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Resumo 

O cancro continua a ser uma das principais causas de morte a nível mundial. De 

acordo com os dados estatísticos, em 2012 morreram cerca de 8.2 milhões de pessoas devido 

a esta doença. Além disso, prevê-se que o número de novos casos diagnosticados de cancro 

aumente consideravelmente nas próximas décadas. Considerando que os fármacos 

antineoplásicos usados atualmente na clínica continuam a ter diversas limitações e efeitos 

secundários graves, é urgente desenvolver novos fármacos que tenham uma maior eficácia 

terapêutica no tratamento do cancro.  

Os produtos naturais têm sido uma fonte importante de leads para a descoberta e 

desenvolvimento de novos fármacos, nomeadamente os anticancerígenos. Na verdade, alguns 

dos medicamentos anticancerígenos mais usados na prática clínica são derivados de produtos 

naturais. Os triterpenóides pentacíclicos representam uma vasta classe de produtos naturais 

que exibe diversas actividades biológicas, incluindo a atividade anticancerígena. Devido a 

essa atividade, ao seu perfil relativamente seguro e à sua elevada disponibilidade na natureza, 

os triterpenóides pentacílicos são compostos interessantes para desenhar novos leads visando 

o desenvolvimento de fármacos inovadores para a prevenção e tratamento do cancro. O ácido 

asiático é um triterpenóide pentacíclico da série ursano cujas propriedades anticancerígenas 

têm vindo a ser extensivamente estudadas ao longo dos últimos anos. Este composto 

demonstrou ter efeitos anticancerígenos promissores tanto em ensaios in vitro como em 

ensaios in vivo. Além disso, estudos prévios demonstraram também que a modificação 

estrutural do ácido asiático pode potenciar a sua atividade anticancerígena. Sendo assim, o 

presente trabalho teve como objetivo a preparação de novos derivados semissintéticos do 

ácido asiático, visando aumentar a sua actividade anticancerígena e obter compostos que 

possam vir a ser úteis para o desenvolvimento de novos tratamentos para o cancro.  

No decorrer desde trabalho foram idealizados e preparados com sucesso três painéis de 

novos derivados semissintéticos do ácido asiático. Esses painéis incluem derivados fluorados 

(3.1–3.26), A-nor (4.2, 4.5, 4.8, 4.12–4.30), amidas e ácidos hidroxâmicos (5.6–5.16). As 

estruturas químicas dos novos compostos foram elucidadas fazendo uso de várias técnicas 

analíticas incluindo 1H e 13C RMN, espectroscopia de infravermelho, espectrometria de massa 

e espectrometria de massa de alta resolução. 
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As atividades antiproliferativas dos novos derivados preparados foram avaliadas num 

painel de linhas celulares cancerígenas (HT-29, HeLa, MCF-7, Jurkat, PC-3, A-375, e 

MiaPaca-2), e determinaram-se os valores IC50. A maioria dos novos compostos demonstrou 

maior atividade antiproliferativa que o ácido asiático. Alguns dos derivados exibiram valores 

de IC50 inferiores aos exibidos pela cisplatina nas células HeLa (2.28 μM), tendo apresentado, 

inclusive, valores de IC50 inferiores a 1 μM em várias linhas celulares. Foi estabelecida uma 

relação estrutura-actividade com base nos valores de IC50 determinados nas células HeLa. Os 

melhores compostos de cada painel foram posteriormente testados numa linha celular não 

tumoral (BJ) para avaliar a seletividade, tendo exibido menor toxicidade nas células não 

tumorais do que nas cancerígenas.  

De seguida, efetuou-se um estudo preliminar do mecanismo de ação responsável pelo 

efeito anticancerígeno dos compostos mais ativos de cada painel, 3.14, 4.29 e 5.6. Estes 

compostos foram avaliados relativamente ao seu efeito no ciclo celular e à sua capacidade 

para induzir apoptose nas células HeLa. Os três compostos induziram a paragem do ciclo 

celular na fase G0/G1 e morte celular por apoptose. O composto 3.14 induziu apoptose com 

ativação das caspases 8 e 3, clivagem da PARP, aumento dos níveis de Bax e uma redução 

dos níveis de Bcl-2, sugerindo o envolvimento das vias intrínseca e extrínseca no processo 

apoptótico. O derivado 4.29 induziu a morte celular por apoptose nas células HeLa através da 

ativação das caspases 9, 8 e 3. Este composto conduziu ainda a uma redução dos níveis das 

proteínas Bcl-2 e Bid e a um aumento dos níveis da proteína Bax. O composto 5.6 induziu 

apoptose nas células HeLa através de um mecanismo relacionado com activação das caspases. 

Por fim, verificou-se a existência de sinergismo quando as células HeLa foram tratadas 

simultaneamente com o composto 5.6 e com a cisplatina. 

Alguns dos novos derivados semissintéticos do ácido asiático preparados no decorrer 

deste trabalho, demonstraram efeitos anticancerígenos promissores em ensaios in vitro e 

justificam estudos pré-clínicos adicionais. Estes derivados podem vir a ser compostos úteis 

para o desenvolvimento de novos fármacos anticancerígenos. 

Palavras-chave: Cancro, triterpenóides pentacíclicos, ácido asiático, atividade 

anticancerígena, derivados fluorados, derivados A-nor, derivados ácidos hidroxâmicos, 

paragem do ciclo celular, apoptose.  
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Summary 

Cancer is a leading cause of death worldwide, with an estimated 8.2 million cancer-

related deaths registered in 2012. Moreover, the number of new cancer cases diagnosed each 

year is expected to rise significantly over the next decades. Considering that antineoplastic 

agents available currently in the clinic have several limitations and some serious side effects, 

it’s urgent the development of new chemotherapeutic agents with increased efficacy.  

Natural products have been an important source of leads for the development of new 

drugs, including new anticancer drugs. In fact, some of the most important antineoplastic 

agents used in the clinic are derived from natural products. Pentacyclic triterpenoids represent 

a large and structurally diverse class of natural products that display diverse biological 

activities, including anticancer activity. Because of this activity, their relatively safe profile, 

and readily availability in nature, pentacyclic triterpenoids are interesting compounds for the 

design of new leads aimed at the development of new anticancer agents. Asiatic acid is an 

ursane-type pentacyclic triterpenoid whose anticancer properties have been extensively 

studied over the last few years. This compound exhibited promising anticancer effects in both 

in vitro and in vivo studies. Moreover, previous studies reported that structural modification 

of asiatic acid backbone may improve its anticancer activity. Therefore, the aim of this project 

was to synthesize new semisynthetic derivatives of asiatic acid in order to improve its 

anticancer activity and obtain compounds that may be valuable for the development of new 

anticancer treatments.  

During this project, three panels of new semisynthetic derivatives of asiatic acid were 

designed and successfully synthesized. These panels include new fluorinated (3.1–3.26), A-

nor (4.2, 4.5, 4.8, 4.12–4.30), amide and hydroxamic acid (5.6–5.16) derivatives of asiatic 

acid. The chemical structures of the new compounds were elucidated using techniques such as 

1H and 13C NMR, IR, MS and HRMS. 

The antiproliferative activities of the new derivatives were evaluated against several 

tumor cell lines (HT-29, HeLa, MCF-7, Jurkat, PC-3, A-375, and MiaPaca-2), and the IC50 

values were determined. The great majority of the new compounds showed improved growth-

inhibitory activity compared with asiatic acid. Some of the new derivatives exhibited a lower 

IC50 value than that of the reference drug cisplatin (2.28 μM) in the HeLa cell line, and even 
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showed IC50 values that were lower than 1 μM in several cancer cell lines. A structure–

activity relationship was established based on the IC50 values determined in the HeLa cell 

line. The best compounds of each panel were further tested against a nontumor cell line (BJ), 

to assess selectivity, and exhibited lower toxicity toward nontumor cells than they did toward 

tumor cells.  

A preliminary study of the mechanism underlying the anticancer effect of the most 

active compounds of each panel, 3.14, 4.29 and 5.6, was performed. These compounds were 

evaluated regarding their effects on the cell cycle and their ability to induce apoptosis in HeLa 

cells. All three compounds arrested the cell cycle at the G0/G1 phase and induced apoptotic 

cell death. Compound 3.14-induced apoptosis was driven by caspases, with activation of 

caspases 8 and 3, cleavage of PARP, upregulation of Bax, and downregulation of Bcl-2, 

suggesting the involvement of intrinsic and extrinsic pathways in the apoptotic process. The 

derivative 4.29 induced apoptotic HeLa cell death via the activation of caspases 9, 8, and 3. 

This compound also induced the downregulation of the Bcl-2 and Bid proteins and the 

upregulation of the Bax protein. The compound 5.6 induced apoptosis through activation of 

caspases. Finally, a synergistic effect was observed after simultaneous treatment of HeLa cells 

with compound 5.6 and cisplatin. 

Some of the newly synthesized derivatives of asiatic acid showed promising in vitro 

anticancer effects and clearly warrant further preclinical evaluation. These derivatives may be 

useful molecules for the development of new anticancer drugs.  

Keywords: Cancer, pentacyclic triterpenoids, asiatic acid, anticancer activity, fluorinated 

derivatives, A-nor derivatives, hydroxamic acid derivatives, cell-cycle arrest, apoptosis. 
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Thesis organization 

The current thesis is divided into 7 chapters. The first chapter consists in a general 

introduction in which a general overview of cancer, including some statistics and details of 

the biology of the disease, is given. This chapter also focuses on the importance of natural 

products for the treatment of cancer and on the therapeutic potential of pentacyclic 

triterpenoids, with special emphasis on the anticancer properties of asiatic acid. The final part 

of the chapter is dedicated to the description of selected asiatic acid derivatives that have been 

synthesized and investigated for their anticancer activities. 

Chapter 2 explains the objectives underlying the work described in this thesis. 

Chapters 3, 4, and 5 are dedicated to the description of the synthesis and anticancer 

evaluation of the new semisynthetic derivatives of asiatic acid and are organized in a similar 

way: each chapter starts with a short introduction, followed by the description of the synthetic 

strategies used for the preparation of a panel of new derivatives. Selected aspects of the 

structural elucidation of the new derivatives based on techniques such as IR, 1H NMR, 13C 

NMR and MS are provided. In each chapter are also presented the results and the discussion 

of the biological studies performed with the synthesized compounds, including their effects 

on cell viability with establishment of the SAR, and a preliminary study on their mechanism 

of action. Each chapter finishes with the conclusions and the description of the experimental 

procedures. In more detail: Chapter 3 is dedicated to the synthesis and anticancer evaluation 

of fluorinated asiatic acid derivatives, Chapter 4 is dedicated to the synthesis and anticancer 

evaluation of A-nor asiatic acid derivatives and finally, Chapter 5 is dedicated to the synthesis 

and anticancer evaluation of amide and hydroxamic acid derivatives of asiatic acid. 

Chapter 6 outlines the concluding remarks of this work. Chapter 7 is dedicated to the 

bibliographic references used in this thesis.  
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For a better understanding of the structural elucidation of the new compounds 

discussed in chapters 3, 4, and 5, please consider the following representation of the chemical 

structure of asiatic acid, with the carbons numbered. 

 

The attribution of nomenclature to the organic compounds presented in this thesis 

followed the recommendations of the IUPAC commission on nomenclature of organic 

chemistry, described by P. M. Giles Jr. in Revised section F: natural products and related 

compounds, Pure Appl. Chem., Vol. 71, Nº 4, pp. 587–643, 1999 and reviewed by H. A. 

Fabre et al. in Errata Revised section F: natural products and related compounds, Pure Appl. 

Chem., Vol. 76, No 6, pp. 1283–1292, 2004. However, some compounds are designated 

within this thesis by their trivial name. The compounds are also numbered according to the 

chapter in which they are mentioned and according to their order of appearance in the text. 

Asiatic acid is an exception, as it keeps the same number (1.27) throughout the entire thesis.  

The main databases used for the bibliographic research were the ISI Web of 

Knowledge (Thompson Reuters) and PubMed. 
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Introduction 

3 

 

1.1 Cancer 

1.1.1 Cancer as a public health problem: some numbers 

Cancer is one of the most devastating diseases of our era. It is a leading cause of death 

worldwide, thus representing a major public health problem.1,2 About 8.2 million people were 

expected to die from cancer in 2012 worldwide, of which 1.75 million deaths were expected 

to occur in Europe. In the same year, an estimated 14.1 million new cancer cases were 

diagnosed worldwide, of which 3.45 million were diagnosed in Europe.1,3,4 

Lung cancer, with an estimated 1.8 million new cases diagnosed (13% of all cancers 

diagnosed) in 2012, was the most common cancer worldwide in both sexes. In Europe, the 

most frequent cancers were breast cancer, with an estimated 464000 new cases diagnosed in 

2012, followed by colorectal cancer, with an estimated 474000 new cases diagnosed in 2012 

(Fig. 1.1).1,3 

 
Figure 1.1 Leading cancer types for estimated new cancer cases worldwide and in Europe in 2012 for both 

sexes. 

Lung cancer was the leading cause of cancer-related death in both sexes in 2012, with 

an estimated 1.6 million deaths (19% of all cancer deaths) worldwide, of which 353000 

occurred in Europe (Fig. 1.2).1,3 
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Figure 1.2 Leading cancer types for estimated death worldwide and in Europe in 2012 for both sexes. 

The incidence and mortality of different cancer types vary with sex. Breast cancer was 

the most frequent cancer among women, with an estimated 463800 new cases diagnosed in 

Europe, in 2012 (29% of all cancers diagnosed in Europe). This cancer is also the leading 

cause of cancer-related death among women, with an estimated 131200 deaths in 2012 (17% 

of all cancer deaths in women). Colorectal and lung cancers are other cancers with a high 

incidence and mortality among women (Fig. 1.3).3 

 

Figure 1.3 Leading cancer types for estimated new cancer cases and deaths in Europe for women and men in 

2012. 

Among men, lung, prostate, and colorectal cancers were the types of cancer with 

higher incidence and mortality in 2012 in Europe (Fig. 1.3). Prostate cancer is the most 

frequent cancer among men, with an estimated 416700 new cases diagnosed and lung cancer 

is the first-leading cause of cancer-related death among men in Europe, with an estimated 

254400 deaths (26.1% of all cancer-related deaths in men) occurring in 2012.3 
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In Portugal, prostate cancer is the most frequent cancer among men, with an expected 

6620 new cases diagnosed in 2012, while breast cancer is the most frequent cancer among 

women, with an estimated 6090 new cases diagnosed (Fig. 1.4).3 Colorectal and lung cancers 

are the leading and second-leading causes of cancer-related death among both sexes. Lung 

cancer is the leading cause of cancer-related death among men, whereas breast cancer is the 

leading cause of cancer death among women.3,5 In 2012, it was estimated that colorectal 

cancer was responsible for 3800 deaths (2240 men, 1560 women), lung cancer was 

responsible for 3440 deaths (2640 men, 800 women), female breast cancer was responsible 

for 1570 deaths, and prostate cancer was responsible for 1580 deaths.5 

Environmental and lifestyle factors, such as smoking, poor nutrition, heavy alcohol 

use, obesity, exposure to pollutants, food additives, and pesticides, are at the origin of one 

third of cancer-related deaths. Because of the increasing prevalence of these risk factors and 

the growth and aging of populations in developing countries, the burden of cancer is expected 

to rise worldwide.4 

According to World Health Organization (WHO) the annual number of new cancer 

cases is expected to rise from the 14 million recorded in 2012 to 22 million within the next 

two decades.6 To reduce the global burden of cancer on society, it is urgent to change some 

behaviors and lifestyles and adopt several evidence-based measures, including the control of 

tobacco and alcohol abuse, vaccination against the human papilloma virus (HPV), promotion 

of physical activity and healthy diet, among others.1,4,7 The use of tests that allow the early 

detection of cancers is also essential to increase the effectiveness of cancer treatment.1,4 

Figure 1.4 Leading cancer types for estimated new cancer cases and deaths in Portugal for women and 

men in 2012. 
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Furthermore, is crucial to develop more effective anticancer medicines for the treatment of 

cancer patients. 

1.1.2 Understanding the disease 

To develop new effective medicines for the treatment of cancer, it is essential 

understand the disease. Cancer is a term used to define a group of diseases that are 

characterized by abnormal cells that grow in an uncontrolled manner and have the ability to 

invade adjacent tissues. These cells may also spread to other organs in a process called 

metastasis. Usually, in the body, cells divide, proliferate, and die in a controlled and regulated 

manner, which allows the maintenance of tissue homeostasis. Cancer can begin in any place 

of the body when a normal cell suffers several mutations in its DNA and evolves into a cancer 

cell, which starts to grow and divide without control. The transformation of normal cells into 

malignant cancers occurs through a multistep process across time, known as carcinogenesis. 

During this process normal cells progressively become cancerous and then malignant via the 

accumulation of successive genetic mutations.8–10 These genetic mutations can occur 

spontaneously, because of personal genetic factors, or can be induced by exogenous 

carcinogens (ultraviolet and ionizing radiation, components of tobacco smoke, HPV virus, 

etc.).11 

The most common genetic mutations implicated in carcinogenesis affect two groups of 

genes, the proto-oncogenes and the tumor suppressor genes. Proto-oncogenes regulate cell 

growth and proliferation, and tumor suppressor genes inhibit progression through the cell 

cycle. Mutations in these genes disrupt homeostasis and the regulation of cell grow, thus 

contributing to the development of tumors.12,13 The proto-oncogenes are usually activated into 

oncogenes via gain-of-function mutations. Conversely, loss-of-function mutations lead to the 

inactivation of tumor suppressor genes.14–16 

Carcinogenesis is a slow process, because normal cells require several genetic changes 

to evolve to cancer cells.9 During this multistep process, cells acquire the so-called hallmarks 

of cancer, which are alterations in cell physiology that enable the development and metastatic 

dissemination of tumors. These hallmarks, proposed and described by Hanahan and Weinberg 

in 2000 and revised in 2011, are:10,17 

 Sustaining proliferative signaling: One of the most important capabilities acquired 

by cancer cells is the ability to control their own proliferation by providing their own 
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growth signals or by increasing the level of cell surface receptors that transmit 

progrowth signals. Thus, cancer cells can proliferate indefinitely and independently 

from growth signals.10,17 

 Evading growth suppression: Cancer cells also acquire the ability to ignore the 

antigrowth signals, which is often related with the inactivation of tumor suppressor 

genes.10,17 

 Resisting cell death: Apoptosis is a mechanism of controlled cell death that is 

activated to eliminate old and damaged cells, therefore avoiding the accumulation of 

cells with DNA damage. Thus, apoptosis is a protection against the development of 

cancer. Cancer cells are not only able to sustain continuous cell growth, but they also 

acquire the capability to avoid or limit apoptosis. These cells can also avoid 

autophagy, which is another mechanism of regulated cell death. This acquired ability 

is determinant for the development of malignant tumors.10,17,18 

 Enabling replicative immortality: The multiplication of normal cells is limited by 

telomeres, which are regions of replicative DNA that protect the end of chromosomes 

from degradation. The DNA replication machinery is unable to finish the duplication 

of telomeric DNA; thus, small amounts of telomeric DNA are lost in each replicative 

cycle. After a certain number of grow-and-division cycles, telomeres reach a critical 

length and normal cells undergo senescence or crisis, stop dividing, and die. It was 

found that 90% of immortalized cells, including cancer cells, exhibit high levels of 

telomerase, which is an enzyme that adds telomeric DNA to the end of chromosomes. 

In this way, cancer cells are able to maintain their telomeres, which allows their 

replication for an unlimited number of times.10,17,19 

 Inducing angiogenesis: Cancer cells have the ability to stimulate the activation of 

angiogenesis, which is the process of formation of new vessels, via the upregulation of 

angiogenic activators, such as the vascular endothelial grow factor-A (VEGF-A), and 

the downregulation of inhibitors of angiogenesis. By activating angiogenesis, tumors 

create their own blood supply and, consequently, ensure the supply of the oxygen and 

nutrients that they need to expand.10,17,20 

 Activating invasion and metastasis: In the last stages of tumor development, cancer 

cells acquire the ability to invade neighboring tissues and spread to other places in the 

body, in a process called metastasis. Metastasis occurs through a multistep process 
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that is usually initiated by cancer cells that enter the blood and lymphatic vessels, 

which transport them to a secondary anatomical site.10,17,21 

 Reprogramming energy metabolism: In contrast with normal cells, which use 

glucose to produce energy via mitochondrial oxidative phosphorylation, cancer cells 

produce energy preferentially through glycolysis (oxygen-free glucose metabolism). 

This metabolic switch allows cancer cells to proliferate even in conditions with lower 

levels of oxygen.17 

 Avoiding immune destruction: In normal conditions, the immune system can detect 

and eliminate abnormal cells, thus avoiding tumor formation and progression. In one 

way or another, cancer cells can avoid detection by the immune system and 

consequently evade destruction by immune cells.17 

The acquisition of these distinctive capabilities is only possible because of the genetic 

instability associated with the accumulation of several changes in the DNA of cancer cells. 

Inflammation also contributes to the promotion of tumor proliferation and can potentiate the 

mutations in the DNA of cancer cells by generating reactive oxygen species (ROS).17 

Tumors are no longer considered as a simple mass of proliferating malignant cells; 

rather, they comprise different types of cells and develop a specific tumor environment, which 

is extremely important to consider in the development of new anticancer therapies. For the 

effective treatment of tumors, more than eliminating cancer cells by inducing their death, it is 

necessary target the tumor environment to inhibit angiogenesis and prevent tumor promotion 

and progression.10,17,22 The discovery of the hallmarks of cancer has contributed tremendously 

to a better understanding of the complex biology of tumors. This knowledge is essential to the 

discovery of new drug molecular targets and to the development of new targeted anticancer 

therapeutic strategies. 
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1.1.3 Targeted therapies for the treatment of cancer 

1.1.3.1 Targeting the cell cycle 

The cell cycle is a series of coordinated events that ensure proper cell division and 

proliferation. In Eukaryotes, the cell cycle is divided in two broad stages: interphase and 

mitosis (M phase). Mitosis is the process in which the nucleus of the cell divides into two 

identical nuclei. The interphase stage is the period of metabolic growth between cell division 

phases and is divided in three phases, G1 (gap 1), S (DNA synthesis), and G2 (gap 2). During 

the G1 phase, the cell grows, matures, and prepares for DNA replication, which occurs during 

the S Phase. The S phase is followed by a gap phase called G2, in which the cell prepares to 

enter mitosis. During the G1 phase, cells can pause and reversibly enter a quiescent phase 

called G0 (Fig. 1.5).23,24 

Progression through the cell cycle is tightly regulated by the interactions between 

cyclins, cyclin-dependent kinases (CDKs), and cyclin-dependent kinase inhibitors (CDKIs). 

CDKs are a family of serine/threonine protein kinases that are expressed as inactive catalytic 

subunits. Their activation is dependent on the binding to regulatory subunit cyclins, giving 

origin to activated cyclin–CDK complexes. Cyclin–CDK complexes phosphorylate several 

protein substrates that are involved in cell-cycle progression. The expression of CDKs is 

constant along the cell cycle, in contrast to cyclins, which are expressed in an oscillatory way 

along the cell cycle. Thus, cyclins control the kinase activity of CDKs in a timely 

manner.23,25–27 

Each phase of the cell cycle is regulated by specific cyclin–CDK complexes. The 

cyclin D–CDK4/6 and cyclin E–CDK2 complexes drive G1 progression and the transition 

through the restriction point (G1 checkpoint), after which cells are committed to entering the 

S phase. The passage through the restriction point is dependent on the phosphorylation of the 

Rb protein. This protein binds to and inactivates the E2F family of transcription factors, thus 

repressing the downstream transcription of genes that are involved in DNA synthesis and 

replication.28,29 In the early G1 phase, cyclin D–CDK4/6 complexes partially phosphorylate 

the nuclear Rb protein, which results in partial activation of E2F and allows the E2F-mediated 

transcription of cyclin E. These events facilitate the activation of cyclin E–CDK2 complexes, 

which complete Rb phosphorylation, leading to its inactivation. The inactivated Rb protein 

releases the transcriptional factor E2F, which, once activated, initiates the transcription of the 
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genes that are required to enter the S phase (Fig. 1.5). After the G1/S transition, the cyclin E–

CDK2 complexes are inactivated by the degradation of cyclin E. Concomitantly, cyclin A 

binds to CDK2, resulting in the formation of cyclin A–CDK2 complexes, which induce DNA 

synthesis and drive the progression of the cell cycle through the S phase and the transition to 

the G2 phase. At the end of the S phase, cyclin A interacts with CDK1 to give cyclin A–

CDK1 complexes, which are inactivated during the G2 phase by the degradation of cyclin A. 

Meanwhile, cyclin B interacts with CDK1 at the end of the G2 phase, to form activated cyclin 

B–CDK1 complexes, which are responsible for the transition from the G2 to the M phase and 

for driving the cell cycle through mitosis (Fig. 1.5).25,30 

The cell-cycle progression is negatively regulated by CDKIs, which bind to, and 

inactivate the kinase activity of cyclin–CDK complexes. There are two major classes of 

CDKIs: the Ink4 family (p15Ink4b , p16Ink4a, p18Ink4c, and p19Ink4d), which selectively inhibit 

the cyclin D–CDK4 and cyclin D–CDK6 complexes, and the CIP/KIP family (p21 cip1/waf1, 

p27Kip1, and p57kip2), which inhibit the activity of cyclins D–, E–, A–, and B–CDK 

complexes.25,26 

Figure 1.5 Schematic representation of cell cycle regulation. 
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The progression through the cell cycle is monitored at different regulatory points, 

known as checkpoints, which ensure an ordered sequence of events. These cell-cycle 

checkpoints sense possible defects in critical events, such as DNA synthesis and chromosome 

segregation. If any defect is detected, for example DNA damage, cell-cycle checkpoints 

induce the arrest of the cell cycle until the correction of the defects, thus preventing the 

division of compromised cells. If correction is not possible, a process of cell death is 

activated. In this way, it is possible to detect and correct genetic damage and ensure the 

faithful transmission of genetic information.24–26 

Cancer is considered by many authors as a disease of the cell cycle.25,31,32 The cell 

cycle controls cell proliferation, and cancer cells often present cell-cycle dysregulation (one of 

the main hallmarks of the cancer), which results in the genetic instability and aberrant cell 

proliferation that are characteristic of cancer.33 This dysregulation of the cell cycle in tumors 

is related with mutations in several proteins of the cell regulatory machinery.23,25 As CDK–

cyclin complexes are the key regulators of the cell cycle, the defects in cell cycle of tumor 

cells are often related with alterations in CDK-dependent pathways. Therefore, the 

development of strategies that target the cell-cycle regulatory machinery and, in particular, 

that inhibit CDK–cyclin complexes represent valuable approaches for the discovery of new 

anticancer agents.23,25,30 

1.1.3.2 Targeting apoptosis 

Programmed cell death is essential to ensure physiological cell growth and survival in 

multicellular organisms.34 Apoptosis is the most common mode of programmed cell death and 

regulates the homeostasis of tissues. This process of programmed cell death is activated 

during development, in the definition of the final shape of organs, to eliminate with high 

efficiency and precision cells that are no longer necessary or to remove cells that are in the 

wrong place.34–36 Apoptotic cell death is also activated in response to irreparable damages in 

DNA and several other cellular stresses.35,37,38 

Apoptosis is characterized by specific morphological changes, including cell retraction 

and rounding, dynamic membrane blebbing, compaction and condensation of chromatin, and 

nuclear fragmentation into smaller pieces, all of which are related with the proteolytic activity 

of caspases.34,35,39–42 Caspases are a family of cysteine proteases that play a central role in the 

execution of apoptosis.35,42 These cysteine proteases are synthesized as inactive precursor 
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enzymes (pro-caspases), which become active after proteolytic cleavage. Pro-caspases contain 

a C-terminal catalytic domain and an N-terminal prodomain. Caspases can be classified 

according to their function as proinflammatory caspases (caspases 1, 4, 5, 11, and 12) and as 

proapoptotic caspases (caspases 2, 3, 6, 7, 8, 9, and 10). The proapoptotic caspases, which 

mediate apoptotic cell death, can also be classified according to their position in the apoptotic 

signaling cascade as initiator caspases (caspases 2, 8, 9, and 10) and effector caspases 

(caspases 3, 6, and 7).43–46 Initiator caspases have long prodomains containing caspase-

recruitment domain (CARD) or death-effector domain (DED) motifs. These CARD and DED 

motifs regulate the activation of initiator caspases by mediating their dimerization and 

recruitment into caspase-activation complexes. The effector caspases have short prodomains 

and are activated through proteolytic cleavage by upstream initiator caspases.45,46 

Two major pathways are involved in the initiation and execution of apoptosis: the 

extrinsic or death receptor pathway and the intrinsic of mitochondrial pathway. Both 

pathways converge in the activation of executioner caspases, caspases 3 and 7, which trigger 

events that result in apoptotic cell death (Fig. 1.6).35,40 

The extrinsic pathway is initiated via the stimulation of death receptors that belong to 

the tumor necrosis factor (TNF) receptor superfamily, such as the Fas (CD95/APO-1) receptor 

or the TNF-related apoptosis-inducing ligand (TRAIL) receptor, which are localized at cell 

membrane, by specific death ligands (such as FasL and TNF-α).47 The activation of death 

receptors causes a conformational change that leads to the recruitment of the adaptor protein 

Fas-associated death domain (FADD) and pro-caspase 8, thus leading to the formation of the 

death-inducing signaling complex (DISC). Caspase 8 is activated at DISC via dimerization or 

self-cleavage. The activation of caspase 8 can be inhibited by the FADD-like IL-1β-

converting enzyme (FLICE)-inhibitory protein (c-FLIP), which binds to FADD and/or 

caspase 8 in a ligand-dependent and -independent manner, thus inhibiting DISC formation 

and, consequently, the activation of the caspase cascade.48,49 Active caspase 8 can trigger 

apoptosis in two distinct ways: in some cells, active caspase 8 can directly induce the 

activation of the downstream effector caspase 3. In other cell types, caspase 8 can trigger the 

intrinsic pathway, to amplify the apoptotic signal.37,50 

The intrinsic pathway is initiated in mitochondria, where several cellular stresses 

induce mitochondrial outer membrane permeabilization (MOMP), which is the crucial event 

that leads to the activation of the caspase cascade and apoptosis. MOMP is regulated by the 

interaction between the members of B cell lymphoma 2 (Bcl-2) family proteins, which are 

dimers that are located in the outer mitochondrial membrane. Bcl-2 family proteins are 
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divided into three groups: proapoptotic proteins (e.g., Bax, Bak, and Bok/Mtd), antiapoptotic 

proteins (e.g., Bcl-2, Bcl-xL, Mcl-1, and Bcl-w), and proteins that contain only a single BH3 

domain (e.g., Bid, Bim, Puma, Noxa, and Bad). The proteins that contain only a single BH3 

domain are stimulated by several cytotoxic stresses (such as DNA damage, grow-factor 

deprivation, and endoplasmic reticulum stresses) and activate Bax and Bak. Once activated, 

Bax and Bak oligomerize to form pores in the mitochondrial outer membrane, which leads to 

the release of proapoptogenic factors, such as cytochrome c, the apoptosis-inducing factor 

(AIF) and Smac/DIABLO, into the cytoplasm.40,51,52 After release into the cytoplasm, 

cytochrome c binds to the apoptotic protease-activating factor 1 (Apaf1) and ATP, to form an 

apoptosome complex, which recruits, dimerizes, and activates the initiator caspase 9. Once 

activated, caspase 9 triggers the downstream executioner caspase 3, leading to apoptotic cell 

death (Fig. 1.6).40,47,53 Moreover, Smac/DIABLO induces caspase activation by inhibiting the 

action of inhibitor of apoptosis proteins (IAPs).46,47 

As mentioned previously, cross-talk between the intrinsic and extrinsic pathways can 

occur via the action of active caspase 8, which cleaves the proapoptotic BH3-only protein 

Bid, yielding t-Bid (truncated Bid). t-Bid translocates to the mitochondrial surface and 

induces the activation of proapoptotic Bcl2 family proteins (Bax) and the inhibition of the 

antiapoptotic ones (Bcl-2), thus leading to the activation of the intrinsic apoptotic pathway 

(Fig. 1.6).50,54 

Apoptosis can also proceed through caspase-independent pathways. For example, AIF 

triggers apoptosis by inducing chromatin condensation and DNA fragmentation.55 
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As outlined above, cancer is a disease that results from a succession of genetic 

mutations that drive the progressive transformation of normal cells into malignant ones. As 

apoptosis is triggered to discard cells with irreparably damaged DNA, it works as a natural 

protection against cancer.53 

Defective or inefficient apoptotic processes have been found to play a vital role in the 

initiation and progression of cancer. In fact, the ability to avoid apoptotic cell death is an 

essential hallmark that is common to all tumors.10,17,52,53,56 Cancer cells use several strategies 

to evade apoptosis, including the disruption of the balance between anti- and proapoptotic 

proteins via the overexpression of antiapoptotic proteins (such as Bcl-2) and the 

underexpression of proapoptotic proteins (such as Bid, Bax, and Bak).The downregulation of 

caspases and the upregulation of IAPs have also been related with development of 

Figure 1.6 Simplified representation of the extrinsic and intrinsic apoptotic pathways 
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carcinogenesis and resistance to chemotherapy. Another mechanism of evasion from 

apoptosis is related with defects and mutations in the tumor suppressor gene p53. The 

downregulation of death receptors and the reduction of the levels of death signals can also 

lead to evasion from the extrinsic pathway of apoptosis.18,52 

Most of the anticancer treatments that are available currently in clinical settings, such 

as chemotherapy, γ-radiation, suicide gene therapy, and immunotherapy, exert their anticancer 

effect via the induction of apoptosis.47 Therefore, targeting apoptosis has been recognized as 

an effective strategy to fight cancer.52,53 Based on these features, chemotherapeutic strategies 

that are designed to explore abnormalities in apoptotic signaling pathways aiming at the 

restoration of normality to induce the apoptosis of cancer cells selectively are an interesting 

approach to the treatment of cancer.52,53 

1.2 Natural products 

For many years, natural products have been one of the main sources of molecules for 

the development of new medicines. Many of the natural products that exhibit higher 

therapeutic potential are obtained essentially from readily accessible natural sources, such as 

plants, animals, microbes, and marine organisms. Plants in particular have been used since 

immemorial times for the relief of a wide spectrum of diseases and constitute the basis of 

many traditional medicine systems, such as the Egyptian, Chinese, or Indian systems. 

According to the WHO, it is estimated that approximately 65% of the worldwide population 

relies mainly on plant extracts for primary healthcare.57,58 Since the discovery of penicillin in 

1928, the microbial sources of natural products have been receiving a great deal of attention. 

The interest in marine natural products as a source of molecules for drug discovery only 

began in the 1970s, and the number of new marine natural products reported each year has 

been rising, from 332 in 1984 to 1378 in 2014. The marine environment is a rich source of 

new bioactive compounds, especially new anticancer agents; however, it is believed that “the 

potential of the marine environment as a source of novel drugs remains virtually 

unexplored”.58–60 

Despite the huge importance of natural products for drug discovery, a decline in the 

interest of the major pharmaceutical companies in the use of natural products in their drug 

discovery programs was observed in the last decades.58,61–64 Pharmaceutical companies 

changed their focus from natural products to drug discovery approaches based on high-
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throughput screening (HTS) directed at molecular targets and to combinational chemistry 

techniques. This decline of interest is justified in part by a higher regulation of the access to 

natural products; difficulties in obtaining appropriate amounts of natural products; an apparent 

incompatibility of natural products with HTS; difficulties related to the isolation, 

identification, or synthesis of natural products; and the expectation that combinational 

chemistry would provide large collections of new compounds.62–65 Therefore, industries 

focused their efforts on the creation and use of synthetic chemical libraries.63 However, these 

new approaches did not correspond to the initial expectations: combinational chemistry failed 

to increase the expected number of new leads, and the approval rates of new drugs declined 

(from 45 new drugs approved by the FDA in 1990 to 21 new drugs approved in 2010).63,64 

Moreover, natural products were also found to have a greater chemical diversity, degree of 

stereochemistry and steric complexity than compounds obtained from combinational 

chemistry and synthetic compounds. This diversity contributes to the biological utility of 

natural products, which translated into the higher hit rates obtained when using natural 

product collections.62,63 In addition, recent technological advances have facilitated the 

screening of natural products in HTS assays.62 Therefore, a renewed interest of major 

pharmaceutical companies in natural products has been observed.  

Currently, natural products continue to play a crucial role in the field of drug 

discovery. It was found that 34% of all the new medicines that were approved between 1981 

and 2010 were natural products or direct derivatives of natural products.62,66 

1.2.1 Natural products as a source of anticancer drugs 

Natural products have also played a crucial role in the discovery of new anticancer 

drugs. Among all the small molecules approved worldwide between 1981 and 2010 for cancer 

treatment, almost 70% were natural products or derived from natural products.66 

Because the work presented in this thesis was developed using a plant-derived natural 

product, this section will focus on natural products obtained from plants. Plants have a long 

history of use in the treatment of cancer; more than 3000 plant species have been reported for 

their beneficial effects in the fight against cancer.57,67–71 Additionally, some of the most 

important medicines available currently in the clinic for the treatment of cancer are derived 

from plant sources, including vinca alkaloids, taxanes, podophyllotoxins, and 

camptothecin.68,69,72,73 
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The first anticancer agents derived from plants that were approved for clinical use 

were the vinca alkaloids vinblastine 1.1 and vincristine 1.2, which were originally isolated in 

the 1950s from the Madagascar periwinkle Catarantus roseus. Because of their potent 

cytotoxic activity, new semisynthetic analogs of vinca alkaloids were prepared and currently, 

four major vinca alkaloids are used in clinical settings: vinblastine 1.1, vincristine 1.2, 

vinorelbine 1.3, and vindesine 1.4 (Fig. 1.7).65,74–76 These compounds have been used mainly 

in combination therapies for the treatment of several types of cancer, including leukemias, 

non-small cell lung cancer, testicular and breast cancer, head and neck cancers, Kaposi 

sarcoma, and Hodgkin’s and non-Hodgkin’s lymphomas.67,77 In 2009, a new synthetic vinca 

alkaloid, vinflunine, was approved by the European Medicines Agency (EMA) for clinical use 

in Europe.73,74 

 

The cytotoxic effect of vinca alkaloids is mediated mainly by perturbations in 

microtubule dynamics. These compounds interact with tubulin and block its polymerization 

Figure 1.7 Chemical structures of vinca alkaloids: vinblastine 1.1, vincristine 1.2, vinorelbine 1.3, and 

vindesine 1.4. 
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into microtubules, which results in the inhibition of mitotic split. Thus, the cell cycle is 

arrested at the mitotic phase and the division of cancer cells is prevented.73,75,76,78
 

The taxanes paclitaxel 1.5 (Taxol®) and docetaxel 1.6 (Taxotere®) (Fig. 1.8) are 

among the most important drugs used in the treatment of cancer, thus enforcing the relevance 

of natural products in the development of effective anticancer agents. Paclitaxel 1.5 was 

discovered in 1962 as part of a National Cancer Institute Program. It was first isolated from 

the bark of the Pacific yew tree Taxus brevifolia, which was considered a finite source of the 

compound. Therefore, alternative sources were developed, and paclitaxel 1.5 was obtained 

through a semisynthetic process from the precursor 10-deacetylbaccatin, which was extracted 

from the needles of more abundant Taxus species, such as European yew Taxus baccata. 

