55—3.46 (m, 8H), 1.88 — 1.76 (m, 4H), 1.02 — 0.94 (m, 6H). *C{"H} NMR (101 MHz,
CDCls): 6 155.12, 144.08, 141.35, 127.68, 127.05, 124.99, 119.99, 95.96, 70.03, 67.28,
53.44, 47.38, 40.76, 32.77, 31.81, 30.26, 22.66. HRMS (ESI, m/z) calcd C2sH29NOsNa
[M+Na]": 430.1989, found 430.1988. Diff: 0.30 ppm.
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Preparation of 3,3-dimethyl-1,5-dioxa-9-azaspiro[5.5]undecane (2.75)

X O

The procedure by Sureshbabu et al.t%®

was followed, with slight modifications. To a
solution of  (9H-fluoren-9-yl)methyl  3,3-dimethyl-1,5-dioxa-9-aza-9-spiro[5.5]-
undecanecarboxylate 2.74 (1 mmol) in dry CH2Clz (2 mL) was added diethylamine (2
mL) and the mixture was allowed to stir at room temperature overnight. The solvent was
concentrated under reduced pressure, then purified by flash chromatography (MeOH:
CH.Cl2:NH4OH, 10:90:1, v/v), and yielded a white solid (45% yield). *H NMR (400 MHz,
CDCla): & 3.48 (br s, 4H), 3.24 (t, J = 5.7 Hz, 4H), 2.21 — 2.15 (m, 4H), 0.97 (s, 6H).
13C{*H} NMR (101 MHz, CDCls): & 93.68, 70.09, 41.02, 30.20, 29.38, 22.52. HRMS
(ESI, m/z) calcd C10H20NO2 [M+H]": 186.1489; found 186.1487. Diff: 0.62 ppm.

Preparation of ethyl 3,3-dimethyl-1,5-dioxa-9-
spiro[5.5]undecanecarboxylate (2.76)

KO
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This compound was synthesised following the general procedure 9, from 2.52
and 2,2-dimethylpropane-1,3-diol. Purification by flash chromatography (EtOAcC:
hexane, 25:75, v/v) yielded a colourless oil (93% yield). *H NMR (400 MHz, CDCls): §
412 (q, J = 7.1 Hz, 2H), 3.51 (s, 2H), 3.47 (s, 2H), 2.33 (tt, J = 10.7, 4.1 Hz, 1H), 2.19
(d, J=13.1 Hz, 2H), 1.84 (m, 2H), 1.73 (m, 2H), 1.45 (td, J = 12.8, 4.3 Hz, 2H), 1.24 (t,
J=7.1Hz, 3H), 0.96 (s, 6H). *C{*H} NMR (101 MHz, CDCls): § 175.33, 96.88, 70.07,

69.82, 60.23, 42.17, 31.16, 30.18, 24.88, 22.72, 14.23. HRMS (ESI, m/z) calcd for
C14H2504 [M+H]*: 257.1747; found 257.1751. Diff: -1.38 ppm.
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Preparation of (3,3-dimethyl-1,5-dioxa-9-spiro[5.5]undecyl)methanol
(2.77)

X O

This compound was synthesised following the general procedure 3, from ethyl 3,3-
dimethyl-1,5-dioxa-9-spiro[5.5]undecanecarboxylate 2.76. Colourless oil (92% vyield).
'H NMR (400 MHz, CDCls): & 3.54 (s, 2H), 3.48 (br s, 4H), 2.30 — 2.23 (m, 2H), 1.73 -
1.66 (m, 2H), 1.60 — 1.46 (m, 2H), 1.37 (td, J = 13.3, 3.9 Hz, 2H), 1.25 — 1.15 (m, 2H),
0.96 (s, 6H). *C{*H} NMR (101 MHz, CDCls): § 97.75, 70.04, 69.83, 67.79, 39.74,
31.52,30.19, 25.24, 22.73. HRMS (CI, m/z) calcd for C12H2303 [M+H]*: 215.1642; found
215.1646. Diff: -1.82 ppm.

Preparation of tert-butyl 4-{(3,3-dimethyl-1,5-dioxa-9-
spiro[5.5]undecyl)methyl}-1-piperazinecarboxylate (2.78)

Ko@b

NBoc

This compound was synthesised following the general procedures 10 and 11, from (3,3-
dimethyl-1,5-dioxa-9-spiro[5.5]undecyl)methanol 2.77 and 1-boc-piperazine 2.56.
Purification by flash chromatography (EtOAc: hexane, 25:75, v/v) yielded a white solid
(39% yield). 'H NMR (400 MHz, CDCls): § 3.52 (s, 2H), 3.46 (s, 2H), 3.41 (t, J = 5.1
Hz, 4H), 2.32 (t, J = 5.0 Hz, 4H), 2.26 — 2.19 (m, 2H), 2.15 (d, J = 7.1 Hz, 2H), 1.71 —
1.66 (m, 2H), 1.53 (ddt, J = 11.1, 7.4, 3.7 Hz, 1H), 1.46 (s, 9H), 1.34 (id, J = 13.4, 4.0
Hz, 2H), 1.14 (dt, J = 16.4, 11.5 Hz, 2H), 0.97 (s, 6H). *C{*H} NMR (101 MHz, CDCl5):
0 154.82, 97.91, 79.48, 70.05, 69.81, 64.57, 53.50, 43.67, 34.29, 31.71, 30.19, 28.44,
27.24, 22.75. HRMS (ESI, m/z) calcd for Cz1HzoN204 [M+H]*: 383.2904; found
383.2908. Diff: -0.91 ppm.
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Preparation of 1-{(3,3-dimethyl-1,5-dioxa-9-
spiro[5.5]undecyl)methyl}piperazine dihydrochloride (2.79)

KZ@WHQ
o,

NH HCI

This compound was synthesised following the general procedure 7 (4 M in 1,4-
dioxane method), from tert-butyl 4-{(dispiro[cyclohexane-1,6'-[1,2,4]trioxane-3',2"-
tricyclo[3.3.1.1>"]decan]-4-yl)methyl}-1-piperazinecarboxylate 2.78. White solid (86%
yield). 'H NMR (400 MHz, D20): § 3.66 — 3.48 (m, 13H), 3.11 (d, J = 7.9 Hz, 2H), 2.48
—2.14 (m, 2H), 1.93 - 1.47 (m, 3H), 1.38 (td, J = 13.5, 3.8 Hz, 2H), 1.28 (¢, J = 13.0 Hz,
2H), 0.90 (s, 6H). *C{*H} NMR (101 MHz, D20): § 98.17, 69.57, 69.41, 68.01, 48.69,
40.41, 39.07, 30.93, 29.23, 25.66, 21.42. HRMS (ESI, m/z) calcd for CisH31N2O>
[M+H]*: 283.2380; found 283.2382. Diff: -0.82 ppm.

Preparation of ethyl 1,4-dioxaspiro[4.5]decane-8-carboxylate (2.80)

[\
o__ 0O

o707

Compound 2.80 was synthesised following the general procedure 9, from 2.52 and
ethylene glycol. Purification by flash chromatography (EtOAc: hexane, 25:75, v/v)
yielded a colourless oil (92% yield). *H NMR (400 MHz, CDCls): § 4.13 (¢, J = 7.1 Hz,
2H), 3.94 (s, 4H), 2.33 (tt, J = 10.4, 3.9 Hz, 1H), 1.98 — 1.89 (m, 2H), 1.86 — 1.74 (m,
4H), 1.55 (td, J = 12.4, 11.7, 4.2 Hz, 2H), 1.25 (t, J = 7.1 Hz, 3H). “C{*H} NMR (101
MHz, CDClz): 6 175.20, 108.10, 64.30, 60.26, 41.62, 33.74, 26.29, 14.22. HRMS (ESI,
m/z) calcd C11H1804 [M+H]": 215.1278; found 215.1273. Diff: 2.06 ppm.
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Preparation of (1,4-dioxa-8-spiro[4.5]decyl)methanol (2.81)

[\
o_ 0

OH

Compound 2.81 was synthesised following the general procedure 3, from ethyl 1,4
dioxaspiro[4.5]decane-8-carboxylate 2.80. Colourless oil (94% yield). *H NMR (400
MHz, CDCls): 3.94 (s, 4H), 3.51 — 3.45 (m, 2H), 1.82 — 1.75 (m, 4H), 1.60 — 1.48 (m,
4H), 1.34 — 1.20 (m, 2H). BC{*H} NMR (101 MHz, CDCls): § 109.04, 67.71, 64.24,
39.11, 34.11, 26.64. HRMS (CI, m/z) calcd for CoH1703 [M+H]": 173.1172; found
173.1174. Diff: -0.85 ppm.

Preparation of tert-butyl 4-{(1,4-dioxa-8-spiro[4.5]decyl)methyl}-1-
piperazinecarboxylate (2.82)

[\
o_ 0O

UBOC

This compound was synthesised following the general procedure 10 and 11, from (1,4-
dioxa-8-spiro[4.5]decyl)methanol 2.81 and 1-boc-piperazine 2.56. Purification by flash
chromatography (EtOAc: hexane, 25:75, v/v) yielded a white solid (44% yield).

'H NMR (400 MHz, CDCls): § 3.94 (s, 4H), 3.40 (t, J = 5.1 Hz, 4H), 2.32 (t, J = 5.1 Hz,
4H), 2.15 (d, J=7.2 Hz, 2H), 1.82 — 1.71 (m, 4H), 1.56 — 1.47 (m, 3H), 1.45 (s, 9H), 1.28
—1.14 (m, 2H). BC{*H} NMR (101 MHz, CDCls): § 154.82, 109.21, 79.48, 64.49, 64.22,
53.50, 44.22, 34.32, 33.70, 28.65, 28.44. HRMS (ESI, m/z) calcd for CigH33N204
[M+H]": 341.2435; found 341.2446. Diff: -3.33 ppm.
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Preparation of 4-[(1-piperazinyl)methyl]cyclohexanone
dihydrochloride (2.83)

0]

N
Acl ()\JH HCI

Compound 2.83 was synthesised following the general procedure 7 (4 M in 1,4-dioxane
method), from tert-butyl 4-{(1,4-dioxa-8-spiro[4.5]decyl)methyl}-1-piperazine-
carboxylate 2.82. Colourless solid (40% yield). *H NMR (400 MHz, D20): & 3.61 (br s,
8H), 3.24 (d, J = 7.1 Hz, 2H), 2.47 (td, J = 14.4, 13.8, 5.9 Hz, 2H), 2.39 — 2.30 (m, 2H),
2.12 — 1.87 (m, 2H), 1.85 — 1.16 (m, 3H). ¥C{"H} NMR (101 MHz, D20): & 217.14,
61.50, 48.83, 40.44, 39.05, 30.01, 29.21. HRMS (ESI, m/z) calcd for C11H21N20 [M+H]™:
197.1648; found 197.1649. Diff: -0.07 ppm.

Preparation of 2-(3,3-dimethyl-1,2,5-trioxa-9-aza-9-spiro[5.5]Jundecyl)-
8-nitro-6-(trifluorome-thyl)-1,3-benzothiazin-4-one (B3)

.0
0 $
NO,
. Ao
|
N
FsC
0]

B3 was synthesised following the general procedure 8, from 3,3-dimethyl-1,2,5-trioxa-
9-azaspiro[5.5]undecane 2.47 and 2.43. Recrystallization from methanol gave the pure
product as a pale green solid (62% yield). M.p = 204-206 °C. *H NMR (400 MHz, CDCls):
§9.10 (d, J = 2.1 Hz, 1H), 8.77 (d, J = 2.1 Hz, 1H), 4.69 — 3.40 (m, 6H), 2.72 — 1.78 (m,
4H), 1.53 (s, 3H), 1.16 (s, 3H). *C{*H} NMR (101 MHz, CDCls): § 166.52, 161.96,
143.93, 134.03, 133.43, 133.40, 129.93, 129.58, 126.63, 126.08, 126.05, 123.72, 121.01,
99.61, 77.61, 66.95, 42.96, 34.36, 21.90. HRMS (ESI, m/z) calcd C1sH1sF3N3OsSNa
[M+Na]": 484.0761; found 484.0759. Diff: 0.27 ppm. Anal. Calcd for C1gH1s8F3N30sS:
C, 46.85; H, 3.93; N, 9.11, found: C, 46.73; H, 3.88; N, 9.16.
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Preparation of 8-nitro-6-(trifluoromethyl)-2-(7,8,16-trioxa-3-aza-3-
dispiro[5.2.5.2]hexadecyl)-1,3-benzothiazin-4-one (B4)

m@p

B4 was synthesised following the general procedure 8, from 7,8,16-trioxa-3-
azadispiro[5.2.5.2]hexadecane 2.48 and 2.43. Recrystallization from methanol gave the
pure product as a pale green solid (65% yield). M.p = 205-207 °C. *H NMR (400 MHz,
CDCl3): 8 9.02 (d, J = 2.1 Hz, 1H), 8.69 (d, J = 2.1 Hz, 1H), 4.43 — 3.48 (m, 6H), 2.71 —
2.21 (m, 2H), 2.09 — 1.74 (m, 3H), 1.59 — 1.17 (m, 9H). ®C{*H} NMR (101 MHz,
CDClz): 6 166.50, 161.92, 143.92, 134.04, 133.41, 133.38, 130.25, 129.90, 129.55,
129.20, 126.63, 126.07, 126.03, 123.72, 121.01, 99.78, 78.40, 66.40, 43.16, 34.44, 32.10,
29.97, 25.76, 21.21. HRMS (ESI, m/z) calcd C21H22F3N30sSNa [M+Na]*: 524.1074;
found 524.108. Diff: -1.22 ppm. Anal. Calcd for C21H22F3N30eS: C, 50.30; H, 4.42; N,
8.38, found: C, 50.44; H, 4.35; N, 8.40.
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Preparation of 2-(dispiro[piperidine-4,6'-[1,2,4]trioxane-3",2"'-
tricyclo[3.3.1.13"]decan]-1-yl)-8-nitro-6-(trifluoro-methyl)-1,3-

benzothiazin-4-one (B5)
ﬁ)gQE

B5 was synthesised in accordance with general procedure 8, using dispiro[piperidine-
4,6'-[1,2,4]trioxane-3',2"-tricyclo[3.3.1.13"]decane] 2.51 and 2.43. Recrystallization from
methanol gave the pure product as a pale green solid (53% vyield).

M.p = 198-200 °C. *H NMR (400 MHz, CDCls): § 9.12 (s, 1H), 8.77 (s, 1H), 5.08 (br s,
1H), 4.20 (br s, 1H), 3.92 — 3.31 (m, 4H), 2.97 (br s, 2H), 2.09 — 1.62 (m, 16H). 3C{*H}
NMR (101 MHz, CDCls): 6 166.53, 161.84, 143.93, 134.10, 133.40, 133.36, 130.40 —
129.71 (g, J = 35.5, 35.0 Hz), 126.69, 126.05, 126.01, 123.73, 121.02, 118.31, 105.13,
75.33, 64.96, 42.64, 37.05, 36.05, 33.33, 30.33, 28.41, 27.06. HRMS (ESI, m/z) calcd
CasH26F3N30sSNa [M+Na]*: 576.1387; found 576.1387. Diff: 0.01 ppm. Anal. Calcd for
CasH26F3N306S: C, 54.24; H, 4.73; N, 7.59, found: C, 54.52; H, 4.66; N, 7.64.

Preparation of 8-nitro-2-(4-oxo-1-piperidyl)-6-(trifluoromethyl)-1,3-
benzothiazin-4-one (C1)

2
S__N
T
N

Compound C1 was synthesised following the general procedure 8, from
piperidone hydrochloride and 2.43. Purification by flash chromatography (EtOAc:
hexane, 20:80, v/v) yielded a yellow solid (41% yield). M.p = 223-226 °C. *H NMR (400
MHz, CDCls): 8 9.13 (s, 1H), 8.80 (s, 1H), 4.32 (br s, 4H), 2.73 (t, J = 6.3 Hz, 4H).
BC{*H} NMR (101 MHz, CDCls): § 204.25, 166.29, 162.71, 143.93, 133.66, 133.62,
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133.59, 133.55, 130.63, 130.28, 129.93, 129.57, 126.47, 126.30, 126.27, 126.23, 126.19,
123.65, 120.94, 118.22, 44.33, 39.94. HRMS (CI, m/z) calcd C14H11F3N304S [M+H]":
374.0417, found 374.0421. Diff: -1.16 ppm. Purity HPLC (Method B): 96.47%, Rt = 2.77

min.

Preparation of 2-(3,3-dimethyl-1,5-dioxa-9-aza-9-spiro[5.5]undecyl)-8-
nitro-6-(trifluoromethyl)-1,3-benzothiazin-4-one (C2)

oﬁ\
NO,
e,
|
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This compound was synthesised following the general procedure 8, from 3,3-
dimethyl-1,5-dioxa-9-azaspiro[5.5]undecane 2.75 and 2.43. Recrystallization from
methanol gave the pure product as a pale green solid (72% yield). M.p = 264-266 °C. H
NMR (400 MHz, CDCl3): § 9.11 (d, J = 2.1 Hz, 1H), 8.75 (d, J = 2.1 Hz, 1H), 4.16 (brs,
2H), 3.90 (br s, 2H), 3.57 (s, 4H), 2.03 (t, J = 5.7 Hz, 4H), 1.02 (s, 6H). *C{*H} NMR
(101 MHz, CDCls): 8 166.58, 161.82, 143.94, 134.17, 133.40, 133.36, 129.85, 129.50,
126.67, 126.04, 126.01, 123.74, 121.03, 95.41, 70.29, 43.68, 33.36, 31.64, 30.31, 22.56.
HRMS (ESI, m/z) calcd CigH20F3sN3OsSNa [M+Na]*: 482.0968, found 482.0974. Diff: -
1.27 ppm. Anal. Calcd for C19H20F3N30sS: C, 49.67; H, 4.39; F, 12.41; N, 9.15; found:
C, 49.38; H, 4.33; N, 9.07.

Preparation of 8-nitro-2-{4-[(4-oxocyclohexyl)methyl]-1-piperazinyl}-
6-(trifluoromethyl)-1,3-benzo-thiazin-4-one (C3)

NO, . Ono

)

FsC

Compound C3 was synthesised following the general procedure 8, from 4-[(1-
piperazinyl)methyl]cyclohexanone dihydrochloride 2.83 and 2.43. Purification by flash
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chromatography (100% EtOAc) gave the pure product as a dark yellow solid (39% yield).
M.p = 200-202 °C. *H NMR (400 MHz, CDCls): § 9.11 (d, J = 2.2 Hz, 1H), 8.77 (d, J =
2.1 Hz, 1H), 4.25 — 3.81 (m, 4H), 2.62 (br s, 4H), 2.47 — 2.29 (m, 6H), 2.21 — 2.12 (m,
2H), 1.98 (ddq, J = 11.0, 7.2, 3.7 Hz, 1H), 1.39 (it, J = 12.4, 6.5 Hz, 2H). 3*C{*H} NMR
(101 MHz, CDCls): 6 211.67, 166.47, 162.11, 143.92, 134.02, 133.44, 133.41, 129.94,
129.58, 129.22, 126.74, 126.07, 126.03, 123.72, 121.01, 63.11, 53.09, 46.50, 40.51,
33.46, 30.89. HRMS (ESI, m/z) calcd for CaoH22F3N4OsS [M+H]": 471.1308; found
471.1311. Diff: -0.52 ppm. Calcd for C20H21F3N404S: C, 51.06; H, 4.50; N, 11.91, found:
C, 50.69; H, 4.48; N, 11.75.

Preparation of 2-(4-{(3,3-dimethyl-1,5-dioxa-9-
spiro[5.5]undecyl)methyl}-1-piperazinyl)-8-nitro-6-(trifluoromethyl)-
1,3-benzothiazin-4-one (C4)

NO, (\N o
St My

This compound was synthesised following the general procedure 8 using 1-
{(3,3-dimethyl-1,5-dioxa-9-spiro[5.5]undecyl)methyl}piperazine dihydrochloride 2.79
and 2.43. Purification by flash chromatography (EtOAc: hexane, 70:30, v/v followed by
recrystallization from acetone gave the pure product as a yellow solid (38% vyield). M.p
=230-232 °C. *H NMR (400 MHz, CDCl3): 9.10 (d, J = 2.1 Hz, 1H), 8.76 (d, J = 2.2 Hz,
1H), 4.13 (br s, 2H), 3.90 (br s, 2H), 3.53 (s, 2H), 3.47 (s, 2H), 2.55 (br s, 4H), 2.28 —
2.20 (m, 4H), 1.74—1.66 (m, 2H), 1.55 (ddt, J = 11.0, 7.3, 3.9 Hz, 1H), 1.37 (td, J = 13.3,
3.8 Hz, 2H), 1.22 — 1.12 (m, 2H), 0.97 (s, 6H). *C{*H} NMR (101 MHz, CDCls): &
166.47, 162.01, 143.91, 134.10, 133.41, 129.86, 129.51, 126.78, 126.02, 125.98, 123.74,
120.94, 97.79, 70.07, 69.86, 64.01, 53.09, 46.59, 34.30, 31.64, 30.21, 27.12, 22.74.
HRMS (ESI, m/z) calcd for C2sHz2F3N4OsS [M+H]*: 557.2040; found 557.2044. Diff: -
0.75 ppm. Anal. Calcd for C2sH31F3sN4OsS: C, 53.95; H, 5.61; N, 10.07, found: C, 53.64;
H, 5.59; N, 9.92.
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Preparation of 2-(4-((3,3-dimethyl-1,2,5-trioxa-9-
spiro[5.5]undecyl)methyl)-1-piperazinyl)-8-nitro -6-(trifluoromethyl)-
1,3-benzothiazin-4-one (P4)

NO, SWQQZ}
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P4 was synthesised following the general procedure 8, from 3,3-dimethyl-9-[(1-
piperazinyl)methyl]-1,2,5-trioxaspiro[5.5]undecane dihydrochloride 2.59 and 2.43.
Recrystallization from methanol gave the pure product as a yellow solid (65% yield). M.p
= 199-201 °C. *H NMR (400 MHz, CDCl3): & 9.10 (d, J = 2.1 Hz, 1H), 8.73 (d, J = 2.1
Hz, 1H), 4.26 — 3.36 (m, 6H), 2.95 — 2.30 (m, 5H), 2.29 — 2.18 (dd, J = 9.6, 7.1 Hz, 2H),
2.13 - 1.63 (m, 3H), 1.61 — 1.01 (m, 11H). ¥C{*H} NMR (101 MHz, CDCls): § 166.46,
162.02, 143.91, 134.09, 133.41, 133.37, 129.79, 129.51, 126.77, 126.02, 125.99, 123.60,
121.02, 102.05, 101.95, 76.93, 76.88, 66.75, 66.50, 63.94, 63.72, 53.08, 46.59, 34.28,
34.12, 27.05, 26.66, 21.96. Duplicate peaks on *C{*H} NMR were observed and are due
to the mixture of isomers cis or trans. HRMS (ESI, m/z) calcd C24H30F3sN4OgS [M+H]":
559.1833; found 559.1839. Diff: -1.09 ppm. Anal. Calcd for C2s4H29F3N4OsS: C, 51.61;
H, 5.23; N, 10.03, found: C, 51.36; H, 5.19; N, 10.00. Purity HPLC (Method E): Purity
HPLC (Method E): diastereomer 1: 31.45%, Rt = 9.67 min; diastereomer 2: 64.09%, Rt

= 9.80. Differentiation of cis/trans isomers was not determined.
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Preparation of 8-nitro-6-(trifluoromethyl)-2-(4-{(7,8,15-trioxa-12-
dispiro[5.2.5.2]hexadecyl)me-thyl}-1-piperazinyl)-1,3-benzothiazin-4-
one (P5)

NO,
S

N

Beonles

P5 was synthesised following the general procedure 8, from 12-[(1-
piperazinyl)methyl]-7,8,15-trioxadispiro[5.2.5.2]hexadecane dihydrochloride 2.63 and
2.43. Recrystallization from methanol gave the pure product as a yellow solid (64%
yield). M.p = 187-189 °C. 'H NMR (400 MHz, CDCls): § 9.10 (d, J = 2.1 Hz, 1H), 8.76
(d, J=2.1 Hz, 1H), 4.12 (br s, 2H), 3.89 (br s, 2H), 3.75 — 3.30 (M, 2H), 2.83 (br s, 1H),
2.56 (s, 4H), 2.45 — 2.29 (m, 1H), 2.23 (t, J = 7.8 Hz, 2H), 1.81 — 1.62 (m, 5H), 1.59 —
1.14 (m, 12H). B®C{*H} NMR (101 MHz, CDCls): & 166.46, 162.02, 143.91, 134.09,
133.41, 133.37, 129.86, 129.50, 126.77, 126.02, 125.98, 123.74, 121.02, 102.25, 102.15,
77.69, 77.65, 66.22, 65.93, 63.96, 63.72, 53.08, 46.48, 34.30, 34.11, 27.08, 26.68, 25.92,
21.29. Duplicate peaks on *C{*H} NMR were observed and are due to the mixture of
isomers cis or trans. HRMS (ESI, m/z) calcd C27H34F3N406S [M+H]*: 599.2146; found
599.2153. Diff: -1.23 ppm. Anal. Calcd for C27H33F3N4OsS: C, 54.17; H, 5.56; N, 9.36,
found: C, 53.89; H, 5.44; N, 9.36. Purity HPLC (Method G): diastereomer 1: 33.70%, Rt
= 8.18 min; diastereomer 2: 64.95%, Rt = 9.11. Differentiation of cis/trans isomers was

not determined.
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Preparation of 2-(4-{(dispiro[cyclohexane-1,6'-[1,2,4]trioxane-3",2""-
tricyclo[3.3.1.137]decan]-4-yl)methyl}-1-piperazinyl) -8-nitro-6-
(trifluoromethyl)-1,3-benzothiazin-4-one (P6)

NO . Q«o{jf@
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Compound P6 was synthesised following the general procedure 8, from 4-[(1-
piperazinyl)methyl]dispiro[cyclohexane-1,6’-[1,2,4]trioxane-3,2’-
tricyclo[3.3.1.1>"]decane] dihydrochloride 2.69 and 2.43. Recrystallization from
methanol gave the pure product as a yellow solid (52% yield). M.p = 185-187 °C. 'H
NMR (400 MHz, CDClz3): 6 9.10 (d, J = 2.1 Hz, 1H), 8.76 (d, J = 2.1 Hz, 1H), 4.12 (br s,
2H), 3.90 (brs, 2H), 3.75 (br s, 2H), 2.96 (br s, 1H), 2.67 — 2.45 (m, 5H), 2.24 (d,J=7.2
Hz, 2H), 1.98 (br d, J = 12.7 Hz, 4H), 1.88 — 1.79 (m, 5H), 1.67 — 1.56 (m, 7H), 1.56 —
0.94 (m, 5H). ¥C{'H} NMR (101 MHz, CDCls): & 166.47, 162.03, 143.91, 134.07,
133.41, 129.58, 129.27, 129.12, 126.77, 126.00, 123.54, 120.54, 104.37, 78.10, 63.37,
62.79, 53.09, 46.37, 37.18, 34.02, 33.39, 27.17, 27.15. HRMS (ESI, m/z) calcd
Ca1H3sF3N4OsS [M+H]": 651.2459; found 651.2460. Diff: -0.27 ppm. Anal. Calcd for
Ca1H37F3N40OsS: C, 57.22; H, 5.73; F, 8.61; N, 9.15; found: C, 56.92; H, 5.70 N, 8.62.
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Preparation of 2-(4-{(3,3-dimethyl-1,2,5-trioxa-9-
spiro[5.5]undecyl)carbonyl}-1-piperazinyl)-8-nitro-6-(trifluoromethyl)-
1,3-benzothiazin-4-one (P7)

N02 (\ N )J\Q/O

s._N_J ~0
g

FsC |N O\/‘/

@)

Compound P7 was synthesised following the general procedure 6, from 8-nitro-2-(1-
piperazinyl)-6-(trifluoromethyl)-1,3-benzothiazin-4-one dihydrochloride 2.71 and 3,3-
dimethyl-1,2,5-trioxa-9-spiro[5.5]undecanecarboxylic acid 2.72. Purification by flash
chromatography (methanol:dichloromethane, 2.5:97.5, v/v) followed by recrystallization
from methanol gave the pure product as a light green solid (65% yield). M.p = 210-212
°C. 'H NMR (400 MHz, CDCls): § 9.11 (d, J = 2.1 Hz, 1H), 8.79 (d, J = 2.2 Hz, 1H), 4.38
—3.89 (m, 4H), 3.87 — 3.62 (m, 5H), 3.57 — 3.30 (m, 1H), 3.18 — 2.39 (m, 2H), 2.14 —
1.77 (m, 3H), 1.73—1.63 (m, 2H), 1.60 — 1.01 (m, 8H). *C{*H} NMR (101 MHz, DMSO-
de): 6 173.71, 165.63, 162.46, 144.85, 134.66, 131.90, 128.13, 127.79, 126.73, 126.71,
126.58, 124.44, 121.72, 101.19, 101.04, 77.08, 77.06, 66.08, 65.88, 46.39, 44.17, 38.42,
38.34, 27.44, 25.41, 25.08, 22.27. Duplicate peaks on BC{*H} NMR were observed and
are due to the mixture of isomers cis or trans. HRMS (ESI, m/z) calcd for
C24H27F3N4O7SNa [M+Na]*: 595.1445; found 595.1440. Diff: 0.75 ppm. Anal. Calcd for
CosH27F3N4O-S: C, 50.35; H, 4.75; N, 9.79, found: C, 49.36; H, 4.69; N, 9.50. Purity
HPLC (Method F, UV254 nm): diastereomer 1: 36.71%, Rt = 10.12 min; diastereomer 2:
57.69%, Rt = 10.33. Differentiation of cis/trans isomers was not determined.

2.5.4. Computational Details

All structures were built using the molecular modelling software Spartan18°* and energy
minimised by molecular mechanics at the MMFF level. For covalent BTZ based
compounds, structures were built as semithioacetal addition products and manually
aligned with the extracted Cys387 sulfur. Molecular docking simulations were carried out

using the molecular docking package GOLD® and the interface Hermes, as part of the
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GOLD suite.

IC based structures were docked into the binding site of Msm MmpL3, using an obtained
crystal structure of MMPL3 co-crystallised with ICA38 (PDB: 6AJJ).1° IC analogues
were docked using the extracted ICA38 molecule as a reference ligand. Genetic algorithm
runs were carried out at a search efficiency of 100% and structures were scored by the
GoldScore scoring function and RMSD.

BTZ based structures were docked into the binding site of DprE1 using an obtained
crystal structure of DprE1 co-crystallised with BTZ043 (PDB: 6HEZ).82 BTZ-based
analogues were docked covalently at Cys387, using the extracted BTZ043 as a reference
ligand. Genetic algorithm runs were carried out using default settings and structures were

scored by the ChemPLP scoring function and RMSD.

2.5.5. Replicating Mth Growth Inhibition Assays

Replicating Mtb growth inhibition assays were carried out at the Liverpool School of
Tropical Medicine by Alison Ardrey using a microplate AlamarBlue assay (MABA), as
described previously.1%? Serial dilutions of compounds to be tested (50 pl, 10 uM — 0.457
nM, in DMSO and Mtb culture media) were co-incubated with replicating Mtb inoculum
prepared by diluting 2-3 week old Mtb culture (1 mL, OD 0.3) with Mtb culture media
(29 mL). MABA was carried out after incubation at 37°C for 7 days. Absorption at 570
and 600 nm were recorded using an Opsys MR plate reader and ICso values were

calculated for the inhibitors.

2.5.6. DMPK Assays and Predictions

Where experimentally determined, DMPK data was available as indicated in Tables 2.6
and 2.7. Compounds were assessed through a high throughput platform kindly provided
by AstraZeneca U.K. The methods of the three assays, including aqueous solubility in pH
7.4 PBS buffer, microsome and hepatocyte clearance measurements, have been reported
previously.® In silico DMPK predictions were kindly provided by AstraZeneca, and were

obtained using their in-house predictive models.

2.5.7. Statistical Analysis

Graphics and statistical analysis were generated with manual R scripts in RStudio
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(Version 2022.07.2), using ggplot? libraries for the graphic figures.
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3.1. Background

DprEl, also known as decaprenylphosphoryl-B-p-ribose 2’-epimerase, is an
indispensable flavoenzyme involved in forming the Mth cell wall.! It catalyses the two-
step epimerization of decaprenyl-phospho-ribose (DPR) to decaprenyl-phospho-
arabinose (DPA), the precursor for arabinogalactan and lipoarabinomannan synthesis, in
conjunction with decaprenylphosphoryl-p-2-keto erythro pentose reductase (DprE2,
Figure 3.1, A).1 3 DprEL1 initiates the first step of the epimerization process, where DPR
is oxidized to the intermediate decaprenyl-phospho-2’-keto-p-arabinose (DPX), co-
factored by flavin adenine dinucleotide (FAD), yielding FADH,. DprE2, which is
NADH-dependent, subsequently converts DPX to DPA.*® The epimerization occurs in
the periplasmic region, which explains DprE1's vulnerability as a target,® making this
flavoenzyme a promising target for developing novel therapeutic candidates to tackle TB.
The druggable yet promiscuous nature of DprE1 has led to a significant number of DprE1
inhibitors with diverse molecular scaffolds and pharmacological profiles’*?, as evidenced
by an increasing number of publications on the subject. Twenty-three new classes of
DprE1 inhibitors with antimycobacterial activity were identified, which are divided into
two types, according to their mechanism of action (MoA): (1) covalent binders, where
five classes have been shown to irreversibly inhibit DprE1 by generating a covalent
adduct with the C387 residue, and (2) non-covalent binders, in which seventeen reported
classes were experimentally confirmed to act as competitive inhibitors (Figure 3.1-B).
Several review articles focusing DprE1 inhibitors have emerged during the last decade,
covering both scaffold and docking studies.” 11314

In this Chapter, we present an in-depth examination of the physicochemical (PC)
properties, to provide a different perspective on creating novel compounds targeting
DprEl. Moreover, we produced a total of 105 models. seeking to identify predictive
models to discover DprE1 inhibitors by combining a range of molecular fingerprints as
descriptors with the construction of classification models with five different modelling

algorithms.
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Figure 3.1. A: The DPA biosynthetic pathway: in the presence of the co-factor FAD, the
DprE1 and DprE2 enzymes catalyse the epimerization of the 2'-OH group in DPR to form
DPA. B: Timeline of the discovery of the different DprE1 classes.

3.2. Physicochemical and ADMET Properties of DprEl
inhibitors

Numerous research groups have examined the connections between small
molecules' physicochemical (PC) descriptors, potency, and ADMET profile.®>” PC
descriptors can affect efficacy, safety, or metabolism. Numerous molecular descriptors
have been shown to be useful in predicting ADMET characteristics and have been used
to characterize a variety of molecular properties, including lipophilicity, molecular
flexibility, hydrogen bonding ability, and molecular weight.'®!® Additionally, small
molecules’ based pharmacological candidates must be sufficiently soluble to
allow experimental testing, as well as capable to cross through membranes, reach their
site of action and activate their main targets, for which the PC descriptors are critical.®
Research on the chemical space exploration of DprEl inhibitors found a significant
lipophilic character, establishing a different cluster from currently available tuberculosis
medicines, as shown by principal component analysis from their physicochemical
descriptors analysis.?® Thus, further research focused on correlations between small
molecules' physicochemical (PC) descriptors, potency and ADMET profile is essential to

gain new insights for the design and development of highly active covalent and non-
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covalent DprE1 inhibitors and guiding hit and lead optimization to produce non-

hazardous small molecules’ based treatments against Mtb.

3.2.1. Methods

3.2.1.1. Data Collection and Pre-Processing.

To investigate the molecular diversity and ADMET properties of the DprE1l
inhibitors disclosed in the literature, for the chemical classes covered in the previous
section, we collected a dataset of a total 1519 structurally diverse molecules by reviewing
the literature from the year 2009 to April 2022.21-104

The dataset was split into two subsets, covalent (Cov) and non-covalent (NCov)
binders, and then each compound was classified as active (MIC < 10 uM, Act) or not
active (MIC > 10 uM, NAct), following the MIC cut-off criteria adapted by the report of
Makarov et al.'®* The PC descriptors considered were molecular weight (MW),
lipophilicity through calculated partition coefficient (ClogP), distribution coefficient at
pH=7.4 (ClogD), intrinsic aqueous solubility (logS), hydrogen bond acceptors and donors
(HBAs and HBDs), topological polar surface area (TPSA), number of rotatable bonds
(ROTBS) and Flexibility Index (FInd), which were computed by StarDrop
v7.2.0.32905.1% The Median (Md), Mean (Mn), Standard Deviation (SD), Student t-test
analyses were implemented and analysed. Known drug design oriented rules such as
Lipinski’s Rule of 5 (Ro5),1%® GSK’s 4/400 rule,'°” and Pfizer’s 3/75 rule'®® were also
explored in this work. The ADMET predictions, CYP inhibition and metabolism, blood-
brain barrier (BBB) penetration, plasma protein binding (PPB), P-glycoprotein (P-gp)
substrate classification, and Pan-Assay INterference compoundS (PAINS) count were
obtained with StarDrop v7.2.0.32905,105199-111 and structure alerts were processed
through ChemBioServer 2.0.1'? The generated raw data was then analysed using manual
R scripts in RStudio (Version 1.4.1106). Prior to processing, any observation with
missing values was removed using na.omit () function, and the graphic figures were

produced using the ggplot2 package.
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3.2.1.2. QSAR Metrics to Evaluate Model Performance

When appropriate, an analysis of the predictive model was conducted in which
numerous model performance metrics for a classification model were calculated.
Internally, we used four measures: (1) accuracy (Q), (2) precision, (3) sensitivity, and (4)

specificity. The following equations show their corresponding definitions:**®

TP+TN

A = '
ccuracy (Q) TP+ TN + FP + FN @
TP

. . - 2
Precision (P) TP + FP @
onsitivity (SEY — 1T 3)
ensitivity ( )_TP+FN
= 3 - TN
Specificity (SP) = TN + FP @

where TP are true positives, TN are true negatives, FP are false positives, and FN are

false negatives (Table 3.1).1%3

Table 3.1. An outline of a confusion matrix for a classification model

Observation

Positive Negative
Prediction Positive True Positive False Positive  Positive (P)
(TP) (FP)
Negative False Negative True Negative Negative (N)
(FN) (TN)
True (T) False (F) Total

3.2.2. Results and Discussion

3.2.2.1. Correlations of MIC with 1Cso DprE1 and with CCsp

To establish a correlation between the DprE1l enzyme inhibition and the
subsequent MIC between the different classes of inhibitors, we performed a Pearson’s
correlation (between the experimental pICso DprE1 and pMIC values), and the results are
described in Figure 3.2-A. A moderate to strong positive correlation is observed between
DprE1 plCso and Mth pMIC for both types of binders, with statistical analyses of our
results showing a significant correlation (p < 0.0001), whereas non-covalent inhibitors
display a higher positive correlation coefficient (n = 420, r = 0.647) than the covalent

binders (n = 47, r = 0.539). These results reveal conclusively that antimycobacterial
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efficacy significantly depends on the inhibition of the flavoenzyme DprE1. Several of
these inhibitors were investigated for cytotoxicity in various human cell lines, including
A549’59,72,76,83,84 HeLa,24*26 HepG2,28’56’66’69’72’74‘87’88’90_92’109’111 J-774,62 THP-1,114 and
Vero cell lines,24-29.31,35-37.39,4053,64,98,100 A gmgal| negative correlation (r = -0.291, p =
0.011, Figure 3.2-B) was found between the experimental cytotoxic concentrations
(CCso) and MIC, for covalent binders. This observation suggests that even the most
effective covalent binders appear to display a safe profile, encouraging the ongoing search
for novel inhibitors. In contrast, Pearson's correlation analysis did not reveal the existence
of a correlation between pCCso and pMIC (not statistically significant, n = 42, r = 0.221,
p = 0.161, Figure 3.2-B) for the non-covalent binders.
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Figure 3.2. A: Scatter plot of DprE1l plCso (-logio[ICs0 (molar)]) versus pMIC (-
logio[MIC (molar)]) against Mtb for covalent (left) and non-covalent (right) inhibitors,
and Pearson correlation coefficient between DprE1 plCso and pMIC. B: Scatter plot of
cytotoxicity pCCso (-logi0[CCso (molar)]) versus pMIC for covalent (left) and non-
covalent (right) inhibitors, and Pearson correlation coefficient between pCCso and pMIC.
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3.2.2.2. The Impact of Nine Molecular Properties

The nine molecular properties for the active (< 10 uM, Act) and not active classes
(> 10 uM, Nact), considering separately the covalent and non-covalent ones, are
represented in Figure 3.3. We evaluated the significance of the difference between the
means by a two-sided Student’s t-test.

