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Abstract

Lung cancer is the most commonly diagnosed cancer and a leading cause of cancer-
related deaths worldwide. Lung cancer can be classified as non-small cell lung cancer (NSCLC)
or small-cell lung cancer (SCLC), with NSCLC being the most common type (85%). The high
mortality rate for patients with lung cancer has been attributed to the difficulty in obtaining an
early diagnosis, a high potential for metastasis, and relative insensitivity to chemotherapy.
Despite novel therapeutic strategies, the overall 5-year survival rate in many countries remains
less than 15%. These statistics highlight the need for the development of new clinical agents.

Pentacyclic triterpenoids (PTs) are a large and structurally diverse group of natural
products, widely present in several medicinal plants, fruits and vegetables. Medicinal plants
containing PTs have been used for centuries in traditional medicine for the treatment of several
diseases. Moreover, natural PTs have been extensively reported to possess a wide range of
biological activities, including anticancer activity. From a biological point of view, some of the
most important and active PTs include betulinic, oleanolic, glycyrrhetinic and ursolic (UA) acids.
UA has interesting biological properties that could be explored for the design and synthesis of
more effective anticancer derivatives. Additionally, UA can be considered as a potential lead,
due to its promising multitarget anticancer activity, low toxicity and commercial availability.

The main goal of this PhD thesis was to design, synthesize and evaluate new ursane
derivatives as potential anti-NSCLC agents. This work followed three main semisynthetic
strategies to modify the ursane scaffold. The first one involved expansion and cleavage of the A-
ring, as well as introduction of N-containing groups. The second one aimed at the introduction of
oximes and nitrile groups at A-ring. Finally, the third semisynthetic strategy was based on the
introduction of esters (saturated or unsaturated), and of an a,B-unsaturated carbonyl system

(with an endo- or exocyclic double bond) at A-ring.



The novel ursane derivatives synthesized were fully characterized using IR, MS and
NMR techniques, and their anticancer activity was evaluated against NSCLC cell lines.

Based on the anticancer results obtained, the structure-activity relationships
demonstrated that the most active compounds displayed a cleaved A-ring coupled with a
secondary amide bearing a small alkyl side chain (3.17), an oxime group conjugated with a
carbonyl function at A-ring (4.2), a cleaved A-ring bearing nitrile and imidazole groups (4.16),
and an a,B-unsaturated ketone system with an exocyclic double bond conjugated with a
heteroaromatic ring at A-ring (5.12).

The most active compounds were further tested in a 3D culture model, specifically a
multicellular spheroid, which is able to mimic more closely the in vivo tumor microenvironment.
Importantly, even in a 3D model, compounds 3.17 and 4.2 were active albeit a slight increase in
the 1Cs value.

The preliminary studies on the anticancer mechanism demonstrated that the newly
synthetized derivatives are able to induce cell death via apoptosis, through activation of the
extrinsic pathway, and to induce autophagy. Furthermore, these compounds appear to inherit
the multitarget potential of UA, by affecting the levels of different proteins involved in the process
of cell death.

Overall, this work contributed with three new panels of novel ursolic acid derivatives with
in vitro anticancer activity in 2D and 3D culture models. These derivatives can be promising

candidates for the development of new anti-NSCLC agents.

Keywords:

Pentacyclic triterpenoids, Ursolic acid, Semisynthetic derivatives, Lung cancer, Monolayer

culture model, Spheroid culture model, Apoptosis, Autophagy.
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Resumo

O cancro do pulmao é dos tipos de cancro mais frequentemente diagnosticados e a
principal causa de morte por cancro no mundo. O cancro do pulméao pode ser classificado como
carcinoma pulmonar ndo de pequenas células (CPNPC) ou como carcinoma pulmonar de
pequenas células (CPPC), sendo o CPNPC o tipo mais comum (85%). A elevada taxa de
mortalidade em doentes com cancro do pulmao tem sido atribuida a dificuldade em obter um
diagnéstico precoce, ao elevado potencial de formagdo de metastases, e a relativa
insensibilidade a quimioterapia. Apesar das novas estratégias terapéuticas, a taxa de
sobrevivéncia global aos 5 anos, em muito paises, continua a ser inferior a 15%. Estas
estatisticas destacam a necessidade para o desenvolvimento de novos agentes clinicos.

Os triterpendides pentaciclicos (TPs) representam um grupo de produtos naturais
abundante e estruturalmente diverso, que estdo presentes em varias plantas medicinais, frutas
e vegetais. As plantas medicinais contendo TPs tém constituido ao longo dos séculos uma base
para a medicina tradicional no tratamento de varias doencas. Os TPs naturais tém sido
extensivamente estudados pela vasta gama de atividades bioldgicas, incluindo a atividade
anticancerigena. Do ponto de vista biolégico, alguns dos TPs mais importantes e ativos incluem
os acidos betulinico, oleandlico, glicirretinico e ursodlico (AU). O AU tem propriedades bioldgicas
interessantes que poderdo ser exploradas para o design e sintese de novos derivados
anticancerigenos mais eficazes. Além disso, o AU pode ser considerado como um potencial
lead devido a sua promissora atividade anticancerigena multifuncional, a sua baixa toxicidade e
a sua disponibilidade comercial.

O principal objetivo desta tese de doutoramento foi o design, a sintese e a avaliagédo
de novos derivados do tipo ursano como potenciais agentes contra o CPNPC. Este trabalho

seguiu principalmente trés estratégias de semissintese para modificar a estrutura do acido

II1



ursolico: 1) expanséo e clivagem do anel A, assim como, introdugdo de grupos contendo o
elemento azoto; 2) introdugao de grupos oxima e nitrilo no anel A; 3) e introdugcédo de ésteres
(saturados ou nado saturados) e de um sistema carbonilo a,B-insaturado (com dupla ligacao
endociclica ou exociclica) no anel A.

Os novos derivados do tipo ursano sintetizados foram totalmente caracterizados
através de técnicas de espectroscopia de infravermelho, ressonéncia magnética nuclear e
espectrometria de massa, e a sua atividade anticancerigena foi avaliada em linhas celulares de
CPNPC.

Com base nos resultados da atividade anticancerigena, as relagdes estrutura-
atividade obtidas permitiram demonstrar que os compostos mais ativos exibem um anel A
clivado e acoplado com uma amida secundaria com uma pequena cadeia lateral alquilica (3.17),
um anel A contendo um grupo oxima acoplado a um grupo carbonilo (4.2), um anel A clivado
contendo um grupo nitrilo € um grupo imidazole (4.16), e um anel A com um sistema carbonilo
a,B-insaturado, com dupla ligagédo exociclica, conjugado com um anel heteroaromatico (5.12).

Os compostos mais ativos foram testados num modelo de cultura 3D (esferdide
multicelular), o qual mimetiza de forma mais préxima o microambiente tumoral in vivo. De facto,
mesmo num modelo 3D, os compostos 3.17 e 4.2 foram ativos, apenas com um ligeiro aumento
do valor de ICsp.

Os estudos preliminares sobre o0 mecanismo de agao anticancerigena demonstraram
que os novos derivados do AU induzem morte celular por apoptose, através da ativagéo da via
extrinseca, assim como autofagia. Além disso, estes compostos parecem herdar o potencial
multifuncional do AU, afectando os niveis de diferentes proteinas envolvidas nos mecanismos
de morte celular.

Em suma, este trabalho contribuiu com trés novos grupos de derivados do acido

ursolico com atividade anticancerigena in vitro, em modelos de cultura 2D e 3D. Estes novos
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derivados podem ser considerados como candidatos promissores para o desenvolvimento de

novos agentes anti-CPNPC.

Palavras-chave:
Triterpendides pentaciclicos, Acido ursélico, Derivados semissintéticos, Cancro do pulmao,

Modelo de cultura em monocamada, Modelo cultura esferdide, Apoptose, Autofagia.
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Thesis organization

This thesis is divided in seven chapters:

The first chapter focuses on the theoretical background, which supports the work
developed, being sub-divided into the different areas that comprise this thesis. The first section
includes introductory remarks about cancer and lung cancer. The second section is related to
the importance of natural products in medicinal chemistry. The last subsection focuses on the
therapeutic potential of the pentacyclic triterpenoids (PTs), and reviews the antitumor properties
of ursolic acid (a PTs) and its main reported derivatives.

The second chapter describes the scope and the aims of this thesis.

The following chapters up until the fifth are dedicated to the synthesis and biological
evaluation of the new ursolic acid derivatives, which include the experimental procedures used
in their synthesis, the structural elucidation, and the biological studies.

Chapter six states the major findings and the concluding remarks of this work.

The last chapter provides the supporting references citied throughout this thesis.

In chapters one, and three to five, the ursane-type derivatives were numbered
sequentially, with the first number identifying the chapter where they were mentioned for the first
time.

The chemical structures of the newly synthesized compounds were numbered based on
the ursolic acid scaffold.

The reader is advised to consider the following representation of the chemical structure
of ursolic acid (Fig. 1), with the carbons numbered, for better understanding of the structural

elucidation discussed in chapters three to five:

XXI



wonnn &

29

N
~

HO

$
$
§
<
3

2

24

UA

Figure I. Chemical structure of ursolic acid (UA).

The nomenclature of the new derivatives followed the guidelines established by the

IUPAC Commission on the nomenclature of organic chemistry. Moreover, some compounds

mentioned during this work have been designated using their trivial name.
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1. Introduction

1.1. Cancer

Cancer is a term used to describe a complex group of diseases, characterized by
deregulated growth and spread of abnormal cells, that potentially can invade and/or spread to
other tissues and form new colonies, called metastases. The abnormal cells result from a series
of missteps in the genome that lead to anomalies in the control of cell proliferation.’? According
to GLOBOCAN 2012 (excluding non-melanoma skin cancer), an estimate of 14.1 million new
cancer cases and 8.2 million cancer-related deaths occurred worldwide in 2012. The most
commonly diagnosed cancers worldwide were lung, breast and colorectal cancers; and the most
common causes of death by cancer were lung, liver and stomach cancers (Fig. 1.1). The
incidence of cancer in women and men vary according to the type of cancer. Breast and prostate

cancers have a pronounced incidence in female and male genders, respectively (Fig. 1.1).>*

B Incidence Mortality
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Figure 1.1. Estimated percentage of new cancer cases (incidence) and death (mortality) for men and
women, in 2012, according to GLOBOCAN 2012 data.
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1.1.1.Biology of cancer

Tumors are complex tissues composed of several distinct cell types, tumorigenic and
non-tumorigenic, with a distinctive microenvironment, where they participate in heterotypic
interactions with one another.>” Normal cells evolve to the neoplastic state progressively, in a
multistep process, acquiring particular hallmark capabilities, that enable them to be become
tumorigenic and, finally, malignant (Fig. 1.2).>® Cancer cells acquire the ability to auto-sustain
proliferation for an undetermined period of time, in the absent of an exogenous growth stimulus,
and by evading growth suppressors. In order to reach the replicative immortality, cancer cells
display deregulated signaling pathways that allow them to resist the cell death programs, namely
apoptosis, autophagy and necrosis. In addition, cancer cells have also been shown to evade
destruction by the immune system. Moreover, during tumor development, cancer cells are able
to induce and sustain angiogenesis to form a neovasculature; this provides additional nutrients
and oxygen, as well as a system to evacuate the metabolic waste, allowing them to compensate
the inefficient supply from the normal vascularization. Furthermore, cancer cells also show
reprogramming of the energy metabolism to fuel the cell growth, division and proliferation. One
of the last stages in the tumor progression is the invasion of the surrounding tissues and

metastasizing to new locations, in order to form new colonies.*>®
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Sustaining Evading
proliferative growth
signaling suppressors
Enabling Activating
replicative invasion and
immortality metastasis

Inducing Resisting
angiogenesis cell death

Avoiding Deregulating
immune cellular

destruction energetics
Genome Tumor-
instability and promoting
mutation inflammation

Figure 1.2. Acquired capabilities, enabling characteristics, and emerging hallmarks of cancer. Adapted

from literature®®.

1.1.1.1. Targeting apoptosis in cancer therapy

The programmed cell death is a fundamental cellular response that plays a crucial role in
the development and homeostasis in normal tissues by eliminating unnecessary and unwanted
cells.®. Three main forms of programmed cell death have been described: apoptosis (type I),
autophagy (type Il) and necrosis (type lll), which are characterized by specific morphological
features.®

Apoptosis (“self-killing”) is characterized by specific morphological and biochemical
changes of the dying cell, including cell shrinkage, chromatin condensation and nuclear
fragmentation, cytoplasmic membrane blebbing, and formation of apoptotic bodies. During
apoptosis, essentially no inflammatory reaction is induced, because there is no release of the
cellular constituents into the surrounding interstitial tissue, and the apoptotic bodies are cleared

by phagocytosis, avoiding damage to the neighboring cells.®"®
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Apoptosis can be initiated by two main pathways: the extrinsic pathway or death receptor
pathway, which culminates in the activation of caspase-8; and the intrinsic pathway or
mitochondrial pathway, which leads to caspase-9 activation (Fig. 1.3). These two pathways are
connected, and the molecules in one pathway can influence the other. There is an additional
pathway that is associated to the T-cell mediated cytotoxicity involving perforin-granzyme-
mediating cell death. All three pathways converge in the execution phase, which is initiated by

the cleavage and activation of the executioner caspases (caspase-3, -6 and -7).2'0.11.13.15-18

Death Receptor

Impaired death receptor

signaling pathway

Bel-2 “ complex

Disrupted balance of pro-
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<=
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\/
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Defects/mutations in p53

protein

~ DNA damage

Figure 1.3. Simplified scheme of the extrinsic and intrinsic apoptosis pathways, as well as mechanisms

contributing to apoptosis evasion (highlight by the dark blue box).
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The extrinsic pathway is activated following the binding of specific ligands to their
cognate cell-surface death receptor (DR). Upon binding, the receptors oligomerize and recruit
adapter proteins, such as Fas-associated death domain (FADD) and tumor necrosis factor
receptor (TNFR)-associated death domain proteins. The adapter proteins recruit and aggregate
several molecules of procaspase-8 via the death effector domains (DEDs), forming the death-
inducing signaling complex (DISC), which in turn promotes the autoprocessing and activation of
caspase-8. The active caspase-8 then proteolytically cleaves and activates the executioner
caspases (Fig. 1.3).1011131517-19

The intrinsic pathway is mediated by the mitochondria. In response to apoptotic stimuli,
pro-apoptotic members of Bcl-2 family alter the permeability of mitochondrial membrane,
resulting in opening of the mitochondrial permeability transition pore, loss of the mitochondrial
transmembrane potential, and release of pro-apoptotic molecules, such as cytochrome ¢ and
Smac/DIABLO. Once released into the cytosol, cytochrome ¢ binds to the apoptotic protease-
activating factor 1 (Apaf-1) in an ATP-dependent manner, to form a complex that recruits
procaspase-9. This complex, known as apoptosome, then promotes the activation of caspase-9,
which in turn activates the downstream executioner caspases (Fig. 1.3).'%"1315.17-19

The Bcl-2 family is comprised of pro-apoptotic (e.g., Bax, Bak and Bad) and anti-
apoptotic proteins (e.g., Bcl-2, Bcl-xL and Bcl-w). These proteins bind to each other, forming a
complex network of homo- and heterodimers. The relative ratios of anti- and pro-apoptotic Bcl-2
family members dictate the ultimate sensitivity or resistance of cells to the apoptotic stimulus. All
BH3-only molecules (e.g., PUMA, NOXA and Bim) require multi-domain BH3 proteins (Bax and
Bak) to apply their intrinsic pro-apoptotic activities.'®'#'"'8

The extrinsic and intrinsic pathways can crosstalk through caspase-8-mediated
proteolysis of Bid, a Bcl-2 family protein with BH3-only domain. Once activated, the resulting

truncated Bid (tBid) is translocated to the mitochondria to induce the release of cytochrome c,

thus activating the intrinsic pathway.'®""""'® The extrinsic and intrinsic pathways converge in the
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execution phase, leading to the activation of the effector caspases (-3, -6 and -7), which are
responsible for the cleavage of several substrates, including poly (ADP-ribose) polymerase
(PARP), DNA, proteins and enzymes, eventually causing the morphological and biochemical
changes observed in the apoptotic cells.'®'""18

As mentioned previously, evasion of cell death is one of the essential hallmarks in the
malignant transformation of a cell, as it confers enhanced survival ability to the neoplastic cells,
allowing their characteristic uncontrolled proliferation.>® Furthermore, deregulation of apoptosis
has been implicated in drug resistance. There are several mechanisms by which evasion of
apoptosis may occur (Fig. 1.3), namely disruption of the balance of pro- and anti-apoptotic
proteins, such as a deregulated ratio of the Bcl-2 family members. This can be due to an
overexpression of the anti-apoptotic members, underexpression of the pro-apoptotic members,
or a combination of both.®'*'62%2! Defects in the tumor suppressor protein p53 have been linked
to more than 50% of human cancers. This protein, known as “guardian of the genome”, is a
regulator of the gene transcription, controlling genes that are important for cell cycle, DNA repair,
and apoptosis. It has been demonstrated that cancer cells harboring a mutated p53 protein have
decreased apoptosis, contributing to their proliferation.''®?"#2 A deregulated expression of the
family of inhibitor of apoptosis proteins (IAPs), which are endogenous inhibitors of caspases, has
also been reported in many cancers. For example, survivin has been found overexpressed in
several cancers, such as NSCLC. Another mechanism of evasion of apoptosis involves reduced
levels or impaired caspase function, as well as impaired death receptor signaling.'®'¢%

As evasion of apoptosis is one of the prominent hallmarks of cancer, there is a
therapeutic interest in developing drugs that promote cell death, in order to tip the balance of the
cellular fate of cancer cells toward apoptosis. In fact, in clinical practice there are several cancer

therapeutic drugs that promote cancer cell apoptosis.'>""2%21:23.24
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1.1.1.2. Targeting autophagy in cancer therapy

Macroautophagy (hereafter referred as autophagy) is a catabolic process involved in the
degradation of the cellular organelles and proteins through the lysosomal machinery. The
morphological characteristics of autophagy include vacuolization, degradation of cytoplasmic
contents, and slight chromatin condensation. Briefly, the autophagy pathway begins with the
sequestration of the cytoplasmic constituents into double-membrane vesicles, known as
autophagosomes. Then they are fused with lysosomes to form autolysosomes, where the
sequestrated contents are degraded and recycled (Fig. 1.4).%%" This highly evolutionarily
conserved multistep process is executed and regulated by a large group of distinct autophagy-
related proteins (Atg) that direct the encapsulation of the cytoplasmic cargo inside of the
autophagosome. The Atg proteins can be divided into four groups based on their functional
properties: the Atg1/Unc-51-like kinase complex, involved in the autophagy induction; the
Atg8/LC3 and Atg12 conjugation systems, involved in the expansion of the autophagosome; the
class Il phosphatidylinositol 3-kinase complex, which includes Beclin-1/Atg6; and the
transmembrane protein Atg9 and its associated proteins, involved in the recycling of lipids and
proteins.?>? The mammalian target of rapamycin (nTOR), a conserved serine/threonine kinase,
is a known regulator of autophagy that acts as a sensor of the metabolic state of a cell, and as
regulator of the bioenergetic pathways, and cell growth. In the presence of nutrients, autophagy
is maintained at basal levels through mTOR-mediated phosphorylation and inhibition of the Atg1
initiation complex. However, under starvation conditions, mTOR is inactivated leading to Atg1

activation and autophagy induction.?>%
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Figure 1.4. Simplified scheme of the macroautophagy pathway.

Under specific conditions, such as starvation and hypoxia, autophagy can be strongly
induced to act as a pro-survival mechanism, as it enables the cell to break down cellular
organelles, allowing the resulting catabolites to be recycled and used for biosynthesis and
energy metabolism. However, under other conditions, activated autophagy can also act as an
executioner of cell death, known as autophagic cell death, or type Il programmed cell death.
While the mechanism of autophagic cell death is still unclear, there is evidence that autophagy
may promote cell death by the selective degradation of a survival protein, or that maintaining
high levels of autophagy results in the demise of the cell due to energy limitations.?*?°

A crosstalk between autophagy and other cell death pathways has been described. The

interplay between autophagy and apoptosis can be identified from the extensive molecular
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crosstalk between autophagy and apoptosis-related proteins. One of such interactions occurs
within the Beclin-1/Bcl-2 complex (Fig. 1.4). Beclin-1, that has a critical role in the
autophagosome formation, is inhibited by Bcl-2, which is an anti-apoptotic member of the Bcl-2
family.25’3°'31
Autophagy can act as a “double-edge sword” in cancer treatment. While autophagy can
be induced in cancer cells as an adaptation mechanism leading to resistance to chemo- and
radiotherapies, other cancer cells displayed reduced autophagic capacity when compared to
normal cells. For example, mono-allelic deletion of Beclin-1 gene has been found in 50 and 75%
of sporadic human breast and ovarian cancers, respectively, and Beclin-1 transfection was able
to induce autophagy and inhibit tumor growth.*'

Taking into account this dichotomy in the autophagy, the design of cancer treatments
that modulate autophagy becomes quite complex. However, recent data suggest that
therapeutic interventions enhancing or decreasing autophagy, depending on the context, can be

beneficial for the cancer treatment.282%:3°

1.1.2. Lung cancer

Lung cancer is a heterogeneous disease that has historically been divided into two main
types, non-small cell lung cancer (NSCLC) and small-cell lung cancer (SCLC), with different
disease patterns and treatment strategies for each type. The most common type is NSCLC
(85%), which includes such subclasses as adenocarcinoma, squamous cell carcinoma, and
large cell carcinoma.* Despite advances in diagnostics and therapeutics, the outcome for
patients with lung cancer remains poor. A substantial proportion of patients with lung cancer
show tumor spread at the time of diagnosis, and 40% of patients with NSCLC have distant

metastases.*** The high mortality rate for patients with lung cancer has been attributed to the
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difficulty in obtaining an early diagnosis, a high potential for metastasis, the heterogeneous
histology and biology, and the relative insensitivity to chemotherapy.®**

Lung cancer is one of the most heavily mutated and genomically altered cancers.*® The
most widely recognized genomic alterations include epidermal growth factor receptor (EGFR)
mutations, and echinoderm microtubule-associated protein-like 4-anaplastic lymphoma kinase
(EML4-ALK) rearrangements.®®**” Other genetic mutations found in the NSCLC include
alterations in V-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog (KRAS),
phosphatidylinositol-4,5-bisphosphate  3-kinase catalytic subunit alpha (PIK3CA), proto-
oncogene B-Raf (BRAF), proto-oncogene receptor tyrosine kinase MET (MET), liver kinase B1
(LKB1), and proto-oncogene tyrosine-protein kinase ROS (ROS7) genes.***®* [KB1 (also
known as serine/threonine kinase 11) is the second most commonly mutated tumor suppressor
in sporadic lung cancer, after TP53.%° LKB1 is mutated in at least 15-30% of NSCLCs, although
the frequency may be higher due to the difficulty in detecting inactivating lesions.*'*?
Interestingly, roughly half of the NSCLCs with LKB1 mutations also bear activating KRAS
mutations, and current estimates suggest that 7-10% of all NSCLCs are commutated for KRAS
and LKB1.*" NSCLC patients harboring LKB1/KRAS mutations tend to have a poorer prognosis
compared to patients with KRAS-mutated NSCLC without concomitant LKB7 mutation,
suggestion that loss of LKB1 induces a more aggressive cancer phenotype.****

Surgery is the standard treatment for early stage lung cancer, in medically operable
patients, and chemo- and radiotherapy are the prevailing treatment for patients with advanced
NSCLC.* Platinum-based chemotherapy remains the standard systemic therapy for the majority
of patients with advanced NSCLC (Fig. 1.5), which is based on the combination of a platinum
drug (carboplatin or cisplatin) and a third-generation cytotoxic agent, such as gemcitabine,
paclitaxel or vinorelbine.®*%"4°4¢ Nowadays, chemotherapy can be tailored based on the

histopathology of the primary tumor, and on the response to induction chemotherapy. There are

evidence-based data showing that patients with non-squamous NSCLC benefit from
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pemetrexed-containing regimens, due to the high content of tymidylate synthase in the primary
tumor. Data from several clinical trials have shown that patients with tumors harboring activating

mutations of EGFR and ALK rearrangements benefit from treatment with EGFR and ALK

tyrosine kinase inhibitors, such as gefitinib and crizotinib, respectively (Fig. 1.5).3*%
Advanced NSCLC
Non-squamous Squamous
Mutation - OR
EGFR mutation + ALK mutation + e
A st A Platinum Drug Platinum Drug
1stLine Gefitinib Crizotinib Combination Combination
Pemetrexed OR et
. Erlotinib OR
1st Line Maintenance Erlotinib _OR Observation
Observation
. Pemetrexed OR S
- Platinum Drug R e Erlotinib OR
2nd Line Combination Ceritinib Erlotinib OR =)
Docetaxel
) Pemetrexed OR The option not used e
rd
e Docetaxel previously =izl

Figure 1.5. Schematic algorithm for first-, second-, and third-line therapy in advanced non-small cell lung
cancer (NSCLC). Adapted from literature.*’*®

Despite the high response and progression-free survival rates to EGFR and ALK tyrosine
kinase inhibitors, the majority of patients develop resistance within approximately 1 year.37 There
are two main mechanisms for acquired resistance to tyrosine kinase inhibitors: the target gene
undergoes a second mutation or amplification, resulting in inefficient binding of the target; and

the activation of a parallel signaling pathway, as seen in MET amplification as a secondary event
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in EGFR-mutated cancers.*® Moreover, several escape mechanisms have been reported for the
lung cancer cells to counteract the current therapeutic interventions, such mechanism include
enhanced antiapoptotic gene expression (Bcl-2, survivin), loss of the apoptosis effector
molecules (caspases), enhanced expression of multidrug resistance proteins, and enhanced
expression of immuneresistance genes.*

Despite the novel therapeutic strategies, the overall 5-year survival rate in many
countries remains less than 15%.% These statistics highlight the need for the development of

new clinical agents for the treatment of lung cancer.

1.2. Natural products in cancer

The role of natural products as a source of medicines has been recognized since ancient
times.>® Despite major scientific and technological progress in combinatorial chemistry, drugs
derived from natural products still continue to play an important role in the development of the
current therapeutic armamentarium. Considering all approved drugs worldwide, between 1981
and 2014, 50% were natural products, based or inspired thereon (Fig. 1.6). In the area of
cancer, between 1981 and 2014, 78% were small molecules. If the higher molecular weight
materials are removed (biological and vaccines), reducing the overall number to 136 (100%),
83% were either natural products per se or based thereon, or mimicked the natural products in

one form or another (Fig. 1.7).°"
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Figure 1.6. Total new approved agents between 1981 and 2014. B, biological; V, vaccine; S, totally
synthetic drug, with no natural product conception; N, unmodified natural product; NB, natural product
“botanical”’; ND, modified natural product, usually a semisynthetic modification; S/NM, synthetic compound
showing natural product mimicking properties; S*, synthetic compound with a natural product
pharmacophore; S*/NM, total synthesis with a natural product pharmacophore, showing natural product
mimicking properties. Adapted from literature. >
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Figure 1.7. Total new approved anticancer agents between 1981 and 2014. B, biological; V, vaccine; S,
totally synthetic drug, with no natural product conception; N, unmodified natural product; NB, natural
product “botanical”’; ND, modified natural product, usually a semisynthetic modification; S/NM, synthetic
compound showing natural product mimicking properties; S*, synthetic compound with a natural product
pharmacophore; S*/NM, total synthesis with a natural product pharmacophore, showing natural product

mimicking properties. Adapted from literature. °

Recently, there has been a renewed interest in “rediscovering natural products". In 2003,
this was emphasized by Berkowitz commenting on natural products, “We would not have the
top-selling drug class today, the statins; the whole field of angiotensin antagonists and
angiotensin-converting-enzyme inhibitors; the whole area of immunosuppressives, nor most of
the anticancer and antibacterial drugs. Imagine all of these drugs not being available to
physicians or patients today”.*>**It is evident that nature has played and will continue to play, a
vital role in the drug discovery process.

Several natural products and derivatives are still used in cancer treatment. Importantly,
all of these natural products have led to significant biological discoveries related to their unique

and novel mechanism of action (Table 1.1).>*®
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Table 1.1. Example of natural products and their derivatives, with anticancer activity used in clinical

practice. Data from literature. 50545557

Anticancer Chemical Structure Mecharrlsm of Source
agents Action
Vinca alkaloids ‘
Vinblastine L Tubulin- Catharanthus
Vincristine interactive agent roseus
Vinorelbine Vinblastine: Ry=CH3  Vinorelbine

Vincristine: R4=CHO

Taxanes 9
Paclitaxel o °

%
; ‘ 6 Tubulin- Taxus

H

int ti nt revifolia
Docetaxel interactive age brevifoli
Paclltaxel Docetaxel
o} H ©—
R‘4<° Fij*OH
Podophyllotoxin —
derivatives Topoisomerase  Podophyllum
Etoposide Etoposide: Ry=CH, Il inhibitor peltatum
Teniposide m
Teniposide: Ry= =

Rz Rj

Camptothecin

derivatives Topoisomerase Campotheca
Topotecan / om0 | inhibitor acuminata
Irinotecan Topotecan: Ri=OH, R,=CH;N(CHj3), Rs=H

Irinotecan: R{=0OCOPiperidinePiperidine,
R2=H, R3=CH2CH3

Natural products have been evolutionarily selected to bind to biological macromolecules,
a property that led to the recognition of the natural product scaffold as a “privileged structure”,
representing an excellent template for the development of novel biologically active compounds.
This natural product-like scaffold has the necessary compromise of flexibility and rigidity to
present the functional groups in a favorable spatial arrangement to biomolecular targets.
However, natural products did not undergo evolutionary selection to serve as human
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therapeutics, and hence need to be optimized to have the desired potency, selectivity, and
pharmacokinetic properties of a clinically useful drug.>® Optimization of the basic scaffold to
improve these properties can be accomplished by a semisynthetic approach.

As discussed previously, cancer is a complex disease with multiple altered pathways,
and thus the inhibition of single targets may not be sufficient to cure this disease. The clinical
development of resistance towards specific small molecule inhibitors, such as erlotinib, supports
this point of view. The complexity underlying cancer highlights the need for the development of
strategies that would target the intricate cancer network, in order to modulate the different
hallmarks of cancer, and hence treat cancer as a complex disease. Contrarily to the
conventional approach of developing monofunctional targeted drugs, which affect specifically
one target, it has been proposed that multifunctional drugs be developed that would target the
activity of different regulatory pathways, affecting as much hallmarks of cancer as possible (Fig.
1.8). This approach seems to represent a more realistic strategy to treat cancer as a complex
disease. The “promiscuous” character of natural products, previously associated with dirty drugs,
has recently attracted interest as templates for the development of such multifunctional
anticancer drugs. It seems that during evolution, plants have overcome the resistance of
pathogenic microorganisms towards phytochemicals by the development of multitarget
compounds. This evolutionary approach of using “promiscuous” compounds as a defense

mechanism may also support the development of natural products for cancer treatment. °4>°
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Figure 1.8. Schematic scheme showing monofunctional (left) versus multifunctional (right) drugs.
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1.3. Terpenes: general considerations

Terpenes or isoprenoids are the largest and most structurally diverse class of natural
products. These compounds are ubiquitous components of our diet, and are considered
relatively nontoxic to humans. Terpenes display a wide range of biological activities, and have
been used for centuries in the traditional medicine for the treatment of human diseases.®*®

Terpenes are essentially synthesized by the initial condensation of the Cs substrates,
isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP), to form geranyl
diphosphate (GPP, Ci0), farnesyl diphosphate (FPP, Cis), or geranylgeranyl diphosphate
(GGPP, Cy) (Fig. 1.9). They can further undergo condensation, cyclization, and post-
transnational modifications. Overall, these compounds are traditionally known as derivatives of
the isoprene, a five-carbon acyclic chain (CsHg). Based on the number of building blocks,

terpenes are commonly classified as monoterpenes (Cqg), sesquiterpenes (Cqs), diterpenes

(Ca0), triterpenes (Cs), and tetraterpenes (Co) (Fig. 1.9).5%°2
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e Triterpenes (C30)
v
Diterpenes (C20)
Tetraterpenes (C40)

Figure 1.9. Simplified scheme of the isoprenoid biosynthetic pathway. IPP, isopentenyl diphosphate;
DMAPP, dimethylallyl diphosphate; GPP, geranyl diphosphate; FPP, farnesyl diphosphate; GGPP,
geranylgeranyl diphosphate.

1.3.1. Triterpenes: pentacyclic triterpenoids

Triterpenes are a large and structurally diverse group of terpenes, widely present in
several medicinal plants.’®®*®® Triterpenes, containing six isoprene units with the basic
molecular formula CsoHas, are derived from squalene or related acyclic 30-carbon precursors.®*
Triterpenoids are oxo-functionalized triterpenes derived from the intramolecular condensation of
the 2,3-oxidosquelene to give different classes of triterpenoids, which are subsequently
converted into a vast array of triterpenoid ring scaffolds (Fig. 1.10).°*"% According to the

diverse features of their skeletons, triterpenoids can be divided into acyclic, mono-, bi-, tri-, tetra-

and pentacyclic triterpenoids.®®® Natural pentacyclic triterpenoids (PTs) have been extensively
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reported to possess a wide range of biological activities, such as antitumor, anti-inflammatory,
antiviral, antidiabetic, antibacterial, antiparasitic, analgesic, and cardio-, hepato- and gastro-

protective, among others activities.®® From a biological point of view, some of the most important

67,70,71

and active PTs include betulinic, oleanolic, glycyrrhetinic and ursolic (UA) acids.

< ----

L

;

Betulinic acid Oleanolic acid Ursolic acid

Figure 1.10. Simplified scheme of the biosynthesis of some triterpenoids. FPP, farnesyl diphosphate.
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1.3.2. Ursolic acid

Ursolic acid (3B-hydroxy-urs-12-en-28-oic acid) (UA) (Fig.

1.11) is a pentacyclic

triterpenoid present in a wide variety of plants (Table 1.2), and an integral part of the human diet.

This compound can be found in the form of a free acid, or as an aglycone of triterpenoid

saponins.

Figure 1.11. Chemical structure of ursolic acid (UA).

Table 1.2. Examples of sources of ursolic acid in nature.

HO

$
$
<
3

2

24

29

UA

ol 8

Entry Source Common name Ref.
1 Actinidia arguta Hardy Kiwi 72
2 Arctostaphylos uva-ursi Bearberry 73
3 Calluna vulgaris Common Heather 74
4 Crataegus pinnatifida Chinese hawthorn 75
5 Eucalyptus camaldulensis River red gum 76
6 Lavandula angustifolia Lavender 77
7 Malus domestica Golden-red apple 78
8 Melissa officinalis Lemon balm 79
9 Perilla frutescens Perilla 80
10 Plantago major Broadleaf plantain 81
11 Prunus mume Japanese apricot 82
12 Rosmarinus officinalis Rosemary 83
13 Salvia officinalis Common sage 84
14 Sambucus ebulus Dwarf elder 85
15 Vaccinium macrocarpon Large cranberry 86
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1.3.2.1. General activities of ursolic acid

Medicinal plants containing UA have been used in folk medicine long before it was
known which its constituents were responsible for their therapeutic effectiveness. The isolation
and identification of UA revealed a wide range of biological activities, including antitumor, anti-
inflammatory, immunomodulatory, antioxidant, antidiabetic, antibacterial, antiviral, antiulcer,
hepatoprotective, analgesic, diureretic and anti-atherosclerotic.®”"%%"%° The anticancer effects of

UA will be discussed below, in brief.

1.3.2.2. Anticancer activity of ursolic acid

UA has been implicated in the prevention and protection against tumors. The anticancer
activity of UA has been reported in a wide variety of cancer cell lines (Table 1.3), as well as in

vivo. b7 70878990 |t antitumor activity has been attributed to its ability to prevent tumorigenesis®', to

92,93 96,97

inhibit cancer cell proliferation®®®®, progression®, invasion®, and angiogenesis®?’, to induce

98100 and differentiation'®"'%?, to promote chemosensitization'®, and to induce cell

apoptosis
cycle arrest'®'% (Table 1.3). The signaling pathways involved in the UA activity may vary in
different cancer cells lines, and different signaling pathways may be regulated successively or

simultaneously, and synergized to contribute to the UA overall anticancer effect.’®
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Table 1.3. Examples of the anticancer activity, and mechanism of action/targets of UA in different cancer

cell lines.

Entry Cancer type Cell line Mechanism of action/targets®

Inhibition of proliferation’""";

G1-phase arrest (¥Ycyclin-E, -D1,-D3 and CDK4;
Ap21"™ p27"°"): induction of autophagy via ROS-
dependent ER stress (MROS production;
us7 ANintracellular calcium concentration; ER stress-
1 Brain Rat C6 mediated PERK/elF2a/CHOP pathway involvement;
- CaMKK-AMPK-mTOR signaling cascade; A\Beclin-
glioma .| c3.yy). 107
Inhibition of proliferation; inhibition of invasion
through suppression of the association ZIP/p62 with
PKC-¢, and downregulation of MMP-9 expression.”®
Inhibition of proliferation; ER stress-induced
apoptosis.'®
Inhibition of proliferation; induction of apoptosis by
suppression of FOXM1 protein expression.
MCF-7 Inhibition of proliferation; inhibition of migration and
3 Breast MDA-MB- invasion through inhibition of the JNK, Akt and
231 mTOR pathway, and NF-kB expression, with
downregulation of MMP-2 and u-PA expression,
and upregulation of TIMP-2 and PAI-1.""
Inhibition of proliferation; induction of apoptosis
through the intrinsic pathway (Acytochrome c,
caspase-9 and -3) with modulation of the members
of Bcl-2 family (¥Bcl-2 and Bcl-xL; ABax and Bak);
downregulation of the phosphorylation of ERK1/2
and p38 proteins.""?
Induction of apoptosis with inhibition of PI3K/Akt
and MAPK pathways,.113
Inhibition of proliferation; inhibition of c-FLIP, Bcl-2,
HCT116 survivin, Bcl-xL, cyclin D1, MMP-9, VEGF, and
5 Colorectal HT29 ICAM-1; inhibition of NF-kB activation; inhibition of
Caco-2 metastasis; induction of  apoptosis and
chemosensitization."™
Inﬂi?ition of invasion by downregulation of MMP-
9.
Inhibition of proliferation; G1-phase arrest; induction
of apoptosis (M caspase-3 and Bax); inhibition of
7 Gastric BGC-823 invasion; upregulation of miR-133a.%

2 Bladder T24

HelLa
4 Cervix uteri SNG-II
HEC108

6 Fibrosarcoma HT1080

NUGC-3 Inhibition of proliferation; inhibition of DNA
polymerase, and DNA topoisomerases | and 11.""
Inhibition of proliferation; G1-phase arrest; induction
HepG2 of apoptosis (A\caspase-3, Wsurvivin and AEG-1)
P via  AMPK _ activaton  and  GSK3B
. Hep3B L7
8 Hepatic phosphorylation.
Huh-7 U : . .
HA22T Antiangiogentic proterties; downregulation of HIF-

1a, VEGF, IL-8, and u-PA; decreased invasion and
migration.118
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Entry Cancer type Cell line Mechanism of action/targets®
Table 1.3. continued
U937 Induction of differentiationwzby activation of the
9 Leukemia Jurkat PI3K/Akt signaling pathway.
HL-60 Induction of apoptosis via inactivation of 98Akt,
activation of JNK, and downregulation of Mcl-1.
. Inhibition of viability; induction of calcium-
1 /i ocll dependent apoptosis.%
Inhibition of proliferation; induction of apoptosis;
H1299 SAPK/JNK-mediated inhibition of SP1 with
H1650 inhibition of EZH2 and DNA methyltransferase 1.'%°
11 Lung H1975 Inhibition of proliferation and metastasis; inhibition
PC9 of epithelial-mesenchymal transition by suppressing
A549 AEG-1 via repression of the NF-kB signaling
pathway.121
Inhibition of proliferation; chemosensitization; G1-
. phase arrest; induction of apoptosis; inhibition of
12 AL ieleE) — STAT3 activation b¥ expression of the tyrosine
phosphatase SHP-1.'%
Inhibition of proliferation; chemosensitization;
SKOV3 downregulation of HIF-1a and ABCG2 levels.'*
13 Ovarian A2780 Inhibition of proliferation; induction of apoptosis
HEY (MNcaspase-9 and -3, Wc-Myc, Bel-xL and AEG-1)
by GSK3B phosphorylation and B-catenin
degradation.'®
AsPC-1 MIA Inhibition of proliferation; induction of apoptosis;
PaCa-2 suppression of NF—_K_B 'acti}/zation and regulated
14 Pancreatic Panc-28 pro.te_|r'13; chemos.,ensn'lzatlpn. . .
PANC-1 Inhibition of proliferation; induction of apoptosis by
Capan-1 induction of JNK pathway, and12%uppression of
PI3K/Akt/NF-kB signaling pathway.
Inhibition of proliferation; induction of apoptosis
(M\caspase-3, WBcl-2, Bcl-xL and survivin) by
LNCaP modulation of PI3K/Akt/mTOR pathway.'?®
15 Prostate PC-3 Inhibition of CXCR4/CXCL12 signalin_g 'a>_(i_s, by
DU145 downregula_noq of mMRNA expression, inhibition _of
NF-kB activation and modulation of chromatin
immunoprecipitation activity; inhibition of CXCL12-
induced migration and invasion."?’
Inhibition of proliferation; induction of apoptosis. -
16 Thyroid MTC-SK Inhibition of proliferation; induction of differentiation;
ARO inhibition of the endogenous reverse
transcriptase.108
Inhibition of proliferation; induction of differentiation;
17 Skin A375 inhibition %fs the endogenous reverse
B16F-10 transcriptase.