64,65,67,79,80  

Paclitaxel 1.5 was approved by the FDA in 1992 for the treatment of breast and ovary 

cancers and the AIDS-related Kaposi sarcoma. This compound has also been used in the 

treatment of non-small cell lung cancer (NSCLC). The huge success of paclitaxel 1.5 in 

cancer treatment led to the development of its semisynthetic analog docetaxel 1.6 (Fig. 1.8).58 

Docetaxel 1.6 was approved by the FDA for the treatment of breast, head, neck, prostate, and 

gastric carcinomas.79 This compound has also been used in the treatment of NSCLC.67 An 

albumin-bound formulation of paclitaxel 1.5 (nab-paclitaxel, Abraxane®) was approved by the 

FDA in 2005 for the treatment of breast metastasis, in 2012 for the treatment of NSCLC, and 

in 2013 for the treatment of late-stage pancreatic cancer.58,79,81
 In 2010, a novel taxane, 

cabazitaxel 1.7 (Jevtana®) (Fig. 1.8), was approved by the FDA for the treatment of metastatic 

hormone-refractory prostate cancer, in combination with prednisone.58,73,82 Novel taxane 

derivatives are currently in clinical trials, including paclitaxel poliglumex (CT-2103; Xyotax), 

which is in a Phase III clinical trial for the treatment of NSCLC, and ortataxel (BAY-59-862), 

which showed promising activity in a phase II clinical trial of breast cancer patients who are 

resistant to paclitaxel or docetaxel combinations.73 

Paclitaxel 1.5 and docetaxel 1.6 are microtubule inhibitors that are also known as 

mitotic poisons. Unlike the vinca alkaloids, which inhibit tubulin polymerization and prevent 

microtubule assembly, these taxanes bind to and stabilize tubulin, thus blocking microtubule 

depolymerization and cell division.The mechanisms via which cell death occurs after the 

stabilization of microtubules by taxanes are not fully understood.73,80,83 
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Other important clinically used anticancer agents derived from plants are the 

podophyllotoxin 1.8 derivatives etoposide 1.9 and teniposide 1.10 (Fig. 1.9). Podophyllotoxin 

1.8 is a natural product that is extracted from Podophyllum peltatum and Podophylum emodii 

and exhibits anticancer activity. However, the severe side effects of this compound have 

limited its clinical use.67,84,85 Posterior research led to the development of the semisynthetic 

derivatives etoposide 1.9 and teniposide 1.10. These compounds have been used in the clinic 

for the treatment of several types of cancer, such as lymphomas, testicular and bronchial 

cancers, lung cancer, germ-cell malignancies, non-Hodgkin’s lymphoma, Kaposi sarcoma, 

soft tissue sarcomas, and neuroblastoma.67,86 

The anticancer effects of etoposide 1.9 and teniposide 1.10 are related with the 

inhibition of topoisomerase II (TOP2). These compounds induce the stabilization of TOP2–

DNA complexes, thus resulting in DNA strand breaks and cell death by apoptosis.84,86,87 

Figure 1.8 Chemical structures of the taxanes paclitaxel 1.5, docetaxel 1.6, and cabazitaxel 1.7. 
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Camptothecin 1.11 was isolated for the first time in 1966 from the bark of 

Camptotheca acuminata and its clinical use was tested in the 1970s; however, it exhibited low 

water solubility, low stability, and severe side effects. Further studies led to the development 

of water-soluble, safer, and more effective camptothecin derivatives: topotecan 1.12 and 

irinotecan 1.13 (Fig. 1.10).67,88,89 Other derivatives of camptothecin 1.11, such as 

diflomotecan, gimatecan, lurtotecan, and exatecan, are presently being tested in clinical 

trials.90,91 

Topotecan 1.12 was approved by the FDA in 1996 for the treatment of ovary cancer 

and in 2007 for the treatment of NSCLC. In 2006, the FDA approved topotecan 1.12 in 

combination with cisplatin for the treatment of cervical cancer. Irinotecan 1.13 was approved 

by the FDA in 1994 for the treatment of colorectal cancers. In 2015, FDA approved the use of 

irinotecan 1.13 in combination with fluorouracil and leucovorin for the treatment of patients 

with advanced pancreatic cancer (whose were treated previously with gemcitabine-based 

chemotherapy).67,91–93  

The potent anticancer effects of topotecan 1.12 and irinotecan 1.13 are attributed to 

their interaction with topoisomerase I (TOP1). These compounds specifically bind to and 

stabilize the covalent TOP1–DNA complexes, which blocks DNA religation, resulting in 

DNA impairment. It is expected that the replication fork will collide with stabilized TOP1–

DNA complexes during the replication process, thus giving origin to double-strand breaks 

and, consequently, cell death by apoptosis.88, 90,91,94 

Figure 1.9 Chemical structures of podophyllotoxin 1.8, etoposide 1.9, and teniposide 1.10. 
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Omacetaxine mepesuccinate 1.14 (Synribo®) (Fig. 1.11) is another plant-derived 

anticancer agent that was approved by the FDA in 2012 for the treatment of adult patients 

with chronic- or accelerated-phase chronic myeloid leukemia (CML) with resistance and/or 

intolerance to two or more tyrosine kinase inhibitors (TKIs).73 

Several other chemotherapeutic agents derived from plants are currently in clinical 

trials, including the combretastatin A4 phosphate 1.15 (Fig. 1.11), which is a tubulin-binding 

agent that targets and disrupts the existing tumor blood vessels. This compound is currently 

undergoing phase I and phase II clinical trials in combination with other chemotherapeutic 

agents against non-small-cell lung cancer (NSCLC), ovarian cancer, and anaplastic thyroid 

cancer. Combretastatin A4 phosphate appears to be safe and well tolerated in combination 

with other anticancer agents.73,76,95–97  Another example is the flavopiridol 1.16 (Fig. 1.11), a 

synthetic flavone, which structure is based on the plant alkaloid rohitukine. This potent CDK 

inhibitor is currently being tested in several phase I and phase II clinical trials, either alone or 

in combinational therapies against different types of tumors, including leukemias, 

lymphomas, and solid tumors.65,67,73 

Figure 1.10 Chemical structures of camptothecin 1.11, topotecan 1.12, and irinotecan 1.13. 
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As described in this section, plants have been a rich source of anticancer agents and 

have made a huge contribution to the armamentarium against cancer. Currently, plants still 

play a significant role in the drug discovery of new anticancer agents. They can provide new 

leads that can be useful for the development of more effective anticancer drugs. 

1.3 Terpenes 

Terpenes are a group of secondary metabolites that are synthesized mainly by plants 

and represent the largest and most diverse class of natural products, with over 40 000 known 

compounds.98 These compounds are widely distributed in the plant kingdom and take part in 

the human diet. All terpenes are built up from isoprene units, which is known as the “isoprene 

rule” described by Rutzica and Wallach. Based on the number of isoprene units, terpenes can 

be classified as hemiterpenes (C5), monoterpenes (C10), sesquiterpenes (C15), diterpenes 

(C20), triterpenes (C30), and tetraterpenes (C40).99,100 

The chemical modification of terpenes by the addition of oxygen atoms or via the 

rearrangement of the carbon skeleton gives origin to compounds called terpenoids.101 All 

terpenoids are synthesized through condensation of the universal five-carbon building blocks 

Figure 1.11 Chemical structures of omacetaxine mepesuccinate 1.14, combrestatin A4 

phosphate 1.15, and flavopiridol 1.16. 
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isopentenyl diphosphate (IPP) (1.17) and its allylic isomer dimethylallyl diphosphate 

(DMAPP) (1.18) (Fig. 1.12).98 IPP 1.17 and DMAPP 1.18 are synthesized in plants through 

two main pathways: the cytosolic mevalonic acid (MVA) pathway, which gives origin to IPP 

1.17 from acetyl-CoA, and the plastidial 2-C-methylerythritol 4-phosphate (MEP) pathway, 

which produces IPP 1.17 and DMAPP 1.18 from pyruvate and glyceraldehyde-3-phosphate. 

The IPP 1.17 derived from the MVA pathway is converted to DMAPP 1.18 via the activity of 

an isopentenyl diphosphate isomerase (IPP isomerase). After their synthesis, the precursors 

IPP 1.17 and DMAPP 1.18 are condensed by the action of prenyltransferases into prenyl 

diphosphate intermediates, which are further converted into all terpenoids via the action of 

several terpene synthases/cyclases.102 

1.3.1 Pentacyclic triterpenoids 

The triterpenoids are a large group of structurally diverse natural products that consist 

of six isoprene units, with over 20 000 known members.103–106 As shown in Figure 1.12, the 

starting molecule of the biosynthesis of triterpenes is DMAPP 1.18, which is condensed with 

two IPP 1.17 units, to give pharnesyl diphosphate (FPP) 1.20.102 Subsequently, the enzyme 

squalene synthase catalyzes the condensation of two molecules of FPP 1.20, to produce 

squalene 1.22, which is oxidized into 2,3-oxidosqualene 1.23 via the action of squalene 

epoxidase. Triterpenoids are then synthesized through cyclization of 2,3-oxidosqualene 1.23, 

by the action of enzymes known as oxidosqualene cyclases.104,105 More than 100 types of 

triterpene scaffolds are known in nature. This remarkable structural diversity is related with 

the existence of several oxidosqualene cyclases and with the fact that each cyclase can 

produce different products.101,104,105,107 

Triterpenoids can be classified according to the number of rings in their structure into 

acyclic (linear), monocyclic (one ring), bicyclic (two rings), tricyclic (three rings), tetracyclic 

(four rings), and pentacyclic (five rings). The two most-studied groups of triterpenoids are the 

tetracyclic triterpenoids and the pentacyclic triterpenoids (PTs). PTs can be classified 

according to their structural skeleton into three main types: oleanane, ursane, and lupane.100,103  
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Figure 1.12 Schematic representation of the biosynthetic pathways of terpenoids. 
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Lupeol 1.24, α-amyrin 1.25, and β-amyrin 1.26 (the basic structures of lupane-, 

ursane-, and oleanane-type triterpenes, respectively) are obtained via the cyclization of 2,3-

oxidosquelene 1.23 by the action of lupeol synthase, α-amyrin synthase, and β-amyrin 

synthase (oxidosqualene cyclases). Further modifications are then performed in these basic 

structures by tailoring enzymes, to obtain more functionalized PT scaffolds, such as betulinic 

acid (lupane type), oleanolic acid and glycyrrhetinic acid (oleanane type), and ursolic acid and 

asiatic acid (ursane type).105,108,109  

PTs are widely distributed in nature, are an integral part of the human diet, and are 

present in several medicinal plants, especially in fruit peels, leaves, and stem backs. These 

compounds have attracted a great deal of attention because of their wide range of unique 

pharmacological activities such as antidiabetic, anti-inflammatory, antibacterial, antiviral, and 

anti-HIV, antihyperlipidemic, hepatoprotective, and cardioprotective functions, among 

others.100,101,109 PTs have also been extensively studied regarding their promising anticancer 

activity.22,101,103,110 

1.3.1.1 Pentacyclic triterpenoids as promising candidates for the 

development of new anticancer agents 

Among all the biological activities of PTs, their anti-inflammatory and anticancer 

activities are the most studied.111,112 Over the last two decades, the number of publications 

reporting the anticancer effects of PTs has risen exponentially, which reflects the potential 

interest of PTs for the development of new antineoplastic drugs.112 

The most investigated PTs regarding their anticancer properties are lupane, oleanane, 

and ursane types and include, for example, ursolic acid, oleanolic acid, and betulinic acid. The 

extensive literature that exists in this field of research shows that the anticancer effects of PTs 

are mediated by several mechanisms, as they modulate a multiplicity of molecular targets and 

signaling pathways.22,101,109,111–114 As PTs affect several molecular mechanisms, they exhibit 

various pharmacological effects that contribute to their anticancer potential (Fig. 1.13). For 

example, PTs exhibited the ability to suppress the proliferation of tumor cells and induce cell 

death by apoptosis in a large panel of cancer cell lines.115,116 It is also important to note that 

some of these compounds present selectivity for cancer cells, none or reduced toxicity toward 

nontumor cells, and good safety profiles.116,117 In addition, PTs and their semisynthetic 

derivatives possess organ-protective effects; they protect organs from chemotherapy-induced 
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toxicities by acting on several molecular targets.113 PTs also revert the resistance of cancer 

cells to several anticancer agents by inhibiting the ATP-binding cassette (ABC) transporters118 

and sensitize cancer cells to the cytotoxic effect of anticancer drugs. Therefore, PTs and their 

semisynthetic derivatives could be used as multifunctional adjuvants in cancer 

chemotherapy.113,118 

Several PTs, including betulinic, oleanolic, and ursolic acids, possess remarkable anti-

inflammatory activities.112,119,120 The association of prolonged inflammation with the 

development and progression of cancers has been reported for a long time. In the early stages 

of neoplastic progression, inflammatory cells work as tumor promoters by releasing growth 

and survival factors, promoting angiogenesis, contributing to the creation of tumor 

microenvironment, and stimulating DNA damage.121,122  The mechanisms underlying the anti-

inflammatory activity of PTs include, among others, the modulation of the expression of 

transcription factors, such as NF-κB and STAT3, the modulation of inflammatory enzymes, 

such as COX-2, 5-LOX, and MMP, and the downregulation of proinflammatory cytokines, 

such as TNF-α, IL-1β, and IL-6.112,119 Therefore, because of their potent anti-inflammatory 

properties, PTs have the potential to prevent and treat cancer. 

Pentacyclic triterpenoids and their semisynthetic derivatives also show antiangiogenic 

effects, both in in vitro and in vivo assays.22,123,124 Based on the crucial importance of 

angiogenesis in tumor growth and dissemination, PTs can be useful agents in the prevention 

of tumor growth, invasion, and metastasis. Other biological effects of PTs that contribute to 

their promising anticancer potential include antioxidant effects, the promotion of the 

redifferentiation of tumor cells, and in vivo chemopreventive effects.22,125 

Finally, it is also important to consider that the potential of PTs to design new drugs 

has been demonstrated by the clinical utility of compounds such as olenolic acid, 

glycyrrhetinic acid and asiaticoside. Additionally, some of the semisynthetic derivatives of 

PTs, including bevirimat, CDDO, CDDO-Me (CDDO methyl ester, bardoloxone methyl), and 

CDDO-Im (CDDO-imidazolide), have entered in clinical trials. The derivative bardoloxone 

methyl exhibited low toxicity and was well tolerated by the great majority of the patients in a 

phase III clinical trial, thus presenting a good safety profile.103,111,126 

As described previously, cancer is a multifactorial disease that is characterized by a 

high level of complexity and involves multiple genes. The traditional treatments for cancer 

are based in surgery, chemotherapy, and radiotherapy, which exhibit a lack of effectiveness in 

the treatment of such a complex disease. Considering the complexity of cancer, modern 

therapeutic strategies focused on the development of new multifunctional drugs, rather than 
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monofunctional ones, represent a more rational approach for the prevention and treatment of 

the disease.22,120 Therefore, PTs as multifunctional compounds that simultaneously inhibit 

various critical events in the initiation, promotion, progression, and dissemination of tumors 

(Fig. 1.13), are ideal candidates for the design of lead compounds aimin the development of 

new anticancer agents.22,112,116,120 The fact that PTs are relatively safe, economic, and readily 

available in nature, strongly support this idea.  

1.4 Asiatic acid 

Asiatic acid (2α,3β,23-trihydroxyurs-12-en-28-oic acid, 1.27, Fig. 1.14) is a 

pentacyclic triterpenoid that is mainly extracted from the tropical medicinal plant Centella 

asiatica (L.) Urb. (family, Apiaceae Lindl.), also known as “Gotu Kola”. The extracts of 

Centella asiatica have been widely used in traditional medicine as wound-healing, brain-

tonic, memory-enhancing, antihypertensive, anti-inflammatory, antimicrobial, antiviral, and 

antifungal agents.127–130 These extracts have also been used in the treatment of venous 

Figure 1.13 Pentacyclic triterpenoids exhibit multiple pharmacological effects that could be useful for the 

prevention and treatment of cancer. 
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diseases, chronic venous insufficiency, gastric ulcers, inflammatory diseases of the liver, and 

leprous lesions, among others.128 The main constituents of the extracts of C. asiatica are four 

ursane-type pentacyclic triterpenoids: asiatic acid 1.27, its analogue madecassic acid 1.28, and 

the saponins asiaticoside 1.29 and madecassicoside 1.30 (Fig. 1.14).127,131 These triterpenoids 

are believed to be responsible for the biological activities displayed by the Centella asiatica 

extracts.130,131 According to the literature, asiatic acid 1.27 appears to be one of the most 

active constituents of these extracts.132,133 Moreover, asiaticoside 1.29, is presumably 

converted in vivo into its aglycone form asiatic acid 1.27, which is responsible for the 

therapeutic effects. 132,134–137 

 

Asiatic acid 1.27 was isolated for the first time in 1941 by Bontems138,139
 and its 

chemical structure was elucidated by Polonsky and colleagues in the 1950s.139–141
 This 

triterpene has five functional groups: three hydroxyl groups at C2, C3, and C23, an olefin 

group at C12, and a carboxylic acid group at C28. 

Figure 1.14 Chemical structures of asiatic acid 1.27, madecassic acid 1.28, asiaticoside 1.29, and 

madecassoside 1.30. 
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1.4.1 Pharmacological activities of asiatic acid  

Asiatic acid 1.27 displays a wide range of pharmacological effects, including wound-

healing, hepatoprotective, neuroprotective, antidiabetic, anti-inflammatory, and anticancer 

activities, among others. 

1.4.1.1 Wound-healing activity 

Wound healing is a dynamic process that is triggered by the body to repair a damaged 

tissue after injury. Asiatic acid 1.27 has long been used in the field of dermatology because of 

its wound-healing properties.134 The extract of Centella asiatica is commercialized under the 

trade name Madecassol®, which has been successfully employed as a wound-healing product 

and for the prevention of scarring.142 Asiatic acid 1.27 is considered the most therapeutically 

active ingredient of Madecassol® 132,134,143, which also contains madecassic acid 1.28 and 

asiaticoside 1.29.142 In vitro studies carried out with human foreskin fibroblast cultures 

revealed that the mechanism of action of the wound-healing process induced by asiatic acid 

1.27 is related with the stimulation of collagen synthesis.144,135 Moreover, some studies 

suggest that the sugar moiety in asiaticoside 1.29 is not required for the stimulation of the 

synthesis of collagen135, and that its therapeutic activity is associated with its in vivo 

conversion to asiatic acid 1.27.134 

1.4.1.2 Hepatoprotective activity 

Liver diseases are a significant health problem, with a high impact on the global 

burden of illness and mortality.145 Asiatic acid 1.27 has been reported to have potent 

hepatoprotective effects against D-galactosamine (D-GaIN)146,147, etanol148, or high-fat diet-

induced hepatotoxicity.149 These results reveal the existence of different mechanisms for the 

hepatoprotection provided by asiatic acid 1.27. This compound showed hepatoprotective 

effects against D-GaIN/lipopolysaccharide (LPS)-induced hepatotoxicity in mice via a 

mechanism that is apparently related with the upregulation of voltage-dependent anion 

channel (VDAC) levels and the inhibition of the process of mitochondrial permeability 

transition.150 Using a co-culture system of D-GaIN/LPS-treated hepatocytes and kuppfer cells, 

Kufien Ma and coworkers showed that pretreatment with asiatic acid 1.27 protects against D-
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GaIN/LPS-induced liver injury through the inhibition of redox-regulated leukotriene C4 

synthase (LTC4S) expression.151 Asiatic acid 1.27 inhibited CCl4 and TGF-beta1-induced 

hepatic stellate cells (HSCs) activation and liver fibrosis in vitro and in vivo via the 

upregulation of hepatic Smad7.152 Recently, Wenjie Guo et al. found that asiatic acid 1.27 

alleviates Con A-induced T-cell-dependent liver injury in mice by triggering the apoptosis of 

activated T cells in a mitochondria-dependent manner.153 

1.4.1.3 Neuroprotective activity 

Historically, the extract of Centella asiatica has been used in Ayurvedic medicine as a 

brain tonic to stimulate learning and memory.154 Several studies reported the neuroprotective 

and cognitive- and memory-enhancing effects of Centella asiatica. 155–157 Asiatic acid 1.27, 

which is one of the main components of Centella asiatica extracts, has been reported to 

possess neuroprotective properties, both in vivo and in vitro. Furthermore, this compound was 

patented as a useful agent for the treatment of dementia and other cognitive disorders.158,159 

In in vitro assays, asiatic acid 1.27 was found to protect B103 cells from Aβ-induced 

neurotoxicity.160,161 This triterpenoid (at 0.01–100 nM) also protected SH-SY5Y neuronal 

cells against rotenone-, Oxygen peroxide (H2O2)-, or glutamate-induced cytotoxicity by 

decreasing voltage-dependent anion channel (VDAC) expression, reducing reactive oxidative 

stress, and preventing mitochondrial dysfunction.162,163 Moreover, asiatic acid 1.27 (at 0.01–

1.0 μM) exhibited neuroprotective effects against C2-ceramide-induced cell death in neuronal 

cells. This effect could be related with a decrease in oxidative stress and avoidance of 

mitochondrial dysfunction and may be regulated by the extracellular-signal-regulated kinase 

(ERK1/2) pathway.164 

Regarding in vivo studies, Krishnamurthy et al. reported that asiatic acid 1.27 (at 75 

mg/kg) significantly reduced infarct volume and improved neurological performances in a 

mouse model of permanent focal cerebral ischemia.165 The mechanism underlying this effect 

could be related with the preservation of mitochondrial function and the inhibition of 

mitochondrial cytochrome c and AIF release from mitochondria.165,166 The neuroprotective 

effect of asiatic acid 1.27 at 75 mg/kg was enhanced when combined with the tissue 

plasminogen activator (at 2.5 mg/kg) in a rat model of focal embolic stroke.166 In other 

studies, asiatic acid 1.27 was found to attenuate cognitive deficits and to improve learning and 

memory in mice.154,162,167,168 Asiatic acid 1.27 also exhibited neuroprotective effects against 
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Parkinson disease-like neurotoxicity in mice by attenuating 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP)-induced apoptotic, oxidative, and inflammatory injury.169 

Using a rat model of spinal cord injury, asiatic acid 1.27 was found to improve the 

recovery of neurological functions after spinal cord injury by suppressing inflammation and 

oxidative stress.170 

1.4.1.4 Antidiabetic activity 

Asiatic acid 1.27 has been reported to possess antidiabetic activities, which could be 

useful for the development of new treatments for both type 1 and 2 diabetes mellitus.171,172 

Diabetes mellitus type 2 is a disease that is characterized by high blood glucose levels as a 

result of defective insulin secretion and of insulin resistance. The main goal of the treatments 

for this disease is to maintain blood glucose homeostasis.173 Glycogen phosphorylases (GPs) 

are enzymes that catalyze the release of glucose from its glycogen storage form 

(glycogenolysis), thus leading to an increase in the glucose levels in the blood.174 Thus, the 

inhibition of GPs has been reported as a valuable therapeutic strategy for the treatment of type 

2 diabetes.175 Asiatic acid 1.27 has been reported to inhibit rabbit muscle GP with an IC50 

value of 17 μM.176,177 The analysis of the X-ray crystal structure of the GP–asiatic acid 1.27 

complex showed that asiatic acid 1.27 binds to GP at the allosteric activator site, which leads 

to the stabilization of the inactive T-state quaternary conformation of the enzyme.176 

In diabetes type 1, the high levels of glucose are related with insulin insufficiency 

caused by the loss or dysfunction of pancreatic beta cells. The administration of asiatic acid 

1.27 to rats with streptozotocin (STZ)-induced diabetes was found to reduce the levels of 

plasma glucose and increase the levels of plasma insulin.171,172,178,179 This glucose-lowering 

effect of asiatic acid 1.27 may be mediated by its ability to prevent the death and promote the 

proliferation of insulin-producing beta cells in islets, via a mechanism involving the activation 

of the pro-survival Akt kinase and the upregulation of Bcl-xL.171 The restoration of normal 

glucose levels by asiatic acid 1.27 could also be mediated by the stimulation of glucose 

uptake into skeletal muscle via the activation of the phosphatidylinositol 3-kinase (PI3K)-Akt 

signaling pathway.179 Using the same in vivo model, asiatic acid 1.27 was found to modulate 

the key enzymes that are responsible for glucose metabolism, such as glucose-6-phosphatase, 

fructose-1,6-bis-phosphatase, glucose-6-phosphate dehydrogenase, pyruvate kinase, among 

others, thus restoring their normal activity and contributing to glucose homeostasis.178 In 
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addition to its antidiabetic effects, asiatic acid 1.27 showed the ability to reduce 

hyperlipidemia (an associated complication in diabetes) in STZ-induced diabetic rats, thus 

preventing the development of vascular complications.172 

1.4.1.5 Anti-inflammatory activity 

The anti-inflammatory properties of asiatic acid 1.27, both in vitro and in vivo, are 

well supported by a large number of studies. Fan et al. reported that TPA-induced ear edema 

was reduced by 54% after treatment with asiatic acid 1.27 at 0.3 mg/ear, a reduction that was 

similar to that obtained after treatment with the standard anti-inflammatory drug indomethacin 

(57%).180 Asiatic acid 1.27 exhibited inhibitory activity against the production of pro-

inflammatory molecules, such as NO and PEG-2, in LPS-stimulated RAW 264.7 

macrophages.181,182 Recently, Tsao and coworkers reported that 4 or 8 μM of asiatic acid 1.27 

protected bronchial epithelial cells (16HBE and BEAS-2B cells) against hydrogen peroxide 

(H2O2)-induced apoptotic, oxidative, and inflammatory stress.183 Moreover, asiatic acid 1.27 

was found to reduce λ-carrageenan-induced paw edema in male ICR mice.184 

The mechanisms underlying the anti-inflammatory effects of asiatic acid 1.27 have 

been studied and may involve the inhibition of inducible nitric oxide synthase (iNOS) and 

cyclooxigenase-2 (COX-2) expression levels, the downregulation of TNF-α, IL-1β, and IL-6, 

and IL-8 and nuclear factor κB (NF-κB) inactivation.181,184,185 

1.4.1.6 Other activities 

 Asiatic acid 1.27 has been reported to have an antifibrotic effect in the kidneys of mice 

with unilateral ureteral obstruction. Mice that were treated orally with this compound showed 

a reduction in tubular injury, a decrease in the volume of extracellular matrix in the 

interstitium, and inhibition of myofibroblast activation and recruitment. The attenuation of 

tubule interstitial fibrosis by asiatic acid 1.27 was associated with the inhibition of the 

transforming growth factor (TGF)-β1/Smad signaling pathway, which plays central roles in 

the development of fibrotic diseases.186,187,188 Asiatic acid 1.27 in combination with 

naringenin was found to produce an additive inhibitory effect on the TGF-β1/Smad pathway, 
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through the upregulation of the protective Smad 7 by asiatic acid 1.27 and the inhibition of 

the pathogenic Smad 3 by naringenin.188 

The antibacterial activity of asiatic acid 1.27 has been reported against several 

bacteria. This triterpenoid had the ability to inhibit the growth of Gram-positive bacteria, such 

as Streptococcus pneumoniae, Staphylococcus aureus [minimum inhibitory concentration 

(MIC) = 28 μg/ml], Listeria monocytogenes (MIC = 36 μg/ml), Enterococcus faecalis (MIC = 

20 μg/ml), and Bacillus cereus (MIC = 40 μg/ml); as well as of Gram-negative bacteria, such 

as Helicobacter pylori, Escherichia coli O157:H7 (MIC = 24 μg/ml), Salmonella typhimurium 

DT104 (MIC = 32 μg/ml), and Pseudomonas aeruginosa (MIC = 36 μg/ml).189–191 The 

antibacterial effect of asiatic acid 1.27 may be mediated by the induction of damage in 

membrane integrity, changes in K+ homeostasis, and promotion of nucleotide release.189 

P. aeruginosa is a Gram-negative bacterium that is responsible for many hospital-

related infections in immunodepressed patients.192 In some cases, P. aeruginosa infections 

develop resistance to antibiotic therapy, at least in part because of the presence of a bacterial 

biofilm.192,193 Asiatic acid 1.27 was found to increase the susceptibility of the P. aeruginosa 

biofilm to treatment with tobramycin.193 

Asiatic acid 1.27 has been reported to attenuate the cardiac hypertrophy induced by 

TGF-β1, IL-1β, or angiotensin II in vitro, or that induced by pressure overload in vivo. The 

mechanisms underlying this effect are related with the downregulation of TGF-β1 and IL-1β, 

blockage of p38 and ERK1/2 phosphorylation, reduction of the NF-κB binding activity, and 

activation of the AMP-activated protein kinase α (AMPKα) signaling pathway.194–196 The 

ability of asiatic acid 1.27 to inhibit the activation of the ERK1/2 and p38 MAPK pathways 

was found to be the mechanism underlying the inhibition of left ventricular remodeling and 

the increase of cardiac function in postinfarct rat hearts.197 Asiatic acid 1.27 was also found to 

protect rat cardiomyoblast cells against high-glucose-induced oxidative, inflammatory, and 

apoptotic injury through a decrease in the production of inflammatory cytokines, inhibition of 

NF-kB and p38 MAPK activation, and downregulation of Bax and cleaved caspase-3.198 

Asiatic acid 1.27 has also been reported to have antiosteoporotic effects. With age, the 

differentiation of bone marrow mesenchymal stromal cells (BMSCs) into osteoblasts 

decreases, while its differentiation into adipocytes increases, resulting in bone loss and the 

development of osteoporosis. The inhibition of the adipogenic differentiation of BMSCs by 
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suppressing the expression of the peroxisome proliferator-activated receptor γ (PPARγ) may 

be the mechanism underling this antiosteoporotic effect.199 

The antihypertensive effects of asiatic acid 1.27 were evaluated in Nω-nitro-L-arginine 

methyl ester hydrochloride (L-NAME)-induced hypertensive rats. The blood pressure was 

reduced and vascular responses were restored after the administration of 10 or 20 mg/kg of 

asiatic acid 1.27.200,201 This antihypertensive effect was related with the decrease in the 

production of the superoxide anion (O2–), the modulation of endothelial nitric oxide synthase 

(eNOS)/p47phox expression, and consequent increase in NO metabolite (NOx) levels.200 The 

ability of asiatic acid 1.27 to decrease hypertension and improve vascular function in an in 

vivo rat model of metabolic syndrome was associated with the decrease in the renin–

angiotensin system and in sympathetic nerve activities and the restoration of eNOS protein 

expression.202 

The microbicidal spermicide activity of asiatic acid 1.27 isolated from Shorea robusta 

resin was evaluated in vivo. Treatment of rat spermatozoa with asiatic acid 1.27 at 125 μg/mL 

resulted in 100% immobilization. The spermicidal activity of asiatic acid 1.27 was related 

with the loss of the integrity of the sperm membrane. This triterpene also showed 

microbicidal activity against bacteria (Escherichia coli ATCC 25938 and Pseudomonas 

aeruginosa 71) and a fungus (Candida tropicalis), but did not affect the viability of the 

normal vaginal flora.203 

Asiatic acid 1.27 showed useful effects in the prevention of malarial infection. This 

compound (at 10 mg/kg) suppressed the induction and progression of parasitemia when 

administered to Sprague–Dawley rats before they became infected with Plasmodium berghe 

and also inhibited the development of anemia associated with malaria. Moreover, animals that 

were pretreated with asiatic acid 1.27 exhibited an increase in food and water intake and in 

body weight compared with infected animals without pretreatment.204 

Asiatic acid 1.27 was also reported to prevent UVA-induced photoaging. The 

mechanism underling this effect may be related with the ability of asiatic acid 1.27 to inhibit 

UVA-modulated signaling pathways. This compound decreased the expression of p53 and 

showed inhibitory effects on the activation and expression of metalloproteinase-2 (MMP-2), 

lipid peroxidation, and production of reactive oxygen species (ROS).205 
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1.4.1.7 Anticancer activity 

The anticancer activity of asiatic acid 1.27 has been explored since the beginning of 

the current century206 in both in vitro assays using cancer cell lines and in vivo assays using 

animal models. Asiatic acid 1.27 was found to suppress proliferation in several cancer cell 

lines, including liver, colon, breast, skin, prostate, lung, cervix, stomach, blood, brain, and 

ovary cell lines (Tables 1.1 and 1.2). The mechanisms underlying the anticancer effect of 

asiatic acid 1.27 have also been investigated in several studies, and various potential 

molecular targets have been identified (Table 1.3). 

Asiatic acid 1.27 was found to inhibit the proliferation of human melanoma cells (SK-

MEL-2) with an IC50 value of 40 μM (Table 1.1, entry 1).207 Induction of apoptotic cell death 

was also observed after treatment of these cells with asiatic acid 1.27. This effect was 

correlated with an increase in the reactive oxygen species, followed by upregulation of Bax 

and activation of caspase-3, and was p53 independent. Alterations in Ca2+ homeostasis 

apparently were not involved in the apoptosis mechanism.207 The antitumor effect of asiatic 

acid 1.27 was also evaluated in an in vivo assay (mouse), in which topical application of 

compound (50 μM) inhibited TPA-induced skin tumor promotion by blocking the NO 

generation and decreasing the expression of iNOS and COX-2.208 

The inhibitory effects of asiatic acid 1.27 on the proliferation of HepG2 human 

hepatoma cells have been reported.206,209,210 Asiatic acid 1.27 induced apoptosis in HepG2 

cells in a time- and concentration-dependent manner. This proapoptotic effect was mediated 

by an increase in the intracellular Ca2+ concentration, which led to the upregulation of p53 

protein levels in the nucleus.206 Additionally, Yapeng Lu and coworkers observed that asiatic 

acid 1.27 induced mitochondrial membrane potential dissipation, depletion of ATP levels, and 

release of cytochrome c from mitochondria to the cytosol. The induction of HepG2 cell death 

by asiatic acid 1.27 was found to be independent of caspases.210  

NDR1/2 kinase is an enzyme that phosphorylates p21cip1/ waf1, thus promoting its 

degradation. Asiatic acid 1.27 at 10 μM was found to decrease NDR1/2 expression, leading to 

an increase in the levels of p21cip1/ waf1 and, consequently, to the inhibition of HepG2 cell 

proliferation.209 
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Table 1.1 Inhibitory effects of asiatic acid 1.27 on the proliferation of several human cancer 

cell lines. 

Entry 
Tumor 

type 
Cell Line 

IC50
 a 

(μM) 
Assay Time (h) Reference 

1 Skin SK-MEL-2 ≈ 40 MTT 48 207 

2 

Lung 
A549 

18.8 CCK-8 72 211 

3 > 100 CCK-8 48 212 

4 > 60 CCK-8 48 213 

5 NCI-H460 39.55 MTT 48 214 

6 

Liver 
HepG2 

4 CCK-8 72 211 

7 >10 MTT 72 215 

8 34.9 MTT 48 214 

9 120 XTT 48 216 

10 119.70 XTT 48 217 

11 BEL-7404 40.78 MTT 48 214 

12 

Stomach 

MGC-803 22.57 MTT 48 214 

13 SGC-7901 36.8 CCK-8 72 211,218 

14 BGC-823 >10 MTT 72 215 

15 MK-1 40 MTT - 219 

16 HGC-27 61.23 CCK-8 72 218 

17 
Colon 

HT-29 75.7 MTS 24 220 

18 SW620 130 XTT 48 216 

a IC50 is the concentration of compound that inhibits 50% of cell growth. 

Asiatic acid 1.27 was also found to inhibit proliferation and to induce apoptosis in 

human colon cancer cells (HT-29 and SW480 cells, Table 1.1, entries 17 and 18).220,221 In HT-

29 cells, asiatic acid 1.27 induced apoptosis via the downregulation of the antiapoptotic Bcl-2 

and Bcl-xL proteins and the activation of the effector caspase 3. Moreover, a synergistic 

effect between asiatic acid 1.27 and irinotecan hydrochloride was observed when HT-29 cells 

were treated with irinotecan hydrochloride prior to the treatment with asiatic acid 1.27.220 

Asiatic acid 1.27 triggered the apoptosis of SW480 cells via the activation of the 
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mitochondrial pathway. Treatment with asiatic acid 1.27 induced mitochondrial membrane 

permeabilization and the release of cytochrome c into the cytosol. Once in the cytosol, 

cytochrome c induced the activation of caspase 9, which in turn led to the activation of 

caspase 3, resulting in the activation of PARP and apoptotic cell death.221 

Table 1.2 Inhibitory effects of asiatic acid 1.27 on the proliferation of several human cancer 

cell lines. 

Entry 
Tumor 

type 
Cell Line 

IC50
 a 

(μM) 
Assay Time (h) Reference 

1 

Breast 

MCF-7 

32.8 CCK-8 72 211 

2 5.95 XTT 48 222 

3 67.58 CCK-8 48 212 

4 57.9 MTT - 223 

5 
MDA-MB-

231 
8.12 XTT 48 222 

6 

Cervix HeLa 

55.1 CCK-8 72 211 

7 91.07 CCK-8 48 212 

8 37.26 MTT 48 214 

9 >10 MTT 72 215 

10 38.9 MTT - 223 

11 34 MTT - 219 

12 80.4 MTS 72 224 

13 
Ovary 

SKOV3 81.85 MTT 72 225 

14 OVCAR3 81.85 MTT 72 225 

15 
Prostate 

PCC-1 42 MTS 24 226 

16 PC-3 53.6 CCK-8 72 211 

17 Blood RPMI 8226 24.88 MTT 48 227 

18 Brain U-87 MG 38.8-61.0 MTT 72 228 

a IC50 is the concentration of compound that inhibits 50% of cell growth. 

An antiproliferative effect of asiatic acid 1.27 has been observed toward the human 

breast cancer cells MCF-7 and MDA-MB-231 (Table 1.2, entries 1–6).211,212,222,223 Asiatic 
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acid 1.27 (at 10 μM) was found to induce cell-cycle arrest at the S–G2/M phase and apoptosis 

in both cell lines. The cell-cycle arrest was mediated by a decrease in the expression of cell-

cycle-related proteins cyclin B1, cyclin A, cdc2, and cdc25c and an increase in the expression 

of p21cip1/waf1, independent of p53. Asiatic acid 1.27 induced apoptosis through the activation 

of the mitochondrial pathway, with upregulation of Bax and downregulation of Bcl-2 and Bcl-

xL, followed by the release of cytochrome c and the activation of caspase 9. The cell-cycle 

arrest and apoptotic cell death induced by asiatic acid 1.27 were apparently mediated by the 

activation of the ERK1/2 and p38 MAPK pathways.222 

Asiatic acid 1.27 exhibited growth-suppressive effects against the SKOV3 and 

OVCAR3 ovary cancer cells (Table 1.2, entries 13 and 14).225 This compound induced cell-

cycle arrest at the G0/G1 phase by decreasing the expression of cyclin D1, cyclin E, CDK2, 

CDK4, and CDK6 and increasing the expression of p21cip1/waf1 and p27kip1. Moreover, SKOV3 

and OVCAR3 cells treated with asiatic acid 1.27 underwent apoptosis via a mechanism 

involving the alteration of the Bax/Bcl-2 ratio, the activation of caspases 9 and 3 and the 

cleavage of PARP.225 The anticancer effects of asiatic acid 1.27 on SKOV3 and OVCAR3 

cells were related with the inactivation of the PI3K/Akt/mammalian target of rapamycin 

(mTOR) pathway225, which is believed to be critical for the development of ovarian 

cancers.229 

Antiproliferative and proapoptotic effects of asiatic acid 1.27 have been reported on 

human prostate cancer cells (PPC-1) (Table 1.2, entry 15).226 Treatment of PPC-1 cells with 

asiatic acid 1.27 at 100 μM for 7.5 h led to the disruption of the endoplasmic reticulum, with 

subsequent release of Ca2+ into the cytoplasm. Once in the cytoplasm, Ca2+induced the loss of 

mitochondrial potential and the activation of caspases 2, 3, and 8. These results revealed that 

asiatic acid 1.27 induced apoptosis via a caspase-dependent mechanism.226 However, cell 

death through a caspase-independent mechanism was also observed when PPC-1 cells were 

treated with asiatic acid 1.27 for 24 h.226 

The proliferation of multiple myeloma RPMI 8226 cells was inhibited by asiatic acid 

1.27 in a time- and dose-dependent manner, with an IC50 value of 24.88 μM (Table 1.2, entry 

17). Cell-cycle arrest at the G2/M phase and decreased expression levels of focal adhesion 

kinase (FAK) and p-FAK were observed after treatment of RPMI 8226 cells with asiatic acid 

1.27.227 FAK is a tyrosine kinase that plays critical roles in angiogenesis and cancer 



Introduction 

39 

 

progression.230 Thus, the antiproliferative effect of asiatic acid 1.27 against RPMI 8226 cells 

may be mediated by cell-cycle arrest at the G2/M phase and inhibition of the FAK signaling 

pathway.227 

Malignant gliomas are one of the most deadliest types of cancers. This type of cancer 

has very poor prognosis, mainly because of sustained and excessive angiogenesis by glioma 

cells.231 Asiatic acid 1.27 has been found to possess strong antiangiogenic effects, both in 

vitro and in vivo. This compound (at 20 μM) prevented the proliferation, invasion, and 

migration of human umbilical vein endothelial cells (HUVEC) and human brain 

microvascular endothelial cells (HBMEC). Moreover, asiatic acid 1.27 decreased the 

secretion of the vascular endothelial growth factor (VEGF) by glioblastoma cells (LN18 and 

U-18 MG), which resulted in the inhibition of the VEGF-induced tube formation and 

invasiveness of endothelial cells toward glioma cells.231 Using the Matrigel plug assay, asiatic 

acid 1.27 was also shown to inhibit VEGF-stimulated angiogenesis in vivo.231  

Asiatic acid 1.27 was found to induce the death of human glioblastoma cells (U-87 

MG, LN-18, and U-118 MG cells)232,233 with greater efficacy than did temozolomide, which 

is a drug that is used in the clinic for the treatment of glioblastoma.233 Glioblastoma cells 

treated with asiatic acid 1.27 underwent apoptosis through a mechanism related with the 

induction of endoplasmic reticulum stress, increase of intracellular Ca2+ levels, decrease of 

mitochondrial membrane potential, activation of caspases 9, 8, and 3, downregulation of Bid 

and Bcl-2, and upregulation of Bad.232,233 Asiatic acid 1.27 also decreased the expression of 

survivin in LN-18 and U-118 MG cells.233 In U-87 MG cells, asiatic acid 1.27 not only 

induced apoptosis, but also necrosis, apparently with prevalence of the latter. The increase in 

the intracellular Ca2+ levels observed after treatment with asiatic acid 1.27 may be involved in 

the process of necrotic cell death.232 

Asiatic acid 1.27-loaded solid lipid nanoparticles (SLNs) were successfully prepared 

to deliver asiatic acid 1.27 with higher efficiency across the blood–brain barrier (BBB) to 

cancer tissues. It was found that U-87 MG cells preferentially internalized the asiatic acid 

1.27-loaded SLNs compared with SVG P12 human fetal glial nontumor cells, which was 

reflected in the higher toxicity of asiatic acid 1.27-loaded SLNs towards cancer U-87 MG 

cells vs SVG P12 cells. Both apoptotic and necrotic types of cell death were induced by 

asiatic acid 1.27-loaded SLNs in U-87 MG cells.228 

The antiproliferative effects of asiatic acid 1.27 against glioblastoma were also 

evaluated using an in vivo assay. The oral administration of asiatic acid 1.27 (30 mg/kg/day) 
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decreased the growth of ectopic U-87 MG xenografts in nude mice. In mouse brains that had 

undergone implantation of U-87 MG cells, asiatic acid 1.27 administered orally also reduced 

the volume of U-87 MG xenografts by 60% compared with nontreated mice, suggesting that 

asiatic acid 1.27 has the ability to cross the BBB. No toxicity was observed after the oral 

administration of this compound.233 

As summarized in this section and in Table 1.3, asiatic acid 1.27 induces cell-cycle 

arrest and apoptosis in several cell lines from different types of cancer. However, the effect of 

asiatic acid 1.27 on the cell cycle varies according to type of cancer; for example, in 

OVCAR3 and SKOV3 cells (Table 1.3, entries 7 and 8), asiatic acid 1.27 induced cell-cycle 

arrest at the G0/G1 phase, whereas in RPMI 8226 cells (Table 1.3, entry 13), it induced cell-

cycle arrest at the G2/M phase. The molecular targets of asiatic acid 1.27 also are different 

according to type of cancer, suggesting that several molecular mechanisms mediate the 

anticancer effect of asiatic acid 1.27. Nevertheless, it is important to note that some molecular 

targets are common among cell lines from different types of cancer. Asiatic acid 1.27 is a 

multifunctional compound and affects multiple signaling pathways to inhibit the proliferation 

of, and induce apoptosis in, cancer cells. Because of these anticancer properties, asiatic acid 

1.27 is a valuable compound that could be used as a starting point for the development of 

effective drugs for prevention and treatment of cancer. 
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Table 1.3 Molecular targets and effects of asiatic acid 1.27. 