* Molecular Weight. The molecular weight (MW) is a critical property in the

development of small-molecule drugs.*>!1¢ It has the potential to influence a variety of
molecular processes, including absorption, blood-brain barrier (BBB) penetration, bile
elimination rate and interactions with biological targets, being frequently investigated as
part of the process for compounds optimization.1t"18
Covalent inhibitors. The MW values for most of the drugs varied from 361.3 Da (10"
percentile) to 558.5 Da (90" percentile), with a median MW value of 480.4 Da. Non-
active compounds generally had a lower molecular weight, with most molecules ranging
from 332.9 Da (10" percentile) to 525.8 Da (90" percentile) and a median MW value of
408.4 Da. Comparison of the MW for active and non-active candidates also showed that
the set of actives had a higher mean MW (474.5 Da) than the set of non-actives (424.4
Da) by 50.1 Da, which proved statistically significant (p < 0.0001).
Non-covalent inhibitors. The MW values for most of the compounds varied from 373.4
Da (10" percentile) to 500.2 Da (90" percentile), with a median MW value of 435.6 Da.
Non-active molecules had a lower molecular weight, with most of the molecules ranging
from 333.1 Da (10" percentile) to 452.7 Da (90" percentile) and a median MW value of
383.3 Da. Comparison of the MW for active and non-active candidates also showed that
the set of active molecules had a higher mean MW (436.0 Da) than the set of non-active
ones (391.7 Da) by 44.3 Da, which was statistically significant (p < 0.0001).

« Lipophilicity. Lipophilicity, as indicated by the ClogP and ClogD values
obtained here, is critical in defining key ADMET characteristics and potency. For
instance, when lipophilicity levels are high, metabolism and solubility are more
susceptible to being impaired, while low lipophilicity may increase permeability.t*°
Covalent inhibitors. Covalent molecules in the active set displayed a similar ClogP range,
though right-shifted to higher lipophilicity, with 10" to 90" percentile values of 2.40 to
5.03 and a higher mean value of 3.77 (p < 0.0001), versus 3.28 for the non-active
counterparts (1.87 for the 10" percentile, 4.71 for the 90" percentile). Regarding the

ClogD values, the covalent binders in the active set showed a similar ClogD range to the
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non-active counterparts, with 10 to 90" percentile values of 2.18 to 3.77 and a slightly
higher mean value of 2.99 (p = 0.002), versus 2.73 for the not active counterparts (1.83
for the 10" percentile, 3.60 for the 90™" percentile).
Non-covalent inhibitors. An opposite situation is observed in the non-covalent binders
set, although in this case there was no statistically significant difference in both ClogP (p
=0.298) and ClogD (p = 0.633) properties.

* Intrinsic Aqueous Solubility (logS). The intrinsic aqueous solubility (logS) of
an ionizable molecule is defined as its concentration in saturated aqueous solution at a
particular temperature.t?
Covalent inhibitors. Comparison of logS for active and non-active inhibitors showed that
the active set had a lower mean of logS (0.58) than the non-active set (1.24, p < 0.0001).
Non-covalent inhibitors. In contrast, assessment of logS values for the non-covalent
inhibitors were not significantly different between active and non-active sets (p = 0.057).

* Hydrogen Bond Acceptors and Donors. HBAs and HBDs are additional
significant descriptors for drug discovery that relate to the polarity and permeability of
compounds.t*"2! For example, it was revealed that while HBA and MW have increased
considerably over time, HBDs and lipophilicity have remained rather consistent.*?? These
data suggest that counting HBDs may be more significant for drug development than
counting HBAs, since a higher number of HBDs can lead to very poor solubility,
permeability, and bioavailability.*?
Covalent inhibitors. The active covalent inhibitors set displayed more HBAs (from 7
(10" percentile) to 10 (90™ percentile) with a median HBAs value of 8), compared to the
non-active counterparts (from 5 (10" percentile) to 10 (90" percentile) with a median of
7). The higher mean value of 8.26 to the active compounds was shown to be statistically
significant against the non-active (x = 7.43, p = 0.0007). The covalent active and non-
active inhibitors had a minimal number of HBDs, with the median value being 0 for active
and 1 for the non-active sets. Comparison of the HBDs for active and non-active
candidates also showed that the active set had a lower mean HBD (0.27) than the non-
active set (0.66, p <0.0001). A more significant number of HBAs in the active set is likely
attributable to the enthalpic aspect of the binding process, in which H-bonding plays a
crucial role in aligning the molecule/warhead to facilitate interaction with the
active nucleophile site. Regarding the effect of HBDs leading to molecules with poor
solubility, permeability, and bioavailability, the observation of a reduced number of

HBDs in active compounds can be explained to avoid a self-reaction of the molecules
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with their covalent warhead and the corresponding hydrogen bond donor (e.g., -
OH/NH/SH groups).

Non-covalent inhibitors. The non-covalent active set displayed higher values of HBAS,
from 5 (10" percentile) to 9 (90" percentile) with a median HBA value of 7, compared to
the non-active set (5, 10" percentile; 8, 90" percentile; 6, median). The higher mean value
of 7.25 for the active compounds was shown to be statistically significant against the non-
active (x = 6.23, p <0.0001). Unlike for the covalent binders, the non-covalent inhibitors
showed a higher number of HBD, with a median value of 2 for the active set and 1 for the
non-active. Comparison of the HBD for active and non-active sets also showed that the
active set had a higher mean HBD (x = 1.69) than the non-active set (x = 1.24, p <0.0001).
This result is expected given that the H-bonding potential via HBD or HBA would be
greater in non-covalent analogues for active versus inactive sets. The analysis shows
that increasing HBA/HBD for non-covalent inhibitors can be a strategy to increase
potency by increasing a stronger binding via H-bonding on the binding site rather than
increasing lipophilicity (ClogP values were found to be non-statistically significant in the
non-covalent set).

* Topological Surface Area. The topological surface area (TPSA) is another
descriptor of importance in permeability and oral bioavailability estimates connected to
hydrogen bonding (N and O atom count).'?*

Covalent inhibitors. TPSA values ranged from about 82.3 A% (10" percentile) to 137.7
A2 (90" percentile), with a median value of 100.6 A? for the actives set. Non-actives are
left-shifted to lower value of TPSA, with values varying from 60.2 A2 (10" percentile) to
138.0 A2 (90" percentile) and a median TPSA value of 94.3 A2, Comparison of the TPSA
for active and non-active candidates also showed a higher mean TPSA value of 104.4 A?
for the actives set, compared to the non-active set (97.1 A, p = 0.027).

Non-covalent inhibitors. TPSA values varied from about 61.8 A? (10" percentile) to
130.7 A% (90" percentile) with a median value of 85.4 AZ for the actives set. Non-actives
are left shifted to a lower value of TPSA, with values varying from 50.5 A? (10"
percentile) to 112.6 A% (90" percentile), with a median TPSA value of 79.4 AZ
Comparison of the TPSA for active and non-active candidates also showed that the actives
set had a higher mean TPSA value (93.0 A?) than the non-active set (79.4 A%, p <0.0001).
Non-covalent binders have lower TPSA values than covalent inhibitors, both active and
inactive. This result is likely due to the existing electrophilic warhead in the covalent

binders (acrylamide or nitro), which increases this PC descriptor. Similarly demonstrated
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with HBAs and HBDs, we can observe the H-bonding role in affecting the potency of the
different types of inhibitors.

* Flexibility Index. The flexibility index (FInd) is described as the ratio of
rotatable bonds to total bonds. No statistically significant difference was observed
between the active and non-active sets, for the covalent inhibitors (p = 0.34). The non-
covalent active set displayed values of Find, from 0.12 (10" percentile) to 0.30 (90"
percentile) with a median FInd value of 0.19, compared to the non-active set (0.14, 10"
percentile; 0.23, 90" percentile; 0.19, median). The higher mean value of 0.20 for the
active compounds was shown to be statistically significant against the non-actives (x =
0.19, p = 0.0002).

* Number of Rotatable Bonds. Similarly, ROTBS for the covalent inhibitors
were not significantly different between active and non-active sets (p = 0.13), even though
the means were quite similar between inhibitors (x = 6.02) and non-inhibitors (x = 5.65).
In contrast, for the non-covalent inhibitors the means for the ROTBS were statistically
significant (p < 0.0001), with values of 6.62 for the active vs. 5.56 for the non-active sets.
ROTBS values for most of the inhibitors set varied from 4 (10" percentile) to 10 (90"
percentile) with a median ROTBS value of 6.

The analysis described above indicates that, for inactive covalent DprEl
inhibitors, it may be necessary to optimize the compounds by increasing MW, ClogP,
ClogD, HBA, and TPSA while reducing logS and HBD, to match more closely the active
set's corresponding properties. Concerning reducing HBD, the presence of a hydrogen
bond donor in a core with a chemically reactive warhead could lead to drug instability
through self-reactivity (though less likely for in situ bio-reductively activated warheads
such as nitro-substituted heterocycles), so this needs to be considered in line with the
analysis. For active non-covalent DprE1 inhibitors, the study indicates that compound
optimization may benefit from increasing MW, HBA, HBD, TPSA, FInd, and ROTBS.
This step-change in properties will drive the enthalpic component of binding by

enhancing hydrogen bonding and improving the ligand conformation for optimal fit.
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Figure 3.3. Physicochemical property distribution and statistics of the inhibitor (Act, in green) and non-
inhibitor (NAct, in red) classes. Each corresponding binding type (covalent (Cov) upper and non-covalent
(NCov) above) is shown for MW, ClogP, ClogD, log S, HBA, HBD, TPSA, Flexibility, and ROTBS. N
indicates the total number of compounds considered in each analysis. The two-sided Student's t-test was used
to determine the statistical significance of active and inactive compounds, among those classified as covalent
or non-covalent inhibitors and the p-values were evaluated (ns: p-value > 0.05, * p-value < 0.05, ** p-value
<0.01, *** p-value < 0.001, **** p-value < 0.0001; Md = Median, Mn = Mean).
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3.2.2.3. Impact of Physicochemical Properties of DprE1 inhibitors on Oral
Absorption

Lipinski’s Rule of 5 (Ro5) indicates that if a molecule meets the criteria log P < 5; MW
<500 Da; HBAs (O + N atom count) < 10 and HBDs (OH + NH count) <5, the compound
is more likely to benefit from membrane permeability and hence be more readily absorbed
in the human digestive system via passive diffusion.'!% These set limits were chosen
to cover around 90% of the range for the four estimated PC descriptors and the Ro5 is
compromised when two or more criteria are exceeded.%2> Qur analysis reveals that
65.1% of active DprE1 inhibitors (n = 674/1035, MIC < 10 pM) do not show violations
of the Ro5. Among the covalent binders only 54.8% (381/695) fall inside the chemical
space of Ro5, while a larger proportion is seen among the non-covalent binders [86.2%
(293/340)] (Figure 3.4-B). Within the covalent dataset, both NBTO, NQ, and NTZ score
100% for no Ro5 violations, while DNB and BTZ score 80.4% and 48.2%, respectively.
The non-covalent dataset proved more diverse, with 4-AQ, AZA, BI, BD, HYD, NAHPC
and PTD showing no violations (100%), BTO (96.3%) > MP (96.2%) > CD (88.6%) >
TPA (88.1%) > NMDS (80.0%) > PP (77.8%). 2-CQ and NC BTZ were the classes with
a lower score of no violation (37.5, 27.3%) (Figure 3.4-A). If we analyse both binding
subsets which scored with one violation (25.6%, 265/1035), among covalent (33.4%,
232/695) and non-covalent (9.7%, 33/340) inhibitors, the classes of the covalent category
were BTZ (38.6%) > DNB (12.8%) and those of the non-covalent were 2-CQ (62.5%) >
NC BTZ (54.5%) > 2-S-BTO (33.3%) > PP (22.2%) > NMDS (20%) > CD (11.4%) >
TPA (10.4%) > MP (3.8%) and BTO (3.7%) (Figure 3.4-A). The main descriptor
involved in Ro5 violations is MW, with a prevalence of 55.4% for the covalent and 42.6%
for the non-covalent binders (Figure 3.4-C). While analysing the two subsets which
scored at least two violations, we obtained for the covalent 11.8% (82/695) and for non-
covalent 4.1% (14/340) (Figure 3.4-B). The classes for the covalent inhibitors were BTZ
(13.2%) > DNB (6.9%) and for the non-covalent counterparts, AVMT (100%) > 2-S-
BTO (66.7%) > NC BTZ (18.2%) and TPA (1.5%), respectively (Figure 3.4-A). The
most frequently used pair of PC descriptors in two Ro5 violations is MW-ClogP for the
covalent binders, with a frequency of 15.9%, and MW-HBA for non-covalent binders,
21.3%. The set MW-ClogP-HBA was found to be the most frequently violated for the
compounds with three violations, with a score of 1.0% for the covalent binders (Figure
3.4-C). This finding was consistent with our PC descriptors analysis; nevertheless,
covalent inhibitors exhibit higher molecular weight values and are more lipophilic than
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non-covalent binders. This property may impair oral bioavailability and should be

considered during drug optimization.

Mapping bRo5 and eRo5 Space. Lipinski’s rules delineate chemical space with
compounds that “are more likely to be orally absorbed” as one way to describe chemical
space, whereas "possible to be orally absorbed" is regarding the extended Ro5 (eRo5) and
beyond Ro5 (bRo5). Understanding the precise boundaries of this chemical space will
increase the likelihood of creating cell-permeable and orally accessible ligands for more
difficult targets.*1"1?6:127 Of the 1035 active compounds in this study, a large proportion
(23.9%, n = 247/1035) cluster into what can be considered as an extension of Ro5 space
(0 <log P <7.5; 500 Da < MW < 700 Da; HBDs (OH + NH count) < 5; TPSA <200 AZ
ROTBS < 20) and a natural tail of the distribution of compounds is based on Ro5
properties. Among these, 32.1% (223/695) are from the covalent class while only 7.1%
(24/340) are from the non-covalent class. For the covalent and non-covalent inhibitors,
only 4.7% (33/695) and 2.9% (10/340), respectively, were observed in oral bRo5 space
(0<log P or>7.5; 700 Da<MW <3000 Da; HBDs (OH + NH count) > 5; TPSA > 200
A% ROTBS > 20). A small proportion of DprE1 inhibitors, 6.9% (71/1035), did not fall
into any Ro5 chemical space, with the highest proportion, 8.3% (58/695), for covalent
and 3.8% (13/340) for the non-covalent binders (Figure 3.4-D).
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Figure 3.4. Lipinski’s Rule of 5 (Ro5): Distribution of the number of Lipinski Ro5
violations for A) each class of DprE1 inhibitors and B) for the covalent and non-covalent
category binders. C: Ro5 violation types. D: Physicochemical Property Space of covalent
and non-covalent DprE1 inhibitors, with CLogP as a function of MW.
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3.2.2.4. Distribution

The term "drug distribution” refers to how a substance is distributed across the
body's compartments. Certain factors, such as penetration through the central nervous
system (CNS) or BBB, P-gp efflux, and PPB can be adequately studied in silico.
Additionally, since only the unbound (free) drug can interact with the target protein, the
interaction of the drug with plasma proteins must be evaluated throughout the drug

development process.!?®

3.2.2.4.1 Central Nervous System Penetration

For CNS therapeutic targets good penetration is an essential requirement, but for
non-CNS targets the BBB penetration rate should be minimized to reduce potential
neurotoxicity or adverse pharmacological events.'?® StarDrop software uses the random
forest classification model to classify if a molecule is a crossing or non-crossing of the
BBB, while one that employs descriptors compatible with the common fact that neutral
molecules tend to penetrate the CNS more effectively than charged compounds and that
cations normally permeate the CNS more effectively than anions.1%>1%%110 The predictive
accuracy of BBB+ ranges from 80% to 100% while that of BBB- ranges from 65% to
87%.105199.110 Close to ~99% of the total DprE1 inhibitors were predicted not to penetrate
the CNS, with 100% within the covalent set and 96.8% for the non-covalent binders. Only
3.2% of the non-covalent inhibitors were found to have some BBB penetration,
respectively NC BTZ 27.3% (3/11) > NHMS 20% (1/5) > MP 7.7 % (2/26) > CD 6.8 %
(3/44) > AZA 5.3% (2/38) (Figure 3.5-A).

3.2.2.4.2. P-gp Efflux System

P-gp is one of the most widely studied drug transporters to date, given the evidence
of its presence in the majority of cells, including those of the intestinal mucosa and the
BBB.1% We used the statistical model built-in to StarDrop v7.2.0.32905 to predict which
DprE1 inhibitors could behave as P-gp substrates. It employs a random forest
classification approach to classify compounds as probable or unlikely to be P-gp
substrates. The model's performance was evaluated on an independent test set of 51
chemicals, with 82% of non-substrates and 79% of substrates accurately categorized.'%°
A higher frequency of P-gp binders is predicted among the covalent inhibitors (80.4%),
compared to the non-covalent class (65%). For the covalent inhibitors set, predictions
point to P-gp substrates among the BTZ (88%) > NBTO (50%) > DNB (48%) and no P-
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gp substrates for the NTZ, NQ datasets (0%). For the non-covalent inhibitors set,
predictions identify P-gp substrates among the AVMT, NC BTZ, PP, PTD (100%) > MP
(92.3%) > 4-AQ (91.7%) > CD (90.9%) > 2-S-BTO (86.7%) > TPA (85.1%) > BTO
(63%) > 2-CQ (50%) > BI (44.4%) > NHMS (40%) > AZA (23.7%) > NAHPC (11.1%)
> HYD (7.9%), and no P-gp substrates for the BD (0%) (Figure 3.5-B).

3.2.2.4.3. Plasma Protein Binding

The extent to which a drug binds to plasma proteins substantially affects its
pharmacokinetic and pharmacodynamic effects. The drug's efficacy will be proportional
to the quantity of unbound drug in plasma. Additionally, the bound drug in plasma can
operate as a reservoir for free drug clearance via various elimination pathways,
lengthening the duration of action.**3! From a QSAR model integrated into StarDrop
v7.2.0.32905, Figure 3.5-C categorizes and forecasts human PPB% (Hu PPB%) values
for both covalent and non-covalent datasets. The model is a random forest that classifies
the extent of plasma protein binding of test set substances as either "high" or "low" about
the threshold above. Low binding molecules are those that are less than 90% bound, and
high binding molecules are those that are more than 90% bound.%51%110 |t can be
observed that both types of inhibitors display high binding capacity, with the non-
covalent inhibitors scoring around 84.1% while the covalent inhibitors scored around
77.1%. For the covalent set, all inhibitors belonging to the NQ class displayed high
binding capacity (100%), this high tendency holding for DNB and BTZ classes (80.4%
and 78.8%), while NBTO scores only around 18.2% and NTZ is predicted to have an
irrelevant protein binding capacity (0%). For the non-covalent inhibitors, nine classes (2-
CQ, 2-S-BTO, BD, BTO, BI, NAHPC, CD, NHMS, PP) were predicted to have a high
binding capacity (100%), followed by 4-AQ (87.5%) > AZA (86.8%) > NC BTZ (81.8%)
>PTD (75%) > HYD (71.1%) > TPA (67.2%) > MP (65.4%). AVMT is predicted to have
an irrelevant protein binding capacity.

A comparison of the experimental PPB% values for covalent and non-covalent
binders with the results obtained from the StarDrop model was performed, and the
corresponding datasets are depicted in Tables 3.2 and 3.3. Regarding the covalent
inhibitors, the literature examination returned a total of 21 compounds, including 16
BTZ%132 and 5 NBTO® molecules. The compounds with experimental data were
employed to evaluate the performance metrics of the classification model from StarDrop,

and the results and confusion matrix are displayed in Table 3.2. The obtained accuracy
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(Q) rating of 81% indicates that the classification of ~8 of every 10 molecules is correct.
According to the StarDrop manual, the accuracy of the Plasma Protein Binding
Classification (90%) model is 81%, which is consistent with the obtained predictions
using covalent inhibitors. The precision value of 100% indicates that all the molecules
predicted with high PPB% were correctly identified, and a sensitivity value of 80%
reveals that 20% of the molecules with high PPB% were lost during the model
application. The specificity value of 100% indicates that all molecules with low PPB%
were accurately labelled.

Regarding the non-covalent inhibitors, the literature analysis provided a total of
18 compounds, including 10 AZA,8" 6 PP84 and 2 BI® molecules. These compounds
with experimental data were also employed to evaluate the performance metrics of the
classification model from StarDrop, the results and confusion matrix being displayed in
Table 3.3. The obtained accuracy (Q) rating of 78% indicates that the classification of ~8
of every 10 molecules is correct, with a similar accuracy value reported from StarDrop’s
manual (81%). The precision value (73%) indicates that 73% of the molecules predicted
with high PPB% were correctly identified, and a sensitivity value of 100% reveals that
no false negative value was predicted. The specificity value of 43% indicates that 57%
molecules with low PPB% were mis-labelled as high PPB% (False Positive).

High plasma protein binding restricts the distribution of xenobiotics from the
blood to tissues, impacting their metabolism, also holding a significant role in drug-drug
interactions. Therefore, a reasonable predictive model with high sensitivity is required to
avoid losing high PPB molecules during prediction and a high precision is also required
to prevent excess false-positive results. Both model analyses for the experimental data of
each class exhibited high sensitivity (Cov= 0.80 and Ncov = 1), together with high
Precision (Cov= 1 and Ncov = 0.73). Even though the sample size is relatively small in
both testing sets [N (Cov) = 21 and N (Ncov) = 18], this study using experimental data
reveals that the StarDrop model can predict plasma protein binding reasonably, for both
covalent and non-covalent binders, thus representing a fairly reliable tool in the
development of DprE1 inhibitors.

To summarize this section, our computed analysis, along with literature values,
indicate that both covalent and non-covalent DprE1 inhibitors are projected to be non-
permeable to the blood-brain barrier and to have a moderate to high plasma protein
binding affinity. Covalent DprE1 inhibitors are more likely to be possible substrates

(80.4%) for P-gp substrate transporters than their non-covalent counterparts (65%).
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Figure 3.5. Analysis of some properties related to distribution. A: Blood-brain-barrier
(BBB) penetration classification; B: P-gp inhibitors classification. C: Plasma protein
binding (PPB) classification.
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Table 3.2. Experimental and the corresponding predicted plasma protein binding (PPB) data, confusion
matrix and performance metrics evaluating the PPB data for covalent inhibitors.
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aPred PPB: Predicted plasma protein binding computed by StarDrop v7.2.0.32905. Legend: H: High (in green);
L: Low (in yellow).
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Table 3.3. Experimental and the corresponding predicted PPB data, confusion matrix and performance metrics
evaluating the PPB data for non-covalent inhibitors.
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3.2.2.5. Cytochromes P450 Metabolism.

Six alleles of the cytochromes P450 are particularly important in drug metabolism:
CYP1A2, CYP2C9, CYP2C19, CYP2D6, CYP2EL, and CYP3A4. They catalyse the
oxidative metabolism of about 90% of human drugs and are the main determinants of the
systemic clearance and bioavailability of the molecules.’**!3* To evaluate which
compounds in our dataset might be CYP binders we used the StarDrop WhichP450
module. Predictions of CYPs isoforms metabolism for each class of inhibitors are
displayed in Figure 3.6. Calculations were conducted to determine the drug’s mean
probability of being metabolized by related isoforms, indicating that it could be a
candidate substrate. The computed predictions suggest that the DprE1 inhibitors would
be metabolized mainly by the 3A4 isoform, with mean values of 54.4% and 47.6% of
metabolism prediction for covalent and non-covalent binders, respectively, followed by
the isoforms 2D6, 2C19, 2C9 (13.21, 9.53, and 8.86%) for the covalent inhibitors, and
2C9, 2D6, 2C19 (15.09, 12.16, and 11.61%) for the non-covalent inhibitors. This set of
molecules reveals a low proportion of metabolism by the 1A2, 2C8, and 2E1 isoforms
(6.84, 6.28 and 0.83% for covalent inhibitors, and 7.16, 5.72 and 0.66% for non-covalent
inhibitors; Figure 3.6-A). Regarding the corresponding moiety class for each isoform:
AVMT was found to be the class with highest prediction to be metabolized by the 3A4
isoform (83.0%) and BD the lowest (34.3%); NQ scored the highest prediction to be
metabolized by the 1A2 isoform (19.67%) and AVMT the lowest (2.2%). CD showed the
highest metabolism prediction (8.03%) for the 2C8 isoform, and NQ the lowest (0.93%).
HY D was the class with highest probability to be metabolized by the 2C9 isoform (28.9%)
and AVMT the lowest (3.0%). Regarding the 2C19 isoform, the HYD class was predicted
to have the highest probability (15.7%), and AVMT the lowest (3.6%). For the 2D6
isoform, PP displayed the highest value (25.3%), and AVMT the lowest (1.4%). For the
2E1 isoform, NQ had the highest metabolism prediction (2.53%) and Bl the lowest
(0.13%, Figure 3.6-B). These findings should be interpreted cautiously, as building
appropriate prediction models is challenging due to the complicated chemical
mechanisms underlying CYP metabolism?, but they allow for a broad comparison of
the various classes of compounds. These predictions contribute to our understanding of

the role of the CYP superfamily in the metabolic stability of DprE1 inhibitors.
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Figure 3.6. CYP isoforms metabolism for A: all covalent and non-covalent inhibitors;
B: each corresponding class of the covalent and non-covalent inhibitor.

3.2.2.6. Safety Profile

In addition to bioavailability, the safety profile is important since it details the
harmful consequences associated to the chemical substances under study. The analysis of
the logP versus MW, GSK’s 4/400 rule (logP < 4 and MW < 400Da)*’ for evaluation of
ADMET liabilities, shows that 17.1% (n = 177/1035) of the active inhibitors fall in the
more desirable category, with 15.7% for the covalent (n = 109/695) and 20.0% (n =
68/340) for non-covalent inhibitors (Figure 3.7-Al). Prevalence of adverse toxicological
outcomes can be assessed using Pfizer’s 3/75 rule,' where logP > 3 and TPSA < 75 A?
are related to the adverse effect of chemical compounds. Application to our dataset
reveals that 2.4% (n = 17/695) of the covalent and 22.9% (n = 78/340) of the non-covalent
binders do not comply with the Pfizer 3/75 rule, meaning that they may exhibit increased
toxicity (Figure 3.7-A2). It is worth highlighting that the Pfizer 3/75 rule does not take
into consideration the possible presence of mutagenic functional groups. For instance,
nitro groups are often present in DprE1 covalent inhibitors, although drugs containing
nitro groups have been linked to mutagenicity and genotoxicity.**®> Noteworthy, various
reports indicate that nitro-containing DprE1 inhibitors exhibit favourable metabolic,

microsomal, and plasma stability, and reduced toxicity.?
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3.2.2.7. hERG Inhibition

Throughout the drug development process, one of the most common undesirable
side effects that contribute to a medicine's failure is cardiac arrhythmias.**®* Numerous
forms of cardiovascular toxicity must be taken into account, the promiscuous blocking of
hERG cardiac potassium channels by small molecules posing a significant therapeutic
challenge, with severe consequences for human health, 3713

The model implemented in StarDrop v7.2.0.32905 predicts that covalent DprE1
inhibitors exhibit the highest potential for hERG inhibition, with a mean plCso of 6.16,
with values ranging from 5.01 (10" percentile) to 7.21 (90" percentile) for most drugs,
while the non-covalent binders varied from 4.28 (10" percentile) to 6.30 (90" percentile),
with a lower mean of 5.26. In general, an experimental binding assay is indicated if the
score is larger than 5, since the molecules are likely to display some toxicity linked to
these cardiac potassium channels.3-13 We present a categorization histogram (Figure
3.7-B) where it is shown that 90.4% of the covalent and 55.0% of the non-covalent
inhibitors have a plCsg > 5. Both subsets also scored 58.7% (Cov) and 25.0% (NCov) of
compounds with plCso > 6. Within the covalent inhibitors, 99.3% of the benzothiazinones
have a plCso > 5, with 70.7% showing pICso > 6 and 28.6% between 5-6. hERG
inhibitions in BTZ have been observed previously and, following SAR studies,
optimizations of three moieties (benzene ring, linker, and N-heterocycle) on the C-2 side
chain of the BTZ scaffold have been performed, allowing identification of new lead
compounds with reduced hERG liability [inhibition rate (IR) < 50% at 10 uM], without
sacrificing antimycobacterial potency.3"#2 The DNB class showed a smaller proportion
for a predicted pICso> 6 (6.9%). A plCso of 5-6 is predicted for 100% of the inhibitors in
both NQ and NTZ classes, followed by 68.2% for NBTO and 38.2% for DNB. Values of
pICso below 5 are predicted for DNB (54.9%) > NBTO (31.8%) > BTZ (0.8%) inhibitors.
Among the covalent binders, the NBTO class emerges as the one with lower predicted
hERG inhibition. Predictions within the non-covalent inhibitors are: plCso > 6, NC BTZ
(81.8%) > 2-S-BTO (80%) > PTD (75%) > MP (65.4%) > CD (59.1%) > PP (55.6%) >
4-AQ (50%) > NHMS (20%). For pICso valuesin the range 5-6: AVMT, Bl (100%) > BD
(80%) > NHMS (60%) > AZA (57.9%) > 4-AQ (50%) > PP (44.4%) > CD (40.9%) > 2-
CQ (37.5%) > MP (34.6%) > PTD (25%) > NAHPC (22.2%) > 2-S-BTO (20%) > NC
BTZ (18.2%) > TPA (9.0%) > HYD (5.3%) > BTO (3.7%). plCso values below 5 are
predicted for BTO (96.3%) > HYD (94.7%) > TPA (91.0%) > NAHPC (77.8%) > 2-CQ
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(62.5%) > AZA (42.1%) > BD, NHMS (20%).

1,4-Azaindoles scored 57.9% for pICsg in the range 5-6 and 42.1% for plCso <5.
Reported hERG assays for this class have shown no inhibition of the hERG channel at up
to 33 uM (pICso < 4.48) concentrations,’®"® displaying a calculated absolute error (X + o)
of 0.40 £ 0.11 log ICso comparing to the predicted values (Table 3.4). Although the
hydantoin heterocycle is linked to potential cardiotoxicity,?1% predictions for this
scaffold point to 5.3% with pICso between 5-6 and 94.7% with plCso < 5. The calculated
absolute error (X £ o) for HYD compounds, between the experimental and predicted data,
was in the range of 0.26 £+ 0.14 log I1Cso (Table 3.4). Thiophene-arylamide compounds
showed a high proportion of predicted plCso < 5 (91.0%), which is in keeping with
literature reports. In contrast, selected TPA compounds exhibited low inhibition profiles
of the hERG channel [ICso>20 uM (pICso < 4.70)] across the series, indicating a low risk
of blocking the cardiac potassium channel and causing QT prolongation.®® The calculated
absolute error (X £ o) between the experimental and predicted data was in the range of
0.26 £ 0.14 log ICsp, for the TPA compounds (Table 3.4). Predictions for the Bl series
placed 100% of the compounds within a pICso range of 5-6, though hERG channel assays
indicated no major safety liabilities, with values of 1Cso >33 uM (pICso < 4.48).82 The
calculated absolute error (X £ o) between the experimental and predicted data for the Bl
class was in the range of 0.80 + 0.11 log ICso, displaying the highest relative error (15.1
+ 1.8%) whilst using the predictive model (Table 3.4). For the benzothiazole group, an
hERG assay showed that TCA1 (Table 3.4) has no activity at 1Cso >30 uM (pICso <
4.52),%2 in keeping with the prediction of 96.3% for plCso values below 5, for the BTO
class. As for an evaluation of the prediction model between the non-covalent binders, it
shows that it appears to vary between the different scaffolds, with the HYD class scoring

the best predicted values and Bl the poorest.

3.2.2.8. AMES Mutagenicity

The AMES test is a biological assay used to determine the mutagenic potential of
a chemical compound,*414! which entails the activation of promutagens via mammalian
metabolism.#214 AMES mutagenicity predictions were computed using StarDrop
modules’ toxicity models. Results yielded a high score of 96.0% (667/695) for covalent
inhibitors, whereas the non-covalent binders only scored 32.5% (109/340) as an AMES

positive prediction. The high value computed for covalent inhibitors was somewhat
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expected, since nitro-aromatics are generally associated to mutagenicity®*>'** and the
nitro-aromatic moiety is a common motif in covalent DprE1 inhibitors. The results
revealed predictions of AMES mutagenicity for NBTO and NQ (100%), followed by BTZ
(98.8%) > DNB (80.4%) and, lastly, predicted the non-mutagenic nature of NTZ (0%).
All tested experimental NBTOs were found to be AMES positive®, in keeping with the
predictions. This liability of the NBTOs was circumvented by the addition of a methyl
group adjacent to the nitro group, affording crowded benzothiazoles (cBTs), which tested
AMES negative. Although the experimental work has shown no indication of mutagenic
or nitro-active gene expression profiles following treatment with BTZ043, chemical
proteomics showed evidence for induction of 60 genes, which was expected, as BTZs
specifically target cell wall biogenesis. Therefore, concerns on the mutagenicity of the
nitro group proved unfounded.** The AMES test demonstrated that the DNPT did not
generate mutations in S. typhimurium TA98 and TA100 strains, even with metabolic
activation.” For the non-covalent dataset the scored mutagenicity was 34.9%, with 2-S-
BTO (100%) > HYD (76.3%) > MP (69.2%) > BD (60%) > BI (55.6%) > PTD (50%) >
NC BTZ (36.4%) > AZA (31.6%) > PP (22.2%) > BTO (18.5%) > CD (15.9%) > TPA
(10.4%) > 4-AQ, AVMT, NAHPC (0%) (Figure 3.7-C).
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Table 3.4. Experimental and the corresponding predicted hERG plCso data of the non-covalent inhibitors.
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3.2.2.9. PAINS and Structural Alerts

Substructural warnings have become a common feature of the triage process in
biological screening campaigns to identify Pan-Assay INterference compoundS (PAINS).
PAINS generate false-positive assay responses as a result of their reactivity under assay

circumstances,*

which may include covalent modification, metal chelation,
autofluorescence, aggregation, redox reactivity, among others.4614° Certain structural
motifs (“Structural Alerts”, SA) may result in covalent alteration of proteins or DNA,
inducing negative effects (hepatotoxicity, CYP inhibition, in vitro genotoxicity,
carcinogenicity).1414° We screened our dataset for PAINS count with StarDrop that
embeds the original PAINS definitions, and we show that only 7.5% (52/695) of the
covalent inhibitors scored for detected PAINS, with DNB having the highest percentage
(29.4%), followed by the BTZ class (3.9%). The identified Structural Alerts (SA) for the
covalent subset were Anil_Di_alk_E (3.45%) > Catechol (2.01%) > Hydroquinone
(1.01%) > Anil_Di_alk_C (0.86%) > Aminothiazole (0.43%) > Benzodioxane, Azo_A
(0.14%). The non-covalent set scored a higher proportion than the covalent set for PAINS,
with 13.4% (45/340). The classes that contained SA were 2-S-BTO, BD (100%) > BTO
(74.1%) > PTD (25%) > NC BTZ (9.1%) > CD (4.5%) > HYD (2.6%). Aminothiazole
(11.48%) was the most frequent SA detected, followed by catechol (3.29%), then some
residual Anil_Di_alk_E and hydroguinone (0.60%), together with anil_Di_alk_C, azide,
benzodioxane (0.30%) (Figure 3.8). It is important to emphasize that, like for PC
descriptors, PAINS substructures searches must be used cautiously when picking
candidates, as there have been numerous observed deviations to these principles.
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Figure 3.8. Matrix plot of Structural Alerts computed by ChemBioServer 2.0.

3.2.3. Conclusions for this section

DprEl has been established as a potential therapeutic target for inhibiting
mycobacterial cell wall biosynthesis. This enzyme is a highly druggable target against M.
tuberculosis and various chemical scaffolds have been developed since its discovery.
Twenty-three distinct chemical classes have been found to exhibit a high affinity for this
enzyme, which are endowed with varying antimycobacterial activity and DMPK profiles.
These inhibitor scaffolds are divided into covalent and non-covalent binders.

The design of DprE1 inhibitors can be challenging, therefore prediction of PC
descriptors and ADMET properties for these molecules may aid in the design of new lead
compounds. Extensive PC descriptor analysis indicates that for inactive covalent DprE1l
to match the active set’s corresponding properties more closely it may be necessary to
optimize the compounds by increasing MW, ClogP, ClogD, HBA and TPSA, while
reducing logS and HBD. In contrast, for inactive non-covalent DprE1 inhibitors it may
be required to optimize the compounds by increasing MW, HBA, HBD, TPSA, FInd and
ROTBS. All these changes are likely to increase the enthalpic component of drug binding
through enhanced hydrogen bonding contacts with the enzyme. Covalent DprEl
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inhibitors tend to violate the Ro5 more frequently than their non-covalent counterparts.
However, only a small proportion fails the criteria by two or more violations, indicating
that the DprE1 inhibitors are more likely to benefit from membrane permeability and
hence be more readily absorbed in the human digestive system via passive diffusion.
Almost all DprE1 inhibitors were predicted to have no CNS penetration, with the entire
covalent subgroup scoring no CNS penetration and a residual value for non-covalent
binders, reducing the possibility of side effects on the CNS. On the other hand, DprE1
inhibitors, particularly covalent binders, may act as P-gp substrates, which must be
closely evaluated during drug optimization.

CYP3A4 was the major predicted isoform to metabolise DprE1l inhibitors,
followed by the isoforms 2D6 > 2C19 > 2C9 for the covalent inhibitors, and 2C9 > 2D6
> 2C19 for the non-covalent inhibitors. These predictions contribute to our understanding
of the role of the CYP superfamily in the metabolic stability of DprE1 inhibitors.

Toxicity endpoints were also examined and the cardiovascular toxicity of the
DprE1 inhibitors via hERG inhibition was observed to be higher in the covalent than in
the non-covalent subset, this observation holding for a cardiotoxicity investigation.
Experimental data shows that optimizations can be made to improve this feature, as seen
in the case of the hydantoin class. Noteworthy, other data with BTZ and TPA have shown
no inhibition of the hERG potassium channel. Covalent inhibitors have scored in a higher
proportion for mutagenic warnings than the non-covalent binders. This computed high
value was expected since nitro-aromatic molecules are known to be mutagenic. In terms
of undesirable structural motifs (Structural Alerts and PAINS), DprE1 inhibitors have a
small number of these substructures, with the non-covalent set scoring higher for PAINS
than the covalent set.

In conclusion, several molecular properties known as relevant for drug
performance were analysed for the classes of DprE1 inhibitors described in the literature,
comparing predicted and experimental values, when available. Our study provided
information that should facilitate the design and optimization of future DprE1 inhibitors,
allowing for the development of novel compounds targeting M. tuberculosis. As a mere
aside, we would like to emphasize that our study comparing predicted and experimental
values reveal that software tools employed to predict specific DMPK parameters must be

used with caution while optimizing a drug class.
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3.3. Machine learning in Medicinal Chemistry

From biological screening to hit-to-lead investigations and lead optimization,
candidate drugs generate a great amount of experimental data. Most pharmaceutical
company data is proprietary, although chemical activity data is rapidly becoming
available. Chemoinformatics uses compound data for many chemical applications,
including machine learning (ML) methodologies, to develop predictive models to find
new active molecules.?®®15! Using predictive models to predict which compounds will
have the best activity and those that should be prioritized, so that only the most promising
are synthesized, would save time and resources.