Inhibition of proliferation; induction of apoptosis.'?®

“ABCG2: ATP-binding cassette sub-family G member 2; AEG: astrocyte elevated gene; Akt:
protein kinase B; AMPK: adenosine monophosphate (AMP)-activated protein kinase; Bcl-2: B-cell
lymphoma gene-2; CaMKK: Calcium/calmodulin-dependent kinase kinase; CDK: cyclin-dependent
kinase; CHOP: C/EBP homologous protein; CXCL12: C-X-C motif chemokine 12; CXCR4: C-X-C
chemokine receptor type 4; DNA: deoxyribonucleic acid; elF2a: eukaryotic translation initiation
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factor 2a; ERK: Ras/Raf extracellular signal-regulated kinase; ER: endoplasmic reticulum; EZH2:
zeste 2 polycomb repressive complex 2 subunit; FLIP: FLICE-inhibitory protein; FOXM1: forkhead
box M1; GSK3pB: glycogen synthase kinase 3B; HIF-1a: hypoxia-inducible factor-1 a; ICAM:
intercellular adhesion molecule; IL: interleukin; JNK: c-Jun N-terminal kinase; LC3: microtubule-
associated protein 1A/1B-light chain 3; MAPK: mitogen-activated protein kinase; miR: microRNA;
MMP: matrix metalloproteinase; mTOR: mammalian target of rapamycin; NF-kB: nuclear factor
kappa-light-chain-enhancer of activated B cells; PAI-1: plasminogen activator inhibitor-1; PERK:
protein kinase RNA-like endoplasmic reticulum kinase; PI3K: phosphoinositide 3-kinase; PKC:
protein kinase C; ROS: reactive oxygen species; SAPK: stress-activated protein kinase;
SHP-1: src homology region 2 domain-containing phosphatase-1; SP1: transcription factor Sp1
(specificity protein 1); STATS3: signal transducer and activator of transcription 3; TIMP-2: tissue
inhibitor of metalloproteinase-2; u-PA: urokinase-type plasminogen activator; VEGF: vascular
endothelial growth factor; ZIP: zeta-interacting protein.

UA is able to affect different pathways that are found deregulated in cancer, such as the
MAPK/ERK and PI3K/Akt/mTOR signaling cascades that play critical roles in the development of
resistance to apoptosis and drugs in cancer cells (Table 1.3)."2'1312126 yA has also been
shown to modulate the NF-kB activity, which has been demonstrated to be abnormally
expressed in different cancer cells, and to be correlated with uncontrolled proliferation (Table
1.3, entries 3, 5, 11, 14 and 15)."®'? Furthermore, inhibition of the FOXM1 expression by UA
has been reported on the MCF-7 cells (Table 1.3, entry 3).""° FOXM1 has been recognized as
an important target, as its upregulation may contribute to genomic instability and malignant
transformation.®”"'® Programmed cell death, namely apoptosis and autophagy, has also shown
to be induced upon treatment with UA in several cancer cells lines (Table 1.3).%789107.130
Additionally, the effect of UA in the endogenous reverse transcriptase has been implicated in its
ability to suppress growth and induce differentiation in cancer cells (Table 1.3, entries 16 and
17).108 Other effects of UA that contribute to its anticancer activity include its antimetastatic, anti-
angiogenic, and anti-inflammatory properties, and its ability to promote chemosensitization to
other anticancer agents (Table 1.3).57%°

Taking into account the different anticancer effects of UA, this compound can be

considered as a multifunctional drug that is able to modulate the intricate cancer network,
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highlighting the importance of acting on cancer as a complex disease. Therefore, UA can be
considered as a potential lead for the development of new anticancer drugs, due to its promising

multitarget anticancer activity, low toxicity and commercial availability.®%'%"

1.3.2.3. Semisynthetic derivatives with anticancer activity

The UA scaffold has been modified in order to improve its anticancer activity. The main
chemical modifications performed so far have focused mostly at the C2 position on A-ring, on
the alcohol group at C3, at C11 and C12 positions on C-ring, and on the carboxylic acid at
position C28 (Fig. 1.12). Some of the semisynthetic derivatives obtained have displayed
improved anticancer activity in several cancer cell lines compared with UA.®""*' Some of the

main derivatives prepared will be discussed hereinafter.

Figure 1.12. Main positions of the chemical modifications performed on the UA scaffold.

UA was first investigated for its anti-inflammatory properties which were associated to its
ability to inhibit nitric oxide (NO) production and cyclooxygenase (COX) activation.™*"** Honda

et al synthesized a series of new UA derivatives that significantly inhibited the production of NO
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in mouse macrophages. Most of the semisynthetic derivatives showed better activity compared

with UA (Table 1.4)."3+1%®

Table 1.4. The inhibitory activities (ICso) of UA and derivatives (1.1-1.7) for the inhibition of the production
of NO in mouse macrophages.

Entry Comp. R4 ICs5o (M) Ref.
1 UA - Toxic? 134-136
2 1.1 CO,H 17.6 134
3 1.2 CO,H 5.1 134
4 1.3 CO,CHjs 8.9 135
5 1.4 CO;H 6.2 135,136
6 1.5 CO,CHjs 5.1 135,136
7 1.6 CO;H 0.8 135
8 1.7 CO,CHjs 0.1 135

®UA was toxic to cells above 10 uM and was not active below 10 M.

27



Chapter 1 | Introduction

Compared with the methyl ursolate 1.8, the derivatives of UA with a cyano (1.9) and
trifluoromethyl (1.10) groups at position C2 in the A-ring, coupled with an 1-en-3-one moiety,
showed an enhanced growth inhibition in the 253JB-V, KU7, PANC-1 and Panc-28 cancer cell

lines (Table 1.5)."

137

Table 1.5. Inhibition of the proliferation of cancer cell lines by the UA derivatives 1.8-1.11.

z 1.8
Cell line/ICs, (M)

Entry Comp. R R: 253JB-V KU7 PANC-1___ Panc-28
1 1.8 : : 6.1 9.0 118 10.6
2 19 CN _ COOCH, 0.2 0.3 05 1.0
3 110 CF,  COOCH, 0.2 05 07 11
4 1.1 | COOCH, 49 6.0 6.9 135

Salvador et al prepared a series of derivatives containing an a,B-unsaturated ketone
moiety at A-ring (Table 1.6), and found that most of these derivatives exhibited significantly
enhanced anticancer activity.’®®"*® The introduction of a Michael acceptor, such as 2-cyano
group, coupled with an 1-en-3-one moiety in the A-ring, combined with a fluorolactone moiety
(1.21 and 1.22), improved the cytotoxic activity against several cancer cell lines. Compound 1.22
induced cell cycle arrest at the G1 phase with upregulation of p21*®", and apoptosis with

upregulation of NOXA and downregulation of c-FLIP in the AsPC-1 cell line."
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Cell line/ICs, (M)

MIA

Entry Comp. Ri  Cring  Re  ASPC Panc- paca PG yorr asss  Pe3
-2
1 UA - - 126 149 104 150 123 114 208
Figure1.6.1
. ©
N N -
2 1.12 \ W\ij 2.3 182 243 276 9.4 122 129
)\ o
3 113 \© - 2.1 14.4 8.3 8.5 3.5 18.7 57
|\
/\ O
4 1.14 N\_,N = 8.1 12.1 7.8 7.9 12.5 12.9 95
—N
N/\N
5 1.15 \ - 5.8 5.1 7.3 2.0 5.3 5.6 6.8
6 1.16 N)\N @ - 2.1 5.6 5.6 4.0 2.2 5.3 35
|\
AN
7 1.17 N\_,N @ = 1.9 35 4.0 3.2 2.3 4.9 3.0
—N
Figure162
N/\N
8 1.18 \ / - - 1.1 4.6 6.0 6.8 2.8 9.5 4.0
9 1.19 N*N - - 1.0 214 281 - - - -
\ 7/
AN
10 1.20 N\_,N - = 75 10.1 10.2 10.6 7.0 16.2 5.6
—N
Figure 1.6.3
11 1.21 - - —F 05 14.3 2.1 3.0 2.2 10.0 2.0
12 1.22 _ - wniF 0.7 1.8 0.9 0.5 0.7 0.9 0.9
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Structural modifications at positions C3 and C28 of the UA scaffold are by far the most

commonly reported in the literature. Improvement of the cytotoxic activity was observed with the

acetylursolic 1.23, 3-oxo 1.24, and hydroxyimino 1.25 derivatives, when compared with UA

against the leukemia cell line HL-60 (Table 1.7, entries 2—4)."° Furthermore, the introduction of

a 3B-amino group afforded a derivative (1.26) that was 30-fold more potent than UA and its a-

counterpart (1.27) against HL-60 cells (Table 1.7, entries 5 and 6)."° This result suggests that

the configuration at C3 is critical for the cytotoxic activity. The introduction of aminoalkyl groups

at position C28 (derivatives 1.28 and 1.29) resulted in a significant improvement of the

cytotoxicity compared with the parent compound (Table 1.7, entries 7 and 8).

140

Table 1.7. Inhibition of the proliferation of cancer cell lines by UA and derivatives 1.23-1 29,0

Cell line/EDsg (pg/ml)

Entry  Comp. Ri R: HL-60 BGC  Bel-7402  Hela
1 UA —==0H COOH 72.0 53.7 45.0 49.4
2 1.23 —==0OAG COOH 559 100.0 58.4 50.0
3 1.24 =0 COOH 195 60.0 585 765
4 1.25 =NOH COOH 533 533 381 501
5 1.26 —=-NH, COOCH, 2.0 25 17 24
6 1.27 SN H, COOCH,@ 795 >1000 396 55.2
7 1.28 —==0H  CONH(CH,)sNH, 5.0 30.0 8.0 ;
8 1.29 —==0Ac  CONH(CHy)oNH, 5.0 35.0 95.0 ;
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Several ester derivatives of ursolic acid (1.30-1.47) (Fig. 1.13) were synthetized and

evaluated for their cytotoxic activity in several cell lines (Table 1.8).""'%®

1.30 R4=H; R,= CH,CH, 1.39 Ry=H; R»= (CH,),0ONO,
1.31 Ry=H; R,= CH,CH,CH; 1.40 R=H; R,= (CH,);ONO,
1.32 Ry=H; R,= CH(CHj3), 1.41 R4=H; R,= (CH,),ONO,
1.33 Ry=H; Rp= CH,CH,CH,CH3 1.42 Ry= COCHCHCH3; Ry=H

1.34 R1=H; R2= CH2 CH2CH2CH2CH3 1.43 R1: COCHQCH2COOH, R2:H

1.35 R1=H; R2= CH20H20H20H20H20H3 1.44 R1= COCHzCH3, R2=H

1.36 R1=H; Ro= /\/< 1.45 R= COCH2CH2CH3, Ry=H

1.37 R1=H, R2= CHchon 1.46 R1= COCH3, R2=CH2CH(OH)CH20H

1.38 R4=H; R,= CH,CH(OH)CH,OH 1.47 Ry= COCHj;; R,=CH,CH,0OH

Figure 1.13. Schematic representation of UA ester derivatives (1.30-1.47).
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Table 1.8. Inhibition of the proliferation of cancer and non-tumor (HELF) cell lines by UA derivatives 1.30—
1-47.141—143

Cell line/IC5q (UM)

Entry Comp.

NTUB1 HT-29 HepG2 BCG-823 GES-1 SH-SY5Y Hela HELF
1 1.30 13.5 - 70.8 69.3 - 66.3 29.2 81.9
2 1.31 18.3 - 89.1 79.7 - 92.5 48.0 >100
3 1.32 8.0 - - - - - - -
4 1.33 15.6 - >100 >100 - >100 63.2 >100
5 1.34 27.8 - - - - - - -
6 1.35 26.2 - - - - - - -
7 1.36 10.9 - - - - - - -
8 1.37 19.5 - - - - - - -
9 1.38 - - 44.2 20.5 154.3 - - -
10 1.39 - - 79.6 84.2 - 71.1 36.2 68.1
11 1.40 - - 87.4 98.3 - 89.6 69.4 82.6
12 1.41 - - >100 >100 - >100 >100 >100
13 1.23 14.3 24.0 37.7 19.4 92.9 - - -
14 1.42 11.9 - - - - - - -
15 1.43 8.7 - - - - - - -
16 1.44 >30 - - - - - - -
17 1.45 >30 - - - - - - -
18 1.46 - 18.4 27.5 15.7 155.4 - - -
19 1.47 - 23.6 29.8 17.2 137.2 - - -

Treatment of the bladder cancer cell line NTUB1 with 40 uM of compound 1.32 increased
the production of ROS, inhibited tubulin polymerization, induced cell cycle arrest, and ultimately
apoptosis.’’ BCG-823 stomach cancer cells treated with compound 1.46 showed an
accumulation of cells in the sub-G1 phase, and induction of apoptosis, with upregulation of
caspase-3, and downregulation of Bcl-2 and survivin. Moreover, compound 1.46 promoted tumor
growth reduction in a mouse model, with low toxicity to the host."?

In addition to 1.28 and 1.29, a series of C28 amide derivatives of UA (1.48-1.76) (Fig.

1.14 and 1.15) were synthetized and tested against several cancer cell lines (Table 1.9)."**"

32



Chapter 1 | Introduction

1.48 R{=NHCH(CH,OH)COOH 1.55 R,=NHCH(CH,OH)COOCH,

1.49 R1 =NHCH(CH206H4-p-OH)COOH 1.56 R2=NHCH(CH ZC6H 4-p-OH)COOCH3

1.50 R;=NHCH ,CH,0OH 1.57 R,=NHCH,CH,OH
1.51 R;=N(CH,CH,0H), 1.58 R,= N(CH,CH,0H),
\ OH Yo
AN OH
1.52R;= N N 59 R,= A~
5 1 1.59 R2 N N
1.53R= N OOH 1.60 Ry= [ O~ OH
s

s
OH
1.54 R,= N\/:>/\/ 1.61 R,= N\/:>/\/OH

1.62 R2=NH(CH2)2OCOCH3

1.63 R2=NHCH(CH 3)CHzoCOCH3

1.64 R2=HZCQF
F

1.65 Ry=(H,C),H,C-N O

1.66 R,=NHCH(CH3)CH,
1.67 R2=NHC6H 4(2CH2)

1.68 R,=NHCH(CH3)CH

Figure 1.14. Schematic representation of C28 amide derivatives of UA (1.48-1.68).
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1.69 R;=NHC¢Hs 1.71 R,=NHCH,COOCH,

1.70 R;=NHCH(CH3)CH,OH 1.72 R,=NHCH,CgH5

-
2
-

1.73 R3=NHCH,CH,CH,OH 1.75 R;=NHC¢H5

1.74 R3=HN©—OCH3 1.76 R,= HN@

HOH,C

Figure 1.15. Schematic representation of C28 amide derivatives of UA (1.69-1.76).
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Table 1.9. Inhibition of the proliferation of cancer and non-tumor (HELF) cell lines by the UA derivatives
1.48-1.76 143-146

Cell line/IC5, (UM)

Entry  Comp. — 7 BCG825 SHSY5Y  Hela HELF _ SKOV3
1 148 830 79.3 722 417 60.3 -
2 149 >100 >100 >100 >100 >100 -
3 150 82.4 783 65.0 323 528 -
4 151 35.7 39.3 214 144 36.9 -
5 152 >100 98.3 >100 523 328 -
6 153 367 35.0 303 238 28.7 :
7 154 >100 >100 >100 673 >100 -
8 155 353 29.0 372 206 223 -
9 156 >100 83.0 >100 67.0 358 -
10 157 466 485 494 163 278 -
1 158 203 155 13.2 109 38.1 -
12 159 205 13.9 1.7 72 31.0 -
13 1.60 15.3 128 95 6.3 38.9 -
4 1.61 59.4 513 401 124 30.0 -
15 1.62 - >10 - - - 6.1
16 1.63 - 83 - - - 22
17 1.64 - >10 - >10 - >10
18 1.65 - 45 - 27 - 74
19 1.66 - - - - - -
20 1.67 - - - - - -
21 1.68 : : : 5.44 : -
22 1.69 - >10 - >10 - >10
23 1.70 - >10 - >10 - >10
24 A7 - 56 - >10 - -
25 172 : >10 : >10 - >10
26 1.73 - >10 - - - >10
27 .74 - >10 - - - >10
28 175 212 8.1 - 9.3 - -
29 176 237 92 - 138 - -

Compound 1.58 induced apoptosis and cell cycle arrest at the S phase in the HepG2
cancer cell line in a time- and dose-dependent manner, with upregulation of caspase-3. In vivo
studies using H22 xenografts in Kumming mice revealed an anticancer effect of compound 1.58
when compared to the control group.™® Compounds 1.62 and 1.63 were also able to induce

apoptosis and cell cycle arrest at the S phase in HeLa cells."*
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Wang et al prepared a series of C28 piperazine-thiourea derivatives, and their anticancer
activities were evaluated against five cancer cell lines (MCG-803, HCT 116, T24, HepG2 and
A549), and a non-tumor cell line (HL-7702). The most active derivative 1.77 (Fig. 1.16, Table
1.10, entry 1) induced apoptosis, with upregulation of caspase-8, -9 and -3, and G1-phase arrest
in the HepG2 cell line.™® Furthermore, Yang and co-workers prepared a series of derivatives
containing an acyl piperazine moiety at C28 (Fig. 1.16). Compounds 1.78 and 1.79 (Fig. 1.16,
Table 1.10, entries 2-3) were the most active ones, and the preliminary mechanism of action
149 In

showed that derivative 1.78 was able to induce apoptosis in the MGC-803 cell line.

addition, a series of UA-triazolyl derivatives were prepared by Bhat et al, with compounds 1.80—

150

1.83 being the most active derivatives (Fig. 1.16, Table 1.10, entries 4-7).

Figure 1.16. Schematic representation of C28 derivatives of UA (1.77-1.83).
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Table 1.10. Inhibition of the proliferation of cancer and non-tumor (FR-2) cell lines by the UA derivatives
1.77-1.83 148-150

Cell line/ICso (M)

Entry  Comp. Mgﬁg' ':10; T24 HepG2 A549 MCF-7 THP-1 7H7'c‘)'2 FR-2
1 177 98 190 136 54 111 - - >100 -
2 178 25 - - - - - - - -
3 179 36 - - - - - - - -
4 1.80 : <01 : - 05 55 0.9 - 10
5 1.81 - 15 - - 29 <01 <01 - 69
6 1.82 : 03 : : <01 <01 <oA1 - >50
7 1.83 : 9.1 : : 02 <01 <01 - >50

A series of furoxan-based NO-donating UA derivatives were synthesized, and their
cytotoxic activities were evaluated against HepG2 cancer cells (Table 1.11). Derivatives 1.84—
1.87 (Table 1.11, entries 3—6) were more active than UA (Table 1.11, entry 1) and 5-fluorouracil

(5-FU) (Table 1.11, entry 2) in the inhibition of HepG2 cell growth."’

Table 1.11. Inhibition of the proliferation of cancer cell lines by UA, 5-FU and derivatives 1.84-1.87.""

Cell line/ ICsp (M)

Entry Comp. R4 R, HepG2
1 UA - - 211
2 5-FU - - 16.0
3 1.84 O(CH,), (CH,). 3.2
4 1.85 O(CH,;)2(CH3)CH (CH,). 54
5 1.86 O(CH3)4 (CH,). 4.9

6 1.87 O(CH,),(CH3)CH \© 9.8
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A library of ursolic acid-benzylidine derivatives was designed, synthesized, and
evaluated against a panel of four cancer cell lines, and a non-tumor cell line (FR-2) (Table 1.12).
The most active derivative 1.92 induced apoptosis, cell cycle arrest at the G1 phase,
accumulation of cytochrome c in the cytosol, and increased expression of caspase-9 and -3, in
the HCT-116 cell line."

Table 1.12. Inhibition of the proliferation of cancer and non-tumor (FR-2) cell lines by UA, 5-FU, and
derivatives 1.88-1.98."°%'%°

Cell line/ICsp (M)

A549 "ﬁg MCE-7  THP1 FR-2

33 42 37 9.1 31
5-FU 1.4 23 2.0 1.7 -

R4
NO,
3 1.88 é/ 6.4 5.0 30 1.1 44
4 1.89 é 2.0 12 5.0 14 69

NO,

NO,
5 1.90 é/ 2.0 5.0 4.1 4.1 70
NO,
6 1.91 é 2.1 15 5.0 4.1 70

Entry Comp.

N

7 1.92 /é/o” 0.6 <0.1 55 0.9 0.8
HO!

8 1.93 é("c”a 0.5 2.1 5.0 0.9 8.6
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Cell line/ICso (M)

Entry  Comp. i asa9 ST MCF7  THP1  FR2

Table 1.12 continued

9 1.94 é\ 0.7 23 4.2 12 40
OCH,

10 1.95 @ <0.9 <0.9 4.0 9.1 35
HaCO OCH;

OCHj

11 1.96 29 15 41 12 69

Cl
12 1.97 C{Zﬁ 07 2.1 12 16 38
13 1.98 é 18 14 23 16 70

Compound 1.98 was able to inhibit the expression of CD133", a marker for the isolation
and identification of cancer stem cells, in a dose- and time-dependent manner in PLC/PRF/5 and
Huh7 HCC cells. Treatment with compound 1.98 increased the CD133" HCC cancer stem cells
differentiation, decreased their self-renewal and tumorigenic capacity, and increased their
sensitivity to the chemotherapeutic drugs doxorubicin and vincristine."*

The cleavage of the A-ring of the ursane scaffold has also been explored (Table
1.13)."""%* The preliminary data suggests that compound 1.100 induces G2/M-phase arrest,

and apoptosis in the NUTB1 cell line, through increased production of ROS.™’
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Table 1.13. Inhibition of the proliferation of cancer cell lines by UA and derivatives 1.99-1.104."""%*

OR,

Cell line/IC5q (UM)

Entry Comp. Ri R: Rs NRP.152 NTUB1
1 UA - - >5.0 -
3 1.99 CN H - >5.0 -
4 1.100 COOH H - >5.0 25.5
5 1.101 CHO H - 2.4 -
6 1.102 - - CH,NH, 0.3 -
7 1.103 COOCH; H - - >30
8 1.104 COOCH; CH; - - 15.6

As discussed in this subsection, the anticancer activity of UA can be improved by specific
structural modifications of its basic scaffold. Moreover, the semisynthetic derivatives appear to
preserve the multitarget anticancer activity of the parent compound. However, further research is
needed to explore additional structural modifications of the UA scaffold to develop novel and
more active UA derivatives with enhanced druggability. Therefore, there is an interest in the
design and synthesis of new UA derivatives that could act as novel anticancer agents,

particularly with anti-lung cancer activity.
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Non-small cell lung cancer (NSCLC) is a leading cause of cancer-related deaths
worldwide. Despite novel therapeutic strategies, the overall 5-year survival rate in many
countries remains less than 15%. The layer of complexity in cancer biology and the drug
resistance often found, highlight the need for the development of new anticancer agents with
novel mechanisms of action.

Natural triterpenoids, in particular ursane-type pentacyclic triterpenoids, have interesting
biological properties that could be explored for the design and synthesis of more effective
anticancer derivatives. Ursolic acid (UA) can be considered a potential lead, due to its promising
multitarget anticancer activity, low toxicity and commercial availability.

Given these considerations, the aim of this thesis is to develop new UA derivatives, and
evaluate their anticancer activity against at least one lung cancer cell line.

The synthesis of the novel UA derivatives was design based on three main semisynthetic

strategies:
i) Expansion and cleavage of the A-ring, as well as introduction of nitrogen-
containing groups (chapter 3);
i) Introduction of oxime and nitrile groups at A-ring (chapter 4);
iii) Introduction of esters (saturated or unsaturated), and of an a,B-unsaturated

carbonyl system (with an endo- or exocyclic double bond) at A-ring (chapter 5).
The structural elucidation of the new synthetized compounds should be achieved through
different techniques, such as infrared (IR) spectroscopy, mass spectrometry (MS), and nuclear
magnetic resonance (NMR).
The anticancer activity of the newly semisynthetic derivatives should be tested against at
least one lung cancer cell line, in a two-dimensional (2D) and three-dimensional (3D) culture

models, in order to establish an I1Cs.
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The preliminary mechanism of action of the most active compound of each panel should
be explored through the use of several techniques, such as liquid scintillation counting, FACS
and immunoblot techniques, in order to explore the effect of the compounds on the DNA, RNA
and protein synthesis rates, on the cell cycle distribution, on the induction of apoptosis and
autophagy, as well as on expression levels of specific proteins. These studies should shed some
light on the possible anticancer mechanism of the most active compounds found for each panel
of UA derivatives.

The final objective of this research work is to select the best compounds for in vivo

evaluation of their anticancer activity.
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3.1. Introduction

The cleavage of the A-ring of UA has been a relatively less explored strategy to obtain
new and more potent derivatives, which encouraged us to develop and synthesize a series of
new UA derivatives with a cleaved A-ring coupled with additional modifications at C3.

The introduction of nitrogen-containing groups was explored, namely the formation of a
lactam, several amides, and a nitrile group. Nitrogen-containing groups offer versatile properties
that could improve the biological and pharmacokinetic profile of compounds. The amide function,
for example, is one of the most fundamental chemical building blocks found in nature. It
represents the main chemical bonds that link amino acid building blocks together to form
proteins, and it is present in a vast number of synthetic structures. *>"*" For example, the amide

158
t,

bond is found in 25% of known pharmaceuticals on the marke and it was present in 2/3 of

drug candidates which were surveyed by three leading pharmaceutical companies in 2006."*
Typically, the amide bond is formed through the condensation of a carboxylic acid and an
amine with release of one equivalent of water. The amide bond is usually formed via an
activated carboxylic acid, which usually takes place by converting the —OH of the acid into a
good leaving group prior to treatment with the amine. The activation of the carboxylic acid can
be accomplished using coupling reagents, such as acid chlorides, among others.'""%
n-Propylphosphonic anhydride, more commonly referred as T3P (or PPA) (Fig. 3.1) is an
efficient coupling reagent that has been employed for the conversion of carboxylic acids to
aldehydes and amides, amides to nitriles, and formamides to isonitriles, as well as for the
synthesis of heterocycles, Weinreb amides, B-lactams, hydroxamic acids, acyl azides, esters,

imidazopyridines, and dihydropyrimidinones.'®'"®® This reagent has low toxicity, long shelf life

stability, easy handling (commercially available as a 50% solution in different organic solvents,
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such as ethyl acetate (EtOAc) and tetrahydrofuran (THF)), and its water-soluble by-products are

extracted easily into the aqueous solution.®°

P

O\/\/
~

(0] \O
|~
O// \O/ \\O

Figure 3.1. Chemical structure of n-propylphosphonic anhydride (T3P).

Wissmann and Kleiner first introduced T3P in 1980, as a novel coupling reagent to
prepare several peptide derivatives, that displayed a better performance than other phosphorous
analogues and N,N’-dicyclohexylcarbodiimide (DCC), due to its good solubility, long shelf life,
and low susceptibility towards racemization.'® To form an amide bond, T3P first converts the
hydroxyl of the carboxylic acid into a leaving group, by forming an anhydride, and then reacts
with the amine derivative to yield the corresponding amide. The resulting by-product is miscible
with water and easily removed during the workup (Scheme 3.1)."®® Meudt and co-workers have
patented a novel process for the preparation of nitriles using T3P with elimination of water.
Hence, nitriles could be obtained by reacting T3P with carboxamides or ammonium salts of

carboxylic acids, or carboxylic acids in the presence of ammonia or ammonium salts."®®'¢’
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Scheme 3.1. Mechanism of action of T3P for the amide-bond formation.

The introduction of fluorine, a small and highly electronegative atom, in key positions of a
biologically active molecule can result in a profound pharmacological effect. Hence, the
presence of a fluorine atom has been shown to improve the metabolic and chemical stability,
membrane permeability, and binding affinity of different molecules.'®®""° Furthermore, strategies
using the fluorine atom are already widely used and established by medicinal chemists in drug
discovery. In fact, the fluorine atom is a prominent element in marketed drugs and development
candidates. While in 1970 there were only about 2% of fluorine-containing drugs on the market,
the current number has grown to about 25%.""""® Anticancer fluorinated compounds are
commonly used in clinical practice, and some examples are the antimetabolite drugs 5-
fluorouracil and gemcitabine, the anti-estrogenic drug fulvestrant, and the protein kinase
inhibitors gefitinib and sorafenib."”?'"

Fluorinated organic compounds can be obtained from nucleophilic, electrophilic and
radical forms of fluorinating reagents. Nucleophilic reagents, such as (dimethylamino)sulfur
trifluoride (DAST) (Fig. 3.2), use a fluoride anion as the reaction active specie. On the other

+»

hand, electrophilic reagents use an fluoronium cation “F™” as the source of active species,
usually in a N-F type-reagent, such as 1-chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane
bis(tetrafluoroborate) (Selectfluor®) (Fig. 3.2). In addition, a fluorinated building block can also be
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used as a fluorine source, which has both a fluorine atom and a leaving group in the

molecule.%17

/l ¢
+ 2BF
T4

DAST Selectfluor

Figure 3.2. Chemical structures of DAST and Selectfluor fluorinating reagents.

Our research group previously developed a 123-fluoro-13,28B-lactone UA scaffold (3.2),
using Selectfluor® as the electrophilic fluorinating reagent to introduce a fluorine atom into the
C12 position, through reaction with the double bond. Selectfluor is a crystalline white solid
reagent, stable at high temperatures, easy to work, and the resulting by-products are usually
easy to removed by an aqueous workup.'”® In a medium without a nucleophilic donor, with
solvents and temperature conditions optimized, the free carboxylic acid at the position C28 of
UA behaves as a nucleophilic donor, leading to loss of the proton and cyclization at C13, with
formation of a lactone group.139 Taking into account the interesting results obtained with the
fluorolactone ursane scaffold, and the interesting properties of the fluorine atom, this strategy
was further explored in order to develop novel UA derivatives.

This chapter describes the synthesis of new fluorolactone ursolic acid derivatives with a
modified A-ring. Ring expansion and cleavage was explored, as well as introduction of nitrogen-
containing groups. The structures of the newly synthesized compounds were fully elucidated by
IR, MS and NMR techniques. The in vifro anticancer activity was tested against NSCLC cell
lines, in monolayer and spheroid cultures models, and the most active compound was selected

for preliminary studies on its mechanism of action.
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3.2. Results and discussion

3.2.1. Chemistry

The synthetic route began with the formation of 12p-fluoro-13,28B3-lactone (3.2) via
reaction of UA (3.1) with Selectfluor fluorinating reagent in a mixture of nitromethane and
dioxane (3:2) at 80 °C, with yields above 60% (Scheme 3.2)."*° The fluorination reaction was
selected as the first step of the synthetic scheme, prior to Jones oxidation (3.3), because some
functional groups synthesized can also be fluorinated, resulting in a mixture of fluorinated
compounds. The fluorolactone moiety is chemically stable, and allows several post-fluorination

modifications using controlled acidic and basic conditions.

Scheme 3.2. Synthesis of the fluorolactone derivative 3.2.

Reagents and conditions: Selectfluor, nitromethane, dioxane, 80 °C, 24 h.

The introduction of the 12B-fluorolactone moiety was confirmed by the presence in the 'H
NMR spectra of a double triplet or double quartet at 4.55 — 5.00 ppm, with a coupling constant of
around 45 Hz, characteristic of the geminal proton for the B-fluorine. In the *C NMR spectra, it

was possible to observe a doublet for the signal of C12 (88.50 — 89.50 ppm) and of C13 (91.50 —
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92.00 ppm), with coupling constants of 186 and 14 Hz, respectively. This profile of 'H and *C
NMR spectra is characteristic of the B-isomer."**

The oxidation of the 3B-hydroxyl group of 3.2 to obtain derivative 3.3 was achieved via
Jones oxidation (Scheme 3.3). The treatment of 3-oxo-derivative 3.3 with NaN;in glacial acetic
acid and sulfuric acid afforded lactam 3.4, while the treatment of compound 3.3 with m-
chloroperbenzoic acid (m-CPBA) in CHCI; afforded lactone 3.5, with yields around 60%

(Scheme 3.3).

3.2 —/>

Scheme 3.3. Synthesis of derivatives 3.3-3.5.
Reagents and conditions: a) Jones reagent, acetone, ice; b) i - glacial acetic acid, sulfuric acid, NaN3, 65
°C;ii- 30 °C, 5 h; ¢) m-CPBA 77%, CHClj, r.t.,, 120 h.

For the formation of amide derivatives, lactone 3.5 was cleaved using p-toluenesulfonic

acid monohydrate in CH,ClI; to give 3.6 (Scheme 3.4).
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3.5 —>» HOOC

Scheme 3.4. Synthesis of the derivative 3.6.
Reagents and conditions: p-toluenesulfonic acid monohydrate, CH,Cly, r.t., 24 h.

The cleavage of A-ring with formation of a carboxylic acid and unsaturation at C4(23)
position (3.6) was confirmed by the presence in the '"H NMR spectrum of two singlets for the

protons of the double bond of carbon 23 at 4.88 and 4.67 ppm (Fig. 3.3).
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Figure 3.3. 'H NMR spectrum of compound 3.6 recorded in CDCls.
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In the *C NMR spectrum, the carbon of the carboxylic acid of compound 3.6 was
observed at 179.71 ppm, close to the carbonyl carbon signal of the fluorolactone (179.02 ppm).
Unsaturation at C4(23) was observed at 146.85 and 114.13 ppm, which was determined as a
quaternary carbon (C4) and as a secondary carbon (C23), respectively, by *C (Fig. 3.4) and

DEPT-135 NMR spectra.
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Figure 3.4. ®C NMR spectrum of compound 3.6 recorded in CDCls.

Compound 3.6 was first treated with oxalyl chloride and then reacted with cold 25%
ammonium aqueous solution to generate the primary amide 3.7 (Scheme 3.5). T3P was not
used in the formation of this amide because the amine available was in an aqueous solution,

and the presence of water would quench the reagent, resulting in lower yields.
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Scheme 3.5. Synthesis of the amide derivative 3.7.
Reagents and conditions: i - oxalyl chloride, dry CHCly, r.t., 15h; ii - cold 25% ammonium aq. solution, dry
THF, 2 h.

The introduction of the amide function in compound 3.7 was confirmed in the '"H NMR
spectrum by a broad singlet at 5.79 ppm for the protons of the amide function (Fig. 3.5). The

carbonyl carbon of the amide group was observed in the ">C NMR spectrum at 176.14 ppm (Fig.
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Figure 3.5. 'H NMR spectrum of compound 3.7 recorded in CDCls.
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Figure 3.6. °C NMR spectrum of compound 3.7 recorded in CDCls.

The reagent T3P® (n-propylphosphonic anhydride solution, 50 wt. % in THF) was used to
prepare a nitrile derivative (3.8) and several amide derivatives (3.9-3.17) (Schemes 3.6 and
3.7).

Compound 3.8 was obtained by dehydration of the amide 3.7 with T3P (50 wt. % in THF)

in a mixture of THF/EtOAc and triethylamine (Et;N) at 77 °C for 5h (Scheme 3.6).
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3.7 —>»

Scheme 3.6. Synthesis of the nitrile derivative 3.8.
Reagents and conditions: T3P (50 wt. % in THF), THF/EtOAc, EtsN, 77 °C, 5 h.

The nitrile derivative 3.8 was confirmed in the 'H NMR spectrum by the disappearance of
the proton signal of the NH group (Fig. 3.7), and in the "*C NMR spectrum by the disappearance
of the carbonyl carbon signal at 173 ppm and appearance of the carbon signal of the nitrile
group at 120.39 ppm (Fig. 3.8). In the IR spectrum, the band for CN stretching vibration was

observed at 2237 cm™ (Fig. 3.9).
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Figure 3.7. 'H NMR spectrum of compound 3.8 recorded in CDCls.
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CN

Figure 3.9. IR spectrum of compound 3.8.

The free carboxylic acid group of compound 3.6, in the presence of T3P (50 wt. % in
THF) and Et;N in THF in an ice bath, reacted with several amines to yield the respective amide
derivatives (3.9-3.17) (Scheme 3.7). The selected amines have an aromatic side chain (3.9—
3.14), or a small aliphatic side chain (3.15-3.17), in order to evaluate the influence of different

substituents on the anticancer activity.
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Scheme 3.7. Synthesis of the amide derivatives 3.9-3.17.
Reagents and conditions: T3P (50 wt. % in THF), dry THF, Et;N, R{NH_, ice bath; 3.9: 7.3 h; 3.10: 2.75 h;
3.11, 3.13-3.15, and 3.17: 5 h; 3.12: 4 h; 3.16: 3 h.

In the '"H NMR spectra, it was possible to observe a broad singlet or triplet for the proton
of the several amides around the chemical shifts of 5.3 and 5.7 ppm. The carbonyl carbon of the
amide was observed in the region of 173 ppm in the ®C NMR spectra. Figures 3.10 and 3.11

represent the 'H and "®C NMR spectra of the amide derivative 3.17.
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Figure 3.11. "*C NMR spectrum of compound 3.17 recorded in CDCls.
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3.2.2. Biological studies

3.2.2.1. Evaluation of in vitro anticancer activity

The anticancer activities of UA and all the newly synthesized derivatives against NSCLC
cells (H460, H322, H460 LKB1*"*) were evaluated using the CellTiter-Blue® assay. The CellTiter-
Blue® cell viability assay is a fluorescent and homogeneous method for estimating the number of
viable cells. This assay is based on the ability of living cells to convert a redox dye (resazurin,
blue color) into a fluorescent end product (resorufin, pink color). Nonviable cells lose the
metabolic capacity to reduce the indicator dye, and thus the quantity of resorufin produced is
proportional to the number of viable cells. The incubation period required to generate an
adequate fluorescent signal above the background is usually 1 to 4 hours, and should be
optimized to each cell line, because it is dependent on the metabolic activity of the cell. Cell
washing, removal of medium, and multiple pipetting steps are not required, as resazurin can be
dissolved directly to cells cultured in a serum-supplemented medium.""®'&

A culture medium containing 0.15% dimethyl sulfoxide (DMSO) served as negative
control. The cell lines were treated with increasing concentrations of each compound, and the

ICs values (half-maximal inhibitory concentration) were determined after 72 h of incubation. The

values for ICsq are summarized in Table 3.1.
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Table 3.1. The inhibitory activities (IC5) of UA (3.1) and derivatives 3.2-3.17 in the NSCLC cell lines.
Cell line™/ICs,

(SEpec] H460 H322 H460 LKB1"~

UA (3.1) 14.840.6 15.312.8 211416
3.2 19.312.6 14.3%2.7 18.743.7
3.3 >50 >50 >50
3.4 >25 >25 13.5:05
3.5 ND ND ND
3.6 >50 >50 >50
3.7 23.0+2.3 241125 21.8£3.2
3.8 >17 >17 >17
3.9 >50 >50 >50
3.10 >50 >50 >50
3.11 >50 >50 >50
3.12 >50 >50 >50
3.13 >50 >50 >50
3.14 >50 >50 >50
3.15 4504 6.8415 6.740.5
3.16 5.3£0.3 7.3£1.0 7.8%1.1
317 2.6%0.9 3.3%0.9 4.4%0.6

(a)Lung cancer cell lines were treated with various concentrations of test compounds for 72 h. The
inhibitory activities were determined using CellTiter-Blue®. ICs, was calculated from the results, and data
are presented as means * SD (standard deviation) of three independent experiments. ND: not

determined.

As shown in Table 3.1, the introduction of the fluorolactone moiety into the UA backbone,
compound 3.2, was not critical for the cytotoxic activity. Nevertheless, the incorporation of a
fluorine atom into the UA structure was designed based on the desirable properties that have
been attributed to the fluorine atom in several drug candidates, such as improved
pharmacokinetic profile, and based on previous results from our research group.”*'""

The ring expansion did not contribute to the biological activity compared with the parent
compound. The lactam 3.4 showed a dramatic increase in the ICsy values in the H460 and H322
cell lines, whereas the formation of lactone 3.5 led to a less soluble derivative for the biological
assays, and so lactone 3.5 was not further tested.

The cleavage of A-ring with formation of a carboxylic acid function at C3 and an
unsaturation at C4(23) (3.6), in order to obtain the amide derivatives, improved the solubility

compared with its antecedent but did not improve the cytotoxic activity.
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The primary amide 3.7 showed an improved activity compared with lactone 3.5 and
carboxylic acid 3.6 derivatives but not compared with the parent compound UA. The introduction
of a secondary amide with an aromatic substituent (3.9-3.14), a more bulky substituent, led to
compounds with decreased activity compared with the primary amide 3.7 and parent compound
UA. However, when a secondary amide with a short alkyl side chain was introduced (3.15-3.17),
the cytotoxicity was improved compared with the primary amide 3.7 (x9) and the parent
compound UA (x5).

Finally, the dehydration of the primary amide to give a nitrile function (3.8) led to a
decreased activity.

The most active derivatives (3.15-3.17) were selected and their cytotoxic activity was
further explored in a multicellular spheroid three-dimensional (3D) culture system.

Monolayer cultures of cells are the most commonly used model to screen for the
cytotoxic activity of new drugs. Although cancer cell lines exhibit similar mutations and gene
profiles as in vivo tumors, this model lacks the three-dimensionality, heterogeneity, dense
extracellular matrix, and penetration barriers observed in vivo, and hence the effects observed
may overestimate or underestimate the actual effects observed in vivo in solid tumors.'" 82

The use of 3D models has been proposed as an attractive approach to overcome some
of the limitations of the traditional two-dimensional (2D) systems, because such models mimic
more closely the complex cellular heterogeneity, cell/cell interactions, and tumor
microenvironment observed in vivo.'®"'®® One example of such a 3D system are multicellular
spheroids. Multicellular spheroids are spontaneously aggregating three-dimensional cultures of
tumor cells. Compared with their 2D counterparts, multicellular spheroids develop important
physiological parameters of heterogeneous tumors, such as tight cell-cell interactions and
mechanical tissue properties. In addition, similar to the in vivo microenvironment, tumor spheres
are exposed to nutrients, oxygen, pH, growth factors, and anticancer drug gradients, which

generate necrotic and hypoxic, quiescent, and proliferative zones from the inner spheroid core to
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the outer surface (Fig. 3.12)."®""® Nowadays, these models have been further developed to
allow drug screening in high-throughput formats, and have become an invaluable tool for
accelerating translational research and drug discovery. Importantly, not all cells adapted to

growth in 2D, grow as 3D spheroids.'®®

Nutrients, Drugs,O2

- —
«

Catabolites, CO>

Necrotic core
Quiescent zone

Proliferative zone

Figure 3.12. Schematic representation of the multicellular spheroid culture model.