Entry 
Tumor 

type 
Cell Line Proliferation Cell cycle Apoptosis 

Molecular targets/Mechanism 

of action 
Ref. 

1 Skin SK-MEL-2   -   

↑ Intracellular ROS 

↑Bax 

↑ Caspase 3 

207 

2 Liver HepG2   -   

↑intracellular Ca2+ 

↑ p53 

↑ p21waf1/cip1 

206,209 

3 

Colon 

SW480   -   
↓Bcl-2, Bcl-xL 

Cytochrome c release 

↑ Caspases 3 and 9 

Cleavage of PARP  

221 

4 HT-29   -   220 

5 

Breast 

MCF-7   Arrest at S-

G2/M 

Arrest at S-

G2/M 

 

  
↓CyclinB1, CyclinA 

↓Cdc2, Cdc25 

↑p21cip1/waf1 

↑ERK1/2, p38 MAPK 

222 
6 

MDA-MB-

231 
    

7 

Ovary 

SKOV3   
Arrest at 

G0/G1 phase 
  

↓PI3K/Akt/mTOR 

↓ Cyclin D1, Cyclin E, CDK2, 

CDK4 and CDK6 

↑ p21cip1/waf1, p27kip1 

↑Caspases 9 and 3 

Cleavage of PARP 

↑Bax 

↓Bcl-2 

225 

8 OVCAR3   
Arrest at 

G0/G1 phase 
  

9 Prostate PPC-1 - -   
↑ Caspases 2, 3 and 8 

↑Intracellular Ca2+ 

226 

10 

Brain 

U-87 MG   - 

  

↑ ER stress 

↑ Intracellular Ca2+ 

↓Mito. Memb. Potential 

↓ Bid, Bcl-2 

↑Bax 

↑Caspase 9, 8 and 3 

↓ survivin 

↓ VEGF 

231, 

232, 

233 

11 LN18    

12 U-118 MG    

13 Blood RPMI 8226   
Arrest at 

G2/M 
- 

↓ FAK 

↓ pFAK 

227 
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1.4.2 Semisynthetic derivatives of asiatic acid with anticancer 

activity 

Small modifications in the backbone of triterpene compounds may have a significant 

impact on their biological activities. In light of this observation, several semisynthetic 

derivatives of asiatic acid 1.27 have been prepared by different research groups, to obtain 

novel compounds with improved anticancer properties compared with the parental compound. 

Modifications in the three hydroxyl groups located at positions 2, 3, and 23, in the position 

11, and in the carboxylic acid located at position 28 of asiatic acid 1.27 are the most 

commonly reported. 

Jew et al. prepared a panel of asiatic acid 1.27 derivatives containing a modified A-

ring 1.31–1.39 (Fig. 1.15).139 These new compounds were tested for their antiproliferative 

activities against lymphoid neoplasm (P388D1) and melanoma (Malme-3M) cancer cell lines 

and against a nontumor cell line (Detroit 551), to evaluate selectivity (Table 1.4).139 

Figure 1.15 Asiatic acid derivatives 1.31–1.39. 
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Compound 1.32 (Table 1.4, entry 2), with a lactol A-ring, showed antiproliferative 

activity against P388D1 and Malme-3M cells, with IC50 values of 8.6 and 18 μM, 

respectively, while it displayed a lower toxicity against the nontumor cell line Detroit 551 

(about 6 and 3 times less toxic).139 

Table 1.4 Cytotoxic activity, expressed as IC50 values, of derivatives 1.31–1.39 against the 

P388D1 and Malme-3M human cancer cell lines and a nontumor cell line (Detroit 551).a 139 

Entry Compound 
Cell line/ IC50 (μM) b 

P388D1 Malme-3M Detroit 551 

1 1.31 14 -. - 

2 1.32 8.6 18 55.5 

3 1.33 5 6 9.7 

4 1.34 0.9 - - 

5 1.35 6.5 - - 

6 1.36 63 - - 

7 1.37 58.1 - - 

8 1.38 9.2 - - 

9 1.39 46.8 - - 

a Cells were treated with increasing concentrations of each compound for 24 h. Cell viability was determined 

using MTT. 

b IC50 is the concentration of compound that inhibits 50% of cell growth. 

The derivative 1.33 (Table 1.4, entry 3), bearing a vinyl aldehyde in a pentameric A-

ring, showed significant antiproliferative activity against the P388D1 and Malme-3M cancer 

cell lines, with IC50 values of 5 and 6 μM, respectively. Compound 1.34 (Table 1.4, entry 4), 

bearing a succinic ester moiety at C23, was the most active compound of this panel of 

derivatives (1.31–1.39), displaying an IC50 value of 0.9 μM in PD388D1 cells.139 

Compound 1.39 (Table 1.4, entry 9), with a hydroxymethyl at C2, was less active than 

compound 1.38 (Table 1.4, entry 8), with a methyl group at C2, and significantly less active 

than compound 1.33 (Table 1.4, entry 3), with an aldehyde group at C2. 
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A panel of C28-substituted asiatic acid 1.27 derivatives, 1.40–1.51, was prepared (Fig. 

1.16) and their cytotoxic activities were evaluated against human cervical (HeLa), hepatic 

(HepG2), gastric (BGC823), and ovary (SKOV3) cancer cell lines (Table 1.5).215 

 

Figure 1.16 Asiatic acid derivatives 1.40–1.51. 

The ester derivative 1.40 (Table 1.5, entry 2) and asiatic acid 1.27 exhibited a similar 

cytotoxic activity against the HeLa and BGC823 cell lines, whereas the derivatives 1.41 and 

1.42 (Table 1.5, entries 3 and 4), bearing amide moieties at C28, displayed a more potent 

antiproliferative activity compared with asiatic acid 1.27 against HeLa and BGC823 cells. 

The diethyl amide derivative 1.43 (Table 1.5, entry 5) was found to be the most active 

compound of this panel, with IC50 values of 0.65, 0.12, and 3.94 μM against HeLa, BGC823, 

and SKOV3 cells, respectively. The derivatives 1.44–1.46, 1.48, and 1.49 also displayed 

better antitumor activity than did asiatic acid 1.27 against HeLa, HepG2, and BGC823 cells. 

The introduction of an amide substituent at C28 increased antitumor activity.215 The nature of 

the amide substituent also affected antitumor activity. The authors concluded that the 

introduction of a carbonyl group at C11 apparently was not essential for the cytotoxic activity 

of the compound.215 
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Table 1.5 Cytotoxic activities, expressed as IC50, of derivatives 1.40–1.51 against the HeLa, 

HepG2, BGC823, and SKOV3 human cancer cell lines.a 215 

Entry Compound 
Cell line/ IC50 (μM) b 

HeLa HepG2 BGC823 SKOV3 

1 Asiatic acid 1.27 > 10 > 10 > 10 - 

2 1.40 > 10 - > 10 > 10 

3 1.41 2.56 - 4.44 10.33 

4 1.42 1.52 - 2.65 7.39 

5 1.43 0.65 - 0.12 3.94 

6 1.44 1.77 2.88 1.45 - 

7 1.45 2.28 4.66 2.39 - 

8 1.46 5.45 7.86 8.13 - 

9 1.47 16.66 17.86 11.8 - 

10 1.48 1.14 4.79 1.51 - 

11 1.49 3.32 5.94 4.54 - 

12 1.50 26.62 > 10 > 10 - 

13 1.51 4.78 6.84 8.75 - 

a Cells were treated with increasing concentrations of each compound for 48 h. Cell viability was determined 

using an MTT assay. 

b IC50 is the concentration of compound that inhibits 50% of cell growth. 

Derivatives 1.52–1.58 (Fig. 1.17), bearing a dihydroxyl group at C3 and C23 protected 

with acetonide and substituted at C2, were prepared and their antiproliferative activities were 

evaluated against several cancer cell lines.212,213 An improvement in antiproliferative activity 

was observed for the acetonide derivative 1.52 (Table 1.6, entry 2) compared with asiatic acid 

1.27 (Table 1.6, entry 1) against the tested cell lines. The conversion of the C28 carboxylic 

group to methyl ester in compound 1.53 (Table 1.6, entry 3) reduced the biological 

activity.212,213 
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Figure 1.17 Chemical structures of asiatic acid derivatives 1.52–1.58. 

The derivative 1.54 (Table 1.6, entry 4), containing a succinic ester at C2, was 

significantly more active than was asiatic acid 1.27 against the non-small cell lung cancer cell 

lines A549 and PC9/G, displaying IC50 values of 26.03 and 25.57 μM, respectively. 

Derivative 1.55 (Table 1.6, entry 5) showed no activity against A549 or PC9/G cells, while 

compound 1.56 (Table 1.6, entry 6) was particularly active against PC9/G cells, displaying an 

IC50 value of 21.66 μM.213 

Additional studies that were performed to clarify the mechanism underlying the 

antitumor effect of compound 1.55 against A549 and PC9/G cells revealed that the growth-

inhibitory activity of this compound may be related to the downregulation of the 

Ras/Raf/MEK/ERK pathway and the arrest of the cell cycle at the G1/S and G2/M phases.213 
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Table 1.6 Cytotoxic activity, expressed as IC50, of derivatives 1.52–1.58 against the A549, 

PC9/G, MCF-7, and HeLa human cancer cell lines.a 212,213 

Entry Compound 
Cell line/ IC50 (μM)b 

A549 PC9/G MCF-7 HeLa 

1 Asiatic acid 1.27 > 60 > 60 67.58 91.07 

2 1.52 34.73 52.45 59.85 60.04 

3 1.53 48.86 47.61 >100 >100 

4 1.54 26.03 25.57 45.55 55.63 

5 1.55 > 60 > 60 - - 

6 1.56 40.21 21.66 - - 

7 1.57 33.61  - 21.12 23.75 

8 1.58 13.13  - 7.58 8.13 

a Cells were treated with increasing concentrations of each compound for 48 h. Cell viability was determined 

using the Cell Counting Kit-8 (CCK-8). 

b IC50 is the concentration of compound that inhibits 50% of cell growth. 

Compounds 1.57 and 1.58 (Table 1.6, entries 7 and 8) showed increased growth-

inhibitory activity against A549, MCF-7, and HeLa cells compared with asiatic acid 1.27. The 

piperazine derivative 1.58 was the most active compound against these cell lines, with IC50 

values of 13.13, 7.58, and 8.13 μM, respectively. The treatment of A549, MCF-7, and HeLa 

cells with 1.58 resulted in cell-cycle arrest, which may be related with the upregulation of 

p16Ink4a and p21cip1/waf1 and the downregulation of cyclin D1, cyclin B, and CDK1.212 

A panel of aniline derivatives of asiatic acid 1.27 was synthesized (Fig. 1.18) and 

tested against human gastric (MGC-803), lung (NCI-H460), liver (HepG2 and 7404), and 

cervix (HeLa) cancer cell lines. The growth-inhibitory activities of asiatic acid 1.27 

derivatives were also evaluated against a nontumor cell line (HUVEC), to assess selectivity 

(Table 1.7).214 

 



Chapter 1 

48 

 

Figure 1.18 Chemical structures of aniline asiatic acid derivatives 1.59–1.78. 

The majority of the synthesized derivatives (1.59–1.78) displayed higher growth 

inhibitory activities against the tested cancer cell lines than did the parental compound asiatic 

acid 1.27 (Table 1.7). Compounds 1.60 and 1.69 (Table 1.7, entries 3 and 12) were the most 

active compounds against the HepG2 cell line, displaying IC50 values of 5.97 and 8.89 μM, 

respectively.214 

No obvious differences in antiproliferative activities were observed between the 

derivatives with a monosubstituted acyl phenyl ring (1.59–1.70) and the derivatives with a 

disubstituted acyl phenyl ring (1.71–1.76).214 

The results of in vitro cytotoxicity experiments revealed that the introduction of a 

carbonyl group at C11 and an amide group at C28 had a positive impact  anticancer 

activity.214 

Compounds 1.59–1.78 displayed a much lower cytotoxic activity toward the HUVEC 

cell line (IC50> 100 μM) than against cancer cell lines, which revealed that these compounds 

exhibit selectivity for cancer cell lines.214 
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Table 1.7 Cytotoxic activity, expressed as IC50, of derivatives 1.59–1.78 against the MGC-

803, NCI-H460, HepG2, HeLa, and 7404 human cancer cell lines and a nontumor cell line 

(HUVEC).a 214 

Entry Compound 

Cell line/ IC50 (μM) b 

MGC-

803 

NCI-

H460 
HepG2 HeLa 7404 HUVEC 

1 
Asiatic acid 

1.27 
22.57 39.55 34.9 37.26 40.78 > 100 

2 1.59 19.91 61.63 > 100 32.55 23.24 > 100 

3 1.60 14.33 23.58 5.97 28.18 14.13 > 100 

4 1.61 26.59 31.94 > 100 20.76 > 100 > 100 

5 1.62 19.44 24.41 11.60 14.2 34.43 > 100 

6 1.63 22.50 12.8 29.83 13.1 17.20 > 100 

7 1.64 15.52 24.84 20.43 16.23 22.44 > 100 

8 1.65 20.59 31.18 21.27 18.46 > 100 > 100 

9 1.66 21.18 21.78 19.38 14.58 16.11 > 100 

10 1.67 14.61 30.16 22.62 32.45 > 100 > 100 

11 1.68 18.96 18.44 10.91 34.5 16.25 > 100 

12 1.69 24.31 23.05 8.89 17.81 23.47 > 100 

13 1.70 30.07 > 100 16.62 > 100 > 100 > 100 

14 1.71 14.09 24.21 19.38 14.25 19.07 > 100 

15 1.72 20.08 19.05 18.42 16.04 20.57 > 100 

16 1.73 13.94 21.45 13.75 12.4 17.20 > 100 

17 1.74 16.03 16.45 28.36 9.71 17.39 > 100 

18 1.75 14.63 23.82 22.79 15.69 17.03 > 100 

19 1.76 20.66 27.52 25.47 16.03 15.72 > 100 

20 1.77 19.88 16.59 21.31 14.01 20.44 > 100 

21 1.78 > 100 12.16 > 100 26.88 > 100 > 100 

a Cells were treated with increasing concentrations of each compound for 48 h. Cell viability was determined 

using an MTT assay. 

b IC50 is the concentration of compound that inhibits 50% of cell growth. 
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Mechanistic studies revealed that compound 1.60 induced cell-cycle arrest at the G1 

phase and apoptosis in HepG2 cells. The proapoptotic effect of compound 1.60 was related to 

the generation of ROS and the activation of the intrinsic mitochondrial pathway.214 

The asiatic acid 1.27 amino acid derivatives 1.79–1.93 (Fig. 1.19) were prepared and 

their anticancer effects were evaluated in vitro against lung (A549), cervix (HeLa), liver 

(HepG2), gastric (SGC7901), breast (MCF-7), and prostate (PC-3) human cancer cell lines 

and a melanoma (B16F10) mouse cell line (Table 1.8). The antiangiogenic activity of these 

derivatives was evaluated in vivo using a larval zebrafish model.211 

 

 

Figure 1.19 Chemical structures of asiatic acid amino acid derivatives 1.79–1.93. 

Compound 1.79 (Table 1.8, entry 2) exhibited lower antiproliferative activities than 

did asiatic acid 1.27 (Table 1.8, entry 1) against A549, B16-F10, and HepG2 cells. The 

triacetylated derivatives 1.80–1.86 (Table 1.8, entries 3–9) were more active than asiatic acid 

1.27, whereas the correspondent trihydroxy derivatives 1.87–1.93 (Table 1.8, entries 10–16) 
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were less actives than asiatic acid 1.27. The acetylation of C2, C3, and C23 hydroxyl groups 

combined with the introduction of amino acid methyl ester moieties at C28 had a positive 

effect on anticancer activity.211 

Table 1.8 Cytotoxic activity, expressed as IC50, of derivatives 1.79–1.93 against the A549, 

HeLa, HepG2, SGC-7901, MCF-7, and PC-3 human cancer cell lines and a melanoma 

(B16F10) mouse cell line.a 211 

Entry Compound 

Cell line/ IC50 (μM) b 

A549 B16-F10 HeLa HepG2 SGC-7901 MCF-7 PC-3 

1 
Asiatic acid 

1.27 
18.8 20.4 55.1 4.0 36.8 32.8 53.6 

2 1.79 21.1 > 50 24.2 10.2 - - 17.5 

3 1.80 5.7 2.9 9.2 0.3 14.2 12.1 10.9 

4 1.81 7.4 5.8 11.0 1.8 4.5 5.6 > 10 

5 1.82 3.1 4.4 5.1 0.3 9.2 3.9 10.1 

6 1.83 2.0 17.1 4.2 1.7 4.7 > 50.0 > 10.0 

7 1.84 33.9 3.8 32.3 1.4 - 17.0 10.2 

8 1.85 2.4 11.3 3.7 4.1 9.6 12.8 > 10 

9 1.86 2.4 4.2 4.8 0.9 4.6 4.5 9.2 

10 1.87 - - - 14.0 - - > 50.0 

11 1.88 30.2 > 50.0 - 18.7 - > 50.0 > 50.0 

12 1.89 21.8 > 50.0 19.2 20.5 - 17.1 - 

13 1.90 25.4 > 50.0 13.8 - - - - 

14 1.91 - - - 16.5 - - > 50.0 

15 1.92 25.0 24.2 - - - - - 

16 1.93 - - 21.3 - - - - 

a Cells were treated with increasing concentrations of each compound for 72 h. Cell viability was determined 

using CCK-8. 

b IC50 is the concentration of compound that inhibits 50% of cell growth. 

The L-proline methyl ester derivative 1.86 exhibited the best antiproliferative profile, 

displaying IC50 values of 2.4 and 0.9 μM against the A549 and HepG2 cell lines, respectively. 

Derivatives 1.80–1.87 were also found to possess stronger antiangiogenic activity than asiatic 

acid 1.27. Stability studies revealed that compound 1.86 was stable at 37 °C and –20 °C over 

several days.211 
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Compound 1.86 also showed inhibitory activities against SGC-7901 and HGC-27 

human gastric cancer cells, displaying IC50 values of 4.48 and 7.92 μM, respectively. 

Conversely, this compound did not show significant toxicity against human gastric mucosa 

epithelial cells (GES-1).218 Additional mechanistic studies revealed that treatment of SGC-

7901 and HGC-27 cells with compound 1.86 resulted in cell-cycle arrest at the G0/G1 phase 

and induction of apoptosis with downregulation of Bcl-2, caspase 3, and c-Myc and 

upregulation of Bax. This compound also suppressed the invasion and migration of both 

gastric cancer cells.218 

 As depicted in this section, chemical modifications of asiatic acid 1.27 to produce 

derivatives have been successful in improving its anticancer activity. However, the number of 

semisynthetic derivatives that have been synthesized and investigated with respect to their 

anticancer activity are still quite limited. Therefore, there is a great interest in the synthesis 

and evaluation of new asiatic acid 1.27 derivatives in order to found potential candidates for 

the development of effective drugs for prevention and treatment of cancer. 
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Each year, millions of people die from cancer and millions of new cancer cases 

are diagnosed. Moreover, the burden of cancer is expected to rise in the next few years. 

The current armamentarium against cancer has limitations, including the development 

of drug resistance by some types of cancer and the toxicity related with nonspecific 

effects. Thus, there is an urgent need for more-effective drugs for the prevention and 

treatment of cancer. 

Asiatic acid 1.27 is a pentacyclic triterpenoid with recognized anticancer 

properties. This multifunctional compound targets various signaling pathways. 

Moreover, the anticancer activity and the pharmacokinetic properties of asiatic acid 

1.27 can be modulated through structural modifications. Therefore, asiatic acid 1.27 is 

a promising candidate for the design of new leads for drug discovery in the field of 

cancer. 

Given these considerations, the work presented in this thesis has the following 

general objectives: 

2.1 Synthesis of new semisynthetic derivatives of asiatic 

acid 

The preparation of new asiatic acid 1.27 derivatives was designed to follow 

three main synthetic strategies:  

1. Introduction of fluorine into the asiatic acid 1.27 backbone; 

 

2. Introduction of an α,β-unsaturated carbonyl group or a nitrile group in the structure 

of asiatic acid 1.27; 

 

3. Conversion of the C28 carboxylic acid into amides or hydroxamic acids in 

combination with additional modifications in the A-ring. 

The structures of all new semisynthetic derivatives should be elucidated using 

several analytical techniques including IR, MS, 1H NMR, and 13C NMR. 



Chapter 2 

56 

 

2.2 Evaluation of the anticancer activity of the new 

derivatives prepared 

To investigate the anticancer properties of the new derivatives, their 

antiproliferative activities should be evaluated in several human cancer cell lines and 

the IC50 values should be determined. A structure–activity relationship should be 

established based on the IC50 values.  

The compounds with the best antiproliferative profiles against the cancer cell 

lines should also be tested against a nontumor cell line, to assess selectivity. 

2.3 Preliminary investigation of the mechanism underlying 

the anticancer effect of the most active compounds. 

The most active compounds of each panel of derivatives should be further 

investigated in order to shed some light on the mechanisms underlying their anticancer 

activities. Several assays should be used to investigate these mechanisms of action, 

including: 

 Cell-cycle flow cytometry assay: to investigate the effect of the compounds on 

cell-cycle distribution; 

 

 Morphological analysis and annexin V-FITC/PI double staining assay: to 

evaluate the ability of the compounds to induce apoptosis; 

 

 Western blotting: to investigate some of the molecular targets of the 

compounds tested. 

In addition to these assays, the existence of synergism between cisplatin (an anticancer 

agent that is widely used in clinical settings) and at least one of the new derivatives of asiatic 

acid 1.27 should also be investigated. 

The final goal of this work is to select the best compounds for in vivo evaluation of 

their anticancer potential. 
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3.1 Introduction 

Fluorine is a small and highly electronegative atom that, because of these unique 

properties, markedly affects the chemical, physical, and biological properties of organic 

molecules.234,235 In the field of pharmaceuticals, the incorporation of fluorine into molecular 

structures may improve their metabolic and chemical stability, increase their lipid solubility 

and membrane permeability, and enhance the binding affinity of the drug to molecular 

targets.234–237 As a consequence of the remarkable properties of organofluorine compounds, 

fluorine has gained an increasingly important role in the design and development of new 

drugs237–240, which is reflected in the number of drugs currently in the market that contain 

fluorine atoms (20% of all pharmaceuticals).241  

The enormous potential of fluorinated drugs in the field of cancer treatment started to 

be explored in 1957 by Heidelberger and coworkers, who prepared the well-known 5–

fluorouracil compound, which has been used for the treatment of several solid tumors.240 

Since then, many other fluorinated antitumor agents have been successfully developed and 

approved for the clinical treatment of several types of cancer,240 these include fludarabine 

(Fludara®), fulvestrant (Faslodex®; AstraZeneca), nilutamide (Nilandron®, Anandron®), and 

flutamide (Eulexin®), among others.240 

Naturally occurring organofluorine compounds are very rare in nature,240 and carbon–

fluorine bond formation is a challenging chemical transformation.242 Therefore, this growing 

use of fluorinated molecules was only possible because of advances in the field of fluorine 

chemistry, which led to the development of a wide variety of nucleophilic and electrophilic 

fluorinating agents. The nucleophilic fluorinating reagents used most widely are DAST and 

Deoxo-fluor® (Fig. 3.1).243,244 These reagents, under mild conditions, fluorinate a hydroxyl or 

carbonyl group to afford the corresponding fluorinated derivatives in good yields and with 

high efficiency and selectivity.244 The electrophilic fluorination was initially performed using 

elemental fluorine. However, the high toxicity and low selectivity of fluorine and the need for 

special equipment and care for safe handling limited the use of such method.245 The need for 

safe, selective, and efficient methods of electrophilic fluorination led to the development of 

Selectfluor® (Fig. 3.1). This reagent proved to be remarkably stable, nontoxic, and easy to 

handle and has been found to be very effective for the fluorination of a wide variety of 

organic compounds.246,247  
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In the last few years, some fluorinating reagents have been used with relative success 

to prepare fluorinated derivatives of terpene-type compounds,241,248 including triterpenoids.249 

Moreover, our group recently reported the synthesis of a series of ursolic acid fluorolactone 

derivatives that exhibited promising antiproliferative activities.250 Taking into account our 

previous results and the fact that fluorination often imparts desirable properties to bioactive 

molecules,234 a series of fluorolactone and fluorolactam derivatives of asiatic acid 1.27 was 

prepared using the electrophilic fluorinating reagent Selectfluor®, aiming to improve the 

anticancer properties of the parental compound asiatic acid 1.27.  

3.2 Results 

3.2.1 Chemistry 

3.2.1.1 Synthesis and structural elucidation 

Asiatic acid 1.27 has three hydroxyl groups at C2, C3 and C23, an olefin group at C12 

and a carboxylic acid group at C28. Structural modifications were carried out in these 

functional groups in order to obtain the semisynthetic derivatives and to study structure-

activity relationships (SAR). The structures of all new synthesized derivatives were elucidated 

by infrared spectroscopy (IR), mass spectrometry (MS) and nuclear magnetic resonance 

Figure 3.1 Chemical structures of the fluorinating reagents DAST, Deoxo-fluor® and Selectfluor®. 
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(NMR) spectroscopy. As shown in Scheme 3.1 the preparation of fluorinated asiatic acid 1.27 

derivatives started with the treatment of asiatic acid 1.27 with Selectfluor® in a mixture of two 

inert solvents, nitromethane and dioxane, at 80 ºC250, to afford the 12β-fluorolactone 

derivative 3.1 in 61% yield. Derivatives 3.2 and 3.3 were prepared in good yields by 

esterification of the three hydroxyl groups of compound 3.1 with acetic and butyric 

anhydrides respectively in tetrahydrofuran (THF) in the presence of 4-dimethylaminopyridine 

(DMAP) (Scheme 3.1).  

 

Scheme 3.1 Synthesis of derivatives 3.1–3.3. Reagents and conditions: a) Selectfluor®, dioxane, nitromethane, 

80 ºC; b) Acetic anhydride or butyric anhydride, DMAP, THF, rt. 

The presence of the fluorolactone moiety in derivatives 3.1–3.17, was confirmed by 

the presence in 1H NMR of a double triplet or a double quartet at 4.85–5.00 ppm, with a 

coupling constant of around 45 Hz, typical of the germinal proton (H12) for the β-fluorine 

(Fig. 3.2). In addition, the characteristic 13C NMR signal for C12 was observed as a doublet 

ranging from 88.6 to 89.5 ppm, with a coupling constant of around 186 Hz. The 13C signal for 

C13 also appeared as a doublet ranging from 91.5 to 92.0 ppm with a coupling constant of 

around 14 Hz (Fig. 3.3). These 1H NMR and 13C NMR signals are typical of the β-fluorine 

isomer.250 
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Figure 3.2 1H NMR spectrum of compound 3.1. 

 

 

 

Figure 3.3 13C NMR spectrum of compound 3.1. 
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Reaction of 3.1 with dry acetone and a catalytic amount of HCl in the presence of 

activated molecular sieves,251 afforded the alcohol acetonide derivative 3.4 (Scheme 3.2), 

which was oxidized with pyridinium dichromate (PDC) in dichloromethane to give the 2-oxo 

derivative 3.5 in 39% yield. The deprotection of acetonide 3.5 with HCl 1 M, in THF, 

followed by acetylation of C3 and C23 hydroxyl groups with acetic anhydride, gave the 

diacetylated compound 3.7 (Scheme 3.2). 

A known procedure was adapted for the synthesis of compounds 3.8 and 3.9.252 

Oxidation of compound 3.1 with NaIO4 in methanol/water gave the lactol derivative 3.8, in 

59% yield, which opened in the presence of catalytic amounts of piperidine and acetic acid in 

benzene at 60 ºC and underwent recyclization to give the α,β-unsaturated aldehyde derivative 

3.9 in 62% yield (Scheme 3.3). 

 

Scheme 3.2 Synthesis of derivatives 3.4–3.7. Reagents and conditions: a) Dry acetone, molecular sieves 

4 Å, HCl, rt; b) PDC, acetic anhydride, DCM, reflux; c) aq. HCl 1 M, THF, rt; d) Acetic anhydride, 

DMAP, THF, rt. 



Chapter 3 

64 

 

The presence of the α,β-unsaturated aldehyde moiety in compound 3.9 was confirmed 

by the presence in the 1H NMR spectrum of a signal at 9.71 ppm, corresponding to the CHO 

proton and a signal at 6.74 ppm, corresponding to the proton H3 (Fig. 3.4). The signals 

corresponding to the tertiary carbons CHO and C3 were found at 190.4 and 161.6 ppm, 

respectively, in the 13C NMR spectrum (Fig. 3.5). The signals corresponding to the quaternary 

carbons C28 and C2 were observed at 179.1 and 159.0 ppm, respectively, as these signals 

were not present in the DEPT 135 spectrum (Fig. 3.6). These data were constant for all the 

derivatives containing an α,β-unsaturated aldehyde moiety (3.9–3.16). 

 

 

Scheme 3.3 Synthesis of derivatives 3.8 and 3.9. Reagents and conditions: a) NaIO4, MeOH/H2O, rt; b) i- 

Acetic acid, piperidine, dry benzene, 60 ºC, N2; ii- Anhydrous MgSO4, 60 ºC, N2. 

Figure 3.4 1H NMR spectrum of compound 3.9. 
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Figure 3.5 13C NMR spectrum of compound 3.9. 

 

 
Figure 3.6 DEPT 135 spectrum of compound 3.9. 

The ester derivatives 3.10–3.13 were obtained in moderate to good yields through 

reaction of compound 3.9 with acetic, butyric, benzoic and succinic anhydrides respectively, 

as depicted in Scheme 3.4. For the synthesis of cinnamic ester derivative 3.14, compound 3.9 
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was treated with cinnamoyl chloride in dry benzene at 60 ºC in the presence of DMAP 

affording the derivative 3.14 in 40% yield.253  

 Scheme 3.4. Synthesis of derivatives 3.10–3.14. Reagents and conditions: a) Acetic anhydride, butyric 

anhydride or benzoic anhydride, DMAP, THF, rt; b) Succinic anhydride, DMAP, DCM, rt; c) Cinnamoyl 

chloride, dry benzene, DMAP, 60 ºC, N2. 

Previous studies revealed that introduction of imidazole and methylimidazole rings in 

pentacyclic triterpene structures could improve the in vitro anticancer activity of the parental 

compounds.250,254–258 Hence the imidazole carbamate derivative 3.15 and the methylimidazole 

carbamate derivative 3.16 were synthesized by reaction of compound 3.9 with 1,1-

carbonyldiimidzole (CDI) and 1,1-carbonylbis-2methlyimidazole (CBMI), respectively, in 

anhydrous THF at reflux temperature under inert atmosphere (N2) (Scheme 3.5).256,257 
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Scheme 3.5 Synthesis of derivatives 3.15–3.17. Reagents and conditions: a) CDI or CBMI, THF, 70 ºC, N2; b) 

I2, aq. NH3, THF, rt. 

The formation of carbamate derivative 3.15 was confirmed by the presence of three 

signals in the 1H NMR spectrum at 8.11, 7.40 and 7.10 ppm that are characteristic for the 

three protons of the imidazole ring (Fig. 3.7).256 In the case of derivative 3.16, only two 

signals that corresponded to the methylimidazole ring protons appeared in 1H NMR spectrum 

at 7.29 and 6.87 ppm and an additional methyl signal was observed at 2.63 ppm (Fig. 3.8).257 
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Figure 3.7 1H NMR spectrum of compound 3.15. 

 

 

 
Figure 3.8 1H NMR spectrum of compound 3.16. 
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Actually more than 30 nitrile containing drugs are used in clinic for diverse 

therapeutic indications, including treatment of cancer259, which reveals the pharmaceutical 

importance of the presence of a nitrile group in organic molecules.259,260 Thus, the α,β-

unsaturated aldehyde 3.9 was treated with iodine in ammonia water at room temperature to 

afford the α,β-unsaturated nitrile derivative 3.17 (Scheme 3.5) in 57% yield.261 The 

conversion of aldehyde into nitrile was confirmed by the presence of an absorption band at 

2210 cm-1, in the IR spectrum, corresponding to the C≡N stretching vibration (Fig. 3.9). In the 

1H NMR spectrum of compound 3.17, the signal for the H3 proton was found at 6.54 ppm 

(which is slightly lower than that observed for compound 3.9) (Fig. 3.10). Moreover, the 

signal for the quaternary carbon attached to the nitrogen was observed in the 13C NMR 

spectrum at 117.2 ppm (this signal was not present in DEPT, and is characteristic of the CN 

carbon) (Fig. 3.11). The signal for the C2 carbon was found at 127.0 ppm, which was a lower 

value than that observed for C2 in compound 3.9 (which have the α,β-unsaturated aldehyde 

moiety). Carbon C28 appeared as a signal at 178.8 ppm in the 13C NMR spectrum, and the 

tertiary carbon C3 was also present in DEPT 135 as a signal at 154.4 ppm (Fig. 3.12). 

 

 

Figure 3.9 IR spectrum of compound 3.17. 
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Figure 3.10 1H NMR spectrum of compound 3.17. 

 

 

 

 

 
Figure 3.11 13C NMR spectrum of compound 3.17. 
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Figure 3.12 DEPT 135 spectrum of compound 3.17. 

As depicted in Scheme 3.6 the full acetylation of asiatic acid 1.27 with acetic 

anhydride in THF and in the presence of DMAP yielded the triacetate derivative 3.18, 

quantitatively. Treatment of 3.18 with oxalyl chloride in dichloromethane, afforded the 

corresponding 28-acyl chloride, which reacted without purification with ammonia, 

methylamine or amino acids methyl ester hydrochloride to give the corresponding amide 

derivatives 3.19 and 3.20, and amino acid derivatives 3.21 and 3.22.177,211 The amide 

derivatives 3.19–3.22 reacted with Selectfluor® in a mixture of two inert solvents, 

nitromethane and dioxane, at 80 ºC, to afford the corresponding fluorolactams 3.23–3.26. In 

the absence of an external nucleophilic donor, the amide carries out a nucleophilic attack on 

C13, allowing the formation of the lactam and the introduction of fluorine at C12. 
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Scheme 3.6 Synthesis of derivatives 3.18–3.26. Reagents and conditions: a) Acetic anhydride,THF, DMAP, rt; 

b) Oxalyl chloride, DCM, r.t.; c) NH3.H2O 25%, THF, rt.; d) Methylamine, Et3N, DCM, rt.; e) Glycine or L-

alanine methyl ester, Et3N, DCM, rt.; f) Selectfluor®, dioxane, nitromethane, 80 ºC. 

In the IR spectrum, the amide derivatives 3.19–3.22 presented a band corresponding to 

the carbonyl stretching vibration of the amide at 1648.8–1671.9 cm–1, a value that was lower 

than that observed for the carbonyl stretching vibration of carboxylic acid (1747.2 cm–1). 

Moreover, the primary amide 3.19 presented a pair of N–H stretching bands at 3477.0 and 

3367.1 cm–1 (Fig. 3.13), whereas in the IR spectra of secondary amides 3.20–3.22, only one 

N–H stretching band was observed at around 3400 cm–1 (Fig. 3.14).  
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Figure 3.13 IR spectrum of compound 3.19. 

 

Figure 3.14 IR spectrum of compound 3.20. 

In the 1H NMR spectrum of compound 3.19, the signals for the NH2 protons were 

found at 5.82 and 5.40 ppm, respectively (Fig. 3.15), whereas the NH proton in compounds 

3.20–3.22 appeared as a signal between 5.86 and 6.60 ppm. The 13C NMR signal for the C28 

carbon in compounds bearing the amide moiety (3.19–3.22) was observed at 177.3–181.0 

ppm (Fig. 3.16), which was a lower value than that observed for the C28 carbon in derivative 

3.18 bearing the carboxylic acid moiety (183.1 ppm).  



Chapter 3 

74 

 

 

Figure 3.15 1H NMR spectrum of compound 3.19. 

 
Figure 3.16 13C NMR spectrum of compound 3.19. 

The presence of fluorolactam moiety in derivatives 3.23–3.26 was confirmed by the 

signal for proton H12, which appeared in the 1H NMR spectrum as a double quartet at 4.82–

4.87 ppm with a coupling constant of around 45 Hz (Fig. 3.17). The 13C NMR signal for 

carbon C12 was observed as a doublet ranging from 89.5 to 89.7 ppm with a coupling 
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constant of around 186 Hz. Another doublet signal was observed for carbon C13 ranging from 

90.8 to 91.8 with a coupling constant of around 14 Hz (Fig. 3.18). These values are similar to 

those observed for the 12β-fluorolactones and they are characteristic of the β-isomer.250 

Selected 1H NMR and 13C NMR spectral data for the fluorolactam derivatives 3.23–3.26 are 

depicted in Table 3.1. 

 

 Figure 3.17 1H NMR spectrum of compound 3.24. 

  

Figure 3.18 13C NMR spectrum of compound 3.24. 
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Table 3.1 1H and 13C NMR selected data for the compounds 3.23, 3.25 and 3.26. 