To predict and identify potent DprE1 inhibitors, we built classification models of
DprE1, a standard method for predicting the activity of a compound through its structural
descriptors. The previously collected dataset of DprE1 inhibitors (Section 3.2.1.1.) was
used to develop the classification models using molecular fingerprints MACCS, ECFP,
and FCFP.

3.3.1. Molecular Fingerprints

Molecular fingerprints encode information about molecular properties and
structure as sets of features that are mostly ordered bit strings and are one of the most
used tools for similarity searches. They serve a crucial role in QSAR analysis, virtual
screening, similarity-based compound search, ranking of target molecules, and drug
ADMET prediction, among other drug discovery processes. In recent decades, numerous
fingerprints have been produced for molecular feature encoding. Most fingerprints are 2D
and can be retrieved from molecular connection tables without needing 3D structure
information. 152154

There are four primary types of 2D fingerprints: substructure key-based
fingerprints, circular fingerprints, topological or path-based fingerprints, and
pharmacophore fingerprints,1>41%

Substructure key-based fingerprints are bit strings that indicate the existence of
particular substructures or fragments from a given set of structural keys in the compound.
Molecular ACCess System (MACCS) keys are one of the most widely used key-based
substructure fingerprinting techniques (Figure 3.9).1%

Circular fingerprints are also hashed topological fingerprints, but instead of

searching for routes in a molecule, they record the surroundings of each atom within a
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predetermined radius. A well-known example of this class is the extended-connectivity
fingerprint (ECFP, Figure 3.9), and the variant termed FCFP, the functional-class
fingerprints (FCFP, Figure 3.9).1 ECFPs are intended to capture precise atom
environment substructural properties and employ a particular atom type as initial atom
identifier, while FCFPs are designed to capture the broad functional roles of atoms and
abstract-specific identifiers into one of several general atomic classes (e.g., hydrogen-

bond donor, acceptor, halogen, aromatic).31%

A Key Description

24 O-N single bonds

36 S atoms in rings

42 fluorine atoms

47 S two bonds from an N
_______________ )

49 icharged atoms!

89 O separated by bonds
162  aromatics

Iteration 0 Iteration 1 Iteration 2

Considering atom S in the benzothiazinone ring

Figure 3.9. lllustrative example of the fingerprints for BTZ hybrid PA54: A) MACCS
substructural keys. The molecule is shown with eight highlighted substructural features
corresponding to the MACCS keys. B) Circular fingerprints consider local structural
information. Note that just a few of the molecule’s fingerprints are represented in this
example. The binary fingerprint detects the absence or presence of those features in a
compound, indicated by bit settings of 0 or 1, respectively.

3.3.2. Design of Classification Models for DprE1 inhibitors

Based on molecular fingerprints, we built a series of classification models by the
machine learning methods of K-nearest neighbours (KNN),'*” support vector machine
(SVM),*®8 stochastic gradient boosting (GBM),'*® random forest (RF),%° and extreme
gradient boosting (XGB),'®* ranging from simpler and more interpretable models for
establishing the best-performing methods for predicting DprEl inhibitors. These
algorithms are frequently used in QSAR studies.'®? Figure 3.10 illustrates the protocol
used for generating the different classification models. The protocol used was adapted

from the reports of Li et al.'®® and Chu et al.*6
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Figure 3.10. Schematic representation of the protocol used for generating the different
classification models.

3.3.2.1. Data Preparation, compilation, and pre-processing

The dataset [data collection is explained in Section 3.2.1.1, and it is defined as
original sample (OS)] was split into two subsets, a binary active (MIC < 10 puM, 1) and
not active (MIC > 10 uM, 0), following the MIC cut-off criteria adopted by the report of
Makarov et al.® For this study, the separation of covalent and non-covalent inhibitors
was not considered. We chose to produce a more general model for detecting new DprE1
inhibitors, regardless of the type of binding. The generated raw data was then prepared
using manual R scripts in RStudio (Version 1.4.1106). Before processing, any
observation with missing values was removed using na.omit () function,'®® and any
duplicates across the data collection were identified and removed using the
duplicated () function.®®

The original sample (OS) dataset contained 1519 compounds corresponding to
1083 inhibitors and 463 non-inhibitors. By calculating the molecular fingerprints, the
dataset was represented as a binary matrix (O for absence of the fingerprint and 1 for the
presence of the corresponding fingerprint), with the columns corresponding to the
fingerprint length and the rows corresponding to the number of molecules in the data set.
The RDKit toolkit (2022.9.3) was used to obtain the following molecular fingerprints:
MACCS fingerprints, extended connectivity fingerprints!>® (ECFP4, diameter = 4, 2048
bits), and functional-class fingerprints'®® (FCFP4, diameter = 4, 2048 bits). A detailed
description of the calculation of each fingerprint type can be found in the RDK:it
documentation. 6’

Note that the dataset was imbalanced, with 1083 active molecules versus 436 non-

active molecules. In supervised machine learning, it is important to train an estimator on
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balanced data, allowing the model to be equally informed in all classes.'®® Therefore, we
used two different functions available in R to solve this situation: (1) downSample ()

function,16°

which will randomly sample a data set so that the frequency of all classes
equals that of the minority class, hence producing a final down-sampling dataset (DS) of
872 molecules with 4263 variables (167 MACCS + 2048 ECFP4 + 2048 FCFP4) or (2)

upSample () function,'’®

which uses random up-sampling to adjust group sizes to the
largest group within the data frame, therefore producing a final up-sampling dataset (US)
of 2070 molecules with 4263 variables (167 MACCS + 2048 ECFP4 + 2048 FCFP4).
Various compilations of these generated predictors sets were exported as separate .csv
files, resulting in seven predictor data sets (Table 3.5):

1. MACCS: 167 MACCS fingerprints only (total of 167, M);

2. ECFP: 2048 bits of extended connectivity fingerprints only (total of 2048, E);

3. FCFP: 2048 bits of functional-class fingerprints only (total of 2048, F);

4. MACCS + ECFP, the combination of 167 MACS fingerprints and 2048 bits of
extended connectivity fingerprints (total of 2215, ME);

5. MACCS + FCFP, the combination of 167 MACS fingerprints and 2048 bits of
functional-class fingerprints (total of 2215, MF);

6. ECFP + FCFP: the combination of 2048 bits of extended connectivity fingerprints and
2048 bits of functional-class fingerprints (total of 4096, EF);

7. MACCS + ECFP + FCFP: the combination of 167 MACCS fingerprints, 2048 bits of
extended connectivity fingerprints, and 2048 bits of functional-class fingerprints (total of
4263, MEF).

The datasets of 872 (DS), 1519 (OS), and 2070 (US) available compounds were
also pre-processed by R scripts. Pre-processing was employed, using the library caret,
in which the nearZerovar () function was used to identify predictors with one unique
value (i.e., zero variance predictors) or predictors with both of the following criteria: they
have a small number of unique values compared to the number of samples and a high
ratio between the frequency of the most frequent value and the frequency of the second
most frequent value.}’* Using near zero variance function afforded the final number of
predictors for each subset, as shown in Table 3.5. The pre-processed subsets were then
divided into a training set and a test set, at a ratio of 3:1, by employing

train test split () function,'  with  the  defined  parameter

random state=789. Subsequently, the training sets were employed for model
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construction and the test sets were used to evaluate the constructed model's classification

performance.

Table 3.5. Number of predictors generated within the RDKit package and after data pre-
processing using R.
After pre-processing

ID | Data set Original numberof | o | g | g
predictors
M MACCS 167 112 110 111
E ECFP4 2048 350 342 345
F FCFP4 2048 291 291 280
ME | MACCS + ECFP4 2215 461 451 455
MF | MACCS + FCFP4 2215 402 400 390
EF | ECFP4 + FCFP4 4096 615 632 624
MEF | MACCS + ECFP4 + FCFP4 4263 751 741 734

3.3.2.2. Algorithm selection

Five machine learning algorithms were used to build the best classification model:
KNN, SVM, RF, GBM, and XGB models, in which these models were built with the
scikit-learn package (sklearn libraries, version 1.0.2)!"® and XGB with the xgboost
library.1"* These algorithms are frequently used in QSAR studies.'? Before training with
the various datasets, the selected algorithms (described in the following paragraphs)
underwent slight hyperparameter tuning, employing the US dataset incorporating all

fingerprints.

3.3.2.2.1. K-Nearest Neighbours

K-nearest neighbours (KNN) is a non-parametric, supervised learning classifier
that employs proximity to classify or predict how a particular data point will be
clustered.®™” KNN construction relies solely on data from the training set; therefore, the
model cannot sufficiently summarize it. The number of k-closest samples observed in
each class determines the class probability of a new sample in classification.*®* For our
KNN model building, the hyperparameter n neighbors was set to 3, using the

KNeighborsClassifier () function, while other parameters were default values.!”

3.3.2.2.2. Support Vector Machines

Support vector machines (SVM) look for the best hyperplane in an N-dimensional

space (N is the number of features) to categorize the data points distinctly.'’® The support
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vectors used to determine the class probability for the new samples are training points
that define the greatest margin that the optimal hyperplane would have.’%"7 SVM uses
the so-called kernel functions to map the sample to a high-dimensional feature space using
nonlinear mapping to perform nonlinear classification accurately, allowing calculation
without the need to transform the predictors.?*®176177 Within this study, the function
svm.svc ()was used to create the SVM model, in which it was set the parameter
probability=True, the radial basis function as the kernel function (* rbf’). The

remaining parameters were set to the default values.’®

3.3.2.2.3. Random Forest

For classification, regression, and other tasks, the ensemble learning method,
known as random forest (RF), assembles a large number of classification trees during
training, being able to produce accurate models without the need for input data
preparation. When using decision trees as classifiers, this method improves predictive
accuracy while avoiding over-fitting.1%°

Within this study, the function RandomForestClassifier ()was used for
the random forest models, in which four training parameters were optimized in the
evaluation criteria when splitting nodes: criterion, setto ‘entropy’; the number
of decision trees in the forest (n_estimators), set to 120; the maximum number of
leaf nodes (max leaf nodes), set to 150, and the parameter random state=0,

while other parameters were default values.!’

3.3.2.2.4. Stochastic Gradient Boosting

In gradient boosting machines (GBMs), the learning mechanism successively fits
new models to provide an increasingly accurate estimate of the response variable.*
Based on the previously assembled trees, this algorithm aims to generate new base
learners that are maximally associated with the loss function's negative gradient.!®® GBM
shares similarities to RF, where both are ensembles of tree models, although the tree
models within GBM are generated using a randomly selected fraction of the input data at
each iteration, relying on previously computed trees.**® Within this study, the function
GradientBoostingClassifier was used to build the GBM model, in which all
the parameters were set to default values, except for the parameter random state,

which was set to 123.181
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3.3.2.2.5. Extreme Gradient Boosting

Extreme gradient boosting (XGB) is an ensemble learner based on gradient
boosting that incorporates additional regularisation parameters to aid in the control of

182 The function

over-fitting, resulting in potentially improved performance.
XGBClassifier ()was used to build the XGB model, where twenty training
parameters were manually set (Please see Table S5, in the Appendix, for more

information).183184

3.3.2.3. Model evaluation

Following model construction using sklearn libraries with the default tuning
parameters outlined previously, five- and ten-fold (5 and 10-fold) cross-validation on the
training set for each predictor data set were performed. Cross-validation enables us to
validate which models do not overfit, particularly those displaying high accuracy values
in the training set.}® The generated models were then tested using the test set.

The performance of classification models was assessed using a variety of metrics:
(1) accuracy (Q), (2) precision (P), (3) sensitivity (SE), (4) specificity (SP), (5) Matthews
correlation coefficient (MCC), and (6) f1 score. The following equations express their

corresponding definitions,**®

4 _ TP+TN (1)
ceuracy (Q) = 75 TN + FP + FN
TP
Precision (P) TP + FP (2)
Sensitivity (SE) = ——— 3)
ensitivity ( )_TP+FN
Specificity (SP) = v (4)
pecificity (SP) = TN T FP
TP XTN —FP X FN
McC = ()
J(@P + FP)(TP + FN)(TN + FP)(TN + FN)
2 X (Precision X sensitivity)
f1score = — — or
(Precision + sensitivity)
TP (6)
f1score =

TP + % (FP + FN)
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where TP are true positives, TN are true negatives, FP are false positives, FN are false
negatives.!t

Accuracy provides a global measure of how effectively the model predicts the full
data set.!13

Precision, also known as positive predictive value, is the proportion of true
positives among positive samples, and it ranges from 0 to 1.113

Sensitivity, also known as recall, is the ratio of true positives to all positives, and
it ranges from 0 to 1.1

The f1 score is the weighted mean of recall and precision. It ranges between 0 and
1 and takes both false negatives and false positives into account. This metric is
particularly useful when the data set is imbalanced. 318

MCC analyses the performance of the models based on the confusion metrics.
Among these evaluations, the MCC is the most relevant indicator for measuring binary
classification performance and is considered the primary parameter for selecting a
prediction model. Overall, the higher the MCC value, the superior the classification
performance.'®18 When MCC equals —1, it shows a total disagreement between
observed and predicted classes. A value of 0 shows no better than a random prediction
whereas a coefficient of +1 shows a perfect prediction.186.187

The area under the Receiver Operating Characteristic Curve (AUROC, or AUC
or ROC) can assess how much better the model prediction is, over a random guess, and it

was also calculated and plotted.'88
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3.3.3. Results and discussions
3.3.3.1. Diversity of DprE1 inhibitors

For similarity searches with molecular fingerprints, one must additionally
quantify the overlap between two fingerprints, enabling the chemical diversity of these
molecules to be characterized. Different structure similarity coefficients can be employed
for this purpose (e.g. Cosine, Hamming, Tanimoto),'>® in which we calculated the
Tanimoto coefficient (TC) based on the ECFP4 fingerprints for each pair of compounds.
The TC can be used to measure pairwise structural similarity.®® These metrics attempt to
establish a correlation between the number of typically set bits, returning similarity values
between 0 and 1, where 1 indicates a perfect match. The TC was calculated against each
molecule (combination: C7'), with n =1519 for the whole dataset, n = 852 for the covalent
inhibitors, and n = 667 for the non-covalent ones. The distribution profile of TC for the
different datasets is depicted in Figure 3.11. For all DprE1 inhibitors (Figure 3.11A) a
mean of TC of 0.144 = 0.118 was obtained, indicating a chemical diversity over the
DprE1 inhibitors class. Curiously, when analysing the covalent and non-covalent binders
separately, the covalent class has a higher TC mean value of 0.242 + 0.147 (Figure
3.11B1), versus 0.125 + 0.107 (Figure 3.11B2), a nearly two-fold increase compared to
the non-covalent binders. This result can be explained, since in our covalent subset there
are only 5 types of covalent binders (compared to 17 types in the non-covalent binders
subset), and approximately ~74% of the covalent subset is composed of benzothiazinone-

based compounds, which differ mostly in the amine chain at position 2.
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Figure 3.11. Frequency distribution of topological similarity (Tanimoto coefficient, TC)
of DprE1 inhibitors based on ECFP4 fingerprints for A) all compounds (Covalent + Non-
covalent), B1) covalent and B2) non-covalent inhibitors.

3.3.3.2. Performance of optimal models identified by 5 and 10-fold cross-
validation.

In this study, a total of 105 binary classification models were constructed using
the combination of five algorithms with three variations of the sample set (DS, OS, US)
for each of the seven predictor subsets. The binary classification prediction models were
developed using three types of fingerprints (MACCS, ECFP4, and FCFP4) with five
classification machine learning methods: KNN, SVM, GBM, RF, and XGB, and their
performances are depicted in Tables S1-5 (see in the Appendix). When training the

models, fivefold cross-validation (CV-5) and tenfold cross-validation (CV-10) were
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employed on the training set. All the models were tested and measured by Q, P, SE, SP,
MCC, and f1-score, to assess of the model performance.

The detailed performances of the optimal model for each algorithm are shown in
Table 3.6. Afterward, we further analysed the AUROC curve of the best model for each
algorithm (Figure 3.12).

Table 3.6. Performance metrics of the best model for each algorithm (KNN, SVM, GBM,
RF, XGB).

Training set Test set
Model  Subset  FPS 0 MCC 5.CV 10-CV Q P SE SP MCC AUC fl
KNN16  US E 0947 o895 0883% 0886% .00 806 0895 0895 0791 0895 0.895

0010 0017
SYM19  US M+F 0903 0807 Obggf; Obggfgi 0.887 0888 0887 0888 0775 0887 0.887

0.892 + 0.896

GBM18 us M+E 0936 0873 0015 0.020 0900 0900 0900 0.900 0.801 0.900 0.900
M+E 0.928 £ 0.929 +

RF21 us +E 0.972  0.945 0.008 0.016 0921 0921 0921 0921 0842 0921 0.921
M+ E 0.933 0.939

XGB21 us +E 0.997 0.994 0014 0016 0941 0941 0941 0.941 0.882 0941 0.941

As depicted in Tables S1-5, it was determined that the 35 generated models for
the DS subset show a good performance, with accuracy >0.78, precision >0.78, sensitivity
>0.78, specificity >0.78, MCC >0.57, AUROC >0.78, and f1 score >0.78. Regarding the
35 constructed models for the US subset, these models showed the best performance
among the subsets, with accuracy >0.85, precision >0.85, sensitivity >0.85, specificity
>0.85, MCC >0.71, AUROC >0.85, and f1 score >0.85. In comparison to the balanced
subsets, the performance of the 35 generated models for the original subset (OS) was
inferior, with an accuracy >0.80, precision >0.77, sensitivity >0.80, specificity >0.63,
MCC >0.51, AUROC >0.72, and f1 score >0.75. When examining the different metrics,
it can be shown that the OS subset had the lowest metric specificity (>0.63) compared to
the DS (>0.78) and US (>0.85) subsets. A specificity value of 0.63 means that 63% of the
inactive compounds were labelled accurately. This result is expected, given that the
original sample comprises only ~30% inactive molecules (n = 463/1519) and, during
model training, the model is less likely to identify the inactive compounds precisely.
Evidently, this reduced specificity value will impact the MCC metric used to evaluate the
performance model. This result provides a clear example for the need to prepare a
balanced dataset during pre-processing. The specificity metric improves when the sample
is balanced by down-sampling or up-sampling, with the US subset exhibiting the highest
value (>0.85). Lastly, ECFP4 and FCFP4 fingerprints outperformed MACCS in
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differentiating between active and inactive DprE1 inhibitors in models with only one

fingerprint type.
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Figure 3.12. Receiver operating characteristics (AUROC, or AUC, or ROC) curves of 5
models were optimal for each algorithm. (A) KNN16-ECFP4, (B) SVM19-
MACCS/FCFP4, (C) GBM18-MACCS/ECFP4, (D) RF21-MACCS/ECFP4/FCFP4, (E)
XGB21-MACCS/EFCP4 /FCFP4. (F) Comparison of the ROC curves between the 5 best
models.

Regarding the KNN models, MCC values on the test set exceeded >0.53, which
showed that the 21 KNN models had moderate to good predictive performance. The
models built with DS or OS exhibited MCC values of >0.57 (good) and >0.53 (moderate),
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whereas all models built with US subsets surpassed >0.73 (good). F1 scores increased
when assessing predictions on balanced sets, with an f1 score ranging from 0.81 £+ 0.01
for DS and an f1 score ranging from 0.88 + 0.01 for the US dataset, while for the OS, it
had an f1 score between 0.77 £ 0.01. The best performed KNN model was KNN16, using
the US subset built with solely ECFP4 fingerprints. It gave a prediction accuracy of 0.947
on the training set, 0.895 on the test set, with MCC = 0.791, precision = 0.896, sensitivity
= 0.895, and specificity = 0.895 on the test set. The training and test sets' AUROC values
(Figure 3.12A) were 0.947 and 0.895, respectively. ECFP4 fingerprints are more suitable
for the KNN algorithm to classify DprE1 inhibitors than the other three types of molecular
fingerprints. Detailed results for each KNN model are given in Table S1.

For the SVM models, MCC values on the test set exceeded >0.53, which showed
that the 21 SVM models had moderate to good predictive performance. The models built
with DS or OS exhibited MCC values of >0.63 (good) and >0.53 (moderate), whereas all
models built with the US subset exceeded >0.71 (good). As expected, F1 scores also
increased when assessing predictions on balanced subsets for this algorithm, with an f1
score ranging from 0.84 £ 0.01 for the DS and from 0.88 + 0.01 for the US datasets, while
for the OS it showed an f1 score between 0.78 £ 0.02. The best performed SVM model
was SVM19, using the US subset built with MACCS and FCFP4 fingerprints. It gave a
prediction accuracy of 0.903 on the training set, 0.887 on the test set, with MCC = 0.775,
precision = 0.888, sensitivity = 0.887, and specificity = 0.888 on the test set. The AUROC
values (Figure 3.12B) of the training and test sets were 0.903 and 0.888. MACCS and
FCFP4 fingerprints are more suitable for the SVM algorithm to classify DprE1 inhibitors
than the other three types of molecular fingerprints. Detailed results for SVM algorithm
with each model are given in Table S2.

Within the GBM maodels, the MCC values on the test set exceeded >0.56, which
showed that the 21 GBM models had moderate to good predictive performance. The
models built with DS or OS exhibited MCC values of >0.61 (good) and >0.56 (moderate),
whereas all models built with the US subset exceeded >0.73 (good). F1 scores also
increased when assessing predictions on balanced sets for this algorithm, with an f1 score
ranging from 0.83 + 0.01 for the DS and from 0.89 + 0.01 for the US datasets, while for
the OS, it had an f1 score between 0.81 + 0.02. The best performed GBM model was
GBM18, using a US subset built with MACCS and ECFP4 fingerprints. It gave a
prediction accuracy of 0.936 on the training set, 0.900 on the test set, and an MCC =
0.801, precision = 0.900, sensitivity = 0.900, and specificity = 0.900 on the test set. The
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training and test sets' AUROC values (Figure 3.12C) were 0.936 and 0.900. MACCS and
ECFP4 fingerprints are more suitable for the GBM algorithm to classify DprE1 inhibitors
than the other three types of molecular fingerprints combined. Detailed results for each
GBM model are given in Table S3.

The MCC values of all the RF models on the test set exceeded >0.53, which

showed that the 21 RF models had moderate to good predictive performance. The models
built with DS or OS exhibited MCC values of >0.59 (good) and >0.53 (moderate),
whereas all models built with the US subset exceeded >0.78 (good). Using this approach,
the models constructed from US subsets ensure an increase in performance. F1 scores
only increased when assessing predictions on the balanced US sample, with an f1 score
ranging from 0.91 + 0.01 for the US dataset, while for the OS f1 score ranged between
0.83 £ 0.02 and for the DS also ranged from 0.83 + 0.01. The best performed RF model
was Model RF21, built with three types of fingerprints, MACCS, ECFP4, and FCFP4. It
gave a prediction accuracy of 0.972 on the training set, 0.921 on the test set, with MCC
= 0.842, precision = 0.921, sensitivity = 0.921, and specificity = 0.921 on the test set on
the test set. The training and test sets' AUROC values (Figure 3.12D) were 0.972 and
0.921. Detailed results for each RF model are given in Table S4.
For the XGBoost models, MCC values on the test set exceeded >0.51, which showed that
the 21 XGB models had moderate to good predictive performance. The models built with
DS or OS exhibited MCC values of >0.57 (moderate) and >0.51 (moderate), whereas all
models built with the US subset exceeded >0.81 (very good). The f1 scores only increased
when assessing predictions on the balanced US sample, with an f1 score ranging from
0.93 £ 0.01 for the US dataset, while for the OS and DS datasets the f1 score ranged
between 0.83 £ 0.02. The best performed one in XGB models or even in all the generated
models was XGB21, using the US subset, built with MACCS, ECFP4, and FCFP4
fingerprints. It gave a prediction accuracy of 0.997 on the training set and 0.941 on the
test set, with MCC = 0.882, precision = 0.941, sensitivity = 0.941, specificity = 0.941 and
f1 score = 0.941 on the test set. The training and test sets' AUROC values (Figure 3.12E)
were 0.997 and 0.941. Detailed results are given in Table S5.

Our results, as measured by the MCC and f1 score, clearly demonstrate that
imbalanced data impacts greatly the performance of the models. Even balancing the
dataset can be difficult, as evidenced by the fact that the US dataset appeared to be the
most effective at avoiding this problem, as it provided higher MCC and f1 scores for all

algorithms.
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The results of five- and ten-fold cross-validation for each of the five optimal
models confirmed that the models did not appear to overfit, particularly in the ensemble
tree models (RF and XGB), which displayed very high accuracy values in the training set
(Table 3.6).

3.3.3.3. The overall importance of the fingerprints within the SVM, RF and
XGB models

Having successfully constructed the predictive models, we chose to investigate
the effect of molecular fingerprints on the model's output to interpret the importance of
the relevant features. The variable importance of the predictors for the best models was
provided by the fitted attribute feature importances  from the scikit-learn
library.® Figure 3.13 shows the property importance for the best models GBM, RF, and
XGB. These fingerprints are ranked based on their significance in accurately predicting
the activity of a compound.

Regarding the best model for the algorithm GBM, the MACCS key 63 is the most
important property, and it is related to the N atoms in double bonds with O (Figure
3.13A). This probably indicates a nitro or nitroso group (N=0). For the algorithm RF, the
most important property was the MACCS key 49, which is related to charged atoms
(Figure 3.13B). When analysing our dataset, it is likely to be an N-O- function for the
nitro group (Figure 3.13C). Concerning the XGB model, the most important property
was the FCFP4 key 16, and considering as an example for the benzothiazinone BTZ043,
it is related to the N*, belonging to the distinct nitro group present in these molecules.

The results clearly show a pattern across all models: the presence or absence of a
nitro group is the most important factor in determining whether a molecule inhibits or
does not inhibit the DprE1 enzyme. Thus, it suggests that models may be better suited to
recognise covalent binders. This observation indicates that tuning these models to enable
a more effective selection of non-covalent binders ought to be addressed. A potential
solution could be to split the collected dataset into covalent and non-covalent binder
subsets. It is not always possible to map fingerprints onto molecular fragments, but the
approach's value comes from virtual screening and prioritization of molecules. From
these new data, new classification models can be produced. The models' performance

should then be evaluated with external validation data.
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3.3.3.4. Evaluation of the performance in classifying the profile in the
synthesized 1,2,4-trioxane hybrids

Following the general calculations of the performance metrics of the models, we
used the best model for each algorithm to assess the classification as active or inactive for
the 1,2,4-trioxane hybrids that were synthesized throughout this PhD project. The small
sample of the hybrids comprised the three IC-trioxane MmpL3 inhibitors, which should
be classified as not active (or non-inhibitor of DprE1), and eleven BTZ-trioxane hybrids,
which should be classified as active (or inhibitor of DprE1). Confusion matrices for
algorithms KNN, SVM, GBM, RF, and XGB are depicted in Figure 3.14. Only the
KNN16 model could not appropriately classify IC-trioxane hybrids as non-inhibitors or
inactive molecules, as evidenced by the confusion matrix, and with an MCC value of
0.531 (Figure 3.14A and F). Except for model KNN16, the remaining algorithms
correctly identified the corresponding compounds as active, for the BTZ peroxide
hybrids, and inactive, for IC peroxide hybrids. Since all models seem to be better suited
to classify potential covalent inhibitors, this result of high predictive performance was
somewhat anticipated. To effectively evaluate these classification models, more

validation data should be employed.
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Figure 3.14. Confusion matrices for (A) KNN16, (B) SVM19, (C) GBM18, (D) RF21,
and (E) XGB21 during predictions of activity class of the 1,2,4-trioxane hybrids
compounds.
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There is the question regarding whether these molecules fall inside the
“applicability domain” (AD) in these models. The purpose of the AD is to identify the
limitations of a model’s applicability and offer reliable and accurate predictions.'®
Different approaches can be performed to assess the AD. For our compounds, we evaluate
the Tanimoto coefficient of the BTZ-hybrids and IC-hybrids towards the complete dataset

(covalent and non-covalent inhibitors), the covalent and non-covalent sets separately and
the results are shown in Figure 3.15A-C.
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Figure 3.15. Frequency distribution of topological similarity (Tanimoto coefficient, TC)
of the 1,2,4-hybrids synthesized (A) BTZs and B) ICs) screened against the DprE1 dataset
of A/B1) all compounds (Covalent + Non-covalent), A/B2) covalent and A/B3) non-
covalent inhibitors. C. Median and standard deviation for each Tanimoto similarity.
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Regarding the BTZ-hybrids, comparing with the dataset with all compounds
(Figure 3.15A1), a mean TC of 0.213 £ 0.167 was obtained, indicating a chemical
diversity of the BTZ-hybrids over the DprE1 inhibitors class. When analysing the
covalent and non-covalent binders separately, the covalent class has a higher TC mean
value of 0.315 £ 0.158 (Figure 3.15A2) versus 0.084 + 0.037 (Figure 3.15A3), a nearly
four-fold increase compared to the non-covalent binders. This result is expected since
~74% of the covalent subset comprises benzothiazinone-based compounds, which differ
mostly in the amine chain at position 2. Regarding the IC-hybrid compounds
(experimentally defined as not active against TB), all datasets displayed similar means of
TC for every dataset, with 0.070 £ 0.019 for the complete dataset (Figure 3.15B1), 0.064
+ 0.017 for covalent binders (Figure 3.15B2), and 0.066 + 0.017 (Figure 3.15B3),
explaining why these compounds failed acting as TB drugs.

In analysing larger datasets, these results should provide additional information
for tracking the required property similarity to choose molecules with possible TB activity
with greater accuracy. Improvement of the applicability domain should also be addressed

to optimise the reliability and decidability of these models.

3.3.4. Conclusions for this section and Future Work

Within this work, we obtained a dataset containing 1519 DprE1 inhibitors and
computed three types of molecular fingerprints (MACCS, ECFP4, and FCFP4) to
evaluate the molecular structural properties. According to the Tanimoto coefficients
calculation, our dataset was shown to have chemical diversity; however, this was more
pronounced for non-covalent than for covalent binders.

We attempted to build models with good performance, to predict DprEl
inhibitors. We used the original dataset, with 1519 molecules, and another two modified
datasets, with down or up-sampling pre-processing, to balance the active and inactive
molecules in the sample.

A total of 105 models using five different algorithms (KNN, SVM, GBM, RF, and
XGB) were built, in which the best models for each algorithm produced MCC values of
0.791, 0.775, 0.801, 0.842, 0.882 on the test set, respectively when using the up-sampling
balanced subset. It was determined that the 35 generated models for the DS subset had a
good performance, with accuracy >0.78, precision >0.78, sensitivity >0.78, specificity
>0.78, MCC >0.57, AUROC >0.78, and f1 score >0.78. Regarding the 35 constructed
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models for the US subset, these models had the best performance among the subsets, with
accuracy >0.85, precision >0.85, sensitivity >0.85, specificity >0.85, MCC >0.71,
AUROC >0.85, and fl1 score >0.85. In comparison to the balanced subsets, the
performance of the 35 generated models for the original subset was inferior, with an
accuracy >0.80, precision >0.77, sensitivity >0.80, specificity >0.63, MCC >0.51,
AUROC >0.72, and f1 score >0.75. When examining the different metrics, it can be
shown that the OS subset has the lowest metric specificity (>0.63) compared to the DS
(>0.78) and US (>0.85) subsets, and this result was due to the imbalanced dataset between
inactive and active compounds. The XGB models had the best performance across most
data sets during the 5 and 10-fold cross-validation training, in which the best model was
model XGB21, using the US subset built with MACCS, ECFP4, and FCFP4 fingerprints.

MACCS and FCFP4 fingerprints were the most important features in GBM, RF,
and XGB models. For each algorithm, such important properties feature the presence or
absence of a nitro group that appears in determining whether a molecule inhibits or does
not inhibit the enzyme DprEL. Therefore, models are better trained to identify covalent
binders. Evaluation of peroxide hybrids in the best models for each algorithm was also
performed. Only model KNN16 could not appropriately classify IC-trioxane hybrids as
non-inhibitors or inactive molecules. The remaining algorithms correctly identified the
corresponding compounds as active, for the BTZ peroxide hybrids, and inactive, for IC
peroxide hybrids. This result of high predictive performance was expected since the
models seem to be better trained for identifying covalent binders. More external
validation data should be used to evaluate better these produced models.

In future work, refinement of these models is necessary to allow for a more
efficient selection of non-covalent binders. Splitting the collected dataset into subsets for
covalent and non-covalent binders is a potential solution for this issue. Ensuring that
overfitting does not occur is another crucial aspect to validation, in future models to
improve performance. In addition, developing regression (quantitative) models should be
investigated since they will allow us to predict a molecule's MIC value instead of merely
classifying it as active or inactive. Improvement of the applicability domain should also
be addressed to optimise the reliability and decidability of these models.

Since there is a strong correlation between DprE1 inhibition and anti-TB activity,
we were able to develop classification models that could identify either DprE1 inhibitors

or new anti-TB drugs in this study.
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4.1. Summary

This chapter presents a novel protocol for the preparation of non-symmetrical 1,2,4,5-
tetraoxanes and 1,2,4-trioxanes, promoted by the heterogeneous Silica Sulfuric Acid (SSA)
catalyst. Different ketones react under mild conditions with gem-dihydroperoxides or
peroxysilyl alcohols/B-hydroperoxy alcohols, to generate the corresponding endoperoxides
in good yields. Our mechanistic proposal, assisted by molecular orbital calculations, at the
®B97XD/def2-TZVPP/PCM(DCM)//B3LYP/6-31G(d) level of theory, enhances the role
of SSA in the cyclocondensation step. This novel procedure differs from previously
reported methods by using readily available and inexpensive reagents, with recyclable
properties, therefore establishing a valid alternative approach for the synthesis of new

biologically active endoperoxides.

4.2. Synthetic 1,2,4,5-tetraoxanes and 1,2,4-trioxanes: an
introduction

Organic peroxides are found in various natural products, biologically active
compounds, and chemical reactions, as intermediates.! Among organic peroxides, six-
membered cyclic 1,2,4-trioxanes and 1,2,4,5-tetraoxanes have gained considerable
interest in medicinal chemistry due to their potential for treating various diseases,
including malaria.2® The interest in cyclic organic peroxides is mainly driven by the fact
that an endoperoxide moiety is the pharmacophore in ART and its derivatives, which
demonstrate excellent antimalarial activity (Figure 4.1).° There are some drawbacks to
using ART and its semisynthetic counterparts, including their restricted availability and
high cost due to the extraction process.”® As such, there is an urgent need to expand the
arsenal of endoperoxide-based medicines, among which synthetic 1,2,4-trioxanes and
1,2,4,5-tetraoxanes are undoubtedly a promising approach for the development of novel
alternatives to ART.1°

Besides the impressive antimalarial activity, especially against the deadly parasite
Plasmodium falciparum (Pf)"1!, selected 1,2,4-trioxanes and 1,2,4,5-tetraoxanes also
exhibit other biological activities: anticancer'?°, antimycobacterial?®?!, antiparasitic
against Leishmania spp.??2*, Trypanosoma cruzi®*, Toxoplasma gondii'®, trematodes as
Fasciola hepatica>28, Echinostoma caproni?, Schistosoma japonicum?”?°, Schistosoma

mansoni (Sm)?"3%32 and acting as an antifungal, for crop protection® (a few notable
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examples are depicted in Figure 4.1). 1,2,4,5-Tetraoxane-containing compounds were
also found to act as elicitors in plants. It was observed in two species belonging to the
genus Nepeta that tetraoxanes induce the production of specific secondary metabolites
with essential properties that can be used in the pharmaceutical, cosmetic, and food
industries.3

This chapter describes our work on the improvement of methodologies for the
preparation of six-membered peroxides to facilitate the expansion of their libraries, hence
allowing the discovery of novel drug candidates. There have been a few reviews covering
the 1,2,4-trioxane and 1,2,4,5-tetraoxane chemistry, namely those by McCullough et al.*®,
Dong et al.®, Antonovskii et al.3’, Tang et al.®8, Opsenica et al.*, Kumar et al.*°, Jorge
etal.*!, Yadav et al.*?, Terent'ev et al.*® and Yaremenko et al.**

Artemisinin and derivatives used in ACT's

1a Artemisinin, R—0

1b Dihydroartemisinin, R—OH

1c Artemether, R:=OMe

1d Artesunate, R:'"OCO(CH,),COOH

E209 Anticancer Antileishmanial
Antimalarial N ICen = 2.52 UM
ICgo Hel Il line = 0.45 uM 50 = .92 [
ICso Pf = 5.1 nM so MieLa celtline K

1,2,4-Trioxanes

H
F HN/\/N\Q/ H
(o)
= (0]
— ‘o
Cl N
F
Fenozan-50F DU1301
Antimalarial Antimalarial
IC5q Pf =2.01 ng/ml ICsq Pf =5-19 nM

Figure 4.1. Structure representation of artemisinin, its derivatives and selected examples
of synthetic non-symmetric 1,2,4-trioxanes and 1,2,4,5-tetraoxanes that evidenced very
relevant biological activities and therapeutic potential.
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4.3. Stereoelectronic analysis

1,2,4-Trioxanes and 1,2,4,5-tetraoxanes are remarkably stable compared to the parent
trioxolanes. The singular thermodynamic stability observed in these cyclic peroxides was
addressed by Gomes et al.**, to understand why multiple O-O bonds in one molecule
could induce stabilization of the six-membered heterocycle and not the opposite. Results
of theoretical calculations, established on stereoelectronic analysis, indicated that the
comparatively high thermodynamic stability of bis-peroxides (1,2,4,5-tetraoxanes) is due
to the reactivation of anomeric effect caused by strong no — c*c o interactions. The
interaction (hyperconjugation) between the unshared electron pair on the oxygen (from
the peroxide bond) and the antibonding o* orbital of the C—-O bond lowers the overall
energy of the ring system. Thus, the antibonding c*c_o orbital appears to be the true
source of stabilization, which improves when the ring adopts a boat conformation. Based
on these observations, 1,2,4,5-tetraoxanes can be compared stereoelectronically to bis-
acetals, while 1,2,4-trioxanes may be viewed as mono-acetals. As observed in Figure 4.2,
the addition of a second O—O bond results in negative values for both AE (-3.8 kcal/mol)
and AG (-4.2 kcal/mol), the molecule becomes thermodynamically more stable than the
parent monoperoxide bearing a similar membered-ring system (1,2,4-trioxane, AG= -2.2
kcal/mol, AG= -2.4 kcal/mol; removing one oxygen atom decreases the stabilization by
half). Addition of one carbon in the bridge that separates the two peroxides proved to
induce loss of stabilization, the molecule becoming a "true" bis-peroxide, with positive
values for AE (+6.1 kcal/mol) and AG (+7.9 kcal/mol) indicating a decrease in the
system's stability.**” The stereoelectronic stabilizing effects on the O—O bond can be
increased by introducing strong sigma acceptors (C—F, C-O, or C—N).*>*" Compared to
the monocyclic system, [2.2.1] bicyclic tetraoxanes are stabilized by 4-5 kcal/mol. Each
of the four symmetry-equivalent no — o*c_o interactions has a stabilizing effect of 16.4
kcal, implying an even more favourable configuration of the donor and acceptor orbitals

when the 1,2,4,5-tetraoxane boat conformation is adopted/imposed.*
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Figure 4.2. Clarification of the unexpected stability of cyclic six-membered peroxides,
as 1,2,4-trioxanes, 1,2,4,5-tetraoxanes, and bridged tetraoxanes. Adapted from Gomes et
al.*® and Alabugin et al.*’
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4.4. Chemical synthesis of 1,2,4,5-tetraoxanes

Several methods for preparing 1,2,4,5-tetraoxanes have been developed in the last
three decades. The 1,2,4,5-tetraoxane core can be synthesized via ozonolysis (Figure 4.3-
A), followed by dimerization of zwitterions produced during the decomposition of
ozonides prepared from alkenes 4.1,4°0 O-methyloximes 4.2,5°2 or vinyl ethers 4.3.5%
% The most common and widely used method to afford non-symmetrical 1,2,4,5-
tetraoxanes 4.4 isthe peroxyacetalization/peracetalization of gem-dihydroperoxides
(DHP) with aldehydes/ketones or acetals. The DHPs can be easily generated through
peroxidation of carbonyl compounds (aldehydes/ketones) or acetals with hydrogen
peroxide (H20.), in the presence of a catalyst, such as a Brensted acid, a Lewis acid (LA),
a metal (M"™), or a zeolite/silica-supported catalyst. Understanding the different
mechanisms involved in generating DHPs is critical for developing novel methods for
synthesizing non-symmetric 1,2,4,5-tetraoxanes. For a more comprehensive review of
acyclic geminal bis-peroxides, including DHPs, the reader is referred to reference 57. An
alternative route for the synthesis of alkoxy-substituted 1,2,4,5-tetraoxanes 4.5 involves
cyclocondensation with aliphatic and aromatic orthoesters (RsC(OR)3) as carbonyl
sources, using different catalysts (Figure 4.3-B). The synthesis of bridged 1,2,4,5-
tetraoxanes 4.6 is usually achieved through Brensted acid- or heteropolyacid-catalyzed
condensation of B-diketones with H.O> (Figure 4.3-C).