Multicellular spheroids can be cultured by two main categories of 3D culture systems:
scaffold-based and liquid-based. In the scaffold-based system, cell clusters can be embedded in
3D scaffolds that mimic the extracellular matrix in vivo. Hydrogels are the most frequently used
cell culture scaffolds, and some examples are matrigel and collagen. A disadvantage for
spheroids grown with the support of a matrix is the difficulty to temporally modify the extracellular
environment to administer chemicals, such as drugs and growth factors. In this context, liquid-
based cultures are advantageous, because the medium exchange allows these temporal
modifications. However, careful handling in most systems is necessary due to lack of adherence
of the spheroids in the liquid-based cultures. There are four main liquid-based systems available:
1) the “hanging-drop system”, where cells aggregate in a medium-drop to form one single
spheroid; 2) “the growth on non-adherent surfaces”, where cells are grown in specially
un(coated) plates (ultra-low attachment), or micropatterned plates that prevent attachment; 3)
“rotation-based culture method”, such as spinner flasks or rotary cell culture system, which

produce a high yield of multicellular spheroids, with variable sizes, by spontaneous cell
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aggregation and collision; and 4) “microcarrier system”, where seeded cells attach to and
aggregate on carriers or beads. All of these methods have their advantages and limitations.'®%'%

The H460 and H322 NSCLC cell lines are able to spontaneously form spheroid
aggregates, using plates with an ultra-low attachment surface that has covalently bonded
hydrogel (hydrophilic and uncharged), which minimizes cell attachment, protein absorption,
enzyme activation, and cellular activation. The ultra-low attachment multiwell plate selected for
the anticancer screening allows the growth of one single multicellular spheroid per well with
highly reproducible size. The size of the spheroid can be varied by changing the initial number of
cells seeded per well."®18°

The anticancer activity of UA (3.1), fluorolactone derivative 3.2, and the three most
potent synthesized derivatives (3.15-3.17) were tested against H460 and H322 cells in a
spheroid model using the CellTiter-Glo® assay. CellTitre-Glo® luminescent cell viability assay is a
homogeneous method used to determine the number of viable cells in culture. This assay is
based on the quantification of the ATP present, which correlates with metabolically active cells,
and hence it is proportional to the number of viable cells present in culture. The reagent induces
cell lysis, and simultaneously inhibits endogenous enzymes released during cell lysis (e.g.,
ATPases), and contains a thermostable luciferase that generates a stable “glow-type”
luminescent signal proportional to the amount of ATP present. The luminescent signal reaches a
steady state and stabilizes within 10 min after addition of the reagent, and typically glows with a
half-life greater than 5 hours. Cell washing, removal of medium, or multiple pipetting steps are
not required, as the single reagent can be add directly to cells cultured in a serum-supplemented
medium. 819
A culture medium containing 0.1% DMSO served as negative control. The cell lines were

treated with increasing concentrations of each compound, and the ICs, values were determined

after 96 h of incubation. The IC5y values are summarized in Table 3.2.
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Table 3.2. The inhibitory activities (ICs) of UA, derivative 3.2, and the most potent derivatives (3.15-3.17)
in spheroid model of the H460 and H322 NSCLC cell lines.

Cell line®™/ IC5o, pM

Compound H460 H322
Monolayer Spheroid Monolayer = Spheroid
UA 1 14.8+0.6 30.8+2.8 15.3+2.8 18.2+10.5
3.2 19.3+2.6 19.5%10.4 14.3+2.7 ND
3.15 4.5+0.4 3.0+1.2 6.8+1.5 12.1%+1.7
3.16 5.3+0.3 5.7+0.3 7.3x1.0 11.6%7.4
3.17 2.6+0.9 5.5%0.8 3.3+0.9 10.0%1.2

(a)Lung cancer cell lines were treated with various concentrations of test compounds for 72 or 96 h for a
2D (monolayer) or 3D (spheroid) model, respectively. The inhibitory activities were determined using
CellTiter-Blue® or CellTiter-Glo® for the 2D or 3D model, respectively. ICsy was calculated from the results,

and data are presented as means * SD of three independent experiments. ND: not determined.

The most active derivatives (3.15-3.17) showed cytotoxic activity in the spheroid model,
although the I1Cs, value increased in most cases, with the exception of compound 3.16, which
presented similar values of ICs in the H460 cell line in both models (Table 3.2). Interestingly, the
H322 cell line seemed to be more resistant than the H460 cell line in the spheroid model, as ICsq
values were higher comparing to the monolayer system. In Figure 3.13 is shown the phenotypic
effects of UA (3.1) and derivative 3.17 in the spheroid model for the H460 cell line at 96 h of

treatment.
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Figure 3.13. Phenotypic changes in the H460 spheroid model treated with UA (top panel) and 3.17
(bottom panel) for 96 h. Spheroids were treated with the indicated concentrations of UA and derivative

3.17. Images were captured using a bright field phase-contrast microscope.

The molecular mechanism underlying the anticancer activity of the most active derivative

3.17 was further investigated.

3.2.2.2. Effect of compound 3.17 on cellular DNA, RNA, and protein

synthesis

The [*H]thymidine, [*H]uridine, and [*H]leucine incorporation assays allow measurement
of the effects of a compound in the DNA, RNA, and protein synthesis rates of cells, respectively.
Although DNA and protein syntheses were not affected by treatment with compound 3.17, as
observed by the levels of thymidine and leucine, the RNA (uridine) synthesis was decreased to

65% and 60% at 24 and 48 h, respectively (Fig. 3.14).

67



Chapter 3 | Synthesis and cytotoxic activity of novel UA derivatives

150+

200+ B DMSO 0.15%
i 317  2.5uM
100+ T T *k
I I IT I}* I I,—
0-
ISR SO

SN o
PR QR W QW

S F TS & ¢
\\@‘ @@ NN N
QR

o
(=]
L

Macromolecule synthesis
(% of DMSO control)

Figure 3.14. Effect of compound 3.17 treatment on the global DNA, RNA, and protein synthesis in the
H460 cell line. Cells treated with vehicle or compound 3.17 at the indicated concentrations for 24 and 48 h
were assessed for macromolecule synthesis. Values represent the means + SD of three independent

experiments. p-Values obtained by comparing vehicle and treatment are presented as *<0.05, **<0.01.

3.2.2.3. Effect of compound 3.17 on the cell cycle distribution

The effect of compound 3.17 on the cell cycle distribution was explored. H460 cells were
treated with DMSO (0.15%), or compound 3.17 (3.5 or 4 yM) for 24 and 72 h, and the cell cycle
profile was evaluated by FACS analysis after staining cells with propidium iodide (PI). Treatment
of H460 cells with compound 3.17 did not affect the population of cells at any cell cycle phase, at
any concentration or time point studied (Fig. 3.15), suggesting that compound 3.17 does not

affect the cell cycle profile.
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Figure 3.15. Effect of compound 3.17 on the cell cycle distribution. H460 cells treated with vehicle or
compound 3.17 at the indicated concentrations for 24 and 72 h were assessed for cell cycle, using PI
staining and flow cytometer analysis. A) Representative histograms of cell cycle analysis are shown. B)
The bar graphic depicts the cell population (%) per cell cycle phase. The values represent the mean + SD

of three independent experiments.

3.2.2.4. Effect of compound 3.17 on gene expression profile

The effect of compound 3.17 on the gene expression in the H460 cell line was analyzed
on a genome-wide scale using Affymetrix Human Transcriptome Array 2.0 (HTA 2.0) system.
This microarray platform was designed to evaluate not only differentially expressed genes but
also alternative splicing events. For this purpose, H460 cells were treated with DMSO (0.15%),

or compound 3.17 (3.5 uM) for 24 h. For the gene expression analysis, Transcriptome Analysis
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Console software (Affymetrix) was used to detect the differentially expressed genes, and the
main pathways affected, using DMSO-treated cells as control.

Taking into account that the parent compound UA is considered a multifunctional agent
and the derivatives described in the literature seem to preserve that property, an effort was
made to identify the main pathways that could be responsible for the anticancer activity of
compound 3.17.

According to the HTA 2.0 microarray data, apoptosis and autophagy pathways were
activated upon treatment of H460 cells with compound 3.17 at 24 h, and hence these two

pathways were selected for further evaluation.

3.2.2.5. Apoptosis-inducing effect of compound 3.17 evaluated by

annexin V-Cy5/Pl assay

In the earliest stages of apoptosis, the plasma membrane loses its symmetry and the
membrane phospholipid phosphatidylserine (PS) is translocated from the inner to the outer
leaflet of the membrane, exposing PS to the external environment. Annexin V-Cy5 has a high
affinity for PS and binds to the exposed apoptotic cell surface PS, thus allowing the quantitative
assessment of apoptosis. In the late stages of apoptosis, the membrane loses its integrity and Pl
can enter the cell.""

Treatment of H460 cells with compound 3.17 at 5 yM for 72 h led to an increased
number of apoptotic cells, from 4.9% to 42.5% in treated cells (i.e.,13.4% of early apoptotic cells
and 29.1% of late apoptotic cells) (Fig. 3.16). Concomitantly, the percentage of live cells
decreased to 94.0% in the control and to 51.9% in treated cells. These results suggest that

compound 3.17 at 5 pM induces apoptosis in H460 cells (Fig. 3.16).
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Figure 3.16. Induction of H460 cell death by compound 3.17. Annexin V-Cy5/Pl assay of H460 cells

untreated, treated with vehicle, or treated with compound 3.17 at the indicated concentration for 72 h. A)

Representative flow cytometric plots for the quantification of apoptosis are shown: the lower left quadrant

(annexin V- and PI-) represents non-apoptotic cells, the lower right quadrant (annexin V+ and PI-)

represents early apoptotic cells, the upper right quadrant (annexin V+ and PIl+) represents the late

apoptotic/necrotic cells, and the upper left quadrant (annexin V- and PI+) represents necrotic cells. B) The

bar graph depicts the variation of the percentages of live, early apoptotic, late apoptotic, necrotic cells,

and total cell death. Values represent the means + SD of three independent experiments. p-Values

obtained by comparing vehicle and treatment are presented as *<0.05, **<0.01.
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3.2.2.6. Effect of compound 3.17 on the levels of apoptosis-related

proteins

To gain a deeper insight into the mechanism of compound 3.17-induced apoptosis, the
levels of some apoptosis-related proteins were evaluated by immunoblot analysis. Therefore,
H460 and H322 cells were treated with increasing concentrations of compound 3.17 for 24 h
(Fig. 3.17).

The activation of caspases is one of the fundamental mediators of apoptosis and the
proteolytic cleavage of PARP, particularly by caspase-3 and caspase-7, is another characteristic
event of apoptosis.11 As shown in Figure 3.17, treatment of H460 cells with compound 3.17
induced cleavage of full-length PARP, as well as cleavage of procaspase-8 and procaspase-7
into their active forms (Fig. 3.17A and 3.17B). However, the level of procaspase-3 was
decreased by only 29% at the higher concentration of 4.5 yM (Fig. 3.17B). Whilst compound
3.17 did not seem to significantly alter the levels of procaspase-9 (data not shown), the
significant increase in the level of activated caspase-8 suggests that compound 3.17 induces
apoptosis mainly through the extrinsic pathway. Increases in the cleaved levels of PARP and
procaspase-7 were also observed when the H322 cell line was treated with compound 3.17 (Fig.
3.17C).

The levels of Bcl-2 and Mcl-1, two proteins from the Bcl-2 family, were also explored. Bcl-
2 protein serves as an anti-apoptotic effector, whereas Mcl-1 can occur in two alternative
splicing variants, a longer (Mcl-1,) and a shorter (Mcl-1s) gene product, with the first one acting
as an anti-apoptotic effector and the shorter as a pro-apoptotic effector.”"'%? As depicted in
Figures 3.17A and 3.17B, the treatment of H460 cells with compound 3.17 caused

downregulation of Bcl-2 and both isoforms of Mcl-1 in a concentration-dependent manner.
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Figure 3.17. Effect of compound 3.17 on the levels of apoptosis-related proteins. H460 cells (A-B) and
H322 cells (C) were treated with compound 3.17 at the indicated concentrations for 24 h. The levels of the
indicated proteins were analyzed by Western blot. B-Actin or GAPDH was used as loading control. The
bar graph depicts the variation of the levels of the protein expression. Values are the means + SD of three

independent experiments.

3.2.2.7. Effect of compound 3.17 treatment on autophagy

Autophagy is characterized by the formation of acidic vesicular organelles (AVO), which
can be detected by staining with acridine orange, a dye that accumulates in acidic organelles.'®
Measurement of this dye by flow cytometry was used to detect AVO formation in H460 cells
treated with vehicle (0.15% DMSO), or compound 3.17 (3 pM or 4 uM) for 72 h. Bafilomycin A1,
a known inhibitor of the late phase of autophagy, was used as a negative control to block acidic

vesicular formation. Bafilomycin A1 prevents maturation of autophagic vacuoles by inhibiting
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fusion between autophagosomes and lysosomes, through its inhibition of vacuolar H'-
ATPase.'®*'%

As depicted in Figure 3.18A, bafilomycin A1 inhibited the fusion of autophagosomes with
lysosomes. Endogenous autophagy level (DMSO treatment) was less than 10% at 72 h (Fig.
3.18A and 3.18B). Treatment with compound 3.17 significantly increased the formation of AVO
at 4 yM (Fig 3.18A and 3.18B). These data suggest that compound 3.17 is able to induce

autophagy in H460 cells.
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Figure 3.18. Effect of compound 3.17 treatment on induction of autophagy in the H460 cell line. A) The
formation of acidic vascular organelles (AVO) was measured by acridine orange staining and flow
cytometry. Representative flow cytometric plots of the percentage of AVO formation (acridine orange
staining positive) of three independent experiments are shown. B) The graph bar depicts the variation of
the percentage of AVO formation (acridine orange staining) and is plotted as means + SD of three
independent experiments. p-Values obtained by comparing vehicle and treatment are presented as
*<0.05.
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Under some conditions, autophagy contributes to cellular survival by providing nutrients
and energy to help cells adapt to starvation or stress (such as hypoxia and anticancer drugs).
However, under other conditions, activated autophagy leads to cell death.? In order to
understand whether autophagy was being induced as a survival response of cells to treatment
with compound 3.17, an autophagy inhibitor, chloroquine, was used to evaluate whether the
inhibition would alter the cytotoxic effect of compound 3.17. H460 cells were treated with vehicle
(0.15% DMSO), 20 uM chloroquine (Chl), 4 yM compound 3.17, or a combination of Chl and
compound 3.17 at the indicated doses for 72 h. As shown in Figure 3.19A and 3.19B, the
inhibition of autophagy did not affect the total cell death induced by treatment with compound
3.17. These data suggest that autophagy is not being induced as a resistance mechanism
against treatment with compound 3.17 but might be induced as part of the anticancer

mechanism of compound 3.17.
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Figure 3.19. Effect of autophagy inhibition on 3.17-induced cell death. A) Annexin V-Cy5/PI
assay of H460 cells treated with vehicle, 20uM chloroquine (Chl), 4 yM compound 3.17, or the
combination of chloroquine and compound 3.17, at the indicated concentrations for 72 h.
Representative flow cytometric plots for the quantification of apoptosis are shown. B) The bar
graph depicts the variation of the percentage total cell death. No statistical difference was
observed comparing cells treated with compound 3.17 alone or in combination with chloroquine.

Values represent the means = SD of three independent experiments.

3.2.2.8. Effect of compound 3.17 on the levels of autophagy-related

proteins

To gain a deeper insight into the mechanism of compound 3.17-induced autophagy, the
levels of some key autophagy-related proteins were evaluated by immunoblot analysis.
Therefore, H460 and H322 cells were treated with increasing concentrations of compound 3.17

for 24 h (Fig. 3.20).

76



Chapter 3 | Synthesis and cytotoxic activity of novel UA derivatives

The mammalian target of rapamycin (MTOR) is a major negative regulator of

autophagy'®®

. As shown in Figure 3.20A, mTOR was decreased upon treatment with compound
3.17. Beclin-1 is a central regulator of autophagy that forms a complex with vacuolar protein
Vps34 and serves as a platform for recruitment of other autophagy-related genes (Atgs) that are
critical for phagosome formation.' As depicted in Figure 3.20A, the expression of Beclin-1
protein in H460 cells increased upon treatment with compound 3.17. Interestingly to note,
Beclin-1 activity in autophagy is inhibited by interaction with Bcl-2 protein, which was decreased
upon treatment with compound 3.17 (Fig. 3.17A).

Upon autophagy initiation, LC3A/B is cleaved and lipidated to form LC3A/B-Il, which is
bound to autophagosomes. Consequently, LC3A/B conversion (LC3A/B-I to LC3A/B-Il) is
correlated with autophagosome formation and it is commonly used to monitor autophagy.'®’
Treatment with compound 3.17 resulted in lipidation of LC3A/B-I to LC3A/B-II as shown by the
increase of a lower band (around 17 kDa) in a dose-dependent manner in both cell lines (Fig.
3.20).

The p62 protein is an ubiquitin-binding protein that functions as a receptor for cargos
destined to be degraded by the cellular autophagic machinery. When autophagy is induced, the
p62 protein is localized to the autophagosomes and subsequently degraded.196 Downregulation
of the p62 protein was observed upon treatment with compound 3.17 (Fig. 3.20). Because p62 is
selectively incorporated into the autophagosomes and is specifically degraded during

autophagy, the total cellular expression of p62 was inversely correlated with autophagic activity.
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Figure 3.20. Effect of compound 3.17 on the levels of autophagy-related proteins. H460 cells (A) and
H322 cells (B) were treated with compound 3.17 at the indicated concentrations for 24 h. The levels of the
indicated proteins were analyzed by Western blot. B-Actin was used as loading control. The bar graph
depicts the variation of the levels of the protein expression. Values represent the means + SD of three

independent experiments.

3.2.2.9. Proposed mechanism of action

Several articles in the literature have reported the apoptosis- and autophagy-inducing
properties of UA, in different cancer cell lines and involving different mechanisms of action.®”#
Moreover, the UA derivatives synthesized seem to preserve the ability to induce apoptosis,
through different pathways.®” Compound 3.17 appear to inherit the multitarget potential of UA
and the ability to induce apoptosis and autophagy. Interestingly, while UA is able to induce both
caspase-8 and caspase-9, compound 3.17 only induced the extrinsic pathway by activation of
caspase-8.

Taking together, these results are in accordance with the reverse-phase protein array

(RPPA) data, in which Beclin-1, LC3A/B-II, Atg7 and Atg3— proteins involved in the autophagy
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pathway—were found upregulated by 5.6, 10.7, 4.5, and 5.1%, respectively, upon treatment of
the H460 cell line with 3.5 yM compound 3.17 for 24 h.

MTOR regulates the level of S6 kinase, an enzyme partially responsible for ribosomal
protein S6 phosphorylation and activation.”®®'®® It was also observed in the RPPA data
decreases of 11.7 and 8.4% in phosphorylated levels of S6 at S235/236 and S240/S44,
respectively. elF4E is negatively regulated by mTOR."'% The phosphorylated level of elF4E at
S209 was upregulated upon treatment with compound 3.17. These two targets of mTOR are
also involved with autophagy, protein synthesis control, cell size, and ATP levels.'®'® H460
cells treated with compound 3.17 (2.5 pM and 4 uM) for 24, 48, and 72 h did not display
significant differences in cell size between control and treatment. The cell size decrease
associated with S6K activity may depend on the cell type and isoform affected.

Taking into account these cumulative results of the apoptosis and autophagy studies, a

possible mechanism of action for compound 3.17 in the H460 cell line is shown in Figure 3.21.
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Figure 3.21. Possible anticancer mechanism of compound 3.17. Treatment of the H460 cell line with

compound 3.17 showed induction of apoptosis and autophagy.

3.3. Conclusion

In this chapter, a panel of A-ring modified UA derivatives was synthetized and screened
for anticancer activity in NSCLC cell lines using 2D and 3D culture models.

The structure-activity relationship (SAR) study based on the anticancer activity against
NSCLC cell lines in the 2D model showed that the fluorolactone moiety was not critical to the
cytotoxic activity of the newly synthetized derivatives, the formation of a seven-membered A-ring

decreased the activity, and the cleavage of A-ring did not improved the activity. Analyzing the A-
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ring cleaved derivatives, the presence of an unsaturation at C4(23) position did not seem to
contribute to the cytotoxic activity, whereas the substitution at C3 had a dramatic influence on
biological activity. Comparing the amide derivatives, the secondary amide with a more bulky side
chain displayed a pronounced decrease in cytotoxic activity, whereas the presence of a
secondary amide with a small alkyl side chain led to the most active compounds, with compound
3.17 being five times more potent than the parent compound in all cell lines.

The most active compounds (3.15-3.17) were active in both monolayer and spheroid
culture models, with little change in their IC5; value.

Compound 3.17 was selected for further mechanistic studies. The preliminary
mechanism of action indicated that compound 3.17 is able to induce apoptosis via activation of
caspase-8 and caspase-7, cleavage of PARP, and modulation of Bcl-2 in both NSCLC cell lines
studied. Autophagy was also induced by treatment with compound 3.17 and could be a
consequence of the decreased Bcl-2 levels, because this protein acts as an inhibitor of Beclin-1,
an important regulator of autophagy activation. Given its activity and mechanism of action, this
compound might represent a promising lead for the development of new anticancer agents for

NSCLC.

3.4. Experimental section

3.4.1. Chemistry

3.4.1.1. General

Ursolic acid, Selectfluor®, chromium(VI) oxide (CrOs), sodium azide (NaNj), meta-
chloroperbenzoic acid (m-CPBA) 77%, para-toluenesulfonic acid monohydrate, aniline,

phenethylamine, 4-methylbenzylamine, 4-fluorobenzylamine, 2-methoxyphenethylamine, 2-(3-
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chlorophenyl)ethylamine, methylamine solution (33 wt. % in absolute ethanol), ethylamine
solution (2.0 M in THF), propylamine, dioxane, nitromethane, triethylamine (Et;N), oxalyl
chloride, hydrochloric acid (HCI), sulfuric acid (H,SO,), and glacial acetic acid were purchased
from Sigma-Aldrich Co.

T3P (50 wt. % in THF) was obtained as a free sample from Archimica GmbH, Frankfurt,
Germany.

The reaction and workup solvents were purchase from VWR Portugal, and were of
analytical grade. All the solvents used in the reactions were previously purified and dried
according to the literature procedures.

Ammonium (25% aqueous solution), sodium chloride (NaCl), sodium sulfite (Na,SOs3),
sodium sulfate (Na,S0O,), sodium bicarbonate (NaHCO3), and sodium carbonate (Na,CO;) were
purchased from Merck Co.

Thin-layer  chromatography (TLC) analysis was performed in Kieselgel
60HF254/Kieselgel 60G. Separation and purification of compounds by flash column
chromatography (FCC) was performed using Kieselgel 60 (230—400 mesh, Merck).

Melting points (Mp) were measured using a BUCHI melting point B-540 apparatus and
are uncorrected.

IR spectra were recorded on a Fourier transform spectrometer.

'H, **C and DEPT-135 NMR spectra were recorded on a Bruker Digital NMR-Avance 400
apparatus spectrometer. The chemical shifts (8) were reported in parts per million (ppm), using &
7.26 ("H NMR) and & 77.16 ("°C NMR) of CDCl; as internal standard. The coupling constants (J)
were recorded in hertz (Hz).

The mass spectrometry (MS) was performed using a Quadrupole/lon Trap Mass
Spectrometer (QIT-MS) (LCQ Advantage MAX, Thermo Finnigan).

Elemental analysis was performed by chromatographic combustion using an Analyser

Elemental Carlo Erba 1108.
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3.4.1.2. Synthetic procedures

3B-Hydroxy-12B-fluor-urs-13,28B-olide (3.2): This compound was prepared from UA (3.1)

according to a previously described method™® to give 3.2 as a
white solid (80.2%). Mp 316.8 — 317.6 °C. 'H NMR (400 MHz,
CDCly): & = 4.85 (dt, J = 45.6, 8.8 Hz, 1H, H-12), 3.20 (dd, J =
11.4, 4.8 Hz, 1H, H-3), 1.21 (s, 3H), 1.20 (s, 3H), 1.13 (d, J =

6.2 Hz, 3H), 0.97 (s, 3H), 0.96 (d, J = 5.5 Hz, 3H), 0.91 (s, 3H),

0.77 (s, 3H); *C NMR (100 MHz, CDCls): & = 178.88 (C28),

91.97 (d, J = 14.2 Hz, C13), 88.70 (d, J = 185.8 Hz, C12), 78.68 (C3), 55.32, 52.55 (d, J = 3.6
Hz), 49.18 (d, J = 9.1 Hz), 45.19, 43.90 (d, J = 2.8 Hz), 42.53, 39.53, 39.03, 38.84, 38.40, 37.12,
33.95, 31.34, 30.71, 27.92, 27.62, 27.22, 25.37 (d, J = 19.7 Hz), 22.39, 19.39, 18.50, 17.65,

17.22, 16.65, 16.46, 15.26. MS (DI-ESI) (m/z): 475.0 (100%) [M+H]", 455.2 (17.5%).

3-Ox0-12B-fluor-urs-13,28B-olide (3.3): Prepared from 3.2 according to a previously described

method ™ to give 3.3 as a white solid (24.4%). Mp 325.3 — 328.2
°C. "H NMR (400 MHz, CDCls): & = 4.87 (dq, J = 46.0, 8.3 Hz,
1H, H-12), 2.60 — 2.52 (m, 1H), 2.48 — 2.41 (m, 1H), 1.26 (s, 3H),
1.21 (s, 3H), 1.14 (d, J = 6.2 Hz, 3H), 1.09 (s, 3H), 1.04 (s, 3H),

1.03 (s, 3H), 0.97 (d, J = 5.5 Hz, 3H). *C NMR (100 MHz,

CDCls): & = 216.97 (C3), 178.75 (C28), 91.91 (d, J=14.27, C13),

89.49 (d, J =185.77 C12), 54.83, 52.57, 48.48 (d, J =9.33), 47.28, 45.19, 44.02 (d, J =3.09),
42.40, 39.79, 39.55, 38.51, 36.85, 33.89, 33.37, 31.33, 30.73, 27.64, 26.58, 25.75 (d, J =19.71),
22.39, 20.97, 19.40, 18.99, 18.17, 17.09, 16.47, 16.42. MS (DI-ESI) (m/z): 473.0 (100%) [M+H]",

453.2 (44.3%).
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3-Ox0-4-aza-A-homo-12B-fluor-urs-13,28B-olide (3.4): To a stirred mixture of 3.3 (250 mg,

0.53 mmol) in glacial acetic acid (7.5 ml) at 65 °C, :
concentrated sulfuric acid (75 pl) was added. To this mixture, .
NaN; (125 mg, 1.92 mmol) was added in parts over 15 min,
and then the temperature was stabilized at 30 °C. After 5 h,

cold 5% Na,CO3;aqueous solution (100 ml) was added to the

reaction mixture until pH 6-7. The resulting mixture was

extracted with CHCI; (2 x 200 ml). The subsequent organic phase was washed with water (200
ml), and 10% NaCl aqueous solution (200 ml), dried over Na,SQ,, filtered, and evaporated to
dryness. The residue was purified by flash column chromatography (petroleum ether:ethyl
acetate 1:1 — 1:4) to give 3.4 as a slight yellow solid (68.6%). Mp 353.4 — 355.4 °C. IR (KBr): v =
3220.54, 2977.55, 2931.27, 2871.48, 1774.19, 1666.2, 1457.92, 1392.35, 1184.08, 1120.44,
939.16 cm™. "H NMR (400 MHz, CDCl3): & = 5.60 (s, 1H, NH), 4.82 (dm, 1H, H-12), 2.56 — 2.50
(m, 1H, H-2), 2.39 — 2.34 (m, 1H, H-2), 1.30 (s, 3H), 1.25 (s, 3H), 1.21 (s, 3H), 1.18 (s, 3H),
1.12-1.10 (6H), 0.94 (d, J = 5.0 Hz, 3H); "*C NMR (100 MHz, CDCl5): & = 178.77 (C28), 175.94
(CON), 92.03 (d, J = 14.6 Hz, C13), 89.73 (d, J = 186.4 Hz, C12), 56.17, 52.98, 52.72 (d, J = 3.6
Hz), 49.79 (d, J = 9.5 Hz), 45.36, 44.17 (d, J = 2.9 Hz), 42.44, 40.26, 39.90, 39.65, 38.75, 33.63,
33.43, 32.06, 31.42, 30.86, 27.65, 27.42, 26.30 (d, J = 19.8 Hz), 22.47, 21.99, 19.49, 19.00,
18.01, 16.99, 16.53. MS (DI-ESI) (m/z): 488.4 (100%) [M-H]*. Anal. Calcd for C3oH4FNOs: C,

73.88; H, 9.51; N, 2.87. Found: C, 73.75; H, 9.51; N, 2.91.
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3-Ox0-4-oxa-A-homo-12B-fluor-urs-13,28B-olide (3.5): To a stirred mixture of 3.3 (300 mg,

0.63 mmol) in CHCI; (10 ml), protected from light and at r.t., -
m-CPBA 77% (329 mg, 1.47 mmol) was added. Additional m-
CPBA 77% was added (329 mg, 1.90 mmol, e.a.) at 24 and
48 h. After 120 h, the reaction mixture was diluted with CHCl;

(10 ml) and washed with 5% Na,SO; aqueous solution (20

ml). The aqueous solution was extracted with CHCI; (2 x 50

ml). The resulting organic phase was washed with 10% NaHCOj; aqueous solution (50 ml),
water (50 ml), and 10% NaCl aqueous solution (50 ml), dried over Na,SO,, filtered, and
evaporated to dryness. The residue was purified by flash column chromatography
(toluene:diethyl ether 2:1 — 1:3) to give 3.5 as a white solid (66.6%). Mp 240.5 — 243.5 °C. IR
(KBr): v = 2971.77, 2931.27, 2875.34, 1764.55, 1731.76, 1457.52, 1392.35, 1280.50, 1147.44
cm™. '"H NMR (400 MHz, CDCl;): & = 4.83 (dq, J = 45.6, 8.3 Hz, 1H, H-12), 2.70 — 2.62 (m, 1H,
H-2), 2.57 — 2.51 (m, 1H, H-2) 1.48 (s, 3H), 1.40 (s, 3H), 1.27 (s, 3H), 1.20 (s, 3H), 1.15 (s, 3H),
1.12 (d, J = 6.3 Hz, 3H), 0.97 (d, J = 5.6 Hz, 3H); *C NMR (100 MHz, CDCl;) & = 178.74 (C28),
174.74 (C3), 92.02 (d, J = 14.1 Hz, C13), 89.51 (d, J = 186.5 Hz, C12), 85.80 (C4), 53.01, 52.74
(d, J = 3.6 Hz), 49.79 (d, J = 9.3 Hz), 45.38, 44.24 (d, J = 2.7 Hz), 42.31, 40.34, 39.68, 39.55,
38.82, 33.33, 32.33, 31.43, 31.20, 30.88, 27.68, 26.77, 26.40 (d, J = 19.9 Hz), 22.91, 22.48,
19.50, 19.09, 17.78, 16.98, 16.52. MS (DI-ESI) (m/z): 489.1 (100%) [M+H]", 469.3 (26%). Anal.

Calcd. For C3H4sF040.2H20: C, 73.19; H, 9.3. Found: C, 72.99; H, 9.3.
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3,4-Seco-4(23)-en-12B-fluor-urs-13,28B-olid-3-oic acid (3.6): To a mixture of 3.5 (475 mg,

0.97 mmol) in CH,CI, (30 ml), at r.t.,, p-toluenesulfonic acid :
monohydrate (1.56 g, 7.89 mmol) was added. After 24 h,
the mixture was diluted with CH,CI, (20 ml) and water (20
HOOC

ml). The aqueous phase was extracted twice with CH,CI,

(50 ml). The organic phase was washed with 5% NaHCO;

aqueous solution (2 x 50 ml), water (50 ml), and 10% NacCl

aqueous solution, dried over Na,SO,, filtered, and evaporated to dryness. The residue was
purified by flash column chromatography (petroleum ether:ethyl acetate 5:1 — 3:1) to give 3.6 as
a white solid (68.4%). Mp 230 — 234.6 °C. IR (KBr): v = 3284.18, 3068.19, 2979.48, 2948.63,
2923.56, 2875.34, 1764.55, 1741.41, 1704.76, 1633.41 1459.85, 1392.35, 1189.86, 1143.58,
937.23 cm™. "H NMR (400 MHz, CDCls): & = 4.88 (s, 1H, H-23), 4.83 (dm, 1H, H-12), 4.67 (s,
1H, H-23), 2.44 — 2.37 (m, 1H, H-2), 2.25 — 2.17 (m, 1H, H-2), 1.73 (3H, H-24), 1.26 (s, 3H), 1.21
(s, 3H), 1.14 (d, J = 6.3 Hz, 3H), 0.96 (d, J = 5.5 Hz, 3H), 0.92 (s, 3H); *C NMR (100 MHz,
CDCls): & = 179.71 (COOH), 179.02 (C28), 146.85 (C=CH,), 114.26 (C=CH,), 92.16 (d, J = 14.4
Hz, C13), 89.46 (d, J = 186.4 Hz, C12), 52.72 (d, J = 3.6 Hz), 50.43, 45.37, 4450 (d, J = 2.4
Hz), 42.34, 39.70, 39.71 (d, J = 9.3 H), 39.58, 38.71, 34.05, 32.75, 31.47, 30.88, 28.74, 27.78,
25.95 (d, J = 19.2 Hz), 23.90, 23.09, 22.53, 20.72, 19.55, 18.42, 17.19, 16.71. MS (DI-ESI)
(m/z): 489.0 (100%) [M+H]*, 469.2 (44%). Anal. Calcd. For C3oHssFO4: C, 73.73; H, 9.28. Found:

C, 73.55; H, 9.52.
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3,4-Seco-3-amide-4(23)-en-12B-fluor-urs-13,28B-olide (3.7): To a stirred mixture of 3.6 (140

mg, 0.29 mmol) in dry CH,Cl, (3 ml), at r.t., oxalyl chloride :
(0.2 ml, 1.52 mmol) was added. After 15 h, the reaction
mixture was evaporated and the resulting residue was
dissolved in dry THF (15 ml) and cold 25% ammonium

aqueous solution (12 ml) was added dropwise. After 2 h,

the reaction mixture was evaporated and extracted with

ethyl acetate (3 x 60 ml). The resulting organic phase was washed with 1M HCI aqueous
solution (60 ml), water (60 ml), and 10% NaCl aqueous solution (60 ml), dried over Na,SO,,
filtered, and evaporated to dryness. The crude residue was purified by flash column
chromatograph (petroleum ether:ethyl acetate 7:1 — 1:1) to give 3.7 as a white solid (74.8%). Mp
124.2 — 128.6 °C. IR (KBr): v = 3355.53, 3075.9, 2973.7, 2929.34, 2871.49, 1772.26, 1670.05,
1616.06, 1457.92, 1390.42, 1186.01, 1141.65, 937.23 cm™. "H NMR (400 MHz, CDCl3): 6 =5.79
(br's, 2H, NH,) 4.87 (dq, J = 45.7, 8.7 Hz, 1H, H-12), 4.87 (s, 1H, H-23), 4.67 (s, 1H, H-23), 1.73
(s, 3H, H-24), 1.26 (s, 3H), 1.22 (s, 3H), 1.14 (d, J = 6.6 Hz, 3H), 0.97 (d, J = 5.2 Hz, 3H), 0.92
(s, 3H); *C NMR (100 MHz, CDCl3): & = 179.04 (C28), 176.14 (CON), 147.33 (C=CH,), 114.13
(C=CH,), 92.20 (d, J = 14.2 Hz, C13), 89.39 (d, J = 185.6 Hz, C12), 52.74 (d, J = 3.4 Hz), 50.67,
45.36, 44.50 (d, J = 2.9 Hz), 42.35, 39.71 (2C), 39.71 (d, J = 9.2 Hz) 38.72, 35.17, 32.75, 31.48,
30.88, 30.47, 27.78, 26.03 (d, J = 19.2 Hz), 23.88, 22.90, 22.54, 20.81, 19.55, 18.45, 17.19,
16.73. MS (DI-ESI) (m/z): 488.24 (100%) [M-H]*, 487.2 (37%), 468.3 (16%). Anal. Calcd for

C30H46FNO30.8H,0: C, 71.76; H, 9.56; N, 2.79. Found: C, 71.47; H, 9.59; N, 2.66.
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3,4-Seco-3-cyano-4(23)-en-12B-fluor-urs-13,28@3-olide (3.8): To a stirred mixture of 3.7 (300

mg, 0.62 mmol) in ethyl acetate (3 ml), THF (1 ml), and Et;N :
(0.3 ml) under N,, T3P (50 wt. % in THF) (0.7 ml) was added
dropwise. The solution was heated under reflux (77 °C). After 5
h, the reaction mixture was diluted with ethyl acetate (80 ml)

and water (35 ml). The aqueous phase was extracted with ethyl

acetate (2 x 70 ml). The resulting organic phase was washed

with water (70 ml), and 10% NaCl aqueous solution (70 ml), dried over Na,SO,, filtered, and
evaporated to dryness. The residue was purified by flash column chromatography (petroleum
ether:ethyl acetate 8:1 — 1:3) to give 3.8 as a slight yellow solid (50.5%). Mp 251.2 — 255.2 °C.
IR (KBr): v = 3072.05, 2979.48, 2931.27, 2867.63, 2237.02, 1768.4, 1633.41, 1452.14, 1392.35,
1238.08, 1133.94, 933.38 cm™'. '"H NMR (400 MHz, CDCl3): & = 5.10 (dq, J = 45.10, 8.30 Hz, 1H,
H-12), 4.88 (s, 1H, H-23), 4.63 (s, 1H, H-23), 2.34 (t, J = 6.8 Hz, 2H, CNCHy), 1.71 (s, 3H, H-24),
1.28 (s, 3H), 1.24 (s, 3H), 1.14 (d, J = 6.4 Hz, 3H), 0.96 (d, J = 5.7 Hz, 3H), 0.92 (s, 3H); "*C
NMR (100 MHz, CDCls): & = 178.97 (C28), 146.57 (C=CH,), 120.39 (CN), 114.61 (C=CH,),
92.01 (d, J = 14.0 Hz, C13), 88.48 (d, J = 186.0 Hz, C12), 52.75 (d, J = 3.0 Hz), 50.38, 45.29,
44.46 (d, J = 2.9 Hz), 42.34, 39.90, 39.70, 39.27 (d, J = 9.8 Hz), 38.68, 34.06, 32.55, 31.46,
30.89, 27.66, 26.21 (d, J = 19.6 Hz), 23.64, 22.67, 22.51, 20.35, 19.57, 18.47, 16.99, 16.53,
11.67. MS (DI-ESI) (m/z): 469.9 (100%) [M-H]", 450.2 (16.5%). Anal. Calcd for

C30H4sFNO20.6H,0: C, 74.99; H, 9.48; N, 2.92. Found: C, 74.79; H, 9.33; N, 2.59.
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3,4-Seco-3-N-phenylamide-4(23)-en-12B-fluor-urs-13,28B-olide (3.9): To a stirred mixture of

3.6 (125 mg, 0.26 mmol) in dry THF (2 ml), aniline :
(0.03 ml, 0.31 mmol), and EtzN (0.07 ml) at 3-5 .
°C, T3P (50 wt. % in THF) (0.4 ml) was added
dropwise. After 7.3 h, the reaction mixture was

evaporated under reduced pressure and the

residue was extracted with ethyl acetate (3 x 50

ml) from water (20 ml). The resulting organic phase was washed with 5% HCI aqueous solution
(2 x 60 ml), water (60 ml), and 10% NaCl aqueous solution (60 ml), dried over Na,SOy,, filtered,
and evaporated to dryness. The residue was purified by flash column chromatography
(petroleum ether:ethyl acetate 13:1 — 7:1) to give 3.9 as a white solid (74.1%). Mp 267.1 — 270.8
°C. IR (KBr): v = 3342.03, 3289.96, 3133.76, 3072.05, 2971.77, 2931.27, 2875.34 1749.12,
1687.41, 1600.63, 1540.84, 1438.64, 1386.57, 1305.57, 1243.86, 1143.58, 937.23, 754.03,
692.32 cm™. "H NMR (400 MHz, CDCls): & = 7.52 — 7.50 (m, 2H, H-Ar), 7.32 — 7.29 (m, 3H, H-
Ar), 7.10 (t, J = 7.3 Hz, 1H, NH), 4.91 (s, 1H, H-23), 4.85 (dt, J = 43.1, 8.5 Hz, 1H, H-12), 4.73
(s, 1H, H-23), 1.76 (s, 3H, H-24), 1.26 (s, 3H), 1.21 (s, 3H), 1.04 (d, J = 6.3 Hz, 3H), 0.95 (s,
3H), 0.94 (s, 3H); ®C NMR (100 MHz, CDCls): & = 179.09 (C28), 171.31 (CON), 147.61
(C=CHy), 137.97 (C-Ar), 129.15 (C-Ar, 2C), 124.44 (C-Ar), 119.85 (C-Ar, 2C), 114.10 (C=CHy),
92.6 (d, J = 14.3 Hz, C13), 89.22 (d, J = 186.0 Hz, C12), 52.73 (d, J = 3.4 Hz), 50.75, 45.35,
44.48 (d, J = 2.9 Hz), 42.40, 39.91, 39.78 (d, J = 9.8 Hz), 39.68, 38.69, 35.23, 32.79, 32.58,
31.49, 30.89, 27.77, 26.15 (d, J = 19.4 Hz), 23.92, 22.92, 22.54, 20.79, 19.54, 18.46, 17.15,
16.52. MS (DI-ESI) (m/z): 564.4 (100%) [M-H]". Anal. Calcd for CssHsoFNO3: C, 76.69; H, 8.94;

N, 2.48. Found: C, 76.66; H, 8.95; N, 2.56.
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3,4-Seco-3-N-phenethylamide-4(23)-en-12f-fluor-urs-13,283-olide (3.10): To a stirred

mixture of 3.6 (100 mg 0.20 mmol) in dry THF :
(2 ml), phenethylamine (0.03 ml, 0.25 mmol), .
and Et;N (0.06 ml) at 3-5 °C, T3P (50% wt.
% in THF) (0.16 ml) was added dropwise. At

2.75 h, Et;N (0.06 ml) and T3P (50 wt. % in

THF) (0.16 ml) were added. After 4 h, Et;N 3.10

(0.06 ml) and T3P® (50 wt. % in THF) (0.16 ml) were added. After 6 h, the reaction mixture was
evaporated under reduced pressure and the residue was extracted with ethyl acetate (3 x 50 ml)
from water (20 ml). The resulting organic phase was washed with water (50 ml), and 10% NacCl
aqueous solution (50 ml), dried over Na,SO,, filtered, and evaporated to dryness. The residue
was purified by flash column chromatography (petroleum ether:ethyl acetate 8:1 — 1:1) to give
3.10 as a white solid (72.0%). Mp 101.3 — 104.0 °C. IR (KBr): v = 3326.6, 3066.26, 3025.76,
2954.41, 2929.34, 2871.49, 1388.50, 1238.08, 1133.94, 1774.19, 1650.77, 1540.84, 1536.95,
1455.99, 937.23, 748.25, 700.03 cm™. "H NMR (400 MHz, CDCl3): 6 = 7.33 - 7.30 (m, 2H, H-Ar),
7.25 - 7.18 (m, 3H, H-Ar), 5.45 (t, J = 5.9 Hz, 1H, NH), 4.85 (dm, 1H, H-12), 4.81 (s, 1H, H-23),
4.62 (s, 1H, H-23), 3.65 — 3.36 (m, 2H, CH,N), 2.82 (t, J = 6.9 Hz, 2H, ArCH,), 1.71 (s, 3H, H-
24), 1.25 (s, 3H), 1.21 (s, 3H), 1.15 (d, J = 6.4 Hz, 3H), 0.97 (d, J = 5.5 Hz, 3H), 0.89 (s, 3H); **C
NMR (100 MHz, CDCl;): 5 = 178.85 (C28), 172.86 (CON), 147.31 (C=CH,), 138.79 (C-Ar),
128.78 (C-Ar, 2C), 128.67 (C-Ar, 2C), 126.57 (C-Ar), 113.85 (C=CH,), 92.02 (d, J = 14.1 Hz,
C13), 89.17 (d, J = 186.0 Hz, C12), 52.60 (d, J = 3.3 Hz), 50.49, 45.23, 44.37 (d, J = 2.9 Hz),
42.21, 40.58, 39.59 (2C), 39.53 (m), 38.60, 35.59, 35.41, 32.63, 31.37, 31.30, 30.78, 27.66,
25.85 (d, J = 18.5 Hz), 23.77, 22.78, 22.42, 20.71, 19.43, 18.32, 17.05, 16.55. MS (DI-ESI)
(m/z): 592.3 (100%) [M+H]". Anal. Calcd for C3gHssFNO3: C, 77.12; H, 9.20; N, 2.37. Found: C,