Position 
compound 3.23  compound 3.25 Compound 3.26 

δH δC δH δC δH δC 

2 5.22–5.16 (m) - 5.21–5.15 (m) - 5.22–5.16 (m) - 

3 5.07 (d, J = 10.3 

Hz) 

- 5.06 (d, J = 10.3 

Hz) 

- 5.07 (d, J = 10.4 

Hz) 

- 

12 4.85 (dq, J = 

45.6 Hz) 

89.5 (d, J = 185.9 

Hz) 

4.84 (dq, J = 

45.8 Hz) 

89.5 (d, J = 185.8 

Hz) 

4.82 (dq, J = 

45.9 Hz) 

89.5 (d, J = 186.0 

Hz) 

13 - 91.3 (d, J = 14.4 

Hz) 

- 91.8 (d, J = 14.2 

Hz) 

- 91.6 (d, J = 14.7 

Hz) 

3.2.2 Biological evaluation 

3.2.2.1 Evaluation of the antiproliferative activity 

Asiatic acid 1.27 and its fluorinated derivatives were screened for their in vitro 

antiproliferative activities against colon (HT-29) and cervical (HeLa) cancer cell lines, to 

obtain information about the anticancer potential of the newly synthesized compounds. 

Cisplatin was used as reference drug. Cell lines were treated with different concentrations of 

each compound for 72 h. The IC50 values (concentration that inhibits 50% of cell growth) for 

all compounds were determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) or 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide 

(XTT) assays.  

As shown in the Table 3.2, all the tested derivatives exhibited improved 

antiproliferative activities in both cell lines compared to asiatic acid 1.27 with the exception 

of compound 3.1. The identical inhibitory activity of asiatic acid 1.27 and compound 3.1 in 

both cell lines, as well as compound 3.2 and 3.18 against HeLa cell line, suggested that the 

formation of fluorolactone moiety was not critical for antiproliferative activity.  
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Table 3.2 Cytotoxic activity, expressed as IC50, of asiatic acid 1.27, its semisynthetic 

derivatives and cisplatin against breast (MCF-7) and colon (HT-29) cancer cell lines.a 

Compound 
Cell Line/ IC50 (µM ± SD)b 

HT-29 HeLa 

Asiatic acid 1.27 64.30 ± 3.21 52.47 ± 0.06 

3.1  51.25 ± 1.77 60.17 ± 2.75 

3.2  6.38 ± 0.18 4.43 ± 0.25 

3.3  7.40 ± 0.69 5.05 ± 0.49 

3.6  23.50 ± 0.71 24.50 ± 1.41 

3.7  N.D. 11.70 ± 1.13 

3.8  11.25 ± 0.35 7.40 ± 0.71 

3.9  1.28 ± 0.08 1.08 ± 0.04 

3.10  2.02 ± 0.19 1.40 ± 0.14 

3.11  1.29 ± 0.09 0.95 ± 0.01 

3.12  1.05 ± 0.05 0.80 ± 0.04 

3.13  6.35 ± 0.64 3.48 ± 0.04 

3.14  0.71 ± 0.02 0.67 ± 0.07 

3.15  2.37 ± 0.23 1.62 ± 0.09 

3.16  2.80 ± 0.14 1.63 ± 0.15 

3.17  N.D. 7.50 ± 0.42 

3.18  N.D. 6.1 ± 0.28 

3.19  N.D. 1.65 ± 0.07 

3.20  N.D. 1.1 ± 0.10 

3.21  N.D. 0.98 ± 0.04 

3.22  N.D. 1.07 ± 0.12 

3.23  7.50 ± 0.57 2.37 ± 0.15 

3.24  8.50 ± 0.71  2.95 ± 0.21 

3.25  9.23 ± 0.75 2.72 ± 0.23 

3.26  6.37 ± 0.47 3.97 ± 0.31 

Cisplatin 6.11262 c 2.28 ± 0.26 

a HT-29 and HeLa cells were treated with crescent concentrations of each compound for 72 h. IC50 values were 

determined by MTT assay and are expressed as the mean ± SD of three independent experiments. N.D.- not 

determined. 

b IC50 is the concentration of compound that inhibits 50% of cell growth. 

c IC50 value obtained from literature, determined using the same experimental methodology and included here for 

comparison. 
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A considerable improvement in the antiproliferative activity in both cell lines was 

observed for compounds 3.2 and 3.3. The oxidation of hydroxyl at C2 in derivative 3.6 

resulted in an increase of the antiproliferative activity against HeLa and HT-29 cell lines, 

when compared with compound 3.1. The diacetylated compound 3.7 was two-fold more 

active than its precursor compound 3.6 against HeLa cell line. These combined results 

suggested that free hydroxyl groups in A-ring were not essential for cytotoxic activity. 

Furthermore, esterification of A-ring hydroxyl groups with lipophilic substituents, 

significantly enhance the antiproliferative activity, possibly because it improves the cellular 

permeability.263 

Compound 3.9 was 40 and 56 - fold more active than its hexameric analog 3.1 towards 

HT-29 and HeLa cell lines respectively. Compounds having a pentameric A-ring with an α,β-

unsaturated carbonyl (3.9–3.16) proved to be significantly more active than asiatic acid 1.27, 

being the most active compounds among all tested derivatives. In fact, these compounds 

presented lower IC50 values than reference drug cisplatin on HeLa cell line. These results are 

in good agreement with previous studies which suggested that the presence of an α,β-

unsaturated carbonyl moiety in A-ring of some triterpenoids significantly enhance their 

biological activity.264 The biological importance of α,β-unsaturated carbonyl was also 

confirmed by the reduction of antiproliferative activity observed when derivative 3.9 was 

converted into nitrile derivative 3.17. 

To explore the effects of substitution at C23-OH group of compound 3.9, several C23-

ester and C23-carbamate derivatives were synthesized. When compared with compound 3.9, 

the butyrate ester 3.11, benzyl ester 3.12 and cinnamic ester 3.14 derivatives showed 

increased antiproliferative activity against HeLa cells. On the other hand, the succinic ester 

derivative 3.13 presented a significant decrease of activity. These results indicated that 

esterification of C23-OH with lipophilic moieties slightly improve the anticancer activity, 

while hydrophilic moieties decrease it. The carbamate derivatives 3.15 and 3.16 exhibited a 

slight decrease in the antiproliferative activity compared with compound 3.9. 

Compounds 3.19–3.22 with introduction of amide moieties at C28 exhibited increased 

activity against HeLa cells compared to compound 3.18. Finally, fluorolactam derivatives 

3.23–3.26 showed decreased antiproliferative activity compared to the respective precursor 

amides 3.19–3.22. These results suggested that the introduction of the fluorolactam moiety 

was not critical for the antiproliferative activity. The direct comparison of the antiproliferative 

effects of the compounds 3.2, 3.18, 3.19–3.22 and 3.23–3.26 against HeLa cell line revealed 
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that C28 amide derivatives show better activity than C28 carboxylic acid, fluorolactone and 

fluorolactam derivatives. 

The analysis of the IC50 values obtained for the new compounds in HeLa cells led to 

the establishment of a structure–activity relationship (SAR), which is schematically 

represented in Figure 3.19. 

 

Figure 3.19 Schematic representation of the SAR for the antiproliferative activity of several semisynthetic 

derivatives of asiatic acid 1.27 against the HeLa cell line. The SAR was established based on IC50 values. In 

compounds with a hexameric A-ring, the esterification of C2, C3, and C23 hydroxyl groups with hydrophobic 

moieties improved antiproliferative activity: compound 3.18 was 9-fold more active than asiatic acid 1.27, and 

compound 3.2 was 14-fold more active than compound 3.1. The introduction of amide moieties at C28 increased 

antiproliferative activity: compound 3.19 was 4-fold more active than compound 3.18. Fluorolactone and 

fluorolactam moieties were not critical for antiproliferative activity: compounds 3.1 and 3.23 were less active 

than their precursor compounds, asiatic acid 1.27 and compound 3.19, respectively. The formation of the 

pentameric A-ring containing an α,β-unsaturated aldehyde significantly increased antiproliferative activity: 

compound 3.9 was 56-fold more active than compound 3.1. The esterification of C23-OH with a cinnamic 

moiety afforded the most active compound 3.14. Compound 3.14 was 78-fold more active than asiatic acid 1.27 

and 1.6-fold more active than its precursor compound 3.9. 
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The antiproliferative activity of the most active compounds: 3.11, 3.12 and 3.14, was 

then evaluated against additional cancer cell lines (MCF-7, Jurkat, PC-3, MIA PaCa-2 and 

A375) (Table 3.3). To evaluate the selectivity of these derivatives for cancer cell lines, they 

were also tested against a nontumor human fibroblast cell line (BJ). The obtained results 

showed that the tested derivatives were remarkably more active than asiatic acid 1.27 in all 

cancer cell lines. Furthermore, these compounds showed higher cytotoxicity toward tumor 

cell lines than toward a nontumor fibroblast cell line (BJ): the IC50 values of compounds 3.12 

and 3.14 determined in HeLa cells were 2.8 and 2.9 times lower, respectively, than those 

determined in BJ cells (Table 3.3, Fig. 3.20).  

Table 3.3 Cytotoxic activities, expressed as IC50, of asiatic acid 1.27 compounds 3.11, 3.12 

and 3.14 and cisplatin against several cancer cell lines (MCF-7, Jurkat, PC-3, MIA PaCa-2 

and A375) and nontumor human fibrobast cell line (BJ).a 

Compound 
Cell Line/ IC50 (µM ± SD)b 

Jurkat PC-3 MCF-7 MIA PaCa-2 A-375 BJ 

Asiatic acid 

1.27 
37.17 ± 3.75 67.25 ± 0.35 68.5 ± 2.50 50.67 ± 1.15 50.33 ± 2.57 88.7 ± 0.58 

3.11 N.D. N.D. 1.40 ± 0.10 1.47 ± 0.07 1.02 ± 0.06 N.D. 

3.12 N.D. N.D. 0.88 ± 0.07 1.33 ± 0.30 0.96 ± 0.03 2.24 ± 0.01 

3.14 0.68 ± 0.06 0.74 ± 0.02 0.84 ± 0.02 1.13 ± 0.09 0.72 ± 0.06 1.94 ± 0.15 

Cisplatin 1.94 265 c 4.60 266 c 19.10 ± 4.50 5.00 ± 1.00 267 c 3.11 ± 0.98 268 c 10.10 ± 2.00 

a The different cell lines were treated with crescent concentrations of each compound for 72 h. IC50 values were 

determined by XTT assay in Jurkat cell line and MTT assay in the other cell lines. IC50 values are expressed as 

the mean ± SD of three independent experiments. N.D.-not determined. 

b IC50 is the concentration of compound that inhibits 50% of cell growth. 

c IC50 value obtained from literature, determined using the same experimental methodology and included here for 

comparison. 

Compound 3.14 proved to be the most active compound among all tested derivatives, 

with IC50 values ranging from 0.67 µM on HeLa cells to 1.13 µM on MIA PaCa-2 cells. This 

compound was 78 and 3.4-fold more potent than asiatic acid 1.27 and cisplatin, respectively, 

towards HeLa cells. Compound 3.14 was selected for a preliminary investigation on its 

anticancer mechanism. 



Synthesis and anticancer evaluation of fluorinated asiatic acid derivatives 

81 

 

 

3.2.2.2 Effects of compound 3.14 on cell cycle distribution 

To shed some light on the antiproliferative mechanism of compound 3.14, its effect on 

cell-cycle distribution in HeLa cells was evaluated. The cells were treated with different 

concentrations (0.67, 1.34, and 2.68 µM) of compound 3.14 for 24 and 48 h, stained with 

propidium iodide (PI) and analyzed by flow cytometry. Non treated cells were used as 

control. As shown in Figure 3.21, the incubation of HeLa cells with 1.34 and 2.68 µM of 

compound 3.14 for 24 h increased the percentage of cells at G0/G1 (from 51.41% in control 

to 67.26% at 1.34 µM and 72.72% at 2.68 µM). At same conditions, the percentage of cells in 

S phase was obviously decreased (from 35.72% in control to 22.55% and 11.05% in 1.34 µM 

and 2.68 µM treated cells, respectively). These results revealed that compound 3.14 arrested 

the cell cycle at the G0/G1 stage, leading to the inhibition of the cell proliferation. 

When the treatment of HeLa cells with 1.34 µM compound 3.14 was prolonged for 48 

h, the percentage of cells at G0/G1 phase of cell cycle increased substantially from 54.05% in 

control cells to 76.03% in treated cells, in accordance with the results gathered 24 h after 

treatment. Additionally, an expansion of 11.39% in the sub G0/G1 cell population, in 2.68 

µM 3.14 treated cells, was also observed. The expansion of sub G0/G1 peak is associated with 

the existence of fragmented DNA, suggesting cell death. These data indicate that 

Figure 3.20 Dose-response curves of the antiproliferative effect of derivatives 3.12 and 3.14 against the 

cancer cell line HeLa and against the nontumor cell line BJ. Results are presented as the mean ± SD of three 

independent experiments. 
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antiproliferative activity of compound 3.14 is related with cell cycle arrest at G0/G1 phase 

and induction of cell death.  

 

 

 

Figure 3.21 Cell-cycle distribution of HeLa cells untreated (control) or treated with the indicated concentrations 

of compound 3.14 for 24 h (upper part) or 48 h (lower part). After treatment with compound 3.14 for the 

indicated times, the harvested cells were stained with PI and their DNA content was analyzed by flow cytometry. 

A. Representative histograms obtained in the cell-cycle analysis. B. Graph bar summarizing the variation in the 

percentage of cells in each phase of the cell cycle. Results are presented as the mean ± SD of three independent 

experiments. Differences between treated and control groups were considered statistically significant at p < 0.05 

(*). 

3.2.2.3 Effect of compound 3.14 on the levels of cell cycle-related proteins  

Since compound 3.14 arrested cell cycle at G0/G1 phase, its effect on the levels of 

some cell cycle regulatory proteins was evaluated. As depicted in Figure 3.22, treatment of 

HeLa cells with 1.34 µM or 2.68 µM of compound 3.14 for 48 h, clearly upregulated the 

levels of p21cip1/waf1 and p27kip1. A significant downregulation in the levels of cyclin D3, was 

also observed, in a dose dependent way. In the same conditions, compound 3.14 slightly 

decreased the levels of cyclin E. These observations are in accordance with cell cycle arrest at 

G0/G1 phase. Taken together, these results suggest that compound 3.14 upregulated the 

protein levels of p21cip1/waf1 and p27kip1 which can bind to and inhibit the cyclin E-Cdk2 and 

cyclin D3-Cdk 4/6 complexes, leading to cell cycle arrest at G0/G1 phase. 
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Figure 3.22 Effect of compound 3.14 on the levels of cell-cycle related proteins. HeLa cells were treated with 

compound 3.14 at the indicated concentrations for 48 h. The levels of the indicated proteins were analyzed by 

western blotting. α-Actin was used as a loading control. 

3.2.2.4 Apoptosis-inducing effect of compound 3.14 evaluated by annexin V-

FITC/PI flow cytometric assay 

In the early stages of an apoptotic process, the disruption of membrane asymmetry and 

the translocation of phosphatidylserine (PS) from the inner to the outer cell membrane are 

observed. The externalized PS can be detected and quantified by Annexin V-FITC, a 

fluorescent labeled conjugate that binds with high affinity to PS.269 In the later stages of 

apoptosis, cell membrane loses its integrity allowing the penetration of PI through cell 

membrane, which intercalates with DNA. FACS analysis of annexin V-FITC/PI double 

stained cell was used to differentiate live cells (annexin V-/PI-), from early apoptotic cells 

(annexin V+/PI-), late apoptotic cells (annexin V+/PI+) and necrotic cells (annexin V-/PI+). 

Therefore, apoptosis was quantified by flow cytometry after double staining of HeLa cells 

treated with different concentrations (0.67 µM, 1.34 µM and 2.68 µM) of compound 3.14 

during 48 h with annexin V-FITC/PI. Untreated HeLa cells were used as control. As shown in 

Figure 3.23, treatment of HeLa cells with 2.68 µM of compound 3.14 decreased the 

percentage of live cells from 95.73% to 62.05%, and increased the percentage of apoptotic 

cells from 4.32% to 33.98%, being 11.20% earlier apoptotic cells and 22.78% late apoptotic 

cells. These results suggest that compound 3.14 induces apoptosis in HeLa cells.  
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Figure 3.23 Annexin V-FITC/PI assay of HeLa cells untreated (control) or treated with compound 3.14 at the 

indicated concentrations for 48 h. A. Representative flow cytometric plots for the quantification of apoptosis are 

shown: the lower-left quadrant (annexin V–and PI–) represents nonapoptotic cells, the lower-right quadrant 

(annexin V+ and PI–) represents early apoptotic cells, the upper-right quadrant (annexin V+ and PI+) represents 

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

graph depicts the variation in the percentage of live cells. C. The bar graph depicts the variation in the 

percentage of cells that are in early apoptosis and in late apoptosis/necrosis. Results are presented as the mean ± 

SD of three independent experiments. Differences between treated and control groups were considered 

statistically significant at p < 0.05 (*). 

3.2.2.5 Apoptosis-inducing effect of compound 3.14 evaluated by 

morphological analysis  

It is well known that apoptotic cells are characterized by specific morphological 

features, such as cell volume reduction, chromatin condensation, nuclear membrane blebbing, 

and the formation of apoptotic bodies.269 Some of these modifications were observed and 

analyzed using phase-contrast and fluorescence microscopy techniques. 
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3.2.2.5.1 Phase-contrast microscopy 

 HeLa cells untreated (control) or treated with compound 3.14 at 0.67, 1.34, and 2.68 

µM were observed using a phase-contrast microscope and several images were captured. As 

depicted in Figure 3.24, after 48 h of exposure to compound 3.14, a dose-dependent reduction 

in cell confluence, was evident. Moreover, control cells presented an intact appearance, 

whereas cells treated with 2.68 μM 3.14 exhibited obvious morphological changes, including 

a reduction in the cell volume, a rounded morphology, and detachment from the culture 

dishes. These observations are in good agreement with cell death by apoptosis. 

 
Figure 3.24 Representative phase-contrast images of HeLa cells untreated (control) or treated with compound 

3.14 at the indicated concentrations for 48 h. 

3.2.2.5.2 Fluorescence microscopy after Hoechst 33258 staining 

Hoechst 33258 is a membrane permeable dye that binds to DNA and emits 

fluorescence allowing the visualization of nuclear morphological changes. Since cell cycle 

and Annexin V-FITC/PI results suggested that compound 3.14 has proapoptotic activity, we 

used fluorescence microscopy to observe the morphology of HeLa cells stained with Hoechst 

33258, after treatment with 0.67, 1.34 and 2.68 µM of compound 3.14 during 48 h. Non 

treated cells were used as control.  

The morphological analysis, depicted in Figure 3.25, showed that control cells were 

uniformly stained with Hoechst 33258 and presented round homogeneous nuclei, without 

morphological changes. HeLa cells exposed to 0.67 µM and 1.34 µM of compound 3.14 

during 48 h presented remarkable morphological changes, such as cell shrinkage, chromatin 

condensation and an evident reduction in the number of cells. The rupture of cell membrane 

and the nuclear fragmentation were evident after treatment of HeLa cells with 2.68 µM of 
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compound 3.14. HeLa cells acquired typical apoptotic morphology after being treated with 

compound 3.14, which strongly support the proapoptotic effect of compound 3.14. 

3.2.2.6 Effects of compound 3.14 on the levels of apoptosis related proteins 

To gain deeper insight into the mechanism of action of compound 3.14, its effect on 

several molecular targets was investigated using western blot analysis. HeLa cells were 

treated with increasing concentrations of compound 3.14 (0–2.68 µM) for 48 h. Non treated 

cells were used as control. 

Apoptosis is a cell death program regulated by a family of caspases through two major 

pathways: the extrinsic or death receptor pathway and the intrinsic or mitochondrial 

pathway.270 The effects of compound 3.14 on the activation of caspase 3 and caspase 8 were 

investigated. Results showed that treatment of HeLa cells with 2.68 µM of compound 3.14 

resulted in the proteolytic cleavage of pro-caspases 8 and 3 to their active forms (Fig. 3.26). In 

the same conditions an upregulation of cleaved Poly (ADP-ribose) polymerase (PARP) was 

also observed. Active caspase 3 cleave PARP, yielding an 85kDa fragment (cleaved PARP), 

whose presence is a marker of cells undergoing apoptosis.271 These results clearly suggest that 

compound 3.14 induced cell death by caspase-dependent apoptosis. Furthermore, the 

activation of caspase 8 indicates that extrinsic pathway may be involved in the apoptotic 

process.  

Figure 3.25 Representative fluorescence microscopic images of HeLa cells untreated (control) or treated with 

compound 3.14 at the indicated concentrations for 48 h. HeLa cells were stained with Hoechst 33258 before 

analysis by fluorescence microscopy. The white arrows indicate apoptotic cells. 
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Active caspase 8 can cleave Bid affording proapoptotic t-Bid, which in turn can 

establish the connection between the extrinsic and the intrinsic pathways.272,273 Therefore, the 

effects of compound 3.14 on the levels of Bid were investigated (Fig. 3.27). It was found that 

compound 3.14 at 2.68 µM induced the cleavage of Bid (22 kDa) to yield the proapoptotic t-

Bid (15 kDa fragment). The effects of compound 3.14 on the levels of Blc-2 and Bax proteins 

were also examined. In comparison with non treated cells, compound 3.14 induced the 

upregulation of proapoptotic Bax and the downregulation of antiapoptotic Bcl-2 in a 

concentration dependent manner (Fig. 3.27). The increase of the ratio of Bax to Bcl-2, 

suggests that compound 3.14 also activates the mitochondrial pathway. 

All these findings suggest that compound 3.14 induces caspase-dependent apoptosis in 

a dose dependent manner in HeLa cells, and both pathways, extrinsic and intrinsic, are 

apparently involved in the apoptotic cell death. The cleavage of Bid suggested the 

convergence of extrinsic and intrinsic pathways at mitochondrial level, because t-Bid could 

interact with Bcl-2 and Bax proteins, leading to the activation of mitochondrial pathway, with 

subsequent caspase 3 activation.  

Figure 3.26 Effect of compound 3.14 on the levels of apoptosis-related proteins. HeLa cells were treated with 

the indicated concentrations of compound 3.14 for 48 h. The levels of the indicated proteins were assessed by 

western blot analysis. Compound 3.14 induced caspase 8 and caspase 3 activation and the cleavage of PARP. 
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3.3 Conclusions 

A panel of new fluorinated asiatic acid 1.27 derivatives was successfully synthesized 

and the structures of new compounds were elucidated.  

The vast majority of the new derivatives showed improved antiproliferative activity 

against several cancer cell lines, compared with the parental asiatic acid 1.27. 

Compound 3.14 proved to be the most active compound among all tested derivatives. 

Further investigation of its mechanism of action in the HeLa cell line revealed that compound 

3.14 induced cell-cycle arrest at the G0/G1 phase, which led to cell-growth inhibition via the 

upregulation of p21cip1/waf1 and p27kip1 and the downregulation of cyclin E and cyclin D3. 

Compound 3.14 also induced apoptotic cell death with the activation of caspases 8 and 3 and 

the cleavage of PARP. The downregulation of Bcl-2, the upregulation of Bax, and the 

cleavage of Bid induced by compound 3.14 suggest that both intrinsic and extrinsic pathways 

were involved in apoptosis.  

Figure 3.27 Effect of compound 3.14 on the levels of apoptosis-related proteins. HeLa cells were treated with 

the indicated concentrations of compound 3.14 for 48 h. The levels of the indicated proteins were assessed by 

western blot analysis. Compound 3.14 downregulated the levels of Bcl-2, upregulated the levels of Bax, and 

induced the cleavage of Bid into t-Bid.  
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3.4 Experimental section 

3.4.1 Chemistry 

3.4.1.1 Reagents and solvents  

Asiatic acid, Selectfluor®, acetic anhydride, butyric anhydride, 4-

(dimethylamino)pyridine (DMAP), pyridinium dichromate (PDC), sodium periodate (NaIO4), 

piperidine, magnesium sulfate (MgSO4), benzoic anhydride, succinic anhydride, cinnamoyl 

chloride, 1,1-carbonyldiimidazole (CDI), 1,1-carbonylbis(2-methylimidazole) (CBMI), 

iodine, sodium thiosulfate (Na2S2O3), oxalyl chloride, aqueous ammonia solution 25%, 

methylamine solution 33 wt. % in methanol, glycine methyl ester hydrochloride and L-alanine 

methyl ester hydrochloride, nitromethane and dioxane were purchased from Sigma-Aldrich 

Co. Tetrahydrofuran (THF), acetone, dichloromethane (DCM) and methanol were obtained 

from Merck. When necessary, the solvents used in reactions were purified and dried 

according to usual procedures described in the literature.274 The solvents used in the workup 

procedures were purchased from VWR Portugal. 

3.4.1.2 Chromatographic techniques  

Thin layer chromatography (TLC) was used to monitor the progress of reactions. TLC 

was carried out in Kieselgel 60HF254/Kieselgel 60G plates, which were observed under UV 

light and revealed using a mixture of etanol/sulfuric acid (95:5) followed by heating at 120 

ºC.  

The separation and purification of the synthesized compounds were performed by 

flash column chromatography (FCC), using Kieselgel 60 (230-400 mesh, Merck) with the 

appropriate eluent. 

3.4.1.3 Analytical techniques and equipment  

Melting points were recorded on a BUCHI melting point B-540 apparatus and were 

uncorrected.  
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Infrared (IR) spectra were recorded on a Fourier transform spectrometer. The IR 

measurements were performed using the KBr pellets method. To prepare the KBr pellets, 

about 2 mg of the solid compound was diluted with 198 mg of KBr. The mixture was ground 

to a fine powder and pressed at around 12000 psi for 5 min, to obtain a thin and transparent 

pellet. 

NMR spectra were obtained using a Brucker Digital NMR–Avance 400 spectrometer. 

Deuterated chloroform (CDCl3) was used as the solvent and as the internal standard. The 

chemical shifts (δ) are reported in parts per million (ppm), and coupling constants (J) are 

reported in hertz (Hz). 

Mass spectra were recorded on a Quadrupole/Ion Trap Mass Spectrometer (QIT-MS) 

(LCQ Advantage MAX, THERMO FINNINGAN). High-resolution mass spectrometry 

(HRMS) was performed on a Fourier Transform Ion Cyclotron Resonance (FT-ICR) mass 

spectrometer (Bruker Apex Ultra with a 7 Tesla actively shielded magnet). 

The elemental analysis was performed on an Analyzer Elemental Carlo Erba 1108 

apparatus by chromatographic combustion.  

3.4.1.4 Synthesis of asiatic acid derivatives  

2α,3β,23-Trihydroxy-12β-fluoro-urs-13,28β-olide (3.1) 

To a stirred solution of asiatic acid 1.27 (300 mg; 0.62 

mmol) in nitromethane (14.30 mL) and dioxane (9.50 mL) at 

80 ºC, Selectfluor® (650.40 mg, 1.84 mmol) was added. After 

22 h, the reaction mixture was evaporated under reduced 

pressure to remove the organic phase and the crude obtained 

was dispersed with water (60 mL). The aqueous phase was 

extracted with ethyl acetate (3 × 60 mL) and the resulting organic phase was washed with 5% 

aqueous HCl (2 × 60 mL), 10% aqueous NaHCO3 (2 × 60 mL), 10% aqueous Na2SO3 (60 

mL), and water (60 mL), dried over Na2SO4, filtered, and concentrated under vacuum, to 

afford a light-yellow powder. The crude solid was purified by flash column chromatography 

(petroleum ether/ethyl acetate, 1:1 → 1:6), to afford 3.1 as a white solid (190.14 mg, 61%). 

Mp.: 312.1–314.5 ºC. IR (KBr): 3612.0, 3484.7, 3376.7, 2927.4, 2877.3, 1766.5, 1459.9, 

1392.4, 1045.2 cm-1. 1H NMR (400 MHz, CDCl3): δ = 4.86 (dt, J = 45.5 Hz, 1H, H-12), 3.83–
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3.77 (m, 1H, H-2), 3.61 (d, J =10.7 Hz, 1H, H-3), 3.43 (d, J = 9.6 Hz, 1H, H-23), 3.37 (d, J 

=10.7 Hz, 1H, H-23),1.20 (s, 6H), 1.14 (d, J = 6.3 Hz, 3H), 1.01 (s, 3H), 0.97 (d, J = 5.7 Hz, 

3H), 0.80 (s, 3H) ppm. 13C NMR (100MHz, CDCl3): δ = 179.0 (C28), 91.9 (d, J =13.8 Hz, 

C13), 89.5 (d, J =186.1 Hz, C12), 78.9, 68.8, 68.3, 55.6 (d, J = 2.4 Hz), 48.9 (d, J = 9.0 Hz), 

48.4, 46.9, 45.2, 44.0 (d, J =2.6 Hz), 42.7, 42.5, 39.5, 38.4, 38.2, 33.5, 31.3, 30.7, 27.6, 25.6 

(d, J = 18.3 Hz), 22.4, 19.4, 18.5, 18.4, 17.5, 17.3, 16.5, 12.7 ppm. DI-ESI-MS m/z [M+H] +: 

507.00. ESI-HRMS m/z calculated for C30H47FO5 [M + Na]+: 529.3305, found: 529.3299.  

2α,3β,23-Triacetoxy-12β-fluoro-urs-13,28β-olide (3.2) 

To a solution of 3.1 (100 mg, 0.20 mmol) in dry THF 

(3 mL), acetic anhydride (84.01 µl, 0.89 mmol) and a 

catalytic amount of DMAP (10 mg) were added. The mixture 

was stirred at room temperature in anhydrous conditions. 

After 2 h 15 min, the reaction mixture was evaporated under 

reduced pressure to remove the organic phase. The crude obtained was dispersed with water 

(40 mL) and aqueous phase was extracted with ethyl acetate (2 × 40 mL). The resulting 

organic phase was washed with 5% aqueous HCl (2 × 20 mL), 10% aqueous NaHCO3 (2 ×20 

mL), 10% aqueous Na2SO3 (20 mL), water (20 mL) and brine (20 mL), dried over Na2SO4, 

filtered, and concentrated under vacuum to afford compound 3.2 as a white powder (111.89 

mg, 90% quantitative). Mp: 172.2–174.2 ºC. IR (KBr): 2956.3, 2875.3, 1778.1, 1747.2, 

1459.9, 1369.2, 1236.2, 1043.3 cm-1. 1H NMR (400MHz, CDCl3): δ = 5.21–5.14 (m, 1H, H-

2), 5.06 (d, J = 10.3 Hz, 1H, H-3), 4.85 (dq, J = 45.6 Hz, 1H, H-12), 3.79 (d, J = 11.8 Hz, 1H, 

H-23), 3.60 (d, J = 11.8 Hz, 1H, H-23), 2.07 (s, 3H, CH3CO), 2.01 (s, 3H, CH3CO), 1.98 (s, 

3H, CH3CO), 1.20 (s, 6H), 1.12 (d, J = 6.0 Hz, 3H), 1.09 (s, 3H), 0.96 (d, J = 5.0 Hz, 3H), 

0.87 (s, 3H) ppm. 13C NMR (100MHz, CDCl3): δ = 178.6 (C28), 170.7 (OCO), 170.3 (OCO), 

170.3 (OCO), 91.6 (d, J = 14.4 Hz, C13), 89.2 (d, J = 186.0 Hz, C12), 74.5, 69.6, 65.1, 52.5 

(d, J = 3.3 Hz), 49.1 (d, J = 9.4 Hz), 47.8, 45.1, 44.1, 43.9 (d, J = 2.6 Hz), 42.5, 41.9, 39.5, 

38.4, 37.9, 33.5, 31.3, 30.7, 27.6, 25.6 (d, J = 19.6 Hz), 22.3, 21.0, 20.8, 20.7, 19.4, 18.4, 

18.2, 17.2, 17.2, 16.4, 13.6 ppm. DI-ESI-MS m/z [M+H] +: 632.95. ESI-HRMS m/z calculated 

for C36H53FO8 [M + Na]+: 655.3622, found: 655.3617. 
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2α,3β,23-Tributyroxy-12β-fluoro-urs-13,28β-olide (3.3) 

Prepared accordingly to the method described for 3.2 

using: compound 3.1 (100 mg, 0.20 mmol), THF (3 mL), 

DMAP (10 mg) and butyric anhydride (145.39 µl; 0.89 mmol), 

at room temperature for 3 h, to afford compound 3.3 as a white 

solid (130.19 mg, 92%). Mp: 176.2–178.1 ºC. IR (KBr): 

2964.1, 2875.3, 1774.2, 1739.5, 1459.9, 1180.2 cm-1. 1H NMR (400MHz, CDCl3): δ = 5.21–

5.16 (m, 1H, H-2), 5.11 (d, J =10.1 Hz, 1H, H-3), 4.86 (dq, J = 45.4 Hz, 1H, H-12), 3.84 (d, J 

= 11.9 Hz, 1H, H-23); 3.51 (d, J = 11.9 Hz, 1H, H-23), 1.21 (s, 3H), 1.19 (s, 3H), 1.13 (d, J = 

5.6 Hz, 3H), 1.10 (s, 3H), 0.96–0.88 (m, 18H) ppm. 13C NMR (100MHz, CDCl3): δ = 178.6 

(C28), 173.2 (OCO), 172.9 (OCO), 172.7 (OCO), 91.7 (d, J = 14.3 Hz, C13), 89.3 (d, J = 

186.8 Hz, C12), 74.0, 69.4, 64.8, 52.5 (d, J = 3.1 Hz), 49.2 (d, J = 9.5 Hz), 47.8, 45.1, 44.3, 

43.9 (d, J = 2.6 Hz), 42.5, 42.0, 39.5, 38.4, 38.0, 36.3, 36.2 (2C), 33.4, 31.3, 30.7, 27.6, 25.6 

(d, J = 19.8 Hz), 22.3, 19.4, 18.5 (3C), 18.4, 18.1, 17.2, 17.1, 16.5, 13.7, 13.7 (2C), 13.7 ppm. 

DI-ESI-MS m/z [M+H]+: 716.87. ESI-HRMS m/z calculated for C42H65FO8 [M + Na]+: 

739.4561, found: 739.4556. 

2α-Hydroxy-3β,23-isopropylidenedioxy-12β-fluoro-urs-13,28β-olide (3.4) 

To a solution of 3.1 (305 mg, 0.60 mmol) in dry 

acetone (30.6 mL) at room temperature, activated molecular 

sieves, 4Å, and concentrated hydrochloric acid (HCl) in 

catalytic amounts were added. After 1 h 30 min the reaction 

mixture was filtered and concentrated under vacuum to afford 

a light yellow powder. The crude solid was purified by flash 

column chromatography (petroleum ether/ethyl acetate, 2:1) to afford 3.4 as a white solid 

(57.65 mg, 17%). Mp: 218.3–221.1 ºC. IR (KBr): 3445.3, 2933.5, 2874.6, 1774.4, 1457.3, 

1046.3 cm-1. 1H NMR (400 MHz, CDCl3): δ = 4.85 (dt, J = 45.6 Hz, 1H, H-12), 3.83–3.77 

(m, 1H, H-2), 3.49 (d, J = 10.9 Hz, 1H, H-23), 3.44 (d, J =10.4 Hz, 1H, H-23), 3.29 (d, J 

=10.0 Hz, 1H, H-3), 1.43 (s, 6H), 1.21 (s, 3H), 1.18 (s, 3H), 1.13 (d, J = 6.3 Hz, 3H), 1.05 (s, 

3H), 1.02 (s, 3H), 0.96 (d, J = 5.3 Hz, 3H) ppm. 13C NMR (100MHz, CDCl3): δ = 178.8 

(C28), 99.6, 91.8 (d, J = 14.2 Hz, C13), 89.3 (d, J = 185.9 Hz, C12), 82.0, 72.5, 65.2, 52.5 (d, 

J = 3.1 Hz), 51.6, 49.1 (d, J = 9.3 Hz), 47.0, 45.1, 44.0 (d, J = 2.8 Hz), 42.6, 39.5, 38.4, 38.1, 

36.8, 33.4, 31.3, 30.7, 29.7, 27.6, 25.4 (d, J = 19.5 Hz), 22.3, 19.4, 19.3, 19.2, 18.5, 17.3, 
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16.9, 16.5, 13.2 ppm. DI-ESI-MS m/z [M+H] +:546.83. ESI-HRMS m/z calculated. for 

C33H51FO5 [M + H]+: 547.3799, found: 547.3793. 

2-Oxo-3β,23-isopropylidenedioxy-12β-fluoro-urs-13,28β-olide (3.5) 

A solution of pyridinium dichromate (290 mg, 0.77 

mmol) and acetic anhydride (268.8 µl, 2.85 mmol) in dry 

dichloromethane (35 mL) was stirred for 30 min at 20 ºC. 

Then, a solution of 3.4 (385 mg, 0.70 mmol) in dry 

dichloromethane (15 mL) was slowly added. The resultant 

mixture was stirred at reflux, in anhydrous conditions, for 8 h. 

The mixture was evaporated under reduced pressure. The resulting crude was dissolved in 

ethyl acetate (70 mL) and filtered through a celite pad. The filtered organic phase was washed 

with water (2 × 70 mL) and brine (70 mL), dried over Na2SO4, filtered and evaporated to the 

dryness to afford a brown powder. The crude solid was purified by flash column 

chromatography (petroleum ether/ethyl acetate, 3:1 → 2:1), to afford compound 3.5 as a 

white solid (149.63 mg, 39%). Mp: 213.1–215.9 ºC. IR (KBr): 2936.3, 2875.4, 1770.2, 

1710.5, 1457.3, 1048.5 cm-1. 1H NMR (400 MHz, CDCl3): δ = 4.86 (dq, J = 46.2 Hz, 1H, H-

12), 4.38 (s, 1H, H-3), 3.67 (d, J = 10.5 Hz, 1H, H-23), 3.58 (d, J = 10.5 Hz, 1H, H-23), 1.51 

(s, 3H), 1.44 (s, 3H), 1.26 (s, 3H), 1.21 (s, 3H), 1.14 (d, J = 6.2 Hz, 3H), 1.04 (s, 3H), 1.00 (s, 

3H), 0.97 (d, J = 5.8 Hz, 3H) ppm. 13C NMR (100MHz, CDCl3): δ = 203.9 (C2), 178.5 (C28), 

99.9, 91.5 (d, J = 14.3 Hz, C13), 89.0 (d, J = 186.2 Hz, C12), 81.6, 71.6, 54.8, 52.5 (d, J = 3.4 

Hz), 51.6, 49.1 (d, J = 9.5 Hz), 45.1, 44.0 (d, J = 2.5 Hz), 43.7, 42.8, 42.2, 39.5, 38.4, 33.2, 

31.3, 30.7, 29.5, 27.7, 25.4 (d, J = 20.0 Hz), 22.3, 19.4, 18.8, 18.6, 18.2, 17.3 (2C), 16.5, 13.1 

ppm. DI-ESI-MS m/z [M+H]+: 544.91. ESI-HRMS m/z calculated for C33H49FO5 [M + H]+: 

545.3642, found: 545.3637. 

2-Oxo-3β,23-dihydroxy-12β-fluoro-urs-13,28β-olide (3.6) 

To a solution of 3.5 (100 mg, 0.18 mmol) in dry THF 

(3.30 mL), 1 M aqueous HCl (0.5 mL) was added. The 

mixture was stirred at room temperature for 2 h. Then, the 

reaction mixture was evaporated under reduced pressure to 

remove the organic phase and the crude obtained was 

dispersed with water (50 mL). The aqueous phase was extracted with ethyl acetate (3 × 50 
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mL) and the resultant organic phase was washed with water (2 × 50 mL) and brine (50 mL), 

dried over Na2SO4, filtered, and concentrated under vacuum to afford 3.6 as a white powder 

(quantitative). Mp: 293.7–296.8 ºC. IR (KBr): 3502.1, 3432.7, 2935.1, 2877.3, 1770.3, 

1708.6, 1457.9, 1396.2, 1139.7, 1049.1 cm-1. 1H NMR (400MHz, CDCl3): δ = 4.88 (dq, J = 

45.6 Hz, 1H, H-12), 4.35 (s, 1H, H-3), 3.55 (d, J = 11.1 Hz, 1H, H-23), 3.49 (d, J = 11.1 Hz, 

1H, H-23), 1.25 (s, 3H), 1.21 (s, 3H), 1.14 (d, J = 6.2 Hz, 3H), 0.97 (d, J = 5.3 Hz, 3H), 0.90 

(s, 3H), 0.58 (s, 3H) ppm. 13C NMR (100MHz, CDCl3): δ = 211.0 (C2), 178.7 (C28), 91.7 (d, 

J = 14.2 Hz, C13), 89.2 (d, J =186.5 Hz, C12), 77.2, 65.4, 53.3, 52.6 (d, J = 3.2 Hz), 48.9, 

48.8 (d, J = 9.5 Hz), 46.3, 45.5, 44.1 (d, J = 2.8 Hz), 43.2, 42.9, 39.5, 38.5, 33.3, 31.3, 30.7, 

27.7, 25.6 (d, J = 19.8 Hz), 22.4, 19.4, 18.1, 18.1, 17.5, 17.3, 16.5, 12.6 ppm. DI-ESI-MS m/z 

[M+H] +: 504.97. ESI-HRMS m/z calculated for C30H45FO5 [M + Na]+: 527.3149, found: 

527.3143. 