In the development of the 1,2,4,5-tetraoxane chemotype, considerable attention has
been directed to the synthesis of non-symmetric 1,2,4,5-tetraoxanes, which are
particularly interesting from a pharmacological perspective since they offer more
flexibility for various functional groups linked to the tetraoxane scaffold. However, these
molecules are more difficult to synthesize than their symmetrical counterparts.® This
chapter will focus mostly on the synthetic approach B for the preparation of non-

symmetrical 1,2,4,5-tetraoxanes.
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A. Ozonolysis method
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Figure 4.3. General trends for the generation of non-symmetrical 1,2,4,5-tetraoxanes.
[This chapter will focus particularly on the synthetic approach B for the preparation of
1,2,4,5-tetraoxanes (in grey)].
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4.5. Chemical synthesis of 1,2,4-trioxanes

A vast number of methods for preparing 1,2,4-trioxanes have been developed in
the last three decades. The most common and widely used method to afford 1,2,4-
trioxanes is the peroxyacetalization/peracetalization of B-hydroxy hydroperoxide alcohols
(HPA) with aldehydes/ketones or acetals, in the presence of a Brgnsted acid (H™), a Lewis
acid (LA), or a metal catalyst (M""). HPAs can be produced through photooxygenation
of allylic alcohols, which relies on the generation of singlet oxygen *O, from oxygen in the
presence of a photosensitizer (Figure 4.4-A), and through ring-opening of epoxides with
H,02, promoted by a suitable catalyst (Figure 4.4-C).%%° Understanding the different
mechanisms involved in producing HPAs is critical for developing novel methods for
synthesizing 1,2,4-trioxanes. For a more comprehensive review of [-Hydroxy
Hydroperoxides alcohols (HPA), the reader is referred to references 59 and 60. Isayama-
Mukaiyama peroxysilylation of unsaturated alcohols can also deliver hydroxy silyl peroxides
(HSP), which can undergo peroxyacetalization with aldehydes/ketones to afford 1,2,4-
trioxanes, in the presence of a Brgnsted acid (H"), a LA or a M"" catalyst (Figure 4.4-D).
Other methodologies for the synthesis of 1,2,4-trioxanes have been reported, namely [4
+ 2]-cycloaddition of singlet oxygen to 2H-pyrans (Figure 4.4-B).5%-54 The synthesis of
bridged 1,2,4-trioxanes can be achieved through a Kobayashi modified method (Figure
4.4-E)%% and also by Bransted acid- or heteropolyacid-catalyzed condensation of v,8-
unsaturated ketones with H.O, (Figure 4.4-F).% This chapter will focus particularly on

the synthetic approaches C and D for the preparation of 1,2,4-trioxanes.
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A. Photooxygenation of allylic alcohols
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Figure 4.4. General trends for the generation of 1,2,4-trioxanes. [This chapter will focus
particularly on the synthetic approaches C and D for the preparation of 1,2,4-trioxanes
(in grey)].
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4.6. Use of Silica Sulfuric Acid as a catalyst

ART combination therapies (ACTs) have been used as the first-line treatment
against Plasmodium falciparum malaria during the last decades.®®"3 Disturbingly, the rise
of resistance to ART and its semi-synthetic derivatives in South East Asia and the
synthetic limitations of the ART scaffold have pushed the course of research towards the
development of entirely synthetic endoperoxide-based antimalarials.?"*"® Several classes
of synthetic endoperoxides have been scrutinized in this context, including 1,2-dioxanes,
1,2,4-trioxanes, 1,2 4-trioxolanes, and 1,2,4,5-tetraoxanes.*®4%’" Among these classes,
1,2,4-trioxolanes and 1,2,4,5-tetraoxanes were extensively explored, notably yielding
four antimalarial candidates [ozonides 0Z277® (4.7) and 0Z4397°%° (4.8); 1,2,4,5-
tetraoxanes RKA182’ (4.9) and E2098 (4.10, Figure 4.5)].

0, NH; <€><o—o
iy N
(@) O __/
0Z277 4.7 RKA182 4.9

OO XIOO
02439 4.8 &} E209 4.10 D

F

Figure 4.5. Representative endoperoxide-based antimalarial candidates 1,2,4-trioxolanes
0Z277 (4.7), 0Z439 (4.8); and 1,2,4,5-tetraoxanes RKA182 (4.9) and E209 (4.10).

The O'Neill's group reported E209 4.10% the newest 1,2,4,5-tetraoxane
antimalarial under development. This candidate displays superior pharmacokinetic and
pharmacodynamic properties, together with potent nanomolar efficacy against multiple
strains of P. falciparum and P. vivax, in vitro and in vivo. Furthermore, 4.10 also shows
reduced cross-resistance with the C580Y mutation in transgenic parasites expressing
variant forms of K13, known as the primary liability for artemisinin resistance.®

Notwithstanding the promising properties shown by the novel antimalarial
candidate E209, the synthetic approach to its preparation demands improvement (Scheme
4.1). Preparation of E209 involves a six step-synthesis comprising the generation of the
1,2,4,5-tetraoxane core present in precursor 4.13a, which requires the use of moisture-

sensitive catalysts such as Re207% or Bi(OTf)s®® affording a maximum yield of around
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61% (when using Bi(OTf)3)® (Scheme 4.1a).

a. Previous work

0 OH OH 0
o o OAc
4
4.11b . o steps E209
Bi(OTf)3 5 mol % o (4.10)
MS 4A Sieves O’O
61% 4.13a
OAc

4.11a

Crude
— 412

b. This work

...............................................

i or o
o__0O |: o :
: @: \O/@f ' 4 steps E209
CTT T (4.10)
“°‘°‘°3 1@ |
OAc ;

|

| CH2C|2 0 °C-r.t.
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- Reusable catalyst 2 ¢
- Versatile catalyst :>—OSO3H — Te:r’az:l’:,-,es
R O Rj3
— X X
R2 O—O R4
1,2,4-

Trioxanes

Scheme 4.1. (a) Synthetic approach and conditions used in previous preparation of E209;
(b) Improved conditions proposed in this work.

During attempts to improve this synthetic step we successfully explored a new
methodology for synthesizing the 1,2,4,5-tetraoxane subunit, involving the use of readily
available and low-cost silica sulfuric acid (SSA) as a catalyst. Silica-supported catalysts
have attracted attention recently due to their promising reactivity and recoverable and
reusable properties, leading to economic and environmental benefits.84% Silica sulfuric
acid was reported by Azarifar et al.® as an effective catalyst for the preparation of DHP.
Peroxyacetalization is the first step in the most broadly used method for synthesizing
1,2,4,5-tetraoxanes, which involves the acid-catalyzed cyclocondensation of a ketone or

aldehyde with an active DHP intermediate prepared in situ. Generally, DHP is generated
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from the reaction of a carbonyl compound with hydrogen peroxide (30 or 50 wt %) in the
presence of a catalyst.*? Given the attractive properties of SSA, we decided to explore the
potential of silica-supported catalysts to promote the cyclocondensation of the 1,2,4,5-
tetraoxane ring. Our methodology involves a ‘two-pot' procedure, whereby the DHP
generated immediately reacts with the partner carbonyl compound to achieve the

cyclocondensation step (Scheme 4.1b).

4.6.1. Results and discussion

This section features the successes and limitations of applying the heterogeneous
silica sulfuric acid (SSA) catalyst to synthesize non-symmetrical 1,2,4,5-tetraoxanes and
1,2,4-trioxanes. The fundamental steps governing the cyclocondensation pathway through
were evaluated through molecular orbital calculations, using the DFT method, at the
®B97XD/def2-TZVPP/PCM(DCM)//B3LYP/6-31G(d) level of approximation. This
novel procedure differs from previously reported methods by using readily available and
inexpensive reagents with recyclable properties, providing a valid alternative approach

for the synthesis of new biologically active endoperoxides.

4.6.1.1. Preparation of the Silica Sulfuric Acid catalyst

Concerning the preparation of the SSA catalysts, different proportions of sulfuric
acid were used [SSA-(A-D): 1, 2, 3, and 4 mL of H2SO4 (> 95%), respectively]. The
procedure for preparing each catalyst was identical (Figure 4.6) and is described in detail
in the Experimental Section. The molarity of sulfuric acid adsorbed on the silica gel was
determined by acid-base titration. The results, summarized in Figure 4.7-A, indicate that
in both SSA-(A) and SSA-(B) the amount of H.SO4 adsorbed by the silica appears to be
directly proportional to the amount of H.SO4 added (3.85 + 0.04 and 6.10 + 0.03 mmol
in 1 g of SSA, respectively), in contrast to what was observed in SSA-(C) and SSA-(D)
(7.54 £ 0.04 and 8.40 = 0.04 mmol in 1 g of SSA), demonstrating a saturation tendency

on the silica gel surface after continuous addition of H2SOa.
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Figure 4.6. Representation of the procedure followed for the preparation of the SSA-(A-
D) catalysts.

4.6.1.2. Optimization of reaction conditions

The preparation of the intermediate DHP 4.12 followed the method reported by
Aczarifar et al.®% with some adjustments. Typically, 4-(4-oxocyclohexyl)phenyl acetate
4.11a was reacted with aqueous hydrogen peroxide (50% w/w) in acetonitrile (4:1 molar
ratio of H2O> to the starting ketone), in the presence of the SSA catalyst, at room
temperature (Table 4.1). A solvent extraction workup was followed to remove excess
H20, intended for the safety and overall yield optimization.

The reaction of the crude DHP 4.12 with adamantan-2-one 4.11b, in the presence
of the SSA catalyst, was selected as the model to find the optimized reaction conditions
for the cyclocondensation step. The factors analyzed were the nature of the solvent, the
amount and the type of catalyst, namely the ratio of H2SO4:Si02 [SSA-(A-D) (see Table
4.1)]. Analysis of the data shows that, at room temperature, when using a 2:1 molar ratio
of SSA-(C) to 4-(4-oxocyclohexyl)phenyl acetate 4.11a, in anhydrous dichloromethane,
p-(dispiro[cyclohexane-1,3'-[1,2,4,5]tetraoxane-6',2"-tricyclo-[3.3.1.13"]decan]-
4yl)phenyl acetate 4.13a is selectively produced with the highest observed yield (67%),
after 60 min (Table 4.1, entry 19). Increasing the reaction time (12h, Table 4.1, entry 20)
and using a higher molar ratio of SSA-(C) (3 equivalents, Table 4.1, entry 21) did not
improve the efficacy of the model reaction. SSA-(C) seemed to outperform in efficiency,
compared to the other SSA batches, in the same equivalency (Table 4.1, entries 4-7).
Conduction of the model reaction using silica gel, or in the absence of catalyst, did not

lead to 4.13a, even when extending the reaction time for 48 h, showing the importance of
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SSA for the reaction’s success (Table 4.1, entries 1, 2). Conduction of the model reaction
with H2SO4 (1 equivalent) afforded the desired 1,2,4,5-tetraoxane 4.13a, though in a much
lower yield (13%) than the silica-supported-H2SO4 catalyst (Table 4.1, entry 3). Solvent
effects were also investigated. As shown from the data presented in Table 4.1, anhydrous
dichloromethane preformed as the most efficient solvent. The reaction failed when
solvents DMSO and DMF were used (Table 4.1, entries 16 and 17), which was ascribed
to their hygroscopic nature. The presence of moisture in the reaction mixture could entail
the following results: 1) water may affect the SiO>-H2SO4 < SiO2-H>O conversion
equilibrium, altering the catalytic capabilities of SSA by adsorbing on its surface,
interfering with the cyclocondensation step, and promoting the hydrolysis of the
intermediate DHP, with the regeneration of the corresponding starting ketone; 2) water
itself may also hydrolyze the DHP, regenerating its starting ketone. Even though DMSO
and DMF had a commercial purity of >98%, these solvents were not freshly distilled prior
to use. The use of ethereal solvents such as diethyl ether or 1,4-dioxane strongly inhibited
the ability of SSA to promote cyclocondensation to the tetraoxane core (Table 4.1, entries
15 and 18). The yield decreased considerably when the reaction was performed under
non-anhydrous conditions (Table 4.1, entries 11-14), revealing that anhydrous conditions
favor the cyclocondensation of the 1,2,4,5-tetraoxane core by avoiding decomposition of
the DHP to its starting material. The cyclocondensation was achieved even with minimal
amounts of SSA-(C), such as 0.01 equivalent, although with 11% yield (Table 4.1, entry
24), demonstrating its catalytic capacity.
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Table 4.1. Screening of reaction parameters for the formation of 1,2,4,5-tetraoxane 4.13a

[ OH OH |
Q 0_ 0 @o
HZSSZAS-O(QVI;/)W) 4.11b <{é >:°_°> < > <:>
_ - OAc
CH4CN, 0 °C-rt, 2 h SSA - (A-D) 0-0
Solvent, 0 °C-r.t.
4.13a
OAc OAc
4.11a Crude 4.12
Entry  Catalyst Solvent Molar ratio t (min) Yield (%)
SSA/ST?

1 None CHxCl; - 48h nr
2 SiO» CH2Cl; 1d 48h nr
3 H2S04 CHClI, 19 12h 13
4 SSA-(A) CH.Cl 1 60 48
5 SSA-(B) CH.Cl 1 60 58
6 SSA-(C) CH.Cl 1 60 62
7 SSA-(D) CHCl 1 60 53
8 SSA - (C)> CH:Cl, 1 60 56
9 SSA-(C) CHsCN 1 75 51
10 SSA-(C) CHsCN/CH2CI> (1:1) 1 75 53
11 SSA-(C) CHCL° 1 75 52
12 SSA-(C) CHiCN°® 1 90 48
13 SSA-(C)  CHsCN/CH:Clz (1:1)° 1 90 52
14 SSA-(C) CH3COzEt* 1 120 24
15 SSA-(C) Et0 1 180 12
16 SSA-(C) DMSO 1 48h nr
17 SSA-(C) DMF 1 48h nr
18 SSA-(C) 1,4-Dioxane 1 48h nr
19 SSA - (C) CHCl 2 60 67
20 SSA-(C) CHCl 2 12h 63
21 SSA-(C) CH.Cl 3 60 62
22 SSA-(C) CH.Cl 0.5 60 57
23 SSA-(C) CH.CI 0.1 120 34
24 SSA-(C) CH.CI 0.01 12h 11

Re.O7 CHClI, - 60 4618

Bi(OTf)3 CHCI> - 120 618

aST: Starting material; "Formic acid used in the first step, instead of SSA-(C); *Not anhydrous;
91 equivalent of SiO2 or H2SO4; nr = no reaction; SSA-(A-D): 1, 2, 3, and 4 mL of H2SO4 (>
95%), respectively).
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4.6.1.3. Evaluation of the substrate scope

A library of 1,2,4,5-tetraoxanes 4.13a-g was synthesized using the optimal
conditions (Table 4.1, entry 19), thereby demonstrating the methodology's tolerance to a
range of functional groups and structural features (Table 4.2). We also applied the
methodology to the synthesis of non-symmetrical 1,2,4,5-tetraoxanes, and, under
heterogeneous conditions, the required compounds were generated with yields ranging
from 5 to 67%. The reactions, performed in the presence of two equivalents of SSA-(C)
and using an excess of the second ketone (1.5 mmol) relative to the starting one, were
usually completed in the period of 1 to 6 hours. Homodimeric byproducts were
occasionally formed during the cyclocondensation step, especially during the preparation
of 4.13g. The symmetric 1,2,4,5-tetraoxane byproduct could be differentiated by TLC
and was obtained in lower proportion for ketones in which both structures varied
substantially from each other, in polarity or composition. These circumstances could be
avoided by isolating the DHP through column chromatography and then reacting it with
an excess of the second ketone (2 mmol) in the cyclocondensation step. 1,2,4,5-
Tetraoxane 4.13e was generated in very low yield (5%), which may be ascribed to the use
of a very bulky ketone, adamantan-2-one 4.11b, which preferentially undergoes a Baeyer-
Villiger rearrangement during the cyclocondensation step, originating its corresponding
lactone. In fact, 4-oxahomoadamantan-5-one was isolated in a higher amount than the
desired 1,2,4,5-tetraoxane 4.13e. Hydroperoxidation of aromatic ketone 4.11c was
achieved easily with SSA-(C) during the first step. Although cyclocondensation with
4.11b was observed, the DHP decomposed back to 4.11c, suggesting some instability of
the DHP in the reaction medium. An attempt to generate the corresponding tetraoxane
from 4,4-difluorocyclohexanone (4.11d) and 4.11b was disrupted during purification. It
appears that strong electron withdrawing groups (EWG) close to the tetraoxane ring, such

as the fluorine, favour its instability, promoting decomposition (Table 4.2).
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Table 4.2. Scope evaluation in the SSA-promoted formation of 1,2,4,5-tetraoxanes.

H,0, (50% wiw) OH OH

)O]\ SSA-(C),2eq. (')><0 R Ry R1><°‘°><R3i
Ri™ "Ry CH3CN,0°C-rt,2h | Ry” "R, |1 SSA-(C),2eq. Ry 0-0 Ry !
Crude "1  CHxCly rt 413a-g
Entry Ketone 1 Ketone 2 Product (reaction time, yield)
1 0-0
4.11a 4.11b 413a (1h, 67%)

Okl on

4.13b (1.5 h, 57%

O <O <DL

N
O
o
>
o

{j

0
4.13c (1h, 63%
0
4
o= o~ O
0
4.13d (1h, 47%
5 o)
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© D O T30~
0-0
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A one-pot approach to synthesize the 1,2,4,5-tetraoxanes was also carried out to
understand if the performance would match the two-step protocol. The procedure
involved the addition of two equivalents of SSA-(C) and 50% aqueous H202 (4 mmol) to
a solution of the starting ketone (1.0 mmol), in acetonitrile. After consumption of the
starting material, adamantan-2-one (1.5 mmol) was added and the final mixture was left
stirring overnight (Scheme 4.2). Under these conditions, the desired 1,2,4,5-tetraoxane
was obtained in poor yields (8%). Evaporation of the solvent after the peroxidation step
was not considered because it would lead to a dangerous concentration of free hydrogen
peroxide, highly explosive.

1.8SA-(C)2eq,,
H202 (50% W/W

CH3CN, 0°C-rt, 2 h
2
4.11a @( Tt o/n 4.13a

4.11b

Scheme 4.2. Conditions for one-pot synthesis of 1,2,4,5-tetraoxanes, using SSA-(C).

4.6.1.4. Evaluation of the recycling properties

The recycling properties of SSA were also thoroughly analyzed. Following each
run of the cyclocondensation step of 4.13a, SSA-(C) was removed from the reaction
mixture by filtration and rinsed several times with dichloromethane to remove
contaminants adsorbed on the surface of SSA and subsequently dried in a vacuum oven
at 60 °C, for 24 h. The recovered SSA-(C) was reused in the next run. Analysis of the
results displayed in Figure 4.7-B shows that the catalyst SSA-(C) can be used up to two
times with only a slight loss in the yield of 4.13a (67% to 62%). When using the catalyst
in the synthesis of 4.13a for five consecutive times, we observed that the yield decreased
considerably from the third, the fourth, and fifth runs (41%, 27%, and 12%, respectively),
which was ascribed to the gradual catalyst contamination by the starting materials and
byproducts and the slow loss of H.SO4. To confirm this hypothesis, the amount of sulfuric
acid loaded on the recovered SSA-(C) was also evaluated using the acid-base titration
method to understand better the molarity exchanges that occurred during the reaction and
recovery process of the compound. Figure 4.7-B shows that, indeed, the molarity of
H2SO4 on the silica surface decreases in the recovered catalyst with each run (run 1: 7.54
+0.04; run 2: 4.20 £ 0.08; run 3: 3.17 £ 0.06; run 4: 1.14 + 0.05 and run 5: 0.53 £ 0.01

254



Chapter 4: Synthesis of Non-Symmetrical Dispiro 1,2,4,5-Tetraoxanes and 1,2,4-Trioxanes Catalyzed by
Silica Sulfuric Acid

mmol in 1 g of SSA) and this decrease is directly related to the corresponding run's yield
of 1,2,4,5-tetraoxane (Figure 4.7-C, r = 0.921, p < 0.001).
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Figure 4.7. A) Molarity of H,SO4in SSA-(A-D). Bars represent mean values of molarity
of H2SO4 triplicates + standard deviation (SD); (B) Reusability SSA-(C) in the generation
of 4.13a (red line corresponds to the molarity of H2SOa4in 1 g of SSA, in each run); (C)
Pearson correlation coefficient between the yield of each run and the molarity of H2SOa,
in 1g of SSA.

4.6.1.5. Mechanistic study for the formation of 1,2,4,5-tetraoxanes

The role of SSA as an acid promoter was investigated by density functional theory
(DFT) calculations at the ®B97XD/def2-TZVPP/PCM(DCM)//B3LYP/6-31G(d) level of
theory. A mechanism proposal for the formation of 1,2,4,5-tetraoxanes is provided in
Figure 4.8. In this study, adamantan-2-one (4.11b) and 1,1-cyclohexanediyl
dihydroperoxide (4.12g) were selected as model substrates, and two molecules of
Si(OH)3(SO3H) were considered to mimic the SSA. Calculations predict a
thermodynamically favoured process, globally. The proposed mechanism involves
protonation of the carbonyl group of 4.11b by SSA; followed by 1,2-addition of a
hydroperoxide of 4.12g to the protonated ketone, with concomitant proton abstraction by
SSA, via TS1 (11.4 kcal mol™'); then protonation of the hydroxyl moiety by SSA; and,
finally, an Sn1-type reaction to form the 1,2,4,5-tetraoxane 4.13g. The Sn1 reaction
occurs via water dissociation (TS2, rate-limiting step, 12.4 kcal mol™!) to form a tertiary
carbocation that reacts with the second hydroperoxide of 4.12g (TS3, 10.5 kcal mol™'),
generating 4.13g after proton abstraction by SSA. The calculations also suggest that all
steps are reversible, except the last one (TS3), the dissociation of the product 4.13g from

SSA-H>20 being thermodynamically favoured.
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Figure 4.8. Free energy profile for the formation of 1,2,4,5-tetraoxane 4.13g promoted
by SSA (modelled by two molecules of Si(OH)3(SOzH)). DFT calculations were
performed at the ®B97XD/Def2-TZVPP/PCM(DCM)//B3LYP/6-31G(d) level of theory
(energy values in kcal mol™).

4.6.1.6. SSA-catalysed synthesis of 1,2,4-trioxanes

Inspired by the results obtained for the synthesis of 1,2,4,5-tetraoxanes, we
decided to evaluate the SSA catalyst's potential in the cyclocondensation process to
generate 1,2,4-trioxanes. Two methods were used: (A) hydroperoxysilylation of allylic
alcohols and (B) perhydrolysis of spiro-oxiranes, followed by cyclocondensation to 1,2,4-
trioxanes, through reaction with the corresponding ketones, at room temperature, in the

presence of SSA.
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A) Via Hydroperoxysilylation of allylic alcohols, followed by cyclocondensation

to 1,2,4-trioxanes

The Co(ll)-mediated hydroperoxysilylation of allylic alcohols was initially reported
by Oh et al.®’, following an investigation to generate seven-membered 1,2,4-trioxepane
systems. This chemistry was later applied to the synthesis of asymmetric six-membered
1,2,4-trioxanes by O'Neill and co-workers.28 A 1,2 4-trioxane moiety could be easily built
by a milder approach, in the sequence of a Co(ll)-mediated peroxysilylation of allylic
alcohols 4.14 [through an Isayama and Mukaiyama hydroperoxysilylation (See Section
4.5. for more information regarding this method)] and subsequent reaction with a
carbonyl compound, in a one-pot procedure, with the support of a catalyst. For this
project, we used the Co(thd). method in the hydroperoxysilylation step, to generate the
hydroxy silyl peroxide 4.15 (Scheme 4.3). The Co(thd). catalyst was synthesised in a
convenient one-step reaction, from cobalt (I1) chloride and 2,2,6,6-tetramethyl-3,5-
heptanedionate (thd), in basic conditions (Scheme 4.3).

“
NaOH(1 equiv. o._.0
2 W ( 9 ) > Co. 2H20
O O CoCl,, (0,5 equiv.) Ol o
H,0, 60°C, 3 h _—
thd Co(thd),
Et;SiH .
HO CO(thd)2 R1 O—OSIEt3
T der O /\<
un
All T‘1 | Rli | DCE 2 " o
ylic alcoho
4.15
4.14 crude HSP

Scheme 4.3. Synthesis of Co(thd)2 (top) and representative example of a Co(l1)-mediated
hydroperoxysilylation of allylic alcohols (bottom).

The hydroperoxysilylation of allylic alcohols 4.14 using the catalyst bis(2,2,6,6-
tetramethyl-3,5-heptanedionate)cobalt(11) (Co(thd).)®® generates the HSP 4.15. The HSP
crude is used immediately, without further purification, in the cyclocondensation step
with the corresponding ketone, to afford the non-symmetrical 1,2,4-trioxanes. For the
cyclocondensation step we successfully explored the new SSA-catalysed methodology

for construction of the 1,2,4-trioxane core. The 1,2,4-trioxane moiety (4.16a-f) could be

257



Chapter 4: Synthesis of Non-Symmetrical Dispiro 1,2,4,5-Tetraoxanes and 1,2,4-Trioxanes Catalyzed by
Silica Sulfuric Acid

easily built in moderate yields (38-68%, Table 4.3), through a milder approach, in the
sequence of a Co(ll)-mediated peroxysilylation of allylic alcohols.

The reactions, performed in the presence of two equivalents of SSA-(C) and using
an excess of the second ketone (1.5 mmol) relative to the starting one, were usually
completed in the period of 1 to 2 hours. The yields of 1,2,4-trioxanes 4.16a-c were
significantly different from those of 4.16d-f. The sole difference between these molecules
is the allylic alcohol used in the peroxysilylation reaction. The bulky cyclohexyl group in
the allylic alcohol 4.14a seemed to interfere with the reactivity during this step, affording
a more impure semi-crude HSP (observed by TLC and NMR spectra). This situation was
not encountered during the peroxysilylation of allylic alcohol 4.14b, which explains why
the cyclocondensation reaction with crude 4.14b-derived HSP produced 1,2,4-trioxanes

with higher yields.

B) Via perhydrolysis of spiro-oxiranes, followed by cyclocondensation to 1,2,4-
trioxanes

We also explored SSA as a potential catalyst for the perhydrolysis step since it has
been previously reported as a promoter in the alcoholysis and hydrolysis of epoxides®
and regioselective ring-opening of epoxides by the thiocyanate anion to yield
thiocyanohydrins® (See Section 4.5. for more information regarding perhydrolysis of
epoxides). Perhydrolysis of spiro-oxiranes 4.17a-b was achieved with SSA, in the
presence of ethereal H2O>. A simple solvent extraction workup was performed to remove
the excess H20», and the crude S-hydroperoxy alcohols were used immediately in the next
step, without further purification. Subsequent cyclocondensation with the corresponding
ketones yielded the 1,2,4-trioxanes 4.18a-b in reasonable yields (47-63%, Table 4.4).
These results highlight the versatility of SSA for promoting selective cyclocondensation

to different six-membered endoperoxide core structures.
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Table 4.3. Hydroperoxysilylation of allylic alcohols, followed by SSA mediated
cyclocondensation to 1,2,4-trioxanes.

o)
Et;SiH , P
HO Co(thd), R, O-OSiEt, R R4 R, 0-0 Rs
T der O /< SSA (C)2eq= R><; ><R
Ry R, YN 2 -(C), 2 eq. 3 0 R4
N o A OH CH,Cl, rt
Allylic alcohol crude HSP 4.16a-f
(4.14a-b)
Entry  Allylic Alcohol Ketone Product (reaction time, yield)
o)
OH
o)

4.16a (2 h, 46%

o 0%3“‘{% OO

4.16b (2 h, 38%)
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e E
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H H
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(0]
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OH
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4.14b 4.16e (1 h, 58%)

. =<K X4

4.16f (1 h, 68%)

o
i)
o
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Table 4.4. Perhydrolysis of spiro-oxiranes, followed by SSA-mediated
cyclocondensation to 1,2,4-trioxanes.

OH -
(;Z SSA-(C),2eq 6>jH R3)J\R4 R1><°><Rs
R Re H0.EtO,rt | ><p | SSA-(C)2eq RS 0 Ry

o CH,Cl, rt
Spiro-oxirane 272, 4.18a-b
4.17a-b crude e
Entry  Spiro-oxirane Ketone Product (reaction time*, yield)
4.17a 4.18a (2/1 h, 47%)
0 0-0
o]
XA ¢ @ <6 K i
o]
4.17b 4.18b (2/2 h, 63%)

*Reaction time (Step 1/Step 2, hours)

4.6.2. Conclusions

The cyclocondensation of a representative library of ketones with gem-
dihydroperoxides or peroxysilyl alcohols/B-hydroperoxy alcohols to afford the
corresponding unsymmetrical 1,2,4,5-tetraoxanes or 1,2,4-trioxanes, mediated by the
SSA catalyst, was systematically investigated. The elementary steps governing the
cyclocondensation pathway were investigated through molecular orbital calculations,
using the DFT method, at the ®B97XD/def2-TZVPP/PCM(DCM)//B3LYP/6-31G(d)
level of approximation. The results support a mechanistic proposal that highlights the
catalytic role of SSA, where SSA's initial protonation of the ketone carbonyl group
emerges as a key step in the mechanism.

This novel approach involving the silica-supported catalyst offers several
advantages, namely tolerance to a wide range of substrates. In addition, easy preparation,
recyclability, and eco-friendly properties of the SSA catalyst are features that make this
method an appealing tool in broadening the design of new biologically active
endoperoxides. This improved methodology was successfully applied to the preparation

of p-(dispiro[cyclohexane-1,3'-[1,2,4,5]tetraoxane-6',2"-tricyclo[3.3.1.1%"]decan]-4-yl)-
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phenyl acetate, a crucial 1,2,4,5-tetraoxane intermediate scaffold for the synthesis of the

antimalarial candidate E209.

4.7. Experimental and computational details

Chemicals. All reagents and solvents used were of analytical grade and were used without
further purification. Adamantan-2-one (4.11b), 4,4-difluorocyclohexanone (4.11d) and
2-methylprop-2-en-1-ol (4.14b) were purchased and used without additional purification.
When necessary, solvents were freshly distilled from appropriate drying agents prior to
use. Analytical thin layer chromatography (TLC) was carried out using TLC Silica gel 60
F254 aluminium sheets (AL TLC 20x20). Column chromatography was carried out using
technical grade Silica Gel 60 (0.04 — 0.063 mm).

Analytical equipment. *H and *C Nuclear Magnetic Resonance (NMR) spectra were
recorded using a Bruker AMX400 spectrometer or a 500 MHz JEOL system equipped
with a Royal HFX probe, in solution, using the deuterated solvents described in each
experimental procedure. The chemical shifts (8) are described in parts per million (ppm),
downfield from an internal standard of tetramethylsilane (TMS). Melting points (°C) were
obtained on an SMP30 melting point apparatus and are uncorrected. High Resolution
Mass Spectrometry (HRMS) was recorded using the analytical services within the
Chemistry Department at the University of Liverpool (UoL), and within the Centre of
Marine Sciences (CCMar). HRMS was conducted on a VG analytical 7070E machine,
Frisons TRIO mass spectrometer, or Agilent QTOF 7200, using chemical ionisation (CI)
or electrospray (ESI) (UoL), and on Thermo Scientific High Resolution Mass
Spectrometer (HRMS), model Orbitrap Elite, capable of MSn, n up to 10 (CCMar).
Elemental analysis (%C, %H, %N and %S where specified) were determined by the

University of Liverpool Microanalysis Laboratory.

Safety. Organic peroxides are potentially hazardous compounds (inflammable and
explosive) and must be handled carefully: 1) a safety shield should be used for all
reactions involving H>Oz; 2) direct exposure to strong heat or light, mechanical shock,

oxidizable organic materials or transition-metal ions should be avoided.
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Computational Details. Density functional theory (DFT) calculations were performed
using the Gaussian 09 software package® and structural representations were generated
with CYLview.%? All the geometry optimizations were carried out using the standard
B3LYP functional and the valence double-zeta 6-31G(d) basis set. All the optimized
geometries were verified by frequency computations as minima (zero imaginary
frequencies) or transition states (a single imaginary frequency corresponding to the
desired reaction coordinate). Single-point energy calculations on the optimized
geometries were then evaluated using the long-range corrected hybrid functional
©B97XD developed by Head-Gordon and co-workers® and the valence triple-zeta Def2-
TZVPP basis set, with solvent effects (dichloromethane) calculated by means of the
Polarizable Continuum Model (PCM) initially devised by Tomasi and co-workers,®*°
with radii and non-electrostatic terms of the SMD solvation model, developed by Truhler
and co-workers.® The free energy values presented along the chapter and appendix were
derived from the electronic energy values obtained at the ®B97XD/Def2-
TZVPP//B3LYP/6-31G(d) level, including solvent effects, and corrected by using the
thermal and entropic corrections based on structural and vibration frequency data
calculated at the B3LYP/6-31G(d) level.

Statistical Analysis. The values in this study are expressed as means = SD. The Shapiro—
Wilk test was used for verification of the normality of the data. Graphics and statistical
analysis were generated with manual R scripts in RStudio (Version 1.4.1106), using

ggplot2 libraries for the graphic figures.

4.7.1. General procedures

General procedure for preparation of silica sulfuric acid (SSA): Adapted from Roy
et al.%, with slight modifications. To a slurry of silica gel (10 g, 230—400 mesh, pore size
60 A) in dry diethyl ether (50 mL) was added concentrated H2SO4 (>95%, 3 mL) under
strong stirring, for 30 min, at 0 °C. The solvent was evaporated under reduced pressure,
resulting in free-flowing silica sulfuric acid that was dried in vacuo for 24 hours. Then, it
was heated at 120 °C for 3 h (using a hot plate), affording the catalyst SSA-(C). The
prepared catalyst was stored inside a desiccator. The molarity of sulfuric acid adsorbed
on the silica gel was determined by the acid—base titration method. 10 mL of purified
water was added to 0.01 g of SSA, and the mixture was stirred for 1 hour at room

temperature. The suspension was then titrated with a solution of NaOH (0.0025 M).
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Procedure for catalyst regeneration. Following the cyclocondensation process with
SSA, the catalyst was filtered out of the reaction mixture and washed several times with
dichloromethane to remove any remaining organic contaminants (5 x 25 mL). Drying in

a vacuum oven at 60 °C for 24 h regenerates the catalyst.

General procedure 1: Synthesis of 1,2,4,5-tetraoxanes (4.13a-g). Step 1: Carbonyl
compound (1 mmol) was dissolved in acetonitrile (3 mL), and SSA-(C) (2 mmol) was
added to the mixture. Hydrogen peroxide 50 wt. % in H.O (4 mmol) was slowly added
over an ice bath, then the mixture was left to stir at room temperature until consumption
of the starting material. To this mixture was added distilled water, then the catalyst was
filtered and rinsed with CH2Cl,. The filtrate was extracted with CH2Cl; (3 x 30 mL), dried
over with MgSOs, and concentrated under reduced pressure at low temperature (30-35
°C), to obtain the gem-dihydroperoxide semi-crude, which was used immediately without
further purification. Step 2: The gem-dihydroperoxide semi-crude was dissolved in
anhydrous CH2Cl> (5 mL), followed by adding the second carbonyl compound (1.5
mmol). The mixture was cooled over an ice bath prior to the addition of SSA-(C) (2
mmol). The mixture was then warmed and left to stir at room temperature until
consumption of the starting material. The resulting solution was then filtered, rinsed with
CHClIy, and concentrated under reduced pressure. The residue was purified by flash
chromatography using an EtOAc—hexane gradient (unless specified differently) to afford

pure 1,2,4,5-tetraoxanes.

General procedure 2: Synthesis of 1,24-trioxanes (4.16a-f), via
hydroperoxysilylation of allylic alcohols, followed by cyclocondensation to 1,2,4-
trioxane. Step 1: hydroperoxysilylation of allylic alcohols. Procedure as described by
O'Neill et al.® To a solution of allylic alcohol (1 mmol) in 1,2-dichloroethane (DCE) (10
mL) was added Co(thd). (0.03 mmol) at room temperature, and the solution allowed to
stir, while bubbling with oxygen. After a couple of minutes, triethylsilane (2 mmol) was
added and the reactants were allowed to react under an oxygen atmosphere. The original
purple/brown solution became green, and the reaction was followed by TLC until
completion. The reaction mixture was then filtered through a plug of celite in a sinter
funnel, under pressure. The celite was washed with ethyl acetate and the resulting filtrate

was then concentrated under reduced pressure to give the semi-crude peroxysilyl alcohol,
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which was used immediately in the next step without further purification. Step 2:
Cyclocondensation of the peroxysilyl alcohol to 1,2,4-trioxanes. The peroxysilyl alcohol
semi-crude (1 mmol) and the carbonyl compound (1.5 mmol) were dissolved in
anhydrous dichloromethane (5 mL). The mixture was cooled to below 5 °C and then SSA-
(C) (2 mmol) was added. The mixture was then warmed and left to stir at room
temperature until completion of the reaction (usually 30-60 min). The resulting solution
was then filtered, rinsed with dichloromethane, and concentrated under reduced pressure.
Purification by flash chromatography using a mixture of EtOAc/Hexane (unless specified

differently), gave the pure product.

Preparation of the Co(thd)2.H20 catalyst. Procedure as described by O’Neill et al.®®
To an aqg. solution (95 mL) of NaOH (0.43g, 10 mmol) and 2,2,6,6-tetramethyl-3,5-
heptanedione (thd, 4.0 mL, 19.17 mmol) was slowly added a solution (15 mL) of cobalt
(11) chloride (1.34 g, 10.35 mmol). After stirring for 3 hours at 60 °C (using an oil bath),
and filtering, the product was washed with water and stored under reduced pressure as a

purple powder (3.55 g, 40%). The prepared catalyst was stored inside in a desiccator.