77.40; H, 9.12; N, 2.34.
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3,4-Seco-3-N-(4-methylbenzylamide)-4(23)-en-123-fluor-urs-13,28@3-olide (3.11): To a stirred

mixture of 3.6 (250 mg, 0.51 mmol) in dry :
THF (3.5 ml), 4-methylbenzylamine (0.08 ml, .
0.61 mmol), and EtzN (0.14 ml) at 3-5 °C,
T3P (50 wt. % in THF) (0.4 ml) was added

dropwise. After 5 h, the reaction mixture was

evaporated under reduced pressure and the 3.1

residue was extracted with ethyl acetate (3 x 80 ml) from water (35 ml). The resulting organic
phase was washed with water (80 ml), and 10% NaCl aqueous solution (80 ml), dried over
Na,SO,, filtered, and evaporated to dryness. The residue was purified by flash column
chromatography (petroleum ether:ethyl acetate 6:1 — 2:1) to give 3.11 as a white solid (46.5%).
Mp 100.4 — 103.45 °C. IR (KBr): v = 3326.60, 3070.12, 2956.34, 2927.41, 2871.49, 1774.19,
1650.77, 1540.84, 1457.92, 1388.50, 1238.08, 1133.94, 937.23, 804.17 cm™. 'H NMR (400
MHz, CDCls): & = 7.18 — 7.14 (m, 4H, H-Ar), 5.72 (t, J = 5.4 Hz, 1H, NH), 4.89 (dq, J = 45.6, 8.8
Hz, 1H, H-12), 4.86 (s, 1H, H-23), 4.67 (s, 1H, H-23), 4.38 (d, J = 5.5 Hz, 2H, CH,N), 2.34 (s,
3H, CHs-Ar), 1.73 (s, 3H, H-24), 1.25 (s, 3H), 1.22 (s, 3H), 1.15 (d, J = 6.7 Hz, 3H), 0.97 (d, J =
5.1 Hz, 3H), 0.91 (s, 3H); *C NMR (100 MHz, CDCls): 5 = 179.01 (C28), 172.79 (CON), 147.34
(C=CH,), 137.51 (C-Ar), 135.25 (C-Ar), 129.57 (C-Ar, 2C), 128.07 (C-Ar, 2C), 114.12 (C=CH,),
92.20 (d, J = 14.3 Hz, C13), 89.30 (d, J = 186.5 Hz, C12), 52.74 (d, J = 3.6 Hz), 50.52, 45.36,
4451 (d, J = 2.9 Hz), 43.68, 42.34, 39.72 (2C), 39.63, 38.73, 35.37, 32.77, 31.49, 31.37, 30.90,
27.78, 26.03 (d, J = 19.2 Hz), 23.92, 23.02, 22.55, 21.23, 20.82, 19.55, 18.44, 17.17, 16.69. MS
(DI-ESI) (m/z): 592.4 (100%) [M+H]". Anal. Calcd for C3sHs4FNO30.85H,0: C, 75.17; H, 9.25; N,

2.31. Found: C, 74.87; H, 8.98; N, 2.13.
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3,4-Seco-3-N-(4-fluorobenzylamide)-4(23)-en-12f3-fluor-urs-13,28p-olide (3.12): To a stirred

mixture of 3.6 (150 mg, 0.31 mmol) in dry :
THF (2 ml), 4-fluorobenzylamine (0.04 ml, .
0.37 mmol), and Et;N (0.05 ml) at 3-5 °C,
T3P (50 wt. % in THF) (0.24 ml) was added

dropwise. After 4 h, the reaction mixture was

evaporated under reduced pressure and the

residue was extracted with ethyl acetate (3 x 50 ml) from water (10 ml). The resulting organic
phase was washed with 5% HCI aqueous solution (50 ml), water (50 ml), and 10% NaCl
aqueous solution (50 ml), dried over Na,SO,, filtered, and evaporated to dryness to give 3.12 as
a white solid (87.5%). Mp 119.2 — 123.1 °C. IR (KBr): v = 3342.03, 3072.05, 2956.34, 2929.34,
2871.49, 1174.19, 1650.77, 1509.99, 1457.92, 1390.42, 1222.65, 1133.94, 937.23, 823.46 cm™.
'H NMR (400 MHz, CDCls): & = 7.26 - 7.23 (m, 2H, H-Ar), 7.02 (t, J = 8.5 Hz, 2H, H-Ar), 5.82 (br
s, 1H, NH), 4.88 (dq, J = 45.9, 8.4 Hz, 1H, H-12), 4.85 (s, 1H, H-23), 4.67 (s, 1H, H-23), 4.39 (d,
J = 4.3 Hz, CH,N), 1.73 (s, 3H, H-24), 1.25 (s, 3H), 1.16 (s, 3H), 1.15 (d, J = 6.1 Hz, 3H), 0.96
(d, J = 4.5 Hz, 3H), 0.91 (s, 3H); *C NMR (100 MHz, CDCls): & = 179.01 (C28), 173.01 (CON),
162.25 (d, J = 246.7 Hz, CF-Ar), 147.38 (C=CH,), 134.13 (d, J = 3.03 Hz, C-Ar), 129.70 (d, J =
8.13 Hz, 2C, C-Ar), 115.74 (d, J = 21.32 Hz, 2C, C-Ar), 114.10 (C=CHy), 92.18 (d, J = 14.3 Hz,
C13), 89.31 (d, J = 186.1 Hz, C12), 52.74 (d, J = 3.5 Hz), 50.58, 45.36, 44.51 (d, J = 2.8 Hz),
43.16, 42.35, 39.77, 39.72, 39.66, 38.73, 35.42, 32.76, 31.49, 31.34, 30.89, 27.78, 26.04 (d, J =
19.0 Hz), 23.90, 22.97, 22.54, 20.82, 19.55, 18.43, 17.18, 16.69. MS (DI-ESI) (m/z): 596.3
(100%) [M+H]*. Anal. Calcd for C3;Hs:F,NO3: C, 74.59; H, 8.63; N, 2.35. Found: C, 74.69; H,

8.58; N, 2.16.
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3,4-Seco-3-N-(2-methoxyphenethylamide)-4(23)-en-12@-fluor-urs-13,283-olide (3.13): To a

stirred mixture of 3.6 (335 mg, 0.69 mmol) in :
dry THF (4 ml), 2-methoxyphenethylamine .
(0.12 ml, 0.82 mmol), and EtzN (0.19 ml) at
3-5 °C, T3P (50 wt. % in THF) (0.5 ml) was

added dropwise. At 2 h, EtsN (0.19 ml) and

T3P (50% wt.% in THF) (0.5 ml) were added.

After 5 h, the reaction mixture was evaporated under reduced pressure and the residue was
extracted with ethyl acetate (3 x 80 ml) from water (35 ml). The resulting organic phase was
washed with 5% HCI aqueous solution (80 ml), water (80 ml), and 10% NaCl aqueous solution
(80 ml), dried over Na,SOy,, filtered, and evaporated to dryness. The residue was purified by
flash column chromatography (petroleum ether:ethyl acetate 7:1 — 2:1) to give 3.13 as a white
solid (46.8%). Mp 100.4 — 103.45 °C. IR (KBr): v = 3318.89, 3072.05, 2954.41, 2929.34,
2871.49, 1774.19, 1646.91, 1540.84, 1494.56, 1457.92, 1388.50, 1243.86, 1133.94, 937.23,
754.03 cm™. "H NMR (400 MHz, CDCl3): 8 = 7.23 (td, J = 7.9, 1.7 Hz, 1H, H-Ar), 7.12 (dd, J =
7.4, 1.8 Hz, 1H, H-Ar), 6.94 - 6.85 (m, 2H, H-Ar), 5.78 (t, J = 5.5 Hz, 1H, NH), 4.86 (dq, J = 45.5,
8.8 Hz, 1H, H-12), 4.83 (s, 1H, H-23), 4.63 (s, 1H, H-23), 3.84 (s, 3H, CH30-Ar), 3.50 - 3.46 (m,
2H, CH,N), 2.84 (t, J = 6.6 Hz, 2H, Ar-CH,), 1.71 (s, 3H, H-24), 1.25 (s, 3H), 1.20 (s, 3H), 1.15
(d, J = 6.2 Hz, 3H), 0.97 (d, J = 4.7 Hz, 3H), 0.89 (s, 3H); °C NMR (100 MHz, CDCl;): & =
179.03 (C28), 173.35 (CON), 157.54 (C-Ar), 147.29 (C=CH,), 130.86 (C-Ar), 128.15 (C-Ar),
127.42 (C-Ar), 121.05 (C-Ar), 114.07 (C=CH,), 110.70 (C-Ar), 92.22 (d, J = 14.2 Hz, C13), 89.22
(d, J = 185.9 Hz, C12), 55.59, 52.74 (d, J = 3.5 Hz), 50.42, 45.36, 44.51 (d, J = 2.8 Hz), 42.32,
40.36, 39.72 (2C), 39.55 (d, J = 9.8 Hz), 38.73, 35.23, 32.74, 31.50, 31.16, 30.91, 29.98, 27.78,

25.95 (d, J = 19.4 Hz), 23.92, 23.06, 22.55, 20.89, 19.56, 18.44, 17.17, 16.65. MS (DI-ESI)
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(m/z): 622.4 (100%) [M+H]". Anal. Calcd for C3gHssFNO,0.2H,0: C, 74.89; H, 9.09; N, 2.24.

Found: C, 74.70; H, 9.06; N, 2.30.

3,4-Seco-3-N-(3-chlorophenylethylamide)-4(23)-en-12B-fluor-urs-13,28B-olide (3.14): To a

stirred mixture of 3.6 (125 mg, 0.26 mmol) :
in dry THF (2 ml), 2-(3- ‘
chlorophenyl)ethylamine (0.04 ml, 0.31
mmol), and EtsN (0.14 ml) at 3-5 °C, T3P

(50 wt. % in THF) (0.4 ml) was added

dropwise. After 5 h, the reaction mixture

was evaporated under reduced pressure and the residue was extracted with ethyl acetate (3 x
60 ml) from water (25 ml). The resulting organic phase was washed with 5% HCI aqueous
solution (60 ml), water (60 ml), and 10% NaCl aqueous solution (60 ml), dried over Na,SO,,
filtered, and evaporated to dryness. The residue was purified by flash column chromatography
(petroleum ether:ethyl acetate 7:1 — 2:1) to give 3.14 as a white solid (88.8%). Mp 101.7 — 105.0
°C. IR (KBr): v = 3330.46, 3070.12, 2954.41, 2929.34, 2871.49, 1774.19, 1650.77, 1598.70,
1540.84, 1457.92, 1390.42, 1238.08, 1133.94, 937.22, 782.96, 698.10, 664.61 cm™. '"H NMR
(400 MHz, CDCl3): 6 = 7.25 - 7.22 (m, 2H, H-Ar), 7.17 (s, 1H, H-2"-Ar), 7.07 (d, J = 6.8 Hz, 1H,
H-Ar), 5.47 (t, J = 5.6 Hz, 1H, NH), 4.86 (dm, 1H, H-12), 4.82 (s, 1H, H-23), 4.62 (s, 1H, H-23),
3.60 - 3.41 (m, 2H, CHxN), 2.80 (t, J = 6.9 Hz, 2H, Ar-CH,), 1.71 (s, 3H, H-24), 1.25 (s, 3H), 1.21
(s, 3H), 1.15 (d, J = 6.4 Hz, 3H), 0.97 (d, J = 5.6 Hz, 3H), 0.90 (s, 3H); *C NMR (100 MHz,
CDCl;): & = 178.84 (C28), 172.95 (CON), 147.37 (C=CH2), 140.89 (C-Ar), 134.40 (C-Ar), 129.91
(C-Ar), 128.93 (C-Ar), 126.96 (C-Ar), 126.77 (C-Ar), 113.84 (C=CHZ2), 92.03 (d, J =14.3 Hz,
C13), 89.18 (d, J = 186.0 Hz, C12), 53.86, 52.60 (d, J = 3.4 Hz), 50.53, 45.22, 44.37 (d, J = 3.0
Hz), 42.22, 40.41, 39.72, 39.68 (d, J = 8.5 Hz), 38.60, 35.45, 35.30, 32.63, 31.37, 31.30, 30.77,
27.66, 25.86 (d, J = 19.7 Hz), 23.75, 22.73, 22.42, 20.69, 19.43, 18.32, 17.05, 16.56. MS (DI-
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ESI) (m/z): 626.2 (100%) [M+H]". Anal. Calcd for C3sHs3CIFNO;: C, 72.88; H, 8.53; N, 2.24.

Found: C, 72.86; H, 8.53; N, 2.25.

3,4-Seco-3-N-methylamide-4(23)-en-12B-fluor-urs-13,28B-olide (3.15): To a stirred mixture of

3.6 (250 mg, 0.51 mmol) in dry THF (3 ml), methylamine :
solution (33 wt. % in absolute ethanol) (0.07 ml, 0.56 .
mmol), and Et;N (0.14 ml) at 3-5 °C, T3P (50 wt. % in
THF) (0.4 ml) was added dropwise. After 5 h, the reaction

mixture was evaporated under reduced pressure and the

residue was extracted with ethyl acetate (3 x 80 ml) from

water (35 ml). The resulting organic phase was washed with water (45 ml), and 10% NacCl
aqueous solution, dried over Na,SO,, filtered, and evaporated to dryness. The residue was
purified by flash column chromatography (petroleum ether:ethyl acetate 6:1 — 2:1) to give 3.15
as a white solid (52.4%). Mp 151.2 — 155.3 °C. IR (KBr): v = 3278.39, 3085.55, 2956.34,
2929.34, 2871.49, 1774.19, 1639.20, 1563.99, 1457.92, 1390.42, 1236.15, 1133.94, 937.23 cm’
'."H NMR (400 MHz, CDCl;): & = 5.65 (br s, 1H, NH), 4.86 (s, 1H, H-23), 4.85 (dq, J = 44.8, 8.4
Hz, 1H, H-12), 4.68 (s, 1H, H-23), 2.81 (d, J = 3.1 Hz, 3H, NCH3), 1.73 (s, 3H, H-24), 1.25 (s,
3H), 1.22 (s, 3H), 1.15 (d, J = 6.2 Hz, 3H), 0.96 (d, J = 4.9 Hz, 3H), 0.91 (s, 3H); *C NMR (100
MHz, CDCl3): & 179.06 (C28), 173.97 (CON), 147.34 (C=CH), 114.10 (C=CHy,), 92.24 (d, J =
14.4 Hz, C13), 89.30 (d, J = 186.3 Hz, C12), 52.75 (d, J = 3.4 Hz), 50.50, 45.37, 44.52 (d, J =
2.7 Hz), 42.35, 39.79, 39.73, 39.62 (d, J = 9.5 Hz), 38.73, 35.37, 32.76, 31.50, 31.08, 30.89,
27.78, 26.63, 26.03 (d, J = 19.3 Hz), 23.92, 23.00, 22.55, 20.86, 19.55, 18.44, 17.17, 16.65. MS
(DI-ESI) (m/z): 502.3 (100%) [M+H]". Anal. Calcd for C31H4sFNO30.2H,0: C, 73.68; H, 9.65; N,

2.77. Found: C, 73.35; H, 10.02; N, 2.60.
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3,4-Seco-3-N-ethylamide-4(23)-en-123-fluor-urs-13,283-olide (3.16): To a stirred solution of

3.6 (250 mg, 0.51 mmol) in dry THF (3.5 ml), :
ethylamine solution (2.0 M in THF) (0.3 ml, 0.60 mmol) .
and Et;N (0.14 ml) at 3-5 °C, T3P (50 wt. % in THF)
(0.4 ml) was added dropwise. After 3 h, the reaction

mixture was evaporated under reduced pressure and

the residue was extracted with ethyl acetate (3 x 80 3.16

ml) from water (35 ml). The resulting organic phase was washed with water (2 x 90 ml), and
10% NaCl aqueous solution (90 ml), dried over Na,SO,, filtered, and evaporated to dryness. The
residue was purified by flash column chromatography (petroleum ether:ethyl acetate 6:1 — 1:3)
to give 3.16 as a white solid (51.7%). Mp 108.5 — 112.5 °C. IR (KBr): v = 3268.11, 3081.69,
2971.77, 2931.27, 2873.42, 1774.19, 1635.34, 1556.27, 1457.92, 1390.42, 1238.08, 1133.94,
937.23. "H NMR (400 MHz, CDCls): 8 5.53 (m, 1H, NH), 4.86 (s, 1H, H-23), 4.84 (dq, J = 45.8,
8.1 Hz, 1H, H-12), 4.67 (s, 1H, H-23), 3.32 - 3.22 (m, 2H, CH,N), 1.73 (s, 3H, H-24), 1.25 (s,
3H), 1.21 (s, 3H), 1.15 = 1.12 (m, 6H), 0.96 (d, J = 5.6 Hz, 3H), 0.91 (s, 3H); *C NMR (100 MHz,
CDCls): & = 179.05 (C28), 172.92 (CON), 147.40 (C=CH,), 114.05 (C=CH,), 92.23 (d, J = 14.0
Hz, C13), 89.28 (d, J = 185.6 Hz, C12), 52.73 (d, J = 3.1 Hz), 50.49, 45.36, 44.50 (d, J = 2.9
Hz), 42.33, 39.76, 39.72, 39.62 (d, J = 9.7 Hz), 38.72, 35.42, 34.61, 32.76, 31.49, 31.39, 30.89,
27.77, 26.02 (d, J = 19.2 Hz), 23.96, 23.93, 23.02, 22.54, 20.84, 19.54, 18.43, 17.16, 16.64,
14.96. MS (DI-ESI) (m/z): 516.3 (100%) [M+H]". Anal. Calcd for C3,Hs,FNO30.8H,0: C, 72.50;

H, 9.81; N, 2.64. Found: C, 72.20; H, 9.86; N, 2.37.
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3,4-Seco-3-N-propylamide-4(23)-en-123-fluor-urs-13,28p3-olide (3.17): To a stirred mixture of

3.6 (250 mg, 0.51 mmol) in dry THF (4 ml), :
propylamine (0.05 ml, 0.61 mmol), and Et;N (0.14 -
ml) at 3-5 °C, T3P (50 wt. % in THF) (0.4 ml) was
added dropwise. After 5 h, the reaction mixture was

evaporated under reduced pressure and the

residue was extracted with ethyl acetate (3 x 80 ml)

from water (35 ml). The resulting organic phase was washed with water (45 ml), and 10% NacCl
aqueous solution, dried over Na,SO,, filtered, and evaporated to dryness. The residue was
purified by flash column chromatography (petroleum ether:ethyl acetate 6:1 — 1:2) to give 3.17
as a white solid (62.1%). Mp 110.3 — 116.1 °C. IR (KBr): v = 3270.68, 3079.76, 2962.12,
2931.27, 2873.42, 1774.19, 1641.13, 1544.70, 1457.92, 1388.50, 1238.08, 1133.94, 937.23 cm’
'. "M NMR (400 MHz, CDCl;): & = 5.59 (br s, 1H, NH), 4.87 (s, 1H, H-23), 4.86 (dq, J = 45.5, 8.3
Hz, 1H, H-12), 4.68 (s, 1H, H-23), 3.23 - 3.19 (m, 2H, CH.N), 1.74 (s, 3H, H-24), 1.25 (s, 3H),
1.22 (s, 3H), 1.15 (d, J = 5.6 Hz, 3H), 0.97 (d, J = 5.2 Hz, 3H), 0.94 - 0.89 (m, 6H); *C NMR
(100 MHz, CDCl3): & = 179.05 (C28), 173.25 (CON), 147.48 (C=CH,), 114.05 (C=CH,), 92.23 (d,
J=14.1 Hz, C13), 89.32 (d, J = 186.1 Hz, C12), 52.74 (d, J = 3.6 Hz), 50.54, 45.37, 44.51 (d, J
= 2.9 Hz), 42.35, 41.57, 39.78, 39.73, 39.63 (d, J = 9.7 Hz), 38.73, 35.50, 32.76, 31.50, 31.35,
30.90, 27.79, 26.02 (d, J = 19.4 Hz), 23.92, 22.97, 22.94, 22.56, 20.87, 19.56, 18.45, 17.18,
16.67, 11.49. MS (DI-ESI) (m/z): 530.3 (100%) [M+H]" Anal. Calcd for C33Hs,FNO430.2EtOAc: C,

74.16; H, 9.87; N, 2.56. Found: C, 74,00; H, 10,15; N, 2.19.
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3.4.2. Biology

3.4.2.1. Cell lines and culture

H460 CTR5, H460 LKB1/5"*, and H322 (NSCLC) cell lines were obtained from Dr. John
Heymach at MD Anderson Cancer Center. H460 CTR5, H460 LKB1**, and H322 cell lines were
maintained in RPMI-1640 medium (Corning Cellgro) supplemented with 10% FBS (Invitrogen)
and were cultured at 37 °C in CO; incubators. These cell lines were authenticated using an
AmpF/STR Identification Kit (Applied Biosystems) and routinely tested for Mycoplasma
contamination using a MycoTect kit (Invitrogen). Experiments were conducted in cells with fewer
than 18 passages and maintained at a logarithmic growth concentration between 10° cells/ml
and 10° cells/ml as determined by a Coulter Channelyzer (Beckman Coulter) with less than 10%

endogenous cell death confirmed by flow cytometry.

3.4.2.2. Materials

UA derivatives were dissolved in DMSO at a concentration of 20 mM and stored at —80
°C. To obtain final assay concentrations, the stock solutions were diluted in culture medium. The
final concentration of DMSO in working solution was 0.15%.

[Methyl->H]thymidine, [5,6-*H]uridine, and [4,5-*H]L-leucine (1.0 mCi/ml) were purchased
from Moravek Biochemicals, Brea, CA.

Bafilomycin A1 (B1793) and chloroquine (C6628) were purchased from Sigma-Aldrich.
Annexin V-Cy5 and Pl were obtained from BD Biosciences Pharmingen.

Primary antibodies against caspase-8 (1C12), caspase-3 (8G10), caspase-7 (#9492),
LC3A/B (D3U4C) XP, and total mTOR (4517) were obtained from Cell Signaling. Primary

antibody against Bcl-2 (clone 124) was obtained from Dako. Beclin-1 (NB500-266SS) and
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GAPDH (NB600-502) were purchased from Novus Biologicals. Antibody against B-actin (AC-15)
was obtained from Sigma-Aldrich. Primary antibody against Mcl-1 (s-19) was obtained from
Santa Cruz Biotechnology. Primary antibody against PARP (4C10-5) was purchased from BD
Pharmigen. Primary antibody against p62 (BML-PW9860) was purchased from Enzo Life
Sciences. Secondary antibodies goat anti-mouse (926-68070) and goat anti-rabbit (926-32211)

were obtained from LI-COR Biosciences.

3.4.2.3. Viability assay

For the monolayer culture model, cells were seeded in a 384-well black polystyrene
Greiner plate at densities of 850 cells/well for H460 CTR5, 660 cells/well for H460 LKB1/5**,
and 1780 cells/well for H322 in RPMI-1640 (10% FBS). The cell density was determined based
on the size and cell growth characteristics of each cell line, in order for the cell density at the end
point to be 70-80% of the well surface. Cells were treated with 0.15% DMSO or different
concentrations of each drug. After 72 h of treatment, 5 pl of CellTiter-Blue® Viability assay
(Promega) was added to each well and incubated until color change was observed (50-60 min
for H460 CTRS, 80-90 min for H460 LKB1/5, and 100—-120 min for H322). The fluorescence was
measured at 590 nm using a PHERAstar plate reader. Concentrations that inhibited cell growth
by 50% (ICsy) were determined by nonlinear regression with GraphPad Prism software 6.2
(GraphPad Software, San Diego, CA).

For the spheroid culture model, H460 CTRS and H322 cells were grown at 495 cells/well
and 650 cells/well, respectively, using a round-bottom, ultra-low attachment 96-well plate
(Corning® Costar® Ultra-low attachment multiwell plates, Sigma-Aldrich). Cells were treated
with 0.1% DMSO or different concentrations of each drug. After 96 h of treatment, volumes were
adjusted to the same level, 100 pl of CellTiter-Glo® Luminescence Viability assay (Promega)

was added, plates were sealed and shaken for 20 min at speed 10, and then incubated for 10
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min before luminescence was measured using a PHERAstar plate reader at 560 nm.
Concentrations that inhibited cell growth by 50% (ICso) were determined by nonlinear regression

with GraphPad Prism software 6.2.

3.4.2.4. Macromolecule synthesis assay

Global DNA, RNA, and protein syntheses were measured using [*H]thymidine,
[*H]uridine, and [*H]leucine incorporation assays, respectively. Cells were plated in a six-well
plate (0.55 x 10° cells/well, 24 h treatment, and 0.15 x 10° cells/well, 48 h treatment, H460 CTR5
cell line, 1 ml RPMI-1640-10% FBS) and after 24 h, cells were treated with DMSO alone or with
drugs (in 1 ml of RPMI-1640-10% FBS, total volume 2 ml) for 24 and 48 h. Afterwards, 20 pl of
[methyl->H]thymidine, 10 pl of [5,6->H]uridine, or 20 pl of [4,5-*H]L-leucine (each isotope was
diluted 1:10 times from the original concentration stock (1.0 mCi/ml), in water) per well was
added and incubated for an additional 60 min at 37 °C. Cultures were treated with 2 ml of cold
PBS, supernatant was collected, and cells were harvested by trypsinization. Each sample was
poured into a filter (glass fiber filters, 2.7 cm, wet with 1% (m/v) Na;P,04-10H,0) in a manifold,
washed with cold 0.4N perchloric acid aqueous solution (5 ml), and rinsed with 70% EtOH and
100% EtOH. Each dried filter was added to a scintillation vial and 7 ml of scintillation fluid was
added. Radioactivity (dpm) was counted using a liquid scintillation counter (instrument series

1900CA, Packard).

3.4.2.5. Cell cycle assay

The cell cycle was assessed by the Pl flow cytometric assay. H460 cells were plated in a
100 mm x 20 mm dish for 24 and 72 h of treatment (3 x 10° and 0.8 x 10° cells/dish,
respectively, H460 CTR5 cell line, 10 ml RPMI-1640-10% FBS) and after 24 h, cells were

treated with DMSO alone or drugs (in 5 ml RPMI-1640-10% FBS, total volume 15 ml) for 24 and
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72 h. DMSO or drug-treated cells (1 x 10° cells per experiment) were harvested by
trypsinization, collected by centrifugation, washed with PBS, and collected as a pellet. Cells
were fixed overnight at 4 °C by adding 70% ethanol and vortexing. Cells were then removed
from the ethanol by centrifugation and washed twice with PBS, followed by 15 min of incubation
at r.t. with cold Pl solution (PBS, 25 pg/ml PI, and 2.5 yg/ml DNAse-free RNAse). Cell cycle
analysis was assessed by flow cytometry using a fluorescence-activated cell sorter (FACS) (BD

Accuri™ C6 flow cytometer; BD Biosciences).

3.4.2.6. RNA isolation and array hybridization

Total RNA was extracted with TRIzol® reagent (Life Technologies) according to the
manufacturer’s protocol. Briefly, cells were plated in a six-well plate (0.55 x 10° cells/well, H460
CTRS cell line, 1 ml RPMI-10% FBS) and, after 24 h cells were treated with 0.15% DMSO alone
or drug (in 1 ml RPMI-10% FBS, total volume 2 ml). After 24 h treatment, medium was removed
and 1 ml of TRIzol® reagent was directly add to each well, and the resulting suspension was
transferred to an eppendorf, vortex and incubated for 5 min at r.t.. After adding 200 pL of
chloroform, samples were vortex for 1 min, incubated for 3 min at r.t., and centrifuged at 12,000
x g for 15 min at 4 °C. After isolation of the aqueous phase, 500 yL 100% isopropanol was
added, and samples were incubated for 10 min at r.t., and centrifuged at 12,000 x g for 10 min
at 4 °C. Samples were washed twice with 75% ethanol, air dried, and re-suspended in nuclease-
free water. RNA concentration was quantified using Thermo Scientific NanoDrop™ 1000
Spectrophotometer, and the RNA integrity was evaluated using Agilent RNA 6000 Nano Kit and
Agilent 2100 Bioanalyzer (Agilent Technologies). The total integrity number varied between 7.2
and 7.9. An aliquot of 100 ng of total RNA was amplified using Genechip® WT PLUS Reagent
Kit (Affimetrix), according to the manufacturer’s instructions. Subsequently, 5.5 ug of single-

stranded cDNA was fragmented and terminally labeled, and then was hybridized to Affimetrix
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GeneChip® HTA 2.0 for 16 h at 45 °C, and washed according to Affimetrix standard protocol.
Raw data, transcript data, and exon data were normalized, quality control tested, and analyzed
with Expression Console Software (Affymetrix Inc) at the The Sequencing and Non-coding RNA
Program, Center for Targeted Therapy at MD Anderson Cancer Center, Houston, TX, USA. For
the gene expression analysis, Transcriptome Analysis Console (TAC) software (Affimetrix) was

used to detect the differentially expressed genes, using DMSO-treated cells as control.

3.4.2.7. Annexin V-Cy5/PI flow cytometric assay

Apoptosis was measured by using the annexin V/PI flow cytometric assay. Cells were
plated in a six-well plate (0.095 x 10° cells/well, H460 CTR5 cell line, 2 ml of RPMI-1640-10%
FBS), and after 24 h, cells were treated with DMSO alone or with drugs (in 1 ml of RPMI-1640—
10% FBS, total volume 3 ml) for 72 h. Cells were harvested by trypsinization, collected by
centrifuge, washed with PBS, and collected as a pellet. The pellet was re-suspended in annexin
V-Cy5/buffer solution (5 pl of annexin V-Cy5 in annexin binding buffer x10) and incubated at
room temperature in the dark for 15 min. Pl solution (10 ul Pl (50 pg/ml) + 300 pl annexin
binding buffer) was added just before analysis using a BD Accuri™ C6 flow cytometer (BD

Biosciences). Data from 1 x 10* cells per sample were collected and analyzed.

3.4.2.8. Acridine orange staining

As a marker of autophagy, acidic vesicular organelles were quantified by acridine orange
staining. Cells were plated onto six-well plates (0.095 x 10° cells/well, H460 CTR5 cell line, 2 ml
of RPMI-1640-10% FBS) and after 24 h, cells were treated with DMSO alone, drugs, or medium
alone (in 1 ml of RPMI-1640-10% FBS, total volume 3 ml) for 72 h. 30 min prior to staining, 1 pl

of 160 uM bafilomycin A1 was added to the untreated well (medium only) as a negative control,
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and samples were incubated at 37 °C. Afterwards, 3 pl of acridine orange stain (10 mg/ml stock)
(Invitrogen Life Technologies) was added to each sample and incubated at 37 °C for 15 min in
the dark. The medium was collected, and cells were harvested using Accumax cell dissociation
solution in DPBS, using RPMI-1640 with no phenol red (Gibco Life Technologies) to stop the
reaction, and centrifuged. The pellet was washed with PBS, centrifuged, and re-suspended in
RPMI-1640 without phenol red. Accumulation of acidic vesicles was quantified as the red/green

(FL3/FL1) fluorescence ratio using a BD Accuri C6 flow cytometer.

3.4.2.9. Protein extraction and immunoblot assay

To prepare the total protein extracts, H460 CTRS5 cells (3 x 10°) and H322 cells (4.2 x
10°) were seeded in a 100 mm x 20 mm dish (10 ml of RPMI-1640—-10% FBS) and incubated at
37 °C. After 24 h, cells were treated with DMSO or different concentrations of drug (in 5 ml of
RPMI-1640-10% FBS, total volume 15 ml) for 24 h. After treatment, medium was collected and
cells were harvested by trypsinization, washed twice with PBS, centrifuged, lysed using cold 1x
RIPA buffer (1 ml of 10x RIPA lysis buffer, one tablet of PhosStop phosphatase inhibitor
cocktail, and one tablet of cOmplete mini protease inhibitor cocktail), and sonicated for 4 min
with 30-second intervals at 4 °C. Lysed cells were centrifuged for 10 min at 13,000 rpm, and
supernatant was carefully removed. All steps were performed on ice. Protein concentration of
the lysate was determined using a DC™ protein assay kit (Bio-Rad Laboratories). 5 pl of lysate
was added to a 96-well plate followed by the addition of 25 pl of working solution A-S (20 pl
reagent S to each milliliter of reagent A needed for the assay) plus the addition of 200 ul of
reagent B. The plate reading was taken at 750 nm (Powerwave XS, Bio-Tek Instruments, Inc.)
using known standards; unknown concentrations of protein lysates were determined using
Gen5™ software (BioTek). 30 ug of protein lysates was boiled with loading buffer SDS-PAGE

with 10% 2-mercaptoethanol at 95 °C for 10 min. Prepared lysate buffer solutions were
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electrophoresed on Criterion Bis-Tris gel (4-10% or 12%) using 1x MOPS or 1x MES running
buffer. Afterwards, proteins were transferred from the gel to membrane nitrocellulose (Li-COR
Biosciences) or polyvinylidene difluoride (PVDF, RMD Millipore) (this membrane was pre-treated
with methanol), using a transfer buffer solution (800 ml Millipore water, 100 ml methanol, 100 ml
10x% transfer buffer (30 g Tris-base, 144 g glycine for 1 liter of Millipore water)) at 75V for 50 min
on ice. After transfer, PVDF membrane was dried for 1h, wet with methanol, and washed with
PBS. PVDF and nitrocellulose membranes were first blocked with Odyssey® blocking buffer
solution for 1 h at room temperature and then probed with primary antibodies overnight at 3—8
°C. Membranes were washed twice for 10 min with 0.1% Tween 20 (in PBS) and then one time
with PBS, and probed with infrared-labeled secondary antibody (1:10000 dilution, LI-COR Inc.)
for 1 h at room temperature. Membranes were again washed as before and scanned using the

LI-COR Odyssey CLx Infrared Imager.

3.4.2.10. Reverse Phase-Protein Array (RPPA)

H460 CTRS5 cells (3 x 10°) were seeded in a dish 100 mm x 20 mm (10 ml RPMI-1640-
10% FBS) and incubated at 37 °C. After 24 h, cells were treated with DMSO or different
concentration of drug (in 5 ml RPMI-1640-10% FBS, total volume 15 ml) for 24 h. After
treatment, medium was collected and cells were harvested by tripsinization, washed twice with
PBS, centrifuged, and the cells lysates were prepared according to the instructions of the
Functional Proteomics Core facility at MDACC, Houston, TX, USA. In brief, cells were lysed in
RPPA lysis buffer (1% Triton X-100, 50 mM HEPES, pH 7.4, 150 mM NaCl, 1.5 mM MgCl,, 1
mM EGTA, 100 mM NaF, 10 mM Na pyrophosphate, 1 mM NazVO,4, 10% glycerol, one tablet of
PhosStop (phosphatase inhibitor cocktail) and one tablet of cOmplete™, Mini (protease inhibitor
cocktail)). The cell lysates were sonicated for 4 min with 30-second intervals at 4 °C. Lysed cells

were centrifuged for 10 min at 13,000 rpm at 4 °C, and supernatant was carefully removed. All
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steps were performed on ice. Protein concentration was determined as described in section
3.4.2.9. The protein concentration was adjust to 1.5 pl, and the cell lysate was mix with 4X SDS
sample buffer (40 % glycerol, 8 % SDS, 0.25 M Tris-HCI, pH 6.8) with 10% 2-mercaptoethanol,
boiled for 10 min at 95 °C. Protein samples were serially diluted and arrayed on nitrocellulose-
coated glass slides. The slides were probed with 298 primary antibodies against critical nodes in
the cancer cell signaling pathways, and scanned with ImageQuant (Molecular Dynamics). Signal
intensity was quantified using MicroVigene automated RPPA module software (VigeneTech
Inc.), relative protein abundance was estimated by supercurve fitting, and normalized for protein
loading. The RPPA data were normalized to control, log10 transformed, statistically analyzed

(unpaired t-test), and the overall fold-change was analyzed.

3.4.2.11. Data and statistical analysis

All cell line data were analyzed in triplicate and are presented as mean values + standard
deviation (SD). All data were analyzed and plotted using GraphPad Prism 6.2 software. Protein
levels were quantified using Odyssey software for the Odyssey Infrared Imaging System (LI-
COR Inc.) and then normalized to DMSO control using GraphPad Prism software. The ratio of
protein to GAPDH or to B-actin was calculated for the immunoblot analyses. For statistical
analysis, most data were analyzed by the Student’s unpaired t test, as described in the

respective figure legends.
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4.1. Introduction

The introduction of a nitrile group into pharmaceutical compounds has been attracting
interest, because its presence in key positions of a biologically active molecule can modulate the

physicochemical and pharmacokinetic properties.?%*'

In fact, structurally diverse nitrile-
containing drugs are currently prescribed for a variety of diseases, including cancer, and several
of nitrile-containing leads are currently in clinical trials.?®® A survey of a range of pharmaceuticals
and clinical candidates has identified several effects of the introduction of a nitrile function into
bioactive molecules.?®® This functional group can act not only as a hydroxyl and carboxyl
surrogate, due to its strong hydrogen bond interactions, but also as a carbonyl and halogen
bioisostere. 200202204

The introduction of an oxime function into an appropriate scaffold is also a rational
approach for the preparation of potent cytotoxic agents, as illustrated in diverse examples where
its introduction into different backbones has led to derivatives with potent antiproliferative
activities against human cancers.?%>?%

Furthermore, in previous studies, our research group has reported that the introduction of
N-acylimidazole moiety in pentacyclic triterpene structures could improve the in vitro anticancer
activity of the parent compound.'**2°%"" Hence, the introduction of N-acylimidazole moiety was
further explored using the commercial available reagents 1,1’-carbonyldiimidazol (CDI), 1,1’-
carbonyl-di-(1,2,4-triazole) (CDT), and 1,1’-carbonylbis(2-methylimidazole) (CBMI).

This chapter describes the design and preparation of a panel of derivatives with a
modified A-ring. The introduction of oxime and nitrile functions, as well as N-acylimidazole

moieties was explored. The structures of the newly synthesized compounds were fully

elucidated by IR, MS and NMR techniques. The in vitro anticancer activity was tested against
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NSCLC cell lines, in monolayer and spheroid culture models, and the preliminary mechanism of

action of the most potent derivative was explored.

4.2. Results and discussion

4.2.1. Chemistry

The synthetic route began with the formation of 123-fluoro-13,28B-lactone (3.2) and 3-
oxo (3.3) derivatives as described in chapter 3.

To study the effect of the introduction of an oxime group on the anticancer activity,
several UA derivatives were prepared bearing an oxime group at positions C3, C2,or C2 and
Cs.

Treatment of 3-oxo-derivative 3.3 with NH,OH-HCI in pyridine at 50 °C afforded oxime
derivative 4.1, while treatment with butyl nitrite in a mixture of t-BuOK in -BuOH, under N, at 25

°C, afforded compound 4.2 (Scheme 4.1).

Scheme 4.1. Synthesis of derivatives 4.1 and 4.2.
Reagents and conditions: a) NH,OH-HCI, pyridine, 50 °C, 2 h; b) n-BuONO, #-BuOK, t-BuOH, N, 25 °C, 2
h.
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Compound 4.2 was treated with NH,OH-HCI, as before, to obtain the double oxime
derivative 4.3. Moreover, the carbonyl function at C3 of compound 4.2 was reduced with NaBH,,
in a mixture of dry methanol and THF under N, at room temperature to obtain compound 4.4

(Scheme 4.2).

a HON
—
HON
4.2 —
HON
b
_>

HO

Scheme 4.2. Synthesis of derivatives 4.3 and 4.4.
Reagents and conditions: a) NH,OH-HCI, pyridine, 50 °C, 7 h; b) NaBH,4, dry methanol/THF, Ny, r.t., 3 h.

The presence of an oxime group was confirmed in the 'H NMR spectra by a broad
singlet at 9.00, 7.55, and 6.71 ppm for compounds 4.1, 4.2, and 4.3, respectively. For
compounds 4.2 and 4.3, the protons at position C1 were identified as a double doublet around
3.10 and 2.20 ppm, with a coupling constant of around 18.5 Hz. Figure 4.1 represents the H

NMR spectrum of compound 4.2.
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Figure 4.1. 'H NMR spectrum of compound 4.2 recorded in CDCls.

In the ®C NMR spectra, the carbon of the oxime was identified at 166.47 ppm for 4.1,
153.53 ppm for 4.2, and 153.32 and 153.20 ppm for 4.3. For compound 4.2, the carbonyl carbon

at C3 was identified at 203.08 ppm (Fig. 4.2).
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Figure 4.2. *C NMR spectrum of compound 4.2 recorded in CDCls.

The characteristic IR bands for OH (oxime) and for C=N (oxime) were observed around
3359-3214 cm™ and 1656—1606 cm™, respectively. For compound 4.2, the band for C=0 (C3)

was identified at 1703 cm™ (Fig. 4.3).
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Figure 4.3. IR spectrum of compound 4.2.

Previous studies reported in the literature under similar chemical conditions and using
similar triterpenoid substrates indicated that oximes 4.1%'2, 4.2%'3?'" and 4.3?" prepared by the
indicated methods display an E-configuration. The configuration of compound 4.3 was confirmed

via X-ray crystallography, which established compound 4.3 as an E-isomer (Fig. 4.4).