2-Oxo-3β,23-diacetoxy-12β-fluoro-urs-13,28β-olide (3.7) 

Accordingly to the method described for 3.2, using 

compound 3.6 (325 mg, 0.64 mmol), THF (11 mL), acetic 

anhydride (188.70 µl, 1.99 mmol) and DMAP (32.50 mg). 

The crude solid was purified by flash column chromatography 

(petroleum ether/ethyl acetate, 2:1), to afford 3.7 as a white 

solid (224.67 mg, 60%). Mp: 258.8–261.7 ºC. IR (KBr): 

2973.7, 2935.1, 2873.4, 1766.48, 1751.1, 1727.9, 1463.7, 1369.2, 1047.2 cm-1. 1H NMR 

(400MHz, CDCl3): δ = 5.22 (s, 1H, H-3), 4.88 (dq, J = 45.4 Hz, 1H, H-12), 4.01 (d, J = 11.7 

Hz, 1H, H-23), 3.78 (d, J = 11.7 Hz, 1H, H-23), 2.16 (s, 3H, CH3CO), 2.10 (s, 3H, CH3CO), 

1.25 (s, 3H), 1.22 (s, 3H), 1.15 (d, J = 6.4 Hz, 3H), 0.98 (d, J = 5.9 Hz, 3H), 0.95 (s, 3H), 0.83 

(s, 3H) ppm. 13C NMR (100MHz, CDCl3): δ = 203.0 (C2), 178.5 (C28), 170.5 (OCO), 170.1 

(OCO), 91.5 (d, J = 14.4 Hz, C13), 89.1 (d, J = 186.6 Hz, C12), 78.2, 65.3, 54.1, 52.5 (d, J = 

3.0 Hz), 48.9 (d, J = 9.3 Hz), 48.0, 45.6, 45.2, 44.0 (d, J = 2.8 Hz), 42.8, 42.3, 39.5, 38.5, 

33.3, 31.3, 30.7, 27.7, 25.6 (d, J = 19.6 Hz), 22.3, 20.9, 20.6, 19.4, 18.2, 17.9, 17.6, 17.2, 

16.5, 13.7 ppm. DI-ESI-MS m/z [M+H] +: 588.90. ESI-HRMS m/z calculated for C34H49FO7 

[M + Na]+: 611.3360, found: 611.3355.  
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2α,23-Lactol-3-formyl-12β-fluoro-urs-13,28β-olide (3.8) 

To a solution of 3.1 (650 mg, 1.28 mmol) in methanol / 

water (16.2 mL / 0.76 mL, 20:1), sodium periodate (NaIO4) 

(417.05 mg; 1.95 mmol) was added and the mixture was 

stirred at room temperature. After 1 h, the reaction mixture 

was evaporated under reduced pressure to remove the organic 

phase and the crude obtained was dispersed with water (50 

mL). The aqueous phase was extracted with ethyl acetate (3 × 50 mL). The resulting organic 

phase was washed with water (3 × 50 mL) and brine (60 mL), dried over Na2SO4, filtered, and 

concentrated under vacuum. The crude solid was purified by flash column chromatography 

(petroleum ether/ethyl acetate, 4:1 → 1:1), to afford 3.8 as a white solid (383.13 mg, 59%). 

Mp: 198.1–200.2 ºC. IR (KBr): 3446.2, 2977.6, 2931.3, 2875.3, 2744.2, 1770.3, 1716.3, 

1457.9 cm-1. 1H NMR (400MHz, CDCl3): δ = 9.94 (s, 1H, CHO), 5.16–5.13 (m, 1H, H-2), 

4.83 (dq, J = 45.7 Hz, 1H, H-12), 3.95 (d, J = 13.5 Hz, 1H), 3.75 (d, J = 13.5 Hz. 1H), 1.30 (s, 

3H), 1.19 (s, 3H), 1.13 (d, J = 6.0 Hz, 3H), 1.06 (s, 3H), 0.99 (s, 3H), 0.96 (d, J = 5.2 Hz, 3H) 

ppm. 13C NMR (100MHz, CDCl3): δ = 205.3 (CHO), 178.6 (C28), 93.4 , 92.0 (d, J = 14.5Hz, 

C13), 89.5 (d, J = 186.6, C12), 65.7, 61.2, 53.3, 52.7 (d, J = 3.0 Hz), 45.5, 45.2, 45.2 (d, J = 

9.0 Hz), 44.1 (d, J = 2.4 Hz), 42.8, 40.3, 39.5, 38.5, 34.2, 31.2, 30.7, 27.4, 27.0 (d, J = 19.4 

Hz), 22.2, 20.4, 19.8, 19.4, 18.9, 16.8, 16.5, 15.0 ppm. DI-ESI-MS m/z [M+H] +: 505.00. ESI-

HRMS m/z calculated for C30H45FO5 [M + Na]+: 527.3149, found: 527.3143. 

2-Formyl-12β-fluoro-23-hydroxy-A(1)-norurs-2-en-13,28β-olide (3.9) 

To a solution of 3.8 (300 mg, 0.59 mmol) in dry 

benzene (29.90 mL), piperidine (1.99 mL) and acetic acid 

(1.99 mL) were added. The resultant solution was heat at 60 ºC 

for about 1 h. Then, anhydrous magnesium sulfate was added 

and the reaction mixture was again heat at 60 ºC under 

nitrogen atmosphere for additional 6 h. The reaction mixture 

was evaporated under reduced pressure and the crude obtained 

was dispersed with water (60 mL). The aqueous phase was extracted with ethyl acetate (3 × 

60 mL). The resulting organic phase was washed with water (4 × 50 mL) and brine (60 mL), 

dried over Na2SO4, filtered, and concentrated under vacuum to afford a dark yellow powder. 

The crude solid was purified by flash column chromatography (petroleum ether/ethyl acetate, 
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4:1 → 1:1), to afford 3.9 as a white solid (179.59 mg, 62%). Mp: 281.7–283.8 ºC. IR (KBr): 

3563.8, 2987.2, 2919.7, 2829.1, 2744.2, 1764.55, 1666.2, 1573.6, 1457.9 cm-1. 1H NMR 

(400MHz, CDCl3): δ = 9.71 (s, 1H, CHO), 6.74 (s, 1H, H-3), 4.93 (dq, J = 45.5 Hz, 1H, H-

12), 3.64 (d, J = 10.5 Hz, 1H, H-23), 3.47 (d, J = 10.5 Hz, 1H, H-23), 1.26 (s, 3H), 1.25 (s, 

3H), 1.20 (s, 3H), 1.13 (d, J = 6.2 Hz), 1.01 (s, 3H), 0.96 (d, J = 5.4 Hz) ppm. 13C NMR 

(100MHz, CDCl3): δ = 190.4 (CHO), 179.1 (C28), 161.6 (C3), 159.0 (C2), 91.9 (d, J = 14.6 

Hz, C13), 89.0 (d, J = 186.3 Hz, C12), 68.6, 56.4, 52.4 (d, J = 2.9 Hz), 51.6, 49.3, 45.0, 45.0 

(d, J = 10.6 Hz), 44.6, 43.9 (d, J = 2.9 Hz), 39.5, 38.0, 34.1, 31.3, 30.6, 28.3 (d, J = 20.0 Hz), 

27.8, 22.4, 20.4, 20.0, 19.5, 17.6, 16.7, 16.6, 15.6 ppm. DI-ESI-MS m/z [M+H] +: 486.98. 

Anal. Calcd. for C30H43FO4: C, 74.04; H, 8.91. Found: C, 73.76; H, 9.21. 

2-Formyl-12β-fluoro-23-acetoxy-A(1)-norurs-2-en-13,28β-olide (3.10) 

Accordingly to the method described for 3.2 using 

compound 3.9 (185 mg, 0.38 mmol), dry THF (5.6 mL), 

acetic anhydride (36.12 µl, 0.38 mmol) and DMAP (18.6 mg), 

at room temperature for 1 h to afford 3.10 as a white solid 

(170.4 mg, 85%). Mp: 204.1–207.3 ºC. IR (KBr): 2929.3, 

2873.4, 2736.5, 1774.2, 1743.3, 1687.4, 1646.9, 1583.3, 

1457.9, 1375.0 cm-1. 1H NMR (400MHz, CDCl3): δ = 9.70 (s, 

1H, CHO), 6.68 (s, 1H, H-3), 4.91 (dq, J = 45.4 Hz, 1H, H-12), 4.05 (d, J = 11.0 Hz, 1H, H-

23), 3.95 (d, J = 11.0 Hz, 1H, H-23), 2.08 (s, 3H, CH3CO), 1.25 (s, 3H), 1.24 (s, 3H), 1.18 (s, 

3H), 1.14 (d, J = 6.3 Hz, 3H), 1.05 (s, 3H), 0.96 (d, J = 5.5 Hz, 3H) ppm. 
13C NMR (100MHz, 

CDCl3): δ = 190.4 (CHO), 178.9 (C28), 170.9 (OCO), 160.0 (C3), 158.5 (C2), 91.7 (d, J = 

14.4 Hz, C13), 88.9 (d, J = 186.1 Hz, C12), 69.8, 57.9, 52.4 (d, J = 3.2 Hz), 51.4, 47.4, 45.2 

(d, J = 10.5 Hz), 45.0, 44.6, 43.8 (d, J = 2.8 Hz), 39.5, 37.9, 34.1, 31.3, 30.6, 28.2 (d, J = 20.2 

Hz), 22.8, 22.4, 20.8, 20.5, 19.8, 19.5, 17.5, 16.8, 16.6, 15.7 ppm. DI-ESI-MS m/z [M+H] +: 

529.14. Anal. Calcd. for C32H45FO5: C, 72.70; H, 8.58. Found: C, 72.38; H, 8.89. 
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2-Formyl-12β-fluoro-23-butyroxy-A(1)-norurs-2-en-13,28β-olide (3.11) 

Accordingly to the method described for 3.2 using 

compound 3.9 (230 mg, 0.47 mmol), dry THF (9 mL), 

butyric anhydride (78 µl, 0.48 mmol) and DMAP (23.2 

mg), at room temperature for 1 h to afford a light yellow 

solid. The crude solid was purified by flash column 

chromatography (petroleum ether/ethyl acetate, 4:1 → 

2:1), to afford 3.11 as a white solid (131.57 mg, 50%). Mp: 173.4–176.7 ºC. IR (KBr): 

2967.9, 2875.3, 2819.4, 2732.6, 1766.5, 1735.6, 1689.3, 1581.3, 1457.9, 1178.3 cm-1. 1H 

NMR (400MHz, CDCl3): δ = 9.70 (s, 1H, CHO), 6.68 (s, 1H, H-3), 4.91 (dq, J = 45.6 Hz, 1H, 

H-12), 4.06 (d, J = 10.7 Hz, 1H, H-23), 3.96 (d, J = 10.9 Hz, 1H, H-23), 1.25 (s, 3H), 1.24 (s, 

3H), 1.17 (s, 3H), 1.13 (d, J = 6.1 Hz, 3H), 1.05 (s, 3H), 0.95 (m, 6H) ppm. 13C NMR 

(100MHz, CDCl3): δ = 190.4 (CHO), 178.9 (C28), 173.5 (OCO), 160.3 (C3), 158.5 (C2), 91.7 

(d, J = 14.8 Hz, C13), 88.6 (d, J = 186.1 Hz, C12), 69.3, 57.7, 52.4 (d, J = 2.6 Hz), 51.4, 47.5, 

45.2 (d, J = 10.6 Hz), 45.0, 44.6, 43.8 (d, J = 2.3 Hz), 39.5, 38.0, 36.2, 34.1, 31.3, 30.6, 28.2 

(d, J = 19.7 Hz), 27.8, 22.4, 20.5, 19.8, 19.5, 18.5, 17.4, 16.8, 16.6, 15.8, 13.7 ppm. DI-ESI-

MS m/z [M+H] +: 556.93. Anal. Calcd. for C34H49FO5: C, 73.35; H, 8.87. Found: C, 72.98; H, 

9.20. 

2-Formyl-12β-fluoro-23-benzoxy-A(1)-norurs-2-en-13,28β-olide (3.12) 

Accordingly to the method described for 3.2 using 

compound 3.9 (200 mg, 0.41 mmol), dry THF (8 mL), 

benzoic anhydride (102.30 mg, 0.45 mmol) and DMAP (20 

mg), at room temperature for 2 h 30 min in anhydrous 

conditions to afford a yellow powder. The crude solid was 

purified by flash column chromatography (petroleum 

ether/ethyl acetate, 6:1 → 4:1), to afford 3.12 as a white solid 

(173.20 mg, 71%). Mp: 214.1–216.9 ºC. IR (KBr): 2977.6, 2929.3, 2873.4, 2742.3, 1770.3, 

1724.1, 1685.5, 1600.6, 1583.3, 1452.1, 1270.8 cm-1. 1H NMR (400MHz, CDCl3): δ = 9.73 (s, 

1H, CHO), 8.02 (d, J = 7.3 Hz, 2H), 7.59 (t, J = 7.4 Hz, 1H), 7.46 (t, J = 7.8 Hz, 2H), 6.78 (s, 

1H, H-3), 4.90 (dq, J = 44.9 Hz, 1H, H-12), 4.31 (d, J = 11.2 Hz, 1H, H-23). 4.23 (d, J = 11.2 

Hz, 1H, H-23), 1.28 (s, 3H), 1.27 (s, 3H), 1.16 (s, 3H), 1.12 (m, 6H), 0.96 (d, J = 5.0 Hz, 3H) 

ppm. 13C NMR (100MHz, CDCl3): δ = 190.4 (CHO), 178.9 (C28), 166.3 (OCO), 160.1 (C3), 
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158.6 (C2), 133.3, 129.8, 129.5 (2C), 128.5 (2C), 91.7 (d, J = 14.5 Hz, C13), 88.8 (d, J = 

185.0, C12), 70.0, 57.8, 52.4 (d, J = 3.0 Hz), 51.4, 47.9, 45.3 (d, J = 10.8 Hz), 45.0, 44.6, 43.8 

(d, J = 2.8 Hz), 39.5, 37.9, 34.1, 31.3, 30.6, 28.2 (d, J = 20.2 Hz), 27.7, 22.4, 20.5, 19.7, 19.5, 

17.2, 16.8, 16.2, 15.9 ppm. DI-ESI-MS m/z [M+H] +: 590.88. Anal. Calcd. for C37H47FO5: C, 

75.22; H, 8.02. Found: C, 75.47; H, 8.38.  

2-Formyl-12β-fluoro-23-succinoxy-A(1)-norurs-2-en-13,28β-olide (3.13) 

To a solution of 3.9 (250 mg, 0.51 mmol) in dry 

DCM (15 mL), succinic anhydride (102.80 mg; 1.03 

mmol) and DMAP (94.13 mg, 0.77 mmol) were added. 

The mixture was stirred at room temperature, in 

anhydrous conditions until the reaction was completed 

as verified by TLC control. After 4 h, the reaction 

mixture was evaporated under reduced pressure to remove the organic phase and the crude 

obtained was dispersed with water (50 mL). Aqueous phase was extracted with ethyl acetate 

(3 × 50 mL). The resulting organic phase was washed with 5% aqueous HCl (2 × 50 mL), 

10% aqueous NaHCO3 (2 x 50 mL), 10% aqueous Na2SO3 (50 mL), water (50 mL) and brine 

(50 mL), dried over Na2SO4, filtered, and concentrated under vacuum to afford a yellow 

powder. The crude solid was purified by flash column chromatography (petroleum ether/ethyl 

acetate, 2:1 → 1:2), to afford 3.13 as a white solid (210.47 mg, 70%). Mp: 213.6–216.1 ºC. IR 

(KBr): 2965.9, 2931.3, 2877.3, 1762.6, 1731.8, 1687.4, 1650.8, 1573.6, 1457.9, 1170.6 cm-1. 

1H NMR (400MHz, CDCl3): δ = 9.68 (s, 1H, CHO), 6.65 (s, 1H, H-3), 4.95 (dq, J = 45.1 Hz, 

1H, H-12), 4.10 (d, J = 11.0 Hz, 1H, H-23), 4.02 (d, J = 11.0 Hz, 1H, H-23), 2.67 (s, 4H), 

1.25 (s, 3H), 1.24 (s, 3H), 1.19 (s, 3H), 1.14 (d, J = 6.3 Hz, 3H), 1.04 (s, 3H), 0.95 (d, J = 5.3 

Hz, 3H) ppm. 13C NMR (100MHz, CDCl3): δ = 190.8 (CHO), 179.0 (C28), 177.3 (COOH), 

171.8 (OCO), 159.5 (C3), 158.5 (C2), 91.8 (d, J = 14.2 Hz, C13), 88.8 (d, J = 185.4 Hz, C12), 

69.4, 57.2, 52.4 (d, J = 2.6 Hz), 51.3, 47.7, 45.1 (d, J = 9.0 Hz); 45.0, 44.6, 43.9 (d, J = 2.8 

Hz), 39.5, 37.9, 34.1, 31.3, 30.6, 28.9, 28.7, 28.3 (d, J = 20.5 Hz), 27.8, 22.4, 20.4, 19.8, 19.5, 

17.4, 16.8, 16.4, 15.7 ppm. DI-ESI-MS m/z [M+H] +: 586.91. ESI-HRMS m/z calculated for 

C34H47FO7 [M + Na]+: 609.3204, found: 609.3198.  

 

 



Synthesis and anticancer evaluation of fluorinated asiatic acid derivatives 

99 

 

 
 

2-Formyl-12β-fluoro-23-cinnamoxy-A(1)-norurs-2-en-13,28β-olide (3.14) 

To a stirred solution of 3.9 (250 mg, 0.51 mmol) 

in dry benzene (15 mL), cinnamoyl chloride (246 mg, 

1.54 mmol) and DMAP (187.9 mg, 1.54 mmol) were 

added. The mixture was stirred at 60 ºC under nitrogen 

atmosphere until the reaction was completed as verified 

by TLC control. After 1 h 30 min, the reaction mixture 

was evaporated under reduced pressure to remove the 

organic phase and the crude obtained was dispersed with water (50 mL). The aqueous phase 

was extracted with ethyl acetate (3 × 70 mL). The resulting organic phase was washed with 

water (4 × 50 mL) and brine (50 mL), dried over Na2SO4, filtered, and concentrated under 

vacuum to afford a light yellow powder. The crude solid was purified by flash column 

chromatography (petroleum ether/ethyl acetate, 5:1 → 1:1), to afford 3.14 as a white solid 

(127.59 mg, 40%). Mp: 247.5–249.9 ºC. IR (KBr): 3083.6, 3060.5, 3027.7, 2979.5, 2875.3, 

2742.3, 1770.3, 1716.3, 1687.4, 1641.1, 1577.5, 1457.9, 1170.6 cm-1. 1H NMR (400MHz, 

CDCl3): δ = 9.73 (s, 1H, CHO), 7.70 (d, J =16.0 Hz, 1H), 7.54–7.52 (m, 2H), 7.41–7.40 (m, 

3H), 6.75 (s, 1H, H-3), 6.45 (d, J = 15.9 Hz, 1H), 4.90 (dq, J = 45.1 Hz, 1H, H-12), 4.18 (d, J 

= 11.1 Hz, 1H, H-23), 4.13 (d, J = 11.0 Hz, 1H, H-23), 1.26 (s, 6H), 1.15 (s, 3H), 1.11 (s, 3H), 

1.10 (d, J = 6.5 Hz, 3H), 0.95 (d, J = 5.2 Hz) ppm. 
13C NMR (100MHz, CDCl3): δ = 190.4 

(CHO), 178.9 (C28), 166.8 (OCO), 160.2 (C3), 158.5 (C2), 145.5, 134.1, 130.6, 128.9 (2C), 

128.1 (2C), 117.4, 91.7 (d, J = 14.9 Hz, C13), 88.9 (d, J = 186.0 Hz, C12), 69.7, 57.8, 52.4 (d, 

J = 3.2 Hz), 51.4, 47.7, 45.3 (d, J = 10.4 Hz), 45.0, 44.6, 43.8 (d, J = 2.8 Hz), 39.4, 37.9, 34.1, 

31.3, 30.6, 28.2 (d, J = 20.1 Hz), 27.8, 22.4, 20.5, 19.8, 19.6, 17.5, 16.8, 16.6, 15.8 ppm. DI-

ESI-MS m/z [M+H] +: 616.97. Anal. Calcd. for C39H49FO5: C, 75.94; H, 8.01. Found: C, 

75.85; H, 8.14. 
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2-Formyl-12β-fluoro-23-(1H-imidazole-1-carbonyloxy)-A(1)-norurs-2-en-13,28β-olide 

(3.15) 

To a solution of compound 3.9 (200 mg, 0.41 

mmol) in anhydrous THF (8 mL), CDI (133.28 mg, 0.82 

mmol) was added. The reaction mixture was stirred at 

reflux temperature and N2 atmosphere. After 1 h 50 min, 

the reaction mixture was evaporated under reduced 

pressure to remove the organic phase and the crude 

obtained was dispersed with water (60 mL). The aqueous 

phase was extracted with diethyl ether (3 × 60 mL). The combined organic phases were 

washed with water (4 × 50 mL) and brine (60 mL), dried over Na2SO4, filtered, and 

concentrated under vacuum to afford a yellowish powder. The crude solid was purified by 

flash column chromatography (petroleum ether/ethyl acetate, 1:1 → 1:2), to afford 3.15 as a 

white solid (168.19 mg, 70%). Mp: 210.2–212.8 ºC. IR (KBr): 3139.5, 3114.5, 2979.5, 

2933.2, 2873.4, 2757.7, 1770.3, 1681.6, 1581.3, 1471.4 cm-1. 1H NMR (400MHz, CDCl3): δ 

= 9.73 (s, 1H, CHO), 8.11 (s, 1H), 7.40 (t, J = 1.2 Hz, 1H), 7.10 (s, 1H), 6.70 (s, 1H, H-3), 

4.90 (dq, J = 45.0 Hz, 1H, H-12), 4.40 (d, J = 10.9 Hz, 1H, H-23), 4.31 (d, J = 10.9 Hz, 1H, 

H-23), 1.28 (s, 3H), 1.27 (s, 3H), 1.14 (s, 3H), 1.12 (m, 6H), 0.96 (d, J = 5.2 Hz) ppm. 13C 

NMR (100MHz, CDCl3): δ = 190.4 (CHO), 179.2 (C28), 159.6, 158.3, 148.9, 137.3, 131.4, 

117.3, 91.9 (d, J = 14.6 Hz, C13), 89.0 (d, J = 186.0, C12), 73.2, 58.1, 52.8 (d, J = 2.9 Hz), 

51.8, 48.1, 45.7 (d, J = 10.9 Hz), 45.3, 44.9, 42.2 (d, J = 2.9 Hz), 39.8, 38.3, 35.0, 31.6, 31.0, 

28.6 (d, J = 20.7 Hz), 28.1, 22.7, 20.8, 20.1, 19.8, 17.7, 17.2, 17.0, 16.1 ppm. DI-ESI-MS m/z 

[M+H] +: 581.20. ESI-HRMS m/z calculated for C34H45FN2O5 [M + H]+: 581.3391, found: 

581.3385. 

2-Formyl-12β-fluoro-23-(2-methyl-1H-imidazole-carbonyloxy)-A(1)-norurs-2-en-

13,28β-olide (3.16) 

To a solution of compound 3.9 (230 mg, 0.47 

mmol) in anhydrous THF (9 mL), CBMI (224.73 mg, 

1.18 mmol) was added. The reaction mixture was stirred 

at reflux temperature and N2 atmosphere. After 6 h, the 

reaction mixture was evaporated under reduced pressure 

to remove the organic phase and the crude obtained was dispersed with water (60 mL). The 
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aqueous phase was extracted with diethyl ether (3 × 60 mL). The combined organic phases 

were washed with water (4 × 50 mL) and brine (60 mL), dried over Na2SO4, filtered, and 

concentrated under vacuum to afford 3.16 as a yellowish powder (256.4 mg, 91%). Mp: 

226.5–229.3 ºC. IR (KBr): 3147.3, 3114.5, 2979.5, 2873.4, 2751.9, 1770.3, 1681.6, 1457.9 

cm-1. 1H NMR (400MHz, CDCl3): δ = 9.72 (s, 1H, CHO), 7.29 (d, J = 1.6 Hz, 1H), 6.87 (d, J 

= 1.5 Hz, 1H), 6.70 (s, 1H, H-3), 4.89 (dq, J = 45.1 Hz, 1H, H-12), 4.36 (d, J = 11.0 Hz, 1H, 

H-23), 4.25 (d, J = 10.9 Hz, 1H, H-23), 2.63 (s, 3H), 1.27 (s, 3H), 1.26 (s, 3H), 1.13–1.11 (m, 

9H), 0.95 (d, J = 5.1 Hz, 3H) ppm. 
13C NMR (100MHz, CDCl3): δ = 190.0 (CHO), 178.8 

(C28), 159.1, 158.3, 149.4, 147.9, 128.3, 117.7, 91.6 (d, J = 14.2 Hz, C13), 88.7 (d, J = 186.5 

Hz, C12), 72.4, 57.5, 52.4 (d, J = 3.1 Hz), 51.4, 47.7, 45.3 (d, J = 10.5 Hz), 44.9, 44.6, 43.8 

(d, J = 3.0 Hz), 39.4, 37.9, 34.1, 31.2, 30.6, 28.2 (d, J = 20.4 Hz), 27.7, 22.3, 20.4, 19.8, 19.4, 

17.3, 16.8, 16.8, 16.5, 15.7 ppm. DI-ESI-MS m/z [M+H] +: 595.75. ESI-HRMS m/z calculated 

for C35H47FN2O5 [M + H]+: 595.3547, found: 595.3542. 

2-Cyano-12β-fluoro-23-hydroxy-A(1)-norurs-2-en-13,28β-olide (3.17) 

To a solution of 3.9 (270 mg, 0.55 mmol) in THF (4 

mL), 25% aqueous ammonium solution (12.5 mL) and iodine 

(322.69 mg, 1.27 mmol) were added. The mixture was stirred 

at room temperature until the reaction was completed (the 

dark solution became colorless) as verified by TLC control.  

After 6 h 30 min the reaction mixture was charged with 5% 

aqueous Na2S2O3 (50 mL) and extracted with ethyl acetate (3 

× 60 mL). The resulting organic phases were washed with water (50 mL) and brine (50 mL), 

dried over Na2SO4, filtered, and concentrated under vacuum to afford a yellow powder. The 

crude solid was purified by flash column chromatography (petroleum ether/ethyl acetate, 2:1 

→ 1:2), to afford 3.17 as a light yellow solid (151.71 mg, 57%). Mp: 338.0–340.7 ºC. IR 

(KBr): 3529.1, 2987.2, 2925.5, 2877.3, 2210.0, 1762.62, 1668.1, 1581.3, 1459.9 cm-1. 1H 

NMR (400MHz, CDCl3): δ = 6.54 (s, 1H, H-3), 5.00 (dq, J = 45.4 Hz, 1H, H-12), 3.57 (d, J = 

10.6 Hz, 1H, H-23), 3.40 (d, J = 10.9 Hz, 1H, H-23), 1.29 (s, 3H), 1.25 (s, 3H), 1.24 (s, 3H), 

1.17 (d, J = 6.3 Hz, 3H), 1.00 (s, 3H), 0.98 (d, J = 5.6 Hz, 3H) ppm. 
13C NMR (100MHz, 

CDCl3): δ = 178.8 (C28), 154.4 (C3), 127.0 (C2), 117.2 (CN), 91.6 (d, J = 14.2 Hz, C13), 

88.3 (d, J = 186.9 Hz, C12), 68.5, 55.5, 52.5 (d, J = 3.2 Hz), 52.1, 50.7, 45.0, 44.6 (d, J = 10.3 

Hz), 44.2, 44.0 (d, J = 2.7 Hz), 39.5, 38.0, 34.1, 31.3, 30.6, 27.8, 26.6 (d, J = 20.1 Hz), 22.3, 
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20.2, 20.1, 19.5, 17.6, 16.9, 16.8, 15.6 ppm. DI-ESI-MS m/z [M+H] +: 484.34. ESI-HRMS 

m/z calculated for C30H42FNO3 [M + Na]+: 506.3046, found: 506.3041. 

2α,3β,23-Triacetoxyurs-12-en-28-oic acid (3.18) 

Prepared accordingly to the method described 

for 3.2 using asiatic acid 1.27 (1000 mg, 2.05 mmol), 

dry THF (30 mL), acetic anhydride (1.16 mL, 12.28 

mmol) and DMAP (100 mg), at room temperature for 4 

h in anhydrous conditions to afford 3.18 as a white 

powder (quantitative). Mp: 150.0–152.0 ºC. IR (KBr): 3463.53, 2948.63, 2871.49, 1816.62, 

1747.19, 1455.99, 1369.21, 1236.15, 1045.23 cm-1. 1H NMR (400MHz, CDCl3): δ = 5.23 (t, J 

= 3.2 Hz, 1H, H-12), 5.19–5.13 (m, 1H, H-2), 5.08 (d, J = 10.3 Hz, 1H, H-3), 3.85 (d, J = 11.9 

Hz, 1H, H-23), 3.58 (d, J = 11.9 Hz, 1H, H-23), 2.08 (s, 3H, CH3CO), 2.02 (s, 3H, CH3CO), 

1.97 (s, 3H, CH3CO), 1.10 (s, 3H), 1.07 (s, 3H), 0.94 (d, J = 5.3 Hz, 3H), 0.87 (s, 3H), 0.85 

(d, J = 5.4 Hz, 3H), 0.76 (s, 3H) ppm. 13C NMR (100MHz, CDCl3): δ = 183.1 (C28), 170.9 

(OCO), 170.5 (OCO), 170.4 (OCO), 138.0, 125.3, 74.8, 69.9, 65.3, 52.5, 47.9, 47.6, 47.8, 

43.7, 42.0, 41.9, 39.5, 39.0, 38.8, 37.8, 36.6, 32.4, 30.5, 27.9, 24.0, 23.4, 23.3, 21.1, 21.1, 

20.9, 20.8, 17.9, 17.0, 16.9, 16.9, 13.9 ppm. DI-ESI-MS m/z [M+H] +: 615.10. ESI-HRMS 

m/z calculated for C36H54O8 [M + Na]+: 637.3716, found: 637.3711. 

2α,3β,23-Triacetoxyurs-12-en-28-amide (3.19) 

To a solution of 3.18 (660 mg, 1.07 mmol), in 

dry DCM (33 mL), oxalyl chloride (462.43 µl, 5.39 

mmol) was slowly added. The resultant mixture was 

stirred at room temperature for 24 h. The solvent was 

removed by evaporation under reduced pressure, and 

petroleum ether (2 mL) was added to the residue and 

concentrated to dryness to give the acyl chloride derivative, which, without purification, was 

dissolved in THF (70 mL). Then, aqueous ammonia solution 25% (35 mL) was added and the 

resultant mixture was stirred at room temperature for 3 hours. The mixture was concentrated 

under vacuum to remove the solvent and the crude obtained was dispersed with water (60 

mL). Aqueous phase was extracted with ethyl acetate (3 × 60 mL). The combined organic 

phase was washed with 5% aqueous HCl (2 × 60 mL), 10% aqueous NaHCO3 (2 × 60 mL), 
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water (60 mL), dried over Na2SO4, filtered, and concentrated under vacuum to afford 3.19 as 

a light yellow powder (636.75 mg, 97%). Mp: 143.2–146.4 ºC. IR (KBr): 3477.0, 3367.1, 

2950.6, 1747.2, 1671.9, 1600.6, 1455.9, 1234.2 cm-1. 1H NMR (400MHz, CDCl3): δ = 5.82 

(br s, 1H), 5.43 (br s, 1H), 5.31 (t, J = 3.1 Hz, 1H, H-12), 5.19–5.13 (m, 1H, H-2), 5.08 (d, J = 

10.2 Hz, 1H, H-3), 3.85 (d, J = 11.7 Hz, 1H, H-23), 3.58 (d, J = 11.9 Hz, 1H, H-23), 2.08 (s, 

3H, CH3CO), 2.02 (s, 3H, CH3CO), 1.98 (s, 3H, CH3CO), 1.10 (s, 6H), 0.96 (s, 3H), 0.88 (d, J 

= 6.9 Hz, 3H), 0.85 (s, 6H) ppm. 13C NMR (100MHz, CDCl3): δ = 181.0 (C28), 170.8 (OCO), 

170.5 (OCO), 170.4 (OCO), 139.9 (C13), 125.2 (C12), 74.7, 69.9, 62.3, 54.2, 48.0, 47.6, 47.5, 

43.8, 42.5, 41.9, 39.7, 39.4, 39.0, 37.8, 37.1, 32.3, 30.8, 27.8, 24.8, 23.4, 23.1, 21.2, 21.1, 

20.9, 20.8, 17.9, 17.2, 17.1, 17.0, 13.9 ppm. DI-ESI-MS m/z [M+H] +: 613.96. ESI-HRMS 

m/z calculated for C36H55NO7 [M + Na]+: 636.3876, found: 636.3871. 

N-(2α,3β,23-triacetoxyurs-12-en-28- oyl)methyl amine (3.20) 

To a solution of 3.18 (500 mg, 0.81 mmol), in 

dry DCM (25 mL), oxalyl chloride (349.92 µl, 4.07 

mmol) was slowly added. The resultant mixture was 

stirred at room temperature for 19 h. The solvent was 

removed by evaporation under reduced pressure, and 

petroleum ether (2 mL) was added to the residue, 

concentrated to dryness to give the acyl chloride. The acyl chloride was dissolved in dry 

dichloromethane (25 mL), basified to pH 8–9 with triethylamine (aprox. 300 µl), and 

methylamine (sol. 33% w/v in ethanol) (306.08 µl, 3.25 mmol) was added. The resultant 

mixture was stirred at room temperature for 4 h. The solvent was removed by evaporation 

under reduced pressure. The residue resultant was dispersed with water, acidified to pH 3–4 

with aqueous HCl 1 M (aprox. 0,3 mL). The crude was diluted with water (40 mL), and 

extracted with ethyl acetate (3 × 40 mL). The combined organic phase was washed with 5% 

aqueous HCl (2 × 50 mL), 10% aqueous NaHCO3 (2 × 50 mL), water (50 mL), dried over 

Na2SO4, filtered, and concentrated under vacuum to afford 3.20 as a white solid (470 mg, 

92%). Mp: 122.4–125.1 ºC. IR (KBr): 3440.4, 2948.6, 2871.5, 1747.2, 1648.8, 1234.2 cm-1. 

1H NMR (400MHz, CDCl3): δ = 5.89–5.86 (m, 1H, NHCH3), 5.31 (t, J = 3.0 Hz, 1H, H-12), 

5.19–5.12 (m, 1H, H-2), 5.08 (d, J = 10.3 Hz, 1H, H-3), 3.84 (d, J = 11.8 Hz, 1H, H-23), 3.58 

(d, J = 12.0 Hz, 1H, H-23), 2.72 (d, J = 4.4 Hz, 2H, NHCH3) 2.07 (s, 3H, CH3CO), 2.02 (s, 

3H, CH3CO), 1.98 (s, 3H, CH3CO), 1.10 (s, 3H), 1.08 (s, 3H), 0.94 (s, 3H), 0.89 (s, 3H), 0.86 
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(d, J = 6.5 Hz, 3H), 0.76 (s, 3H) ppm. 13C NMR (100MHz, CDCl3): δ = 178.6 (C28), 170.8 

(OCO), 170.5 (OCO), 170.4 (OCO), 140.3 (C13), 125.0 (C12), 74.7, 69.9, 65.2, 53.7, 47.6, 

47.6, 47.4, 43.7, 42.4, 41.9, 39.7, 39.5, 39.1, 37.7, 36.9, 32.1, 30.8, 27.7, 26.2, 24.9, 23.4, 

23.2, 21.2, 21.1, 20.8, 20.8, 17.8, 17.2, 17.0, 16.6, 13.9 ppm. DI-ESI-MS m/z [M+H] +: 

628.23. ESI-HRMS m/z calculated for C37H57NO7 [M + H]+: 628.4213, found: 628.4208. 

Methyl N-(2α,3β,23-triacetoxyurs-12-en-28-oyl)glycinate (3.21) 

Prepared from 3.18 (600 mg, 0.98 mmol) 

accordingly to a previous reported method211 to 

afford compound 3.21 as a light yellow powder 

(624.8 mg, 93%). Mp: 174.9–177.8 ºC. IR 

(KBr): 3421.1, 2950.5, 2927.4, 2871.5, 1745.3, 

1654.6, 1369.21, 1234.2, 1043.30 cm-1. 1H NMR (400MHz, CDCl3): δ = 6.47 (m, 1H, 

NHCH2COOCH3), 5.40 (t, J = 3.1 Hz, 1H, H-12), 5.19–5.12 (m, 1H, H-2), 5.08 (d, J = 10.3 

Hz, 1H, H-3), 4.11–4.05 (m, 1H, NHCH2COOCH3), 3.87–3.82 (m, 1H, NHCH2COOCH3), 

3.84 (d, J = 12.3 Hz, 1H, H-23), 3.76 (s, 3H, NHCH2COOCH3), 3.58 (d, J = 11.7 Hz, 1H, H-

23), 2.08 (s, 3H, CH3CO), 2.02 (s, 3H, CH3CO), 1.98 (s, 3H, CH3CO), 1.09 (s, 6H), 0.96 (s, 

3H), 0.88 (s, 3H), 0.86 (d, J = 6.9 Hz, 3H), 0.72 (s, 3H) ppm. 13C NMR (100MHz, CDCl3): δ 

= 178.0, 170.8, 170.6, 170.5, 170.4, 139.2, 125.7, 74.8, 69.9, 65.3, 53.6, 52.3, 47.7, 47.6, 

47.5, 43.8, 42.3, 41.9, 41.5, 39.7, 39.6, 39.0, 37.7, 36.9, 32.2, 30.8, 27.7, 24.8, 23.5, 23.2, 

21.2, 21.0, 20.9, 20.8, 17.8, 17.1, 17.1, 16.5, 13.9 ppm. DI-ESI-MS m/z [M+H] +:686.4. ESI-

HRMS m/z calculated for C39H59NO9 [M + H]+: 686.4268, found: 686.4263. 

Methyl N-(2α,3β,23-triacetoxyurs-12-en-28-oyl)alaninate (3.22)  

Prepared from 3.18 (400 mg, 0.65 

mmol) accordingly to a previous reported 

method211 to afford compound 3.22 as a 

light yellow powder (426 mg, 94%). Mp: 

219.2–222.4 ºC. IR (KBr): 2973.7, 2950.6, 

2871.5, 1747.2, 1656.6, 1455.9, 1371.1, 1236.2 cm-1. 1H NMR (400MHz, CDCl3): δ = 6.60 

(d, J = 5.8 Hz, 1H, NHCH(CH3)COOCH3), 5.39 (t, J = 3.1 Hz, 1H, H-12), 5.18–5.12 (m, 1H, 

H-2), 5.07 (d, J = 10.4 Hz, 1H, H-3), 4.49–4.41 (m, 1H, NHCH(CH3)COOCH3), 3.84 (d, J = 

11.8 Hz, 1H, H-23), 3.73 (s, 3H, NHCH(CH3)COOCH3) 3.58 (d, J = 11.8 Hz, 1H, H-23), 2.08 
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(s, 3H, CH3CO), 2.02 (s, 3H, CH3CO), 1.98 (s, 3H, CH3CO), 1.36 (d, J = 7.0 Hz, 3H, 

NHCH(CH3)COOCH3), 1.08 (s, 6H), 0.95 (s, 3H), 0.87 (s, 6H), 0.69 (s, 3H) ppm. 13C NMR 

(100MHz, CDCl3): δ = 177.3, 173.7, 170.9, 170.5, 170.4, 138.5, 125.9, 74.8, 69.9, 65.3, 53.5, 

52.4, 48.2, 47.6, 47.5, 43.7, 42.3, 41.9, 39.6, 39.6, 39.0, 37.7, 37.2, 32.4, 30.8, 27.7, 24.6, 

23.4, 23.2, 21.2, 21.1, 20.9, 20.8, 18.7, 17.8, 17.1, 17.0, 16.5, 13.9 ppm. DI-ESI-MS m/z 

[M+H] +:700.5. ESI-HRMS m/z calculated for C40H61NO9 [M + H]+: 700.4425, found: 

700.4419. 