General procedure 3: Synthesis of 1,2,4-trioxanes (4.18a and 4.18b): Via
perhydrolysis of spiro-oxiranes, followed by cyclocondensation to 1,2,4-trioxanes.
Step 1: To a spiro-oxirane (1 mmol) solution of MgSO4 dried H20.—Et,0O (15 mL, see
note below), SSA-(C) (2 mmol) was added, at 0 °C. The reaction mixture was then
allowed to warm at room temperature and stirred until completion (usually 1 h). The
reaction mixture was then washed with water (1 x 100 ml) and brine (1 x 100 mL). The
combined aqueous layers were extracted with CH2Cl> (2 x 75 mL). The combined organic
layers were concentrated under vacuum, affording the g-hydroperoxy alcohol crude,
which was immediately used in the next step without any further purification. Step 2:
Cyclocondensation of the g-hydroperoxy alcohol to 1,2,4-trioxanes. The s-hydroperoxy
alcohol semi-crude (1 mmol) and the carbonyl compound (1.5 mmol) were dissolved in
anhydrous dichloromethane (5 mL). The mixture was cooled to below 5 °C and then SSA-
(C) (2 mmol) was added. The mixture was then warmed and left to stir at room
temperature until completion or the reaction (usually 30-60 min). The resulting solution
was then filtered, rinsed with dichloromethane, and concentrated under vacuum.
Purification by flash chromatography using a EtOAc—hexane gradient (unless specified

differently), gave the pure 1,2,4-trioxane compound.
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Method to dry H202-Et20. Procedure as described by Sabbani et al.!® At 0 °C,
hydrogen peroxide peroxide (H202, 42 mL, 50 wt% in H20) was dissolved in anhydrous
diethyl ether (395 mL). Constant stirring was used to add anhydrous MgSOs until a thick
white slurry sank to the bottom of the flask. The supernatant was then decanted and dried
with anhydrous MgSO4 and filtered again, producing an ethereal solution of H20. with a
concentration of approximately 1.5 M. The solution was used immediately thereafter. The

solution cannot be stored for later use, due to safety hazards.

4.7.2. Synthesis

Preparation of 4-(4-oxocyclohexyl)phenyl) acetate (4.11a)

Procedure adapted from by O’Neill et al.® with slight modifications. To a stirred solution
of 4-(4-hydroxyphenyl)cyclohexanone (2.00 g, 10.51 mmol) and triethylamine (2.90 mL,
20.8 mmol) in anhydrous dichloromethane (20 mL) was added acetic anhydride (3.00
mL, 31.74 mmol), dropwise, at 0 °C. The reaction mixture was then allowed to warm to
room temperature and stirred for 3 hours, until reaction's completion. The final reaction
mixture was washed with water (3 x 20 mL), sodium bicarbonate (3 x 20 mL) and brine
(20 mL). The organic layer was dried with MgSOQsa, filtered and then concentrated under
reduced pressure. Recrystallization of the solid residue from acetone gave the ester (2.20
0, 90% vyield) as a white solid. M.p. = 101-103 °C. Spectral data are in accordance with
the reported in the literature.® *H-NMR (400 MHz, CDCls): § 7.25 (d, J = 8.5 Hz, 2H),
7.04 (d, J = 8.6 Hz, 2H), 3.08 — 2.98 (m, 1H), 2.50 (dd, J = 10.6, 4.6 Hz, 4H), 2.29 (s,
3H), 2.22 (dt, J = 14.6, 3.0 Hz, 2H), 1.93 (dt, J = 22.7, 10.6 Hz, 2H) ppm. 3C{*H} NMR
(101 MHz, CDCls): 6 210.9, 169.6, 149.2, 142.3,127.7, 121.6, 42.2, 41.3, 34.0, 21.1 ppm.
HRMS (ESI, m/z) calcd C14aH1603Na [M+Na]": 255.0992; found 255.0992.
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Preparation of 3-acetylphenyl acetate (4.11c)

O:: Z%

This compound was synthesised following the procedure described previously by O’Neill
et al.®, using 3'-hydroxyacetophenone. Colourless solid (1.12 g, 86% yield). M.p. = 43 —
44 °C. Spectral data are in accordance with the reported in the literature.'%* tH NMR (500
MHz, CDCls): 6 7.83 (ddd, J =7.8, 1.6, 1.1 Hz, 1H), 7.67 (t, J =2.0 Hz, 1H), 7.48 (t, J =
7.9 Hz, 1H), 7.30 (ddd, J = 8.0, 2.4, 1.0 Hz, 1H), 2.60 (s, 3H), 2.32 (s, 3H). BC{*H} NMR
(126 MHz, CDCls): 6 197.1, 169.4, 151.0, 138.6, 129.8, 126.6, 125.9, 121.6, 26.8, 21.2.
HRMS (ESI, m/z) calcd for C1oH1003Na [M+Na]*: 201.05222; found 201.05185.

Preparation of p-(dispiro[cyclohexane-1,3'-[1,2,4,5]tetraoxane-6",2""-
tricyclo[3.3.1.13"]decan]-4-yl)-phenyl acetate (4.13a)
<©<o—o
0-0
This compound was synthesised in accordance with general procedure 1 using 4-(4-
oxocyclohexyl)phenyl acetate 4.11a (for the peroxidation step) and adamantan-2-one
4.11b (for the cyclocondensation step). Purification by flash chromatography (EtOAc:
hexane, 2.5:97.5, v/v) provided a white solid (278 mg, 67% yield). M.p. = 195-197°C.
Spectral data are in accordance with the reported in the literature.® *H NMR (500 MHz,
CDCl3): 8 7.15 (d, J = 8.6 Hz, 2H), 6.93 (d, J = 8.5 Hz, 2H), 3.35 — 2.94 (m, 2H), 2.54
(tt, J=12.0, 3.7 Hz, 1H), 2.22 (s, 3H), 2.08 — 1.66 (m, 14H), 1.65 — 1.49 (m, 6H). *.C{'H}
NMR (126 MHz, CDCls): 6 169.8, 149.0, 143.5, 127.9, 121.5, 110.6, 107.6, 43.2, 37.0,

34.4, 33.3, 32.0, 30.2, 29.8, 27.2, 21.3. HRMS (ESI, m/z) calcd C24H300¢Na [M+Na]" :
437.19346; found 437.19229.
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Preparation of p-(7,8,15,16-tetraoxa-3-dispiro
[5.2.5.2]hexadecyl)phenyl acetate (4.13b)
0-0
S o eses

0-0
This compound was synthesised in accordance with general procedure 1 using 4.11a (for
the peroxidation step) and cyclohexanone (for the cyclocondensation step). Purification
by flash chromatography (EtOAc: hexane, 2.5:97.5, v/v) provided a white solid (207 mg,
57% yield). M.p. = 93-95 °C. *H NMR (500 MHz, CDCls): § 7.20 (d, J = 8.5 Hz, 2H),
6.98 (d, J=8.5 Hz, 2H), 3.25 (s, 1H), 2.59 (tt, J = 12.0, 3.7 Hz, 1H), 2.32 (d, J = 22.7 Hz,
1H), 2.27 (s, 3H), 1.87 — 1.55 (m, 13H), 1.53 — 1.39 (m, 3H). BC{*H} NMR (126 MHz,

CDCls): 6 169.8, 149.0, 143.5, 127.9, 121.5, 108.5, 107.7, 43.2, 31.9, 31.7, 29.6, 25.5,
22.4,21.2. HRMS (ESI, m/z) calcd C20H2606Na [M+Na]*: 385.16216; found 385.16165.

Preparation of 2-(dispiro[cyclohexane-1,3'-[1,2,4,5]tetraoxane-6",2""-
tricyclo[3.3.1.13"]decan]-4-yl)-1,3-isoindolinedione (4.13c)

o)

0-0
OO0
0-0
o)

This compound was synthesised in accordance with general procedure 1 using 2-(4-
oxocyclohexyl)isoindoline-1,3-dione (for the peroxidation step) and 4.11b (for the
cyclocondensation step). Purification by flash chromatography (EtOAc: hexane, 5:95,
v/v) provided a white solid (268 mg, 63% yield). M.p. = 174-176 °C. *H NMR (500 MHz,
CDCls): 6 7.84 (dd, J =5.4, 3.0 Hz, 2H), 7.70 (dd, J = 5.4, 3.0 Hz, 2H), 4.22 (tt, J = 12.5,
3.8 Hz, 1H), 3.25 (br d, 2H), 2.55 (s, 2H), 2.15 — 1.84 (m, 8H), 1.79 — 1.61 (m, 10H).
13C{*H} NMR (126 MHz, CDCls): § 168.2, 134.0, 132.0, 123.3, 110.7, 106.7, 49.8, 37.0,
34.4, 33.2, 31.2, 30.2, 29.0, 27.2, 25.6, 24.8. HRMS (ESI, m/z) calcd C2H27NOsNa
[M+Na]": 448.17306; found 448.17273.
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Preparation of 2-(7,8,15,16-tetraoxa-3-dispiro[5.2.5.2]hexadecyl)-1,3-
isoindolinedione (4.13d)

o)
0-0
Ko K
0-0
¢
This compound was synthesised in accordance with general procedure 1 using 2-(4-
oxocyclohexyl)isoindoline-1,3-dione (for the peroxidation step) and cyclohexanone (for
the cyclocondensation step). Purification by flash chromatography (EtOAc: hexane, 5:95,
v/v) provided a white solid (175 mg, 47% yield). M.p. = 177-179 °C. *H NMR (500 MHz,
CDCls): 6 7.82 (dd, J=5.4, 3.0 Hz, 2H), 7.69 (dd, J = 5.5, 3.0 Hz, 2H), 4.21 (tt, J = 12.5,
3.8 Hz, 1H), 3.30 (s, 1H), 2.53 (s, 2H), 2.30 (d, J = 31.9 Hz, 2H), 1.90 (s, 1H), 1.79 - 1.61
(m, 6H), 1.60 — 1.42 (m, 6H). 3C{*H} NMR (126 MHz, CDCls): § 168.2, 134.0, 132.0,
123.3, 108.6, 106.9, 49.7, 31.9, 31.2, 29.6, 28.8, 25.5, 24.7, 22.3, 21.9. HRMS (ESI, m/z)
calcd C2oH23NOsNa [M+Na]*: 396.14176; found 396.14148.

Preparation of dispiro[cyclohexane-1,3'-[1,2,4,5]tetraoxane-6",2"'-
tricyclo[3.3.1.13"]decan]-4-one (4.13e)

This compound was synthesised in accordance with general procedure 1 using 4.11b (for
the peroxidation step) and 1,4-cyclohexanedione (for the cyclocondensation step).
Purification by flash chromatography (EtOAc: hexane, 2.5:97.5, v/v) provided a white
solid (14.7 mg, 5% vyield). M.p = 156-158 °C. Spectral data are in accordance with the
reported in the literature.’® *H NMR (500 MHz, CDCls): § 3.20 (br s, 1H), 2.72 (s, 2H),
2.48 (br d, 4H), 2.10 — 1.86 (m, 9H), 1.82 — 1.59 (m, 6H). *C{*H} NMR (126 MHz,
CDCl3): 62094, 111.1, 106.7, 37.0, 36.5, 35.7, 34.4, 33.2, 30.5, 30.2, 28.0, 27.1. HRMS
(ESI, m/z) calcd C16H220sNa [M+Na]™: 317.13594; found 317.13599.
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Preparation of ethyl dispiro[cyclohexane-1,3'-[1,2,4,5]tetraoxane-6",2""-
tricyclo[3.3.1.1%37]decane]-4-carboxylate (4.13f)
0-0 0]
<©<o-o><:>_/<o—\
This compound was synthesised in accordance with general procedure 1 using 2-ethyl 4-
oxocyclohexanecarboxylate (for the peroxidation step) and 4.11b (for the
cyclocondensation step). Purification by flash chromatography (EtOAc: hexane, 1:99,
v/v) provided a white solid (178 mg, 51% vyield). M.p. = 67-69 °C. Spectral data are in
accordance with the reported in the literature.’%**H NMR (500 MHz, CDCls): 4.12 (q, J
= 7.1 Hz, 2H), 3.02 (br d, J = 118.6 Hz, 2H), 2.41 — 2.34 (m, 1H), 2.08 — 1.60 (m, 19H),
1.50 (s, 1H), 1.23 (t, J = 7.1 Hz, 3H). 3C{*H} NMR (126 MHz, CDCl5): & 174.8, 110.6,

107.3, 60.5, 41.8, 39.4, 37.0, 34.4, 33.2, 30.2, 30.2, 28.3, 27.1, 24.8, 23.9, 14.3. HRMS
(ESI, m/z) calcd C19H2806Na [M+Na]*: 375.17781; found 375.17725.

Preparation of dispiro[cyclohexane-1,3'-[1,2,4,5]tetraoxane-6",2""-
tricyclo[3.3.1.1%3"]decane] (4.130)

0-0
<50
This compound was synthesised in accordance with general procedure 1 using
cyclohexanone (for the peroxidation step) and 4.11b (cyclocondensation step).
Purification by flash chromatography (hexane, 100%, v/v) provided a white solid (179
mg, 64% yield). M.p = 57-59 °C. Spectral data are in accordance with the reported in the
literature?®. *H NMR (500 MHz, CDCls): § 3.17 (s, 1H), 2.30 (s, 2H), 2.04 — 1.44 (m,
21H). B¥C{*H} NMR (126 MHz, CDCls): § 110.4, 108.1, 37.1, 37.1, 34.4, 33.3, 33.2,

31.9, 30.2, 29.7, 27.2, 25.5, 22.4. HRMS (MALDI-TOF, m/z) calcd for CisH2404K
[M+K]*: 318,1311; found 318.3302.
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Preparation of cyclohex-1-enyl-methanol (4.14a)

OH

The synthesis for compound 4.14a is described in Chapter 2, section 2.5.3 (compound
2.30).

Preparation of 2-(7,8,15-trioxa-12-dispiro[5.2.5.2]hexadecyl)-1,3-

isoindolinedione (4.16a)

The synthesis for compound 4.16a is described in Chapter 2, section 2.5.3 (compound
2.32).

Preparation of tert-butyl 7,8,16-trioxa-3-aza-3-dispiro[5.2.5.2]

hexadecanecarboxylate (4.16b)

OO,

The synthesis for compound 4.16b is described in Chapter 2, section 2.5.3 (compound
2.46).
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Preparation of ethyl 7,8,15-trioxa-12-dispiro[5.2.5.2]

hexadecanecarboxylate (4.16c)

XK

The synthesis for compound 4.16c¢ is described in Chapter 2, section 2.5.3 (compound
2.60).

Preparation of 2-(3,3-dimethyl-1,2,5-trioxa-9-spiro[5.5]undecyl)-1,3-
isoindolinedione (4.16d)

RIOT

The synthesis for compound 4.16d is described in Chapter 2, section 2.5.3 (compound
2.31).

Preparation of tert-butyl 3,3-dimethyl-1,2,5-trioxa-9-aza-9-
spiro[5.5]undecanecarboxylate (4.16e)

X<

The synthesis for compound 4.16e is described in Chapter 2, section 2.5.3 (compound
2.45).
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Preparation of ethyl 3,3-dimethyl-1,2,5-trioxa-9-spiro[5.5]

undecanecarboxylate (4.16f)

0-0 <O
o0

The synthesis for compound 4.16f is described in Chapter 2, section 2.5.3 (compound
2.53).

Preparation spiro[adamantane-2,2'-oxirane] (4.17a)

<@@O
The synthesis for compound 4.17a is described in Chapter 2, section 2.5.3 (compound
2.36).

Preparation of tert-butyl 1-oxa-6-azaspiro[2.5]octane-6-carboxylate
(4.17b)

OVCMZ%

The synthesis for compound 4.17b is described in Chapter 2, section 2.5.3 (compound
2.49).
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Preparation of 2-(dispiro[cyclohexane-1,3'-[1,2,4]trioxane-6",2"'-

tricyclo[3.3.1.13"]decan]-4-yl)-1,3-isoindolinedione (4.18a)

(@)

Q30

(@)

The synthesis for compound 4.18a is described in Chapter 2, section 2.5.3 (compound

2.37).

Preparation of tert-butyl dispiro[piperidine-4,3'-[1,2,4]trioxane-6",2"'-

tricyclo[3.3.1.13"]decane]-1-carboxylate (4.18b)

<0<

The synthesis for compound 4.18b is described in Chapter 2, section 2.5.3 (compound

2.50).
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5.1. Summary

This chapter presents a general overview of the results obtained from our
investigations on the structure of two endoperoxide building blocks used in the synthesis
of the antimalarial candidates OZ439 and E209, which incorporate the pharmacophoric
moieties trioxolane and tetraoxane, respectively. By combining X-ray crystallography
and vibrational spectroscopy, along with Hirshfeld surface analysis and calculations (CE-
B3LYP/6-31G(d,p)) of pairwise interaction energies of intermolecular contacts existing
in the crystal structure, this structural study allowed us to deepen the understanding of the
relative reactivity and the properties of the two endoperoxide classes.

5.2. Introduction

The rise and spread of Plasmodium falciparum resistance to artemisinin-based
combination therapy in Southeast Asia stimulated the search for novel plasmodial "fast
killers". Endoperoxide-derived compounds have been shown to offer alternative solutions
to ARTs.}? Selected synthetic 1,2,4-trioxolanes®* and 1,2,4,5-tetraoxanes®’ proved
particularly promising in this context, exhibiting anti-malarial activity similar or higher
than ARTs.® Besides their impressive antimalarial activity,”® 1,2 4-trioxolanes and
1,2,4,5-tetraoxanes revealed other biological activities, namely anticancer,-1
antimycobacterial,*"*8 antiprotozoan,'*'°! and antiparasitic.?>2®

Meanwhile, synthetic routes have been developed for both compound classes,
enabling the preparation of a chemically diverse range of analogues for the selection of
leads, optimization, and development into anti-malarial drugs or drug candidates. This
approach has yielded the ozonide 0Z439 (artefenomel, Figure 5.1),%° which is currently
on Phase 1Ib of clinical trials,3®3! and the 1,2,4,5-tetraoxane E209 (Figure 5.1),” a
superior next-generation endoperoxide with combined pharmacokinetic and
pharmacodynamic features that overcome PfK13-C580Y-dependent artemisinin
resistance, the main liability of artemisinin derivatives nowadays.? Despite their potential
medical and veterinary applications, fundamental studies on the structures of trioxolanes
and tetraoxanes are scarce.

In the present section, we disclose results of our investigations on the structures of p-
(dispiro-[cyclohexane-1,3'-[1,2,4]trioxolane-5',2"-tricyclo [3.3.1.13"]decan]-4-yI)-
phenyl acetate (1; Figure 5.1) and of p-(dispiro-[cyclohexane-1,3'-[1,2,4,5]tetraoxane-
6',2"-tricyclo[3.3.1.1%3"]decan]-4-yl)-phenyl acetate (2; Figure 5.1), the peroxide
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building blocks used in the synthesis of the antimalarial candidates OZ439 and E209
(Figure 5.1). Since compounds 1 and 2 differ only in their peroxide pharmacophoric
moiety, a detailed analysis of their structure, more precisely the relative effect of a
trioxolane or a tetraoxane ring on the overall molecule, may contribute to a better
understanding of the reactivity and activity of these classes of endoperoxides.

Over the last few years, tools based on Hirshfeld surfaces have become increasingly
popular for molecular crystal structure investigation, proving to be an excellent tool to
analyse intermolecular interactions by an unbiased identification of all close contacts.
Hence, the structures of compounds 1 and 2 were investigated in the condensed phase,
using X-ray crystallography and infrared spectroscopy. A deep analysis of the
intermolecular contacts existing in the crystal structure of both compounds was then
undertaken by performing a Hirshfeld surface analysis, followed by a calculation of the

pairwise interaction energies.

02439
(Artefenomel)

0-0 N 0-0
00 200

o)
<©<o—o >\— <©<o-o
OO0
0-0 0-0 /
2 E209

Figure 5.1. Structural representations of endoperoxides 1, 2 and antimalarial candidates
0Z439 and E209.

5.3. Results and discussion

5.3.1. Synthesis

1,2,4-trioxolane 1, 1,2,4,5-tetraoxane 2, and the intermediate compounds for their
preparation were synthesized using the synthetic strategies depicted in Scheme 5.1.
Detailed procedures for compounds synthesis and characterization are described in the
Experimental Section (Section 5.5.1). The synthesis starts with acetate protection of the

commercially available 4-(4-hydroxyphenyl) cyclohexanone to achieve 5.1 and
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preparation of the O-methyloxime derivative 5.2 from adamantan-2-one. A convergent
strategy was followed, whereby the intermediate building blocks prepared were
assembled through a Griesbaum coozonolysis reaction, as described in the literature,?
affording 1,2,4-trioxolane 1 in 33% yield. Peroxidation of 5.1 allows the formation of the
gem-dihydroperoxide 5.3 when using the heterogeneous catalyst SSA (Please see more
details about this procedure in Chapter 4). After work-up, and without any further
purification, this intermediate was subjected to a cyclisation reaction with adamantan-2-
one in the presence of the heterogeneous catalyst silica sulfuric acid, according to the
procedure developed and described in Chapter 4, providing the 1,2,4,5-tetraoxane 2 in
67% yield.

0]
Lo = oL OO

5.1, 90%
0-0
L N 9, X )-ore
‘o— (0]
5.2, 72% 1,33%
(l)H (I)H
9 o_ O
d) e) O_O
—_— —_— OAc
0-0
2. 67%
OAc OAc
51 _crude 5.3_

Scheme 5.1. Synthetic routes for the preparation of 1,2,4-trioxolane 1, 1,2,4,5-tetraoxane
2. Reagents and conditions: (a) Acetic anhydride, EtsN, CHCl,, 0 °C-r.t., 12 h; (b)
MeONHz, Pyridine, MeOH, r.t., 72 h; (c) 5.1, O3, CH2Cl2/pentane, 0 °C, 30 min; (d) H20>
(50% wiw), H2SO4-SiO2, CH3CN, 0 °C-r.t.,, 2 h; () Adamantan-2-one, H2SO:-SiOa,
anhydrous CH2Cl, 0 °C-rt, 1 h.
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5.3.2. Crystal structure of the title compounds

X-ray crystallographic analysis shows that compound 1 crystallizes in the
monoclinic, non-centrosymmetric, Cc space group with a = 6.7018(5), b = 29.084(2), c =
10.8383(8) A, p = 97.618(3)°, with four molecules per unit cell (Z = 4). Crystals of
compound 2 are also monoclinic, belonging to the centrosymmetric P21/c space group,
with a = 19.4375(6), b = 8.3355(2) and ¢ = 13.8160(4) A, = 107.6820(10)° and Z = 4.
Details of the crystallographic results, data collection and structure refinement are given
in Table 5.1.

Compounds 1 and 2 exhibit conformational disorder in the crystalline state. In 1 it
affects one of the trioxolane ring atoms (O1), which may assume two positions, and the
whole adamantane fragment (see Figures 5.2 and 5.3). The occupation of the two
alternative conformations (1A and 1B) are almost identical: 52% for 1A and 48% for 1B.
In 2, the disorder affects only the tetraoxane ring, with the four oxygen atoms assuming
two positions, originating two different conformations (2A and 2B), which can be
interconverted by ring flipping (see Figures 5.2 and 5.3). Their relative occurrence in the

crystal was determined to be 87 and 13%, respectively.

Figure 5.2. Conformations A and B adopted by compounds 1 and 2 in the crystal
structure. Disordered fragments are highlighted as violet in conformation A and as green
in conformation B. Atom numbering of the heavy atoms is included in conformation A
of both compounds.
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Table 5.1. Summary of the single-crystal X-ray data collections and crystal structure

refinements.

Compound 1 Compound 2
Chemical formula C24H3005 C24H3006
Formula weight 398.48 414.48
Color, shape Colourless, block Colourless, block
Space group Cc P2i/c
Temperature (K) 293(2) 294(2)
Cell volume (A?3) 2093.9(3) 2132.73(10)
Crystal system monoclinic monoclinic
a (A) 6.7018(5) 19.4375(6)
b (A) 29.084(2) 8.3355(2)
¢ (A) 10.8383(8) 13.8160(4)
a (deg) 90 90
p (deg) 97.618(3) 107.6820(10)
y (deg) 90 90
AV 4,1 4,1
Dc (Mg m-3) 1.264 1.291
Radiation (A) 0.71073 0.71073
Max. crystal dimensions (mm) 0.26x0.21x0.18 0.32x0.25%0.22
@ range (deg) 3.383 - 27.490 2.199 — 27.499
Range of h, k, | -8,8; -37,37; -14,14 -25,25;-10,10; -17,17
Reflections measured/independent 25764 / 4792 118816 / 4884
Reflections observed (I > 2 o) 2925 3349
Data/restraints/parameters 4792/2/355 4884/0/309
GOF 1.006 1.019
R1 (1 >2 o) 0.0437 0.0589
WR2 0.1073 0.1719
Function minimized SW(FoP=SIFc) = w (|Fo|>—S|Fc[)
Diff. density final max/min (e A-3) 0.203, -0.158 0.366, —0.251

In addition to the conformational disorder of the trioxolane/tetraoxane rings, both

molecules of compounds 1 and 2 feature conformational flexibility on rotation around the
single C6—C9, C3—05 (1) or C3—06 (2), and C2—05 (1) or C2—06 (2) bonds (Figure

5.3).
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Figure 5.3. Oak Ridge Thermal Ellipsoid Plots (ORTEP) depicting the anisotropic
displacement ellipsoids drawn at the 50 % probability level and the atom numbering
schemes for compound 1 (top) and compound 2 (bottom). In compound 1 the adamantane
group is disordered over two alternate positions; for the sake of clarity, only one of the
two alternate conformations of the adamantane fragment is shown.

In compound 1, the cyclohexane ring occurs in the usual chair conformation, with a
weighted average torsion angle of 55.0(6)° and Cremer-Pople3* puckering parameters Q
=0.588(4) A, 0=177.2(4)°, »=181(7)° and an average C—C bond length of 1.513(6)
A. The bond linking the phenylacetate substituent to the cyclohexane ring is in equatorial
position. The cyclohexane ring is closely orthogonal to the approximate mirror plane
passing through atoms C15—03—C12 of the (disordered) adamantane-trioxolane part of
the molecule, but the phenyl ring is neither coplanar nor orthogonal to this mirror plane.
The angle between the least squares plane of the phenyl and cyclohexane rings is 52.7(1)°
whereas that between the phenyl and acetate planes is 74.9(1)°, with a C4-C3—05—C2
torsion angle of 75.7(4)°. Both components of the disordered 5-membered trioxolane ring
have conformations close to O1A/O1B-envelope, as shown by the puckering parameters
(for the main component) of g.= 0.511(5) A and ¢» =178.7(4)°, corresponding to pseudo-
rotation parameters®® P = 268.6(3)° and m =53.0(3)°, taking C12—03 as the reference
bond.

In compound 2, the cyclohexane is close to an ideal chair conformation (Q = 0.555(2)
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A, 6=179.8(2)°, ¢ = 309(11)°), with average ring torsion angle of 54.6(5)° and C—C
bond length of 1.520(3) A. The same statement is true also for the two alternate
conformations of the 6-membered tetraoxane ring (A: Q = 0.665(2) A, 6= 1.6(2)°, ¢ =
269(7)%; B: Q = 1.065(11) A, 0= 178.1(6)°, » = 333(17)°.

Interestingly, and differently from compound 1, the least-squares plane of tetraoxane
and phenyl rings are almost coplanar [angle is 7.8(4)°], and close to orthogonal [angle is
86.46(8)°] to the least-squares plane of the cyclohexane ring. Also, the acetate moiety is
closer to orthogonality with respect to the phenyl ring [85.12(12)°].

Figure 5.4 shows the packing of the molecules in the crystals of compound 1 and
2, depicting also the main intermolecular interactions. These are analysed in detail in the
next section, thereby here only a brief description is presented. For both compounds, as
they lack a strong donor for hydrogen bonding, cohesion of the crystals is achieved
through van der Walls interactions and weak C—H---O and C-H---t interactions only. In
compound 1, the most relevant of the C—H---O interactions, based only on the analysis of
the H---O distances and C—H O angles in the crystal, is that between an H atom of the
adamantane moiety (adopting configuration B) and the O2 atom of the trioxolane ring,
acting as acceptor. This bond links the molecules in chains propagating along the c-axis
as shown in Figure 5.4A. In compound 2 the most relevant of such interactions involves
atom O5 of the acetate substituent, acting as double acceptor from the H-atoms of the
phenyl ring connected to C5 and C7, in this case linking molecules in chains propagating

along the crystallographic b-axis, as shown in Figure 5.4B.

290



Chapter 5: Unravelling the structure of peroxides with antiparasitic activity: relative impact of a trioxolane
or a tetraoxane pharmacophore on the overall molecular structure.

A

Figure 5.4. Crystal packing of the molecules of compound 1 (A) and 2 (B), depicting the
main C—H:--O interactions as dotted lines (1: C19-H--02', i = —1/2+x,1/2—y,1/2+z; 2.
C5-H--05" ii= 1—x, 1/2+y,3/2—z) and C7-H---O5" | iii= 1—x, —1/2+y,3/2—z).
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5.3.3. Hirshfeld surface analysis

The dnorm Hirshfeld surfaces (HSs) generated for compounds 1 and 2 are represented
in Figure 5.5. For better visualization of the contacts, labelled as lower-case letters, the
surfaces are presented as transparent and some of the molecules closer to the mapped
molecule are also shown. The identified D—H-*A hydrogen bonds (D and A are the donor

and acceptor atoms, respectively) keep the label of the corresponding H---A contacts and

are geometrically characterized in Table 5.2.

Figure 5.5. Three-dimensional Hirshfeld surface generated for conformations A and B of
compounds 1 and 2, mapped with the normalized contact distance (dnorm). Relevant
intermolecular contacts are denoted by small letters and represented as dashed lines.
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Table 5.2. Geometric characterization of the intermolecular hydrogen bonds (D—H:--A)
found in the crystal structure of compounds 1 and 2.2

Interaction Label Conf. H--A/A D--‘A/A D-H---A/°
Compound 1

C19-H---01® a A 2.54 3.57 160.1
C23-H---01 @ a B 2.66 3.31 117.8
C19-H---02 ® b A 2.66 3.44 129.2
C19-H---:02 ® b B 2.34 3.21 136.7
C7-H---04 c A/B 2.72 3.47 126.4
C1-H---m (i) d A/B 2.84 3.85 154.5
C21-H---a @™ e A 3.00 3.58 114.1
C21-H---a ™ e B 3.33 3.98 120.1
Compound 2

C5-H---05 V) a A/B 2.39 341 155.3
C7-H---05 ™ b A/B 2.47 3.35 136.8
Cl11-H: -7 OiD C A/B 2.63 3.59 147.3
Cl1-H---02 ™ d A 2.63 3.27 1175
Cl1-H---01 ™ d B 2.64 3.16 108.9
C18-H:--0O3 Vi) e A 2.70 3.65 146.3
C23-H---03 ™ e B 2.52 3.51 150.8
C14-H---03 ® f A 2.65 3.73 175.8
C14-H---04 ® f B 2.54 3.57 158.7

2Values were extracted from the X-ray diffraction data with the C—H distances normalized to 1.083
A. For the C—H-- -7 interactions, the H-bond acceptor A was taken as the centroid of the pheny! ring
(Cy). Symmetry codes: (i) -1/2+x, 1/2-y, 1/2+z; (ii) -1+X, Y, z; (iii) X, -y, -1/2+z; (iv) X, y, 1+z; (v) 1-
X, -112+y, 3/2-z; (vi) 1-x, 1/2+y, 3/2-z; (vii) X, 3/2-y, -1/2+z; (viii) X, -1+y, Z; (iX) -X, -1/2+y, 1/2-z;
(X) X, 3/2-y, 1/2+z;

One of the red spots observed in the HS generated for compound 1, labelled as a in
1A and as b in 1B, is associated to the formation of a H---O contact between one of the
oxygen atoms of the trioxolane ring: O1 in 1A and O2 in 1B, and one of the H-atoms
connected to C19 of the adamantane ring of a neighbour molecule. In both cases, the
geometric parameters characterizing this interaction [H-O distance = 2.3-2.5 A; C--O
distance = 3.2-3.6 A; C—H--O angle = 137-160°, see Table 5.2] are well within the range
of values commonly acceptable for the formation of a C—H--O H-bond.2¢-*® Although in
1A the bond angle is closer to the linearity, the C:--O and H--O distances are shorter in
1B, as reflected by the brighter/larger red spot found in the respective HS, meaning that
the H-bond should be stronger in this conformation. Weaker C—H--O interactions,
characterized by H--O distances 0.05-0.11 A longer that the sum of the van der Waals
radii of the O and H atoms (2.61 A), are evidenced in the HSs by the existence of white
regions in the proximity of O2 in 1A (b), Ol in 1B (a) and O4 both in 1A and 1B (c), and
their geometrical parameters have been included in Table 5.2.

Additional bright red spots were only identified in the HS generated for 1A and are
ascribed to the presence of short intermolecular H---H contacts: one involves the H-atoms
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connected to C4 and C20 (i, 2.07 A), while the other one is established between H-atoms
connected to C16 and C23 (k, 2.12 A) (see Table 5.3). H--H contacts with distances
slightly longer the van der Waals separation of 2.18 A were also found to be present in
the crystal packing of 1 (see Table 5.2). A very small and faint red spot has been further
located in the HS of 1A, revealing the presence of a H:--C contact (m).

The existence of white areas near the phenyl ring led us to check for the possible
formation of C—H---nr H-bonds. The candidate atoms to act as hydrogen donors to the
n-system of the phenyl ring were found to be C1 of the methyl group and C21 of the
adamantyl fragment. In both cases, the H---Cq (2.8-3.3 A) and C--Cq (3.6-4.0 A) distances
(Cq = centroid of the phenyl ring), as well as the C-H--Cq angle (114-155°) are consistent
with the existence of two C—H--m H-bonds,**“? labelled as d and e, with the former
(C1-H-m) being geometrically more favourable than the latter (C21—H---x), see Table
5.2.

Table 5.3. Additional contacts identified in the crystalline structure of compounds 1 and
2.a

Contact Label  Conf. Distance / A
Compound 1

C1H---HC7 ® f A/B 2.20
C1H---HC23 @ g A 2.39
C4H---HC14 i) h A/B 2.32
C4H---HC20 @™ i A 2.07
C8H-..HC9 ™) i A/B 2.26
C16H---HC23W k A 2.12
C18H---HC24 I B 2.27
C19H---C22 ™) m A 2.76
C19H---HC22 ™) n A 2.36
Compound 2

C1.-.01 D g B 3.16
C1H---HC17 v h A/B 2.28
C13H---HC19 Wii) i A/B 2.26
C17H---C1™ i A/B 2.73
C19H-.-HC19 ®@ k A/B 2.26
C20H---HC21 «) I A/B 2.38
C22H---HC23 i) m A/B 2.28

2Values were extracted from the X-ray diffraction data with the C—H distances
normalized to 1.083 A. Symmetry codes: (i) 1+X, -y, -1/2+z; (ii) 1+X, y, -1+Z;
(iii) 1+x,y, z; (iv) X, -y, -1/2+Z; (v) 1+X, Yy, z; (vi) 1/2+x, 1/2-y, 1/2+Z; (vii) 1-X,
1/2+y, 3/2-z; (viii) X, 1/2-y, 1/2+z; (iX) 1-X, -1/2+y, 3/2-z; (X) -X, -y, -Z; (Xi) -X,
1-y, -z; (xii) -x, -1/2+y, 1/2-z.
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The 2D-fingerprint plots extracted from the Hirshfeld surface of 1, decomposed into
contributions from the H---H, O--H/H--O and C--H/H--C contacts, are displayed
in Figure 5.6. Due to the large number of hydrogen atoms in the molecular composition
of 1, the H---H contacts make up 70-71% of the HS, with the shortest ones indicated by
the feature with edge at di+ de ~ 2.1 Ain 1A and at di+ de ~ 2.2 A'in 1B. The O---H /
O---H contacts comprise 19-20% of the surface area. The shortest ones in 1A are found
at di+ de ~ 2.5 A and are attributable to the C19—H---O1 hydrogen bond, while in 1B they
are represented as a pair of sharp features ending at di + de ~ 2.3 A, in consonance with
the stronger C19—H--O2 H-bond in this conformation. The C---H/H:*-C contacts account
for 10% of the HS surface. The shortest ones are found at di + de = 2.8-2.9 A and are

mainly attributable to the C—H- ' interactions.
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Figure 5.6. de vs. dj fingerprint plots calculated for the conformations A and B of
compounds 1 and 2, showing the regions corresponding to the H---H, O---H / H---O and
C--H/H---C contacts. The dj and de values correspond, respectively, to the closest internal
and external distances (A) to the Hirshfeld surface. The contributions (in %) of the
different contacts to the total Hirshfeld surface area of the molecule are included.

The larger and brighter red spots in the HS generated for 2 appear near the carbonyl
oxygen O5 (labelled as a and b) and are common to both crystal conformations. These

red spots highlight the formation of two C—H--O hydrogen bonds, with O5 acting as
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double acceptor from the C5 and C7 phenyl carbon atoms of two nearby molecules.
Although the H-O (2.4-2.5 A) and C--O (3.3-3.4 A) distances are not very different in
the two interactions, the bond angle is more favorable in C5—H--O5 than in the
C7-H--O5 H-bond (155° vs. 137°), making the former stronger. Weaker C—H---O
interactions involving the tetraoxane oxygen atoms and C—H groups of the cyclohexane
or adamantane fragments are highlighted in the HSs as faint/small red spots or white
regions (labeled as d, e and f) and exhibit different geometric parameters depending on
the conformation adopted by the tetraoxane ring (see Table 5.2 for details). Two other
faint and small red spots, also common to both conformations, have been identified. One
of them, labeled as c, corresponds to a close contact between the H-atom connected to
C11 of the cyclohexane ring and three carbon atoms of the phenyl ring of a neighbor
molecule, clearly indicating the formation of a C—H:-m H-bond. According to the
geometric parameters given in Table 5.2, this H-bond is stronger than the equivalent ones
established in compound 1. The other light red spot denotes the presence of a H--C
contact (j) between the H-atom connected to the C17 of the adamantyl ring and the
terminal methyl carbon atom C1 of another molecule. It is also worth noting the presence
of a red spot in the HS of 2B resulting from a short contact between the C1 and O1 atoms
of two neighbor molecules (g, 3.16 A).

Analogously to 1, the H---H contacts represent the largest contribution of the surface
area of 2 (68%), appearing in the 2D-fingerprint plot at di + de > 2.3 A (see Figure 5.6),
thereby indicating their minor relevance in the crystal packing of 2 as compared to 1. The
O---H/H---O contacts comprise 23% of the surface area, which is slightly larger than that
calculated for 1 due to the greater participation of the carbonyl oxygen in C-H---O H-
bonds. The most relevant ones are evidenced by a pair of sharp spikes in the 2D-
fingerprint plots ending at di + de ~ 2.4 A, attributable to the stronger C-H---O5 hydrogen
bond. The third most representative contacts are the C---H/H---C ones (9%), which are
evidenced by the pair of wings with tips at di + de ~ 2.6 A, reflecting the formation of

C—H:--m interactions.

5.3.3.1. Pairwise interaction energies

In order to have a more quantitative picture of the molecular packing in crystals 1
and 2, the total CE-B3LYP/6-31G(d,p) interaction energies (Ewt) and respective

dispersive (Edisp), electrostatic (Eele), exchange-repulsion (Eex-rep) and polarization (Epor)
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components were calculated for the molecular pairs involving a central molecule and all
neighbouring molecules within a cluster of 3.8 A. The values obtained for the molecular
pairs with |Ewt > 10 kJ mol™ are given in Table 5.4. These pairs are labelled as 1-VI11
from the one with a more negative to that with a less negative value of Et. The two most
stabilizing pairs of each compound are presented in Figures 5.7 and 5.8, while the
remaining ones are provided as supporting information (see Figures S1 and S2, in the
Appendix).