O1M

Figure 4.4. ORTEP diagram of compound 4.3 crystallized from methanol.
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The reduction of the carbonyl function to obtain derivative 4.4 was identified in the 'H
NMR spectrum by a signal of a singlet at 3.85 ppm for the proton at position 3 (Fig. 4.5), and in
the *C NMR spectrum by the substitution of the signal at 203.08 ppm (compound 4.2) with a

signal at 78.51 ppm for the C3 (Fig. 4.6).
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Figure 4.5. 'H NMR spectrum of compound 4.4 recorded in CDCls.
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Figure 4.6. *C NMR spectrum of compound 4.4 recorded in CDCls.

NOESY NMR experiments correlate protons that are close to each other in space,
allowing the identification of protons with the same space orientation. Accordingly, for compound
4.4, the proton at position 3, in the NOESY NMR spectrum, correlated with the two methyl
groups at positions 23 and 24, and with the proton at position 5 (Fig. 4.7 and 4.8). This profile
indicates that the proton at position 3 has an alpha-configuration, as a beta-configuration would
not be able to correlate with the proton at position 5 (Fig. 4.8). These data are in accordance
with previous studies reported in the literature under similar chemical conditions and using

similar triterpenoid substrates.'>%'®
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Figure 4.7. NOESY NMR spectrum of compound 4.4 recorded in CDCl;.

Figure 4.8. NOESY correlation for compound 4.4. The proton at position 3 is shown with an alpha- (left

image) or beta-configuration (right image).

Taking into account the ability of the nitrile group to modulate the physicochemical and

pharmacokinetic properties, a panel of UA nitrile derivatives was synthesized (4.5-4.20)

(Schemes 4.3-4.5).
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As mentioned previously, amide bonds play a major role in the elaboration and
composition of biological systems, representing the main chemical bonds that link amino acid
building blocks together to provide proteins.*®**° Therefore, a series of cleaved A-ring derivatives
bearing a nitrile group at C2 and an amide function at C3 (4.5-4.14) were prepared.

Firstly, compound 4.2 was treated with thionyl chloride (SOCI,) in dry THF/benzene at 80
°C for 3 h to form an intermediate with a cleaved A-ring and bearing a nitrile function at position
2. Then, the reaction solvents were evaporated, and the residue was dissolved with dry THF and
treated with cold ammonium solution 25% to afford compound 4.5, or dissolved with dry CH,Cl,,
pH-adjusted with EtzN to 8-9, and treated with several amines to afford the respective amide
derivatives (4.6-4.14). Compound 4.15 was isolated by reacting compound 4.2 with SOCI,, as

describe above (Scheme 4.3).
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4.6 R{=C¢Hs 4.12 R,=CH;
4.7 Ry=CH,CH,CgHs 4.13 R{=CH,CHj

4.8 R1= /\©\ 4.14 R1 =CH2CH20H3

49R;= /\©\
F
410 R1= \/D
o
4.1 R1=\/\©/C|

Scheme 4.3. Synthesis of derivatives 4.5-4.15.

Reagents and conditions: a) i - SOCl,, dry THF/benzene, 80 °C, 3 h; ii - cold ammonium solution 25%,
THF, 1 h; b) i - SOCI,, dry THF/benzene, 80 °C; ii — R{NH,, dry CH.Cl,, Et;N, r.t., 4.6—4.9, 4.11: 2 h; 4.10:
3 h;4.12,4.13: 1.5 h; 4.14: 3.5 h; c) SOCl,, dry THF/benzene, 80 °C, 3.5 h.

This cleavage reaction with formation of nitrile and carboxylic acid groups has been
designated as “abnormal” Beckmann rearrangement or Beckmann rearrangement of second
order, in which a-oximino ketones possessing an anti- or a-configuration when treated with acid

chlorides, strong acids, or an acylating agent and base, are cleaved to a nitrile and a carboxylic

118



Chapter 4 | Synthesis and cytotoxic activity of novel UA derivatives

acid instead of the amide product of the Beckmann rearrangement.217 According to the proposed
mechanism, the reaction involves the conversion of the hydroxyl group of the oxime into a
leaving group by SOCI,, accompanied by a shift of a electron pair forming the carbon-nitrogen
triple bond, and hence the nitrile. The intermediate cation then combines with a hydroxide anion

or water to form the carboxylic acid group (Fig. 4.9).

Figure 4.9. Proposed reaction mechanism of the “abnormal” Beckmann rearrangement for the formation

of compound 4.15.

In the "H NMR spectrum, the typical signal for the NH proton (compounds 4.5-4.14) was
observed around 6.09-5.75 ppm, which varied between singlet, triplet, and double doublet,
according to the type of amide derivative. The protons at position 1 were observed by two
doublets around 2.81-2.39 and 2.51-2.30 ppm, with a coupling constant of 18.3 Hz. Figure 4.10

represents the '"H NMR spectrum of the primary amide derivative 4.5.
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Figure 4.10. 'H NMR spectrum of compound 4.5 recorded in CDCls.

The carbonyl carbon of the amide was observed in the *C NMR spectra at 181.67 ppm
for the primary amide 4.5 (Fig. 4.11), and around 179-176 ppm for the secondary amide
derivatives (4.6—4.14). The carbon of the nitrile group was identified at around 119-118 ppm

(Fig. 4.11).
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Figure 4.11. "®C NMR spectrum of compound 4.5 recorded in CDCl.

The carbon of the carboxylic acid of derivative 4.15 displayed a signal at 184.40 ppm in
the ®C NMR spectrum. Figures 4.12 and 4.13 represent the 'H and "*C NMR spectra of

compound 4.15, respectively.
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Figure 4.12. 'H NMR spectrum of compound 4.15 recorded in CDCl;.
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Figure 4.13. "*C NMR spectrum of compound 4.15 recorded in CDCls.
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In the IR spectra, a band at 2243-2231 cm™ identified the presence of a CN group. For
the amide function, two stretching bands at 3508 and 3371 cm” were observed for the primary
amide 4.5 (Fig 4.14), while the stretching bands for the secondary amides (4.6—4.14) were

identified at 3464—3363 cm™.

Figure 4.14. IR spectrum of compound 4.5.

In previous studies, our research group has reported that the introduction of N-
acylimidazole moiety in pentacyclic triterpene structures often improves the in vitro anticancer
activity of the parent compound.'?%2"" Therefore, N-acylimidazole derivatives were prepared
(4.16—4.18) by reacting compound 4.2 with CDI, in THF at 50 °C under N, to obtain 4.16, or by
reacting compound 4.15 with CDT or CBMI in dry THF at 70 °C under N, to afford compounds

4.17 and 4.18, respectively (Scheme 4.4).

123



Chapter 4 | Synthesis and cytotoxic activity of novel UA derivatives

418 Ry= \NJ\

Scheme 4.4. Synthesis of derivatives 4.16—4.18.
Reagents and conditions: a) CDI, dry THF, N,, 50 °C, 3 h; b) CDT (for 4.17) or CBMI (for 4.18), dry THF,
70°C,4.17:4.25h, 4.18: 2.25 h.

The formation of the imidazole derivative 4.16 was confirmed by the presence of three
proton signals at 8.40, 7.75, and 7.12 ppm in the '"H NMR spectrum (Fig. 4.15). The triazole
derivative 4.17 was confirmed, in the '"H NMR spectrum, by the presence of two signals at 8.96
and 8.09 ppm that correspond to the two protons in the triazole ring. In the case of the 2-
methylimidazole derivative 4.18, the two characteristic proton signals appeared at 7.72 and 6.96

ppm, and an additional methyl signal was observed at 2.61 ppm.?*®2°
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Figure 4.15. 'H NMR spectrum of compound 4.16 recorded in CDCl;.

In the "*C NMR spectrum, the formation of the imidazole derivative 4.16 was confirmed
by the presence of three carbon signals at 138.07, 130.90 and 117.80 ppm that correspond to
the imidazole ring, and by the signal of the carbon of the amide function at 175.64 ppm (Fig.
4.16). The signal of the carbon of the nitrile appeared at the same chemical shift as one of the
imidazole carbons (117.80 ppm) (Fig. 4.16). The structure of compound 4.16 was confirmed by
X-ray crystallography (Fig 4.17). In the case of the triazole derivative 4.17, the two signals of the
carbons of the triazole moiety were identified at 153.01 and 145.76 ppm. Similarly, the 2-
methylimidazole derivative 4.18 was confirmed by the presence of three carbon signals at

149.65, 128.24 and 117.88 ppm.
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Figure 4.16. "°C NMR spectrum of compound 4.16 recorded in CDCls.
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Figure 4.17. ORTEP diagram of compound 4.16 crystallized from acetonitrile.
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To further study the presence of different functional groups at position C3 coupled with a
nitrile group at C2, an aldehyde (4.19) and an aldoxime (4.20) derivatives were synthesized.
Compound 4.19 was prepared by reaction of compound 4.4 with p-toluenesulfonyl chloride (p-
TsCl) in pyridine, and compound 4.20 was prepared by reaction of 4.19 with NH,OH-HCI in

pyridine at 50 °C (Scheme 4.5).

44 —>

4419

Scheme 4.5. Synthesis of derivatives 4.19 and 4.20.
Reagents and conditions: a) p-TsCl, pyridine, r.t, 2 h; b) NH,OH-HCI, pyridine, 50 °C, 1.50 h.

The proton of the aldehyde group of derivative 4.19 appeared as a singlet at 9.66 ppm in
the '"H NMR spectrum (Fig. 4.18), whereas the signal for the carbonyl carbon of CHO was
observed at 205.66 ppm in the ®C NMR spectrum (Fig. 4.19). In the IR spectrum, stretching
bands for C-H and C=0 of aldehyde were observed at 2723 and 1716 cm™, respectively (Fig.

4.20).
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Figure 4.18. 'H NMR spectrum of compound 4.19 recorded in CDCl;.
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Figure 4.20. IR spectrum of compound 4.19.

The proton at position 3 in derivative 4.20 appeared as a singlet at 7.53 ppm in 'H NMR
spectrum (Fig. 4.21), whereas the signal of the carbon of the aldoxime group was observed at

159.83 ppm in the "®C NMR spectrum (Fig 4.22).

129



Chapter 4 | Synthesis and cytotoxic activity of novel UA derivatives

~1000

900

800

F700

600

500

r400

300

200

100

-0

™ © Py wown Cwmmina~
n N ® esn NNNA=S e
NN < N P B D J o P
I N2 Y o
HHA1 f
CHNO '
|
H12
_ M — )
iy 7Y T P T
8 a4 s 2883383
- oo ~ NANMmMMmMmMmm
100 95 90 85 80 75 70 65 6.0 55 0 40 35 30 25 20 15 10 05 0.0

5. 4.5
f1 (ppm)

Figure 4.21. 'H NMR spectrum of compound 4.20 recorded in CDCls.
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4.2.2. Biological studies

4.2.2.1. Evaluation of in vitro anticancer activity

The anticancer activities of UA and of the newly synthesized derivatives (4.1-4.20)
against NSCLC cells (H460, H322, H460 LKB1+’+) were evaluated by using the CellTiter-Blue®
cell viability assay. Culture medium containing 0.15% DMSO served as negative control. The
cell lines were treated with increasing concentrations of each compound, and the ICs, values

were determined after 72 h of incubation. The ICsy values are summarized in Table 4.1.

Table 4.1. The inhibitory activities (ICs) of UA and derivatives 4.1—4.20 in the NSCLC cell lines.

Cell line®/ICsy, uM

Compound

H460 H322 H460 LKB1™"

UA 14.8 £+ 0.6 15.3+2.8 21.1+1.6
4.1 7.5+0.9 6.8+4.0 79+0.5
4.2 59+0.2 1.5+0.1 11.6+1.6
4.3 27.1+0.2 287+42 326+0.7
4.4 11.6 £0.8 12.7+0.8 16.8 + 2.1
4.5 >50 >50 11.9+0.5
4.6 >50 >50 >50
4.7 >50 >50 >50
4.8 >50 >50 >50
4.9 >50 >50 >50
410 >50 >50 >50
4.11 >50 >50 195+1.3
412 >50 >50 18.7+0.4
413 >30 >30 >30
414 >25 >25 >25
415 >50 >50 >50
416 45+0.4 6.8+0.6 46+0.1
417 ND ND ND
418 87+0.1 84+15 6.3+1.0
419 ND ND ND
4.20 >50 >50 8.0 + 0.09

®Lung cancer cell lines were treated with various concentrations of test compounds for 72 h. The inhibitory
activities were determined using the CellTiter-Blue cell viability assay. IC5so was calculated from the results,

and data are presented as means * SD of three independent experiments. ND: not determined.
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As shown in Table 4.1, compared with UA, most of the oxime derivatives (4.1-4.4)
displayed an improved cytotoxic activity, with compounds 4.1 and 4.2 being the most active
ones. Interesting to note, while compound 4.1 had similar 1Cs, values among all cell lines,
derivative 4.2 showed different potencies according to cell line, being 2.5, 10.2, and 1.8 times
more active than UA in H460, H322, and H460 LKB1""* cells, respectively. Compound 4.3, with
two oxime functions at the C2 and C3 positions, displayed a decreased activity compared with
its mono-oxime counterparts (4.1 and 4.2), but it was slightly more active than UA in the H460
LKB1*"* cells. Reduction of the carbonyl at C3 of 4.2 to obtain compound 4.4 led to a decrease in
the anticancer activity, which might have been due to the loss of the a,B-unsaturated system
present in compound 4.2. Indeed, it has been shown that the presence of an a,B-unsaturated
carbonyl group in the A-ring of pentacyclic triterpenoids significantly enhanced their biological
activities.®”2'8219

Comparison of the nitrile derivatives (4.5-4.20) indicated that the nitrile group at C2 did
not seem to be critical for the cytotoxic activity. Nevertheless, the inclusion of a nitrile group into
the UA backbone was designed based on the desirable properties that have been attributed to
this function, such as improved pharmacokinetic profile.?”® On the other hand, the substitution at
C3 had a dramatic influence on the biological activity of the derivatives.

The set of C3-amide derivatives, bearing a primary amide (4.5), different aromatic
substituents (more bulky side chains) (4.6-4.11), or a secondary amide with a short alkyl side
chain (4.12-4.14), had a higher IC5, value than did the parent compound.

The introduction of a heterocyclic substituent at position C3 (4.16 and 4.18) significantly
increased the cytotoxicity compared with the parent compound, by approximately 3 times and 2
times, respectively. The triazole derivative 4.17 was not soluble in the experimental conditions of
the biological assay, and so 4.17 was not further tested.

Finally, the introduction of an aldehyde group at C3 led to a less soluble compound 4.19

under these experimental conditions, which was not further studied. The introduction of an
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aldoxime at C3 generated a derivative 4.20 that seemed to be specifically active in the H460
LKB1** cell line. The H460 NSCLC cell line is LKB1 deficient, while H460 LKB1** was re-
constituted with LKB1 by Heymach group at MD Anderson Cancer Center.?

The most active compounds, 4.2 and 4.16, were selected and their cytotoxic activity was
further explored in a multicellular spheroid 3D culture system. Using the CellTiter-Glo® assay,
the anticancer activity of UA, and the two most active derivatives (4.2 and 4.16) were tested
against H460 and H322 spheroid models. Culture medium containing 0.1% DMSO served as
negative control. The cell lines were treated with increasing concentrations of each compound,
and the ICs values were determined after 96 h of incubation. The I1Cs, values are summarized in

Table 4.2.

Table 4.2. The inhibitory activities (ICs) of UA, and the most potent derivatives (4.2 and 4.16) in the
spheroid model of the NSCLC cell lines H460 and H322.

Cell line®/ ICsp, uM

Compound H460 H322

Monolayer Spheroid Monolayer Spheroid

UA 14.8 £ 0.6 30.8+2.8 15.3+2.38 18.2110.5
4.2 59+0.2 8.4%1.0 1.5+0.1 3.910.6
4.16 45+04 6.3%0.7 6.8+0.6 >15

®Lung cancer cell lines were treated with various concentrations of test compounds for 72 or 96 h for a 2D
(monolayer) or 3D (spheroid) model, respectively. The inhibitory activities were determined using
CellTiter-Blue® or CellTiter-Glo® for the 2D or 3D model, respectively. ICsy was calculated from the results,

and data are presented as means * SD of three independent experiments.

Although derivative 4.2 was active in spheroid models of both cell lines, derivative 4.16
had a much higher IC5, value in the H322 spheroid culture model, compared with its two-
dimensional counterpart (Table 4.2). Noteworthy, the 1Csy values for compound 4.2 increased

slightly compared with values obtained using the two-dimensional culture model. In Figure 4.23
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is shown the phenotypic effect of UA, compound 4.2, and compound 4.16 in the spheroid model

for the H460 cell line after 96 h of treatment.

0 1 5 10 20 50 uM

UA

4.2

4.16

Figure 4.23. Phenotypic changes in the H460 spheroid model treated with UA (top panel), compound 4.2
(middle panel), and compound 4.16 (bottom panel) for 96 h. Spheroids were treated with the indicated
concentrations of the compounds tested. Images were captured using bright field phase-contrast

microscopy.

Taking into account these results, compound 4.2 was selected for further studies in order

to explore its possible mechanism of action.
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4.2.2.2. Effect of compound 4.2 on cellular DNA, RNA, and protein

synthesis

The [*H]thymidine, [*H]uridine, and [°H]leucine incorporation assays allow measurement
of the drug effect in the DNA, RNA, and protein synthesis rates of cells, respectively. Although
DNA synthesis was not significantly affected at 24 h, an increase of 50.7% was observed at 48 h
with treatment using compound 4.2 (Fig. 4.24A). Conversely, the RNA synthesis rate was
decreased by treatment with this compound at 24 h (5.8%) and at 48 h (6.3%) (Fig. 4.24B).
Incorporation of leucine (protein synthesis rate) at 24 h was also lower by 17.7% following

treatment with compound 4.2 (Fig. 4.24C).
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Figure 4.24. The effect of treatment with compound 4.2 on the global DNA (A), RNA (B), and protein (C)
synthesis in the H460 cell line. Cells treated with vehicle or compound 4.2 at the indicated concentrations
for 24 and 48 h were assessed for macromolecular synthesis. Values represent the means + SD of three
independent experiments. p-Values obtained by comparing vehicle and treatment are presented as *<
0.05.
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4.2.2.3. Effect of compound 4.2 on the cell cycle distribution

The effect of compound 4.2 on the cell cycle distribution was explored. Cells were treated

with DMSO (0.15%), or compound 4.2 (4 uM) for 24 and 72 h, and the cell cycle profile was

evaluated by FACS analysis after staining cells with PI.

Treatment of H460 cells with compound 4.2 did not affect the population of cells of any of

the cell cycle phases (Fig. 4.25). However, increases in the sub-G1 population at 24 h (7.6%)

and 72 h (4.5%) were observed (Fig. 4.25). These findings suggest DNA fragmentation by

apoptosis.
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Figure 4.25. Effect of compound 4.2 on the cell cycle distribution. H460 cells treated with vehicle, or

compound 4.2 at the indicated concentrations for 24 and 72 h were assessed for cell cycle, using PI

staining and flow cytometric analysis. A) Representative histograms of cell cycle analysis are shown. B)

The bar graphic depicts the cell population (%) per cell cycle phase. Values represent the means + SD of

three independent experiments. p-Values obtained by comparing vehicle and treatment are presented as *

< 0.05, **< 0.01.
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4.2.2.4. Effect of compound 4.2 on gene expression profile

The effect of compound 4.2 on the gene expression in the H460 cell line was analyzed
on a genome-wide scale using Affymetrix HTA 2.0 system. For this purpose, H460 cells were
treated with DMSO (0.15%) or compound 4.2 (4 pM) for 24 h. For the gene expression analysis,
Transcriptome Analysis Console software (Affymetrix) was used to detect the differentially
expressed genes and the main pathways affected, using DMSO-treated cells as control.

Taking into account that the parent compound UA is considered a multifunctional agent
and the derivatives described in literature seem to preserve that property, an effort was made to
identify the main pathways that could be responsible for the anticancer activity of compound 4.2,
in order to plan the biological assays to study the possible anticancer mechanism.

According to HTA 2.0 microarray data, apoptosis and autophagy pathways were
activated upon treatment of H460 cells with compound 4.2 at 24 h, and thus these two pathways

were selected for further evaluation.

4.2.2.5. Apoptosis-inducing effect of compound 4.2 evaluated by

annexin V-Cy5/Pl assay

To evaluate whether the loss of cell viability induced by compound 4.2 was associated
with apoptosis, the annexin V-Cy5/PI binding assay was performed. FACS analysis of annexin
V-Cy5/PI double staining was used to differentiate live, early apoptotic, late apoptotic, and
necrotic cells. Accordingly, H460 cells were treated with derivative 4.2 at 4.5 yM for 72 h, and
apoptosis was quantified by flow cytometry after double staining with annexin V-Cy5/PI.

As shown in Figure 4.26, in comparison with control (0.15% DMSO-treated cells),
treatment with derivative 4.2 decreased the percentage of live cells from 94% in the control to
56.2% in treated cells. Simultaneously, the percentage of apoptotic cells increased from 4.5% to

137



Chapter 4 | Synthesis and cytotoxic activity of novel UA derivatives

38.3% in treated cells, being 11.7% early apoptotic cells and 26.5% late apoptotic cells. These
results suggest that compound 4.2 at 4.5 pM induces apoptosis in H460 cells, which could

explain the sub-G1 population increase observed in Fig. 4.25.
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Figure 4.26. Induction of H460 cell death by compound 4.2. Annexin V-Cy5/PI assay of H460 cells that
were untreated, treated with vehicle, or treated with compound 4.2 at the indicated concentrations for 72
h. A) Representative flow cytometric plots for the quantification of apoptosis are shown: the lower left
quadrant (annexin V- and PI-) represents non-apoptotic cells, the lower right quadrant (annexin V+ and PI-
) represents early apoptotic cells, the upper right quadrant (annexin V+ and PI+) represents the late
apoptotic/necrotic cells, and the upper left quadrant (annexin V- and PI+) represents necrotic cells. B) The
bar graph depicts the variation of the percentage of live, early apoptotic, late apoptotic cells, necrotic cells,
and total cell death. Values represent the means + SD of three independent experiments. p-Values

obtained by comparing vehicle and treatment are presented as **<0.01.
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4.2.2.6. Effect of compound 4.2 on the levels of apoptosis-related

proteins

To further investigate the mechanism of compound 4.2-induced apoptosis, the levels of
some apoptosis-related proteins were assessed by immunoblot analysis. H460 and H322 cells
were treated with increasing concentrations of compound 4.2 for 24 h (Fig. 4.27).

The treatment of H460 cells with compound 4.2 led to a decrease of the levels of the full-
length PARP, which was associated with decreased levels of procaspases-8 and -7 (Fig. 4.27A).
These findings suggest that compound 4.2 is able to induce apoptosis via the extrinsic pathway.
Similar results were found when H322 cells were treated with compound 4.2 (Fig. 4.27B).

The levels of Bcl-2, an anti-apoptotic member of the Bcl-2 family, were also
investigated.” Treatment of H460 cells with compound 4.2 downregulated Bcl-2 in a

concentration-dependent manner (Fig. 4.27).
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Figure 4.27. Effect of compound 4.2 on the levels of apoptosis-related proteins. H460 (A) and H322 (B)
cells were treated with compound 4.2 at the indicated concentrations for 24 h. The levels of the indicated
proteins were analyzed by Western blot. 3-Actin was used as loading control. The bar graph depicts the
variation in the levels of the protein expression. Values represent the means + SD of three independent

experiments. p-Values obtained by comparing vehicle and treatment are presented as *<0.05, **<0.01.

4.2.2.7. Effect of compound 4.2 treatment on autophagy

Autophagy is a catabolic process involved in the degradation of cellular organelles and
proteins through the lysosomal machinery.?® As mentioned before, autophagy is characterized
by the formation of acidic vesicular organelles (AVO), which can be detected by staining with
acridine orange, a dye that accumulates in acidic organelles.'®® Measurement of this dye by flow
cytometry was used to detect AVO formation in H460 cells treated with vehicle (0.15% DMSO)
or compound 4.2 (3 or 5 uM) for 72 h. Bafilomycin A1 was used as a negative control to block

acidic vesicular formation.
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As shown in Figure 4.28A, bafilomycin A1 inhibited the fusion of autophagosomes with
lysosomes. The endogenous autophagy level (DMSO treatment) was less than 10% at 72 h (Fig.
4.28). Treatment with compound 4.2 significantly increased the formation of AVO at 3 and 5 pM,
by 5.2 and 11.1%, respectively (Fig. 4.28). These data suggest that compound 4.2 is able to

induce autophagy in H460 cells.
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Figure 4.28. Effect of compound 4.2 treatment on induction of autophagy in the H460 cell. A) The
formation of AVO was measured by acridine orange staining and flow cytometry. Representative flow
cytometric plots of the percentage of AVO formation (acridine orange staining positive) of three
independent experiments are shown. B) The graph bar depicts the variation of the percentage of AVO
formation and is plotted as means + SD of three independent experiments. p-Values obtained by

comparing vehicle and treatment are presented as *<0.05, **<0.01.

On the one hand, autophagy may contribute to cell survival, and on the other hand
activation of autophagy may also lead to cell death.?® Because autophagy may be induced as a
survival response of cells to treatment with derivative 4.2, an autophagy inhibitor (chloroquine)
was used, as in chapter 3, to evaluate whether the inhibition of autophagy would affect the
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cytotoxic activity of compound 4.2. H460 cells were treated for 72 h with vehicle (0.15% DMSO),
20 uM chloroquine (Chl), compound 4.2 (3 or 4.5 yM), or combination of chloroquine and
compound 4.2 at the indicated concentrations. Inhibition of autophagy did not affect the total cell
death induced by treatment with compound 4.2 (Fig. 7.29A and B). These data suggest that
autophagy had not been induced as a resistance mechanism against treatment with compound

4.2 but might be induced as part of the anticancer mechanism of compound 4.2.
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Figure 4.29. Effect of autophagy inhibition on 4.2-induced cell death. A) Annexin V-Cy5/PI assay of H460
cells treated with vehicle, 20 uM of chloroquine (Chl), compound 4.2 (3 or 4.5 yM), or the combination of
chloroquine and compound 4.2 at the indicated concentrations for 72 h. Representative flow cytometric
plots for the quantification of apoptosis are shown. B) The bar graph depicts the variation of the
percentage of total cell death. No statistical difference was observed comparing cells treated with
compound 4.2 alone or in combination with chloroquine. Values represent the means + SD of three

independent experiments.
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4.2.2.8. Effect of compound 4.2 on the levels of autophagy-related

proteins

To gain deeper insight into the mechanism via which compound 4.2 induces autophagy,
its effect on the levels of some autophagy-related proteins was explored by immunoblot analysis.
H460 and H322 cells were treated with increasing concentrations of compound 4.2 for 24 h (Fig.
4.30).

The level of total mTOR, a major negative regulator of autophagy,'® was investigated.
Treatment of H460 cells with compound 4.2 did not seem to affect the mTOR levels (Fig. 4.30A).

The conversion of LC3A/B-I into LC3A/B-Il is commonly used to monitor autophagy.'®’
Treatment of H460 and H322 cells with compound 4.2 resulted in lipidation of LC3A/B-I to
LC3A/B-II, as shown by the increase of a lower band around 17 KDa (Fig. 4.30A and B).

The p62 protein is an ubiquitin-binding protein that upon activation of autophagy is
localized to the autophagosomes and is subsequently degraded.196 The p62 levels were
appreciably lower at higher concentrations of compound 4.2 tested (Fig 4.30A).

As shown in Figures 4.30A and B, the expression of Beclin-1 protein, a central regulator
of autophagy, in H460 and H322 cells decreased upon treatment with compound 4.2. This
finding was unexpected, because one would predict an increase in the levels of Beclin-1, as the
levels of Bcl-2 protein were decreased (Fig. 4.27A), and autophagy was detected by acridine
orange staining. Beclin-1 activity in autophagy is inhibited by interaction with Bcl-2 protein.

Overall, these results indicate that compound 4.2 is able to induce autophagy in H460

and H322 cell lines.
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Figure 4.30. Effect of compound 4.2 on the levels of autophagy-related proteins. H460 (A) and H322 (B)
cells were treated with compound 4.2 at the indicated concentrations for 24 h. The levels of the indicated
proteins were analyzed by Western blot. 3-Actin was used as loading control. The bar graph depicts the
variation in the levels of the protein expression. Values represent the means + SD of three independent

experiments. p-Values obtained by comparing vehicle and treatment are presented as *< 0.05, **< 0.01.

4.3. Conclusion

In the current chapter, several derivatives of UA were successfully synthetized and their
anticancer activity was screened against NSCLC cell lines, using monolayer and spheroid
culture models.

The structure-activity relationship (SAR) study based on the anticancer activity against
NSCLC cell lines in the monolayer culture model showed that the oxime substitution at C3, or at
C2 in conjunction with a carbonyl function, improved the cytotoxicity compared with the parent

compound. Moreover, analysis of the nitrile derivatives indicated that the presence of a nitrile
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group at C2 was not critical for the anticancer activity, whereas the substitution at C3 had a
dramatic influence on the overall activity. In the nitrile derivatives with a cleaved A-ring, the
presence of the heterocyclic imidazolyl (4.16) and 2’-methylimidazolyl (4.18) moieties at C3
improved the activity compared with the parent compound.

The most active derivatives displayed an oxime group conjugated with a carbonyl
function at the A-ring (4.2), and a cleaved A-ring bearing nitrile and heterocycle groups (4.16).

While derivative 4.2 was active in both monolayer and spheroid culture models, with little
change in its ICs5q value, compound 4.16 seems to lose potency in the H322 spheroid model. For
this reason, derivative 4.2 was selected for further mechanistic studies.

The preliminary studies on the mechanism of action revealed that compound 4.2 does
not induce cell cycle arrest but is able to modulate the RNA synthesis rate and to promote
apoptosis via activation of caspase-8 and -7, cleavage of PARP, and modulation of Bcl-2 in both
NSCLC cell lines studied. Moreover, autophagy was also induced by treatment with compound
4.2. Taken together, these results suggest that compound 4.2 is a promising candidate for the

development of new anti-NSCLC agents.

4.4 Experimental section

4.4.1. Chemistry

4.4.11. General

Ursolic acid, hydroxylamine hydrochloride (NH,OH-HCI), potassium tert-butoxide (t-
BuOK), butyl nitrite (n-BuONO), sodium borohydride (NaBHy,), thionyl chloride (SOCI,), aniline,
phenethylamine, 4-methylbenzylamine, 4-fluorobenzylamine, 2-methoxyphenethylamine, 2-(3-

chlorophenyl)ethylamine, methylamine solution (33 wt. % in absolute ethanol), ethylamine
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solution (2.0 M in THF), propylamine, 1,1’-carbonyldiimidazole (CDI), 1,1’-carbonyl-di-(1,2,4-
triazole) (CDT), 1,1’-carbonylbis(2-methylimidazole) (CBMI), para-toluenesulfonyl chloride (p-
TsCl), tert-butanol (t-BuOH), triethylamine (Et;N), pyridine, benzene, hydrochloric acid (HCI),
were purchased from Sigma-Aldrich Co.

The reaction and workup solvents were purchase from VWR Portugal, and were of
analytical grade. All the solvents used in the reactions were previously purified and dried
according to the literature procedures.

Ammonium (25% aqueous solution), sodium chloride (NaCl), sodium sulfite (Na,SOs3),
and sodium sulfate (Na,SO,) were purchased from Merck Co.

TLC analysis was performed using Kieselgel 60HF ;s4/Kieselgel 60G TLC plates.

Separation and purification of compounds was performed by flash column
chromatography using Kieselgel 60 (230—400 mesh, Merck), or by TLC Preparative, using
Kieselgel 60 HF254 and Kieselgel 60G (Merck).

Melting points (Mp) were measured using a BUCHI melting point B-540 apparatus and
are uncorrected.

IR spectra were obtained on a Fourier transform spectrometer.

NMR spectra were recorded on a Bruker NMR Avance 400 digital spectrometer, using
CDCl; as internal standard. The chemical shifts (8) are reported in parts per million (ppm) and
coupling constants (J) in hertz (Hz).

The mass spectrometry (MS) was performed using a Quadrupole/lon Trap Mass
Spectrometer (QIT-MS) (LCQ Advantage MAX, Thermo Finnigan).

Elemental analysis was performed in an Analyzer Elemental Carlo Erba 1108 by

chromatographic combustion.
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4.4.1.2. Synthetic procedures

(E)-3-Hydroxyimino-12B-fluor-urs-13,28B-olide (4.1): To a stirred mixture of 3.3 (300 mg, 0.63

mmol) in pyridine (3.7 ml) at 50 °C, NH,OH-HCI (230 mg, 3.31 -
mmol) was added. After 2 h, the reaction mixture was
evaporated under vacuum, and the residue was treated with
water (30 ml) and extracted with ethyl acetate (3 x 70 ml). The

resulting organic phase was washed with 10% Na;SO;

41

aqueous solution (70 ml), water (70 ml), and 10% NacCl

aqueous solution (70 ml), dried over Na,SO,, filtered, and concentrated to dryness. The residue
was purified by flash column chromatography (petroleum ether:ethyl acetate 6:1-4:1) to give 4.1
as a white solid (90.5%). Mp 275.9 — 279.8 °C. IR (KBr): v = 3270.68, 2975.62, 2923.56,
2873.42, 1774.19, 1656.55, 1463.71, 1388.50, 1236.15, 1122.37, 937.23 cm™. 'H NMR (400
MHz, CDCl3): & = 9.00 (br s, 1H, NOH), 4.84 (dq, J = 45.5 Hz, 1H, H-12), 3.05-2.98 (m, 1H, H-
2), 2.35-2.27 (m, 1H, H-2), 1.24 (s, 3H), 1.18 (s, 3H), 1.15 (s, 3H), 1.12 (d, J = 6.3 Hz, 3H), 1.06
(s, 3H), 1.01 (s, 3H), 0.96 (d, J = 5.5 Hz, 3H). *C NMR (100 MHz, CDCl;): & = 178.96 (C28),
166.47 (CNOH), 92.07 (d, J = 14.5 Hz, C13), 89.74 (d, J = 185.9 Hz, C12), 55.63, 52.71 (d, J =
3.7 Hz), 48.91 (d, J = 9.5 Hz), 45.34, 44.11 (d, J = 3.0 Hz), 42.65, 40.41, 39.67, 39.15, 38.59,
37.34, 33.73, 31.47, 30.87, 27.75, 27.49, 25.76 (d, J = 19.6 Hz), 22.98, 22.52, 19.55, 18.54,
18.51, 17.24, 17.17, 16.64, 16.46. MS (DI-ESI) (m/z): 488.4 (100%) [M+H]*. Anal. Calcd for

C30H46FNO3: C, 73.88; H, 9.51; N, 2.87. Found: C, 74.13; H, 9.59; N, 2.92.
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(E)-2-Hydroxyimino-3-oxo-12@-fluor-urs-13,28@-olide (4.2): To a stirred solution of 3.3 (500

mg, 1.06 mmol) and ~BuOK (395 mg, 3.52 mmol) in -BuOH E
(30 ml) under Ny at 25 °C, n-BuONO (302 mg, 2.93 mmol) '
was added. After 2 h, the reaction mixture was neutralized
with 1M HCI and extracted with diethyl ether (3 x 70 ml). The

resulting organic phase was washed with water (70 ml), and

42

10% NaCl aqueous solution (70 ml), dried over Na,SO,,

filtered, and concentrated to dryness. The residue was purified by flash column chromatography
(petroleum ether:ethyl acetate 5:1-1:5) to give 4.2 as a slightly yellow solid (83.2%). Mp 275.7 —
277.3 °C. IR (KBr): v = 3214.75, 2983.34, 2931.27, 2873.42, 1772.26, 1702.84, 1606.41,
1457.92, 1384.64, 1282.43, 1137.80, 989.30, 931.45 cm™."H NMR (400 MHz, CDCl3): 6 = 7.55
(br s, 1H, NOH), 4.90 (dt, J = 45.8, 8.5 Hz, 1H, H-12), 3.09 (d, J = 18.5 Hz, 1H, H-1), 2.20 (d, J =
18.5 Hz, 1H, H-1), 1.26 (s, 3H), 1.22 (s, 3H), 1.19 (s, 3H), 1.15 (d, J = 6.2 Hz, 3H), 1.12 (s, 3H),
0.97 (d, J = 5.9 Hz, 3H), 0.92 (s, 3H). °C NMR (100 MHz, CDCl;): 3 = 203.08 (C3), 178.89
(C28), 153.53 (CNOH), 92.08 (d, J = 14.3 Hz, C13), 89.38 (d, J = 186.6 Hz, C12), 52.74 (d, J =
3.6 Hz), 52.33, 47.02 (d, J = 9.3 Hz), 46.07, 45.38, 44.27 (d, J = 2.9 Hz), 42.19, 42.12, 39.69,
38.79, 35.76, 32.94, 31.44, 30.90, 29.15, 27.73, 26.10 (d, J = 20.0 Hz), 22.49, 21.68, 19.70,
19.54, 17.65, 17.59, 17.06, 16.55. MS (DI-ESI) (m/z): 502.0 (100%) [M+H]", 105.6 (13.6%), 96.5
(23.7%). Anal. Calcd for C30H44FNO4: C, 71.82; H, 8.84; N, 2.79. Found: C, 71.52; H, 9.17; N,

2.81.
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(E,E)-2,3-Dihydroxyimino-12B-fluor-urs-13,28@-olide (4.3): To a stirred mixture of 4.2 (259

mg, 0.52 mmol) in pyridine (3 ml) at 50 °C, NH,OH-HCI E
(285.48 mg, 4.11 mmol) was added. After 7 h, the reaction
mixture was evaporated under vacuum, and the residue was
treated with water (30 ml) and extracted with ethyl acetate (3

x 70 ml). The resulting organic phase was washed with 5%

HCI aqueous solution (60 ml), water (60 ml), and 10% NaCl

aqueous solution (60 ml), dried over Na,SO,, filtered, and concentrated to dryness. The residue
was purified by flash column chromatography (petroleum ether:ethyl acetate 10:1-2:1) to give
4.3 as a white solid (44.9%). Mp 259.7 — 263.2 °C. IR (KBr): v = 3359.39, 2983.34, 2927.41,
2873.42, 1770.33, 1625.7, 1455.99, 1386.57, 1238.08, 1120.44, 999.30, 941.09 cm™. '"H NMR
(400 MHz, CDCls): & = 6.71 (br s, 2H, NOH), 4.89 (dt, J = 45.3, 8.42 Hz, 1H, H-12) 3.21 (d, J =
18.0 Hz, 1H, H-1), 1.28 (s, 3H), 1.24 (s, 3H), 1.23 (s, 3H), 1.21 (s, 3H), 1.14 (d, J = 6.3 Hz, 3H),
0.97 (d, J = 5.7 Hz, 3H), 0.93 (s, 3H). ®C NMR (100 MHz, CDCls): & = 179.13 (C28), 153.32
(CNOH), 153.21 (CNOH), 92.21 (d, J = 14.3 Hz, C13), 89.44 (d, J = 186.4 Hz, C12), 52.76 (d, J
=5.6 Hz), 47.48 (d, J = 9.4 Hz), 45.43, 44.24 (d, J = 2.7 Hz), 42.21, 40.78, 39.82, 39.69, 38.78,
36.11, 33.07, 32.55, 31.44, 30.88, 27.73, 26.09 (d, J = 19.0 Hz), 23.81, 22.50, 19.53 (2C), 17.68,
17.20, 17.07, 16.55. MS (DI-ESl) (m/z): 517.3 (100%) [M+H]", Anal. Calcd for

C30H45FN204:0.7H,0: C, 68.08; H, 8.84; N, 5.29. Found: C, 67.70; H, 8.58; N, 5.10.
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(E)-2-Hydroxyimino-3B-hydroxy-12B-fluor-urs-13,28@3-olide (4.4): To a stirred mixture of 4.2

(250 mg, 0.50 mmol) in dry methanol (4 ml) and THF (4 ml) :
under N, at r.t., NaBH; (207 mg, 5.47 mmol) was added '
slowly. After 3 h, acetone (3 ml) was added, and stirring
continued for 10 min. The reaction mixture was evaporated

under reduced pressure, and the residue was extracted with

ethyl acetate (3 x 70 ml) from water (30 ml). The resulting

organic phase was washed with water (70 ml), and 10% NaCl aqueous solution (70 ml), dried
over NaySOy, filtered, and concentrated to dryness. The crude residue was purified by flash
column chromatography (petroleum ether:ethyl acetate 7:1-1:1) to give 4.4 as a white solid
(59.1%). Mp 328.2 — 331.9 °C. IR (KBr): v = 3523.31, 3390.24, 2973.70, 2931.27, 2875.34,
1770.33, 1459.85, 1392.35, 1236.15 1120.44, 1052.94, 991.23, 943.02 cm™. "H NMR (400 MHz,
CDCls): & = 4.88 (dm, 1H, H-12), 4.70 (br s, 1H, NOH), 3.85 (s, 1H, H-3), 3.52 (d, J = 12.6 Hz,
1H, H-1), 1.23 (s, 3H), 1.20 (s, 3H), 1.14 (d, J = 6.3 Hz, 3H), 1.12 (s, 3H), 0.97 (d, J = 5.6 Hz,
3H), 0.84 (s, 3H), 0.73 (s, 3H). *C NMR (100 MHz, CDCl3): & = 179.07 (C28), 158.03 (CNOH),
92.05 (d, J = 14.1 Hz, C13), 89.49 (d, J = 186.0 Hz, C12), 78.51 (C3), 55.03, 52.73 (d, J = 3.7
Hz), 48.50 (d, J = 9.5 Hz), 45.37, 44.13 (d, J = 3.0 Hz), 43.06, 42.91, 41.10, 39.70, 38.61, 38.40,
33.82, 31.47, 30.86, 28.47, 27.82, 25.79 (d, J = 19.5 Hz), 22.53, 19.56, 18.30, 17.74, 17.36,
17.29, 16.63, 15.73. MS (DI-ESI) (m/z): 504.3 (100%) [M+H]", 466.4 (15.7%). Anal. Calcd for

C30H46FNO4: C, 71.54; H, 9.21; N, 2.78. Found: C, 71.52; H, 9.17; N, 2.93.
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2,3-Seco-2-cyano-3-amide-12B-fluor-urs-13,28@-olide (4.5): To a stirred mixture of 4.2 (200

mg, 0.40 mmol) in dry THF (3 ml) and benzene (3 ml) at 80 :
°C, SOCI; (0.1 ml, 1.39 mmol) was added. After 3.5 h, the
reaction mixture was evaporated under reduced pressure, and
the residue was dissolved in dry THF (30 ml) and treated with

cold 25% ammonium solution (33 ml). After 1 h, the reaction

mixture was evaporated under reduced pressure, and
extracted with ethyl acetate (3 x 60 ml). The resulting organic phase was washed with 5% HCI
aqueous solution (2 x 60 ml), water (60 ml), and 10% NaCl aqueous solution (60 ml), dried over
Na,SQO,, filtered, and concentrated to dryness. The crude residue was purified by flash column
chromatography (petroleum ether:ethyl acetate 3:1-1:3) to give 4.5 as a white solid (58.6%). Mp
338.6 — 3409 °C. IR (KBr): v = 3507.88, 3370.96, 2977.55, 2931.27, 2875.34, 2237.02,
1766.48, 1668.12, 1594.84, 1457.92, 1396.21, 1236.15, 1186.01, 1120.44, 939.16 cm™. "H NMR
(400 MHz, CDCl3): & = 5.88 (s, 1H, NH), 5.84 (s, 1H, NH), 4.91 (dm, 1H, H-12), 2.81 (d, J = 18.3
Hz, 1H, H-1), 2.51 (d, J = 18.2 Hz, 1H, H-1), 1.28 (s, 3H), 1.25 (s, 6H), 1.24 (s, 3H), 1.13 (d, J =
6.3 Hz, 3H), 1.07 (s, 3H), 0.97 (d, J = 5.8 Hz, 3H). *C NMR (100 MHz, CDCl;): & = 181.67
(CON), 178.75 (C28), 118.97 (CN), 91.94 (d, J = 14.4 Hz, C13), 89.29 (d, J = 186.4 Hz, C12),
52.81 (d, J = 3.6 Hz), 51.15, 45.97, 45.40, 44.48 (d, J = 3.0 Hz), 43.72 (d, J = 9.7 Hz), 42.37,
42.35, 39.72, 38.80, 33.26, 31.43, 30.87, 29.14, 28.88, 27.72, 26.09 (d, J = 19.9 Hz), 22.49,
22.42,19.72, 19.50, 19.00, 18.07, 17.17, 16.62. MS (DI-ESI) (m/z): 501.5 (100%) [M+H]", 481.7
(15.6%). Anal. Calcd for C30H4sFN,O3: C, 71.97; H, 9.06; N, 5.59. Found: C, 71.65; H, 8.81; N,

5.63.
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2,3-Seco-2-cyano-3-N-phenylamide-12B-fluor-urs-13,28B-olide (4.6): To a stirred mixture of

4.2 (200 mg, 0.40 mmol) in dry THF (4 ml) and =
benzene (4 ml) at 80 °C, SOCI, (0.1 ml, 1.39 mmol)
was added. After 3 h, the reaction mixture was
evaporated under reduced pressured, and the

residue was dissolved in dry CH.Cl, (4 ml) and

.
-
-

4.6

basified to pH 8-9 with EtzN (1.5 ml). Then aniline
(0.15 ml, 1.65 mmol) was added, and the resultant mixture was stirred at r.t. for 1 h. The reaction
mixture was evaporated under reduced pressure, and the resultant residue was extracted with
ethyl acetate (3 x 50 ml) from water (20 ml). The resulting organic phase was washed with 5%
HCI aqueous solution (50 ml), water (50 ml), and 10% NaCl aqueous solution (50 ml), dried over
Na,SO,, filtered, and concentrated to dryness. The crude residue was purified by flash column
chromatography (petroleum ether:ethyl acetate 7:1-3:1) to give 4.6 as a yellow solid (45.4%).
Mp 305.4 — 307.5 °C. IR (KBr): v = 3442.31, 2960.20, 2931.27, 2875.34, 2231.24, 1774.19,
1671.98, 1596.77, 1523.49, 1434.78, 1311.36, 1236.15, 1110.80, 987.37, 937.23, 752.10,
686.53 cm™. "H NMR (400 MHz, CDCls): 5 = 7.60 (d, J = 7.9 Hz, 2H, H2',6’-Ar,), 7.49 (s, 1H,
NH), 7.34 (t, J = 7.8 Hz, 2H, H3",5-Ar), 7.14 (t, J = 7.3 Hz, 1H, H4’-Ar), 4.89 (dm, J = 42.7 Hz,
1H, H-12), 2.62 (d, J = 18.4 Hz, 1H, H-1), 2.47 (d, J = 18.3 Hz, 1H, H-1), 1.41 (s, 3H), 1.35 (s,
3H), 1.27 (s, 3H), 1.26 (s, 3H), 1.13 (d, J = 6.3 Hz, 3H), 1.10 (s, 3H), 0.96 (d, J = 5.3 Hz, 3H).
'3C NMR (100 MHz, CDCls): 5 = 178.71 (C28), 176.72 (CON), 137.69 (C-Ar), 129.20 (C-Ar, 2C),
124.72 (C-Ar), 120.11 (C-Ar, 2C), 118.95 (CN), 91.94 (d, J = 14.2 Hz, C13), 89.38 (d, J = 186.7
Hz, C12), 52.84 (d, J = 3.4 Hz), 51.56, 46.98, 45.41, 44.51 (d, J = 2.9 Hz), 43.56 (d, J = 9.6 Hz),
42.43, 42.38, 39.73, 38.83, 33.26, 31.44, 30.88, 29.19, 28.77, 27.73, 26.19 (d, J = 20.0 Hz),
22.53, 22.50, 20.03, 19.50, 18.56, 18.08, 17.16, 16.63. MS (DI-ESI) (m/z): 577.3 (100%) [M+H]".