2α,3β,23-Triacetoxy-12β-fluoro-ursa-13,28β-lactam (3.23) 

To stirred solution of 3.19 (610 mg, 0.99 mmol) in 

nitromethane (18.30 mL) and dioxane (12.20 mL) at 80 ºC, 

Selectfluor® (1057.89 mg, 2.99 mmol) was added. The 

mixture was stirred at 80 ºC, in anhydrous conditions, until 

the reaction was completed as verified by TLC control. After 

25 h, the solvent was removed by evaporation under reduced 

pressure and the crude obtained was dispersed with water (50 mL). Aqueous phase was 

extracted with ethyl acetate (3 × 50 mL). The combined organic phase was washed with water 

(4 × 50 mL), dried over Na2SO4, filtered, and concentrated under vacuum to afford a light 

yellow solid. The crude solid was purified by flash column chromatography (petroleum 

ether/ethyl acetate, 1:1 → 1:4 ), to afford 3.23 as a white solid (268.4 mg, 43%). Mp: 202.7–

205.6 ºC. IR (KBr): 2981.4, 2937.1, 2869.6, 1766.5, 1739.5, 1457.9, 1369.2, 1238.1, 1041.4 

cm-1. 1H NMR (400MHz, CDCl3): δ = 5.22–5.16 (m, 1H, H-2), 5.07 (d, J = 10.3 Hz, 1H, H-

3), 4.85 (dq, J = 45.6 Hz, 1H, H-12), 3.81 (d, J = 11.7 Hz, 1H, H-23), 3.61 (d, J = 11.9 Hz, 

1H, H-23), 2.08 (s, 3H, CH3CO), 2.02 (s, 3H, CH3CO), 1.99 (s, 3H, CH3CO), 1.21 (s, 3H), 

1.16 (s, 3H), 1.12 (d, J = 6.4 Hz, 3H), 1.10 (s, 3H), 0.97 (d, J = 5.1 Hz, 3H), 0.89 (s, 3H) ppm. 

13C NMR (100MHz, CDCl3): δ = 175.4 (C28), 170.8 (OCO), 170.3 (2C, 2 × OCO), 91.3 (d, J 

= 14.4 Hz, C13), 89.54 (d, J = 185.9 Hz, C12), 74.6, 69.7, 65.2, 59.9 (d, J = 2.9 Hz), 49.2 (d, 

J = 9.7 Hz), 47.8, 44.5, 44.4 (d, J = 3.0 Hz), 44.2, 42.5, 41.9, 39.5, 38.3, 38.0, 33.5, 32.7, 

30.9, 27.6, 25.7 (d, J = 19.6 Hz), 24.0, 21.0, 20.9, 20.7, 19.5, 18.4, 18.2, 17.5, 17.3, 16.4, 13.6 

ppm. DI-ESI-MS m/z [M+H] +: 632.32. Anal. Calcd. for C36H54FNO7: C, 68.44; H, 8.61; N, 

2.22. Found: C, 68.08; H, 8.54; N, 1.90. 
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Methyl N-(2α,3β,23-triacetoxy-12β-fluoro-ursa-13,28β-lactam) (3.24) 

Prepared accordingly to the method described for 3.23 

using compound 3.20 (420 mg, 0.67 mmol), nitromethane 

(16.76 mL), dioxane (10.90 mL) and Selectfluor® (709.08 

mg, 2 mmol) at 80 ºC, in anhydrous conditions, for 46 h. The 

crude solid was purified by flash column chromatography 

(petroleum ether/ethyl acetate, 1:3 → 1:4) to afford 3.24 as a 

white solid (322,21 mg, 75%). Mp: 160.2–163.1 ºC. IR (KBr): 2956.34, 2873.42, 1749.12, 

1716.34, 1461.78, 1369.21, 1035.59 cm-1. 1H NMR (400MHz, CDCl3): δ = 5.22–5.16 (m, 1H, 

H-2), 5.07 (d, J = 10.6 Hz, 1H, H-3), 4.87 (dq, J = 45.9 Hz, 1H, H-12), 3.80 (d, J = 11.74 Hz, 

1H, H-23), 3.61 (d, J = 11.8 Hz, 1H, H-23), 2.99 (s, 3H), 2.08 (s, 3H, CH3CO), 2.02 (s, 3H, 

CH3CO), 1.99 (s, 3H, CH3CO), 1.23 (s, 3H), 1.16 (s, 3H), 1.12–1.10 (m, 6H), 0.96 (d, J = 5.1 

Hz, 3H), 0.88 (s, 3H) ppm. 
13C NMR (100MHz, CDCl3): δ = 170.8 (OCO), 170.3 (2C, 2 × 

OCO), 166.5 (C28), 90.8 (d, J = 14.8 Hz, C13), 89.7 (d, J = 185.4 Hz, C12), 74.6, 69.7, 65.1, 

52.8 (d, J = 3.0 Hz), 49.2 (d, J = 9.5 Hz), 47.8, 44.4 (d, J = 2.9 Hz), 44.2, 44.2, 42.7, 41.9, 

39.7, 38.3, 37.9, 33.5, 33.3, 32.9, 31.1, 27.6, 25.7 (d, J = 19.7 Hz), 24.3, 21.0, 20.9, 20.7, 

19.5, 18.5, 18.2, 17.5, 17.2, 16.4, 13.6 ppm. DI-ESI-MS m/z [M+H] +: 646.38. ESI-HRMS 

m/z calculated for C37H56FNO7 [M + H]+: 646.4119, found: 646.4114. 

Methyl N-(2α,3β,23-triacetoxy-12β-fluoro-ursa-13,28β-lactam)glycinate (3.25) 

Prepared accordingly to the method described for 3.23 

using 3.21 (625 mg, 0.91 mmol), nitromethane (18.7 mL), 

dioxane (12.5 mL) and Selectfluor® (968.43 mg, 2.73 mmol) 

at 80 ºC for 24 h to afford a light yellow solid. The crude 

solid was purified by flash column chromatography 

(petroleum ether/ethyl acetate, 1:1 → 1:2), to afford 3.25 as a 

white solid (363.46 mg, 57%). Mp: 148.2–150.9 ºC. IR (KBr): 2979.5, 2935.1, 2877.3, 

1747.2, 1712.5, 1457.9, 1236.9, 1033.7 cm-1. 1H NMR (400MHz, CDCl3): δ = 5.21–5.15 (m, 

1H, H-2), 5.06 (d, J = 10.30 Hz, 1H, H-3), 4.84 (dq, J = 45.8 Hz, 1H, H-12), 4.18 (d, J = 17.5 

Hz, 1H, NCH2COOCH3), 4.12 (d, J = 17.5 Hz, 1H, NCH2COOCH3), 3.79 (d, J = 11.9 Hz, 

1H, H-23), 3.70 (s, 3H, -NCH2COOCH3), 3.60 (d, J = 11.8 Hz, 1H, H-23), 2.07 (s, 3H, 

CH3CO), 2.01 (s, 3H, CH3CO), 1.98 (s, 3H, CH3CO), 1.15 (s, 3H), 1.13 (s, 3H), 1.10 (d, J = 

6.5 Hz, 3H), 1.08 (s, 3H), 0.95 (d, J = 5.2 Hz, 3H), 0.87 (s, 3H) ppm. 
13C NMR (100MHz, 
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CDCl3): δ = 171.9, 170.7 (OCO), 170.3 (2C, 2 × OCO), 168.1, 91.8 (d, J = 14.2 Hz, C13), 

89.5 (d, J = 185.8 Hz, C12), 74.5, 69.6, 65.1, 52.8 (d, J = 3.4 Hz), 51.8, 49.1 (d, J = 9.2 Hz), 

48.4, 47.7, 44.4, 44.3 (d, J = 2.7 Hz), 44.1, 42.7, 41.9, 39.7, 38.3, 37.9, 33.2, 32.6, 31.0, 27.5, 

25.6 (d, J = 19.9 Hz), 24.0, 21.0, 20.8, 20.7, 19.5, 18.3, 18.1, 17.4, 17.2, 16.4, 13.6 ppm. DI-

ESI-MS m/z [M+H] +: 704.33. Anal. Calcd. for C39H58FNO9: C, 66.55; H, 8.31; N, 1.99 . 

Found: C, 66.16; H, 8.39; N, 2.00. 

Methyl N-(2α,3β,23-triacetoxy-12β-fluoro-ursa-13,28β-lactam)alaninate (3.26) 

Prepared accordingly to the method described for 

3.23 using 3.22 (275 mg, 0.39 mmol), nitromethane (11.0 

mL), dioxane (7.15 mL) and Selectfluor® (417.57 mg, 1.18 

mmol) at 80 ºC for 30 h to afford a light yellow solid which 

was purified by flash column chromatography (petroleum 

ether/ethyl acetate, 2:1), to afford compound 3.26 as a white 

solid (159.37 mg, 57%). Mp: 145.8–148.0 ºC. IR (KBr): 2981.4, 2935.1, 2875.3, 1754.9, 

1704.8, 1457.9, 1369.2, 1236.2 cm-1. 1H NMR (400MHz, CDCl3): δ = 5.22–5.16 (m, 1H, H-

2), 5.07 (d, J = 10.4 Hz, 1H, H-3), 4.82 (dq, J = 45.9 Hz, 1H, H-12), 4.47 (q, J = 7.0 Hz, 1H, 

NCH(CH3)COOCH3), 3.81 (d, J = 11.8 Hz, 1H, H-23), 3.60 (d, J = 11.8 Hz, 1H, H-23), 3.68 

(s, 3H, NCH(CH3)COOCH3), 2.07 (s, 3H, CH3CO) 2.02 (s, 3H, CH3CO), 1.99 (s, 3H, 

CH3CO), 1.40 (d, J = 7.1 Hz, 3H, NCH(CH3)COOCH3), 1.20 (s, 3H), 1.16 (s, 3H), 1.10 (m, 

6H), 0.95 (d, J = 5.9 Hz, 3H), 0.88 (s, 3H) ppm. 
13C NMR (100MHz, CDCl3): δ = 174.6, 

170.8 (OCO), 170.3 (2C, 2 × OCO), 166.6, 91.6 (d, J = 14.7 Hz, C13), 89.5 (d, J = 186.0 Hz, 

C12), 74.5, 69.7, 61.5, 54.0, 52.8 (d, J = 3.2 Hz), 51.9, 49.2 (d, J = 9.7 Hz), 47.7, 44.4 (d, J = 

2.6 Hz), 44.2, 44.2, 42.7, 41.9, 39.6, 38.4, 37.9, 33.3, 32.6, 31.0, 27.6, 25.6 (d, J = 19.8 Hz), 

23.9, 21.0, 20.9, 20.7, 20.2, 19.6, 18.5, 18.2, 17.4, 17.2, 16.4, 13.6 ppm. DI-ESI-MS m/z 

[M+H] +: 718.37. ESI-HRMS m/z calculated for C40H60FNO9 [M + H]+: 718.4330, found: 

718.4325.  
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3.4.2 Biology 

3.4.2.1 Cells and reagents 

Human cervical adenocarcinoma (HeLa), human colorectal adenocarcinoma (HT-29), 

human breast adenocarcinoma (MCF-7), human leukemic T (Jurkat), human prostate 

adenocarcinoma (PC-3), human melanoma (A-375), and human pancreatic carcinoma 

(MiaPaca-2) cell lines, as well as a nontumor human skin fibroblast (BJ) cell lines were 

obtained from the American Type Culture Collection (USA).  

Dulbecco’s Modified Eagle Medium (DMEM), RPMI 1640 Medium, Dulbecco’s 

Phosphate Buffered Saline (DPBS) and L-glutamine were obtained from Biowest. Minimum 

Essential Medium (MEM), a penicilin/streptomicin solution and Fetal Bovine Serum (FBS) 

were obtained from Gibco. A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) powder and the XTT cell proliferation kit were purchased from Applichem Panreac. A 

sodium pyruvate solution (100 mM) and Trypsin/EDTA were obtained from Biological 

Industries. A sodium bicarbonate solution (7.5%) and glucose solution (45%) were purchased 

from Sigma-Aldrich Co.  

Primary antibodies against p21cip1/waf1 (sc-397), Bcl-2 (sc-509), Bax (sc-493), cyclin E 

(sc-247) and cyclin D3 (sc-182) were obtained from Santa Cruz Biotechnology, Inc. Primary 

antibodies against p27kip1 (#610242), Bid (#550365) and PARP (#556493) were obtained 

from BD Biosciences. Primary antibodies against caspase 3 (#9662) and caspase 8 (#9746S) 

were purchased from Cell Signaling. The primary antibody against α-actin (#69100) was 

obtained from MP Biomedicals. Secondary antibodies (anti-mouse (P0260) and anti-rabbit 

(NA934)) were obtained from Dako and from Amersham Biosciences, respectively. 

Cisplatin was obtained from Sigma-Aldrich Co. 

3.4.2.2 Preparation and storage of the stock solutions 

Asiatic acid 1.27 and its derivatives were suspended in DMSO at 20 mM as stock 

solutions that were stored at –80 °C. The working solutions were prepared freshly on the day 

of testing. To obtain final assay concentrations, the stock solutions were diluted in culture 

medium. The final concentration of DMSO in working solutions was always equal or lower 

than 0.5%.  
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3.4.2.3 Cell culture 

HT-29, PC-3, A375, MIA PaCa-2 and HeLa cells were routinely maintained in 

DMEM supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 1% 

penicillin/streptomycin. MCF-7 cells were maintained in MEM supplemented with 10% heat-

inactivated FBS, 0.1% penicillin/streptomycin, 2 mM L-glutamine, 1 mM sodium pyruvate, 

0.01 mg/mL of insulin, 10 mM glucose and 1× MEM-EAGLE Non Essential Aminoacids. BJ 

cells were routinely maintained in DMEM supplemented with 10% heat-inactivated FBS, 110 

mg/L of sodium pyruvate, 1% penicillin/streptomycin and 1.5 g/L sodium bicarbonate. Jurkat 

cells were cultured in RPMI 1640 supplemented with 10% FBS, 1% penicillin/streptomycin 

and 2 mM L-glutamine. All cell lines were incubated in a 5% CO2 humidified atmosphere at 

37 °C. 

3.4.2.4 Cell viability assay 

The antiproliferative activities of the test compounds against the MCF-7, HT-29, PC-

3, A375, MIA PaCa-2, HeLa and BJ cell lines were evaluated via a modified procedure of 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, as described by 

Mosmann.275 Briefly, 8  102 to 1  104 cells per well were plated in 96-well plates in 200 µl 

of medium and were left to grow. After 24 h of culture, the culture medium was removed and 

replaced by new medium (200 µl) containing the tested compounds at different 

concentrations, in triplicate. After 72 h of incubation, 100 µl of MTT solution (0.5 mg/mL) 

were used to replace the supernatant in each well. After 1 h of incubation, the MTT solution 

was removed and the resulting formazan crystals were dissolved with 100 µl of DMSO. 

Relative cell viability was measured by absorbance at 550 nm on an ELISA plate reader 

(Tecan Sunrise MR20-301, TECAN, Salzburg, Austria). Non treated cells were used as the 

control. 

The antiproliferative activities of the compounds against Jurkat cells were determined 

using the XTT assay. Jurkat cells were seeded at a density of 4  103 cells per well in 96-well 

plates in 100 µl of medium. After 24 h of incubation, 100 µl of medium containing the tested 

compounds at different concentrations, in triplicate, were added. After 72 h of incubation, 100 

µl of XTT solution were added to each well and the plates were incubated for an additional 4 

h at 37 °C. Relative cell viability, compared to with the viability of nontreated cell, was 
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measured by absorbance at 450 nm on an ELISA plate reader (Tecan Sunrise MR20-301, 

TECAN, Salzburg, Austria).  

IC50 values represent the concentration of each compound that inhibited the cell 

growth by 50%, compared with nontreated cells. The IC50 values were estimated from the 

dose-response curves using 9 different concentrations in triplicate. Each IC50 value was 

expressed as the mean IC50 ± standard deviation (SD) of three independent experiments. 

3.4.2.5 Cell-cycle assay 

The cell cycle was analyzed by flow cytometry using a fluorescence activated cell 

sorting (FACS). Briefly, 1  105 HeLa cells were seeded per well on 6-well pates, with 2 mL 

of medium. After 24 h of culture, cells were treated with compound 3.14 at the indicated 

concentrations. Control cells were treated with culture medium containing 0.5% DMSO. After 

24 and 48 h of incubation, cells were harvested by mild trypsinization, collected by 

centrifugation, and resuspended in Tris-buffered saline (TBS) containing 50 mg/mL of PI, 10 

mg/mL of Rnase-free Dnase, and 0.1% Igepal CA-630 (Sigma-Aldrich). The cells were 

stained for 1 h at 4 ºC and protected from light. FACS analysis was performed at 488 nm on 

an Epics XL flow cytometer (Coulter Corporation, Hialeah, FL). Data from 1  104 cells were 

collected and analyzed using the Multicycle software (Phoenix Flow Systems, San Diego, 

CA). Experiments were performed in triplicate, with two replicates per experiment.  

3.4.2.6 Annexin V-FITC/PI flow cytometric assay 

HeLa cells were seeded at a concentration of 1  105 cells per well on 6-well pates, 

with 2 mL of medium. After 24 h of culture, cells were treated with compound 3.14 at the 

specified concentrations and the plates were incubated for 48 h. Subsequently, cells were 

harvested, centrifuged, and resuspended in 95 µl of binding buffer (10 mM HEPES/NaOH, 

pH 7.4, 140 mM NaCl, 2.5 mM CaCl2) at a maximum density of 8  105 cells/mL. The 

annexin V-FITC conjugate (1 µg/mL) was added and cells were incubated for 30 min at room 

temperature in the dark. Just before FACS analysis, 500 μl of binding buffer was added to 

each vial and cells were stained with 20 µl of a 1 mg/ml PI solution. Approximately 1  104 
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cells were analyzed for each histogram. Experiments were performed in triplicate, with two 

replicates per experiment.  

3.4.2.7 Morphological analysis using phase–contrast microscopy 

In this experiment, 1  105 HeLa cells per well were seeded in 6-well plates containing 

2 mL of medium and incubated at 37 °C for 24 h. Cells were then treated with compound 3.14 

at the specified concentrations for 48 h. Morphological changes were observed using an 

inverted phase–contrast microscope (Olympus IMT-2) with a 40× objective and a digital 

camera [Fujifilm A2O5S (Fuji Foto Film, CO. LTD)]. 

3.4.2.8 Hoechst 33258 staining 

Nuclear morphological modifications were analyzed by fluorescence microscopy 

using Hoechst 33258 staining. In this experiment, 1  105 HeLa cells per well were seeded on 

6-well plates containing 2 mL of medium. After 24 h of incubation, compound 3.14 was 

added at the indicated concentrations and cells were incubated again for a period of 48 h. 

Cells were harvested by mild trypsinization, collected by centrifugation, and washed twice 

with PBS. Cells were then stained with 500 µl of Hoechst 33258 solution (2 µg/mL in PBS) 

for 15 min at room temperature in the dark. After incubation, cells were washed with PBS, 

mounted on a slide, and observed under a fluorescence microscope (DMRB, Leica 

Microssystems, Wetzlar, Germany) using a DAPI filter. 

3.4.2.9 Preparation of total protein extracts 

HeLa cells (5.6  104) were seeded in 100 mm plates containing 10 mL of culture 

medium for 24 h. Cells were then treated with compound 3.14 at the specified concentrations 

for 48 h. After the incubation, cells were washed twice with ice-cold PBS and resuspended in 

ice-cold lysis buffer [20 mM Tris/acetate (pH 7.5), 270 mM sucrose, 1 mM EDTA (pH 8.8), 1 

mM EGTA (pH 8.8), 1% Triton X-100, and 1% protease inhibitor cocktail (Sigma-Aldrich)]. 

The samples were sonicated, incubated on ice for 15 min, and centrifuged at 12000 rpm for 5 

min at 4 ºC. The pellets were discarded and protein content was quantified in the supernatants 
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using a bicinchoninic acid (BCA) kit (Pierce Biotechnology, Rockford). After quantification, 

the supernatants were stored at –80 °C. 

3.4.2.10 Western blotting 

Equal amounts of protein were loaded and size-separated on 10% or 15% SDS–

polyacrilamide gels according to the method described by Laemmli.276 After electrophoresis, 

separated proteins were transferred to polyvinyl nitrocellulose membranes (BioRad 

Laboratories, Richmond). Membranes were blocked by incubation in TBS buffer [20 mM Tris 

(pH 7.5) and 132 mM NaCl] containing 0.1% Tween and 5% BSA or nonfat dry milk for 1 h 

at room temperature. Subsequently, membranes were blotted with primary specific antibodies 

overnight at 4 ºC. After incubation, blots were washed five times (5 min each time) with TBS-

0.1% Tween and incubated with the appropriate secondary antibodies for 1 h at room 

temperature. After secondary antibody incubation, the membranes were washed five times (5 

min each time) with TBS-0.1% Tween. Protein detection was performed by treating all blots 

with Immobilon ECL Western Blotting Detection Kit Reagent (Millipore). The blots were 

developed after exposure to an autoradiography film in a film cassette.  
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4.1 Introduction 

The conversion of the hexameric A-ring of asiatic acid 1.27 containing the 2,3-vicinal 

diols into a pentameric A-ring containing an ,-unsaturated carbonyl group was reported 

previously.252 Information obtained from scientific the literature regarding structure–activity 

relationships, indicates that the introduction of an α,β-unsaturated carbonyl group in the A-

ring of pentacyclic triterpenoids has a significant effect on their biological activity.119,264 The 

transformations performed in the A-ring of asiatic acid had not been thoroughly explored. 

Taking all that into account, a series of new asiatic acid 1.27 derivatives containing a 

pentameric A-ring with an ,-unsaturated carbonyl moiety, combined with additional 

modifications at C23, C11, and C28 was designed and synthesized, to obtain derivatives with 

improved anticancer activity. 

Nitrile group has been gaining great importance in the design and development of new 

drugs277,278, which is reflected in the more than 30 nitrile-containing pharmaceutical 

compounds currently in use for diverse therapeutic indications, and in the more than 20 

nitrile-containing leads that are in clinical evaluation.279 Because of its versatility, the 

presence of the nitrile functionality in organic molecules plays several biologically important 

roles.277,278,280–283 This functional group proved to be a strong hydrogen acceptor and may 

work as a hydroxyl and carboxyl surrogate.277,279 Furthermore, nitriles are precursors in 

organic synthesis and can be converted into amides, amines, triazines, thiazoles, 2-oxazolines, 

tetrazoles, imidazoles, triazoles, and other nitrogen-containing functional moieties that 

possess a broad spectrum of biological activities.284,285 

Several methods exist for the preparation of nitriles from the corresponding aldehydes, 

including methods based on the dehydration of aldoximes and oxidation of aldimines, or those 

that use reagents such as sodium azide (NaN3) and triflic acid (TfOH), among others.286–289 

Other methods are based on the use of ammonia combined with other reagents, such as 

iodosobenzene diacetate,284 [bis(trifluoroacetoxy)iodo]benzene,290 sodium periodate (NaIO4), 

potassium iodide (KI),291 and Copper/TEMPO using air as oxidant.292 

Taking into account the potential importance of nitrile in the biological activity of our 

compounds, a panel of A-nor derivatives of asiatic acid 1.27 containing a nitrile group in ring 

A was designed and prepared. The introduction of the nitrile group in the A-ring was achieved 

by the direct conversion of the aldehyde group into nitrile using a method based on 
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ammonia/water combined with iodine, which was reported to be applicable for aromatic, 

heterocyclic and aliphatic aldehydes.261,293,294 

4.2 Results 

4.2.1 Chemistry 

4.2.1.1 Synthesis and structural elucidation 

The synthesis started with treatment of asiatic acid 1.27 with anhydrous potassium 

carbonate (K2CO3) and methyl iodide or ethyl iodide in DMF, to give the methyl ester 

derivative 4.1 and the ethyl ester derivative 4.2, respectively, in almost quantitative yields 

(Scheme 4.1). Asiatic acid 1.27 and ester derivatives 4.1, and 4.2, were then oxidized with 

sodium periodate (NaIO4) in methanol/water252 affording the heptameric A-ring lactol 

derivatives 4.3, 4.4 and 4.5, respectively. Further treatment of compounds 4.3, 4.4, and 4.5 

with catalytic amounts of piperidine and acetic acid in dry benzene at 60 °C afforded the 

pentameric A-ring derivatives 4.6, 4.7, and 4.8, respectively.252 

Scheme 4.1 Synthesis of derivatives 4.1–4.8. Reagents and conditions: a) CH3I, K2CO3, DMF, rt.; b) CH3CH2I, 

K2CO3, DMF, rt.; c) NaIO4, MeOH / H2O, rt; d) i- Acetic acid, piperidine, dry benzene, 60°C, N2; ii -Anhydrous 

MgSO4, 60 °C, N2. 
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The elucidation of the structures of all newly synthesized derivatives was achieved 

using different techniques, including IR, 1H and 13C NMR and MS. For the identification of 

the intermediary compounds were also used the data reported in the literature. 

The derivatives 4.3–4.5 and 4.12, with a heptameric lactol A-ring, exhibited a broad 

band on the IR spectrum, at 3421–3444 cm–1, corresponding to the hydroxyl group at C2. In 

the 1H NMR spectrum, the proton of the CHO group appeared as a singlet at 9.94 ppm (Fig. 

4.1). In the 13C NMR spectrum, the signal corresponding to the CHO carbon was observed at 

around 206 ppm (Fig. 4.2). 

Figure 4.1 1H NMR spectrum of compound 4.4. 
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Figure 4.2 13C NMR spectrum of compound 4.4. 

In the IR spectrum of compounds 4.6–4.8, the characteristic IR bands for the C=O and 

C=C stretching vibrations of the ,-unsaturated aldehydes were observed at 1687–1689 cm–1 

and 1581 cm–1, respectively (as example see IR spectrum of compound 4.8, Fig. 4.3). The 

signals of the aldehyde and H3 protons in the A ring were consistently observed as two singlet 

signals at 9.72 ppm and  6.66 ppm, respectively, in the 1H NMR spectrum (Fig. 4.4). The 13C 

NMR signal for the CHO carbon was observed at 190.8 ppm, whereas the signals for the 

carbons C2 and C3 of the A ring double bond appeared at around 158.9 ppm and 159.3 ppm, 

respectively (Fig. 4.5). 

 

Figure 4.3 IR spectrum of compound 4.8. 
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Figure 4.4 1H NMR spectrum of compound 4.8. 

 

 

 

 

Figure 4.5 13C NMR spectrum of compound 4.8. 
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To study the impact of the introduction of a carbonyl group at C11 on the anticancer 

activity, several asiatic acid 1.27 derivatives with an ,-unsaturated ketone in the C-ring 

were prepared. As shown in Scheme 4.2, the reaction of compound 4.1 with acetic anhydride 

in the presence of DMAP in THF at room temperature gave compound 4.9, which was further 

oxidized with a mixture of potassium permanganate and iron sulfate, to afford the 11-oxo-12-

ene derivative 4.10 in 95% yield.255,295 Compound 4.10 was then deacetylated with potassium 

hydroxide (KOH) in methanol, to afford the trihydroxy intermediate 4.11. The lactol 

derivative 4.12 was prepared by reaction of compound 4.11 with sodium periodate (NaIO4) in 

methanol/water at room temperature. The ,-unsaturated aldehyde 4.13 was obtained from 

4.12 using the procedure described previously for the preparation of compounds 4.6–4.8. 

Scheme 4.2 Synthesis of derivatives 4.9–4.13. Reagents and conditions: a) acetic anhydride, DMAP, THF, rt.; b) 

KMnO4, Fe2(SO4)3.nH2O, t-BuOH, H2O, CH2Cl2, rt.; c) KOH, MeOH, reflux; d) NaIO4, MeOH / H2O, rt.; e) i- 

acetic acid, piperidine, dry benzene, 60 °C, N2;  ii -anhydrous MgSO4, 60 °C, N2. 

In the 1H NMR spectrum of compound 4.10, the signal for proton H12 was observed 

at 5.62 ppm; this was a higher value than that observed for proton H12 of compound 4.9 (5.24 
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ppm), which had no carbonyl at C11. Moreover, in the 13C NMR spectrum, the signal for C11 

appeared at 198.8 ppm. The signals for C12 and C13 appeared at 130.4 and 163.3 ppm, 

respectively, which are higher values than those observed in compound 4.9 (125.0 ppm for 

C12 and 138.3 ppm for C13).255
  

The synthesis of nitrile-containing A-nor asiatic acid derivatives was achieved via the 

direct conversion of the A-ring aldehyde group into nitrile. The aldehyde derivatives 4.6, 4.7, 

and 4.13 were dissolved in THF and treated with 25% aqueous ammonium solution and 

iodine at room temperature,261 to afford the nitrile-containing derivatives 4.14, 4.15, and 4.16, 

in 56%, 50%, and 48% yields, respectively (Scheme 4.3). After the addition of iodine, the 

reaction mixture acquired a dark color. Over the course of the reaction, the reaction mixture 

became colorless because of the consumption of iodine, which usually indicates that the 

reaction is complete. 

 

Scheme 4.3 Synthesis of derivatives 4.14-4.16. Reagents and conditions: a) I2, aq. NH3, THF, rt. 

According to previous studies, the conversion of aldehyde into nitrile presumably 

proceeds via the oxidation of aldimine with iodine, to afford an N-iodo aldimine intermediate, 

which eliminates hydrogen iodide in ammonia solution, affording the nitrile derivatives (Fig. 

4.6).261,286,293
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Figure 4.6 Proposed mechanism for the conversion of aldehyde intro nitrile. 

The direct conversion of aldehyde into nitrile was confirmed by the IR absorption 

band for C≡N stretching vibration observed at 2215.8–2217.7 cm–1 (Fig. 4.7). In the 13C NMR 

spectrum, the signal for the CN carbon appeared at around 117 ppm (Fig. 4.9). These 

structural data were consistent for all nitrile containing derivatives (4.14–4.16 and 4.22–4.27 

and 4.30).  

Considering compound 4.15, in its 1H NMR spectrum, proton H3 appeared as a singlet 

at 6.48 ppm, and proton H12 appeared as a triplet at 5.26 ppm (Fig. 4.8).  

 

Figure 4.7 IR spectrum of compound 4.15. 
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Figure 4.8 1H NMR spectrum of compound 4.15. 

 

 

 

 

Figure 4.9 13C NMR spectrum of compound 4.15. 
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Figure 4.10 DEPT 135 spectrum of compound 4.15. 

To investigate the effect of C23-hydroxyl substitution on anticancer activity, 

compounds 4.13 and 4.15 were used as the starting materials for the preparation of a panel of 

C23-substituted ester (Schemes 4.4 and 4.5), carbamate (Schemes 4.4 and 4.5), and 

methanesulfonyloxy (Scheme 4.6) derivatives. The ester derivatives 4.17, 4.18 and 4.23–4.26 

were prepared in moderate-to-good yields via the reaction of compound 4.13 or compound 

4.15 with the corresponding anhydrides in the presence of DMAP at room temperature. The 

treatment of compounds 4.13 or 4.15 with cinamoyl chloride and DMAP in dry benzene at 60 

°C afforded the 23-cinnamic ester derivatives 4.19 and 4.27, respectively. 
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Scheme 4.4 Synthesis of derivatives 4.17–4.21. Reagents and conditions: a) Acetic anhydride or butyric 

anhydride, DMAP, THF, rt.; b) Cinnamoyl chloride, dry benzene, DMAP, 60 °C, N2; c) CDI or CBMI, THF, 70 

°C, N2. 

In previous studies, our group found that the introduction of imidazole and 2-

methylimidazole rings into the structure of triterpenoid compounds increases the cytotoxic 

activity of the parental compounds.254,256,257 Under this perspective, imidazole and 2-

methylimidazole rings were introduced into compounds 4.13 and 4.15 via the reaction of 

C23-OH with CDI or CBMI in THF at reflux under inert atmosphere, to afford the carbamate 

derivatives 4.20 and 4.21 in 12% and 33% yield (Scheme 4.4) and the carbamate derivative 

4.22 in 59% yield (Scheme 4.5). 
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Scheme 4.5 Synthesis of derivatives 4.22–4.27. Reagents and conditions: a) CBMI, THF, 70 °C, N2; b) Acetic or 

butyric or benzoic anhydride, DMAP, THF, rt.; c) Succinic anhydride, DMAP, CH2Cl2, r.t.; d) Cinnamoyl 

chloride, dry benzene, DMAP, 60 °C, N2. 

In the 1H NMR spectrum of compounds 4.21 and 4.22, the two protons of the 

methylimidazole ring appeared as two signals at 7.27–7.28 ppm and 6.84–6.87 ppm (as 

example see 1H NMR spectrum of compound 4.21, Fig. 4.11). In the case of the derivative 

4.20, the imidazole ring protons appeared as three singlets at 8.09, 7.36, and 7.06 ppm.256,257 
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Figure 4.11 1H NMR spectrum of compound 4.21. 

 

 

 

Figure 4.12 13C NMR spectrum of compound 4.21. 

Finally, the 23-methanesulfonyloxy derivatives 4.28, 4.29 and 4.30 were obtained in 

moderate yields via the reaction of compounds 4.7, 4.13 and 4.15, respectively, with 

methanesulfonyl chloride and triethylamine in dry dichloromethane at room temperature 

(Scheme 4.6). 
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Scheme 4.6 Synthesis of derivatives 4.28–4.30. Reagents and conditions: a) Methanesulfonyl chloride, 

triethylamine, dry CH2Cl2, rt. 

The successful preparation of the 23-methanesulfonyloxy derivatives 4.28, 4.29, and 

4.30 was confirmed by the IR absorption bands for the asymmetric and symmetric S=O 

stretching vibrations observed around 1355–1359 cm–1 and 1174–1176 cm–1, respectively. In 

addition, the 1H NMR signal for the protons from the mesylate methyl group was observed as 

a singlet at 3.01–3.03 ppm. A more detailed analysis of compound 4.29 showed that its 1H 

NMR spectrum contained a singlet signal at 10.15 ppm corresponding to the CHO proton, a 

singlet signal at 6.30 ppm corresponding to the proton H3 on ring A, and a signal at 5.68 ppm 

corresponding to proton H12. The 1H NMR signals for the geminal protons at C23 appeared 

as two doublets at 4.07 ppm and 4.04 ppm, with a coupling constant of J = 10.05 Hz. The 

signal observed at 3.01 ppm was assigned to the methyl group protons of the 

methanesulfonyloxy moiety (Fig. 4.13). Data from the literature combined with the analysis 

of data from 13C NMR and DEPT 135 spectra allowed the attribution of several signals to the 

carbons of compound 4.29.139 In the 13C NMR spectrum of compound 4.29, 7 signals greater 

than 100 ppm were observed, that corresponded to the CHO carbon, C2, C3, C11, C12, C13, 

and C28. The 13C NMR signal observed at 199.0 ppm corresponded to a quaternary carbon, as 

this signal was not present in DEPT, and was attributed to the carbonyl carbon C11 (Figs. 

4.14 and 4.15). The signals for the CHO carbon and for C28 were observed at 194.9 and 

177.1 ppm, respectively. The quaternary carbon observed at 164.9 ppm and the carbon 
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detected at 129.4 ppm were attributed to C13 and C12, respectively. The 13C NMR signal for 

the quaternary C2 appeared at 157.2 ppm, and the signal for C3 was observed at 142.0 ppm 

(Fig. 4.14).  

 

Figure 4.13 1H NMR spectrum of compound 4.29. 

 

 

 

 
Figure 4.14 13C NMR spectrum of compound 4.29. 
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Figure 4.15 DEPT 135 spectrum of compound 4.29. 

4.2.2 Biological evaluation 

4.2.2.1 Evaluation of the antiproliferative activity 

The antiproliferative activity of asiatic acid 1.27 and of all the newly synthesized 

derivatives was evaluated against human breast adenocarcinoma (MCF-7), human colon 

adenocarcinoma (HT-29), and human cervix adenocarcinoma (HeLa) cell lines by MTT 

assay. The intermediates (4.1, 4.3, 4.4, 4.6, 4.7, 4.9, 4.10 and 4.11) and the control drug 

cisplatin were tested against the HeLa cell line. The IC50 values were determined after 72 h of 

incubation and are depicted in Table 4.1. 

It was found that the great majority of the new derivatives showed better 

antiproliferative activities than parental asiatic acid 1.27 against the tested cell lines (Table 

4.1). These new derivatives were particularly active against the HeLa cell line, with the 

exception of compound 4.27. Therefore, a SAR was established based on their IC50 values 

obtained on HeLa cells (Fig. 4.2). 
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Table 4.1 Cytotoxic activity, expressed as IC50, of asiatic acid 1.27, its derivatives and 

cisplatin against breast (MCF-7), colon (HT-29) and cervix (HeLa) cancer cell lines.a 

Compound 

IC50 (µM ± SD) b 

MCF-7 HT-29 HeLa 

Asiatic acid 1.27 68.50 ± 2.12 64.33 ± 3.21 52.47 ± 0.06 

4.1  N.D. N.D. 27.50 ± 2.50 

4.2  N.D. N.D. 20.67 ± 1.53 

4.3  N.D. N.D. 21.67 ± 1.04 

4.4  N.D. N.D. 4.70 ± 0.40 

4.5  4.00 ± 0.02 5.70 ± 0.46 4.75 ± 0.21 

4.6  N.D. N.D. 5.30 ± 0.2 

4.7  N.D. N.D. 0.60 ± 0.07 

4.8  0.70 ± 0.05 0.64 ± 0.05 0.51 ± 0.03 

4.9  N.D. N.D. 0.60 ± 0.04 

4.10 N.D. N.D. 3.13 ± 0.32 

4.11 N.D. N.D. 37.17 ± 2.57 

4.12 12.03 ± 0.40 12.20 ± 0.26 8.48 ± 1.31 

4.13 0.74 ± 0.05 0.59 ± 0.04 0.30 ± 0.02 

4.14 >60 >60 43.17 ± 3.55 

4.15 14.33 ± 1.53 10.27 ± 1.55 8.90.± 0.53 

4.16 16.10 ± 1.40 17.00 ± 1.32 14.60 ± 1.65 

4.17 1.02 ± 0.11 0.97 ± 0.09 0.60 ± 0.05 

4.18 0.88 ± 0.07 0.77 ± 0.03 0.49 ± 0.00 

4.19 1.03 ± 0.04 0.84 ± 0.05 0.53 ± 0.01 

4.20 1.20 ± 0.05 0.73 ± 0.02 0.53 ± 0.03 

4.21 0.98 ± 0.02 0.66 ± 0.05 0.54 ± 0.02 

4.22 7.00 ± 0.00 6.13 ± 0.32 6.33 ± 0.15 

4.23 11.50 ± 1.32 12.20 ± 1.04 10.75 ± 0.35 

4.24 >30 >60 12.00 ± 1.41 

4.25 >60 >60 15.50 ± 0.71 

4.26 30.00 ± 1.41 >30 26.80 ± 2.34 

4.27 >60 >60 >60 

4.28 0.47 ± 0.02 0.45 ± 0.05 0.30 ± 0.02 

4.29 0.65 ± 0.04 0.59 ± 0.02 0.24 ± 0.02 

4.30 19.50 ± 2.12 9.77 ± 0.23 7.27 ± 0.91 

Cisplatin 19.10  ±  4.50 6.11262 c 2.28 ± 0.26 

a The cell lines were treated with increasing concentrations of each compound for 72 h. IC50 Values were 

determined by MTT assay and are expressed as means ± SD (standard deviation) of three independent 

experiments. N.D. not determined.  
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b IC50 is the concentration of compound that inhibits 50% of cell growth. 

c IC50 value obtained from literature, determined using the same experimental methodology and included here for 

comparison. 