As expected from the type of interactions present in the crystal structure of both
compounds, Edisp is by far the main contribution of Ext, while the repulsion-exchange (Eex-
rep) and electrostatic (Eele) components are only significant for some molecular pairs. In

the opposite side is the polarization component, whose energy values are not relevant.

Figure 5.7. Most stabilizing molecular pairs of the crystal structure of 1, including the
identification of the intermolecular contacts.
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2A 2B

Figure 5.8. Most stabilizing molecular pairs of the crystal structure of 2, including the
identification of the intermolecular contacts.

In 1, the most stabilized molecular pair | is characterized by the formation of a
C—H---O interaction (c) and two H--H contacts (h and k) in 1A, or by two C—H:-O
interactions (a and c¢) and one H---H contact (h) in 1B (see Figure 5.7) The values of Eot
calculated for 1A and 1B are —34.8 kJ mol™* and —36.8 kJ mol™!, respectively, meaning
that the replacement of a H---H short contact k in 1A by a C19—H--O1 interaction a in 1B
causes only a small increase (2 kJ mol™') of the stabilization energy. The second most
relevant molecular pair (11) exhibits an identical interaction energy for the two
conformations: —30.2 (1A) and —29.3 (1B) kJ mol™! and its stabilization arise from the
formation of a C1—H---w interaction (d) plus the contribution of a H---H contact (j). Pairs
11 and IV exhibit identical values of Et but their stabilization results from different types
of interactions (Figure S1, in the Appendix). In fact, while the stabilization of 111 is
mostly originated by two H---H contacts (i and g), that of 1V results from the formation
of the C21-H--'x interaction (e). Pair V is formed by two C—H--O H-bonds in 1A (a and
b) or only one (b) in 1B. The resulting stabilization energy is —20.0 and —17.1 kJ mol™,
respectively. Interestingly, it is less negative than that computed for molecular pair 111,
thus confirming the minor role of the C—H:--O interactions in the molecular packing of 1.

As shown in Table 5.4, the crystal packing of compound 2 is strongly determined by
molecular pairs I and 11 (see Figure 5.8), whose interaction energies range from —43.1 to
—39.2 kJ mol™. These energies are more negative than those calculated for the two most

stabilizing pairs in compound 1 and have an appreciable contribution of the electrostatic
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component. The stabilization of pair I in 2A, which is structurally equivalent to pair 11 in
2B, is essentially determined by the simultaneous formation of three C—H--O interactions
(a, b and d). The value of Ei: calculated for this pair amounts to —43.1 kJ mol™ in 2A and
to —40.4 kJ mol ™ in 2B. The stabilization of pair 11 in 2A, or of pair | in 2B, is governed
by the C—H---n H-bond (c) plus the contribution of a C—H---O interaction (f) and the value
of Etot is similar for the two conformations: —40.9 kJ mol™ for 2A and —39.2 kJ mol* for
2B. For the remaining molecular pairs (Figure S2, in the Appendix), the values of Ei fall
between —21.0 and —13 kJ mol™? (Table 5.4).

Table 5.4. CE-B3LYP interaction energies (in kJ mol™) calculated for the most relevant
molecular pairs in the crystalline structure of compounds 1 and 2.2

Molecular Conf. R Eecle Epol Edisp Eex- Eitot
pair rep
Compound 1
| A 6.7 -8.4 -1.9 -44.1 225 -34.8
B 6.7 -8.1 -2.7 -455 216 -36.8
11 A 9.2 -9.3 -3.3 -32.7 171 -30.2
B 9.1 -8.5 -3.2 -32.8 17.2 -29.3
11 A 135 -3.8 -0.8 -23.3 0.0 -24.9
B 135 -2.5 -0.7 -24.6 0.0 -24.6
v A 10.8 -4.0 -0.7 -34.1 16.5 -24.3
B 10.8 -2.3 -0.7 -31.3 116 -23.1
\Y A 9.8 -4.1 -1.8 -24.5 11.3 -20.0
B 9.8 -4.5 -1.8 -23.0 146 -17.1
VI A 9.2 -4.1 -0.7 244 12.2 -18.5
B 9.3 -14 -0.3 -22.8 9.9 -15.5
Vil A 11.8 -2.4 -1.6 -11.6 6.5 -9.9
B 11.7 -2.5 -1.7 -11.7 6.4 -10.1
Compound 2
| A 105 -18.2 -5.6 -48.8  36.7 -43.1
B 75 -11.9 -2.0 -51.6 29.2 -40.9
] A 75 -10.2 -1.6 -51.1 27.9 -39.2
B 105 -15.9 -5.7 -48.7  37.3 -40.4
1 A 8.7 -35 -0.3 -28.6 126 -21.0
B 87 -34 -0.2 -289 129 -21.0
v A 14.3 -1.6 -0.2 -19.9 0.0 -19.2
B 16.1  -1.9 -0.7 -17.4 0.0 -17.7
V A 16.1 -2.0 -0.6 -17.4 0.0 -17.7
B 14.3 0.1 -0.3 -20.0 0.0 -17.6
VI A 11.5 -3.0 -0.7 -20.9 95 -16.0
B 11.4 -4.2 -1.0 -21.0 12.1 -16.1
VII A 8.3 -1.7 -0.9 -17.0 4.9 -14.2
B 8.3 -15 -1.0 -16.4 2.8 -14.9
VI A 14.5 -2.5 -0.4 -12.2 0.0 -13.5
B 14.5 -2.2 -0.4 -12.2 0.0 -13.2

2R is the distance (A) between the molecular centroids.
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5.3.4. Infrared spectra of the title compounds

The compounds were investigated by infrared spectroscopy. Their room temperature
IR (ATR) spectra are shown in Figure 5.9 (1) and Figure 5.10 (2), together with the
B3LYP/6-311++G(d,p) theoretical spectra calculated for the two crystal conformations
(A and B) of 1 and 2, after their full geometry optimization at the same level of theory.
Three main conclusions can be immediately extracted from the data shown in these
figures: (i) the calculated spectra of the two forms (A and B) of each compound are
practically coincident, (ii) the experimental spectra of the two molecules are also very
similar to each other (see also Figure S3 in the Appendix), and (iii) for both compounds,
the calculated spectra for the isolated molecules provide a good description of the
experimental spectra of the crystalline compounds.
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Figure 5.9. Experimental IR spectrum (ATR; room temperature) of compound 1 (top)
and calculated IR spectra for the isolated molecule of the compound, forms A and B
(bottom). Calculated wavenumbers were scaled by 0.980.
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Figure 5.10. Experimental IR spectrum (ATR; room temperature) of compound 2 (top)
and calculated IR spectra for the isolated molecule of the compound, forms A and B
(bottom). Calculated wavenumbers were scaled by 0.980.

Conclusions (i) and (ii) were expected, considering the structural similarity of the
two crystal conformations of each molecule and the close resemblance of the molecules
of the two compounds. Most of the vibrations are in fact localized in the adamantane,
cyclohexane and substituted-phenyl rings of the molecules, which have nearly identical
structural arrangements. On the other hand, the fact that the calculated spectra for the
isolated molecules provide a good description of the experimental spectra of the
crystalline compounds indicates that the intermolecular interactions in the crystals do not
disturb significantly the intramolecular vibrational potentials. This is in line with the
prevalence of dispersive-type interactions, as described in detail in the previous sections

of this article.
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Table 5.5. Assignment of the infrared spectrum of 1.2

Calc. 1A Calc. 1B Exp. Assignment
v [cm] I'R [km mol] v[em]  I'R[km mol]
1092.2 117.2 1092.6 114.5 1109 vC12-03 - vC12-02
vC15-03 + vC15-
1075.6 60.6 1077.6 63.0 1086 01
vC12-03 + vC12-
1062.0 107.3 1064.1 117.2 1073 02
989.1 29.0 989.0 22.0 999 vC15-03 - vC15-01
889.5 1.1 890.2 3.1 885 vC15-03 - vC15-01
886.5 0.6 883.9 0.5 879 v01-02
786.1 0.3 789.6 14 487 dring
775.8 3.0 776.4 35 769 dring
750.0 2.8 750.0 2.3 729 dring
3000.5 16.8 3001.9 11.6 2924 (sh) vC16-H
2994.8 43.8 2995.2 46.6 2917 (sh) vC24-H
1313.7 2.5 1316.1 2.9 1324 8C16-H - 3C24-H
1312.1 5.1 1313.1 5.2 1322 8C16-H + 8C24-H
1301.7 0.5 1302.2 1.1 1314 yC16-H + yC24-H
1250.8 0.03 1250.4 0.03 n.obs. yC16-H - yC24-H
1245.1 1.7 1246.6 6.4 1264 8C16-H - 3C24-H
1760,1753,174
17821 2353 17820 2342 3 vC2=04
1202.9 34.8 1202.4 31.3 1201 vC3-05
1187.1 495.1 1187.1 514.7 1188,1177 vC2-05
663.8 4.1 663.7 3.6 669 505-C2=04
586.3 4.0 585.9 3.9 n.i. yC2=04
339.6 5.1 339.2 4.7 n.i. 8C1-C2=04
1506.4 935 1506.5 93.7 1506 vC=C ph; 5CH ph
1196.9 176.5 11974 169.7 1201 vC-C ph; vC6-C9
3094.4 7.6 3094.4 7.6 3042 vCHs s
3049.3 4.3 3049.2 4.2 3001 vCHs as
2990.4 2.1 2990.3 2.1 n.obs. vCHs as
1445.6 41 1442.7 4.9 1431 8CHs as
1420.0 2.0 1420.5 2.2 1416 OCHs as
1371.0 25.8 1371.6 67.9 1367 8CHss
1042.3 5.7 1042.4 5.6 1042 vCHs
999.2 78.1 999.1 80.4 1009 yCHs3
44.9 0.6 41.2 0.6 n.i. tCH3

2 Frequencies (v) in cm™; calculated infrared intensities (I'?) in km mol™; calculated frequencies were
scaled by 0.980; v, stretching, 3, bending; v, rocking; t, torsion; s, symmetric; as, anti-symmetric; ph,
phenyl; + and — signals define mixing modes in-phase or in anti-phase; sh, shoulder; n.obs., not observed;
n.i., not investigated; see Figure 5.2 for atom numbering. For full calculated frequencies and intensities,
see Table S6 (Appendix).

The full calculated vibrational data for 1 and 2 are provided in Tables S6 and S7
in the Appendix, respectively. Tables 5.5 and 5.6 present the assignments for the bands
of the two compounds which originate in the trioxolane (for 1) or tetraoxane (for 2)
moieties, in the acetate substituent, and in the C—H adamantane bonds closest to the
trioxolane or tetraoxane rings (C16—H; C24—H), as well as two additional strong bands

that are ascribable to modes belonging to the phenyl ring (one of them containing also a
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significant contribution from the stretching of the Ce—Co bond that connects the phenyl
and cyclohexyl groups). These set of bands include all the most intense bands observed
experimentally, with the frequencies of the bands due to the acetate substituent appearing

in the usual ranges,***** and being good agreement with the calculated values.

Table 5.6. Assignment of the infrared spectrum of 2.2

Calc. 2A Calc. 2B Exp. Assignment
v [cm™] I'R[km mol] v[em?]  I'R[km mol]
vC15-01 + vC15-

1052.4 25.6 1052.5 22.6 1067 (sh) 04

1058 vC12-03 + vC12-
1046.3 140.5 1046.6 145.0 02
991.5 1.6 992.3 1.6 1001 vC15-04
982.5 56.5 982.3 55.9 994 vC15-01

935 vC12-03 + vC12-
933.4 0.2 933.0 15 02
891.5 2.1 891.7 2.1 885 vO1-02 + vO3-04
856.4 0.6 856.9 1.0 872 v01-02 - vO3-04
852.1 1.2 852.1 2.8 856 v01-02 - v03-04
798.4 4.7 801.5 2.7 808 dring
790.5 2.8 792.5 1.0 781 dring
714.8 1.3 714.6 1.4 725 dring
3010.6 4.6 3010.3 10.7 2932 (sh) vC16-H
2997.0 32.6 2997.8 31.7 2919 vC24-H
1317.0 3.1 1316.5 2.7 1323 6C16-H - 8C24-H
1311.3 3.4 1311.3 3.6 1313 5C16-H + 8C24-H
1302.3 0.3 1302.9 1.9 1303 yC16-H + yC24-H
1251.7 0.1 1252.5 0.1 n.obs. yC16-H —yC24-H
12379 15.2 1239.1 145 1260 6C16-H - 6C24-H

1763,175
1782.0 232.4 1782.0 232.4 2 vC2=05
1202.4 28.3 1202.4 28.3 1239 vC3-06

1217,120
1187.9 523.8 1187.9 523.8 7 vC2-06
663.6 4.6 663.6 4.6 670 506-C2=05
585.3 3.8 585.3 3.8 n.i. yC2=05
336.4 6.4 336.4 6.4 n.i. 8C1-C2=05
1506.4 94.4 1506.5 94.0 1509 vC=C ph; 6CH ph
1197.7 181.2 1197.6 173.1 1225 vC-C ph; vC6-C9
3094.6 7.6 3094.5 7.6 3042 vCHs's
3049.2 4.2 3048.9 4.2 3002 vCHs as
2990.3 2.0 2990.0 2.0 n.obs. vCH3 as
1446.8 9.7 1446.5 9.8 1432 O0CHs as
1421.1 1.9 1421.0 1.9 1420 O0CHs as
1371.2 59.3 1371.0 61.2 1373 O0CHss
1042.4 5.8 1042.1 5.9 1044 vCH3
999.3 91.3 999.1 90.3 994 vCHs
445 1.2 44.3 1.1 n.i. TCH3

[a] Frequencies (v) in cm?; calculated infrared intensities (I'R) in km mol?; calculated frequencies were
scaled by 0.980; v, stretching, 3, bending; v, rocking; t, torsion; s, symmetric; as, anti-symmetric; ph,
phenyl; + and — signals define mixing modes in-phase or in anti-phase; sh, shoulder; n.obs., not observed,;
n.i., not investigated; see Figure 5.2 for atom numbering. For full calculated frequencies and intensities,
see Table S7 (Appendix).
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The bands due to the trioloxane and tetraoxane rings are also observed at frequencies
closely matching the calculated frequencies for the isolated molecule (see Tables 5.5 and
5.6).

In the case of the trioxolane modes of 1, all vC-O stretching vibrations give rise to
intense bands (with calculated intensities over 22 km mol™?), while both the ring
deformational modes and the vO1-O2 stretching mode give rise to low intensity bands
(calculated intensities below 4 km mol™), the latter vibration being observed at 879 cm™
(the calculated values for forms A and B are 886.5 and 883.9 cm™, respectively).

The bands due to the vibrations located in the tetraoxane moiety of compound 2
follow the same general trends as those originated in the trioxolane ring of compound 1,
with the vC-O stretching vibrations giving rise to intense bands (over 22 km mol) and
both the ring deformational modes and vO-O stretching vibrations giving rise to low
intensity bands (below 5 km mol™). It is interesting to note that the calculations predicted
that the vibrations of the two O—O bonds are combined, giving rise to a symmetric and
an anti-symmetric mode, the first being ascribed to the experimental band at 885 cm™,

and the second contributing significantly to the bands observed at 872 and 856 cm™.

5.4. Conclusion

In this work, the crystalline structures of the precursors of the antimalarial
candidates 0OZ439 and EZ209, endoperoxides 1 (p-(dispiro-[cyclohexane-1,3'-
[1,2,4]trioxolane-5',2"-tricyclo [3.3.1.1>"]decan]-4-yl)-phenyl acetate) and 2 (p-(dispiro-
[cyclohexane-1,3'-[1,2,4,5]tetraoxane-6',2"-tricyclo[3.3.1.1*"]decan]-4-yl)-phenyl
acetate), were investigated by single crystal X-ray diffraction studies. Compounds 1 and
2 were found to crystallize in the monoclinic Cc and P2i/c space groups, respectively,
with four molecules within the unit cell. Moreover, in the crystalline state the tetraoxane
ring in 2 and the trioxolane-adamantane fragment in 1 were found to be disordered, with
molecules of 1 and 2 existing as two distinct, stable conformations.

From the Hirshfeld surface analysis, it was shown that the crystal packing of both
compounds is dominated by H---H (68-70%), H---O/O---H (19-23%) and H---C/C---H (9-
10%) contacts, which are associated to the formation of C—H~H—-C van der Waals
interactions, as well as of C—H--O and C—H---m H-bond like interactions. In this regard,

the following differences between the two endoperoxides must be underlined: (1) The
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dominant C—H---O H—bonds in 1 connect a C—H group of the adamantane and the O1 or
02 oxygen atoms of the trioxolane ring, whereas in 2 they involve the carbonyl oxygen,
which acts as double acceptor from C—H groups of the phenyl ring; (2) The C—H---O and
C—H-=n H-bonds play a more important role in the molecular packing of 2, while the
C—H---H—C van der Waals interactions are more relevant in the molecular packing of 1.

In consonance with the large contribution of the H~H contacts to the Hirshfeld
surfaces of the two compounds, the CE-B3LYP/6-31G(d,p) interaction energies
calculated for the most representative molecular pairs are dominated by the dispersive
component. Furthermore, in accordance with the more important role of the H-bonds in
2, the largest pairwise interaction energies were estimated for this compound.

Because of the structural similarity between the molecules of 1 and 2, the IR spectra
recorded for the two compounds are also very similar. Moreover, due to the lack of strong
intermolecular interactions in the crystals, the molecular conformation adopted by the
molecules in the crystal structure is not much different from that of the fully optimized
isolated molecules, the respective calculated spectra thus providing a good description of
the experimental data.

As a final remark, this study provides valuable structural information that may be
useful to better understand the reactivity and structure-activity relationship for these

classes of antimalarial endoperoxides.

5.5. Experimental section

Chemicals. All reagents for synthesis were purchased from commercial sources and used
without further purification. Analytical thin layer chromatography (TLC) was carried out
using Merck (Germany) TLC Silica gel 60 F254 aluminium sheets and visualized under
UV or by appropriate stain. p-Anisaldehyde and potassium permanganate were the most
used. Column chromatography was carried out using Sigma Aldrich (Germany) technical

grade silica gel (pore size 60 A, 230-400 mesh particle size, 40-63 um particle size).

Equipment. *H and *3C Nuclear Magnetic Resonance (NMR) spectra were recorded using
a Bruker AMX400 spectrometer or a 500 MHz JEOL system equipped with a Royal HFX
probe, in solution, using the deuterated solvents described in each experimental

procedure. The chemical shifts (3) are described in parts per million (ppm) downfield
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from an internal standard of tetramethylsilane (TMS). Melting points (°C) were obtained
on an SMP30 melting point apparatus and are uncorrected. High Resolution Mass
Spectrometry (HRMS) was recorded using the analytical services within the Chemistry
Department at the University of Liverpool (UoL), and within the Centre of Marine
Sciences (CCMar). HRMS was conducted on a VG analytical 7070E machine, Frisons
TRIO mass spectrometer, or Agilent QTOF 7200, using chemical ionisation (CI) or
electrospray (ESI) (UoL), and on Thermo Scientific High Resolution Mass Spectrometer
(HRMS), model Orbitrap Elite, capable of MSn, n up to 10 (CCMar). X-ray diffraction
data were collected on a Bruker Kappa Apex Il diffractometer (Massachusetts, USA),
equipped with a 4K CCD detector, using graphite monochromated MoKa (A = 0.71073
A) radiation. Infrared spectra were recorded using a Perkin EImer SPECTRUM 400 FT-
IR Spectrometer equipped with a diamond crystal-based ATR device (more details are

provided in the Infrared Spectroscopy and X-ray crystallography subsections).

5.5.1. Synthesis

Preparation of 4-(4-oxocyclohexyl)phenyl) acetate (5.1)

The synthesis for compound 5.1 is described in Chapter 4, section 4.7.2 (compound
4.11a).

Preparation of O-methyl-adamantan-2-one oxime (5.2)

,N\
O/

Procedure adapted from Cabral et al.'® with slight modifications. To a solution of
adamantan-2-one (7.00 g, 46.6 mmol) in methanol (50 mL) were added pyridine (6.00
mL, 74.18 mmol) and methoxylamine hydrochloride (5.06 g, 60.52 mmol). The reaction
mixture was stirred at room temperature for 48 h. The final mixture was concentrated and
then diluted with CH2Cl> (50 mL) and water (50 mL). The organic layer was separated,
and the aqueous layer was extracted with CH2Cl2 (30 mL). The combined organic extracts
were washed with aqueous HCI (1 M; 30 mL x 2), then with brine (30 mL). The final
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organic extract was dried over MgSQOyg, filtered, and concentrated under reduced pressure
to give O-methyl-adamantan-2-one oxime 5.2 (6.01 g, 72% yield) as a colourless solid.
M.p. 342.15-343.15 K. Spectral data are in accordance with the reported in the literature.®
'H NMR (400 MHz, CDCls): & 3.82 (s, 3H), 3.47 (s, 1H), 2.53 (s, 1H), 1.89 (m, 12H);
13C{*H} NMR (100 MHz, CDCls): § 25.9, 26.31, 31.09, 32.59, 34.25, 35.70, 36.18,
37.35, 106.46, 111.95, 208.90 ppm. HRMS (ESI, m/z) calcd C1iH1sNO [M+H]*:
180.13829; found 180.13783. Diff: 2.55 ppm.

Preparation of p-(dispiro[cyclohexane-1,3'-[1,2,4]trioxolane-5",2""-

tricyclo [3.3.1.1*]decan]-4-yl)-phenyl acetate (1)

Procedure adapted from Cabral et al.*® with slight modifications. Ozone, produced
with an ozone generator Sander Labor-Ozonizator 301.7 (0.5 L/min O, 140 V), was
passed through a solution of dichloromethane at 195.15 K and flushed into a solution of
5.1 (1.291 g, 5.56 mmol) and 5.2 (1.021 g, 5.70 mmol), in pentane/CH2Cl; (6:4, 125 mL)
at 273.15 K. After completion the reaction mixture was flushed with nitrogen for 5 min
and concentrated under reduced pressure at room temperature to give a crude material.
Separation by column chromatography (EtOAc: hexane, 1:99, v/v) and recrystallization
from acetone gave 1,2,4-trioxolane 1 (0.753 g, 33%) as colourless crystals (m.p. 424.15-
426.15 K). Spectral data are in accordance with literature reports.** *H NMR (400 MHz,
CDCls): 8 7.22 -7.18 (d, J = 8.5 Hz, 2H), 7.02 - 6.97 (d, J = 8.5 Hz, 2H), 2.59 — 2.50 (t,
J=11.9 Hz, 1H), 2.28 (s, 3H), 2.07 — 1.67 (m, 22H), 1.55 (s, 2H) ppm. C{*H} NMR
(100 MHz, CDCl3): 6 169.68, 148.90, 143.69, 127.72, 121.36, 111.45, 108.33, 42.41,
36.82, 36.43, 34.83, 31.50, 26.91, 26.51, 21.14 ppm. HRMS (ESI, m/z) calcd C2sH300sNa
[M+Na]": 421.1985; found 421.1986. Diff: -0.10 ppm.
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Preparation of p-(dispiro[cyclohexane-1,3'-[1,2,4,5]tetraoxane-6",2""-
tricyclo[3.3.1.13"]decan]-4-yl)-phenyl acetate (2)

0-0
0-0
The synthesis for compound 2 is described in Chapter 4, section 4.7.2 (compound 4.13a).

5.5.2. X-ray crystallography

Single crystal X-ray diffraction (XRD) measurements were performed at room
temperature using graphite monochromated MoKo (4 = 0.71073 A) radiation. The
structures were solved by the dual-space algorithm implemented in SHELXT-2018/2,%
and refinement of the structural model was performed with full-matrix least-squares using
SHELXL-2018/3.4" All non-hydrogen atoms were refined anisotropically. Hydrogen
atoms were placed at calculated idealized positions and refined as riding using SHEL XL -
2018/3 default values. Full details of the data collection and structure refinement
procedures are provided in the Supporting Information (Crystallographic Data). A
summary of the data collection and refinement is provided in Table 5.1. Deposition
Numbers CCDC 2162410 (for 1) and CCDC 2053084 (for 2) contain the supplementary
crystallographic data for this paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszentrum Karlsruhe

Access Structures service http://www.ccdc.cam.ac.uk/structures

5.5.3. Infrared spectroscopy

The infrared spectra of the compounds were obtained in the 4000-650 cm™ range
with 4 cm™ resolution (64 accumulations), at room temperature, in the attenuated total
reflexion mode (ATR), using a Perkin Elmer SPECTRUM 400 FT-IR Spectrometer
equipped with a diamond crystal-based ATR device. The theoretical IR spectra were
obtained after full geometry optimizations of the 1 and 2 crystal conformations,
performed at the DFT(B3LYP)/6-311++G(d,p) level,*¥->! using the Gaussian 09 (revision
A.2) suite of programs,®? the calculated harmonic wavenumbers being scaled by 0.980.
The spectra were simulated by using the Chemcraft software (version 1.8).%
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5.5.4. Hirshfeld surface computations

A Hirshfeld surface (HS) analysis.®*>>" was carried out by using the
CrystalExplorer software package (version 21.5).°® The software used the CIF files as
input and the C—H bonds length was set to the typical neutron diffraction value of 1.083
A .5 The Hirshfeld surfaces were generated with a very high resolution and were mapped

with the normalized contact distance (dnorm), calculated from the following equation:3*>

(d-—r-"dw) (d _rvdW)
dnorm = lr_miw + ergdew 1)
i

where dj and de are, respectively, the distances from the point of the surface to the nearest
atoms inside and outside the surface, and " and r."®V are the van der Waals radii of
the respective atoms: C (1.70 A), O (1.52 A), H (1.09 A). Intermolecular contacts shorter
than the sum of the van der Waals radii (dnorm < O) appear as red spots on the surfaces,
contacts around the van der Waals separation (dnorm = 0) are coloured white, and longer
contacts (dnorm > 0) are represented by blue regions. Fingerprint plots, consisting of
2D-representations of di versus d. at each point of the surface,®® were also generated.
Pairwise intermolecular interaction energies in the crystal structure were computed
using the CE-B3LYP/6-31G(d,p) energy model implemented in CrystalExplorer.5%6?
These energies were calculated between a central molecule and all neighbouring
molecules within a cluster of 3.8 A around the central molecule, generated by applying
crystallographic symmetry operations. For each pair of molecules, the total

inter-molecular energy (Etot) is expressed as:
Etot = Ecte + Epol + Edisp + Eex—rep (2)

where Eee, Epol, Edisp and Eexrep are the electrostatic, polarization, dispersion and

exchange-repulsion components, respectively.3%63
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6.1. Conclusions and perspectives

The primary goal of this thesis was the development of new TB drugs by
proposing an hybridization approach where two separate anti-TB classes were selected,
the indole-2-carboxamide scaffold (MmpL3 inhibitors) and the benzothiazinone scaffold
(DprE1 inhibitors), and independently combined with peroxide-containing moieties,
choosing the 1,2,4-trioxane core for this research. The indole-2-carboxamide (IC) and the
benzothiazinone (BTZ) scaffolds were selected due to their high potency against
replicating Mtb but low activity against non-replicating persistent Mtb. We aimed to
establish a dual mode of action, increasing Mtb's sensitivity to the active anti-TB
pharmacophore while targeting the DosRST signalling.

The screening of IC-based peroxide hybrids against replicating Mtb demonstrated
poor activity for most of the compounds (ICso> 10 uM). However, the metabolite control
compound 2.84 and the tetraoxane hybrid 2.86 exhibited moderate inhibitory activity of
the Mtb growth (ICso=5.680 and 2.634 M, respectively). Docking studies explained the
poor activity of IC compounds, as IC-peroxide hybrids displayed showed poor docking
results, except for IC-analogue TICO1. However, this peroxide hybrid proved inactive
against Mtb.

On the contrary, our research on BTZ analogues resulted in 16 novel BTZ-
peroxide compounds and led to the identification of potent representatives in replicating
Mtb assays, with ICso values in the nanomolar (1.32-870 nM) and picomolar range (<
0.457 nM). Docking studies demonstrated good overlap between the BTZ ring system of
the hybrids and the reference ligand, supporting the potent sub-micromolar activity
achieved by these series.

Moreover, in silico data were calculated for endoperoxide hybrids and compared
to the in vitro DMPK results. Experimentally, the 1C-trioxane hybrids TIC01-03 were
similarly lipophilic and poorly soluble at pH 7.4, as expected for indole-2-carboxamide
compounds. The metabolic profiles of IC-based and BTZ043-based peroxide hybrids
were moderate to good, whereas those derived from PBTZ169 were poor to moderate.
The high cLogP values for all synthesized compounds are mirrored in the low anticipated
aqueous solubility at pH 7.4.

In vivo pharmacokinetic profiles of B3, P1, and controls BTZ043 and PBTZ169,
indicate that peroxide-BTZs are less stable than standard BTZs, which could be due to

the labile peroxide link in their structure, making them susceptible to extensive
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metabolism. In contrast to the lead compounds, however, peroxide-BTZ B3 exhibited
sufficient PK data. Selected compounds were sent for screening against whole cell Mtb
modified to express DosRST-dependent GFP and the testing is still ongoing. Further

development in the BTZ series is required to improve the pharmacokinetics properties.

The flavoenzyme DprE1's non-specific vulnerability could explain our promising
results during the development of BTZ-peroxide hybrids. Although the design of DprE1
inhibitors can be challenging, the prediction of PC descriptors and ADMET properties
for these molecules may aid in designing new lead compounds. To deepen our
understanding, a comprehensive PC descriptors analysis was conducted. Our results
indicated that for inactive covalent DprEl inhibitors to match the active set's
corresponding properties more closely it may be necessary to optimize the compounds by
increasing MW, ClogP, ClogD, HBA and TPSA, while reducing logS and HBD. On the
other hand, for inactive non-covalent DprE1 inhibitors it may be required to optimize the
compounds by increasing MW, HBA, HBD, TPSA, FInd, and ROTBS. All these changes
are likely to increase the enthalpic component of drug binding through enhanced
hydrogen bonding contacts with the enzyme. Covalent DprE1 inhibitors tend to violate
the Ro5 more frequently than their non-covalent counterparts. However, only a small
proportion fails the criteria by two or more violations, indicating that the DprE1 inhibitors
are more likely to benefit from membrane permeability and, hence, will be more readily
absorbed in the human digestive system via passive diffusion.

To predict and identify potent DprE1 inhibitors we built classification models of
DprE1, a standard method for predicting the activity of a compound through its structural
descriptors. We used the original dataset, with 1519 molecules, and another two modified
datasets, with down or up-sampling pre-processing, to balance the active and inactive
molecules in the sample.

A total of 105 models using five different algorithms (KNN, SVM, GBM, RF, and
XGB) were built, in which the best models for each algorithm produced MCC values of
0.791, 0.775, 0.801, 0.842 and 0.882 on the test set, respectively, when using the up-
sampling balanced subset. It was determined that the 35 generated models for the DS
subset had a good performance, with accuracy >0.78, precision >0.78, sensitivity >0.78,
specificity >0.78, MCC >0.57, ROC >0.78, and f1 score >0.78. Regarding the 35
constructed models for the US subset, these models had the best performance among the

subsets, with accuracy >0.85, precision >0.85, sensitivity >0.85, specificity >0.85, MCC

320



Chapter 6: Conclusions

>0.71, ROC >0.85, and f1 score >0.85. In comparison to the balanced subsets, the
performance of the 35 generated models for the original subset was inferior, with an
accuracy >0.80, precision >0.77, sensitivity >0.80, specificity >0.63, MCC >0.51, ROC
>0.72, and f1 score >0.75. When examining the different metrics, it can be shown that
the OS subset has the lowest metric specificity (>0.63), compared to the DS (>0.78) and
US (>0.85) subsets, this result being ascribed to the imbalanced dataset between inactive
and active compounds. The XGB models showed the best performance across most data
sets during the 5 and 10-fold cross-validation training, in which the best model was model
XGB21, using the US subset built with MACCS, ECFP4 and FCFP4 fingerprints.

MACCS and FCFP4 fingerprints were the most important features in GBM, RF,
and XGB models. For each algorithm, such important properties feature the presence or
absence of a nitro group that appears in determining whether a molecule inhibits or does
not inhibit the DprElenzyme. Therefore, models are better trained to identify covalent
binders. Evaluation of peroxide hybrids in the best models for each algorithm was also
performed and only model KNN16 could not appropriately classify IC-trioxane hybrids
as non-inhibitors or inactive molecules. The remaining algorithms correctly identified the
corresponding compounds as active, for the BTZ peroxide hybrids, and inactive, for IC
peroxide hybrids. This result of high predictive performance was expected, since the
models are better trained for identifying covalent binders. Further external validation data
should be used to better evaluate these produced models.

In future work, refinement of these models is necessary for a more efficient
selection of non-covalent binders. Splitting the collected dataset into subsets for covalent
and non-covalent binders is a potential solution for this issue. Ensuring that overfitting
does not occur is another crucial aspect of validation in future models to improve
performance. In addition, developing regression (quantitative) models should be
investigated since they will allow us to predict a molecule's MIC value instead of merely
classifying it as active or inactive. Improvement of the applicability domain should also
be addressed to optimize the reliability and decidability of these models.

Since there is a strong correlation between DprE1 inhibition and anti-TB activity,
we were able to develop classification models that could identify either DprE1 inhibitors

or new anti-TB drugs in this study.

Among organic peroxides, six-membered cyclic 1,2,4-trioxanes and 1,2,4,5-

tetraoxanes have gained a great interest in medicinal chemistry due to their potential for

321



Chapter 6: Conclusions

treating various parasite-borne diseases, including malaria. The work within this thesis
also focused on improving methods for generating six-membered peroxides to expand
their libraries, allowing the discovery of novel drug candidates.

The cyclocondensation of a representative library of ketones with gem-
dihydroperoxides or peroxysilyl alcohols/B-hydroperoxy alcohols to afford the
corresponding unsymmetrical 1,2,4,5-tetraoxanes or 1,2,4-trioxanes, mediated by the
SSA catalyst, was systematically investigated. Silica-supported catalysts have attracted
attention in recent years due to their promising reactivity and recoverable and reusable
properties, leading to economic and environmental benefits. The elementary steps
governing the cyclocondensation pathway were investigated through molecular orbital
calculations, using the DFT method, at the ®B97XD/def2-
TZVPP/PCM(DCM)//IB3LYP/6-31G(d) level of approximation. The results support a
mechanistic proposal that highlights the catalytic role of SSA, where SSA's initial
protonation of the ketone carbonyl group emerges as a key step in the mechanism.

Among the advantages offered by this novel approach involving the silica-
supported catalyst, the tolerance to a wide range of substrates should be highlighted. In
addition, easy preparation, recyclability and eco-friendly properties of the SSA catalyst
make this method appealing in broadening the design of new biologically active
endoperoxides, therefore establishing a valid alternative approach for the synthesis of new

biologically active endoperoxides.

Despite the endoperoxides’ potential medical and veterinary applications,
fundamental studies on the structures of trioxolanes and tetraoxanes are scarce. Within
the work performed along the doctoral studies, described in this thesis, the crystalline
structures of the precursors of the antimalarial candidates OZ439 and EZ209,
endoperoxides 1 (p-(dispiro-[cyclohexane-1,3'--[1,2,4]trioxolane-5',2"-tricyclo
[3.3.1.1%>"]decan]-4-yl)-phenyl  acetate) and 2  (p-(dispiro-[cyclohexane-1,3'-
[1,2,4,5]tetraoxane-6',2"-tricyclo[3.3.1.13"]decan]-4-yl)-phenyl  acetate), were also
investigated by single crystal X-ray diffraction studies. Compounds 1 and 2 were found
to crystallize in the monoclinic Cc and P2i/c space groups, respectively, with four
molecules within the unit cell. Moreover, in the crystalline state, the tetraoxane ring in 2
and the trioxolane-adamantane fragment in 1 were disordered, with molecules of 1 and 2
existing as two distinct, stable conformations.

From the Hirshfeld surface analysis, it was shown that the crystal packing of both
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compounds is dominated by H---H (68-70%), H---O/O---H (19-23%), and H---C/C--H (9-
10%) contacts, which are associated to the formation of C—HH—C van der Waals
interactions, as well as of C—H:--O and C—H---t H-bond like interactions. In this regard,
the following differences between the two endoperoxides must be underlined: (1) The
dominant C—H---O H—bonds in 1 connect a C—H group of the adamantane and the O1 or
02 oxygen atoms of the trioxolane ring, whereas in 2 they involve the carbonyl oxygen,
which acts as double acceptor from C—H groups of the phenyl ring; (2) The C—H---O and
C—H--=m H-bonds play a more important role in the molecular packing of 2, while the
C—H---H—C van der Waals interactions are more relevant in the molecular packing of 1.

In consonance with the large contribution of the H--H contacts to the Hirshfeld
surfaces of the two compounds, the CE-B3LYP/6-31G(d,p) interaction energies
calculated for the most representative molecular pairs are dominated by the dispersive
component. Furthermore, in accordance with the more important role of the H-bonds in
2, the largest pairwise interaction energies were estimated for this compound.

Because of the structural similarity between the molecules of 1 and 2, the IR
spectra recorded for the two compounds are also very similar. Moreover, due to the lack
of strong intermolecular interactions in the crystals, the molecular conformation adopted
by the molecules in the crystal structure is not much different from that of the fully
optimized isolated molecules, the respectively calculated spectra thus providing a good
description of the experimental data. As a final remark, this study provides valuable
structural information that may be useful to a better understanding of the reactivity and

structure-activity relationship for these classes of antimalarial endoperoxides.
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Table S1: Performances for all KNN models (the best model is highlighted in green).

Model Subset EPS Training set Test set
(KNN#) Q MCC 5-CV 10-CV Q P SE SP MCC AUC fl
0.803 + 0.814 +
1 DS M 0.907 0.815 0.035 0.036 0.784 0786 0.784 0.789 0573 0.787 0.784
0.821 + 0.826 +
2 DS 0.910 0.820 0.020 0.023 0.826 0.825 0.826 0.823 0650 0.824 0.825
0811+ 0.827 +
3 DS F 0.899 0.799 0.039 0039 0.826 0.826 0.826 0.822 0.650 0.824 0.824
0.818 + 0.821 +
4 DS M+E 0902 0.804 0,013 0.021 0.821 0820 0821 0.821 0642 0821 0.821
0.808 + 0.814 +
5 DS M+F 0904 0.807 0.021 0.031 0.826 0.825 0826 0.824 0650 0.825 0.825
0.841 + 0.844 +
6 DS E+F 0919 0.838 0,019 0032 0.789 0.792 0.789 0.796 0585 0.792 0.789
M+E 0.827 + 0.829 +
7 DS +E 0.904 0.807 0.016 0.022 0.812 0811 0812 0.811 0623 0811 0.811
0.906 0.813 0.812 0812 0812 0.812 0625 0812 0.811
Overall DS Xto * + - - * * * * + * *
0.005 0.010 0.015 0.014 0.015 0.012 0.027 0.013 0.014
0.852 + 0.843 +
8 oS M 0.915 0.787 0.017 0.036 0.821 0.787 0821 0.714 0555 0.768 0.776
0.863 + 0.855 +
9 (OR) E 0925 0.814 0.017 0.029 0832 0801 0832 0729 0581 0.781 0.789
0.859 + 0.850 +
10 (OR) F 0917 0.792 0.011 0.023 0.824 0798 0.824 0689 0553 0.756 0.772
0.861 + 0.855 +
11 oS M+E 0922 0.805 0,017 0.029 0.829 0797 0829 0.728 0575 0.779 0.787
0.859 + 0.850 +
12 (OR) M+F 0921 0.803 0016 0.029 0.813 0779 0813 0690 0530 0.752 0.763
0.865 + 0.856 +
13 OS E+F 0928 0.821 0018 0029 0.832 0.804 0.832 0.719 0578 0.775 0.787
M+E 0.866 + 0.856 +
14 oS +E 0.925 0.812 0.017 0.029 0.818 0.788 0.818 0.692 0542 0.755 0.768
0.922 0.802 0.824 0.793 0.824 0.709 0559 0.767 0.777
Overall oS Xto * 1 - - + + + + £ + +
0.004  0.008 0.006 0.008 0.006 0.016 0.016 0.010 0.009
0.859 + 0.865
15 us M 0.937 0.875 0.012 0.000 0.880 0.881 0.880 0.880 0.761 0.880 0.880
0.883 + 0.886 +
16 us E 0.947 0.895 0.010 0.017 0.895 0896 0.895 0.895 0.791 0.895 0.895
0.873 + 0.873 +
17 us F 0.946 0.894 0.011 0.017 0.867 0.868 0.867 0.867 0.736 0.867 0.867
0.890 + 0.893 +
18 us M+E 0946 0.893 0,016 0.018 0.886 0.887 0.886 0.886 0.772 0.886 0.886
0.884 + 0.886 +
19 us M+F 0949 0.898 0015 0.017 0869 0870 0.869 0.869 0.739 0.869 0.869
0.889 + 0.893 +
20 us E+F 0951 0.903 0.012 0.018 0.878 0879 0878 0878 0.757 0.878 0.878
M+E 0.892 + 0.895 +
21 us +E 0.949 0.899 0,016 0.018 0.876 0.877 0876 0.877 0.754 0.876 0.876
0.946 0.894 0879 0880 0879 0879 0.759 0.879 0.879
Overall us Xto * £ - - + + + + ds + +
0.003  0.006 0.007 0.007 0.007 0.007 0.014 0.007 0.007

KNN hyperparameters

KNeighborsClassifier (n_neighbors=3)
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Table S2: Performances for all SVM models (the best model is highlighted in green).