Anal. Calcd for C3sHagFN2O3: C, 74.96; H, 8.56; N, 4.86. Found: C, 74.59; H, 8.65; N, 4.81.

152



Chapter 4 | Synthesis and cytotoxic activity of novel UA derivatives

2,3-Seco-2-cyano-3-N-phenethylamide-12B-fluor-urs-13,28B-olide (4.7): To a stirred mixture

of 4.2 (200 mg, 0.40 mmol) in dry THF (4 ml) =
and benzene (4 ml) at 80 °C, SOCI; (0.1 ml,
1.39 mmol) was added. After 3.5 h, the reaction
mixture was evaporated under reduced

pressure, and the residue was dissolved in dry

CH.CI; (4 ml) and basified to pH 8-9 with Et;N
(1.5 ml). Then phenethylamine (0.2 ml, 1.59 mmol) was added, and the resultant mixture was
stirred at r.t. for 2 h. The reaction mixture was evaporated under reduced pressure, and the
resultant residue was extracted with ethyl acetate (3 x 50 ml) from water (20 ml). The resulting
organic phase was washed with 5% HCI aqueous solution (50 ml), water (50 ml), and 10% NaCl
aqueous solution (50 ml), dried over Na,SQ,, filtered, and concentrated to dryness. The crude
residue was purified by flash column chromatography (petroleum ether:ethyl acetate 7:1-2:1) to
give 4.7 as a slightly yellow solid (45.5%). Mp 229.8 — 233.6 °C. IR (KBr): v = 3363.25, 3025.76,
2977.55, 2927.41, 2875.34, 2235.09, 1766.48, 1639.20, 1529.27, 1455.99, 1375.00, 1193.72,
989.3, 937.23, 755.97, 701.96 cm™. "H NMR (400 MHz, CDCls): & = 7.32—-7.29 (m, 2H, H-Ar),
7.24-7.20 (m, 3H, H-Ar) 5.78 (t, J = 5.0 Hz, 1H, NH), 4.89 (dm, J = 45.9 Hz, 1H, H-12), 3.77—-
3.69 (m, 1H, CHHN), 3.40-3.32 (m, 1H, CHHN), 2.87 (t, J = 6.9 Hz, 2H, Ar-CH,), 2.59 (d, J =
18.3 Hz, 1H, H-1), 2.39 (d, J = 18.3 Hz, 1H, H-1), 1.23 (6H), 1.16 (6H), 1.13 (d, J = 6.3 Hz, 3H),
1.01 (s, 3H), 0.97 (d, J = 5.1 Hz, 3H). *C NMR (100 MHz, CDCl;): 5 = 178.62 (C28), 178.50
(CON), 138.77 (C-Ar), 128.80 (C-Ar, 2C), 128.66 (C-Ar, 2C), 126.59 (C-Ar), 118.76 (CN), 91.80
(d J = 14.3 Hz, C13), 89.18 (d, J = 186.3 Hz, C12), 52.69 (d, J = 3.2 Hz), 51.42, 45.62, 45.27,
4434 (d, J = 3.0 Hz), 43.49 (d, J = 9.4 Hz), 42.23, 42.12, 40.97, 39.60, 38.68, 35.27, 33.12,

31.32, 30.76, 29.00, 28.47, 27.59, 25.97 (d, J = 19.9 Hz), 22.38, 21.94, 19.55, 19.38, 18.61,
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17.94, 17.05, 16.51. MS (DI-ESI) (m/z): 605.6 (100%) [M+H]". Anal. Calcd for

CssHs3FN203:0.8H,0: C, 73.70; H, 8.89; N, 4.52. Found: C, 73.49; H, 8.86; N, 4.53.

2,3-Seco-2-cyano-3-N-(4-methylbenzylamide)-12B-fluor-urs-13,28B-olide (4.8): To a stirred

mixture of 4.2 (200 mg, 0.40 mmol) in dry THF (4 :
ml) and benzene (4 ml) at 80 °C, SOCI; (0.1 ml, -
1.39 mmol) was added. After 3.5 h, the reaction
mixture was evaporated under reduced pressure,

and the residue was dissolved in dry CH,CI, (4

ml) and basified to pH 8-9 with Et;N (1.5 ml).
Then 4-methylbenzylamine (0.2 ml, 1.57 mmol) was added, and the resultant mixture was stirred
at r.t. for 2 h. The reaction mixture was evaporated under reduced pressure, and the resultant
residue was extracted with ethyl acetate (3 x 50 ml) from water (20 ml). The resulting organic
phase was washed with 5% HCI aqueous solution (50 ml), water (50 ml), and 10% NaCl
aqueous solution (50 ml), dried over Na,SO,, filtered, and concentrated to dryness. The crude
residue was purified by flash column chromatography (petroleum ether:ethyl acetate 7:1-2:1) to
give 4.8 as a slightly yellow solid (45.1%). Mp 239.5 — 243.4 °C. IR (KBr): v = 3463.53, 3016.12,
2977.55, 2929.34, 2873.42, 2235.09, 1772.26, 1658.48, 1517.70, 1459.85, 1394.28, 1186.01,
1114.65, 989.30, 939.16, 806.10 cm™. "H NMR (400 MHz, CDCls): & = 7.20 (d, J = 8.02 Hz, 2H,
H-Ar), 7.14 (d, J = 8.02 Hz, 2H, H-Ar), 6.04 (dd, J = 6.3, 4.1 Hz, 1H, NH), 4.90 (dm, 1H, H-12)
4.65 (dd, J = 14.3, 6.8 Hz, 1H, CHHN), 4.17 (dd, J = 14.3, 3.9 Hz, 1H, CHHN), 2.65 (d, J= 18.4
Hz, 1H, H-1), 2.43 (d, J = 18.3 Hz, 1H, H-1), 2.33 (s, 3H, CHz-Ar), 1.26 (s, 3H), 1.24 (6H), 1.23
(s, 3H), 1.13 (d, J = 6.3 Hz, 3H), 1.05 (s, 3H), 0.96 (d, J = 5.6 Hz, 3H). *C NMR (100 MHz,
CDCls): & = 178.74 (C28), 178.40 (CONH), 137.46 (C-Ar), 134.97 (C-Ar), 129.54 (2C, C-Ar),
128.26 (2C, C-Ar), 118.86 (CN), 91.93 (d, J = 14.5 Hz, C13), 89.35 (d, J = 186.2 Hz, C12), 52.81
(d, J = 3.4 Hz), 51.62, 45.77, 45.39, 44.46 (d, J = 2.9 Hz), 43.94, 43.65 (d, J = 9.6 Hz), 42.36,
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42.29, 39.72, 38.79, 33.25, 31.43, 30.87, 29.26, 28.69, 27.71, 26.08 (d, J = 20.0 Hz), 22.49,
22.13, 21.24, 19.68, 19.49, 18.82, 18.07, 17.15, 16.61. MS (DI-ESI) (m/z): 605.6 (100%) [M+H]".
Anal. Calcd for C3gHs3FN203:0.4H,0: C, 74.57; H, 8.86; N, 4.58. Found: C, 74.31; H, 8.68; N,

4.62.

2,3-Seco-2-cyano-3-N-(4-fluorobenzylamide)-12B-fluor-urs-13,28B-olide (4.9): To a stirred

mixture of 4.2 (200 mg, 0.40 mmol) in dry THF (4 :
ml) and benzene (4 ml) at 80 °C, SOCI; (0.1 ml, ‘
1.39 mmol) was added. After 3.5 h, the reaction
mixture was evaporated under reduced pressure,

and the residue was dissolved in dry CH,CI, (4

ml) and basified to pH 8-9 with Et;N (1.5 ml).
Then 4-fluorobenzylamine (0.19 ml, 1.66 mmol) was added and the resultant mixture was stirred
at r.t. for 2 h. The reaction mixture was evaporated under reduced pressure, and the resultant
residue was extracted with ethyl acetate (3 x 50 ml) from water (20 ml). The resulting organic
phase was washed with 5% HCI aqueous solution (50 ml), water (50 ml), and 10% NaCl
aqueous solution (50 ml), dried over Na,SQ,, filtered, and concentrated to dryness. The crude
residue was purified by flash column chromatography (petroleum ether:ethyl acetate 7:1-2:1) to
give 4.9 as a light yellow solid (44.2%). Mp 145.4 — 149.4 °C. IR (KBr): v = 3407.60, 2977.55,
2931.27, 2873.42, 2288.95, 1774.19, 1650.77, 1509.99, 1459.85, 1220.72, 1157.08, 987.34,
937.23, 846.60 cm™.'H NMR (400 MHz, CDCl3): 6 = 7.31-7.26 (m, 2H, H-Ar), 7.01 (t, J = 8.6
Hz, 2H, H-Ar), 6.08 (t, J = 5.4 Hz, 1H, NH), 4.90 (dm, J = 45.5 Hz, 1H, H-12), 4.66 (dd, J = 14.4,
6.8 Hz, 1H, CHHN), 4.18 (dd, J = 14.4, 3.9 Hz, 1H, CHHN), 2.62 (d, J = 18.4 Hz, 1H, H-1), 2.44
(d, J = 18.3 Hz, 1H, H-1), 1.26 (s, 3H), 1.24 (9H), 1.13 (d, J = 6.2 Hz, 3H), 1.06 (s, 3H), 0.96 (d,
J = 5.6 Hz, 3H). *C NMR (100 MHz, CDCl;): & = 178.73 (C28), 178.58 (CON), 162.35 (d, J =
254.9 Hz, CF-Ar), 133.87 (d, J = 3.2 Hz, C-Ar), 130.06 (C-Ar), 129.98 (C-Ar), 118.95 (CN),
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115.84 (C-Ar), 115.63 (C-Ar), 91.91 (d, J = 14.5 Hz, C13), 89.31 (d, J = 186.4 Hz, C12), 52.82
(d, J = 3.2 Hz), 51.69, 45.83, 45.40, 44.47 (d, J = 2.8 Hz), 43.69 (d, J = 9.5 Hz), 43.47, 42.37,
42.34, 39.73, 38.81, 33.25, 31.44, 30.88, 29.20, 28.71, 27.72, 26.13 (d, J = 20.1 Hz), 22.49,
22.14, 19.70, 19.50, 18.84, 18.09, 17.16, 16.63. MS (DI-ESI) (m/z): 609.6 (100%) [M+H]". Anal.

Calcd for Ca7Hs0F2N203:0.2H,0: C, 72.57; H, 8.29; N, 4.57. Found: C, 72.57; H, 7.96; N, 4.61.

2,3-Seco-2-cyano-3-N-(2-methoxyphenethylamide)-12B-fluor-urs-13,28B-olide (4.10): To a

stirred mixture of 4.2 (200 mg, 0.40 mmol) in dry :
THF (4 ml) and benzene (4 ml) at 80 °C, SOCI, -
(0.1 ml, 1.39 mmol) was added. After 3.5 h, the
reaction mixture was evaporated under reduced

pressure, and the residue was dissolved in dry

410

CH.CI; (4 ml) and basified to pH 8-9 with Et;N
(1.5 ml). Then 2-methoxyphenethylamine (0.23 ml, 1.57 mmol) was added, and the resultant
mixture was stirred at r.t. for 3 h. The reaction mixture was evaporated under reduced pressure,
and the resultant residue was extracted with ethyl acetate (3 x 50 ml) from water (20 ml). The
resulting organic phase was washed with 5% HCI aqueous solution (50 ml), water (50 ml), and
10% NaCl aqueous solution (50 ml), dried over Na,SO,, filtered, and concentrated to dryness.
The crude residue was purified by flash column chromatography (petroleum ether:ethyl acetate
7:1-3:1) to give 4.10 as a light yellow solid (41.5%). Mp 210.7 — 213.0 °C. IR (KBr): v = 3421.10,
2969.84, 2927.41, 2871.49, 2231.24, 1774.19, 1627.63, 1521.56, 1457.92, 1375.00, 1243.86,
1122.37, 989.3, 937.23, 754.03 cm™."H NMR (400 MHz, CDCl3): 6 =7.21 (t, J = 7.5 Hz, 1H, H-
Ar), 7.14 (d, J = 7.0 Hz, 1H, H-Ar), 6.90 (t, J = 7.6 Hz, 1H, H-Ar), 6.86 (d, J = 8.2 Hz, 1H, H-Ar),
6.09 (t, J = 4.8 Hz, 1H, NH), 4.89 (dm, J = 45.6 Hz, 1H, H-12), 3.84 (s, 3H, CH;0-Ar), 3.68—3.60
(m, 1H, CHHN), 3.40-3.32 (m, 1H, CHHN), 2.98-2.92 (m, 1H, CHHCH,N), 2.87—2.80 (m, 1H,
CHHCH.N), 2.49 (d, J = 18.3 Hz, 1H, H-1), 2.30 (d, J = 18.2 Hz, 1H, H-1), 1.24 (s, 3H), 1.22 (s,
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3H), 1.16 (s, 3H), 1.14 (s, 3H), 1.12 (d, J = 6.4 Hz, 3H), 0.96 (3H), 0.95 (3H). *C NMR (100
MHz, CDCls): & = 178.79 (C28), 178.44 (CON), 157.52 (C-Ar), 130.84 (C-Ar), 128.10 (C-Ar),
127.61 (C-Ar), 121.01 (C-Ar), 118.69 (CN), 110.66 (C-Ar), 91.97 (d, J = 14.3 Hz, C13), 89.34 (d,
J = 186.2 Hz, C12), 55.59, 52.80 (d, J = 3.2 Hz), 51.39, 45.53, 45.40, 44.46 (d, J = 3.0 Hz),
43.56 (d, J = 9.3 Hz), 42.33, 42.10, 40.69, 39.72, 38.79, 33.27, 31.44, 30.87, 29.60, 29.24,
28.44, 27.71, 26.04 (d, J = 19.9 Hz), 22.50, 21.93, 19.57, 19.49, 18.69, 18.05, 17.18, 16.61. MS
(DI-ESI) (m/z): 635.6 (100%) [M+H]". Anal. Calcd for CagHssFN,04-0.5H,0: C, 72.75; H, 8.77; N,

4.35. Found: C, 72.74; H, 8.50; N, 4.43.

2,3-Seco-2-cyano-3-N-(3-chlorophenylethylamide)-12@-fluor-urs-13,28B-olide (4.11): To a

stirred mixture of 4.2 (200 mg, 0.40 mmol) :
in dry THF (4 ml) and benzene (4 ml) at 80 ‘
°C, SOCI; (0.1 ml, 1.39 mmol) was added.
After 3.5 h, the reaction mixture was

evaporated under reduced pressure, and

T 411

the residue was dissolved in dry CH,CI, (4

ml) and basified to pH 8-9 with Et;N (1.5 ml). Then 2-(3-chlorophenyl)ethylamine (0.2 ml, 1.44
mmol) was added, and the resultant mixture was stirred at r.t. for 2 h. The reaction mixture was
evaporated under reduced pressure, and the resultant residue was extracted with ethyl acetate
(3 x 50 ml) from water (20 ml). The resulting organic phase was washed with 5% HCI aqueous
solution (50 ml), water (50 ml), and 10% NaCl aqueous solution (50 ml), dried over Na,SO,,
filtered, and concentrated to dryness. The crude residue was purified by flash column
chromatography (petroleum ether:ethyl acetate 7:1-2:1) to give 4.11 as a slightly yellow solid
(49.9%). Mp 212.0 — 214.5 °C. IR (KBr): v = 3405.67, 2977.55, 2931.27, 2875.34, 2237.02,

1770.33, 1639.20, 1521.56, 1457.92, 1375.00, 1186.01, 1116.58, 987.37, 937.23, 871.67,

157



Chapter 4 | Synthesis and cytotoxic activity of novel UA derivatives

782.96, 700.03 cm™. '"H NMR (400 MHz, CDCls): & = 7.24-7.21 (m, 2H, H-Ar), 7.19 (s, 1H, H2-
Ar), 7.09 (d, J = 6.9 Hz, 1H, H-Ar), 5.80 (t, J = 5.4 Hz, 1H, NH), 4.89 (dm, J = 45.4 Hz, 1H, H-
12), 3.76-3.68 (m, 1H, CHHN), 3.38-3.30 (m, 1H, CHHN), 2.85 (t, J = 6.9 Hz, 2H, Ar-CH,CH_N),
2.60 (d, J = 18.3 Hz, 1H, H-1), 2.42 (d, J = 18.2 Hz, 1H, H-1), 1.23 (6H), 1.18 (6H), 1.13 (d, J =
6.0 Hz, 3H), 1.02 (s, 3H), 0.96 (d, J = 5.3 Hz, 3H). ®C NMR (100 MHz, CDCls): 5 = 178.79
(CON), 178.75 (C28), 140.98 (C1-Ar), 134.49 (CCI-Ar), 130.04 (C-Ar), 129.13 (C-Ar), 127.09 (C-
Ar), 126.91 (C-Ar), 118.92 (CN), 91.93 (d, J = 14.4 Hz, C13), 89.28 (d, J = 186.3 Hz, C12), 52.82
(d, J = 3.3 Hz), 51.59, 45.82, 45.40, 44.46 (d, J = 2.9 Hz), 43.65 (d, J = 9.5 Hz), 42.36, 42.28,
40.93, 39.73, 38.80, 35.09, 33.24, 31.44, 30.87, 29.07, 28.61, 27.71, 26.08 (d, J = 20.0 Hz),
22.49, 22.11, 19.70, 19.50, 18.76, 18.07, 17.16, 16.64. MS (DI-ESI) (m/z): 639.5 (100%) [M+H]".
Anal. Calcd for C3sHs,CIFN2O5:0.3H,0: C, 70.80; H, 8.22; N, 4.35. Found: C, 70.66; H, 8.08; N,

4.29.

2,3-Seco-2-cyano-3-N-methylamide-12B-fluor-urs-13,28B-olide (4.12): To a stirred mixture of

4.2 (200 mg, 0.40 mmol) in dry THF (3 ml) and benzene (3 =
ml) at 80 °C, SOCI, (0.1 ml, 1.39 mmol) was added. After
3.25 h, the reaction mixture was evaporated under reduced
pressure, and the residue was dissolved in dry CH,Cl, (4 ml)

and basified to pH 8-9 with Et;N (1.5 ml). Then methylamine

solution (33 wt. % in absolute ethanol) (0.15 ml, 1.20 mmol)
was added, and the resultant mixture was stirred at r.t. for 1.5 h. The reaction mixture was
evaporated under reduced pressure, and the resultant residue was extracted with ethyl acetate
(3 x 50 ml) from water (20 ml). The resulting organic phase was washed with 5% HCI aqueous
solution (50 ml), water (50 ml), and 10% NaCl aqueous solution (50 ml), dried over Na,SO,,
filtered, and concentrated to dryness. The crude residue was purified by flash column
chromatography (petroleum ether:ethyl acetate 7:1—1:1) to give 4.12 as a slightly yellow solid
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(48.2%). Mp 282 — 285.4 °C. IR (KBr): v = 3403.74, 2977.55, 2931.27, 2875.34, 2233.16,
1774.19, 1627.63, 1533.13, 1459.85, 1375.00, 1236.15, 1186.01, 1114.65, 937.23 cm™. 'H NMR
(400 MHz, CDCly): & = 5.88-5.84 (m, 1H, NH), 4.88 (dm, 1H, H-12), 2.85 (d, J = 4.5 Hz, 3H,
CH:N), 2.61 (d, J = 18.4 Hz, 1H, H-1), 2.44 (d, J = 18.3 Hz, 1H, H-1), 1.26 (s, 3H), 1.25 (6H),
1.20 (s, 3H), 1.13 (d, J = 6.3 Hz, 3H), 1.06 (s, 3H), 0.96 (d, J = 5.3 Hz, 3H). *C NMR (100 MHz,
CDCl3): & = 179.35 (CON), 178.74 (C28), 118.91 (CN), 91.93 (d, J = 14.4 Hz, C13), 89.34 (d, J =
186.7 Hz, C12), 52.83 (d, J = 3.3 Hz), 52.05, 45.55, 45.40, 44.47 (d, J = 2.9 Hz), 43.61 (d, J =
9.4 Hz), 42.39, 42.31, 39.72, 38.81, 33.30, 31.43, 30.87, 29.62, 28.31, 27.72, 26.85, 26.12 (d, J
= 20.3 Hz), 22.49, 21.69, 19.59, 19.50, 18.58, 18.08, 17.16, 16.64. MS (DI-ESI) (m/z): 515.6
(100%) [M+H]". Anal. Calcd for CsHs7FN2035:0.5H,0: C, 71.09; H, 9.24; N, 5.35. Found: C,

70.81; H, 8.90; N, 5.32.

2,3-Seco-2-cyano-3-N-ethylamide-12B-fluor-urs-13,283-olide (4.13): To a stirred mixture of

4.2 (200 mg, 0.40 mmol) in dry THF (3 ml) and benzene :
(3 ml) at 80 °C, SOCI; (0.1 ml, 1.39 mmol) was added. .
After 3 h, the reaction mixture was evaporated under
reduced pressure, and the residue was dissolved in dry

CH.CI; (4 ml) and basified to pH 8-9 with EtsN (1.5 ml).

Then ethylamine solution (2.0 M in THF) (0.1 ml) was

added, and the resultant mixture was stirred at r.t. for 1.5 h. The reaction mixture was
evaporated under reduced pressure, and the resultant residue was extracted with ethyl acetate
(3 x 50 ml) from water (20 ml). The resulting organic phase was washed with 5% HCI aqueous
solution (50 ml), water (50 ml), and 10% NaCl aqueous solution (50 ml), dried over Na,SO,,
filtered, and concentrated to dryness. The crude residue was purified by flash column
chromatography (petroleum ether:ethyl acetate 7:1-2:1) to give 4.13 as a slightly yellow solid
(47.6%). Mp 322.5 — 326.1 °C. IR (KBr): v = 3455.81, 2975.62, 2929.34, 2875.34, 2235.09,
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1774.19, 1650.77, 1504.20, 1457.92, 1388.50, 1234.22, 1193.72, 937.23 cm™. "H NMR (400
MHz, CDCls): 8 = 5.75 (t, J = 4.7 Hz, 1H, NH), 4.89 (dm, 1H, H-12), 3.48-3.38 (m, 1H, CHHN),
3.22-3.13 (m, 1H, CHHN), 2.65 (d, J = 18.3 Hz, 1H, H-1), 2.44 (d, J = 18.3 Hz, 1H, H-1), 1.26 (s,
3H), 1.25 (6H), 1.21-1.19 (m, 6H), 1.13 (d, J = 6.3 Hz, 3H), 1.06 (s, 3H), 0.96 (d, J = 5.3 Hz,
3H). ®C NMR (100 MHz, CDCl3): & = 178.73 (C28), 178.60 (CON), 119.00 (CN), 91.95 (d, J =
14.8 Hz, C13), 89.28 (d, J = 186.6 Hz, C12), 52.81 (d, J = 3.3 Hz), 51.76, 45.56, 45.39, 44.47 (d,
J=3.0 Hz), 43.61 (d, J = 9.5 Hz), 42.36, 42.30, 39.72, 38.80, 35.08, 33.28, 31.44, 30.87, 29.49,
28.57, 27.71, 26.11 (d, J = 19.9 Hz), 22.49, 21.91, 19.67, 19.49, 18.65, 18.06, 17.16, 16.63,
14.47. MS (DI-ESI) (m/z): 529.6 (100%) [M+H]", 509.7 (18.8%). Anal. Calcd for

Cs2H49FN203:0.2H,0: C, 72.20; H, 9.35; N, 5.26. Found: C, 72.37; H, 9.28; N, 5.21.

2,3-Seco-2-cyano-3-N-propylamide-12B-fluor-urs-13,28B-olide (4.14): To a stirred mixture of

4.2 (200 mg, 0.40 mmol) in dry THF (3 ml) and -

benzene (3 ml) at 80 °C, SOCI, (0.1 ml, 1.39 mmol)

was added. After 3.5 h, the reaction mixture was

evaporated under reduced pressure, and the residue

was dissolved in dry CH,CI; (4 ml) and basified to pH

8-9 with Et;N (1.5 ml). Then propylamine (0.13 ml,
1.58 mmol) was added, and the resultant mixture was stirred at r.t. for 3 h. The reaction mixture
was evaporated under reduced pressure, and the resultant residue was extracted with ethyl
acetate (3 x 50 ml) from water (20 ml). The resulting organic phase was washed with 5% HCI
aqueous solution (50 ml), water (50 ml), and 10% NaCl aqueous solution (50 ml), dried over
Na,SQO,, filtered, and concentrated to dryness. The crude residue was purified by flash column
chromatography (petroleum ether:ethyl acetate 7:1-2:1) to give 4.14 as a yellow solid (47.4%).
Mp 255.9 — 259.8 °C. IR (KBr): v = 3424.96, 2969.84, 2923.56, 2871.49, 2242.81, 1760.69,
1660.41, 1513.85, 1459.85, 1384.64, 1265.07, 1184.08, 989.30, 935.31 cm™. '"H NMR (400
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MHz, CDCls): & = 5.80 (t, J = 5.07 Hz, 1H, NH), 4.89 (dm, 1H, H-12), 3.44-3.36 (m, 1H, CHHN),
3.09-3.01 (m, 1H, CHHN), 2.65 (d, J = 18.3 Hz, 1H, H-1), 2.44 (d, J = 18.3 Hz, 1H, H-1), 1.26 (s,
3H), 1.25 (6H), 1.21 (s, 3H), 1.13 (d, J = 6.2 Hz, 3H), 1.05 (s, 3H), 0.96-0.91 (m, 6H). °C NMR
(100 MHz, CDCl3): & = 178.71 (C28), 178.61 (CON), 118.95 (CN), 91.93 (d, J = 14.6 Hz, C13),
89.31 (d, J = 186.9 Hz, C12), 52.81 (d, J = 3.3 Hz), 51.69, 45.73, 45.39, 44.47 (d, J = 3.0 Hz),
43.61 (d, J = 9.5 Hz), 42.36, 42.30, 41.79, 39.72, 38.80, 33.27, 31.44, 30.87, 29.33, 28.63,
27.71, 26.12 (d, J = 19.9 Hz), 22.61, 22.49, 22.07, 19.72, 19.49, 18.67, 18.06, 17.15, 16.63,
11.56. MS (DI-ESI) (m/z): 543.5 (100%) [M+H]", 523.7 (13.1%). Anal. Calcd for

Cs3Hs51FN203:0.2H,0: C, 72.54; H, 9.48; N, 5.13. Found: C, 72.26; H, 9.59; N, 4.98.

2,3-Seco-2-cyano-12@-fluor-urs-13,28p3-olid-3-oic acid (4.15): To a stirred mixture of 4.2 (200

mg, 0.40 mmol) in dry THF (4 ml) and benzene (4 ml) at 80 °C, :
SOCI; (0.1 ml, 1.37 mmol) was added. After 3.5 h, the reaction -
mixture was evaporated under reduced pressure, and the
resultant residue was extracted with ethyl acetate (3 x 60 ml) NC

: . HOOC
from water (30 ml). The resulting organic phase was washed

-
-,

4.15

with water (60 ml), and 10% NaCl aqueous solution (60 ml),

dried over Na,SO,, filtered, and concentrated to dryness. The crude residue was purified by
preparative TLC (petroleum ether:chloroform 130:1) to give 4.15 as a slightly yellow solid
(35.7%). Mp 327.1 — 331.7 °C. IR (KBr): v = 3461.6, 2985.27, 2937.05, 2877.27, 2240.88,
1766.48, 1700.91, 1459.85, 1398.14, 1286.29, 1186.01, 1120.44, 939.16 cm™. "H NMR (400
MHz, CDCl3): 8 = 4.93 (dm, 1H, H-12), 2.60 (dd, J = 18.5 Hz, 2H, H-1), 1.31 (s, 3H), 1.27 (6H),
1.25 (3H), 1.14 (d, J = 6.3 Hz, 3H), 1.05 (s, 3H), 0.97 (d, J = 5.7 Hz, 3H). *C NMR (100 MHz,
CDCl;): 5 = 184.44 (COOH), 178.84 (C28), 118.00 (CN), 91.98 (d, J = 14.3 Hz, C13), 89.25 (d, J
=186.4 Hz, C12), 52.82 (d, J = 3.2 Hz), 50.34, 46.15, 45.43, 44.49 (d, J = 3.1 Hz), 43.80 (d, J =
9.4 Hz), 42.41, 42.18, 39.74, 38.78, 33.29, 31.45, 30.89, 29.33, 27.81, 27.76, 26.04 (d, J = 20.0

161



Chapter 4 | Synthesis and cytotoxic activity of novel UA derivatives

Hz), 23.12, 22.52, 19.81, 19.52, 19.47, 18.17, 17.26, 16.64. MS (DI-ESI) (m/z): 502.8 (100%)
[M+H]*, 483.40 (16.60%), 482.38 (54.52%). Anal. Calcd for CaoHaFNO4: C, 71.82; H, 8.84; N,

2.79. Found: C, 71.65; H, 8.81; N, 2.93.

2,3-Seco-2-cyano-3-oxo-(1H-imidazol-1-yl)-12B3-fluor-urs-13,28B3-olide (4.16): To a stirred

mixture of 4.2 (300 mg, 0.60 mmol) in dry THF (3.7 ml) :
under N, at 50 °C, CDI (194 mg, 1.20 mmol) was added. '
After 3 h, additional CDI (194 mg, 1.20 mmol) was added.
After 24 h, the solvent was evaporated under reduced

pressure, and the residue was extracted with ethyl acetate

(3 x 70 ml) from water (30 ml). The resulting organic phase = 4.16

was washed with water (80 ml), and 10% NaCl aqueous solution (80 ml), dried over Na,SO,,
filtered, and concentrated to dryness. The crude residue was purified by flash column
chromatography (petroleum ether:ethyl acetate 4:1—1:5) to give 4.16 as a slightly yellow solid
(45.2%). Mp 285.9 — 288.7 °C. IR (KBr): v = 3160.76, 3143.4, 3124.12, 2971.77, 2933.20,
2879.20, 2238.95, 1770.33, 1716.34, 1533.13, 1459.85, 1398.14, 1270.86, 1232.29, 1072.23,
919.88 cm™. '"H NMR (400 MHz, CDCl;): & = 8.40 (s, 1H, H-imidazole), 7.75 (s, 1H, H-
imidazole), 7.12 (s, 1H, H-imidazole), 4.90 (dm, J = 45.9 Hz, 1H, H-12), 2.63 (dd, J = 18.3 Hz,
2H, H-1), 1.58 (s, 3H), 1.46 (s, 3H), 1.24 (s, 3H), 1.21 (s, 3H), 1.13 (s, 3H), 1.11 (d, J = 6.5 Hz,
3H), 0.96 (d, J = 5.0 Hz, 3H). *C NMR (100 MHz, CDCl;): 3 = 178.62 (C28), 175.64 (CON),
138.07 (C-imidazole), 130.90 (C-imidazole), 117.80 (C-imidazole and CN), 91.67 (d, J = 14.4
Hz, C13), 89.10 (d, J = 186.6 Hz, C12), 52.78 (d, J = 3.6 Hz), 50.37, 49.75, 45.34, 44.39 (d, J =
3.10 Hz), 44.14 (d, J = 9.7 Hz), 42.92, 42.28, 39.72, 38.72, 33.32, 31.40, 30.82, 29.47 (C1),
27.72, 26.23, 25.84 (d, J = 20.9 Hz), 25.68, 22.44, 21.07, 20.28, 19.47, 18.10, 17.26, 16.57. MS
(DI-ESI) (m/z): 552.3 (100%) [M+H]", 456.5 (17.8%). Anal. Calcd for Cs3H4sFN3O3: C, 71.84; H,
8.40; N, 7.62. Found: C, 71.98; H, 8.39; N, 7.46.
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2,3-Seco-2-cyano-3-oxo-(4H-triazol-4-yl)-12B-fluor-urs-13,28B-olide (4.17): To a stirred

solution of 4.15 (239 mg, 0.48 mmol) in dry THF (5 ml) :
under N, at 70 °C, CDT (156.4 mg, 0.95 mmol) was added.
After 4.25 h, the reaction mixture was evaporated under

reduced pressure, and the resultant residue was extracted

with ethyl acetate (3 x 50 ml) from water (20 ml). The '\//\

< 4.17

resulting organic phase was washed with water (50 ml), N

and 10% NaCl aqueous solution (50 ml), dried over Na,SO,, filtered, and concentrated to
dryness. The crude residue was purified by flash column chromatography (petroleum ether:ethyl
acetate 7:1-2:1) to give 4.17 as a white solid (38.2%). Mp 285.4 — 288.3 °C. IR (KBr): v =
3156.90, 3145.33, 2975.62, 2925.48, 2869.56, 2235.09, 1770.33, 1725.98, 1540.84, 1459.85,
1355.71, 1280.50, 1186.01, 1120.44, 939.16 cm™.'H NMR (400 MHz, CDCl3): & = 8.96 (s, 1H,
H-triazole), 8.09 (s, 1H, H-triazole), 4.90 (dq, J = 45.31, 8.1 Hz, 1H, H-12), 2.96 (d, J = 10.2 Hz,
1H), 2.58-2.49 (m, 2H, H-1), 1.55 (s, 3H), 1.52 (s, 3H), 1.24 (s, 6H), 1.11 (d, J = 6.4 Hz, 3H),
1.10 (s, 3H), 0.96 (d, J = 4.9 Hz, 3H)."*C NMR (100 MHz, CDCl;): 5 = 178.76 (C28), 176.44
(CON), 153.01 (C-triazole), 145.76 (C-triazole), 116.77 (CN), 91.83 (d, J = 14.6 Hz, C13), 89.13
(d, J =186.2 Hz, C12), 52.78 (d, J = 3.4 Hz), 49.93, 48.08, 45.39, 44.46 (d, J = 3.0 Hz), 44.08
(d, J=9.5 Hz), 42.56, 42.31, 39.74, 38.76, 33.27, 31.45, 30.87, 28.97, 27.78, 26.63, 25.87 (d, J
= 20.4 Hz), 24.45, 22.51, 20.31 (2C), 19.51, 18.10, 17.35, 16.59. MS (DI-ESI) (m/z): 553.4

(100%) [M+H]", 533.7 (27.8%), 456.7 (33.4%).
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2,3-Seco-2-cyano-3-oxo-(2-methyl-1H-imidazol-1-yl)-12B-fluor-urs-13,28B-olide (4.18): To a

stirred solution of 4.15 (284 mg, 0.57 mmol) in dry THF (5 :
ml) under N, at 70 °C, CBMI (216 mg, 0.95 mmol) was
added. After 2.25 h, the reaction mixture was evaporated

under reduced pressure, and the resultant residue was

extracted with ethyl acetate (3 x 50 ml) from water (20 ml). n>/\

The resulting organic phase was washed with water (50 ml), \) 4.13

and 10% NaCl aqueous solution (50 ml), dried over Na,SO,, filtered, and concentrated to
dryness. The crude residue was purified by flash column chromatography (petroleum ether:ethyl
acetate 7:1-2:1) to give 4.18 as a white solid (39.3%). Mp 284.0 — 285.3 °C. IR (KBr): v =
3158.83, 3041.19, 2989.12, 2923.56, 2867.63, 2237.02, 1768.4, 1710.55, 1558.20, 1459.85,
1365.35, 1265.35, 1105.01, 939.16 cm™. 'H NMR (400 MHz, CDCl;): & = 7.72 (s, 1H, H-
imidazole), 6.96 (s, 1H, H-imidazole), 4.91 (dm, J = 46.1 Hz, 1H, H-12), 2.67—2.66 (m, 2H, H-1),
2.61 (s, 3H, CHg-imidazole), 2.30 (d, J = 11.5 Hz, 1H), 1.61 (s, 3H), 1.42 (s, 3H), 1.23 (s, 3H),
1.19 (3H), 1.13 (s, 3H), 1.12 (d, J = 6.4 Hz, 3H), 0.96 (d, J = 4.9 Hz, 3H)."*C NMR (100 MHz,
CDCl;): & = 178.63 (C28), 177.61 (CON), 149.65 (CCHg-imidazole), 128.24 (C-imidazole),
118.12 (CN), 117.88 (C-imizadole), 91.68 (d, J = 14.4 Hz, C13), 89.03 (d, J = 186.3 Hz, C12),
52.79 (d, J = 3.2 Hz), 51.50, 48.99, 45.35, 44.38 (d, J = 3.1 Hz), 44.21 (d, J = 9.5 Hz), 42.85,
42.32, 39.72, 38.70, 33.25, 31.41, 30.81, 29.69, 27.71, 26.31, 25.88 (d, J = 20.4 Hz), 25.69,
22.45, 21.67, 20.27, 19.48, 18.26, 18.12, 17.21, 16.61. MS (DI-ESI) (m/z): 566.3 (100%) [M+H]",
456.4 (19.3%). Anal. Calcd for C34H4sFN3O35: C, 72.18; H, 8.55; N, 7.43. Found: C, 71.82; H,

8.40; N, 7.09.
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2,3-Seco-2-cyano-3-formyl-12@3-fluor-urs-13,28B-olide (4.19): To a stirred mixture of 4.4 (200

mg, 0.40 mmol) in dry pyridine (9 ml) at r.t., p-TsCl (335 mg, :
1.76 mmol) was added. After 2 h, the reaction mixture was .
evaporated under reduced pressure, and the residue was
extracted with ethyl acetate (3 x 70 ml) from water (30 ml). The

resulting organic phase was washed with water (70 ml), and

419

10% NaCl aqueous solution (70 ml), dried over Na,SO,, filtered,

and concentrated to dryness. The crude residue was purified by flash column chromatography
(petroleum ether:ethyl acetate 7:1-1:4) to give 4.19 as a white solid (39.1%). Mp 305.6 — 309.0
°C. IR (KBr): v = 2979.48, 2933.20, 2875.34, 2722.99, 2237.02, 1768.40, 1716.34, 1457.92,
1375.00, 1236.15, 1120.44, 939.16 cm™. "H NMR (400 MHz, CDCI3): & = 9.66 (s, 1H, CHO),
4.90 (dm, 1H, H-12), 2.64 (d, J = 18.5 Hz, 1H, H-1), 2.39 (d, J = 18.5 Hz, 1H, H-1), 1.26 (s, 3H),
1.25 (s, 3H), 1.17 (s, 3H), 1.14 (d, J = 6.6 Hz, 3H), 1.12 (s, 3H), 1.00 (s, 3H), 0.97 (d, J= 5.2, 4
Hz, 3H). *C NMR (100 MHz, CDCls): 5 = 205.66 (CHO), 178.66 (C28), 117.84 (CN), 91.88 (d, J
=14.2 Hz, C13), 89.24 (d, J = 186.3 Hz, C12), 52.84 (d, J = 3.3 Hz), 50.83, 48.73, 45.39, 44.48
(d, J = 3.0 Hz), 43.34 (d, J = 9.6 Hz), 42.36, 42.11, 39.73, 38.78, 33.18, 31.43, 30.87, 30.13,
27.73, 26.23 (d, J = 20.0 Hz), 23.47, 22.49, 19.88, 19.71, 19.50, 19.45, 18.13, 17.16, 16.63. MS
(DI-ESI) (m/z): 485.9 (100%) [M+H]', 466.2 (10.5%), 458.4 (13.0%). Anal. Calcd for

C30H44FNO3-0.1H,0: C, 73.92; H, 9.14; N, 2.87. Found: C, 73.76; H, 9.01; N, 2.86.
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2,3-Seco-2-cyano-3-hydroxyimino-12@-fluor-urs-13,288-olide (4.20): To a stirred mixture of

4.19 (190 mg, 0.39 mmol) in pyridine (3.5 ml), NH,OH-HCI =
(147 mg, 2.12 mmol) was added. After stirring for 1.5 h at 50
°C, the reaction mixture was evaporated under reduced
pressure, and the resultant residue was extracted with ethyl

acetate (3 x 50 ml) from water (20 ml). The resulting organic

420

phase was washed with 5% HCI aqueous solution (50 ml),

water (50 ml), and 10% NaCl aqueous solution (50 ml), dried over Na,SO,, filtered, and
concentrated to dryness. The crude residue was purified by flash column chromatography
(petroleum ether:ethyl acetate 7:1-1:2) to give 4.20 as a white solid (39.6%). Mp 286.1 — 289.6
°C. IR (KBr): v = 3392.17, 2977.55, 2927.41, 2875.34, 2237.02, 1768.40, 1635.34, 1459.85,
1392.35, 1236.15, 1186.01, 1112.73, 987.37, 941.09 cm™. "H NMR (400 MHz, CDCl3): 6 = 7.53
(s, 1H, HCNOH), 4.90 (dq, J = 45.4, 8.2 Hz, 1H, H-12), 2.65-2.56 (m, 2H, H-1), 1.26 (s, 3H),
1.25 (s, 3H), 1.23 (s, 3H), 1.18 (s, 3H), 1.14 (d, J = 6.2 Hz, 3H), 1.01 (s, 3H), 0.97 (d, J = 4.8 Hz,
3H). C NMR (100 MHz, CDCl;): & = 178.76 (C28), 159.83 (CNOH), 118.22 (CN), 91.97 (d, J =
14.3 Hz, C13), 89.30 (d, J = 186.6 Hz, C12), 52.87 (d, J = 3.3 Hz), 51.35, 45.43, 44.46 (d, J =
2.8 Hz), 43.43 (d, J = 9.4 Hz), 42.44, 42.40, 41.11, 39.74, 38.81, 33.26, 31.44, 30.89, 29.99,
28.76, 27.74, 26.31 (d, J = 20.1 Hz), 22.51, 22.10, 19.51, 19.49, 18.76, 18.16, 17.12, 16.65. MS
(DI-ESI) (m/z): 501.1 (100%) [M+H]*, 481.3 (66.4%), 456.4 (36.3%), 453.4 (15.1%), 436.4
(18.7%), 262.9 (13.4%), 246.8 (13.8%), 244.8 (24.8%). Anal. Calcd for CaoHssFN,O3: C, 71.97;

H, 9.06; N, 5.59. Found: C, 71.88; H, 8.81; N, 5.32.
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4.4.2. Biology

4.4.2.1. Cell lines and culture, materials and assays

All cell lines, materials and assays were used and performed according to the

procedures described in chapter 3.