Figure 4.16 Schematic representation of the SAR for the antiproliferative activity of several semisynthetic 

derivatives of asiatic acid 1.27 against the HeLa cell line. The SAR was established based on IC50 values. The 

introduction of small ester moieties at C28 increased antiproliferative activity. Compound 4.1 was 2-fold more 

active than asiatic acid 1.27. The conversion of the hexameric A-ring into a pentameric A-ring containing an α,β-

unsaturated aldehyde moiety was critical for antiproliferative activity. Compounds 4.7 and 4.13 were 46- and 92-

fold more active than compound 4.1. The introduction of the methanesulfonyloxy moiety at C23 increased 

antiproliferative activity: Compounds 4.28 and 4.29 were 2- and 1.25-fold more active than compounds 4.7 and 

4.13 respectively.  

The methyl ester derivatives 4.1, 4.4, and 4.7 and the ethyl ester derivatives 4.2, 4.5, 

and 4.8 exhibited increased cytotoxic activity compared with the corresponding compounds 

with a free carboxylic acid group (asiatic acid 1.27, 4.3, and 4.6, respectively). These results 

are in agreement with previous studies, in which the short chain ester derivatives at C28 of 

ursane-type triterpenoids increase cytotoxic activity.263,296  
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The direct comparison of the antiproliferative activities (against the HeLa cell line) of 

compounds 4.7 vs 4.13, as well as compounds 4.28 vs 4.29, indicated that the introduction of 

a keto group at position 11 improves antiproliferative activity. However, an opposite effect 

was observed when the activity of the following pairs of compounds: 4.1 vs 4.11, 4.9 vs 4.10, 

and 4.4 vs 4.12 was compared. These results suggest that there is no direct relationship 

between the introduction of a keto group at C11 and the antiproliferative activity of the 

compound, which is in accordance with the results of a previous study.297 

The conversion of hexameric ring A into the corresponding heptameric lactol ring 

substantially improved the growth inhibitory activity in all tested cell lines. The lactol 

derivatives (4.3, 4.4, 4.5, and 4.12) showed IC50 values ranging from 4.70 M (4.4) to 8.48 

M (4.12), which was 6–11 times lower than the IC50 of asiatic acid 1.27 (52.47 M) against 

the HeLa cell line. 

The group of derivatives that had a pentameric A-ring with an ,-unsaturated 

carbonyl moiety (4.6–4.8, 4.13, 4.17–4.21, 4.28 and 4.29) proved to be the most active among 

all tested derivatives in all tested cancer cell lines. These compounds presented IC50 values 

ranging from 0.24 M (compound 4.29) to 5.30 M (compound 4.6) against the HeLa cell 

line. Moreover, with the exception of compound 4.6, all derivatives of this group were more 

active than cisplatin (in HeLa cell line). These results indicate that the ,-unsaturated 

carbonyl moiety in ring A is essential for the antiproliferative activity of these compounds 

against cancer cell lines. 

The conversion of the aldehydes intro nitrile to afford derivatives 4.14, 4.15, and 4.16, 

having a pentameric A-ring with an ,-unsaturated nitrile resulted in a decrease of the 

activity, compared with precursor compounds 4.6, 4.7 and 4.13, respectively. However, 

compounds 4.14, 4.15 and 4.16 were 1.2-, 5.9-, and 3.6-fold more potent than was asiatic acid 

1.27, respectively, against the HeLa cell line. 

The effect of different substituents at the C23 of compounds 4.13 and 4.15 on their 

antiproliferative activities was also investigated. It was found that, with the exception of 

compound 4.22, only the introduction of the methanesulfonyloxy group at C23 (compounds 

4.28, 4.29, and 4.30) resulted in a marked increase in antiproliferative activity. In fact, 

compounds 4.28 and 4.29 were the most active compounds among all the synthesized 

derivatives, as they were approximately 175- and 218-fold more active than asiatic acid 1.27, 

respectively, against the HeLa cell line. 
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The most active compounds 4.8, 4.13, 4.28, and 4.29, were selected and their 

antiproliferative activity was further evaluated against a panel of other four cancer cell lines 

(Jurkat, PC-3, MIA PaCa-2, and A-375). As depicted in Table 4.2, the selected compounds 

markedly inhibited the proliferation of all tested cancer cell lines, with IC50s lower than 1 μM. 

Table 4.2 Cytotoxic activities, expressed as IC50, of asiatic acid 1.27, derivatives 4.8, 4.13, 

4.28, 4.29 and cisplatin against leukemia (Jurkat), prostate (PC-3), pancreas (MIA PaCa-2), 

melanoma (A375) cancer cell lines and nontumor fibroblast cell line (BJ).a 

Compound 
IC50 (µM ± SD) b 

Jurkat PC-3 MiaPaca-2 A-375 BJ 

Asiatic acid 1.27 37.18 ± 3.75 67.25 ± 0.35 50.67 ± 1.15 50.33 ± 2.57 88.70 ± 0.58 

4.8 0.45 ± 0.04 0.57 ± 0.04 0.83 ± 0.04 0.63 ± 0.05 N.D. 

4.13 0.18 ± 0.02 0.60 ± 0.05 0.60 ± 0.06 0.38 ± 0.01 3.33 ± 0.25 

4.28 0.27 ± 0.01 0.41 ± 0.02 0.60 ± 0.06 0.36 ± 0.03 1.94 ± 0.08 

4.29  0.11 ± 0.01 0.42 ± 0.02 0.46 ± 0.04 0.25 ± 0.01 2.43 ± 0.11 

Cisplatin 1.94265 c 4.60266 c 5.00 ± 1.00267 c 3.11 ± 0.98268 c 10.10 ± 2.00 

a The cell lines were treated with increasing concentrations of each compound for 72h. IC50 Values were 

determined by MTT assay in PC-3, MIA PaCa-2, A375 and BJ cell lines and by XTT assay in Jurkat cell line. 

The results shown are expressed as means ± SD of three independent experiments. N.D. not determined.  

b IC50 is the concentration of compound that inhibits 50% of cell growth. 

c IC50 value obtained from literature, determined using the same experimental methodology and included here for 

comparison. 

To evaluate the selectivity of compounds 4.13, 4.28, and 4.29, their cytotoxic activity 

was also evaluated in a nontumor fibroblast cell line (BJ) (Table 4.2, Fig. 4.17). The results of 

this analysis revealed that compounds 4.13, 4.28, and 4.29 exhibited a decreased toxicity for 

the normal fibroblast cell line BJ compared with the cancer cell lines. The analysis of the 

selectivity index (IC50 in the BJ cell line/IC50 in the cancer cell line) values revealed that 

compound 4.13 was 4.5- to 18.5-fold more active against cancer cells than against nontumor 

BJ cells; compound 4.28 was 3.2- to 7.2-fold more active against cancer cells than against 
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nontumor BJ cells; and compound 4.29 was 3.7- to 22.1-fold more active against cancer cells 

than against nontumor BJ cells. 

Compound 4.29 presented the best antiproliferative profile, and was especially active 

against the HeLa and Jurkat cell lines, with IC50 values of 0.24 M and 0.11 M, respectively. 

Thus, this compound was selected for further studies aimed at exploring the mechanism 

underlying its antiproliferative effect against the HeLa cell line. 

Figure 4.17 Dose-response curves of the antiproliferative effect of derivatives 4.13, 4.28, and 4.29 against the 

HeLa cancer cell line and the nontumor BJ cell line. Results are presented as the mean ± SD of three independent 

experiments. 

4.2.2.2 Effects of compound 4.29 on the cell cycle distribution 

The cell cycle consists in an organized set of events that culminate in proper division 

of the cell into two daughter cells.23,25 To shed some light into the possible mechanism of 

action of compound 4.29, its effect on the cell-cycle distribution of HeLa cells was 

investigated. Cells were treated with increasing concentrations of 4.29 (0.24, 0.48, 0.96 and 

1.44 µM) for 24 h and the cell cycle distribution was assessed by FACS analysis after staining 

the cells with PI. As observed in Figure 4.18, treatment of HeLa cells with 0.96 M of 

compound 4.29 increased the percentage of cells in the G0/G1phase, from 50.53% in control 

cells (non treated cells) to 68.65% in treated cells. Concomitantly, the percentage of cells in 

the S phase decreased from 36.24% in control cells to 12.89% in treated cells. These results 

suggest that compound 4.29 inhibits the proliferation of HeLa cells via cell-cycle arrest at the 

G0/G1 phase. 

The population of cells at sub-G0/G1 phase increased around 17% after treatment of 

HeLa cells with 1.44 M of compound 4.29, which suggests that this compound has the 

ability to induce cell death in a dose-dependent manner. 



Chapter 4 

136 

 

 

Figure 4.18 Cell-cycle distribution of HeLa cells untreated (control) or treated with the indicated concentrations 

of compound 4.29 for 24 h. The cell-cycle analysis was performed after propidium iodine staining. A. 

Representative histograms obtained for the cell-cycle analysis. B. Graph bar summarizing the variation in the 

percentage of cells in each phase of the cell cycle. Results are presented as the mean ± SD of three independent 

experiments. Differences between treated and control groups were considered statistically significant at p < 0.05 

(*). 

4.2.2.3 Effect of compound 4.29 on the levels of cell cycle-related proteins 

Cell cycle dysregulation is one of the hallmarks of cancer; thus, proteins that regulate 

critical events of the cell cycle may be useful targets for the development of new anticancer 

drugs.25,298 The experiment described above indicated that compound 4.29 arrested the cell 

cycle at the G0/G1 phase. Therefore, the effects of this compound on the levels of some cell-

cycle-regulatory proteins were explored using western blot analysis. As shown in Figure 4.19, 

treatment of HeLa cells with compound 4.29 at 0.96 M significantly increased the levels of 

p27kip1, which was in agreement with the observation of cell-cycle arrest at the G0/G1 phase. 

Upregulation of p21cip1/waf1 was also observed after treatment with 1.44 M compound 4.29. 

These data suggest that 4.29 preferably targets p27kip1. Compound 4.29 also decreased the 

levels of cyclin D3 in a concentration-dependent manner, but did not affect the levels of 

CDK4. 

Considering that activated cyclin D/CDK4 complexes promote the progression of the 

G1 phase of the cell cycle and that the CDKIs p21cip1/waf1 and p27kip1 inhibit the kinase activity 

of such complexes, our results suggest that the upregulation of p27kip1 and p21cip1/waf1 and the 

downregulation of cyclin D3 induced by compound 4.29 lead to cell-cycle arrest at the G0/G1 

phase, with the consequent inhibition of cell proliferation. 
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Figure 4.19 Effect of compound 4.29 on the levels of cell-cycle-related proteins. HeLa cells were treated with 

compound 4.29 at the indicated concentrations during 24 h. Protein levels were analyzed by western blot. α – 

Actin was used as loading control.  

4.2.2.4 Apoptosis-inducing effect of compound 4.29 evaluated by annexin V-

FITC/PI flow cytometric assay  

The possibility of compound 4.29 to induce apoptosis in HeLa cells was explored. In 

the early stages of the apoptotic process, the membrane loses its symmetry and the 

phosphatidylserine (PS) is exposed to the external environment of the cell surface. Annexin 

V-FITC conjugate specifically binds to externalized PS, thus allowing the quantitative 

assessment of apoptosis.299 In the late stages of apoptosis, the membrane loses its integrity 

and PI can enter the cell to access the nucleus and to intercalate between DNA bases.299 

Untreated (control) or treated HeLa cells with compound 4.29 at concentrations of 0.24, 0.48, 

0.96 and 1.44 M for 24 h, were double stained with Annexin V-FITC/PI and analyzed by 

flow cytometry.  

It was observed that treatment of HeLa cells with 1.44 M of compound 4.29 led to an 

increase in the number of apoptotic cells, from 2.9% in control cells to 19.17% in treated cells 

(i.e., 7.53% of early apoptotic cells and 11.64% of late apoptotic cells) (Fig. 4.20 C). 

Concomitantly, the percentage of live cells decreased from 96.53% in the control to 78.61% 

in treated cells (Fig. 20 B). Treatment with 0.24 M or 0.48 M of compound 4.29 did not 
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change the apoptotic rates significantly. These results suggest that compound 4.29 at 1.44 M 

induces apoptosis in HeLa cells. 

Figure 4.20 Annexin V-FITC/PI assay of HeLa cells untreated (control) or treated with the indicated 

concentrations of compound 4.29 for 24 h. A. Representative flow cytometric histograms that depict the 

variation in the percentage of cells that are alive (lower-left quadrant), in early apoptosis (lower-right quadrant), 

and in late apoptosis/necrosis (upper-left and upper-right quadrants). B. The bar graph depicts the variation in the 

percentage of live cells. C. The bar graph depicts the variation in the percentage of cells that are in early 

apoptosis and in late apoptosis/necrosis. Results are presented as the mean ± SD of three independent 

experiments. Differences between treated and control groups were considered statistically significant at p < 0.05 

(*). 

4.2.2.5 Apoptosis-inducing effect of compound 4.29 evaluated by 

morphological analysis  

Apoptosis is characterized by typical morphological features.42,300 Therefore, the 

morphology of HeLa cells untreated or treated with compound 4.29 at 0.96 M and 1.44 M 

for 24 h was analyzed using microscopic observation, to further evaluate the proapoptotic 

effect of compound 4.29. 

4.2.2.5.1 Phase-contrast microscopy 

As shown in the phase-contrast microscopic pictures (Fig. 4.21), treatment of HeLa 

cells with compound 4.29 reduced the cell density and induced remarkable morphological 
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changes. Compared with control cells, treated cells became smaller and nonadherent and 

acquired a rounded morphology. 

Figure 4.21 Representative phase-contrast images of HeLa cells untreated (control) or treated with compound 

4.29 at the specified concentrations for 24 h. 

4.2.2.5.2 Fluorescence microscopy after Hoechst 33258 staining 

To assess the nuclear morphological changes in greater detail, HeLa cells were stained 

with Hoechst 33258 after treatment with compound 4.29 and were analyzed by fluorescence 

microscopy. As shown in Figure 4.22, control cells were uniformly stained and presented a 

normal morphology. Conversely, HeLa cells treated with 0.96 M of compound 4.29 

exhibited typical apoptotic morphological changes, such as chromatin condensation and cell 

shrinkage. Nuclear fragmentation and membrane blebbing were evident after treatment with 

1.44 M of compound 4.29. A decrease in the number of cells with increasing drug 

concentrations was also observed. The morphological changes induced by compound 4.29 

were consistent with an apoptotic cell death process. 

Figure 4.22 Representative fluorescence microscopic images of HeLa cells untreated (control) or treated with 

compound 4.29 at specified concentrations for 24 h. HeLa cells were stained with Hoechst 33258 before analysis 

by fluorescence microscopy. White arrows represent apoptotic cells. 
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4.2.2.6 Effects of compound 4.29 on the levels of apoptosis related proteins 

To gain deeper insight into the mechanism via which compound 4.29 induces 

apoptosis in HeLa cells, we investigated the effects of this compound (0–1.44 M over 24 h) 

on the levels of some apoptosis-related proteins using western blot analysis (Fig. 4.23). The 

activation of caspases is one of the most important mechanisms underlying the execution of 

apoptosis.35,46,301 Therefore, the effect of compound 4.29 on the levels of caspase 9, caspase 8, 

caspase 3, and cleaved PARP was investigated. Cleaved PARP is an 85 kDa fragment that is 

generated during apoptosis from the full length PARP via the proteolytic action of active 

caspase 3 and is considered a biomarker of apoptosis.271 As shown in Fig. 4.23, treatment of 

HeLa cells with 1.44 M of compound 4.29 led to the cleavage of pro-caspase 8 and pro-

caspase 3 into their active forms, and to increased levels of cleaved caspase 9 (active form of 

caspase 9). Compound 4.29 also induced a significant increase in the levels of cleaved PARP. 

The activation of caspases 8 and 9 suggest that compound 4.29 induces apoptosis in HeLa 

cells via a caspase-driven mechanism with activation of both extrinsic and intrinsic pathways. 

 

Figure 4.23 Effect of compound 4.29 on the levels of apoptosis-related proteins. HeLa cells were treated with the 

indicated concentrations of compound 4.29 for 24 h. The levels of the indicated proteins were assessed by 

western blot analysis. α–actin was used as loading control. Compound 4.29 induced caspase 9, caspase 8 and 

caspase 3 activation and the cleavage of PARP. 
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Subsequently, the effect of compound 4.29 on the levels of Bcl-2 protein family 

members, such as Bcl-2 (antiapoptotic), Bax (proapoptotic), and Bid (proapoptotic) was 

explored. As depicted in Figure 4.24 A and 4.24 B, the treatment of HeLa cells with 

compound 4.29 caused a downregulation of Bcl-2 and an upregulation of Bax in a 

concentration-dependent manner. These data suggest that the mitochondrial pathway is 

involved in compound 4.29-induced apoptosis. Compound 4.29 also downregulated the levels 

of Bid, suggesting the activation of Bid into t-Bid. However, bands corresponding to t-Bid 

were not detected on western blots, which can be justified by the short half-life and small size 

of t-Bid. Further studies are needed to confirm and understand better the role of the intrinsic 

and extrinsic pathways in this possible apoptotic mechanism. 

 

Figure 4.24 Effect of compound 4.29 on the levels of Bcl-2, Bid and Bax proteins. HeLa cells were treated with 

the indicated concentrations of compound 4.29 for 24 h. The levels of the indicated proteins were assessed by 

western blot analysis. α–actin was used as loading control. A. Compound 4.29 downregulated the levels of Bcl-2 

and Bid. B. Compound 4.29 upregulated the levels of Bax.  
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4.3 Conclusions 

In conclusion, a panel of new pentameric A-ring asiatic 1.27 acid derivatives was 

successfully synthesized and the structures of the new compounds were fully characterized 

using NMR, MS, and IR techniques. 

Our results showed that the conversion of the hexameric A-ring of asiatic acid 1.27 

into a pentameric A-ring with ,-unsaturated carbonyl or ,-unsaturated nitrile moieties 

significantly improved the antiproliferative activity of the parental compound (asiatic acid 

1.27).  

Compound 4.29 displayed the best antiproliferative profile, with IC50 values ranging 

from 0.11 to 0.65 M against human cancer cell lines. This compound arrested the cell cycle 

at the G0/G1 phase and induced apoptosis in HeLa cells via the activation of caspases 9, 8, 

and 3, cleavage of PARP, and modulation of the ratio of Bax/Bcl-2.  

4.4. Experimental section  

4.4.1 Chemistry 

4.4.1.1 Reagents and solvents  

Asiatic acid, potassium carbonate (K2CO3), methyl iodide, ethyl iodide, sodium 

periodate (NaIO4), piperidine, acetic acid, magnesium sulfate (MgSO4), acetic anhydride, 4-

(dimethylamino)pyridine (DMAP), potassium permanganate (KMNO4), iron(III) sulfate 

hydrate [Fe2(SO4)3.nH2O], t-butanol, potassium hydroxide (KOH), triethylamine, 

methanesulfonyl chloride, aqueous ammonia solution 25%, iodine, sodium tiosulfate 

(Na2S2O3), acetic anhydride, butyric anhydride, benzoic anhydride, succinic anhydride, 

cinnamoyl chloride, 1,1'-carbonyldiimidazole (CDI), 1,1-carbonylbis(2’-methylimidazole) 

(CBMI), hydrochloridric acid (HCl), sodium bicarbonate (NaHCO3), sodium sulfate (Na2SO4) 

and sodium sulfite (Na2SO3) were purchased from Sigma-Aldrich Co. The solvents used in 

the reactions were obtained from Merck Co. These solvents were of analytical grade and if 

necessary they were purified and dried according to usual procedures described in the 
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literature.274 The solvents used in the workup procedures were purchased from VWR 

Portugal.  

4.4.1.2 Chromatographic techniques  

Thin layer chromatography (TLC) was carried out in Kieselgel 60HF254/Kieselgel 

60G. The plates were observed under UV light and revealed using a mixture of etanol/sulfuric 

acid (95:5) followed by heating at 120 ºC.  

Separation and purification of the compounds were performed by flash column 

chromatography (FCC) using Kieselgel 60 (230-400 mesh, Merck) and an appropriate eluent.  

4.4.1.3 Analytical techniques and equipment  

Melting points were measured using a BUCHI melting point B-540 apparatus and 

were uncorrected.  

IR spectra were obtained on a Fourier transform spectrometer, using the KBr pellets 

method. KBr pellets were prepared with a mixture of about 2 mg of the solid compound 

diluted with 198 mg of KBr, ground to a fine powder and pressed at around 12000 psi for 5 

min, to obtain a thin and transparent pellet. 

1H and 13C NMR spectra were recorded on Brucker Digital NMR–Avance 400 

spectrometer, using CDCl3 as internal standard. The chemical shifts (δ) are reported in parts 

per million (ppm), and coupling constants (J) are reported in hertz (Hz).  

The mass spectrometry was carried out on Quadrupole/Ion Trap Mass Spectrometer 

(QIT-MS) (LCQ Advantage MAX, THERMO FINNINGAN). HRMS was performed on a 

Fourier Transform Ion Cyclotron Resonance (FT-ICR) mass spectrometer (Bruker Apex Ultra 

with a 7 Tesla actively shielded magnet).  

The elemental analysis was performed on an Analyzer Elemental Carlo Erba 1108 

apparatus by chromatographic combustion. 
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4.4.1.4 Synthesis of asiatic acid derivatives  

Methyl 2α,3β,23-trihydroxyurs-12-en-28-oate (4.1) 

To a stirred solution of asiatic acid 1.27 (1000 mg, 

2.05 mmol) and anhydrous potassium carbonate (707.20 

mg, 5.12 mmol) in dry DMF (20 mL), methyl iodide 

(254.7 µl; 4.04 mmol) was added. The reaction mixture 

was stirred at room temperature in anhydrous conditions. 

After 2 hours the reaction mixture was evaporated under reduced pressure to remove 

the organic phase. The crude obtained was dispersed with water (100 mL) and 

extracted with ethyl acetate (3  100 mL). The resulting organic phase was washed 

with 5% aqueous HCl (2 × 100 mL), 10% aqueous NaHCO3 (2  100 mL), 10% 

aqueous Na2SO3 (100 mL), water (100 mL) and brine (100 mL), dried over Na2SO4, 

filtered, and concentrated under vacuum to afford 4.1 as a white powder (1040 mg, 

quantitative). Mp: 211.6–214.1 °C. vmax/cm-1 (KBr): 3419.17, 2946.70, 2925.48, 

2873.42, 1725.98, 1454.06, 1049.09. 1H NMR (400MHz, CDCl3): δ = 5.23 (t, J = 3.1 

Hz, 1H, H12), 3.79–3.71 (m, 1H, H2), 3.59 (m, 4H), 3.40 (d. J = 10.0 Hz, 1H, H23), 

3.38 (d, J = 10.3 Hz, 1H, H23), 1.07 (s, 3H), 1.01 (s, 3H), 0.94 (d, J = 5.9 Hz, 3H), 

0.85 (d, J = 6.5 Hz, 3H), 0.81 (s, 3H), 0.72 (s, 3H) ppm. 13C NMR (100MHz, CDCl3): 

δ = 178.1 (C28), 138.2 (C13), 125.2 (C12), 79.8, 69.5, 68.7, 52.8, 51.4, 48.6, 48.0, 

47.4, 46.3, 42.6, 42.0, 39.5, 39.0, 38.8, 38.1, 36.6, 32.5, 30.6, 27.9, 24.2, 23.7, 23.3, 

21.2, 18.2, 17.1, 17.0, 16.9, 12.9 ppm. DI-ESI-MS m/z [M+H]+: 502.98. Anal. Calcd. 

for C31H50O5.0.25H2O: C, 73.41; H, 10.03. Found: C, 73.29; H, 10.46%. 

Ethyl 2α,3β,23-trihydroxyurs-12-en-28-oate (4.2) 

Accordingly to the method described for 4.1, 

using asiatic acid 1.27 (500 mg, 1.02 mmol), 

anhydrous potassium carbonate (353.50 mg, 2.56 

mmol), dry DMF (10 mL) and ethyl iodide (246.77 

µl; 3.07 mmol) for 3 hours at room temperature, to afford 4.2 as a white powder (507.3 

mg, 96%). Mp: 177.5–179.1 °C. vmax/cm-1 (KBr): 3417.24, 2973.70, 2925.48, 2871.49, 

1724.05, 1454.06, 1037.52. 1H NMR (400MHz, CDCl3): δ = 5.24 (t, J = 3.1 Hz, 1H, 
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H12), 4.05 (q, J = 7.2 Hz, 2H, COOCH2CH3), 3.79–3.72 (m, 1H, H2), 3.66 (d, J = 10.4 

Hz, 1H, H3), 3.44 (d, J = 9.0 Hz, 1H, H23), 3.41 (d, J = 9.4 Hz, 1H, H23), 1.21 (t, J = 

7.0 Hz, 3H, COOCH2CH3), 1.08 (s, 3H), 1.03 (s, 3H), 0.94 (d, J = 6.0 Hz, 3H), 0.87 (s, 

3H), 0.85 (d, J = 6.2 Hz, 3H), 0.76 (s, 3H) ppm.13C NMR (100MHz, CDCl3): δ = 177.5 

(C28), 138.2 (C13), 125.2 (C12), 68.7, 60.0, 52.8, 47.8, 47.5, 46.2, 42.1, 39.6, 39.1, 

38.8, 38.1, 38.6, 32.7, 30.6, 27.9, 24.1, 23.6, 23.3, 21.2, 18.3, 17.2, 17.1, 17.0, 14.2, 

12.8 ppm. DI-ESI-MS m/z [M+H]+: 516.97. Anal. Calcd. for C32H52O5.0.5H2O: C, 

73.10; H, 10.16. Found: C, 73.31; H, 10.32%. 

2α,23-Lactol-3-formyl- urs-12-en-28-oic acid (4.3) 

To a stirred solution of asiatic acid 1.27 (200 mg, 

0.41 mmol) in methanol/water (5 mL/0.25 mL (20:1)), 

NaIO4 (131.30 mg; 0.61 mmol) was added. The reaction 

mixture was stirred at room temperature. After 2 hours 

the reaction mixture was evaporated under reduced 

pressure to remove the organic phase. The crude obtained 

was dispersed with water (40 mL) and extracted with ethyl acetate (3  40 mL). The 

resulting organic phase was washed with water (4  40 mL) and brine (40 mL), dried 

over Na2SO4, filtered, and concentrated under vacuum to afford 4.3 as a white powder 

(quantitative). Mp: 198.5–201.4 °C. vmax/cm-1 (KBr): 3421.1, 2948.63, 2927.41, 

2871.49, 2732.64, 2630.43, 1716.34, 1695.12, 1456.99, 1378.85, 1037.52. 1H NMR 

(400MHz, CDCl3): δ = 9.94 (s, 1H, CHO), 5.29 (t, J = 3.2 Hz, 1H, H12), 5.14–5.11 (m, 

1H, H2), 3.94 (d, J = 13.4 Hz, 1H), 3.75 (d, J = 13.2 Hz, 1H), 1.08 (s, 3H), 1.06 (s, 

3H), 0.99 (s, 3H), 0.95 (d, J = 6.0 Hz, 3H), 0.86 (s, 3H), 0.85 (d, J =5.4 Hz, 3H) ppm. 

13C NMR (100MHz, CDCl3): δ = 206.1 (CHO), 182.9 (C28), 138.0 (C13), 126.0 

(C12), 93.7, 65.4, 61.2, 53.4, 62.7, 48.1, 45.1, 43.6, 42.6, 40.0, 39.9, 38.9, 38.8, 38.6, 

33.6, 30.6, 27.8, 24.6, 24.1, 23.2, 21.1, 20.6, 20.4, 17.9, 16.9, 14.6 ppm. DI-ESI-MS 

m/z [M+H]+: 487.15. Anal. Calcd. for C30H46O5.H2O: C, 71.39; H, 9.59. Found: C, 

71.49; H, 9.85%. 

 

 



Chapter 4 

146 

 

 

 

Methyl 2α,23-lactol-3-formyl-urs-12-en-28-oate (4.4) 

Accordingly to the method described for 4.3, 

using compound 4.1 (1000 mg, 1.99 mmol), methanol / 

water (25 mL/1.25 mL [20:1]) and NaIO4 (645.60 mg  

3.02 mmol) for 3 hours to afford 4.4 as a white powder 

(978.70 mg, 98%). Mp: 144.7–147.1 °C. vmax/cm-1 

(KBr): 3444.24, 2948.63, 2927.41, 2871.49, 2730.71, 

2626.57, 1722.12, 1454.06, 1378.85, 1037.52. 1H NMR (400MHz, CDCl3): δ = 9.94 (s, 

1H, CHO), 5.30 (t, J = 3.3 Hz, H12), 5.13–5.09 (m, 1H, H2), 3.93 (d, J = 13.3 Hz, 1H), 

3.74 (d, J = 13.3 Hz, 1H), 3.60 (s, 3H, COOCH3), 1.08 (s, 3H), 1.06 (s, 3H), 0.99 (s, 

3H), 0.94 (d, J = 6.0 Hz), 0.85–0.83 (m, 6H) ppm. 13C NMR (100MHz, CDCl3): δ = 

205.8 (CHO), 178.0 (C28); 138.3 (C13); 125.7 (C12); 93.7; 65.4, 61.1, 53.4, 53.0, 

51.5, 48.2, 45.2, 43.7, 42.6, 40.0, 40.0, 38.9, 38.8, 36.5, 33.6, 30.6, 27.9, 24.6, 24.2, 

23.2, 21.1, 20.6, 20.4, 17.9, 17.0, 14.5 ppm. DI-ESI-MS m/z [M+H]+: 500.99. Anal. 

Calcd. for C31H48O5.0.25H2O: C, 73.70; H, 9.68. Found: C, 73.75; H, 9.97%. 

Ethyl 2α,23-lactol-3-formyl-urs-12-en-28-oate (4.5) 

Accordingly to the method described for 4.3, 

using compound 4.2 (480 mg, 0.93 mmol), 

methanol/water (12.90 mL/ 0.65 mL [20:1]) and 

NaIO4 (299.45 mg, 1.40 mmol) for 1 h 30 min to 

afford 4.5 as a white powder (477.90 mg, 

quantitative). Mp: 138.1–142.0 °C. vmax/cm-1 (KBr): 3444.24, 2950.55, 2927.41, 

2971.49, 2732.64, 1720.19, 1454.06, 1378.85, 1230.36, 1141.65, 1037.52. 1H NMR 

(400MHz, CDCl3): δ = 9.94 (s, 1H, CHO), 5.29 (t, J = 3.1 Hz, 1H, H12), 5.12–5.09 (m, 

1H, H2), 4.06 (q, J = 7.1 Hz, 2H, COOCH2CH3), 3.93 (d, J = 13.3 Hz, 1H), 3.75 (d, J = 

13.3 Hz, 1H), 1.21 (t, J = 7.1 Hz, 3H, COOCH2CH3), 1.08 (s, 3H), 1.06 (s, 3H), 0.99 

(s, 3H), 0.94 (d, J = 6.1 Hz, 3H), 0.84 (m, 6H) ppm. 13C NMR (100MHz, CDCl3): δ = 

205.8 (CHO), 177.4 (C28), 138.3 (C13), 125.7 (C12), 93.6, 65.4, 61.1, 60.0, 53.4, 

53.0, 48.0, 45.2, 43.7, 42.6, 40.1, 39.9, 39.0, 38.8, 36.5, 33.7, 30.7, 27.8, 24.6, 24.1, 

23.1, 21.1, 20.6, 20.4, 18.0, 16.9, 14.5, 14.2 ppm. DI-ESI-MS m/z [M+H]+: 514.92. 

Anal. Calcd. for C32H50O5.0.25H2O: C, 74.02; H, 9.80. Found: C, 73.84; H, 10.05%. 
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2-Formyl-23-hydroxy-A(1)-norursa-2,12-dien-28-oic acid (4.6) 

To a stirred solution of compound 4.3 (500 mg, 

1.03 mmol) in dry benzene (50 mL), piperidine (3 mL) 

and acetic acid (3 mL) were added. The resultant solution 

was heated at 60 °C. After 1 hour, anhydrous magnesium 

sulfate (500 mg) was added and the reaction mixture was 

heated at 60 °C under nitrogen atmosphere for 4 h 20 min. 

The reaction mixture was evaporated under reduced pressure to remove the organic 

phase. The crude obtained was dispersed with water (50 mL) and extracted with ethyl 

acetate (3  50 mL). The resulting organic phase was washed with water (4  50 mL) 

and brine (50 mL), dried over Na2SO4, filtered, and concentrated under vacuum to 

afford a yellow powder. The crude solid was purified by flash column chromatography 

(petroleum ether/ethyl acetate 3:1 → 1:1), to afford 4.6 as a white solid (353.77 mg, 

73%). Mp: 183.5–186.1 °C. vmax/cm-1 (KBr): 3428.81, 2946.7, 2925.48, 2869.56, 

2726.85, 2632.36, 1689.34, 1581.34, 1454.06, 1380.78, 1041.37. 1H NMR (400MHz, 

CDCl3): δ = 9.72 (s, 1H, CHO), 6.66 (s, 1H, H3), 5.28 (t, J = 3.0 Hz, 1H, H12), 3.62 

(d, J = 10.7 Hz, 1H, H23), 3.45 (d, J = 10.7 Hz, 1H, H23), 1.25 (s, 3H), 1.10 (s, 3H), 

1.01 (s, 3H), 0.93 (d, J = 6.2 Hz, 3H), 0.88 (s, 3H), 0.84 (d, J = 6.3 Hz, 3H) ppm. 13C 

NMR (100MHz, CDCl3): δ =190.8 (CHO), 183.3 (C28), 159.3 (C3), 158.9 (C2), 137.5 

(C13), 126.6 (C12), 69.4, 56.3, 52.6, 50.9, 49.4, 47.9, 44.1, 42.4, 41.4, 38.8 (2C), 36.6, 

33.5, 30.5, 28.2, 27.1, 24.0 (2C), 21.2, 19.0, 18.7, 17.3, 17.0, 15.9 ppm. DI-ESI-MS 

m/z [M+H]+: 469.03. Anal. Calcd. for C30H44O4.H2O: C, 74.04; H, 9.53. Found: C, 

73.68; H, 9.75%. 

Methyl 2-formyl-23-hydroxy-A(1)-norursa-2,12-dien-28-oate (4.7) 

Accordingly to the method described for 4.6, 

using compound 4.4 (500 mg, 0.99 mmol), dry benzene 

(50 mL), piperidine (2.5 mL) acetic acid (2.5 mL) and 

anhydrous magnesium sulfate (327 mg), to afford 

compound 4.7 as a yellow powder (488.5 mg, 

quantitative). Mp: 119.7–122.4 °C. vmax/cm-1 (KBr): 

3448.10, 2948.63, 2925.48, 2869.56, 2724.92, 2634.29, 1724.05, 1687.41, 1581.34, 

1455.99, 1382.71, 1232.29, 1145.51, 1047.16. 1H NMR (400MHz, CDCl3): δ = 9.72 (s, 
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1H, CHO), 6.66 (s, 1H, H3), 5.28 (t, J = 3.2 Hz, 1H, H12), 3.62–3.60 (m, 4H), 3.46 (d, 

J = 10.7 Hz, 1H, H23), 1.25 (s, 3H), 1.09 (s, 3H), 1.02 (s, 3H), 0.93 (d, J = 6.1 Hz, 

3H), 0.83 (m, 6H) ppm. 13C NMR (100MHz, CDCl3): δ = 190.8 (CHO), 178.1 (C28), 

159.2 (C3), 158.9 (C2), 137.7 (C13), 126.3 (C12), 69.4, 56.3, 52.8, 51.4, 50.9, 49.4, 

48.0, 44.1, 42.4, 41.3, 38.8, 38.8, 36.6, 33.5, 30.6, 28.2, 27.1, 24.2, 24.0, 21.2, 19.0, 

18.7, 17.4, 17.0, 16.0 ppm. DI-ESI-MS m/z [M+H]+: 482.98. Anal. Calcd. for 

C31H46O4.0.25H2O: C, 76.42; H, 9.62. Found: C, 76.58; H, 9.78%. 

Ethyl 2-formyl-23-hydroxy-A(1)-norursa-2,12-dien-28-oate (4.8) 

Accordingly to the method described for 4.6, 

using compound 4.5 (300 mg, 0.583 mmol), dry 

benzene (30 mL), piperidine (1.5 mL), acetic acid 

(1.5 mL) and anhydrous magnesium sulfate (300 

mg) to afford a yellow crude. The crude solid was 

purified by flash column chromatography (petroleum 

ether/ethyl acetate, 3:1 → 2:1), to afford 4.8 as a white solid (193.2 mg, 67%). Mp: 

207.5–209.7 °C. vmax/cm-1 (KBr): 3550.31, 2977.55, 2960.20, 2946.70, 2925.48, 

2867.63, 2809.78, 2726.85, 1708.62, 1689.34, 1581.34, 1452.11, 1238.08, 1143.58, 

1045.23. 1H NMR (400MHz, CDCl3): δ = 9.72 (s, 1H, CHO), 6.66 (s, 1H, H3), 5.28 (t, 

J = 3.0 Hz, 1H, H12), 4.09–4.02 (m, 2H, COOCH2CH3), 3.62 (d, J = 8.5 Hz, 1H, H23), 

3.46 (d, J = 8.8 Hz, 1H, H23), 1.25 (s, 3H), 1.22 (t, J = 7.2 Hz, 3H, COOCH2CH3), 

1.09 (s, 3H), 1.02 (s, 3H), 0.93 (d, J = 6.1 Hz, 3H), 0.86 (s, 3H), 0.83 (d, J = 6.5 Hz, 

3H) ppm. 
13C NMR (100MHz, CDCl3): δ = 190.8 (CHO), 177.6 (C28), 159.3 (C3), 

158.9 (C2), 137.8 (C13), 126.3 (C12), 69.4 (C23), 60.0, 56.2, 52.8, 50.9, 49.4, 47.8, 

44.1, 42.5, 41.4, 38.8 (2C), 36.6, 33.6, 30.6, 28.2, 27.1, 24.1, 23.9, 21.2, 19.0, 18.8, 

17.4, 17.0, 15.9, 14.2 ppm. DI-ESI-MS m/z [M+H]+: 497.07. Anal. Calcd. for 

C32H48O4: C, 77.38; H, 9.74. Found: C, 76.94; H, 10.12%. 
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Methyl 2α,3β,23-triacetoxyurs-12-en-28-oate (4.9) 

To a stirred solution of compound 4.1 (953 mg, 

1.89 mmol) in dry THF (28 mL), acetic anhydride 

(1163.30 μl; 12.33 mmol) and a catalytic amount of 

DMAP (95.30 mg) were added. The reaction mixture 

was stirred at room temperature in anhydrous 

conditions. After 5 hours the reaction mixture was 

evaporated under reduced pressure to remove the organic phase. The crude obtained 

was dispersed with water (80 mL) and extracted with ethyl acetate (3  80 mL). The 

resulting organic phase was washed with 5% aqueous HCl (2 × 80 mL), 10% aqueous 

NaHCO3 (2  80 mL), 10% aqueous Na2SO3 (80 mL), water (80 mL) and brine 

(80mL), dried over Na2SO4, filtered, and concentrated under vacuum to afford 4.9 as a 

white powder (1182 mg, 99% quantitative). Mp: 118.8–121.1 °C. vmax/cm-1 (KBr): 

2948.63, 2927.41, 2871.49, 1745.26, 1455.99, 1369.21, 1234.22, 1043.30. 1H NMR 

(400MHz, CDCl3): δ = 5.24 (t, J = 3.0 Hz, 1H, H12), 5.19–5.13 (m, 1H, H2), 5.08 (d, J 

= 10.3 Hz, 1H, H3), 3.85 (d, J = 11.8 Hz, 1H, H23), 3.60 (s, 3H, COOCH3), 3.57 (d, J 

= 11.8 Hz, 1H, H23), 2.08 (s, 3H, CH3CO), 2.01 (s, 3H, CH3CO), 1.97 (s, 3H, 

CH3CO), 1.09 (s, 3H), 1.06 (s, 3H), 0.94 (d, J = 6.1 Hz, 3H), 0.88 (s, 3H), 0.84 (d, J = 

6.2 Hz, 3H), 0.74 (s, 3H) ppm. 13C NMR (100MHz, CDCl3): δ = 177.9 (C28), 170.8 

(OCO), 170.4 (OCO), 170.4 (OCO), 138.3 (C13), 125.0 (C12), 74.8, 69.9, 65.3, 52.8, 

51.5, 48.0, 47.6, 47.5, 43.7, 42.0, 41.9, 39.5, 39.0, 38.8, 37.8, 36.5, 32.4, 30.6, 27.9, 

24.1, 23.4, 23.3, 21.1, 21.1, 20.9, 20.8, 17.9, 17.0, 16.9, 16.8, 13.9 ppm. DI-ESI-MS 

m/z [M+H]+: 629.36. Anal. Calcd. for C37H56O8: C, 70.67; H, 8.98. Found: C, 70.55; 

H, 8.98%. 