Model Subset FPS Training set Test set
(SVM#) Q MCC 5-CV 10-CV Q P SE SP MCC AUC fl
0.819 + 0.827 +
1 DS M 0.872 0.743 0.031 0.028 0.830 0.830 0.830 0.831 0.660 0.830 0.830
0.843 + 0.838 +
2 DS E 0.902 0.804 0.021 0.030 0.858 0.859 0.858 0.854 0.714 0.856 0.857
0.837 0.849 +
3 DS F 0.888 0.778 0031 0.034 0.849 0.853 0.849 0.841 0.698 0.845 0.847
0.835+ 0836+
4 DS M+E 0.893 0.786 0.023 0.028 0.853 0.852 0.853 0.853 0.706 0.853 0.853
0.828 + 0.836 +
5 DS M+F 0893 0.786 0.024 0.034 0.853 0.853 0.853 0.851 0.705 0.852 0.852
0.837 + 0.842 +
6 DS E+F 0.898 0.795 0010 0.034 0.812 0.816 0.812 0.819 0632 0.816 0.812
M+E 0.839 + 0.843 +
7 DS +E 0.893 0.786 0.026 0.029 0.853 0.853 0.853 0.851 0.705 0.852 0.852
0.891 0.783 0.844 0845 0.844 0.843 0.689 0.843 0.843
Overall DS Xto + i - - + + + + i + +
0.006 0.013 0.013 0.013 0.013 0.011 0.024 0.012 0.013
0.839 + 0.845 +
8 oS M 0.871 0.670 0.017 0.026 0.818 0.811 0.818 0634 0531 0.726 0.750
0.865 0.864 +
9 (OR) E 0.896 0.739 0.016 0.024 0.847 0837 0847 0709 0.613 0.778 0.799
0.855 + 0.859 +
10 (OR) F 0.888 0.717 0.011 0.023 0.839 0818 0.839 0.717 0595 0.778 0.79%4
0.860 + 0.860 +
11 oS M+E 0891 0.725 0.012 0.025 0.837 0.827 0.837 0684 0584 0760 0.782
0.851 + 0.858 +
12 (OR) M+F 0882 0.699 0.015 0.026 0.824 0808 0.824 0663 0548 0.743 0.764
0.861 + 0.861 +
13 (OR) E+F 0898 0.743 0.016 0.023 0.853 0.842 0853 0.722 0.627 0.787 0.807
M+E 0.855 + 0.861 +
14 oS +E 0.891 0.725 0.017 0.027 0.839 0.827 0839 0696 0592 0.768 0.788
0.888 0.717 0.837 0824 0837 0689 0584 0.763 0.783
Overall oS Xto + i - - + + + + i + +
0.007  0.018 0.009 0.010 0.009 0.025 0.026 0.017 0.016
0.857 = 0.862 +
15 us M 0.883 0.768 0.011 0.021 0.858 0.859 0.858 0.858 0.717 0.858 0.858
0.889 + 0.895 +
16 us E 0912 0.824 0.010 0,018 0.880 0.880 0.880 0.880 0.760 0.880 0.880
0.873 + 0.881 +
17 us F 0.898 0.797 0.017 0.021 0.875 0875 0875 0875 0.749 0.875 0.875
0.881 + 0.884 +
18 us M+E 0.907 0814 0.016 0.024 0.873 0.873 0873 0873 0745 0.873 0.873
0.873 + 0.878 +
19 us M+F 0903 0.807 0.016 0.019 0.887 0.888 0.887 0.888 0.775 0.887 0.887
0.889 + 0.896 +
20 us E+F 0914 0.829 0.014 0.018 0.875 0875 0875 0875 0.749 0875 0.875
M+E 0.884 + 0.888 +
21 us +E 0.908 0.815 0.015 0.022 0.878 0.878 0.878 0.878 0.756 0.878 0.878
0.904 0.808 0875 0875 0875 0875 0.750 0.875 0.875
Overall us Xto + e - - + + + + + + +
0.008 0.015 0.006 0.006 0.006 0.006 0.012 0.006 0.006

SVM hyperparameters

svm.SVC (probability=True)
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Table S3: Performances for all GBM models (the best model is highlighted in green).

Model Subset FPS Training set Test set
(GBM#) Q MCC 5-CV 10-CV Q P SE SP MCC AUC fl
1 DS M 0.914 0.829 0813+ 0823+ 0.830 0.830 0.830 0.828 0.659 0.829 0.829
' ' 0.031 0.041 ' ' ' ' ' ' '
0.831 0.821
2 DS E 0.954 0.908 0.031 0,036 0.817 0816 0817 0.819 0634 0818 0.816
0.825 0.843 +
3 DS F 0.950 0.899 0.028 0031 0.830 0.830 0.830 0827 0659 0.829 0.829
0.823 + 0.837 +
4 DS M+E 0962 0924 0.022 0.029 0.849 0848 0.849 0.848 0.696 0.848 0.848
0.833 0.854 +
5 DS M+F 0956 0.911 0.030 0.030 0.844 0844 0844 0840 0.687 0.842 0.843
0.849 + 0.850 +
6 DS E+F 0971 0.942 0.015 0.040 0.803 0.810 0.803 0.812 0.618 0.808 0.803
M+E 0.835+ 0.843 =
7 DS +E 0.972 0.945 0.037 0033 0.849 0849 0849 0.846 0.696 0.847 0.848
0.954  0.908 0.832 0832 0832 0831 0664 0832 0.831
Overall DS Xto + + - - + + + + + + +
0.013  0.025 0.013 0.012 0.013 0.011 0.025 0.012 0.013
8 oS M 0.904 0.760 0.840 0.844 % 0832 0819 0832 0677 0569 0.754 0.775
' ' 0.012 0.024 ' ' ' ' ' ' '
0.859 0.860 +
9 (O] E 0.932 0831 0.011 0,029 0.863 0.844 0863 0.769 0659 0.816 0.828
0.863 = 0.867 +
10 oS F 0.930 0.825 0.009 0.020 0.839 0815 0.839 0.727 0597 0.783 0.796
0.859 0.861
11 oS M+E 0933 0.835 0.005 0028 0.858 0.837 0.858 0.761 0.646 0.810 0.821
0.849 + 0.857 +
12 (OF] M+F 0940 0.852 0.014 0019 0.853 0.828 0.853 0.759 0.634 0.806 0.816
0.867 = 0.863 =
13 oS E+F 0939 0.850 0.014 0018 0.863 0.846 0.863 0.764 0.658 0.813 0.827
M+E 0.863 + 0.865
14 oS +E 0.948 0.872 0.005 0025 0861 0.843 0861 0.757 0.651 0.809 0.823
0.932 0.832 0.853 0.833 0853 0.745 0.631 0.799 0.812
Overall oS Xto + + - - + + + + £t + +
0.009 0.023 0.010 0.011 0.010 0.024 0.027 0.017 0.015
0.862 + 0.863 +
15 us M 0.905 0.810 0.006 0.028 0.869 0.869 0.869 0.869 0.738 0.869 0.869
0.891 + 0.892 +
16 us E 0.930 0.860 0.012 0.020 0.891 0.892 0891 0.891 0.783 0.891 0.891
0.887 = 0.884
17 us F 0.904 0.808 0.010 0017 0.886 0886 0886 0886 0.771 0.886 0.886
0.892 + 0.896 +
18 us M+E 0936 0.873 0.015 0.020 0.900 0.900 0.900 0.900 0.801 0.900 0.900
0.895 0.899 +
19 us M+F 0919 0.839 0.015 0023 0.899 0.899 0.899 0.899 0.797 0.899 0.899
0.893 + 0.892 +
20 us E+F 0938 0.877 0.008 0014 0900 0901 0900 0.900 0.801 0.900 0.900
M+E 0.900 + 0.899 =
21 us +E 0.941 0.882 0.014 0017 0889 0889 0889 0889 0.779 0.889 0.889
0.925 0.850 0.891 0891 0891 0.891 0781 0.891 0.891
Overall us Xto + de - - + + + + i + +
0.013  0.026 0.008 0.008 0.008 0.008 0.016 0.008 0.008

GBM hyperparameters

GradientBoostingClassifier (random state=123)
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Table S4: Performances for all RF models (the best model is highlighted in green).

Model Subset EPS Training set Test set
(RF#) Q MCC 5-CV 10-CV Q B SE SP MCC AUC fl
0.814 + 0.829 +
1 DS M 0979 0.957 0.025 0.021 0.798 0.798 0.798 0.800 0.597 0.799 0.798
0.839 + 0.851 +
2 DS E 0.995 0.991 0.021 0.030 0.853 0.853 0.853 0.852 0.705 0.853 0.853
0.825 + 0.844 +
3 DS F 0.994 0.988 0.030 0032 0.835 0.834 0.835 0.835 0.669 0.835 0.834
0.829 + 0.849 +
4 DS M+E 0995 0991 0.020 0.023 0.849 0.848 0.849 0.848 0.696 0.848 0.848
0.815+ 0.836 +
5 DS M+F 0995 0.991 0.033 0.034 0.817 0816 0817 0819 0.634 0.818 0.816
0.849 + 0.858 +
6 DS E+F 0998 0.997 0013 0036 0.826 0.829 0.826 0.833 0.658 0.829 0.826
M+E 0.838 + 0.847 =
7 DS +E 0.995 0.991 0.027 0.025 0.830 0.830 0.830 0832 0661 0.831 0.830
0.993 0.987 0.830 0.830 0.830 0.831 0.660 0.830 0.829
Overall DS Xto + + - - + + + + + + +
0.004 0.008 0.014 0.013 0.014 0.012 0.026 0.013 0.014
0.853 + 0.855 +
8 (OR) M 0.959 0.898 0,016 0.029 0.816 0789 0.816 0670 0.530 0.743 0.759
0.876 + 0.868 +
9 (OR) E 0.978 0.946 0.011 0.026 0.882 0874 0882 0.782 0.704 0.832 0.849
0.879 + 0.881
10 (OR) F 0.966 0.915 0,012 0.026 0876 0864 0876 0.780 0.691 0.828 0.843
0.874 + 0.874 =
11 (OR) M+E 0984 00961 0.018 0.027 0.863 0.855 0.863 0.742 0.655 0.803 0.822
0.874 + 0.870 +
12 (OR) M+F 0975 0.939 0,012 0.026 0853 0835 0.853 0.738 0.629 0.795 0.811
0.877 = 0.870 =
13 (OR) E+F 098 0.963 0.011 0.021 0882 0862 0882 0814 0.709 0.848 0.854
M+E 0.877 = 0.875+
14 (OR) +E 0.991 0.978 0.018 0.023 0.874 0860 0874 0779 0.685 0.826 0.840
0.977 0.943 0.864 0848 0864 0.758 0.658 0.811 0.825
Overall oS Xto 1 1 - - + + + + £ + +
0.009 0.022 0.017 0.021 0.017 0.035 0.045 0.026 0.024
0.904 + 0.902 +
15 us M 0.942 0.883 0.015 0.022 0.893 0.895 0.893 0.893 0.788 0.893 0.893
0912 + 0.922 +
16 us E 0.967 0.934 0.011 0.021 0913 0914 0913 0913 0.827 0913 0.913
0.908 + 0.908 +
17 us F 0961 0.921 0.005 0.015 0919 0919 0919 0919 0.838 0.919 0.919
0.926 + 0.922 +
18 us M+E 0973 0.946 0.009 0.022 0915 0916 0915 0915 0.831 0915 0.915
0.916 + 0.917 +
19 us M+F 0967 0.934 0011 0.023 0913 0914 0913 0913 0.827 0913 0.913
0.926 + 0.924 +
20 us E+F 0972 0.945 0.009 0.018 0917 0917 0917 0917 0.834 0917 0.917
M+E 0.928 + 0.929 +
21 us +E 0.972 0.945 0.008 0.016 0921 0921 0921 0921 0842 0.921 0.921
0.965 0.930 0913 0914 0913 0913 0.827 0.913 0.913
Overall us Xto + + = = + + + + + + +
0.008 0.016 0.006 0.005 0.006 0.006 0.011 0.006 0.006
Random Forest hyperparameters
RandomForestClassifier (n _estimators=120, criterion = 'entropy', max leaf nodes =

150,

random_ state=0)
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Table S5: Performances for all XGB models (the best model is highlighted in green).

Model Subset EPS Training set Test set
(XGB#) Q MCC 5-CV 10-CV Q P SE SP MCC AUC fl
0.807 + 0.812 +
1 DS M 0.979 0.957 0.028 0.023 0.789 0789 0789 0.791 0579 0.790 0.789
0.827 + 0.834 +
2 DS E 0.995 0.991 0.026 0.029 0.853 0.854 0.853 0.850 0.705 0.851 0.852
0.822 + 0.826 +
3 DS F 0.994 0.988 0.038 0.041 0.826 0.825 0.826 0.825 0.650 0.826 0.825
0.813 + 0.835 +
4 DS M+E 0995 0991 0.026 0.032 0.867 0.867 0.867 0.865 0.733 0.866 0.866
0.822 + 0.830 +
5 DS M+F 0995 0.991 0.035 0.032 0.844 0844 0844 0846 0.689 0.845 0.844
0.841 + 0.846 +
6 DS E+F 0998 0.997 0015 0039 0.803 0.807 0.803 0.810 0.613 0.806 0.803
M+E 0.823 + 0.847 +
7 DS +E 0.995 0.991 0.025 0.032 0.858 0.857 0.858 0.857 0.715 0.858 0.857
0.993 0.987 0.834 0835 0834 0835 0669 0835 0.834
Overall DS Xto i i - - + + + + i + +
0.004  0.008 0.024 0.024 0.024 0.022 0.047 0.023 0.024
0.848 + 0.845 +
8 oS M 0.977 0.944 0.024 0.036 0.808 0.777 0.808 0.661 0510 0.735 0.750
0.865 + 0.857 +
9 (OR) E 0.994 0.985 0.022 0.028 0876 0852 0876 0.817 0.699 0.846 0.849
0.864 + 0.857 +
10 (OR) F 0.985 0.963 0.019 0.023 0861 0.838 0861 0773 0.654 0.817 0.826
0.859 + 0.858 +
11 oS M+E 0995 0.987 0.015 0.022 0.866 0.838 0.866 0.807 0.675 0.836 0.837
0.864 + 0.856 +
12 (O} M+F 0995 0.987 0.026 0.039 0861 0836 0861 0778 0.656 0.819 0.827
0.864 + 0.866 +
13 oS E+F 0995 0.987 0.024 0.022 0.887 0.863 0.887 0.842 0.727 0.865 0.864
M+E 0.859 + 0.856 +
14 oS +E 0.995 0.987 0.023 0.026 0.863 0.834 0.863 0.811 0671 0.837 0.835
0991 0.977 0.860 0.834 0860 0.784 0.656 0.822 0.827
Overall oS Xto i i - - + + + + i + +
0.006 0.014 0.015 0.016 0.015 0.040 0.042 0.027 0.022
0.921 + 0918 +
15 us M 0.977  0.955 0.011 0.014 0.908 0909 0.908 0.908 0.817 0.908 0.908
0931 + 0933+
16 us E 0.994 0.989 0014 0.022 0939 0940 0939 0939 0.879 0.939 0.939
0.930 + 0.935 +
17 us F 0.988 0.975 0.009 0.014 0.937 0938 0937 0937 0875 0937 0.937
0932 + 0933+
18 us M+E 099 0.993 0018 0.016 0935 0937 0935 0936 0.873 0936 0.935
0.938 + 0.941 +
19 uUs M+F 0996 0.993 0015 0017 0.941 0941 0941 0941 0.882 0941 0.941
0931+ 0.940 +
20 us E+F 0997 0.99 0.014 0.016 0.932 0932 0932 0932 0864 0932 0.932
M+E 0.933 + 0.939 +
21 us +E 0.997 0.994 0,014 0.016 0.941 0941 0941 0941 0.882 0941 0.941
0.992 0.985 0933 0934 0933 0933 0.867 0.933 0.933
Overall us Xto e e - - + + + + + + +
0.006 0.011 0.008 0.008 0.008 0.008 0.015 0.008 0.008

XGB hyperparameters

XGBClassifier (base score=0.5, colsample bylevel=l,
colsample bytree=1, gamma=0, gpu id=0,

colsample bynode=1,

importance type='gain', learning rate=0.300000012, max delta step=0,

max depth=6, min child weight=1, n estimators=120, n_ jobs=0,
random_state=123,

num parallel tree=1l, objective='binary:logistic',
reg lambda=1, scale pos weight=1, subsample=1)

reg alpha=0,
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Table S6. Calculated IR spectrum of 1.2

1A 1B

v |IR v |IR v |IR v |IR
3135.1 4.2 1092.2 117.2 3136.5 4.2 1092.6 1145
31275 6.5 1075.6 60.6 31279 6.4 10776 63.0
3108.1 11.2 1062.0 107.3 3106.3 11.2 1064.1 117.2
3098.0 11.7 1056.1 18.0 3097.9 11.7 10550 7.0
30944 7.6 10554 29.9 30944 7.6 10546 32.8
3049.3 4.3 1050.7 2.7 3049.2 4.2 1050.3 1.4
3031.1 24.6 1042.3 5.7 3031.3 222 10424 5.6
3028.4 16.9 10240 6.1 3027.5 19.6 10254 6.0
3011.4 27.8 10134 23.2 3011.8 254 1013.7 19.6
3009.6 40.8 1010.8 36.7 3009.7 49.8 10119 411
3008.3 40.8 1003.4 51.0 3007.3 27.0 1004.1 47.8
3007.6 29.0 999.2 781 3007.0 30.9 999.1 804
3006.1 9.8 991.1 3.9 3005.7 20.1 9916 100
3003.2 16.4 989.1 29.0 30019 11.6 989.0 22.0
3000.5 16.8 958.1 2.2 2999.9 15.7 956.9 34
2994.8 43.8 9546 1.3 2995.2 46.6 953.6 0.9
29904 2.1 9515 0.3 29903 2.1 9518 0.3
2980.1 52.8 939.6 5.5 29799 56.7 938.2 3.7
2979.3 224 9346 0.1 2978.7 23.3 9339 0.1
2976.3 133.2 927.8 9.0 2976.2 129.5 9279 154
29739 31.9 9246 121 2974.3 33.7 924.0 55
2973.2 53 903.9 555 29728 3.1 903.6 54.7
2971.7 94.9 902.3 0.9 29714 96.2 901.8 0.6
29704 235 8895 1.1 2970.1 245 890.2 3.1
2962.5 80.8 886.5 0.6 2961.7 76.8 8839 0.5
2959.3 0.3 878.7 24 2959.0 0.7 878.3 0.2
2958.2 15 876.7 0.1 29576 1.0 876.7 1.8
2956.1 0.5 860.9 1.0 29559 0.6 863.1 0.3
29448 25.2 858.8 3.2 29438 24.7 859.6 4.5
29329 16.5 839.4 309 2934.4 155 837.8 30.2
1782.1 235.3 8275 1.1 1782.0 234.2 8271 2.1
16129 55 8164 0.7 16129 5.7 8146 0.7
15936 1.4 803.2 5.6 15934 14 8045 4.0
1506.4 93.5 7895 0.9 1506.5 93.7 789.6 14
1488.5 8.8 786.1 0.3 1485.7 8.3 7838 0.9
14716 3.3 775.8 3.0 14725 35 7764 3.5
14705 12.6 770.2 5.7 1469.9 13.3 7719 5.0
1466.9 14.4 765.7 04 1466.5 14.1 762.2 0.2
1460.1 1.1 750.0 2.8 1458.0 5.2 750.0 23
1459.3 54 7271 04 14569 1.5 726.2 04
1457.3 6.9 6774 0.2 14556 6.1 6754 0.8
14536 0.1 668.3 1.8 14535 04 667.9 24
1446.4 10.1 663.8 4.1 1446.6 9.7 663.7 3.6
14456 4.1 642.6 4.6 14427 4.9 6425 3.9
14424 16.1 638.2 0.2 1442.2 15.6 638.0 0.1
1420.0 2.0 629.6 0.9 14205 2.2 626.4 0.6
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1381.9
1372.0
1371.0
1366.2
1357.3
1357.1
1355.6
1347.6
1343.3
1333.2
1331.2
1324.9
1322.0
1313.7
1312.1
1302.7
1301.7
1301.4
1295.1
1288.9
1274.8
1268.0
1257.9
1250.8
12451
1239.4
1220.2
1202.9
1196.9
1187.1
11714
1163.9
1157.7
1133.9
1121.9
1113.7
11111
1107.9
1102.0
1098.4

9.9
43.7
25.8
3.8
44
1.9
15
0.2
0.2
5.9
3.7
0.2
0.2
2.5
5.1
1.8
0.5
0.0
0.6
24.7
3.5
4.1
2.6
0.03
7.7
14.8
31.4
34.8
176.5
495.1
13.8
93.1
0.3
10.5
4.1
5.0
15.9
83.7
64.1
1.3

586.3
580.2
542.3
538.1
520.2
493.0
476.1
472.2
457.8
440.4
437.8
429.2
417.3
414.9
403.1
390.7
381.5
361.5
339.6
3315
301.5
298.6
267.6
259.6
237.3
216.0
188.4
158.0
131.5
113.8
96.8

85.9

70.9

52.6

449

39.4

23.9

18.4

10.8

4.0
12.5
11.0
8.9
0.4
3.9
11.6
1.5
0.7
0.1
0.3
0.2
0.9
0.1
0.7
3.0
21
1.2
5.1
0.5
1.7
1.0
0.7
1.7
1.9
0.8
0.3
0.7
0.7
1.2
19
1.7
0.3
0.3
0.6
0.5
0.3
1.5
0.3

Appendix

1383.0
1372.5
1371.6
1366.6
1358.2
1356.5
1355.9
1347.1
1342.2
1334.0
1331.3
1324.6
1322.4
1316.1
1313.1
1302.7
1302.2
1301.1
1295.0
1289.7
1276.0
1267.5
1258.8
1250.4
1246.6
1240.6
1221.0
1202.4
1197.4
1187.1
1170.6
1163.9
1158.2
1133.9
1120.4
1113.0
1110.7
1108.5
1102.4
1097.8

9.8
2.0
67.9
4.1
5.8
1.5
0.2
0.1
0.2
6.5
2.9
0.04
0.03
2.9
5.2
1.2
11
0.01
0.7
21.9
3.3
4.9
2.1
0.03
6.4
16.4
29.9
31.3
169.7
514.7
12.9
85.7
0.4
11.5
2.7
8.4
15
93.2
73.9
1.7

585.9
579.9
541.8
538.2
519.0
492.2
477.1
471.4
455.9
436.8
436.2
423.9
416.8
414.7
4015
388.0
380.8
357.4
339.2
329.1
302.9
294.6
268.8
259.6
232.9
214.3
188.0
157.3
127.8
114.9
99.1

87.3

72.2

51.0

41.2

34.3

20.1

16.6

154

3.9
11.2
7.6
13.9
0.3
4.0
11.6
1.1
1.3
0.2
0.1
0.4
0.3
0.2
1.0
1.4
3.4
2.0
4.7
0.5
1.6
1.0
05
1.6
0.4
2.3
05
0.7
0.3
1.1
2.0
1.9
0.3
0.2
0.6
0.5
0.7
0.2
1.1

2 frequencies (v) in cm~ were scaled by 0.980; infrared intensities (I') in km mol=—.
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Table S7. Calculated IR spectrum of 2.2

2A 2B

v |IR v |IR v |IR v |IR
10715 9.2 3138.1 3.8 1072.0 9.3 10715 9.2
1059.2 1.2 3128.0 6.3 1058.4 0.6 1059.2 1.2
10546 1.6 31089 11.2 10555 1.9 10546 1.6
1052.4 25.6 3097.7 114 10525 226 10524 25.6
1046.3 140.5 30945 7.6 1046.6 145.0 1046.3 140.5
10424 5.8 3063.7 7.2 1042.1 5.9 1042.4 5.8
1026.6 1.4 30489 4.2 10282 14 1026.6 1.4
1013.8 21.5 3040.7 12.6 1013.7 27.2 10138 215
10119 13.9 3031.8 20.0 1011.2 84 1011.9 13.9
999.3 913 3016.7 29.4 999.1 90.3 999.3 913
9915 16 3015.8 30.0 9923 1.6 9915 16
9825 56.5 3014.5 39.1 982.3 559 9825 56.5
979.1 193 3013.0 199 980.0 191 9791 193
970.0 45 3011.2 131 969.9 45 970.0 45
956.1 0.1 3010.3 10.7 9559 0.1 956.1 01
9422 53 2997.8 31.7 9413 3.7 9422 53
9334 0.2 2990.0 2.0 933.0 15 9334 0.2
928.9 3.0 2985.0 18.0 9285 4.1 9289 3.0
926.7 53 2980.9 634 926.1 49 926.7 5.3
9129 29.7 2980.1 3.1 9146 304 9129 297
905.2 48.0 2978.2 60.1 905.2 396 9052 48.0
902.3 5.0 2977.8 90.3 9034 110 9023 5.0
897.1 26 2975.6 24.9 898.2 43 897.1 2.6
8915 21 2973.2 88.2 891.7 21 8915 21
882.1 05 2965.5 77.2 883.1 0.2 882.1 05
8751 0.1 2962.7 1.3 876.6 0.1 875.1 0.1
8614 4.6 2960.6 2.6 860.5 4.3 8614 4.6
856.4 0.6 2958.8 0.9 856.9 1.0 856.4 0.6
8521 1.2 29449 241 852.1 28 8521 1.2
839.8 29.8 2936.0 17.6 838.7 259 839.8 29.8
831.0 0.1 1782.0 2324 8305 29 831.0 0.1
817.0 0.7 16129 6.2 8159 0.8 817.0 0.7
7984 47 15934 14 8015 2.7 7984 47
7905 2.8 1506.5 94.0 7925 1.0 7905 238
788.7 1.0 1486.8 8.2 786.6 4.5 788.7 1.0
771.0 1.3 1470.6 2.3 7721 1.8 771.0 13
766.5 0.5 1469.3 11.1 766.0 0.2 766.5 0.5
759.6 0.7 1467.4 154 760.2 0.8 759.6 0.7
726.9 04 14615 105 726.9 0.3 726.9 04
7148 1.3 1459.7 1.7 7146 14 7148 1.3
673.9 6.5 1457.7 6.0 6755 6.2 673.9 6.5
663.6 5.8 14534 0.1 664.0 2.3 663.6 5.8
661.1 0.9 14484 5.1 663.6 4.6 661.1 0.9
637.7 0.2 14465 9.8 637.9 0.2 637.7 0.2
6324 1.8 1442.3 16.0 633.7 1.3 6324 1.8
618.9 1.8 1421.0 1.9 618.0 2.3 618.9 1.8
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5858 3.7 1378.9 5.7 5853 3.8 585.8 3.7
564.0 18.3 13726 1.0 5643 163 5640 183
5432 164 1371.0 61.2 5429 105 5432 164
5405 1.0 1366.8 1.5 540.2 100 5405 1.0
5272 0.2 1359.6 1.2 5280 0.9 5272 0.2
5174 1.7 1358.2 0.2 5199 1.0 5174 1.7
501.6 3.9 1357.6 2.2 501.7 54 5016 3.9
484.7 16.6 13484 1.4 485.0 13.0 4847 16.6
473.8 04 1345.7 0.6 473.1 0.6 473.8 0.4
456.7 1.1 1335.1 5.2 457.1 0.9 456.7 11
4415 0.04 13345 1.7 442.1 0.6 4415 0.04
4380 04 1325.9 0.01 4404 04 438.0 04
4254 0.2 13252 0.1 4275 04 4254 0.2
419.8 04 1316.5 2.7 422.1 04 419.8 04
4154 0.05 13113 3.6 4154 0.04 4154 0.05
4026 1.0 13045 0.2 401.1 0.6 4026 1.0
397.1 0.7 1303.7 0.2 3978 1.0 3971 0.7
379.8 2.7 1302.9 1.9 3806 2.7 379.8 2.7
3733 04 12969 0.8 3784 05 3733 04
3358 7.0 1287.6 14.3 3364 6.4 3358 7.0
330.2 0.1 12778 2.7 331.1 05 330.2 01
3247 0.05 1276.8 3.5 3286 0.1 3247 0.05
296.7 7.9 1268.6 9.4 2988 7.8 296.7 7.9
2725 1.6 1258.6 0.7 2729 1.3 2725 1.6
2549 03 12525 0.1 2610 1.7 2549 0.3
2523 1.9 1239.1 145 2529 1.9 2523 1.9
2393 26 12232 211 2276 03 2393 26
2128 0.6 1202.4 28.3 2172 2.2 2128 0.6
179.0 01 11976 1731 189.0 05 179.0 0.1
1556 1.4 1187.9 523.8 1547 0.8 1556 14
1234 14 1178.6 8.7 1206 04 1234 14
1189 04 1164.3 94.8 1198 05 1189 04
98.5 2.1 1163.2 15 1020 2.7 98.5 2.1
86.9 1.8 11331 2.9 90.6 1.9 86.9 1.8
73.6 0.1 11215 9.0 74.9 0.3 73.6 0.1
60.5 0.2 1115.0 1.7 56.6 0.3 60.5 0.2
53.5 0.3 11115 0.0 53.9 0.1 53.5 0.3
44.5 1.2 1102.1  26.7 443 1.1 44.5 1.2
29.4 0.2 11009 8.4 29.3 0.05 294 0.2
19.9 1.3 1096.7 5.7 18.6 0.3 19.9 1.3
13.2 0.5 1080.6 7.9 13.8 1.8 13.2 0.5

2 frequencies (v) in cm were scaled by 0.980; infrared intensities (I'?) in km mol=.
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1A 1B

Figure S1. Molecular pairs of the crystal structure of 1, including the identification of
the intermolecular contacts.
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VI

Figure S2. Molecular pairs of the crystal structure of 1, including the identification of
the intermolecular contacts.
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Figure S3. Infrared spectra (ATR; room temperature) of 1 and 2.
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Appendix 1- DFT data: Energies and Cartesian Coordinates

SSA

SCF energy: -2433.96928181 Hartree

Free energy correction: 0.091992 Hartree

8
14
16
8

o b

PRPRRPRPRPP 00000000 EREOREREQOOO O

2.38¢g
SCF energy: -536.656531855 Hartree

-6.220583000
-7.962409000
-5.379858000

-3.967861000

-5.906551000

-5.799357000

-8.334712000

-8.490153000

-8.443839000

-5.448394000

-3.527184000

-2.601153000
-1.307491000
-3.470834000

-2.556637000

-4.507025000

-4.233690000

-0.150877000

-0.796971000

-2.019356000

-0.477232000

-2.505350000

-0.190229000

-8.102504000

-8.399709000

-7.811778000

3.954129000
4.012027000
3.103235000

3.411075000

3.800398000

1.704450000

4.482351000

2.508088000

5.170945000

3.378592000

2.150853000

4.459194000
3.779864000
3.548778000

2.723521000

4.349938000

2.568464000

3.291992000

4.926537000

2.533931000

2.924200000

2.775234000

5.599071000

5.103025000

5.436301000

1.828918000

-3.846679000
-3.911384000
-2.832415000

-3.034574000

-1.468127000

-2.847496000

-5.422616000

-3.599277000

-2.866124000

-0.693753000

-0.165712000
0.496332000
-0.430857000

1.481821000
2.262006000
2.078900000
0.398262000
0.602431000

-1.459875000

-1.238253000
1.441865000

-2.057401000

-1.119804000

-1.961701000

-5.570776000

-3.440007000

Free energy correction: 0.151715 Hartree

PR ORRORRPRORRPRREPERERERODOOODOD D

1.676965000
1.086287000
0.717946000
-0.578463000
-1.563851000
0.536127000
0.702845000
1.405520000
1.531960000
0.415444000
0.891025000
-0.318910000
-1.467726000
3.136392000
3.276476000
3.792784000
3.512564000
3.473363000
4.546139000
2.557134000
2.694117000
2.791954000

2.37b

SCF energy: -464.792020119 Hartree

-0.653092000
-0.777591000
-0.194911000
-0.571856000
-0.332511000

1.904379000

1.223259000
-0.170826000
-1.732512000
-0.373788000
-1.855211000

1.533143000

0.632809000
-0.350413000

0.736734000
-0.727231000
-0.973898000
-2.070418000
-0.716053000
-0.510493000

0.563817000
-1.017300000

-0.347322000
2.125914000
0.756518000
0.291520000
1.337870000

-0.315824000
0.959692000

-1.288967000

-0.473773000
2.887954000
2.066546000

-0.615142000
1.468120000
0.024611000
0.065219000

-0.768854000
1.376274000
1.294423000
1.637980000
2.485510000
2.659718000
3.429459000

Free energy correction: 0.193117 Hartree

8

[e e NeNe e le el e N0

-4.591163000
-3.537681000
-3.660603000
-3.625384000
-4.808786000
-6.144676000
-6.174124000
-6.057331000
-4.720858000
-4.693319000

-0.047254000
-2.030777000
-3.441031000
-3.332494000
-2.460515000
-3.102852000
-3.212384000
-1.801996000
-1.147346000
-1.082616000

1.548610000
-1.079866000
-0.467432000

1.071171000

1.564321000

1.108690000
-0.429836000
-1.043208000
-0.607143000

0.918111000
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SCF energy: -3435.45999825 Hartree

-4.993015000
-2.584710000
-3.543250000
-2.821020000
-3.695236000
-2.673483000
-4.781534000
-6.243668000
-6.991617000
-7.121398000
-6.092723000
-6.902868000
-4.633919000
-5.018658000
-5.079087000

-4.082167000
-1.570312000
-2.088153000
-4.060822000
-4.329505000
-2.895758000
-2.336677000
-4.096936000
-2.501549000
-3.668991000
-1.857451000
-1.176996000
-0.128738000
-4.182343000
-5.095833000

-0.908724000
-0.787986000
-2.176928000
-0.808057000
1.527295000
1.400889000
2.651715000
1.565766000
1.464674000
-0.744718000
-2.139846000
-0.727080000
-0.998763000
-2.002509000
-0.493693000

Free energy correction: 0.478933 Hartree

o b

-5.894249000
-7.387062000
-5.555122000

-4.169872000

-5.692099000

-6.590982000

-7.504343000

-8.575547000

-7.234948000

-5.334115000
1.675588000
1.092517000
0.722563000

-0.572487000

-1.550344000
0.638895000
0.746131000

-4.740585000
1.401363000
1.524209000
0.430081000
0.884888000

-0.294771000

-4.602854000

-3.072226000
-1.835424000
-3.437249000

-2.275147000

-4.140219000

-4.472926000

-0.361645000

-2.351638000

-1.825591000
-1.721375000
0.213490000
-2.601984000
-1.641417000
-6.864620000
-7.110049000
-8.293898000
-3.525327000
-3.659553000
-3.612068000
-4.793269000
-6.138709000
-6.170403000
-6.048828000
-4.698457000
-4.711632000
-4.996318000
-2.567932000
-3.561363000

3.439453000
4.320437000
2.461152000
2.025336000
3.511406000
1.435890000
4.721417000
3.300475000
5.687216000
3.099198000
-0.663547000
-0.754475000
-0.183674000
-0.564212000
-0.464626000

1.921379000

1.231982000
-0.063764000
-0.195947000
-1.744102000
-0.329337000
-1.830686000

1.752030000
1.294052000

4.252114000
4.225538000
3.102109000
2.248803000
3.705773000
2.282686000

4.511885000
5.448055000
2.732883000
0.502695000

3.716148000
2.460043000
5.963906000
5.583858000
5.569700000
2.425576000

-2.042584000

-3.449528000

-3.334037000

-2.458257000

-3.098039000

-3.204984000

-1.793762000

-1.147628000

-1.102525000

-4.083630000

-1.591986000

-2.093682000

-3.769174000
-3.939369000
-2.585890000

-2.719178000

-1.372771000

-2.466334000

-5.512080000

-3.503482000

-3.058443000

-0.531722000

-0.345179000
2.132878000
0.757355000
0.298325000
1.371686000

-0.319714000
0.957784000
1.575983000

-1.293529000

-0.453220000
2.889986000
2.090138000

-0.589129000
1.024165000
0.586704000
-0.599062000

1.620902000
1.865016000
2.729122000
0.681916000
0.013456000

-1.555856000

-1.291931000
1.421378000
0.075134000
-1.821894000
-1.963021000
-2.168242000
-5.759711000
-3.183470000
-1.084108000
-0.471118000
1.065767000
1.562095000
1.110159000
-0.427534000
-1.036050000
-0.602728000
0.905674000
-0.908060000
-0.806533000
-2.180016000
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SCF energy: -3435.46579315 Hartree

-2.823573000
-3.693133000
-2.663117000
-4.765804000
-6.227393000
-6.982648000
-7.122482000
-6.074496000
-6.887961000
-4.608433000
-5.026217000
-5.090410000
3.138600000
3.287746000
3.789075000
3.515692000
3.468710000
4.552279000
2.568212000
2.715217000
2.803303000

-4.073049000
-4.324751000
-2.892183000
-2.326147000
-4.089618000
-2.497187000
-3.652359000
-1.833636000
-1.160299000
-0.137827000
-4.184238000
-5.095798000
-0.366720000
0.719528000
-0.756851000
-0.979308000
-2.076391000
-0.726666000
-0.499218000

0.574827000
-1.000644000

Appendix

-0.812147000
1.532148000
1.387625000
2.647795000
1.572322000
1.473116000

-0.740131000

-2.131654000

-0.722828000

-1.011443000

-2.001289000

-0.491591000
0.015496000
0.044268000

-0.776648000
1.372044000
1.300117000
1.627234000
2.481108000
2.647088000
3.427979000

Free energy correction: 0.482087 Hartree

8
14
16
8

[p SN

DR RPRPRPRPRPRPRPOMOO0O0OO0OO0ORERORRPRPRPEPRFP0000000OOOR OO0 O

-5.955530000
-7.359555000
-5.699338000

-4.348858000

-5.769886000

-6.806006000

-7.406672000

-8.643139000

-7.117680000

-5.311367000
1.547097000
0.933465000
0.591684000

-0.705922000

-1.704778000
0.561040000
0.633637000

-4.643739000
1.292304000
1.378539000
0.270050000
0.708620000

-0.387711000

-4.609525000

-3.117774000
-1.899733000
-3.462072000

-2.248077000

-4.075219000

-4.496349000

-0.403238000
-2.410108000
-1.882910000
-1.795262000
0.163309000
-2.695611000
-1.691532000
-6.699061000
-6.937115000
-8.437425000
-3.432029000
-3.550873000
-3.392105000
-4.518875000
-5.911331000
-6.046238000
-5.944108000
-4.541906000
-4.503655000
-4.925268000