167






Chapter 5

Synthesis and cytotoxic activity
of new esters and
a,B-unsaturated carbonyl

derivatives of ursolic acid
in NSCLC

Apoptosis 0 "'> Autophagy

Modulation of RTKs
and PI3K/Akt/mTOR

pathways

Vanessa I. S. Mendes, Geoffrey A. Bartholomeusz, Varsha Gandhi, and Jorge A. R. Salvador,
Synthesis and cytotoxic activity of new esters and a,B-unsaturated carbonyl derivatives of ursolic

acid in NSCLC, in preparation.



Chapter 5 | Synthesis and cytotoxic activity of novel UA derivatives

5.1. Introduction

Structural modifications of the A-ring of UA were further explored in this chapter, by the
introduction of esters (saturated or unsaturated), and of an a,B-unsaturated carbonyl system.

The presence of an a,B-unsaturated carbonyl unit in natural products, such as chalcone
and curcumin, has been shown to contribute to their cytotoxicity and mechanism of action. Their
mechanism of action has been postulated to involve a reaction known as Michael addition, in
which there is a nucleophilic attack of a thiol (-SH), or other nucleophiles, to the double bond of
the a,B-unsaturated carbonyl system.??'?* The fact that compounds bearing an a,B-unsaturated
carbonyl system react preferentially with thiol groups, present for example on cysteine residues,
may eliminate the side effects of mutagenicity and carcinogenicity associated with the alkylating
agents used in chemotherapy. This type of drugs alkylate cellular nucleophiles by interaction

224

with nucleic acids, which do not contain thiol groups.””™ It has been shown previously that the

presence of an a,B-unsaturated carbonyl unit in the A-ring of pentacyclic triterpenoids
significantly enhanced their biological activities.®’'3%218219.225

The aldol condensation is one of the most versatile organic reactions, with more than
25,000 entries in SciFinder.?® The aldol condensation involves the reaction of two carbonyl
compounds, one as electrophile and the other as nucleophile, with formation of a new carbon-
carbon double bond.?® Although acid-catalyzed aldol reaction has been described, the base-
catalyzed reaction is the most commonly used. The first part of the aldol condensation is an
aldol reaction, which involves the formation of the enolate ion through a basic catalysis (Fig. 5.1,
step 1), followed by nucleophilic attack of the enolate ion to the aldehyde at the electrophilic

carbonyl, resulting in an intermediate alkoxide, with formation of a C-C bond (Fig. 5.1, step 2),

which is followed by proton equilibration (Fig. 5.1, step 3). The second part of the reaction
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consists in the dehydration of the aldol product, with a second enolization by a basic catalysis

(Fig. 5.1, step 4), followed by hydroxide elimination and double bond formation (Fig. 5.1, step

5).226,227

Figure 5.1. Mechanism of the base-catalyzed aldol condensation reaction.

The Claisen-Schmidt condensation — condensation of an aromatic aldehyde with an
aliphatic aldehyde or ketone, in the presence of a base or acid to form an a,3-unsaturated
aldehyde or ketone®® — was selected to explore the introduction of an arylidene function
conjugated with a carbonyl group at A-ring, in order to investigate the effect of the presence of
an a,B-unsaturated carbonyl system with an exocyclic double bond on the anticancer activity.
Whereas, the introduction of a diosphenol was used to explore the effect of the presence of an
a,B-unsaturated carbonyl system with an endocyclic double bond on the anticancer activity.

This chapter describes the design and preparation of a series UA derivatives with a
modified A-ring at positions C1, C2 and C3. The introduction of esters and a,B-unsaturated
carbonyl system was explored. The structures of the newly synthesized compounds were fully

elucidated by IR, MS and NMR techniques. The in vitro anticancer activity was tested against
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NSCLC cell lines, in monolayer and spheroid cultures models, and the preliminary mechanism of

action of the most potent derivative was explored.

5.2. Results and discussion

5.2.1. Chemistry

The synthetic route began with the formation of 12B-fluoro-13,28B-lactone (3.2), as
described in chapter 3, which was followed by the synthesis of a series of esters derivatives
(Scheme 5.1). Compound 3.2, in a mixture of dry benzene/THF, EtN and 4-
(dimethylamino)pyridine (DMAP), under N, at 80 °C, was treated with different acyl chlorides to
afford compounds 5.1-5.3. Compounds 5.4 and 5.5 were obtained through reaction of
compound 3.2 with acryloyl chloride or methanesulfonyl chloride, respectively, under similar
conditions as above, but using dry CH,Cl, as the solvent, and at room temperature. These

reaction conditions were optimized in order to obtain a better yield in each reaction.
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Scheme 5.1. Synthesis of derivatives 5.1-5.5.
Reagents and conditions: a) dry benzene/THF or dry benzene, EtsN, DMAP, R,Cl, Ny, 80 °C, 5.1: 4 h; 5.2:
12.5 h; 5.3: 11.5 h; b) dry CH,Cl,, Et;N, DMAP, acryloyl chloride, Ny, 25 °C, 2 h; c) dry CH,Cl,, Et;N,
DMAP, methanesulfonyl chloride, N, r.t., 2 h.

The introduction of the trans-cinnamoyloxy group in compound 5.1 was confirmed by the
presence in the 'H NMR spectrum of two doublets at 7.67 and 6.44 ppm with a coupling
constant of around 16 Hz, for the vinylic protons of the unsaturated side chain (Fig. 5.2). The
coupling constant observed is characteristic of a trans-configuration, which was expected taking
into account the reaction mechanism, and the configuration of the acyl chloride used.

Additionally, the protons of the aromatic ring were observed as two multiplets at 7.54—7.52 and
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7.39-7.37 ppm, and the proton at position 3 was observed at 4.63 ppm as a double doublet with

a coupling constant of 10.8, 5.5 Hz, in the "H NMR spectrum (Fig. 5.2).
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Figure 5.2. 'H NMR spectrum of compound 5.1 recorded in CDCls.

The presence of a furoyl group in compound 5.2 was confirmed in the '"H NMR spectrum
by three double doublets at 7.58 (J = 1.7, 0.7 Hz), 7.14 (J = 3.4, 0.6 Hz), and 6.50 (J = 3.4, 1.7
Hz) ppm that correspond to the three protons of the heterocyclic ring (Fig. 5.3). In the case of
compound 5.3, the introduction of a thiophenecarbonyl group was confirmed in the 'H NMR
spectrum by two doublets at 7.78 (J = 3.0 Hz) and 7.54 (J = 4.6 Hz) ppm, and one multiplet at

7.11-7.09 ppm that correspond to the three protons of the thiophene group.
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Figure 5.3. 'H NMR spectrum of compound 5.2 recorded in CDCls.

The introduction of an exocyclic double bond to obtain compound 5.4 was identified by
the presence of two doublets at 6.38 (J = 17.2 Hz) and 5.81 (J = 10.6 Hz) ppm, and by the
presence of a double doublet at 6.11 (J = 17.3, 10.4 Hz) ppm that correspond to the three
protons of the double bond (Fig. 5.4). According to the coupling constants, the protons at 6.11
and 5.81 ppm are geminal to each other, while the protons at 6.38 and 6.11 ppm are vicinal, and

have a trans-configuration.
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Figure 5.4. 'H NMR spectrum of compound 5.4 recorded in CDCls.

In the '"H NMR spectrum of compound 5.5, the methyl group of the methanesulfonyl
function was observed as a singlet at 3.02 ppm, whereas the proton at position 3 was identified

as a double doublet at 4.34 (J = 10.9, 5.7 Hz) ppm (Fig. 5.5).
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Figure 5.5. 'H NMR spectrum of compound 5.5 recorded in CDCls.

In the ®C NMR spectra, the carbon of the ester function for compounds 5.1-5.4 was
identified around 167—-158 ppm, and the carbon at position 3 was identified around 82—-80 ppm.
For compound 5.1, four signals at 134.61, 130.36, 129.01 (2C) and 128.18 (2C) ppm were
observed for the aromatic carbons, while the carbons of the unsaturated side chain were
observed at 144.29 and 118.67 ppm (Fig. 5.6). In the *C NMR spectra, the carbons of the
heterocyclic furoyl (5.2) and thiophenecarbonyl (5.3) groups were identified by the presence of 4
signals at the region of 146.4—-111.7 ppm. As for compound 5.4, the carbons of the double bond
were identified at 130.43 and 129.14 ppm, as a carbon with two protons (CH,=CH) and carbon

with one proton (CH,=CH) by "*C and DEPT-135 NMR spectra (Fig. 5.7 and 5.8).

177



Chapter 5 | Synthesis and cytotoxic activity of novel UA derivatives

179.05

166.95
—144.62
~118.79
—92.19
~89.71

C-Aromatic

c=C c=C C13

028900 , ,
L

+
1

—80.69

C3

. Cc12 -,

-

b=

220 210 200 190 180 170 160 150 140 130 120 110 100 90
f1 (ppm)

80

70

60

40

30

20

10

38000
36000
34000
32000
30000
28000
26000
24000
22000
20000
18000
16000
+14000
12000
10000
~8000

6000

~-2000

+-4000

Figure 5.6. '°C NMR spectrum of compound 5.1 recorded

in CDCls.

179.04

166.17
~130.43
~129.14
—92.13
~89.70

CH2=CH CH2>=CH

c28C00 T C13 c

L]

12
4

—80.78

Cs

\as

220 210 200 190 180 170 160 150 140 130 120 110 100 90
f1 (ppm)

80

70

60

20

9000

~8000

~7000

6000

~5000

4000

~3000

2000

~1000

F-1000

Figure 5.7. "*C NMR spectrum of compound 5.4 recorded in CDCls.
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Figure 5.8. DEPT-135 NMR spectrum of compound 5.4 recorded in CDCls.

In order to study the effect of the presence of an a,B-unsaturated carbonyl unit in the

anticancer activity, compounds 5.6-5.14 were prepared (Schemes 5.2 and 5.3).

Firstly, the diosphenol derivative (5.6) was prepared through oxidation of compound 3.3

(described in chapter 3) with a constant flux of air, in a mixture of --BuOH and -BuOK, at 25-30

°C, as described previously®*°

(Scheme 5.2). Esterification of the diosphenol 5.6 was performed

using different acyl chlorides in a mixture of dry benzene/THF, Et;N and DMAP, under N, at 80

°C, to afford compounds 5.7-5.9 (Scheme 5.2).
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Scheme 5.2. Synthesis of derivatives 5.6-5.9.

Reagents and conditions: a) t-BuOH, -BuOK, constant flux of air, 25-30 °C, 6 h; b) dry benzene/THF or
dry benzene, EtzN, DMAP, R/CI, N2, 80 °C., 5.7: 2h; 5.8: 4 h; 5.9: 2.5 h.

In the '"H NMR spectrum, the formation of the diosphenol derivative 5.6 was confirmed by
the presence of a singlet at 6.43 ppm for proton at position 1, and by a singlet at 5.95 ppm for
the proton of the hydroxyl group (Fig. 5.9). In the *C NMR spectrum, the carbons of the double
bond at positions 1 and 2 were identified at 127.56 and 144.31 ppm, respectively, and the

carbonyl carbon at position 3 was observed at 200.89 ppm (Fig. 5.10).
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Figure 5.9. 'H NMR spectrum of compound 5.6 recorded in CDCls.
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Figure 5.10. "®C NMR spectrum of compound 5.6 recorded in CDCls.
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In the "H NMR spectrum, the introduction of the trans-cinnamoyloxy group in compound
5.7 was confirmed by the presence of two doublets at 7.80 and 6.54 ppm with a coupling
constant of around 16 Hz, for the vinylic protons of the unsaturated side chain. Additionally, the
protons of the aromatic ring were observed as two multiplets at 7.55-7.53 and 7.41-7.40 ppm,

and the proton at position 1 was observed as a singlet at 6.84 ppm (Fig. 5.11).
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Figure 5.11. 'H NMR spectrum of compound 5.7 recorded in CDCls.

In the "*C NMR spectrum, the introduction of the trans-cinnamoyloxy group in compound
5.7 was confirmed by the presence of four signals at 134.24, 130.88 (2C), 129.10 (2C) and
128.47 ppm for the aromatic carbons, as well as by two signals at 147.18 and 116.50 ppm for
the carbons of the unsaturated side chain. Moreover, the carbon at position 2 was identified at
143.46 ppm, while the carbon at position 1 was observed at 143.41 ppm, in the *C NMR
spectrum (Fig. 5.12). These data were correlated and confirmed by DEPT-135 NMR spectrum

and by 2D NMR experiments (COSY, NOESY, HMQC and HMBC).
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Figure 5.12. ">C NMR spectrum of compound 5.7 recorded in CDCls.

The 2-arylidene derivatives (5.10-5.14) were prepared by the Claisen-Schmidt
condensation reaction of compound 3.3 with several aromatic aldehydes, in the presence of

methanolic potassium hydroxide (5% w/v) (Scheme 5.3).
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3.3 —

5.10 R1=C6H5

5.1 R1=C6H4N02

5.12 R1=C5H4N

513 R1=C6H4CF3

5.14 R1=CH=CHC6H5
Scheme 5.3. Synthesis of derivatives 5.10-5.14.

Reagents and conditions: a) i — KOH/CH3;0H (5% wi/v), R{CHO, 40 °C; ii —r.t., 5.10 and 5.11: 2.5 h; 5.12:
4.5h;5.13:10 h; 5.14: 17 h.

In the '"H NMR spectra, the introduction of the 2-arylidene (5.10-5.14) function was
confirmed by the presence of the olefinic proton around 7.60-6.90 ppm (Fig. 5.13). In the *C
NMR spectra, the methine carbon was identified around 139-134 ppm, and the carbon at

position 2 at 138-132 ppm (Fig. 5.14).
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Figure 5.14. "*C NMR spectrum of compound 5.12 recorded in CDCls.
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According to the NOESY NMR spectra, there is a spatial correlation between the two
protons of aromatic ring closest to the olefinic proton (5.10-5.13), and the protons at position 1,
suggesting that these derivatives, prepared by the Claisen-Schmidt method, have an E-
configuration (Fig. 5.15 and 5.16). In contrast, if these derivatives had displayed a Z-
configuration, the protons of the aromatic ring would have not been able to correlate with the
protons at position 1 (Fig. 5.15 and 5.16). In the case of compound 5.14, the spatial correlation
is observed between the oleofinic proton of the cinnamoyl side chain and the protons at position

1.
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Figure 5.15. NOESY NMR spectrum of compound 5.12 recorded in CDCls.
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Figure 5.16. Detailed NOESY NMR spectrum of compound 5.12. The spatial correlation of the aromatic
protons with the olefinic proton (horizontal box), and the spatial correlation of the aromatic protons with the
protons at position 1 (vertical box) are shown. The chemical structures of an E- and Z-configurations are

also included.

5.2.2. Biological studies

5.2.2.1. Evaluation of in vitro anticancer activity

The anticancer activities of UA and of the newly synthesized derivatives (5.1-5.14)
against NSCLC cells (H460, H322, H460 LKB1**) were evaluated by using the CellTiter-Blue®
cell viability assay. Culture medium containing 0.15% DMSO served as negative control. The
cell lines were treated with increasing concentrations of each compound, and the I1C5, values

were determined after 72 h of incubation. The ICsy values are summarized in Table 5.1.
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Table 5.1. The inhibitory activities (IC5,) of UA and derivatives 5.1-5.14 in the NSCLC cell lines.

Cell line®/ICsy, uM

Compound

H460 H322 H460 LKB1™"
UA 14.8 £+ 0.6 15.3+2.8 21.1+1.6
5.1 ND ND ND
5.2 24.9+7.6 31.5+2.39 12.3+1.59
5.3 >30 >30 >30
5.4 ND ND ND
5.5 ND ND ND
5.6 8.3+0.41 11.340.95 13.1+1.89
5.7 >50 >50 >50
5.8 >50 >50 >50
5.9 >50 >50 >50
5.10 >50 >50 >50
5.11 >50 >50 >50
5.12 6.4+0.97 9.8+0.61 7.5+0.79
5.13 ND ND ND
5.14 >50 >50 >50

®Lung cancer cell lines were treated with various concentrations of test compounds for 72 h. The inhibitory
activities were determined using the CellTiter-Blue cell viability assay. IC5s, was calculated from the results,

and data are presented as means * SD of three independent experiments. ND: not determined.

As shown in Table 5.1, the introduction of esters at position 3 of the ursane scaffold (5.1—
5.5) did not contribute to the anticancer activity compared with the parent compound.
Nevertheless, the furoyl derivative 5.2 displayed the best activity among the esters derivatives,

+/+

and it seemed to be specifically more active on the H460 LKB1™" cell line, being 1.7 times more
active than the parent compound.

The diosphenol compound (5.6), with an a,B-unsaturated system bearing an endocyclic
double bond, showed an improved anticancer activity compared with the parent compound UA,
specially in the H460 cell line, with an 1.8 times lower ICs, value than UA.

Analysis of the diosphenol derivatives (5.7-5.9) indicated that the esterification of the
hydroxyl function at position 2 led to a decreased anticancer activity, with 1C5, values greater
than 50 pM. These results suggest that the hydroxyl function in the diosphenol moiety is

important for the cytotoxic activity, as it may contribute not only to the solubility of the compound,

but also participate in interactions with different cancer molecular targets.
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The introduction of an arylidene moiety at position 2, conjugated with a ketone function at
position 3 (5.10-5.14), was designed to explore the effect of an a,B-unsaturated system bearing
an exocyclic double bond on the anticancer activity. As shown in Table 5.1, most derivatives
were less active than the parent compound, with exception of compound 5.12 that was 2.3, 1.6,
and 2.8 times more active than the parent compound in the H460, H322 and H460 LKB1** cell
lines, respectively. It is interesting to note that in this group of aromatic derivatives, the
heteroaromatic derivative (5.12) was able to potentiate the cytotoxicity, while the aromatic (5.10),
or substituted aromatic (5.11, 5.13 and 5.14) derivatives showed a decreased anticancer activity.

The most active compound 5.12 was selected and its cytotoxic activity was further
explored in a multicellular spheroid 3D culture system. Using the CellTiter-Glo® assay, the
anticancer activity of UA, and the 2-arylidine derivative 5.12 were tested against H460 spheroid
culture model. Culture medium containing 0.1% DMSO served as negative control. The cell line
was treated with increasing concentrations of each compound, and the ICs, values were

determined after 96 h of incubation. The ICsy values are summarized in Table 5.2.

Table 5.2. The inhibitory activities (ICs) of UA, and the most potent derivative 5.12 in the spheroid model
of the NSCLC cell line H460.

Cell line®/ICsp, uM
Compound H460

Monolayer Spheroid

UA 14.8 £ 0.6 30.8+2.8
5.12 6.4+0.97 >20

®Lung cancer cell line H460 was treated with various concentrations of test compounds for 72 or 96 h for a
2D (monolayer) or 3D (spheroid) model, respectively. The inhibitory activities were determined using
CellTiter-Blue® or CellTiter-Glo® for the 2D or 3D model, respectively. ICsy was calculated from the results,

and data are presented as means * SD of three independent experiments.
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As shown in Table 5.2, albeit being active in the monolayer culture model, compound
5.12 lost potency in the H460 spheroid culture model, with an ICsyvalue greater than 20 uM. In
Figure 5.17 is shown the phenotypic effect of UA and compound 5.12 in the spheroid model for

the H460 cell line after 96 h of treatment.

0 1 5 10 20 50 pM

UA

5.12

0 1 5 10 15 20 uM
Figure 5.17. Phenotypic changes in the H460 spheroid model treated with UA (top panel), and compound

5.12 (bottom panel) for 96 h. Spheroids were treated with the indicated concentrations of the compounds.

Images were captured using bright field phase-contrast microscopy.
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5.2.2.2. Effect of compound 5.12 on cellular DNA, RNA, and protein

synthesis

The [*H]thymidine, [*H]uridine, and [°H]leucine incorporation assays allow the
measurement of the effect of a drug in the DNA, RNA, and protein synthesis rates of cells,
respectively. Although DNA and protein syntheses were not significantly affected at 24 and 48 h,
the RNA synthesis rate was decreased by treatment with compound 5.12 at 24 h (23.4%) and at

48 h (15.1%) (Fig. 5.18).
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Figure 5.18. The effect of treatment with compound 5.12 on the global DNA, RNA, and protein synthesis
in the H460 cell line. Cells treated with vehicle or compound 5.12 at the indicated concentrations for 24
and 48 h were assessed for macromolecular synthesis. Values represent the means + SD of three
independent experiments. p-Values obtained by comparing vehicle and treatment are presented as *<
0.05.

191



Chapter 5 | Synthesis and cytotoxic activity of novel UA derivatives

5.2.2.3. Effect of compound 5.12 on the cell cycle distribution

The effect of compound 5.12 on the cell cycle distribution was explored. Cells were
treated with DMSO (0.15%), or compound 5.12 (4 uM) for 24 and 72 h, and the cell cycle profile
was evaluated by FACS analysis after staining cells with PI (Fig. 5.19).

Treatment of H460 cells with compound 5.12 induced a slight increase in the G1-phase
population of cells (6.1%), which was accompanied by a slight decrease in the G2/M-phase
population of cells (6.4%) at 72 h (Fig. 5.19). These results suggest that compound 5.12 is able

to induce a G1-phase arrest at 72 h in H460 cells.
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Figure 5.19. Effect of compound 5.12 on the cell cycle distribution. H460 cells treated with vehicle or
compound 5.12 at the indicated concentrations for 24 and 72 h were assessed for cell cycle, using PI
staining and flow cytometric analysis. A) Representative histograms of cell cycle analysis are shown. B)
The bar graphic depicts the cell population (%) per cell cycle phase. Values represent the means + SD of
three independent experiments. p-Values obtained by comparing vehicle and treatment are presented as *
< 0.05.
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5.2.2.4. Apoptosis-inducing effect of compound 5.12 evaluated by

annexin V-Cy5/Pl assay

To evaluate whether the loss of cell viability induced by compound 5.12 was associated
with apoptosis, the annexin V-Cy5/PI binding assay was performed. FACS analysis of annexin
V-Cy5/PI double staining was used to differentiate live, early apoptotic, late apoptotic, and
necrotic cells, as described previously.

As shown in Figure 5.20, in comparison with control (0.15% DMSO-treated cells),
treatment with derivative 5.12 at 4.5 yM for 72 h decreased the percentage of live cells from
94.2% in the control to 80.6% in treated cells. Simultaneously, the percentage of apoptotic cells
increased from 3.9% to 14.7% in treated cells (i.e., 5.8% early apoptotic cells and 8.9% late
apoptotic cells). These results suggest that compound 5.12 at 4.5 yM induces apoptosis in H460

cells at 72 h.
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Figure 5.20. Induction of H460 cell death by compound 5.12. Annexin V-Cy5/PI assay of H460 cells that
were untreated, treated with vehicle, or treated with compound 5.12 at the indicated concentrations for 72
h. A) Representative flow cytometric plots for the quantification of apoptosis are shown: the lower left
quadrant (annexin V- and PI-) represents non-apoptotic cells, the lower right quadrant (annexin V+ and PI-
) represents early apoptotic cells, the upper right quadrant (annexin V+ and PI+) represents the late
apoptotic/necrotic cells, and the upper left quadrant (annexin V- and PI+) represents necrotic cells. B) The
bar graph depicts the variation of the percentage of live, early apoptotic, late apoptotic cells, necrotic cells,
and total cell death. Values represent the means + SD of three independent experiments. p-Values

obtained by comparing vehicle and treatment are presented as * < 0.05, **<0.01.

5.2.2.5. Effect of compound 5.12 treatment on autophagy

Autophagy is characterized by the formation of acidic vesicular organelles (AVO), which
can be detected by staining with acridine orange.'® This dye that accumulates in acidic
organelles, was measured by flow cytometer to detect AVO formation in H460 cells treated with
vehicle (0.15% DMSO) or compound 5.12 (5 pM) for 72 h. Bafilomycin A1 was used as a

negative control to block acidic vesicular formation.
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As shown in Figure 5.21A, bafilomycin A1 inhibited the fusion of autophagosomes with
lysosomes. Endogenous autophagy level (DMSO treatment) was less than 10% at 72 h (Fig.
5.21). Treatment of H460 cells with compound 5.12 significantly increased the formation of AVO
(5.2%) at 5 uM (Fig. 5.21). These data suggest that compound 5.12 is able to induce autophagy

in H460 cells at 72 h.
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Figure 5.21. Effect of compound 5.12 treatment on induction of autophagy in the H460 cell line. A) The
formation of acidic vascular organelles (AVO) was measured by acridine orange staining and flow
cytometry. Representative flow cytometric plots of the percentage of AVO formation of three independent
experiments are shown. B) The graph bar depicts the variation of the percentage of AVO formation and is
plotted as means + SD of three independent experiments. p-Values obtained by comparing vehicle and

treatment are presented as **<0.01.
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5.2.2.6. Effect of compound 5.12 on protein expression profile

To investigate the effect of compound 5.12 on the cellular protein levels across a broad
set of pathways, RPPA analysis was used to evaluate changes in the level of 298 proteins.
RPPA is a high-throughput antibody-based technique with a similar procedure to Western blots,
in which proteins are extracted from the cultured cells, denatured, printed on nitrocellulose-
coated slides, and probed with different antibodies. Accordingly, H460 cells were treated with
DMSO (0.15%), or compound 5.12 (5.5 pM) for 24 h. The protein level changes were compared
to the control, and statistically analyzed in order to identify the main pathways affected by
compound 5.12.

Components of the PI3K/Akt/mTOR pathway emerged as key molecules affected by
compound 5.12 in the H460 cell line at 24 h. The PI3K/Akt/mTOR pathway is a prototypic
survival pathway that is constitutively activated in many types of cancer, including lung cancer.
Once activated, the signaling cascade can be propagated through Akt to several substrates,
including mTOR, a key regulator of protein translation and autophagy.?**?*’

The levels of total Akt, total mMTOR, and phosphorylated level of mMTOR at S2448 were
decreased by 3.5, 10.7 and 9.7%, respectively, upon treatment of H460 cell line with 5.5 yM of
compound 5.12 for 24 h (Fig. 5.22). Likewise, Rictor, a subunit of the mTOR complex,?*? was
decreased by 7.5%. mTOR regulates the level of the S6 kinase, an enzyme partially responsible
for S6 phosphorylation and activation.'#®'%° Accordingly, p70S6K, and the phosphorylated level
of S6 at S235/236 and S240/244, were decreased by 7.1, 41.5 and 24.9%, respectively (Fig.
5.22). Moreover, the total level of elF4E, a protein that is negatively regulated by mTOR"%1%°,
was decreased by 7.6%, while its phosphorylated level at S209 was increased by 17.1% upon
treatment with compound 5.12. The X-linked inhibitor of apoptosis protein (XIAP), a substrate of
Akt,?*® was also decreased by 12.2%. Akt has also been shown to inhibit MYT1 and WEE1
proteins,?** which are key G2/M checkpoint regulators that negatively regulate the entry into
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mitosis by inhibition of CDK1, with inactivation of the cyclin B/CDK1 complex, and arrest at the
G2/M phase.?*#” MYT1 and WEE1 were found upregulated by 6.2 and 21.7%, respectively, by
treatment with compound 5.12. In contrast to the overall results, the level of PI3K-p110, a

catalytic subunit of PI3K**, was found increased by 17.2% (Fig. 5.22).

Apoptosis

Autophagy

Cell cycle

Figure 5.22. Effect of compound 5.12 on the RTKs and PI3K/Akt/mTOR pathway. According to the RPPA
data, treatment of the H460 cell line with compound 5.12 was able to modulate different RTKs and the
PI3K/Akt/mTOR pathway.

Receptor tyrosine kinases (RTKs) are the main mediators of the signaling network that
transmit extracellular signals into the cell, and control fundamental cellular processes, such as

cell cycle, proliferation, differentiation, motility, and cell death or survival. In normal cells, the
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RTK activity is strictly regulated; however deregulation or constitutive activation of RTKs has
been found in a wide range of cancers. The RTKs control several signaling pathways including
the PI3K/Akt/mTOR and the Ras/MAPK pathways.?*?*" The insulin-like growth factor receptor
(IGFR), tyrosine-protein kinase receptor UFO (AXL), vascular endothelial growth factor receptor-
2 (VEGFR-2), human epidermal growth factor receptor 3 (HER3) (phosphorylated level at
T1289), epidermal growth factor receptor (EGFR), and KIT proto-oncogene receptor tyrosine
kinase (c-Kit) RTKs were found decreased by 12.6, 10.6, 8.4, 7.2, 6.3, and 5.8%, respectively,
upon treatment with compound 5.12, which could explain the effects observed on the
PI3K/Akt/mTOR pathway (Fig. 5.22). In addition, while the phosphorylated level of c-MET RTK
at T1234/1235 was decreased by 11.9%, the total level of this RTK was increased by 10.9%

The RTKs and PI3K/Akt/mTOR pathway are an attractive therapeutic target in cancer, as
it is a convergence point for different growth stimuli, and its downstream substrates are involved
in cellular processes that contribute to the initiation and maintenance of cancer. Additionally, the
activation of this pathway has been shown to confer resistance to several anticancer drugs, and
it is considered a poor prognostic factor in different types of cancers.

The RPPA data also show different apoptosis- and autophagy-related proteins affected
by treatment with compound 5.12. For example, the levels of the active forms of caspase-8 and
capase-7 were increased by 8.6 and 23.0%, respectively, which suggest that compound 5.12 is
able to induce the extrinsic pathway of apoptosis. Moreover, Beclin-1, LC3A/B-Il, and Atg3 —
proteins involved in the autophagy pathway — were found increased by 13.4, 3.2, and 7.8%,
respectively, upon treatment of the H460 cell line with 5.5 yM compound 5.12 for 24 h.

The cell cycle regulation was also found altered by treatment with compound 5.12. The
cell cycle comprises four main successive phases: G1 phase (first gap), S phase (DNA
synthesis), G2 phase (second gap), and M phase (mitosis). The progression of the cell cycle is
regulated by cyclins and cyclin-dependent kinases (CDKs). Certain signals stimulate the

activation of D-type cyclins and their connection with CDK4 or CDK6. These complexes then
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phosphorylate the retinoblastoma protein (Rb), and inhibit its affinity to bind the transcription
factor E2F, which is critical for the expression of specific genes involved in the DNA replication.
Additionally, the cyclin E/CDK2 complex fully inactivates Rb by hyperphosphorylation, ensuring
the progression from G1 to S phase. Cyclin A then binds to CDK2, forming a complex that
phosphorylates several substrates important for DNA replication. After completion of the S
phase, the cyclin A/ICDK1 complex plays a critical role in the transition from the S to the G2/M
phase of the cell cycle. The cyclin B/CDK1, which appears in the late G2 phase, regulates the
mitosis phase and triggers the G2/M transition. After a complete cell cycle, cells can undergo a
new cell cycle or enter the GO phase, which is a quiescent state (Fig. 5.23).2*?** According to
the RPPA data, cyclin D3 (6.5%), total Rb (12.5%), and cyclin E1 (15.0%) were upregulated,
whereas cyclin B1 was decreased by 20.5% (Fig. 5.23). These results suggest that compound
512 at 5.5 pM is able to induce a G2/M-phase arrest at 24 h, which may indicate a
concentration- and time-dependent effect, as at 4 yM no change in any cell cycle phase was
detected by FACS analysis after staining cells with Pl at 24 h, and at 72 h it was detected a G1-
phase arrest (Fig. 5.19).

During cell cycle, two important checkpoints (G1/S and G2/M) coordinate the CDK
activity and ensure that each stage of the cell cycle is correctly completed before allowing its
further progress. As mention previously, MYT1 and WEE1 were found upregulated by 6.2 and
21.7%, respectively, by treatment with compound 5.12. Moreover, the polo-like kinase 1 (PLK1)
was found decreased by 20.7%. This kinase activates the cyclin B/CDK1 complex by activating
CDC25, and by inhibiting both MYT1 and WEE1 proteins (Fig. 5.23). PLK1 has shown to be
overexpressed in several human cancers.”** The mammalian transcription factor forkhead box
protein M1 (FOXM1) has an important role in the regulation of the mitotic entry, and subsequent
execution of the mitotic program by controlling the expression of a cluster of G2/M target genes.
PLK1 regulates FOXM1 transcriptional activity by direct phosphorylation.?**?** The expression of

FOXM1 was found decreased by 10.3% upon treatment with compound 5.12.
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Figure 5.23. Simplified scheme of the cell cycle, its regulation, and the effect of compound 5.12 on the

cell cycle.

These RPPA results should be validated by immunoblot analysis to confirm the potential

involvement of these pathways in the anticancer mechanism of compound 5.12.
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5.3. Conclusion

In the current chapter, several derivatives of ursolic acid were successfully synthetized
and their anticancer activity was screened against NSCLC cell lines, using monolayer and
spheroid culture models.

The most active compound (5.12) displayed an a,B-unsaturated carbonyl system, with an
exocyclic double bond, conjugated with an heteroaromatic ring (pyridine).

The preliminary studies on the mechanism of action demonstrated that compound 5.12 is
able to modulate the RNA synthesis rate, to affect the cell cycle, and to promote apoptosis via
activation of caspase-8 and caspase-7, as well as autophagy. Moreover, the analysis of the
RPPA data demonstrated that compound 5.12 is able to modulate several RTKs and the
PI3K/Akt/mTOR pathway.

Despite being active in the monolayer culture model, compound 5.12 seems to lose
potency in the spheroid culture model.

Overall, additional studies will be needed in order to validate the RPPA data, and to
understand the difference in the anticancer activity between the monolayer and the spheroid

culture models with compound 5.12.
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5.4 Experimental section

5.4.1. Chemistry

5.4.1.1. General

Ursolic acid, 4-(dimethylamino)pyridine (DMAP), cinnamoyl chloride (trans-3-
phenylacryloyl chloride), 2-furoyl chloride, 2-thiophenecarbonyl chloride, acryloyl chloride,
methanesulfonyl  chloride, potassium  fert-butoxide  (-BuOK), benzaldehyde, 4-
nitrobenzaldehyde, 4-pyridinecarboxaldehyde, 4-(trifluoromethyl)benzaldehyde,
cinnamaldehyde, triethylamine (Et3N), tert-butanol (t-BuOH), benzene, hydrochloric acid (HCI),
were purchased from Sigma-Aldrich Co.

The reaction and workup solvents were purchase from VWR Portugal, and were of
analytical grade. All the solvents used in the reactions were previously purified and dried
according to the literature procedures.

Potassium hydroxide (KOH), sodium chloride (NaCl), and sodium sulfate (Na,SO,) were
purchased from Merck Co.

TLC analysis was performed using Kieselgel 60HFs4/Kieselgel 60G TLC plates.

Separation and purification of compounds was performed by flash column
chromatography using Kieselgel 60 (230—-400 mesh, Merck), or by TLC Preparative, using
Kieselgel 60 HF254 and Kieselgel 60G (Merck).

Melting points (Mp) were measured using a BUCHI melting point B-540 apparatus and
are uncorrected.

IR spectra were obtained on a Fourier transform spectrometer.

203



Chapter 5 | Synthesis and cytotoxic activity of novel UA derivatives

NMR spectra were recorded on a Bruker NMR Avance 400 digital spectrometer, using
CDCl; as internal standard. The chemical shifts (8) are reported in parts per million (ppm) and
coupling constants (J) in hertz (Hz).

The mass spectrometry (MS) was performed using a Quadrupole/lon Trap Mass
Spectrometer (QIT-MS) (LCQ Advantage MAX, Thermo Finnigan).

Elemental analysis was performed in an Analyzer Elemental Carlo Erba 1108 by

chromatographic combustion.

5.4.1.2. Synthetic procedures

3B-(trans-Cinnamoyloxy)-123-fluor-urs-13,28@3-olide (5.1): To a stirred mixture of 3.2 (120

mg, 0.25 mmol) in dry benzene (3 ml), THF (1

ml), Et;N (0.1 ml) and DMAP (100 mg, 0.82

mmol), under N, at r.t., cinnamoyl chloride 0
(96.7 mg, 0.58 mmol) was added. After stirring Q ‘0

, X o) .
for 4 h at 80 °C, the reaction solvents were

removed under reduced pressure, and the 5.1

resultant residue was extracted with ethyl acetate (3 x 50 ml) from water (20 ml). The resulting
organic phase was washed with 5% HCI aqueous solution (50 ml), water (50 ml), and 10% NaCl
aqueous solution (50 ml), dried over Na,SO,, filtered, and concentrated to dryness. The crude
residue was purified by two preparative TLC (petroleum ether:ethyl acetate 7:1, and
chloroform:ethanol 75:1) to give 5.1 as a light yellow solid (57.9%). Mp 274.7 — 278.3 °C. IR
(KBr): v = 3080.62, 3027.69, 2975.62, 2923.56, 2875.34, 1764.55, 1706.69, 1631.48, 1448.28,
1270.86, 1235.50, 1022.09, 977.73, 767.53, 705.82 cm™. '"H NMR (400 MHz, CDCl3): & = 7.67

(d, J=16.0 Hz, 1H, H-vinyl), 7.54-7.52 (m, 2H, H-Ar), 7.39-7.37 (m, 3H, H-Ar), 6.44 (d, J = 16.0
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Hz, 1H, H-vinyl), 4.88 (dt, J = 45.6, 8.6 Hz, 1H, H-12), 4.63 (dd, J = 10.8, 5.5 Hz, 1H, H-3), 1.23
(s, 3H), 1.21 (s, 3H), 1.15 (d, J = 6.2 Hz, 3H), 0.98 (6H), 0.94 (s, 3H), 0.91 (s, 3H). *C NMR
(100 MHz, CDCls): & = 179.05 (C28), 166.95 (OCO), 144.62 (C-vinyl), 134.61 (C-Ar), 130.36 (C-
Ar), 129.01 (2C, C-Ar), 128.19 (2C, C-Ar), 118.79 (C-vinyl), 92.13 (d, J = 14.3 Hz, C13), 89.71
(d, J = 186.1 Hz, C12), 80.69 (C3), 55.52, 52.74 (d, J = 3.4 Hz), 49.29 (d, J = 9.2 Hz), 45.36,
44.09 (d, J = 2.9 Hz), 42.73, 39.71, 38.92, 38.58, 38.21, 37.25, 34.07, 31.52, 30.89, 28.12,
27.81, 25.60 (d, J = 19.4 Hz), 23.81, 22.57, 19.59, 18.71, 17.74, 17.39, 16.92, 16.74, 16.70. MS
(DI-ESI) (m/z): 604.9 (100%) [M+H]". Anal. Calcd for CsHssFO4: C, 77.45; H, 8.83. Found: C,

77.23; H,8.82.