3.371929000
4.393994000
2.328996000
1.790285000
3.315807000
1.371814000
4.973370000
3.433385000
5.634267000
2.902398000
-0.839986000
-0.675840000
-0.237121000
-0.648252000
-0.393714000

1.754909000

1.186310000
-0.060799000
-0.459598000
-1.923587000
-0.165670000
-1.747895000

1.634954000

0.914764000

4.186414000
4.090901000
3.094487000

2.303313000

3.812227000

2.196123000

4.413844000
5.250540000
2.558277000
0.591968000

3.623147000
2.257127000
5.706381000
5.401477000
5.808467000
2.530679000

-1.903660000

-3.334982000

-3.293303000

-2.424817000

-3.026965000

-3.054032000

-1.614995000

-1.008609000

-1.063470000

-3.927130000

-3.677491000
-3.777255000
-2.524819000

-2.675352000

-1.272966000

-2.469606000

-5.298376000

-3.497287000

-2.743130000

-0.451857000

-0.247127000
2.221132000
0.790916000
0.355824000
1.384305000

-0.486248000
0.850995000
1.695385000

-1.238858000

-0.251868000
2.923127000
2.282993000

-0.733187000
1.221977000
0.307780000
-0.866828000

1.441476000
1.706615000
2.541026000
0.682370000

-0.320414000
-1.907356000
-1.487051000
1.376075000

-0.194261000
-1.941253000
-2.367790000
-1.898966000
-5.435190000
-3.198216000
-1.159119000
-0.604959000
0.927507000
1.548031000
1.158614000
-0.375797000
-0.916696000
-0.547754000
0.940953000
-0.977742000
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TS1
SCF energy: -3435.44919172 Hartree

-2.447965000
-3.563063000
-2.751473000
-3.464284000
-2.416787000
-4.421034000
-5.971608000
-6.716159000
-7.026581000
-6.033261000
-6.747179000
-4.461650000
-5.032217000
-5.011217000
3.011162000
3.180369000
3.663406000
3.360397000
3.294888000
4.398233000
2.408896000
2.570913000
2.624427000

-1.482709000
-1.895425000
-3.953093000
-4.300758000
-2.881187000
-2.339892000
-4.037201000
-2.435541000
-3.467591000
-1.584588000
-0.984286000

0.018325000
-3.974467000
-4.955881000
-0.534443000
0.546324000
-1.013613000
-1.014620000
-2.112550000
-0.755040000
-0.410272000

0.672634000
-0.817126000

-0.940343000
-2.247987000
-1.031405000
1.356020000
1.202260000
2.633756000
1.581161000
1.612460000
-0.643354000
-2.007996000
-0.517855000
-0.907173000
-2.069177000
-0.602981000
0.103220000
0.024620000
-0.636897000
1.519377000
1.556743000
1.761990000
2.562237000
2.620536000
3.557800000

Free energy correction: 0.486319 Hartree
Imaginary Frequency: 448.8 icm™

8
14
16
8

[o2 0 SN

8
8
8
8
8
1
6
6
6
8
8
8
8
8
1
1
1
1
1
1
8
1
1
8
8
8
8
8
8
1
1
1
1
1
1
1
6
6
6
6
6
6
6

-6.095728000
-7.694780000
-5.574275000

-4.166102000

-5.731652000

-6.487724000

-7.928930000

-8.726784000

-7.684573000

-5.316822000
1.109405000
0.294420000
0.164304000

-1.136651000

-2.200170000
0.518508000
0.400050000

-4.382138000
1.004822000
0.794998000

-0.346781000

-0.085367000

-0.417070000

-4.645151000

-2.999601000
-1.734739000
-3.433985000

-2.218865000

-3.815662000
-4.544088000
-0.255807000
-2.149284000
-1.750229000
-2.286382000
0.257885000
-2.550491000
-1.399714000
-7.205925000
-7.661136000
-8.319787000
-3.269912000
-3.310073000
-2.753967000
-3.613636000
-5.080074000
-5.627414000
-5.576133000

3.395105000
4.078034000
2.473013000
2.176005000
3.510750000
1.345440000
4.573372000
2.876429000
5.382908000
3.126615000
-0.998212000
-0.797707000
-0.278061000
-0.497638000
-0.191735000

1.712543000

1.110590000
-0.094157000
-0.564510000
-2.047025000
-0.206826000
-1.826513000

1.741577000

0.749869000

4.298458000
4.260542000
3.136514000
2.225350000
3.762931000
2.396313000
4.463457000
5.533716000
2.788703000
0.960884000

3.638960000
2.553621000
5.994116000
5.270321000
5.484364000
2.067099000

-1.768599000

-3.208022000

-3.219720000

-2.313294000

-2.830241000

-2.793766000

-1.348524000

-3.801038000
-3.867310000
-2.634882000

-2.877358000

-1.425557000

-2.445804000

-5.400187000

-3.498462000

-2.882874000

-0.577159000

-0.194738000
2.216683000
0.780233000
0.187732000
1.156648000

-0.432482000
0.885559000
1.756822000

-1.191424000

-0.247937000
2.875602000
2.222905000

-0.754587000
1.311546000
0.319011000
-0.815178000

1.334456000
1.419906000
2.581162000
0.614750000

-0.169828000
-1.754706000
-1.565322000
1.220228000

-0.050909000
-2.079192000
-2.157427000
-2.046334000
-5.586556000
-3.141992000
-1.463258000
-0.912239000
0.528288000

1.435693000
1.420844000

-0.021755000
-0.563042000
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SCF energy: -3435.45404335 Hartree

-4.104781000
-3.678524000
-4.767073000
-2.241787000
-3.706657000
-2.691301000
-2.778712000
-1.708767000
-3.230309000
-5.090760000
-5.697002000
-6.667949000
-5.948125000
-6.217427000
-4.063229000
-5.160192000
-4.812451000
2.562151000
2.884748000
3.206606000
2.704572000
2.483025000
3.740660000
1.755447000
2.063774000
1.811932000

-0.834629000
-0.883349000
-3.713346000
-1.414790000
-1.737320000
-3.857246000
-4.238816000
-2.896984000
-2.289917000
-3.857418000
-2.221450000
-3.141864000
-1.302881000
-0.690733000

0.195965000
-3.723422000
-4.746395000
-0.907804000
0.139848000
-1.456514000
-1.468437000
-2.546166000
-1.365589000
-0.759342000
0.286126000
-1.220433000

Appendix

-0.558264000
0.910207000
-0.912350000
-1.550062000
-2.469296000
-1.544520000
0.935563000
0.533532000
2.461350000
1.807144000
2.088856000
-0.022857000
-1.592170000
0.032947000
-0.923001000
-1.937745000
-0.541265000
0.300080000
0.276107000
-0.396781000
1.721939000
1.711417000
2.066063000
2.698675000
2.816280000
3.691774000

Free energy correction: 0.487995 Hartree

8
14
16
8

-6.284596000
-7.908038000
-5.650999000

-4.255577000

-5.742502000

-6.514468000

-8.263394000

-8.868153000

-7.870613000

-5.288113000
1.167039000
0.172262000
0.121965000

-1.111913000

-2.221027000
0.487883000
0.322972000

-4.298820000
1.121775000
0.889976000

-0.534752000

-0.174855000

-0.442259000

-4.544661000

-2.673288000
-1.604636000
-3.352951000

-2.171001000

-3.809241000

-4.343942000

-0.048238000

-2.047884000

-1.887835000

-2.247566000
0.407335000

-2.696274000

-1.335679000

-7.384572000
-8.040074000
-8.417051000
-3.214041000
-3.275104000
-2.696089000
-3.509177000
-4.982032000

3.505554000
4.137427000
2.625618000
2.369516000
3.699998000
1.484994000
4.537178000
2.934966000
5.498064000
3.331313000
-1.148335000
-0.744081000
-0.380376000
-0.688200000
-0.182450000

1.506214000

1.032286000
-0.115346000
-0.816612000
-2.208911000
-0.121282000
-1.781320000

1.511289000

0.711210000

4.413721000
4.162167000
3.360038000

2.378375000

4.065527000

2.588976000

4.255864000

5.399021000

2.647956000
1.468849000

3.387814000

2.501106000

5.778890000
5.436977000
5.441706000
2.135115000

-1.864146000

-3.292926000

-3.295035000

-2.337723000

-2.824465000

-3.719682000
-3.699890000
-2.580960000

-2.921437000

-1.383632000

-2.282867000

-5.236247000

-3.177754000

-2.795395000

-0.566671000

-0.065707000
2.248917000
0.757737000
0.115405000
0.946088000

-0.621298000
0.745377000
1.598944000

-1.105367000

-0.041578000
2.801752000
2.331326000

-0.953147000
1.138363000
0.441368000
-0.875771000

1.408069000
1.786955000
2.577543000
0.604198000

-0.430892000

-1.844411000

-1.458865000
1.357036000

-0.361121000

-1.995157000

-2.377972000
-1.958585000
-5.497412000
-2.855239000
-1.607436000
-1.028454000
0.402992000
1.303816000
1.330558000

342

RPRORRPRORRORRPRREPRPRRRREPREPREPRPRPRLRRLRODODDODOD

v

SCF energy: -3435.46774741 Hartree

-5.562531000
-5.492760000
-4.018101000
-3.518822000
-4.742567000
-2.178845000
-3.661060000
-2.683372000
-2.755978000
-1.639700000
-3.099963000
-5.009488000
-5.575163000
-6.609738000
-5.887805000
-6.112745000
-3.958933000
-5.157689000
-4.801844000
2.576188000
2.871027000
3.286575000
2.630712000
2.440641000
3.635673000
1.591804000
1.861526000
1.590183000

-2.810471000
-1.380480000
-0.898527000
-0.901218000
-3.765433000
-1.533905000
-1.847660000
-3.967657000
-4.305733000
-3.015738000
-2.309410000
-3.843976000
-2.189558000
-3.138117000
-1.358513000
-0.699098000

0.124014000
-3.785104000
-4.790771000
-0.959204000
0.092015000
-1.549538000
-1.371396000
-2.451997000
-1.198803000
-0.604085000
0.458334000
-0.961726000

-0.100497000
-0.678316000
-0.705647000
0.753035000
-0.991418000
-1.711889000
-2.610196000
-1.660732000
0.829037000
0.384055000
2.320461000
1.737707000
1.995101000
-0.070276000
-1.700832000
-0.086682000
-1.098267000
-2.008498000
-0.600748000
0.517263000
0.412536000
-0.073659000
1.994967000
2.077413000
2.398851000
2.825164000
2.857775000
3.861768000

Free energy correction: 0.494983 Hartree

8
14
16
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-5.080782000
-4.835257000
-5.948879000

-6.029250000

-5.080714000

-7.210783000

-3.757964000

-6.251955000

-4.214186000
0.299898000

-2.144343000

-1.088569000

-1.351211000

-2.807903000

-2.021965000

-0.830541000

-3.101420000

-2.689880000
-2.120485000
-3.071885000

-4.481594000

-3.214564000

-2.149524000

-0.818002000

-1.752419000

-3.314911000

-2.078365000

-3.483581000

-4.475548000

-4.516523000

-4.960288000

-3.981401000

-2.567628000

-2.102297000

-3.094765000

-3.945875000
0.743945000
-0.317755000
-1.685466000
-3.864470000
-2.893474000
-7.018382000
-4.584039000

3.770819000
4.177816000
2.428541000

2.429224000

1.296239000

2.540446000

5.385253000

4.675786000

2.792773000

-0.670741000
-0.308673000
-0.189835000
-1.003440000
-1.184399000

1.789780000
1.165355000

0.200506000

3.020704000
4.563238000
2.642408000

3.319648000
1.174647000
3.251226000

4.965309000

4.283105000
5.656305000

-3.498051000
-4.127407000
-3.309384000
-1.849043000
-1.833770000
-2.667908000
-2.060819000
-2.042172000
-1.259784000
-4.118986000

0.023368000

-0.118521000
0.391783000
0.727655000
5.168335000
4.202159000
1.996555000

-0.346521000
1.310112000
-0.725413000
-2.200376000
-0.203814000
0.005603000
1.350917000
1.941686000
2.002467000
2.201887000
2.833449000
1.729846000
0.586981000
0.385875000
0.814982000
1.353011000
-1.411896000
-2.415119000
-1.866641000
-3.914916000
-4.118494000
-3.888810000
-4.853393000
-2.752609000
-0.295526000
-2.025064000
-1.300164000
-1.413777000
-0.563169000
-1.072490000
-2.554574000
-3.408308000
-3.308120000
-1.833240000
-0.961268000
-2.886300000
3.499530000
4.599156000
4.124236000
-0.939147000
0.942888000
1.574237000
1.565292000
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SCF energy: -3435.45314152 Hartree

1.019030000

0.220621000
-3.097207000
-2.309184000
-2.486458000
-3.122858000
-5.122354000
-0.911237000
-1.611502000
-4.131147000
-1.728664000
-1.354876000
-3.448381000
-5.484888000
-4.193190000
-5.194006000
-5.971113000
-5.034912000
-4.310115000
-1.854483000
-2.539233000
-1.114518000
-3.263715000
-4.940385000

0.931465000

1.695938000
-0.405361000
-0.004640000
-1.633989000
-2.443996000

-0.504210000
-1.752487000
0.097550000
-1.376337000
2.179711000
0.405471000
3.001955000
4.827699000
3.346260000
5.443686000
-3.514964000
-4.069339000
-5.158754000
-3.732691000
-3.335516000
-1.245243000
-2.255378000
-0.808502000
-2.654228000
-2.669796000
-1.065071000
-1.584035000
-4.721812000
-4.577471000
1.084662000
-0.412310000
-1.176620000
0.425863000
1.475289000
0.234896000

Appendix

1.393217000
2.357197000
2.487327000
3.020139000
1.594316000
-2.395074000
-3.400896000
-3.709790000
-0.016644000
-1.541543000
-0.262604000
-1.894968000
-1.041191000
-0.640287000
0.494394000
-0.460854000
-2.611337000
-2.935827000
-4.454273000
-3.877722000
-3.761404000
-1.743543000
-3.500775000
-2.969723000
3.298789000
3.825416000
4.887122000
5.497884000
3.956033000
4.899622000

Free energy correction: 0.491813 Hartree
Imaginary Frequency: 23.4 icm™

8
14
16

[ee]

[ep N

8
8
8
8
8
6
6
6
8
8
8
8
8
8
1
1
8
8
8
8
8
8
6
6
6
6
6
6
6
6
6
6
6
6
6
1

-4.562717000
-3.693419000
-6.148372000

-6.515054000

-6.036899000

-6.872863000

-2.197562000

-4.497762000

-3.631619000

-0.084610000

-2.589458000

-1.350655000

-1.447280000

-2.849192000

-2.052812000

-0.995431000

-4.734742000

-3.305020000
-2.097599000
-4.239647000

-5.252851000

-4.901701000

-3.450605000

-1.100661000

-1.334224000

-2.801549000

-1.342398000

-2.478421000

-3.580716000

-4.189219000

-4.755475000

-3.629264000

-2.520940000
-1.913745000
-2.983875000
-3.054435000
0.149979000
-1.086448000
-2.335515000
-5.324929000

4.437042000
4.411615000
3.882199000

3.875308000

2.512603000

4.842998000

4.981281000

5.305307000

2.779919000

-0.814707000
-0.320054000
-0.449782000
-1.556039000
-1.817963000

1.069979000

0.719973000

0.280305000

2.574371000
3.792721000
2.333192000

3.536885000
1.057350000

2.495016000

3.683174000

3.387842000

5.252380000

-3.288967000

-4.226588000

-4.233933000

-2.781766000

-2.333334000

-2.317094000

-1.353184000

-1.830183000

-2.003440000

-3.738868000

0.180087000
0.285998000
0.661833000
0.910300000

-0.141072000
1.325376000
-0.131904000
-1.565375000
0.462600000
0.705971000
1.086042000
2.426019000
1.724202000
2.792317000
2.879204000
1.991726000
1.045583000
0.640639000
0.361665000
1.293444000
-0.733864000
-2.581244000
-2.433916000
-3.865150000
-3.805683000
-3.591745000
-5.078581000
-3.717951000
-1.033100000
-2.322466000
-1.802366000
-2.250762000
-1.173828000
-1.017392000
-2.383154000
-3.431697000
-2.969327000
-1.625140000
-0.619342000
-3.597935000
3.943257000
4.845824000
4.037255000
-0.271964000
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SCF energy: -3435.45703245 Hartree

-1.675702000
-5.422394000
-4.526224000
0.769677000
-0.233820000
-3.443829000
-2.823256000
-2.623805000
-4.718550000
-5.733341000
-1.565526000
-1.398929000
-3.508206000
-0.886537000
-0.547416000
-2.080241000
-4.411896000
-3.192375000
-4.938955000
-5.537250000
-5.222163000
-4.033912000
-1.706298000
-2.910606000
-1.142102000
-2.266329000
-3.837898000
0.395054000
1.022965000
-1.250359000
-0.912998000
-2.234624000
-3.221212000

4.502878000
5.475247000
2.412436000
-0.843152000
-1.824497000
-0.000651000
-1.317069000
1.698349000
0.637036000
3.598695000
3.533096000
2.456484000
5.305147000
-3.630927000
-3.232254000
-5.243392000
-4.890256000
-4.591422000
-2.760381000
-3.048278000
-1.354796000
-1.957670000
-1.314959000
-0.339278000
-1.158157000
-3.746450000
-4.426483000
1.164198000
-0.152721000
-0.675787000
1.030356000
1.673902000
0.673197000

0.406343000
2.162667000
1.526155000
2.108405000
3.190448000
2.277753000
3.272353000
0.897572000
-1.639586000
-2.907350000
-4.559538000
-0.725076000
-1.650519000
-0.866045000
-2.554675000
-2.357829000
-1.456300000
-0.212370000
-0.223337000
-2.667805000
-2.274586000
-4.383750000
-3.702436000
-2.861854000
-1.251229000
-4.361956000
-3.941344000
3.527675000
4.516865000
5.354548000
5.631442000
3.632396000
4.682308000

Free energy correction: 0.490181 Hartree

[o =N

-4.321022000
-3.589399000
-5.995705000

-6.240126000

-6.270569000

-6.510228000

-1.990699000

-4.264192000

-3.896223000

-0.011246000

-2.564752000

-1.338845000

-1.170943000

-2.487651000

-2.448103000

-1.292231000

-5.198652000

-3.398845000
-2.012222000
-4.298085000

-5.122771000

-5.149264000

-3.440355000

-1.016497000

-1.371421000

-2.447711000

-1.229929000

-2.413889000

-3.281025000

-3.858805000

-4.699311000

-3.802605000

-2.642557000

-1.767074000

-2.663005000

-3.252170000

-0.022530000

-1.230534000

4.470470000
4.184247000
4.328956000

4.416482000

2.979728000

5.446589000

4.422139000

5.172645000

2.561545000

-0.460781000
-0.589113000
-0.487948000
-1.673252000
-2.232663000

0.680962000

0.656494000

0.574913000

2.444425000
3.441631000
2.296292000

3.638233000
1.136742000

2.302986000

3.180355000

2.871439000

5.000390000

-3.246132000
-4.102306000
-4.482908000

-3.183231000

-2.396195000

-2.028642000

-1.149032000

-1.937311000

-2.379556000

-3.308618000

0.652470000

0.513448000

-0.199897000
1.308071000
-0.311294000
-1.767964000
0.268953000
0.486990000
1.195414000
2.415501000
1.624260000
2.846179000
2.972524000
2.064008000
1.214945000
0.829587000
0.366004000
1.254221000
-0.780399000
-2.641491000
-2.447920000
-3.961831000
-3.980624000
-3.697053000
-5.139943000
-3.712313000
-1.040518000
-2.320852000
-2.192376000
-2.676499000
-1.463024000
-0.797190000
-1.845847000
-3.041647000
-2.544501000
-1.513151000
-0.427820000
-3.701296000
3.910524000
4.845631000
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SCF energy: -3435.46606195 Hartree

-2.545794000
-5.755276000
-1.547961000
-5.086142000
-4.837855000

0.813308000

0.104930000
-3.475077000
-2.553603000
-3.050050000
-5.198073000
-5.563534000
-1.484926000
-1.662865000
-3.138163000
-0.597822000
-0.592952000
-2.024813000
-4.139193000
-2.703345000
-4.441157000
-5.523025000
-5.130828000
-4.390152000
-1.980341000
-3.017282000
-0.954248000
-2.633345000
-4.078435000
-0.044731000

0.915533000
-1.139503000
-1.237178000
-2.708090000
-3.395696000

0.505824000
1.298635000
3.922116000
5.588119000
2.397901000
-0.328636000
-1.440060000
-0.515269000
-1.582670000
1.347042000
0.756361000
3.845479000
3.089503000
1.977689000
5.162521000
-3.803685000
-2.935100000
-5.018924000
-5.096817000
-5.062049000
-3.426348000
-3.050391000
-1.503311000
-1.448817000
-0.859740000
-0.234291000
-1.328212000
-3.053927000
-3.930046000
1.629082000
0.599360000
-0.417773000
1.335223000
1.479339000
0.340064000

Appendix

4.055410000
-0.428693000
0.476124000
2.090323000
1.388020000
2.138473000
3.323641000
2.372271000
3.437055000
0.821882000
-1.737593000
-3.084646000
-4.560848000
-0.756732000
-1.647814000
-1.490464000
-3.027986000
-3.137011000
-1.759517000
-0.731625000
0.096000000
-2.156855000
-1.381547000
-3.761139000
-3.369215000
-2.081285000
-1.120334000
-4.570993000
-4.069657000
3.413710000
4.475071000
5.424634000
5.570586000
3.581813000
4.727185000

Free energy correction: 0.491405 Hartree

8
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-4.613094000
-5.050695000
-5.590330000

-4.540666000

-6.468734000

-6.248865000

-3.830718000

-6.493388000

-5.118406000
0.201188000

-1.593595000

-1.130260000

-0.766761000

-1.941289000

-3.380068000

-2.044494000

-5.940351000

-2.747206000
-1.572367000
-2.907532000

-3.436910000

-3.920562000

-1.594122000

-0.107597000

-1.706255000

-1.867756000

-1.738563000

-2.959656000

-3.328678000

-3.693709000

-4.891403000

-4.512895000

-3.306643000

-2.090392000

-2.516657000

-4.155436000

3.931095000
3.091033000
4.803167000

5.368670000

3.830400000

5.796849000

3.276761000

3.622000000

1.482110000

0.222979000

-0.958663000
-0.553406000
-1.712142000
-2.615571000
-0.353418000

0.240644000

1.116114000

2.629626000
3.541167000
2.548752000

3.976082000

1.513786000

2.374891000

3.093147000

2.993611000

5.124155000

-3.046969000
-3.957427000
-4.627104000
-3.527459000
-2.674989000
-2.035195000
-1.105816000
-1.919868000
-2.623242000
-3.130701000

-0.328466000
1.057912000
-1.332580000
-2.263320000
-2.009973000
-0.480339000
2.136547000
1.606983000
0.649760000
1.838645000
3.225874000
1.827865000
1.001248000
0.911734000
1.218514000
1.117841000
-1.857778000
-2.130840000
-1.267510000
-3.725465000
-4.113729000
-3.942292000
-4.336958000
-1.846434000
0.286395000
-1.394237000
-2.495198000
-2.717588000
-1.382461000
-0.331843000
-0.865398000
-2.212205000
-2.006145000
-1.457979000
-0.232338000
-3.236816000
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TS3
SCF energy -3435.45775226 Hartree

0.151010000
-0.326952000
-1.674869000
-6.409325000
-2.980342000
-6.709129000
-5.452109000

0.434285000

0.982282000
-2.557622000
-0.856916000
-3.977562000
-5.212561000
-4.007659000
-0.089113000
-1.736875000
-2.805611000
-0.872324000
-1.443786000
-2.695372000
-4.203434000
-2.504849000
-3.914372000
-5.747997000
-5.160473000
-5.357204000
-2.997879000
-3.543825000
-1.233187000
-3.905593000
-5.016559000
-0.508173000

1.154295000

0.422024000
-0.411537000
-2.450710000
-1.987394000

1.416857000
1.004221000
0.273558000
1.973745000
3.419079000
4.519246000
1.301949000
0.555952000
-0.482497000
-1.464821000
-1.672525000
0.457116000
1.205086000
4.447246000
3.020608000
2.024958000
5.393093000
-3.624814000
-2.539181000
-4.733762000
-5.278717000
-5.247334000
-3.967951000
-3.351847000
-1.909454000
-1.434260000
-0.647155000
-0.298307000
-1.278353000
-2.673869000
-3.789266000
2.189712000
1.855433000
0.349209000
1.892510000
0.954985000
-0.051720000

2.814433000
4.212279000
4.144068000
-1.965595000
1.673957000
1.290693000
-0.285279000
0.821599000
2.143896000
3.167917000
3.613889000
1.083921000
-2.505595000
-3.386273000
-2.817198000
0.384410000
-1.524515000
-2.150354000
-3.420218000
-3.445998000
-1.490211000
-1.008132000
0.644525000
-0.967975000
-0.131712000
-2.566889000
-2.949977000
-1.312471000
-1.263653000
-4.201963000
-3.408285000
2.406914000
2.858980000
4.681627000
4.848284000
3.773574000
5.142641000

Free energy correction: 0.493449 Hartree
Imaginary Frequency: 95.9 icm™

8

[

-4.645264000
-4.956690000
-5.710774000

-4.731508000

-6.580582000

-6.366306000

-3.719328000

-6.417959000

-4.913257000
0.292907000

-1.624288000

-1.047660000

-0.715316000

-1.960748000

-3.200857000

-1.908661000

-5.918714000

-2.769743000
-1.607941000
-2.998468000

-3.583148000

-3.991361000

-1.710847000

-0.150537000

-1.632514000

-2.011069000

-1.702988000

-2.956012000

-3.551386000

-3.954902000

-4.995901000

-4.402225000

-3.153704000

3.746586000
2.716359000
4.690137000

5.402217000

3.757986000

5.534325000

2.843078000

3.017993000
1.167657000

0.059794000

-0.970177000
-0.689819000
-1.889027000
-2.680138000
-0.557293000

0.112229000
1.098355000

2.736332000
3.633229000
2.791291000

4.236802000
1.750956000

2.726396000

3.343256000

2.924722000
5.195285000

-3.103721000
-3.969276000
-4.371842000
-3.079291000
-2.282111000
-1.900459000
-1.022641000

-0.290348000
0.984495000
-1.141156000
-2.040786000
-1.884818000
-0.140168000
2.047360000
1.642122000
0.346876000
1.871332000
3.212234000
1.824367000
1.090953000
0.956873000
0.918912000
1.007308000
-2.053673000
-2.238499000
-1.344601000
-3.826815000
-4.057929000
-4.094724000
-4.506435000
-2.026662000
0.153131000
-1.280969000
-2.113533000
-2.349116000
-0.986814000
-0.195695000
-1.019646000
-2.389521000
-2.179334000
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i

SCF energy: -3435.48649341 Hartree

-2.098792000
-2.680268000
-4.003450000
0.224004000
-0.346340000
-1.710762000
-6.415161000
-2.888133000
-6.728552000
-5.302252000

0.605352000

1.028015000
-2.603925000
-0.952083000
-3.868149000
-5.242384000
-4.165467000
-0.175015000
-1.518725000
-2.965238000
-0.941156000
-1.249031000
-2.666684000
-4.456457000
-2.838271000
-4.326559000
-5.879156000
-5.324406000
-5.149501000
-2.708639000
-3.408671000
-1.211608000
-3.594241000
-4.886118000
-0.386403000

1.235595000

0.355394000
-0.439172000
-2.444321000
-2.084398000

-1.785876000
-2.299151000
-3.175758000
1.320410000
1.015283000
0.319178000
1.949202000
3.074017000
3.927681000
1.102759000
0.303990000
-0.645337000
-1.441554000
-1.691823000
0.225917000
1.258413000
4.598646000
3.332845000
1.959270000
5.420987000
-3.654960000
-2.796622000
-4.875364000
-4.977101000
-4.963553000
-3.340108000
-2.919658000
-1.392896000
-1.332149000
-0.755166000
-0.082211000
-1.184209000
-2.908669000
-3.802415000
2.083159000
1.734874000
0.373128000
1.945378000
0.999698000
0.064644000
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-1.351508000
-0.074107000
-3.160067000
2.755492000
4.147045000
4.047193000
-2.045698000
1.582797000
1.478617000
-0.598527000
0.850193000
2.276647000
3.121148000
3.692502000
0.655020000
-2.744702000
-3.291166000
-3.000006000
0.157736000
-1.362071000
-1.549588000
-3.062713000
-2.895629000
-1.113111000
-0.401046000
0.799370000
-1.145372000
-0.474318000
-2.951545000
-3.143594000
-1.686083000
-1.162079000
-4.142562000
-3.341696000
2.260793000
2.831479000
4.699665000
4.718840000
3.598116000
5.045419000

Free energy correction: 0.495030 Hartree

8
14
16
8

-4.788620000
-5.062697000
-5.783097000

-4.811444000

-6.740139000

-6.401681000

-3.763933000

-6.482918000

-5.189428000
0.410296000

-1.645018000

-0.935398000

-0.632091000

-1.896855000

-2.964712000

-1.714566000

-6.086524000

-2.930008000
-1.690258000
-3.204180000

-3.662407000

-4.324013000

-1.979655000

-0.265720000

-1.749384000

-2.030163000

-1.621132000

-2.936089000

-3.644298000

-3.964812000

-4.882444000

3.688772000
2.698245000
4.744335000

5.428142000

3.874075000

5.574746000

2.810378000

3.065349000

1.171764000

-0.068725000
-0.963705000
-0.791449000
-2.023192000
-2.724954000
-0.716801000
-0.007527000

1.484229000

2.714307000
3.503344000
2.807388000

4.306428000

1.877211000

2.620719000

3.169164000

2.756829000

5.079826000

-3.272855000
-4.059356000
-4.178023000
-2.764597000
-2.035807000

-0.226745000
1.107452000
-0.986106000
-1.897050000
-1.748527000
0.040704000
2.081199000
1.807361000
0.431419000
1.902829000
3.130903000
1.785927000
1.148053000
0.920359000
0.557979000
0.841885000
-2.048478000
-2.216076000
-1.307636000
-3.784517000
-3.989520000
-4.002675000
-4.538974000
-2.025691000
0.159817000
-1.199695000
-1.945388000
-2.120851000
-0.755099000
-0.207853000
-1.215037000
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-4.168714000
-2.857750000
-1.925114000
-2.635811000
-3.849719000
0.328662000
-0.344323000
-1.726862000
-6.433564000
-2.932491000
-6.752988000
-5.676328000
0.804425000
1.089325000
-2.636192000
-1.060942000
-4.470306000
-5.377473000
-4.241279000
-0.269567000
-1.568156000
-2.968448000
-0.944624000
-1.103006000
-2.713744000
-4.588205000
-3.022487000
-4.442370000
-5.806364000
-5.180933000
-4.819270000
-2.344445000
-3.067904000
-0.995147000
-3.356614000
-4.780197000
-0.223150000
1.344295000
0.292781000
-0.433989000
-2.403149000
-2.172976000

SSA-water

SCF energy: -2510.45390319 Hartree

-1.906139000
-1.114510000
-1.855848000
-1.998338000
-3.315159000
1.229133000
0.999761000
0.353238000
2.484551000
2.959310000
3.995526000
1.243646000
0.113631000
-0.779463000
-1.392231000
-1.704176000
0.539917000
1.516978000
4.667921000
3.200539000
1.796220000
5.357865000
-3.798505000
-3.180201000
-5.064318000
-4.728353000
-4.731720000
-2.833229000
-2.618003000
-1.054448000
-1.375021000
-1.000538000
-0.102562000
-1.299874000
-3.239229000
-3.878186000
1.991930000
1.619946000
0.348851000
1.951634000
1.049749000
0.150011000

-2.575845000
-2.389424000
-1.406652000
-0.048296000
-3.117579000
2.725708000
4.086338000
3.919147000
-1.946949000
1.579677000
1.707115000
-1.153633000
0.897345000
2.390023000
2.973737000
3.691552000
0.633896000
-2.761967000
-3.235297000
-2.996867000
0.188381000
-1.245993000
-1.262974000
-2.908417000
-2.500947000
-0.859609000
-0.044506000
0.775958000
-1.321917000
-0.834096000
-3.281917000
-3.352211000
-2.024764000
-1.270776000
-4.095811000
-3.272208000
2.163894000
2.857000000
4.703258000
4.622567000
3.408852000
4.899716000

Free energy correction: 0.471917 Hartree

8

14
16

RFRRPRPRPRPPRPPRERRP R 0000 000 000 - I 000000 000 0000 0

-4.791906000
-5.058337000
-5.790089000

-4.834317000

-6.787285000

-6.348476000

-3.681363000

-6.343244000

-5.438230000

-6.133786000

-2.819221000
-1.622131000
-3.134151000

-3.614139000

-4.249500000

-1.924296000

-0.188286000

-1.539841000

-2.095631000

-6.473052000

-2.857907000

-6.583060000

-5.803551000

-5.833879000

-5.368981000

-4.225782000

-0.209478000

-0.841125000

-3.045825000

3.566738000
2.648622000
4.669049000

5.356527000

3.836128000

5.487600000

2.596759000

3.160340000

1.156920000

1.447330000

2.732411000
3.621982000
2.787996000

4.280099000

1.846323000

2.605754000

3.393285000

2.857697000

5.157728000

2.442019000

2.694815000

4.092614000
1.183130000

0.495349000
1.483255000

4.622049000

3.346899000

2.187330000

5.380976000

-0.274753000
1.102798000
-0.981066000
-1.903449000
-1.727367000
0.089591000
1.954911000
1.959059000
0.413392000
-2.118866000
-2.201573000
-1.337871000
-3.763513000
-3.991568000
-3.941084000
-4.539958000
-2.078275000
0.129447000
-1.199297000
-2.008670000
1.428516000
1.807739000
-1.201005000
1.001037000
-2.774467000
-3.260240000
-3.048479000
0.180228000
-1.290591000



2.39g

SCF energy: -925.014696065 Hartree

Free energy correction: 0.122233 Hartree

6

6
6
8
8
8
8
6
6
6
6
6
6
6
6
6
6
6
6
6
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

0.425541000
-1.619744000
-0.908475000
-0.581070000
-1.835666000
-2.918566000
-1.669437000
-1.628299000
-2.965821000
-3.654445000
-3.927658000
-4.837216000
-4.146783000
-2.809824000
-1.886608000
-2.588483000
-3.878179000

0.263575000
-0.432845000
-1.779515000

0.847642000

1.104594000
-2.587222000
-1.007852000
-0.960307000
-1.118195000
-2.776244000
-4.611540000
-3.032255000
-4.391389000
-5.790472000
-5.063332000
-4.797792000
-2.309211000
-2.984267000
-0.942244000
-3.402966000
-4.826751000
-0.322518000

1.251871000

0.217060000
-0.577834000
-2.469421000
-2.241467000

-0.106619000
-1.007310000
-0.849040000
-2.099381000
-2.811652000
-0.801321000
-0.083299000
-3.297565000
-4.043675000
-4.193830000
-2.796228000
-1.990804000
-1.840670000
-1.093104000
-1.893764000
-2.049561000
-3.238772000

1.238791000

1.068253000

0.345748000

0.029461000
-0.763216000
-1.488315000
-1.686240000
-3.865240000
-3.190002000
-5.038854000
-4.721392000
-4.786412000
-2.886555000
-2.525171000
-1.007441000
-1.269008000
-0.969239000
-0.090225000
-1.365142000
-3.142680000
-3.772140000

1.919317000

1.696601000

0.487855000

2.047589000

0.973647000

0.187447000

1.920585000
3.143158000
1.794943000
1.188407000
0.928395000
0.598859000
0.854569000
-1.971650000
-2.156673000
-0.784484000
-0.183270000
-1.139132000
-2.510485000
-2.325547000
-1.381306000
-0.016665000
-3.106560000
2.648522000
4.006621000
3.853870000
0.919715000
2.478505000
2.992834000
3.750517000
-1.314456000
-2.938286000
-2.579623000
-0.893107000
-0.105333000
0.805388000
-1.247977000
-0.713137000
-3.184743000
-3.295217000
-1.920579000
-1.237498000
-4.092670000
-3.260699000
2.018706000
2.776731000
4.678496000
4.479302000
3.275830000
4.835993000
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Appendix
Compound TIC01-1: *H NMR (400 MHz, DMSO-ds)

Appendix 2 — NMR spectra of the peroxide hybrids
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Appendix

Compound TIC01-1: *C {*H} NMR (101 MHz, DMSO-ds)
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Compound TIC01-2: *H NMR (400 MHz, DMSO-ds)
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Appendix
Compound TI1C01-2: *C {*H} NMR (101 MHz, DMSO-ds)
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Appendix

Compound TI1C02-1: *H NMR (400 MHz, DMSO-ds)
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Appendix

Compound TI1C02-1: *C {*H} NMR (101 MHz, DMSO-ds)
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Appendix

Compound TI1C02-2: 'H NMR (400 MHz, CDCls-d)
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Appendix

Compound TI1C02-2: *C {*H} NMR (101 MHz, CDCls-d)
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Appendix

Compound TIC03-1: 'H NMR (400 MHz, CDCls-d)
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Appendix

Compound TIC03-1: *C {*H} NMR (101 MHz, CDCls-d)
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Appendix

Compound TI1C03-2: *H NMR (400 MHz, DMSO-ds)
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Appendix

Compound TC03-2: *C {*H} NMR (101 MHz, DMSO-ds)
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Appendix

Compound B3: 'H NMR (400 MHz, CDCls)
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Appendix

13C {*H} NMR (101 MHz, CDCls)

Compound B3

t=1400

0Te—

9E'FE

ELENA

S6'99—

1300

#=1200

1100

#=1000

700

=600

500

T9hG—

ok ee T~
A
enpEr

EGERT—

95 TaT—
£599T—

=

T
190

T
20

T
210

T
2m

M1 (g}

360



Appendix

Compound B4: 'H NMR (400 MHz, CDCls)
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Appendix

13C {*H} NMR (101 MHz, CDCls)

Compound B4
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Appendix

Compound B5: *H NMR (400 MHz, CDCls)
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Appendix

13C {*H} NMR (101 MHz, CDCls)

Compound B5
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Appendix

Compound C1: *H NMR (400 MHz, CDCls)
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Appendix

Compound C1: 3C {*H} NMR (101 MHz, CDCls)
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Appendix

Compound C2: *H NMR (400 MHz, CDCls)
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Appendix

13C {'H} NMR (101 MHz, CDCls)

Compound C2
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Appendix

Compound C3: *H NMR (400 MHz, CDCls)
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Appendix

13C {'H} NMR (101 MHz, CDCls)

Compound C3
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Appendix

Compound C4: *H NMR (400 MHz, CDCls)
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Appendix

13C {'H} NMR (101 MHz, CDCls)

Compound C4
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Appendix

Compound P4: *H NMR (400 MHz, CDCls)
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Appendix

13C {'H} NMR (101 MHz, CDCls)

Compound P4
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Appendix

Compound P5: *H NMR (400 MHz, CDCls)
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Appendix

13C {'H} NMR (101 MHz, CDCls)

Compound P5
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Appendix

Compound P6: *H NMR (400 MHz, CDCls)
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Appendix

Compound P6: 3C {*H} NMR (101 MHz, CDCls)
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Appendix

Compound P7: *H NMR (400 MHz, DMSO-ds)
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Appendix

13C {'H} NMR (101 MHz, DMSO-ds)

Compound P7
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