3B-(2-Furoyloxy)-12B-fluor-urs-13,28@-olide (5.2): To a stirred mixture of 3.2 (120 mg, 0.25

mmol) in dry benzene (6 ml), Et;N (0.1 ml) and DMAP :

(100 mg, 0.82 mmol), under N, at r.t., 2-furoyl

chloride (0.05 ml, 0.51 mmol) was added. After

stirring for 12.5 h at 80 °C, the reaction solvent was Q)Ok ‘
O
(T o) c

removed under reduced pressure, and the resultant

residue was extracted with ethyl acetate (3 x 50 ml) 5.2

from water (20 ml). The resulting organic phase was washed with 5% HCI aqueous solution (50
ml), water (50 ml), and 10% NaCl aqueous solution (50 ml), dried over Na,SO,, filtered, and
concentrated to dryness. The crude residue was purified by preparative TLC (petroleum
ether:ethyl acetate 50:25) to give 5.2 as a light yellow solid (65.8%). Mp 264.7 — 268.4 °C. IR
(KBr): v = 3137.62, 3118.33, 2958.27, 2927.41, 2877.27, 1770.33, 1724.05, 1567.84, 1473.35,
1392.35, 1294.0, 1184.08, 1122.37, 1014.37, 937.23, 761.74 cm™. "H NMR (400 MHz, CDCls):
5 =7.58 (dd, J = 1.8, 0.7 Hz, 1H, H-furoyl), 7.13 (dd, J = 3.6; 0.6 Hz, 1H, H-furoyl), 6.50 (dd, J =
3.4, 1.7 Hz, 1H, H-furoyl), 4.87 (dt, J = 46.5, 8.5 Hz, 1H, H-12), 4.71 (dd, J = 10.9, 5.0 Hz, 1H, H-
3), 1.23 (s, 3H), 1.21 (s, 3H), 1.15 (d, J = 6.3 Hz, 3H), 0.98 (6H), 0.96 (3H), 0.92 (s, 3H). "°C
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NMR (100 MHz, CDCls): & = 179.06 (C28), 158.79 (OCO), 146.37 (C-furoyl), 145.18 (C2’-furoyl),
117.62 (C-furoyl), 111.86 (C-furoyl), 92.11 (d, J = 14.3 Hz, C13), 89.79 (d, J = 186.0 Hz, C12),
81.32 (C3), 55.58, 52.73 (d, J = 3.5 Hz), 49.30 (d, J = 9.2 Hz), 45.37, 44.08 (d, J = 2.9 Hz),
42.73, 39.71, 38.88, 38.59, 38.31, 37.24, 34.06, 31.52, 30.90, 28.12, 27.81, 25.61 (d, J = 19.1
Hz), 23.82, 22.57, 19.59, 18.71, 17.74, 17.39, 16.92, 16.70 (2C). MS (DI-ESI) (m/z): 569.0

(100%) [M+H]". Anal. Calcd for C35H49FO5-0.4H,0: C, 72.99; H, 8.71. Found: C, 72.72; H, 8.98.

3B-(2-Thiophenecarbonyloxy)-123-fluor-urs-13,28g3-olide (5.3): To a stirred mixture of 3.2

(160 mg, 0.34 mmol) in dry benzene (9 ml), EtsN (0.1 :
ml) and DMAP (125 mg, 1.02 mmol), under N, at r.t.,
2-thiophenecarbonyl chloride (0.07 ml, 0.65 mmol)
was added. After stirring for 11.5 h at 80 °C, the

reaction solvent was removed under reduced

pressure, and the resultant residue was extracted

with ethyl acetate (3 x 65 ml) from water (30 ml). The resulting organic phase was washed with
5% HCI aqueous solution (60 ml), water (60 ml), and 10% NaCl aqueous solution (60 ml), dried
over Na,SO,, filtered, and concentrated to dryness. The crude residue was purified by flash
column chromatography (n-hexane:ethyl acetate 12:1-10:1) to give 5.3 as a white solid (88.6%).
Mp 291.0 — 2924 °C. IR (KBr): v = 3112.55, 2973.7, 2929.34, 2875.34, 1766.4, 1710.55,
1529.27, 1457.92, 1419.35, 1357.64, 1263.15, 1099.23, 937.23, 748.24 cm™. 'H NMR (400
MHz, CDCl3): 8 = 7.78 (d, J = 3.0 Hz, 1H, H-thiophenyl), 7.54 (d, J = 4.6 Hz, 1H, H-thiophenyl),
7.11-7.09 (m, J = 4.2 Hz, 1H, H4’-thiophenyl), 4.88 (dt, J = 45.7, 8.2 Hz, 1H, H-12), 4.67 (dd, J =
11.3, 4.5 Hz, 1H, H-3), 1.23 (s, 3H), 1.22 (s, 3H), 1.15 (d, J = 6.3 Hz, 3H), 0.98-0.97 (9H), 0.93
(s, 3H). *C NMR (100 MHz, CDCls): 5 = 179.04 (C28), 162.18 (COO), 134.61 (C2-thiophenyl),
133.23 (C-thiophenyl), 132.30 (C-thiophenyl), 127.86 (C-thiophenyl), 92.10 (d, J = 14.2 Hz,
C13), 89.78 (d, J = 185.8 Hz, C12), 81.62 (C3), 55.59, 52.74 (d, J = 3.5 Hz), 49.28 (d, J = 9.3
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Hz), 45.36, 44.09 (d, J = 2.9 Hz), 42.73, 39.71, 38.87, 38.59, 38.33, 37.25, 34.06, 31.52, 30.90,
28.20, 27.81, 25.60 (d, J = 19.0 Hz), 23.79, 22.57, 19.59, 18.71, 17.74, 17.40, 16.91, 16.74,
16.69. MS (DI-ESI) (m/z): 584.9 (100%) [M+H]". Anal. Calcd for CssHasFO4S-0.2EtOAC: C, 71.25;

H, 8.47; S, 5.28. Found: C, 71.57; H, 8.45; S, 4.92.

3B-Acryloyloxy-12B-fluor-urs-13,28B-olide (5.4): To a stirred mixture of 3.2 (145 mg, 0.31

mmol) in dry CH,Cl, (4 ml), EtsN (0.1 ml) and DMAP (76
mg, 0.62 mmol), under N, at 25 °C, acryloyl chloride
(0.05 ml, 0.62 mmol) was added. After stirring for 2 h,
the reaction was diluted with CH,CI, (46 ml) and water

(20 ml), and the organic phase was separated. The

aqueous solution was extracted with CH,Cl, (2 x 50 ml).

The resulting organic phase was washed with 5% HCI aqueous solution (60 ml), water (60 ml),
and 10% NaCl aqueous solution (60 ml), dried over Na,SO,, filtered, and concentrated to
dryness to give 5.4 as a white solid (68.1%). Mp 285.1 — 287.2 °C. IR (KBr): v = 2956.34,
2937.70, 2877.27, 1766.48, 1716.34, 1616.05, 1461.78 1407.78, 1274.22, 1207.22, 1051.01,
987.37 cm™. 'H NMR (400 MHz, CDCls): & = 6.38 (d, J = 17.2 Hz, 1H, =CHH), 6.11 (dd, J =
17.3, 10.4 Hz, 1H, OCOCH-=), 5.81 (d, J = 10.6 Hz, 1H, =CHH), 4.87 (dt, J = 45.7, 8.4 Hz, 1H, H-
12), 4.56 (dd, J = 10.8, 5.5 Hz, 1H, H-3), 1.22 (s, 3H), 1.20 (s, 3H), 1.14 (d, J = 6.3 Hz, 3H),
0.95-0.96 (6H), 0.89 (s, 3H), 0.87 (s, 3H). °C NMR (100 MHz, CDCl3): & = 179.04 (C28), 166.17
(COO0), 130.43 (CH,=CH), 129.14 (CH,=CH), 92.11 (d, J = 14.3 Hz, C13), 89.70 (d, J = 186.4
Hz, C12), 80.78 (C3), 55.58, 52.73 (d, J = 3.5 Hz), 49.26 (d, J = 9.0 Hz), 45.35, 44.08 (d, J= 2.9
Hz), 42.72, 39.70, 38.87, 38.58, 38.13, 37.22, 34.04, 31.51, 30.89, 28.07, 27.80, 25.59 (d, J =
19.2 Hz), 23.67, 22.56, 19.58, 18.69, 17.71, 17.38, 16.89, 16.68, 16.64. MS (DI-ESI) (m/z):
528.9 (100%) [M+H]*, 459.1 (10.2%), 458.3 (22.4%), 441.4 (11.8%), 267.0 (54.0%). Anal. Calcd
for C33H49FO4-0.4H,0: C, 73.95; H, 9.37. Found: C, 74.16; H, 9.34.
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3B-Methylsulfonyloxy-12@-fluor-urs-13,283-olide (5.5): To a stirred mixture of 3.2 (160 mg,

0.34 mmol) in dry CH,CI, (4 ml) and Et;N (0.1 ml), under :
N, at r.t., methanesulfonyl chloride (0.05 ml, 0.65 mmol)
was added. After stirring for 2 h, the reaction solvent was
removed under reduced pressure, and the resultant

residue was extracted with CH,ClI, (3 x 50 ml) from water

(20 ml). The resulting organic phase was washed with

water (50 ml), and 10% NaCl aqueous solution (50 ml), dried over Na,SO,, filtered, and
concentrated to dryness. The crude residue was purified by flash column chromatography
(toluene:diethyl ether 11:1-10:1) to give 5.5 as a white solid (69.2%). Mp 154.6 — 157.1 °C. IR
(KBr): v = 2962.12, 2929.34, 2871.49, 1760.69, 1467.56, 1348.0, 1326.79, 1170.58, 935.31 cm’
. "H NMR (400 MHz, CDCl3): & = 4.86 (dq, J = 45.6, 8.6 Hz, 1H, H-12), 4.34 (dd, J = 10.9, 5.7
Hz, 1H, H-3) 3.02 (s, 3H, CH3S), 1.21 (s, 3H), 1.19 (s, 3H), 1.14 (d, J = 6.2 Hz, 3H), 1.02 (s, 3H),
0.97-0.95 (6H), 0.86 (s, 3H). >*C NMR (100 MHz, CDCl;): 5 = 178.96 (C28), 91.96 (d, J = 14.2
Hz, C13), 89.81 (C3), 89.69 (d, J = 185.9 Hz, C12), 55.69, 52.71 (d, J = 3.5 Hz), 49.19 (d, J =
9.3 Hz), 45.33, 44.06 (d, J = 2.9 Hz), 42.65, 39.69, 39.08, 38.93, 38.72, 38.56, 37.07, 33.99,
31.49, 30.86, 28.23, 27.78, 25.59 (d, J = 19.5 Hz), 25.26, 22.53, 19.56, 18.67, 17.88, 17.34,
16.84, 16.68, 16.27. MS (DI-ESI) (m/z): 552.9 (100%) [M+H]". Anal. Calcd for

C31H49F05S-0.2EtOAC: C, 66.96; H, 8.94; S, 5.62. Found: C, 67.11; H, 9.08; S, 5.27.
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2-Hydroxy-3-oxo-12-fluor-urs-1-en-13,28@3-olide (5.6): To a stirred mixture of 3.3 (300 mg,

0.63 mmol) in t-BuOH (17 ml) at 25-30 °C, t-BuOK (1780 mg, :
15.86 mmol) was added, and a constant flux of air was
introduced to the system. After 6 h, the reaction mixture was
diluted with -BuOMe (100 ml), and neutralized with 1M HCI

aqueous solution (80 ml) at 3-5 °C. The aqueous solution was

extracted with t-BuOMe (2 x 80 ml), and the resulting organic 5.6

phase was washed with water (80 ml), and 10% NaCl aqueous solution (80 ml), dried over
Na,SQO,, filtered, and concentrated to dryness. The crude residue was purified by flash column
chromatography (petroleum ether:ethyl acetate 9:1-1:1) to give 5.6 as a yellow solid (72.9%).
Mp 306.4 — 309.9 °C. IR (KBr): v = 3465.45, 2983.34, 2931.27, 2875.34, 1768.4, 1666.2,
1459.85, 1392.35, 1236.15, 1118.51, 939.16 cm™. 'H NMR (400 MHz, CDCl3): & = 6.43 (s, 1H,
H-1), 5.95 (s, 1H, OH), 4.89 (dt, J = 45.7, 6.6 Hz, 1H, H-12), 1.28 (s, 3H), 1.22 (s, 3H), 1.21 (s,
3H), 1.20 (s, 3H), 1.14 (d, J = 6.3 Hz, 3H), 1.12 (s, 3H), 0.96 (d, J = 5.5 Hz, 3H). *C NMR (100
MHz, CDCl;): & = 200.89 (C3), 178.84 (C28), 144.31 (C2), 127.56 (C1), 91.94 (d, J = 14.2 Hz,
C13), 89.26 (d, J = 186.7 Hz, C12), 54.27, 52.73 (d, J = 3.7 Hz), 45.31, 44.57 (d, J = 9.8 Hz),
44 .21 (d, J=3.0 Hz), 44.17, 43.34, 39.66, 38.48, 38.46, 33.65, 31.43, 30.84, 27.69, 27.16, 25.72
(d, J = 19.9 Hz), 22.48, 21.61, 20.78, 19.57, 19.05, 18.22, 17.27, 16.70. MS (DI-ESI) (m/z):
487.0 (100 %) [M+H]", 114.6 (10.9%), 105.5 (42.4%), 96.6 (55.1%), 95.7 (13.9%). Anal. Calcd

for C3oHs3FO4:0.5EtOAc: C, 72.42; H, 8.93. Found: C, 72.25; H, 8.85.
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2-(trans-Cinnamoyloxy)-3-oxo-12B-fluor-urs-1-en-13,28pB-olide (5.7): To a stirred mixture of

5.6 (165 mg, 0.27 mmol) in dry benzene (6 ml)
and THF (1 ml), EtzN (0.1 ml) and DMAP (93
mg, 0.76 mmol), under N, at r.t., cinnamoyl
chloride (115 mg, 0.69 mmol) was added. After

stirring for 2 h at 80 °C, the reaction solvents

were removed under reduced pressure, and

the resultant residue was extracted with ethyl acetate (3 x 60 ml) from water (25 ml). The
resulting organic phase was washed with 5% HCI aqueous solution (60 ml), water (60 ml), and
10% NaCl aqueous solution (60 ml), dried over Na,SOQ,, filtered, and concentrated to dryness.
The crude residue was purified by preparative TLC (petroleum ether:chloroform 1:10) to give 5.7
as a light yellow solid (62.5%). Mp 176.6 — 180.0 °C. IR (KBr): v = 3083.62, 3060.48, 2977.55,
2931.27, 2873.42, 1776.12, 1733.69, 1687.41, 1633.41, 1577.49, 1450.21, 1384.64, 1234.22,
1203.36, 1141.65, 1033.66, 981.59, 765.6, 703.89 cm™. "H NMR (400 MHz, CDCl;): & = 7.80 (d,
J = 16.0 Hz, 1H, OCOCH=CH), 7.56—7.53 (m, 2H, H-Ar), 7.41-7.40 (m, 3H, H-Ar), 6.84 (s, 1H,
H-1), 6.54 (d, J = 16.0 Hz, 1H, OCOCH=CH), 4.91 (dq, J = 45.1, 8.4 Hz, 1H, H-12), 1.31 (s, 3H),
1.27 (s, 3H), 1.25 (s, 3H), 1.24 (s, 3H), 1.17 (s, 3H), 1.14 (d, J = 6.3 Hz, 3H), 0.97 (d, J = 5.6 Hz,
3H). ®C NMR (100 MHz, CDCls): & = 197.47 (C3), 178.75 (C28), 165.08 (COO), 147.18
(OCOCH=CH), 143.46 (C2), 143.41 (C1), 134.24 (C-Ar), 130.88 (2C, C-Ar), 129.10 (2C, C-Ar),
128.47 (C-Ar), 116.50 (OCOCH=CH), 91.93 (d, J = 14.3 Hz, C13), 89.03 (d, J = 186.7 Hz, C12),
53.19, 52.77 (d, J = 3.4 Hz), 45.72, 45.33, 44.32 (d, J = 2.9 Hz), 43.58 (d, J = 9.5 Hz), 43.39,
39.69, 39.50, 38.54, 33.42, 31.44, 30.86, 28.08, 27.73, 25.89 (d, J = 20.13 Hz), 22.50, 21.40,
20.48, 19.56, 18.95, 18.56, 17.28, 16.65. MS (DI-ESI) (m/z): 616.9 (100%) [M+H]". Anal. Calcd

for Cs9HagFO5+0.3EtOAC: C, 75.06; H, 8.05. Found: C, 75.04; H, 7.73.
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2-(2-Furoyloxy)-3-oxo0-12B-fluor-urs-1-en-13,28p3-olide (5.8): To a stirred mixture of 5.6 (165

mg, 0.34 mmol) in benzene (6 ml), EtsN (0.1 ml) and :
DMAP (85 mg, 0.70 mmol) under N, at r.t., 2-furoyl
chloride (0.07 ml, 0.71 mmol) was added. After J |
stirring for 4 h at 80 °C, the solvent was removed

under reduced pressure, and the resultant residue

was extracted with ethyl acetate (3 x 60 ml) from

water (25 ml). The resulting organic phase was washed with 5% HCI aqueous solution (60 ml),
water (60 ml), and 10% NaCl aqueous solution (60 ml), dried over Na,SO,, filtered, and
concentrated to dryness. The crude residue was purified by flash column chromatography
(petroleum ether:ethyl acetate 11:1-8:1) followed by preparative TLC (petroleum
ether:chloroform 1:30) to give 5.8 as a white solid (42.0%). Mp 164.4 — 167.8 °C. IR (KBr): v =
3139.54, 2977.55, 2933.2, 2873.42, 1774.19, 1745.26, 1687.41, 1577.49, 1471.42, 1392.35,
1294.0, 1172.51, 1095.37, 937.23, 761.74 cm™. "H NMR (400 MHz, CDCl3): 6 = 7.63 (br s, 1H,
H-furoyl), 7.32—7.31 (m, 1H, H-furoyl), 6.90 (s, 1H, H-1), 6.56—6.55 (m, 1H, H-furoyl), 4.90 (dq, J
= 45.6, 8.4 Hz, 1H, H-12), 1.31 (s, 3H), 1.27 (s, 3H), 1.25 (s, 3H), 1.24 (s, 3H), 1.17 (s, 3H), 1.13
(d, J = 6.4 Hz, 3H), 0.97 (d, J = 5.5 Hz, 3H). *C NMR (100 MHz, CDCl3): & = 197.03 (C3),
178.75 (C28), 156.45 (COO0), 147.36 (C-furoyl), 143.91 (C1), 143.51 (C2), 142.92 (C-furoyl),
119.93 (C-furoyl), 112.35 (C-furoyl), 91.92 (d, J = 14.4 Hz, C13), 89.11 (d, J = 186.8 Hz, C12),
53.22, 52.77 (d, J = 3.1 Hz), 45.75, 45.33, 44.32 (d, J = 2.8 Hz), 43.54 (d, J = 9.6 Hz), 43.41,
39.69, 39.62, 38.54, 33.42, 31.44, 30.85, 28.00, 27.72, 25.87 (d, J = 19.7 Hz), 22.49, 21.39,
20.38, 19.56, 18.97, 18.52, 17.28, 16.64. MS (DI-ESI) (m/z): 581.1 (100%) [M+H]", Anal. Calcd

for CssHasFOs*0.5EtOAC: C, 71.13; H, 7.9. Found: C, 70.77; H, 7.63.
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2-(2-Thiophenecarbonyloxy)-3-oxo-123-fluor-urs-1-en-13,28B3-olide (5.9): To a stirred

mixture of 5.6 (165 mg, 0.34 mmol) in dry benzene (6 :
ml) and THF (1 ml), EtsN (0.1 ml) and DMAP (92 mg,
0.75 mmol) under N, at r.t., 2-thiophenecarbonyl 7 |
chloride (0.08 ml, 0.75 mmol) was added. After

stirring for 2.5 h at 80 °C, the solvents were removed

under reduced pressure, and the resultant residue

was extracted with ethyl acetate (3 x 60 ml) from water (25 ml). The resulting organic phase was
washed with 5% HCI aqueous solution (60 ml), water (60 ml), and 10% NaCl aqueous solution
(60 ml), dried over Na,SO,, filtered, and concentrated to dryness. The crude residue was
purified by preparative TLC (petroleum ether:chloroform 1:25) to give 5.9 as a light yellow solid
(57.0%). Mp 317.3 — 320.2 °C. IR (KBr): v = 3108.69, 2985.27, 2925.48, 2877.27, 1774.19,
1724.05, 1689.34, 1639.2, 1523.49, 1457.92, 1413.57, 1359.57, 1267.0, 1066.44, 935.31, 738.6
cm™. '"H NMR (400 MHz, CDCls): 5 = 7.90 (d, J = 3.1 Hz, 1H, H-thiophenyl), 7.64 (d, J = 4.6 Hz,
1H, H-thiophenyl), 7.15-7.13 (m, 1H, H4’-thiophenyl), 6.90 (s, 1H, H-1), 4.90 (dq, J = 45.6, 8.4
Hz, 1H, H-12), 1.31 (s, 3H), 1.29 (s, 3H), 1.26 (s, 3H), 1.24 (s, 3H), 1.17 (s, 3H), 1.13 (d, J=6.2
Hz, 3H), 0.97 (d, J = 5.4 Hz, 3H). ®C NMR (100 MHz, CDCls): 3 = 197.15 (C3), 178.73 (C28),
160.33 (COO0), 143.78 (C1), 143.26 (C2), 135.02 (C-thiophenyl), 133.82 (C-thiophenyl), 132.09
(C2'-thiophenyl), 128.14 (C- thiophenyl), 91.91 (d, J = 14.4 Hz, C13), 89.12 (d, J = 186.9 Hz,
C12), 53.28, 52.77 (d, J = 3.3 Hz), 45.77, 45.34, 44.32 (d, J = 2.8 Hz), 43.59 (d, J = 9.7 Hz),
43.41, 39.70, 39.60, 38.55, 33.45, 31.45, 30.86, 28.05, 27.74, 25.88 (d, J = 20.0 Hz), 22.50,
21.41, 20.43, 19.57, 18.99, 18.55, 17.28, 16.65. MS (DI-ESI) (m/z): 597.0 (100%) [M+H]", MS2
(597.0): 597.6 (53.7%), 596.6 (50.0%), 577.3 (84.7%), 555.5 (14.8%), 548.74(12.4%), 466.8

(40.1%), 449.2 (77.6%), 439.2 (100%), 421.6 (75.1%), 357.6 (13.8%).
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(E)-2-Benzylidene-3-oxo0-12@3-fluor-urs-13,28B-olide (5.10): To a stirred mixture of 3.3 (165

mg, 0.35 mmol) in methanolic potassium hydroxide (5% w/v) :
(47 ml) at 40 °C, benzaldehyde (0.21 ml, 2.07 mmol) was
added. After stirring for 2.5 h at r.t., the reaction solvent was
removed under vacuum, and the resultant residue was diluted

with water (10 ml), and ethyl acetate (10 ml). The mixture was

acidified with 1M HCI aqueous solution (7.5 ml), and extracted 5.10

with ethyl acetate (3 x 50 ml). The resulting organic phase was washed with water (50 ml), and
10% NaCl aqueous solution (50 ml), dried over Na,SOQ,, filtered, and concentrated to dryness.
The crude residue was purified by flash column chromatography (petroleum ether:ethyl acetate
13:1-7:1) to give 5.10 as a light yellow solid (58.0%). Mp 184.3 — 188.0 °C. IR (KBr): v =
3060.48, 2973.7, 2937.05, 2871.49, 1760.69, 1673.91, 1592.91, 1455.99, 1382.71, 1238.08,
1122.37, 939.16, 759.82, 696.18 cm™. 'H NMR (400 MHz, CDCl5): & = 7.55 (br s, 1H, H-vinyl),
7.44-7.42 (m, 4H, H-Ar), 7.37-7.33 (m, 1H, H-Ar), 4.95 (dt, J = 45.4, 8.4 Hz, 1H, H-12), 3.15 (d,
J=16.0 Hz, 1H, H-1), 2.28 (d, J = 15.7 Hz, 1H, H-1), 1.27 (s, 3H), 1.25 (s, 3H), 1.18 — 1.17 (m,
6H), 1.15 (s, 3H), 0.97 (d, J = 5.5 Hz, 3H), 0.90 (s, 3H). "*C NMR (100 MHz, CDCl;): & = 207.46
(C3), 178.85 (C28), 138.25, 135.87, 133.45 (C-Ar), 130.33 (2C, C-Ar), 128.80 (C-Ar), 128.74
(2C, C-Ar), 92.06 (d, J = 14.4 Hz, C13), 89.75 (d, J = 186.1 Hz, C12), 52.97, 52.79 (d, J = 3.6
Hz), 47.28 (d, J = 9.4 Hz), 45.37 (2C), 44.62, 44.25 (d, J = 2.9 Hz), 42.44, 39.73, 38.77, 36.73,
33.15, 31.49, 30.91, 29.55, 27.77, 26.07 (d, J = 19.5 Hz), 22.55, 22.48, 19.86, 19.56, 17.91,
17.16, 16.70, 16.50. MS (DI-ESI) (m/z): 561.6 (100%) [M+H]", 541.4 (23.5%), 513.6 (13.9%).

Anal. Calcd for C37H4gFO3:0.5EtOAc: C, 77.45; H, 8.83. Found: C, 77.17; H, 9.11.
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(E)-2-(4-Nitrobenzylidene)-3-oxo-12B-fluor-urs-13,28@-olide (5.11): To a stirred mixture of 3.3

(165 mg, 0.35 mmol) in methanolic potassium hydroxide (5%
w/v) (42 ml) at 40 °C, 4-nitrobenzaldehyde (317 mg, 2.10
mmol) was added. After stirring for 2.5 h at r.t., the reaction
solvent was removed under vacuum, and the resultant residue

was diluted with water (10 ml) and ethyl acetate (10 ml). The

mixture was acidified with 1M HCI aqueous solution (7.5 ml), 5.1

and extracted with ethyl acetate (3 x 50 ml). The resulting organic phase was washed with water
(50 ml), and 10% NaCl aqueous solution (50 ml), dried over Na,SO,, filtered, and concentrated
to dryness. The crude residue was purified by flash column chromatography (petroleum
ether:ethyl acetate 12:1-2:1), followed by preparative TLC (petroleum ether:chloroform 1:65) to
give 5.11 as a light yellow solid (61.3%). Mp 287.7 — 291.4 °C. IR (KBr): v = 3112.55, 3081.69,
2981.41, 2931.27, 2871.49, 1762.62, 1735.62, 1679.69, 1604.48, 1521.56, 1455.99, 1344.14,
1238.08, 1112.73, 939.16, 846.6 cm™."H NMR (400 MHz, CDCls): d = 8.29 (d, J = 8.9 Hz, 2H,
H-Ar), 7.55-7.53 (m, 3H, H-Ar and H-vinyl), 4.92 (dq, J = 45.4, 8.1 Hz, 1H, H-12), 3.06 (d, J =
15.9 Hz, 1H, H-1), 2.28 (d, J = 15.7 Hz, 1H, H-1), 1.27-1.25 (6H), 1.18-1.16 (9H), 0.98 (d, J =
5.9 Hz, 3H), 0.90 (s, 3H). ">C NMR (100 MHz, CDCl;): 5 = 206.89 (C3), 178.76 (C28), 147.40
(C-Ar), 142.34 (C-Ar), 136.83 (C2), 135.41 (C-vinyl), 130.67 (2C, C-Ar), 123.96 (2C, C-Ar), 91.94
(d, J = 14.0 Hz, C13), 89.51 (d, J = 185.2 Hz, C12), 53.07, 52.78 (d, J = 3.7 Hz), 47.20 (d, J =
9.0 Hz), 45.57, 45.36, 44.53, 44.27 (d, J = 3.0 Hz), 42.45, 39.71, 38.78, 36.85, 33.09, 31.47,
30.90, 29.43, 27.78, 26.12 (d, J = 19.7 Hz), 22.54 (2C), 19.83, 19.57, 17.92, 17.15, 16.71, 16.51.
MS (DI-ESI) (m/z): 606.0 (100%) [M+H]*, MS2 (606.0): 605.6 (100%), 588.0 (63.6%), 577.4
(20.2%), 576.3 (32.0%), 563.5 (13.8%), 553.6 (19.8%), 544.1 (37.0%), 539.3 (26.1%), 468.3
(30.5%), 458.2 (20.9%), 416.2 (28.1%), 294.2 (8.8%). Anal. Calcd for C37H4sFNOs-0.5EtOAC: C,

72.08 H, 8.07; N, 2.16. Found: C, 71.78; H, 7.76; N 2.24.
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(E)-2-(Pyridine-4-ylmethylidene)-3-oxo-12B-fluor-urs-13,28B3-olide (5.12): To a stirred

mixture of 3.3 (250 mg, 0.53 mmol) in methanolic potassium :
hydroxide (5% w/v) (62 ml) at 40 °C, 4-
pyridinecarboxaldehyde (0.25 ml, 2.65 mmol) was added.
After stirring for 4.5 h at r.t., the reaction solvent was removed

under vacuum, and the resultant residue was diluted with

water (20 ml) and ethyl acetate (20 ml). The mixture was 5.12

acidified with 1M HCI aqueous solution (12 ml), and extracted with ethyl acetate (3 x 60 ml). The
resulting organic phase was washed with water (80 ml), and 10% NaCl aqueous solution (80
ml), dried over Na,SO,, filtered, and concentrated to dryness. The crude residue was purified by
flash column chromatograph (petroleum ether:ethyl acetate 7:1-1:2) to give 5.12 as a white solid
(55.1%). Mp 300.1 — 301.7 °C. IR (KBr): v = 3207.04, 2973.7, 2954.41, 2871.49, 1762.62,
1679.69, 1590.98, 1544.7, 1455.99, 1384.64, 1238.08, 1122.37, 1024.02, 939.16 cm™."H NMR
(400 MHz, CDCl3): & = 8.67 (d, J = 5.9 Hz, 2H, H2',6™-Ar), 7.39 (br s, 1H, H-vinyl), 7.27 (d, J =
5.8 Hz, 2H, H3,5’-Ar), 4.93 (dq, J = 45.5, 8.6 Hz, 1H, H-12), 3.06 (d, J = 16.0 Hz, 1H, H-1), 2.27
(d, J = 15.9 Hz, 1H, H-1), 1.26 (s, 3H), 1.24 (s, 3H), 1.17 (d, J = 5.7 Hz, 3H), 1.17 (s, 3H), 1.14
(s, 3H), 0.97 (d, J = 5.7 Hz, 3H), 0.89 (s, 3H). *C NMR (100 MHz, CDCl;): 5 = 207.01 (C3),
178.78 (C28), 149.92 (2C, C2',6™-Ar), 143.67 (C-Ar), 137.71 (C2), 134.66 (C-vinyl), 124.14 (2C,
C3',5"-Ar), 91.95 (d, J = 14.2 Hz, C13), 89.57 (d, J = 186.4 Hz, C12), 52.99, 52.75 (d, J = 3.7
Hz), 47.14 (d, J = 9.6 Hz), 45.53, 45.33, 44.49, 44.22 (d, J = 2.9 Hz), 42.40, 39.69, 38.74, 36.75,
33.04, 31.45, 30.87, 29.36, 27.73, 26.09 (d, J = 19.9 Hz), 22.50, 22.43, 19.78, 19.53, 17.86,
17.11, 16.68, 16.52. MS (DI-ESI) (m/z): 562.5 (100%) [M+H]". Anal. Calcd for

Cs6H4sFNO3-0.2EtOACc: C, 76.29; H, 8.63; N, 2.42. Found: C, 75.97; H, 8.77; N, 2.58.
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(E)-2-(4-(Trifluoromethyl)benzylidene)-3-oxo-12@3-fluor-urs-13,28pB-olide (5.13): To a stirred

solution of 3.3 (165 mg, 0.35 mmol) in methanolic potassium
hydroxide (5% w/v) (42 ml) at 40 °C, 4-
(trifluoromethyl)benzaldehyde (0.05 ml, 0.37 mmol) was

added. After stirring for 10 h at r.t., the reaction solvent was

removed under vacuum, and the resultant residue was diluted

5.13

with water (10 ml) and ethyl acetate (10 ml). The mixture was

acidified with 1M HCI aqueous solution (7.5 ml), and extracted with ethyl acetate (3 x 50 ml).
The resulting organic phase was washed with water (50 ml), and 10% NaCl aqueous solution
(50 ml), dried over Na,SO,, filtered, and concentrated to dryness. The crude residue was
purified by preparative TLC (petroleum ether:chloroform 1:37) give 5.13 as a slight yellow solid
(47.4%). Mp 284.4 — 286.8 °C. IR (KBr): v = 3043.12, 2979.48, 2940.91, 2875.34, 1760.69,
1679.69, 1596.77, 1455.99, 1326.79, 1168.65, 1126.22, 1070.3, 939.16, 840.81 cm™. 'H NMR
(400 MHz, CDCl3): & = 7.69 (d, J = 8.2 Hz, 2H, H-Ar), 7.54 (br s, 1H, H-vinyl), 7.50 (d, J = 8.2
Hz, 2H, H-Ar), 4.93 (dq, J = 45.6, 8.3 Hz, 1H, H-12), 3.09 (d, J = 15.9 Hz, 1H, H-1), 2.25(d, J =
15.9 Hz, 1H, H-1), 1.27 (s, 3H), 1.25 (s, 3H), 1.18 (d, J = 5.9 Hz, 3H), 1.18 (s, 3H) 1.16 (s, 3H),
0.98 (d, J = 6.1 Hz, 3H), 0.90 (s, 3H). *C NMR (100 MHz, CDCls): 5 = 207.10 (C3), 178.80
(C28), 139.34 (C-Ar), 136.42 (C-vinyl), 135.44 (C2), 130.24 (2C, C-Ar), 130.39 (q, J = 32.00Hz,
C4'-Ar), 124.06 (q, J = 173.00Hz, CF3) 125.68 (d, J = 3.7 Hz, C-Ar), 125.65 (d, J = 5.6 Hz, C-
Ar), 91.97 (d, J = 14.4 Hz, C13), 89.62 (d, J = 185.9 Hz, C12), 53.05, 52.78 (d, J = 3.5 Hz),
47.22 (d, J = 9.4 Hz), 45.49, 45.37, 44.45, 44.25 (d, J = 2.9 Hz), 42.45, 39.72, 38.77, 36.80,
33.12, 31.48, 30.90, 29.47, 27.77, 26.10 (d, J = 19.7 Hz), 22.53 (2C), 19.84, 19.57, 17.92, 17.16,
16.70, 16.48. MS (DI-ESI) (m/z): 629.0 (100%) [M+H]’, MS2 (629.0): 629.5 (6.0%), 628.3

(20.0%), 627.2 (19.2%), 611.2 (20.1%), 591.1 (9.1%), 583.2 (5.8%), 581.1 (11.3%), 563.4
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(34.8%), 557.4 (7.7%), 547.9 (14.2%), 517.3 (8.8%), 516.1 (100%). Anal. Calcd for CsgH4sF4Ox3:

C, 72.59; H, 7.69. Found: C, 72.49; H, 7.76.

(E)-2-(2-trans-(3-Phenylprop-2-en)-1-ylidene)-3-oxo-12B-fluor-urs-13,28@-olide (5.14): To a

stirred solution of 3.3 (165 mg, 0.35 mmol) in methanolic
potassium hydroxide (5% w/v) (42 ml) at 40 °C,
cinnamaldehyde (0.07 ml, 0.56 mmol) was added. After
stirring for 17h at r.t., the reaction solvent was removed

under vacuum, and the resultant residue was diluted with

water (10 ml) and ethyl acetate (10 ml). The mixture was

5.14

acidified with 1M HCI aqueous solution (7.5 ml), and
extracted with ethyl acetate (3 x 50 ml). The resulting organic phase was washed with water (50
ml), and 10% NaCl aqueous solution (50 ml), dried over Na,SO,, filtered, and concentrated to
dryness. The crude residue was purified by preparative TLC (petroleum ether:chloroform 1:40)
give 5.14 as a yellow solid (31.3%). Mp 212.6 — 215.5 °C. IR (KBr): v = 3058.55, 3023.84,
2977.55, 2954.41, 2871.49, 1774.19, 1666.2, 1600.63, 1577.49, 1565.91, 1450.21, 1382.71,
1122.37, 985.45, 750.17, 692.32 cm™. '"H NMR (400 MHz, CDCl3): 6 = 7.53 (d, J = 7.4 Hz, 2H,
H-Ar), 7.37 (t, J = 7.3 Hz, 2H, H-Ar), 7.33-7.28 (2H, H-Ar, H-vinyl), 6.97 (1H, H-vinyl), 6.95 (1H,
H-vinyl), 4.99 (dq, J = 45.6, 8.5 Hz, 1H, H-12), 3.07 (d, J = 6.1 Hz, 1H, H-1), 1.30 (s, 3H), 1.26
(s, 3H), 1.19 (d, J = 6.1 Hz, 3H), 1.14 (s, 3H), 1.11 (s, 3H), 0.99 (d, J = 5.7 Hz, 3H), 0.93 (s, 3H).
3C NMR (100 MHz, CDCls): 5 = 206.56 (C3), 178.86 (C28), 141.41 (C-vinyl), 137.99 (C-vinyl),
136.68 (C-Ar), 132.06 (C2), 129.11 (C-Ar), 128.94 (2C, C-Ar), 127.38 (2C, C-Ar), 123.17 (C-
vinyl), 92.12 (d, J = 14.1 Hz, C13), 89.91 (d, J = 185.9 Hz, C12), 53.04, 52.82 (d, J = 3.4 Hz),
47.27 (d, J = 9.3 Hz), 45.41, 45.20, 44.31 (d, J = 2.9 Hz), 43.10, 42.43, 39.74, 38.80, 36.41,

33.26, 31.51, 30.92, 29.49, 27.79, 26.15 (d, J = 19.4 HZ), 22.56, 22.47, 19.83, 19.56, 17.95,
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17.17, 16.66, 16.53. MS (DI-ESI) (m/z): 587.3 (100 %) [M+H]", 567.2 (21.3%). Anal. Calcd for

Cs9H51FO3:0.2H,0: C, 79.34; H, 8.77. Found: C, 79.35; H, 8.78.

5.4.2. Biology

5.4.2.1. Cell lines and culture, materials and assays

All cell lines, materials and assays were used and performed according to the

procedures described in chapter 3.
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Non-small cell lung cancer (NSCLC) is a leading cause of cancer-related deaths
worldwide. Despite novel therapeutic strategies, the overall 5-year survival rate in many
countries remains less than 15%. These statistics highlight the need for the development of new
clinical agents with novel mechanisms of action.

Taking into account the complexity underlying lung cancer, it has been proposed the
development of multifunctional drugs that aim at targeting cancer as a complex disease, by
modulating the activity of different regulatory networks, and affecting as many hallmarks of
cancer as possible.

Natural pentacyclic triterpenoids, particularly ursane-type, have interesting biological
properties that could be explored for the design and synthesis of novel multifunctional anticancer
derivatives. Ursolic acid (UA) can be considered a potential lead because of its promising
multitarget anticancer activity, low toxicity and commercial availability.

The main objective of this PhD thesis was to develop new anticancer agents containing
an ursane scaffold, as well as to evaluate their anticancer activity against NSCLC cell lines, in
2D and 3D culture models. Moreover, the preliminary mechanism of action responsible for the
anticancer activity of the most active derivatives was explored.

This dissertation included three major semisynthetic strategies:

1) Synthesis of new ursane derivatives by expansion and cleavage of A-ring, and
introduction of nitrogen-containing groups (chapter 3);

2) Synthesis of new ursane derivatives with oxime and nitrile groups (chapter 4);

3) Synthesis of new ursane derivatives with esters and a,B-unsaturated carbonyl systems
(chapter 5).

The semisynthetic strategies selected allowed the successful preparation of new
derivatives, with good yields, using simple, cost-effective, and easy-to-handle methods. The
novel ursane derivatives were fully characterized by IR, MS and NMR (1D and 2D) techniques,

with identification of the exact mass and characteristic signals.
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The newly synthesized derivatives were tested for their ability to inhibit the proliferation of
NSCLC cell lines, in monolayer (2D) and spheroid (3D) culture models.

Based on the anticancer results obtained in the monolayer culture model, the structure-
activity relationships (SAR) demonstrated that the most active compounds displayed a cleaved
A-ring coupled with a secondary amide bearing a small alkyl side chain (3.17), an oxime group
conjugated with a carbonyl function at A-ring (4.2), a cleaved A-ring bearing nitrile and imidazole
groups (4.16), and an a,B-unsaturated carbonyl system, with an exocyclic double bond,
conjugated with a heteroaromatic ring at A-ring (5.12). Some of these derivatives maintained the
cytotoxicity even in 3D culture systems, albeit a slight increase in their ICso values. These results
demonstrate that the anticancer activity of the ursane scaffold can be improved in order to obtain
novel anticancer agents.

The preliminary studies on the anticancer mechanism demonstrated that the newly
synthesized UA derivatives are able to induce cell death via apoptosis and autophagy.
Furthermore, these compounds appear to inherit the multitarget potential of UA, by affecting the
levels of different proteins involved in the process of cell death. Interestingly, while UA is able to
induce both extrinsic and intrinsic pathways, these derivatives appear to only activate the
extrinsic pathway of apoptosis.

Even though compound 5.12 was not active in the spheroid culture model, it was
interesting to understand its mechanism of action on the monolayer culture model, where it
seems modulate several RTKs and the PI3K/Akt/mTOR pathway, which have been found
deregulated in several types of cancer. The scaffold of this compound should be further explored
in order to improve its activity in the 3D culture model.

To gain deeper insight into the anticancer mechanism, the most active compounds have
been selected for further in vitro studies, particularly with the spheroid culture model in order to
evaluate if the same mechanism of action is responsible for the anticancer activity observed, as

well as to further explore the molecular pathways involved in their cytotoxicity. Moreover, these
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derivatives should be tested against a non-tumor cell line in order to evaluate their selectivity.
Additionally, an in vivo study should be performed to validate the use of these compounds as
anticancer agents.

In summary, this thesis highlights several semisynthetic strategies that can successfully
improve the anticancer activity of UA, and simultaneously maintain the multitarget potential of
the parent compound. This work also validates the natural product UA as a promising lead for

the development of new anti-NSCLC agents.
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