Methyl 2α,3β,23-triacetoxy-11-oxours-12-en-28-oate (4.10) 

To a stirred solution of compound 4.9 (100 mg, 

0.16 mmol) in dry dichloromethane (2 mL), a mixture of 

KMnO4 (440 mg) and Fe2(SO4)3.nH2O (220 mg), 

previous reduced to a fine powder, water (22 µl) and t-

butanol (0.1 mL) were added. The reaction mixture was 

stirred at room temperature. After 4h 45 min the reaction mixture was diluted with 

diethyl ether (20 mL) and filtered through a celite pad, with further washing with 
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diethyl ether (100 mL). The resulting organic phase was washed with 10% aqueous 

NaHCO3 (2  50 mL) and water (2 50 mL), dried over Na2SO4, filtered, and 

concentrated under vacuum to afford 4.10 as a white powder (97.5mg, 95%). Mp: 

139.2–141.5 °C. vmax/cm-1 (KBr): 2977.55, 2950.55, 2875.34, 1747.19, 1662.34, 

1457.92, 1369.21, 1234.22, 1043.30. 1H NMR (400MHz, CDCl3): δ = 5.62 (s, 1H, 

H12), 5.31–5.25 (m. 1H, H2), 5.04 (d, J = 10.3 Hz, 1H, H3), 3.83 (d, J = 11.8 Hz, 1H, 

H23), 3.59 (s, 3H, COOCH3), 3.57 (d, J = 11.8 Hz, 1H, H23), 2.07 (s, 3H, CH3CO), 

2.00 (s, 3H, CH3CO), 1.94 (s, 3H, CH3CO), 1.28 (s, 6H), 0.96 (d, J = 6.3 Hz, 3H), 0.90 

(s, 6H), 0.85 (d, J = 6.5 Hz, 3H) ppm. 13C NMR (100MHz, CDCl3): δ = 198.8 (C11), 

177.1 (C28), 170.8 (OCO), 170.5 (OCO), 170.1 (OCO), 163.3 (C13), 130.4 (C12), 

74.9, 69.0, 65.2, 61.1, 52.7, 51.9 (2C), 47.6, 47.3, 44.5, 44.2, 43.7, 41.9, 38.6, 37.6, 

35.9, 32.4, 30.3, 28.3, 23.8, 21.0, 20.9 (2C), 20.9, 20.7, 18.8, 17.7, 17.0, 17.0, 13.8 

ppm. DI-ESI-MS m/z [M+H]+: 643.12. Anal. Calcd. for C37H54O9.0.25H2O: C, 68.65; 

H, 8.49. Found: C, 68.46; H, 8.38%. 

Methyl 2α,3β,23-trihydroxy-11-oxours-12-en-28-oate (4.11) 

To a stirred solution of compound 4.10 (353 mg, 

0.55 mmol) in methanol (23.5 mL), KOH (2350 mg) 

was added and the reaction mixture was heated under 

reflux. After 30 min the reaction mixture was 

evaporated under reduced pressure to remove the 

methanol, and acidified (pH 5-6) with 6 M aqueous HCl 

solution. Water (20 mL) was added and the aqueous layer was extracted with ethyl 

acetate (3  80 mL). The resulting organic phase was washed with 10% aqueous 

NaHCO3 (3  50 mL), water (50 mL) and brine (50 mL), dried over Na2SO4, filtered, 

and concentrated under vacuum to afford 4.11 as a white powder (280.2 mg, 

quantitative). Mp: 174.9–177.3 °C. vmax/cm-1 (KBr): 3424.96, 2948.63, 2929.34, 

2873.42, 1727.91, 1660.41, 1455.99, 1388.50, 1201.43, 1047.16. 1H NMR (400MHz, 

CDCl3): δ = 5.60 (s, 1H, H12), 3.87–3.81 (m, 1H, H2), 3.64 (d, J = 11.1 Hz, 1H, H23), 

3.60 (s, 3H, COOCH3), 3.42 (d, J = 9.5 Hz, 1H, H3) 3.36 (d, J = 11.1 Hz, 2H, H23), 

1.30 (s, 3H), 1.21 (s, 3H), 0.96 (d, J = 6.1 Hz, 3H), 0.89 (s, 3H), 0.86 (d, J = 6.3 Hz, 

3H), 0.82 (s, 3H) ppm. 13C NMR (100MHz, CDCl3): δ = 199.7 (C11), 177.2 (C28), 

163.5 (C13), 130.4 (C12), 68.5, 61.0, 52.7, 51.8 (2C), 47.6, 46.9, 44.7, 43.9, 42.8, 38.6, 
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38.6, 38.0, 35.9, 32.5, 30.3, 28.3, 23.9, 21.2, 21.0 (2C), 18.9, 17.9, 17.2, 17.1, 13.0 

ppm. DI-ESI-MS m/z [M+H]+: 516.93. Anal. Calcd. for C31H48O6.H2O: C, 69.63; H, 

9.42. Found: C, 69.19; H, 8.92%. 

Methyl 2α,23-lactol-3-formyl- 11-oxours-12-en-28-oate (4.12) 

Accordingly to the method described for 4.3, 

using compound 4.11 (1950 mg, 3.78 mmol), 

methanol/water (48.70 mL/ 2.40 mL [20:1]) and NaIO4 

(1227.40 mg; 5.74 mmol) for 1 hour at room 

temperature. The crude solid was purified by flash 

column chromatography (petroleum ether/ethyl acetate, 

4:1 → 1:1), to afford 4.12 as a white solid (1280.30 mg, 66%). Mp: 154.0–157.0 °C. 

vmax/cm-1 (KBr): 3436.53, 2948.63, 2938.98, 2873.42, 2734.57, 1725.98, 1658.48, 

1455.99, 1205.29, 1141.65, 1037.52. 1H NMR (400MHz, CDCl3): δ = 9.97 (s, 1H, 

CHO), 5.64 (s, 1H, H12), 5.36–5.33 (m, 1H, H2), 3.98 (d, J = 13.2 Hz, 1H), 3.71 (d, J 

= 13.6 Hz, 1H), 3.60 (s, 3H, COOCH3), 1.34 (s, 3H), 1.32 (s, 3H), 0.97 (m, 6H), 0.93 

(s, 3H), 0.86 (d, J = 6.4 Hz, 3H) ppm. 13C NMR (100MHz, CDCl3): δ = 205.6 (CHO), 

198.9 (C11), 177.1 (C28), 162.7 (C13), 130.9 (C12), 93.5, 65.2, 61.4, 57.4, 53.2, 52.7, 

51.9, 47.7, 45.7, 44.6, 44.1, 39.2, 38.6, 38.6, 35.9, 33.2, 30.3, 28.3, 23.9, 20.9, 20.7, 

20.5, 19.6, 19.3, 17.0, 14.4 ppm. DI-ESI-MS m/z [M+H]+: 515.42. Anal. Calcd. for 

C31H46O6.0.75H2O: C, 70.49; H, 9.06. Found: C, 70.31; H, 9.41%. 

Methyl 2-formyl-11-oxo-23-hydroxy-A(1)-norursa-2,12-dien-28-oate (4.13) 

Accordingly to the method described for 4.6, 

using compound 4.12 (300 mg, 0.58 mmol), dry benzene 

(30 mL), piperidine (1.45 mL), acetic acid (1.45 mL) and 

anhydrous magnesium sulfate (300 mg). The crude solid 

was purified by flash column chromatography (petroleum 

ether/ethyl acetate, 2:1 → 1:1), to afford 4.13 as a white 

solid (142.90 mg, 49%). Mp: 144.8–146.6 °C. vmax/cm-1 (KBr): 3442.31, 2977.55, 

2948.63, 2929.34, 2871.49, 1727.91, 1662.34, 1614.13, 1581.34, 1455.99, 1226.50. 1H 

NMR (400MHz, CDCl3): δ = 10.15 (s, 1H, CHO), 6.35 (s, 1H, H3), 5.67 (s, 1H, H12), 

3.62 (s, 3H, COOCH3, H28), 3.56 (d, J = 11.1 Hz, 1H), 3.39 (d, J = 11.1 Hz, 1H), 1.45 
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(s, 3H), 1.33 (s, 3H), 1.00 (s, 3H), 0.97 (m, 6H), 0.85 (d, J = 6.3 Hz, 3H) ppm. 
13C 

NMR (100MHz, CDCl3): δ = 199.4 (C11), 195.5 (CHO), 177.2 (C28), 164.7 (C13), 

157.5 (C2); 144.7 (C3), 129.5 (C12), 69.2, 58.3, 54.8, 53.0, 51.9, 48.7, 48.2, 47.6, 

45.8, 44.4, 38.6, 38.4, 35.9, 33.4, 30.2, 28.8, 23.9, 21.4, 21.1, 21.0, 20.5, 17.1, 16.9, 

16.1 ppm. DI-ESI-MS m/z [M+H]+: 497.47. Anal. Calcd. for C31H44O5.0.5H2O: C, 

73.63; H, 8.97. Found: C, 73.27; H, 8.50%. 

2-Cyano-23-hydroxy-A(1)-norursa-2,12-dien-28-oic acid (4.14) 

To a stirred solution of compound 4.6 (240 mg, 

0.51 mmol) in THF (2.40 mL), aqueous ammonia 

solution 25% (9.60 mL) and iodine (142.96 mg, 0.56 

mmol) were added. The mixture was stirred at room 

temperature for 2 hours (the dark solution became 

colorless). The reaction mixture was charged with 5% 

aqueous Na2S2O3 (50 mL) and extracted with ethyl acetate (3  60 mL). The resulting 

organic phase was washed with water (50 mL) and brine (50 mL), dried over Na2SO4, 

filtered, and concentrated under vacuum to afford a yellow powder. The crude solid 

was purified by flash column chromatography (petroleum ether/ethyl acetate, 4:1 → 

2:1), to afford 4.14 as a white solid (134.4 mg, 56%). Mp: 147.1–150.1 °C. vmax/cm-1 

(KBr): 3423.03, 2948.63, 2925.48, 2871.49, 2217.74, 1697.05, 1455.99, 1382.71, 

1043.30. 1H NMR (400MHz, CDCl3): δ = 6.48 (s, 1H, H3), 5.25 (t, J = 3.0 Hz, 1H, 

H12), 3.54 (d, J = 10.6 Hz, 1H, H23), 3.38 (d, J = 10.6 Hz, 1H, H23), 1.27 (s, 3H), 

1.13 (s, 3H), 1.01 (s, 3H), 0.95 (d, J = 6.0 Hz, 3H), 0.87 (m, 6H) ppm. 13C NMR 

(100MHz, CDCl3): δ = 183.4 (C28), 153.7 (C3), 138.5 (C13), 127.0 (C2), 125.1 (C12), 

117.6 (CN), 69.2, 55.3, 52.8, 52.6, 50.8, 47.9, 43.5, 42.4, 40.9, 38.8 (2C), 36.6, 33.4, 

30.5, 28.1, 24.5, 24.0, 23.9, 21.1, 19.3, 18.5, 17.6, 17.0, 16.0 ppm. DI-ESI-MS m/z 

[M+H]+: 466.03. Anal. Calcd. for C30H43NO3.0.75H2O: C, 75.20; H, 9.36; N, 2.92. 

Found: C, 75.10; H, 9.83; N, 2.79%. 
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Methyl 2-cyano-23-hydroxy-A(1)-norursa-2,12-dien-28-oate (4.15) 

Accordingly to the method described for 4.14, 

using compound 4.7 (295 mg, 0.61 mmol), THF (4.40 

mL), aqueous ammonia solution 25% (13.70 mL) and 

iodine (340.75 mg, 1.34 mmol) at room temperature for 

8 hours. The crude solid was purified by flash column 

chromatography (petroleum ether/ethyl acetate, 3:1 → 

2:1), to afford 4.15 as a white solid (146.20 mg, 50%). Mp: 115.1–118.1 °C. vmax/cm-1. 

(KBr): 3504.02, 2948.63, 2925.48, 2871.49, 2215.81, 1724.05, 1652.70, 1587.13, 

1455.99, 1362.71, 1234.22, 1197.58, 1145.51, 1049.09. 1H NMR (400MHz, CDCl3): δ 

= 6.48 (s, 1H, H3), 5.26 (t, J = 3.0 Hz, 1H, H12), 3.61 (s, 3H, COOCH3), 3.55 (d, J = 

10.1 Hz, 1H, H23), 3.39 (d, J = 9.9 Hz, 1H, H23), 1.27 (s, 3H), 1.13 (s, 3H), 1.02 (s, 

3H), 0.94 (d, J = 5.4 Hz, 3H), 0.87 (d, J = 6.1 Hz, 3H), 0.83 (s, 3H) ppm. 
13C NMR 

(100MHz, CDCl3): δ = 178.0 (C28), 153.6 (C3), 138.7 (C13), 127.2 (C2), 125.0 (C12), 

117.6 (CN), 69.3, 55.4, 52.9 (2C), 51.5, 50.8, 48.0, 43.5, 42.4, 40.9, 38.8 (2C), 36.5, 

33.4, 30.6, 28.2, 24.5, 24.1, 24.0, 21.2, 19.3, 18.4, 17.6, 17.1, 16.0 ppm. DI-ESI-MS 

m/z [M+H]+: 480.08. Anal. Calcd. for C31H45NO3.0.5H2O: C, 76.19; H, 9.49; N, 2.87. 

Found: C, 76.41; H, 9.62; N, 2.97%. 

Methyl 2-cyano-11-oxo-23-hydroxy-A(1)-norursa-2,12-dien-28-oate (4.16) 

Accordingly to the method described for 4.14, 

using compound 4.13 (300 mg, 0.60 mmol), THF (3 

mL), aqueous ammonia solution 25% (12 mL) and 

iodine (168.60 mg, 0.66 mmol) at room temperature for 

3 hours. The crude solid was purified by flash column 

chromatography (petroleum ether/ethyl acetate, 3:1 → 

1:1), to afford 4.16 as a white solid (144.6 mg, 48%). Mp: 139.1–142.0 °C. vmax/cm-1 

(KBr): 3444.24, 2948.63, 2929.34, 2871.49, 2217.74, 1725.98, 1670.05, 1612.2, 

1581.34, 1457.92, 1226.50. 1H NMR (400MHz, CDCl3): δ = 6.57 (s, 1H, H3), 5.71 (s, 

1H, H12), 3.60 (s, 3H, COOCH3), 3.55 (d, J = 10.9 Hz, 1H, H23), 3.38 (d, J = 10.9 Hz, 

1H, H23), 1.40 (s, 3H), 1.33 (s, 3H), 1.01 (s, 3H), 0.97 (d, J = 6.3 Hz, 3H), 0.91 (s, 

3H), 0.87 (d, J = 6.4 Hz, 3H) ppm. 
13C NMR (100MHz, CDCl3): δ = 197.2 (C11), 

177.2 (C28), 163.9 (C13), 155.2 (C3), 129.3 (C12), 128.7 (C2), 117.2 (CN), 68.8, 57.2, 
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54.7, 52.9, 51.9, 50.9, 50.0, 47.6, 45.4, 44.2, 38.6, 38.4, 35.9, 33.1, 30.2, 28.7, 23.8, 

21.5, 21.0, 20.8, 20.4, 17.2, 16.9, 15.9 ppm. DI-ESI-MS m/z [M+H]+: 494.37. Anal. 

Calcd. for C31H43NO4.0.5H2O: C, 74.07; H, 8.82; N, 2.79. Found: C, 74.10; H, 8.83; N, 

2.94%. 

Methyl 2-formyl-11-oxo-23-acetoxy-A(1)-norursa-2,12-dien-28-oate (4.17) 

To a stirred solution of compound 4.13 (95 

mg, 0.19 mmol) in dry THF (2.85 mL), acetic 

anhydride (27 µl; 0.29 mmol) and a catalytic amount 

of DMAP (9.5 mg) were added. The mixture was 

stirred at room temperature in anhydrous conditions. 

After 1h 30 min, the reaction mixture was 

evaporated under reduced pressure to remove the organic phase. The crude obtained 

was dispersed with water (30 mL) and extracted with ethyl acetate (3  30 mL). The 

resulting organic phase was washed with 5% aqueous HCl (2 × 30 mL), 10% aqueous 

NaHCO3 (2  30 mL), 10% aqueous Na2SO3 (30 mL), water (30 mL) and brine (30 

mL), dried over Na2SO4, filtered, and concentrated under vacuum to afford 4.17 as a 

white powder (73.2 mg, 71%). Mp: 104.2–107.3 °C. vmax/cm-1 (KBr): 2948.63, 

2933.20, 2873.42, 1735.62, 1662.34, 1614.13, 1585.2, 1455.99, 1384.84, 1232.29, 

1039.44. 1H NMR (400MHz, CDCl3): δ = 10.15 (s, 1H, CHO), 6.39 (s, 1H, H3), 5.67 

(s, 1H, H12), 3.97 (d, J = 10.8 Hz, 1H, H23), 3.89 (d, J = 10.8 Hz, 1H, H23), 3.61 (s, 

3H, COOCH3), 2.05 (s, 3H, CH3CO), 1.45 (s, 3H), 1.31 (s, 3H), 1.05 (s, 3H), 0.96 (m, 

6H), 0.86 (d, J = 6.5 Hz, 3H) ppm. 13C NMR (100MHz, CDCl3): δ = 199.1 (C11), 

195.2 (CHO), 177.1 (C28), 171.0 (OCO), 164.6 (C13), 156.4 (C2), 144.0 (C3), 129.5 

(C12), 70.7, 58.4, 56.7, 53.0, 51.9, 48.0, 47.6, 46.6, 45.8, 44.4, 38.6, 38.4, 35.8, 33.5, 

30.2, 28.7, 23.8, 21.2, 21.0, 20.9, 20.8, 20.2, 17.1, 17.0, 16.3 ppm. DI-ESI-MS m/z 

[M+H]+: 539.88. Anal. Calcd. for C33H46O6.0.75H2O: C, 71.77; H, 8.67. Found: C, 

71.80; H, 8.65%. 

 

 



Synthesis and anticancer evaluation of A-nor asiatic acid derivatives 

155 

 

 

 

Methyl 2-formyl-11-oxo-23-butyroxy-A(1)-norursa-2,12-dien-28-oate (4.18) 

Accordingly to the method described for 

4.17, using compound 4.13 (300 mg, 0.60 

mmol), dry THF (9 mL), butyric anhydride 

(98.80 µl; 0.60 mmol) and a catalytic amount of 

DMAP (30 mg) at room temperature for 1 hour. 

The crude solid was purified by flash column 

chromatography (petroleum ether/ethyl acetate, 7:1 → 5:1), to afford 4.18 as a white 

solid (59.1 mg, 17%). Mp: 77.8–80.3 °C. vmax/cm-1 (KBr): 2950.55, 2933.20, 2873.42, 

1731.76, 1662.34, 1614.13, 1585.20, 1457.92, 1224.58, 1197.58, 1174.44. 1H NMR 

(400MHz, CDCl3): δ = 10.15 (s, 1H, CHO), 6.39 (s, 1H, H3), 5.68 (s, 1H, H12), 3.98 

(d, J = 10.8 Hz, 1H, H23), 3.90 (d, J = 10.6 Hz, 1H, H23), 3.62 (s, 3H, COOCH3), 1.46 

(s, 3H), 1.31 (s, 3H), 1.05 (s, 3H), 0.96–0.92 (m, 6H), 0.86 (d, J = 6.2 Hz, 3H) ppm. 

13C NMR (100MHz, CDCl3): δ = 199.1 (C11), 195.2 (CHO), 177.1 (C28), 173.6 

(OCO), 164.6 (C13), 156.4 (C2), 144.1 (C3), 129.5 (C12), 70.3, 58.4, 56.6, 53.0, 51.9, 

48.0, 47.6, 46.7, 45.8, 44.4, 38.6, 38.4, 36.2, 35.9, 33.5, 30.2, 28.7, 23.9, 21.2, 21.0, 

21.0, 20.3, 18.5, 17.1, 17.0, 16.3, 13.7 ppm. DI-ESI-MS m/z [M+H]+: 567.40. Anal. 

Calcd. for C35H50O6: C, 74.17; H, 8.89. Found: C, 73.79; H, 9.21%. 

Methyl 2-formyl-11-oxo-23-cinnamoxy-A(1)-norursa-2,12-dien-28-oate (4.19) 

To a stirred solution of compound 4.13 

(300 mg, 0.60 mmol) in dry benzene (18 mL), 

cinnamoyl chloride (402.50 mg, 2.41 mmol) and 

DMAP (295.20 mg, 2.41 mmol) were added. 

The mixture was stirred at 60 °C under nitrogen 

atmosphere. After 3 hours, the reaction mixture 

was evaporated under reduced pressure to 

remove the organic phase. The crude obtained was dispersed with water (50 mL) and 

extracted with ethyl acetate (3  50 mL). The resulting organic phase was washed with 

water (4  50 mL) and brine (50 mL), dried over Na2SO4, filtered, and concentrated 

under vacuum to afford a light yellow crude. The crude solid was purified by flash 

column chromatography (petroleum ether/ethyl acetate, 6:1 → 4:1), to afford 4.19 as a 

white solid (268.7 mg, 71%). Mp: 97.0–100.2 °C. vmax/cm-1 (KBr): 3083.62, 3060.48, 
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3025.76, 2948.63, 2931.27, 2873.42, 1718.26, 1664.27, 1637.27, 1452.14, 1382.71, 

1309.43, 1272.79, 1228.43, 1201.43, 1164.79. 1H NMR (400MHz, CDCl3): δ= 10.17 

(s, 1H, CHO), 7.69 (d, J = 16.0 Hz, 1H), 7.54–7.52 (m, 2H), 7.40–7.38 (m, 3H), 6.47 

(s, 1H, H3), 6.43 (d, J = 16.0 Hz, 1H), 5.68 (s, 1H, H12), 4.11 (d, J = 11.0 Hz, 1H, 

H23), 4.07 (d, J = 11.0 Hz, 1H, H23), 3.62 (s, 3H, COOCH3), 1.48 (s, 3H), 1.29 (s, 

3H), 1.11 (s, 3H), 0.96–0.95 (m, 6H), 0.84 (d, J = 6.4 Hz, 3H) ppm. 13C NMR 

(100MHz, CDCl3): δ = 199.2 (C11), 195.3 (CHO), 177.1 (C28), 166.9 (OCO), 164.7 

(C13), 156.4 (C2), 145.3, 144.1 (C3), 134.2, 130.4, 129.4 (C12), 128.9 (2C), 128.2 

(2C), 117.6, 70.7, 58.4, 56.7, 53.0, 51.9, 48.0, 47.5, 46.9, 45.8, 44.4, 38.6, 38.3, 35.8, 

33.5, 30.2, 28.7, 23.8, 21.2, 21.0, 20.9, 20.3, 17.1, 17.0, 16.4 ppm. DI-ESI-MS2 m/z: 

627.36 ([M+H]+,42%), 609.48 (62), 566.37 (72), 479.38 (100), 419.39 (29). Anal. 

Calcd. for C40H50O6.H2O: C, 74.50; H, 8.13. Found: C, 74.10; H, 7.76%. 

Methyl 2-formyl-11-oxo-23-(1H-imidazole-1-carbonyloxy)-A(1)-norursa-2,12-dien-28-

oate (4.20) 

To a stirred solution of compound 4.13 (280 

mg, 0.56 mmol) in dry THF (11 mL), CDI (184.10 

mg, 1.14 mmol) was added. The reaction mixture 

was stirred at reflux temperature under nitrogen 

atmosphere. After 2 hours, the reaction mixture was 

evaporated under reduced pressure to remove the 

organic phase. The crude obtained was dispersed with water (50 mL) and extracted 

with ethyl acetate (3  50 mL). The combined organic phase was washed with water (4 

 50 mL) and brine (50 mL), dried over Na2SO4, filtered, and concentrated under 

vacuum to afford a yellowish powder. The crude solid was purified by flash column 

chromatography (petroleum ether/ethyl acetate, 1:1), to afford 4.20 as a white solid 

(41.4 mg, 12%). Mp: 111.6–114.1 °C. vmax/cm-1 (KBr): 3129.90, 2948.63, 2873.42, 

1764.55, 1725.98, 1662.34, 1614.13, 1587.13, 1457.92, 1400.07, 1288.22, 1240.00, 

1004.73. 1H NMR (400MHz, CDCl3): δ = 10.14 (s, 1H, CHO), 8.09 (s, 1H, H-Im), 

7.36 (s, 1H, H-Im), 7.06 (s, 1H, H-Im), 6.37 (s, 1H, H3), 5.67 (s, 1H, H12), 4.29 (d, J = 

10.5 Hz, 1H, H23), 4.24 (d, J = 10.3 Hz, 1H, H23), 3.60 (s, 3H, COOCH3), 1.24 (s, 

3H), 1.13 (s, 3H), 0.95 (s, 6H), 0.84 (d, J = 5.4 Hz, 3H) ppm. 13C NMR (100MHz, 

CDCl3): δ = 198.8 (C11), 194.8 (CHO), 177.1 (C28), 164.8 (C13), 157.1 (C2), 148.6, 
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142.2 (C3), 136.9, 130.9, 129.3 (C12), 116.9, 73.9 , 58.4, 56.7, 52.9, 51.8, 48.1, 47.5, 

46.9, 45.7, 44.3, 38.6, 38.3, 35.8, 33.5, 30.1, 28.7, 23.8, 21.0, 21.0, 20.9, 20.2, 17.1, 

17.0, 16.2 ppm. DI-ESI-MS m/z [M+H]+: 591.52. Anal. Calcd. for C35H46N2O6 

0.25H2O: C, 70.62; H, 7.87; N, 4.71. Found: C, 70.30; H, 7.71; N, 4.35%. 

Methyl 2-formyl-11-oxo-23-(2-methyl-1H-imidazole-carbonyloxy)-A(1)-norursa-2,12-

dien-28-oate (4.21)  

Accordingly to the method described for 

4.20, using compound 4.13 (300 mg, 0.60 mmol), 

dry THF (12.5 mL), and CBMI (287.20 mg, 1.51 

mmol) at reflux temperature under nitrogen 

atmosphere for 6 hours. The crude solid was 

purified by flash column chromatography 

(petroleum ether/ethyl acetate, 2:1 → 1:2), to afford 4.21 as a white solid (121.4 mg, 

33%). Mp: 128.7–131.0 °C. vmax/cm-1 (KBr): 3122.19, 2948.63, 2931.27, 2873.42, 

1758.76, 1725.98, 1660.41, 1614.13, 1587.13, 1552.42, 1511.92, 1457.92, 1398.14, 

1295.93, 1143.58. 1H NMR (400MHz, CDCl3): δ = 10.15 (s, 1H, CHO), 7.28 (d, J = 

1.5 Hz, 1H, H-Im), 6.84 (d, J = 1.5 Hz, 1H, H-Im), 6.39 (s, 1H, H3), 5.67 (s, 1H, H12), 

4.27 (d, J = 10.8 Hz, 1H, H23), 4.20 (d, J = 10.8 Hz, 1H, H23), 3.61 (s, 3H, COOCH3), 

2.62 (s, 3H, CH3-Im), 1.47 (s, 3H), 1.23 (s, 3H), 1.13 (s, 3H), 0.97–0.95 (m, 6H), 0.85 

(d, J = 6.3 Hz, 3H) ppm. 13C NMR (100MHz, CDCl3): δ = 198.8 (C11), 194.8 (CHO), 

177.1 (C28), 164.7 (C13), 157.0 (C2), 149.5, 147.9, 142.6 (C3), 129.4 (C12), 128.2, 

117.8, 73.3, 58.4, 56.4, 53.0, 51.9, 48.1, 47.5, 46.9, 45.7, 44.3, 38.6, 38.3, 35.8, 33.5, 

30.1, 28.7, 23.8, 21.1, 21.0, 20.9, 20.3, 17.1, 16.9, 16.8, 16.3 ppm. DI-ESI-MS m/z 

[M+H]+: 605.40. Anal. Calcd. for C36H48N2O6: C, 71.50; H, 8.00; N, 4.63. Found: C, 

71.16; H, 8.46; N, 4.36%. 
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Methyl 2-cyano-23-(2-methyl-1H-imidazole-carbonyloxy)-A(1)-norursa-2,12-dien-28-

oate (4.22) 

Accordingly to the method described for 4.20, 

using compound 4.15 (280 mg, 0.58 mmol), dry THF 

(11 mL) and CBMI (277.55 mg, 1.46 mmol) at reflux 

temperature under nitrogen atmosphere for 8 hours. 

The crude solid was purified by flash column 

chromatography (petroleum ether/ethyl acetate, 2:1 → 1:1), to afford 4.22 as a white 

solid (204.1 mg, 59%). Mp: 104.1–107.2 °C. vmax/cm-1 (KBr): 3166.54, 2948.63, 

2925.48, 2215.81, 1747.19, 1724.05, 1455.99, 1384.64, 1249.65. 1H NMR (400MHz, 

CDCl3): δ = 7.27 (s, 1H, H-Im), 6.87 (s, 1H, H-Im), 6.47 (s, 1H, H3), 5.27 (t, J = 3.0 

Hz, 1H, H12), 4.29 (d, J = 11.0 Hz, 1H, H23), 4.18 (d, J = 11.0 Hz, 1H, H23), 3.60 (s, 

3H, COOCH3), 2.63 (s, 3H, CH3-Im), 1.30 (s, 3H), 1.13 (s, 3H), 1.04 (s, 3H), 0.94 (d, J 

= 5.7 Hz, 3H), 0.86 (d, J = 6.9 Hz, 3H), 0.84 (s, 3H) ppm. 13C NMR (100MHz, 

CDCl3): δ = 177.9 (C28), 151.4 (C3), 149.4, 148.0, 138.7 (C13), 128.3, 128.0 (C2), 

124.8 (C12), 117.7, 117.0 (CN), 72.3, 56.0, 52.8, 52.7, 51.5, 49.2, 48.0, 43.9, 42.3, 

40.9, 38.8, 38.8, 36.5, 33.4, 30.5, 28.1, 24.5, 24.0, 23.7, 21.1, 18.9, 18.4, 17.4, 17.1, 

16.8, 16.2 ppm. DI-ESI-MS m/z [M+H]+: 588.63. Anal. Calcd. for C36H49N3O4: C, 

73.56; H, 8.40; N, 7.15. Found: C, 73.46; H, 8.79; N, 6.86%.  

Methyl 2-cyano-23-acetoxy-A(1)-norursa-2,12-dien-28-oate (4.23) 

Accordingly to the method described for 4.17, 

using compound 4.15 (200 mg, 0.42 mmol), dry THF 

(6 mL), acetic anhydride (43.30 µl; 0.46 mmol) and a 

catalytic amount of DMAP (20 mg) at room 

temperature for 1 hour. The crude solid was purified by 

flash column chromatography (petroleum ether/ethyl 

acetate, 6:1 → 4:1), to afford 4.23 as a white solid (126.4 mg, 58%). Mp: 86.7–88.6 

°C. vmax/cm-1 (KBr): 2948.63, 2925.48, 2871.49, 2215.81, 1745.26, 1724.05, 1650.77, 

1589.06, 1455.99, 1382.71, 1236.15, 1039.44. 1H NMR (400MHz, CDCl3): δ = 6.44 (s, 

1H, H-3), 5.26 (t, J = 2.9 Hz, 1H, H-12), 3.97 (d, J = 11.0 Hz, 1H, H-23), 3.90 (d, J = 

10.9 Hz, 1H, H-23), 3.60 (s, 3H, COOCH3), 2.06 (s, 3H, CH3CO), 1.26 (s, 3H), 1.11 

(s, 3H), 1.05 (s, 3H), 0.94 (d, J = 5.9 Hz, 3H), 0.87 (d, J = 6.3 Hz, 3H), 0.83 (s, 3H) 
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ppm. 13C NMR (100MHz, CDCl3): δ = 177.9 (C28), 170.9 (OCO), 152.6 (C3), 138.7 

(C13), 127.0 (C2), 124.9 (C12), 117.5 (CN), 69.7, 56.2, 52.9, 52.6, 51.5, 49.0, 48.0, 

43.8, 42.3, 40.9, 38.8, 38.8, 36.5, 33.4, 30.5, 28.1, 24.5, 24.1, 23.8, 21.1, 20.8, 19.0, 

18.4, 17.5, 17.1, 16.2 ppm. DI-ESI-MS m/z [M+H]+: 522.31. Anal. Calcd. for 

C33H47NO4: C, 75.97; H, 9.08; N, 2.68. Found: C, 76.22; H, 9.25; N, 2.85%. 

Methyl 2-cyano-23-butyroxy-A(1)-norursa-2,12-dien-28-oate (4.24) 

Accordingly to the method described for 

4.17, using compound 4.15 (290 mg, 0.61 mmol), 

dry THF (11.6 mL), butyric anhydride (108.8 µl, 

0.67 mmol) and a catalytic amount of DMAP (30 

mg,) at room temperature for 1 h 15 min. The 

crude solid was purified by flash column 

chromatography (petroleum ether/ethyl acetate, 7:1 → 6:1), to afford 4.24 as a white 

solid (101.1 mg, 30%); Mp: 65.5–68.0 °C. vmax/cm-1 (KBr): 2948.63, 2927.41, 

2873.42, 2215.81, 1735.55, 1652.70, 1589.06, 1455.99, 1172.51. 1H NMR (400MHz, 

CDCl3): δ = 6.44 (s, 1H, H3), 5.27 (t, J = 3.0 Hz, 1H, H12), 3.98 (d, J = 10.9 Hz, 1H, 

H23), 3.90 (d, J = 10.9 Hz, 2H, H23), 3.61 (s, 3H, COOCH3), 1.27 (s, 3H), 1.10 (s, 

3H), 1.04 (s, 3H), 0.97–0.93 (m, 6H), 0.87 (d, J = 6.1 Hz, 3H), 0.83 (s, 3H) ppm. 13C 

NMR (100MHz, CDCl3): δ = 178.0 (C28), 173.4 (OCO), 152.8 (C3), 138.7 (C13), 

127.0 (C2), 124.9 (C12), 117.5 (CN), 69.3, 56.0, 52.9, 52.6, 51.5, 49.1, 48.0, 43.8, 

42.3, 40.9, 38.8 (2C), 36.5, 36.2, 33.4, 30.5, 28.1, 24.5, 24.1, 23.8, 21.1, 19.1, 18.5, 

18.4, 17.4, 17.1, 16.2, 13.7 ppm. DI-ESI-MS m/z [M+H]+: 550.33. Anal. Calcd. for 

C35H51NO4: C, 76.46; H, 9.35; N, 2.55. Found: C, 76.75; H, 9.62; N, 2.58%. 

Methyl 2-cyano-23-benzoxy-A(1)-norursa-2,12-dien-28-oate (4.25) 

Accordingly to the method described for 4.17, 

using compound 4.15 250 mg, 0.52 mmol), dry 

THF(10 mL), benzoic anhydride (141.50 mg, 0.63 

mmol) and a catalytic amount of DMAP (25 mg) at 

room temperature for 1 h 30 min. The crude solid 

was purified by flash column chromatography 

(petroleum ether/ethyl acetate, 10:1 → 7:1), to afford 4.25 a white solid (158.2 mg, 
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52%). Mp: 100.2–103.1 °C. vmax/cm-1 (KBr): 3089.40, 3060.48, 2948.63, 2925.48, 

2871.49, 2215.81, 1722.12, 1602.56, 1585.20, 1452.14, 1270.86, 1112.73. 1H NMR 

(400MHz, CDCl3): δ = 8.00 (d, J = 7.2 Hz, 2H), 7.58 (t, J = 7.3 Hz, 1H), 7.45 (t, J = 

7.7 Hz, 2H), 6.54 (s, 1H, H3), 5.26 (t, J = 2.8 Hz, 1H, H12), 4.24 (d, J = 11.0 Hz, 1H, 

H23), 4.14 (d, J = 11.0 Hz, 1H, H23), 3.61 (s, 3H, COOCH3), 1.30 (s, 3H), 1.15 (s, 

3H), 1.03 (s, 3H), 0.94 (d, J = 5.8 Hz, 3H), 0.86 (d, J = 6.6 Hz, 3H). 0.84 (s, 3H) ppm. 

13C NMR (100MHz, CDCl3): δ = 177.9 (C28), 166.3 (OCO), 152.8 (C3), 138.7 (C13), 

133.3, 129.7, 129.5, 128.5, 127.2 (C2), 124.9 (C12), 117.4 (CN), 69.8, 56.1, 52.9, 52.7, 

51.5, 49.4, 48.0, 43.9, 42.3, 40.9, 38.8, 38.8, 36.5, 33.5, 30.5, 28.1, 24.6, 24.0, 23.6, 

21.1, 19.0, 18.4, 17.5, 17.1, 16.4 ppm. DI-ESI-MS m/z [M+H]+: 584.29. Anal. Calcd. 

for C38H49NO4: C, 78.18; H, 8.46; N, 2.40. Found: C, 77.80; H, 8.58; 2.52%. 

Methyl 2-cyano-23-succinoxy-A(1)-norursa-2,12-dien-28-oate (4.26) 

To a stirred solution of compound 4.15 

(250 mg, 0.52 mmol) in dry CH2Cl2 (15 mL), 

succinic anhydride (130.38 mg; 1.30 mmol) and 

DMAP (95.50 mg, 0.78 mmol) were added. The 

reaction mixture was stirred at room temperature 

in anhydrous conditions. After 3 hours, the reaction mixture was evaporated under 

reduced pressure to remove the organic phase. The crude obtained was dispersed with 

water (60 mL) and extracted with ethyl acetate (3  60 mL). The resulting organic 

phase was washed with 5% aqueous HCl (2 × 60 mL), 10% aqueous Na2SO3 (60 mL), 

water (60 mL) and brine (60 mL), dried over Na2SO4, filtered, and concentrated under 

vacuum to afford a yellow powder. The crude solid was purified by flash column 

chromatography (petroleum ether/ethyl acetate, 3:1 → 1:1), to afford 4.26 as a white 

solid (213.9 mg, 71%). Mp: 105.8–107.7 °C. vmax/cm-1 (KBr): 2948.63, 2927.41, 

2871.49, 2657.43, 2559.08, 2215.81, 1743.33, 1727.91, 1712.48, 1589.06, 1455.99, 

1201.43, 1162.87. 1H NMR (400MHz, CDCl3): δ = 6.43 (s, 1H, H3), 5.26 (t, J = 2.8 

Hz, 1H, H12), 4.01 (d, J = 11.0 Hz, 1H, H23), 3.92 (d, J = 11.0 Hz, 1H, H23), 3.60 (s, 

3H, COOCH3), 2.68–2.64 (m, 4H), 1.26 (s, 3H), 1.11 (s, 3H), 1.05 (s, 3H), 0.94 (d, J = 

6.0 Hz, 3H), 0.87 (d, J = 6.3 Hz, 3H), 0.83 (s, 3H). 
13C NMR (100MHz, CDCl3): δ = 

178.0 (C28), 177.2, 171.9, 152.5 (C3), 138.7 (C13), 128.5, 127.1 (C2), 124.9 (C12), 

117.4 (CN), 70.1, 56.2, 52.9, 52.6, 51.5, 49.0, 48.0, 43.7, 42.3, 40.9, 38.8 (2C), 36.5, 
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33.4, 30.5, 28.8, 28.7, 28.1, 24.5, 24.1, 23.8, 21.1, 19.0, 18.4, 17.5, 17.1, 16.2 ppm. DI-

ESI-MS m/z [M+H]+: 580.35. Anal. Calcd. for C35H49NO6.H2O: C, 70.32; H, 8.60; N, 

2.34. Found: C, 70.22; H, 8.50; N, 2.38%. 

Methyl 2-cyano-23-cinnamoxy-A(1)-norursa-2,12-dien-28-oate (4.27) 

Accordingly to the method described for 

4.19, using compound 4.15 (300 mg, 0.63 

mmol), dry benzene (18 mL), cinnamoyl 

chloride (416.75 mg, 2.50 mmol) and DMAP 

(305.60 mg, 2.50 mmol) at 60 °C under nitrogen 

atmosphere for 1 h 40 min. The crude solid was 

purified by flash column chromatography (petroleum ether/ethyl acetate, 3:1), to afford 

4.27 as a white solid (189 mg, 50%) Mp: 102.3–105.0 °C. vmax/cm-1 (KBr): 3083.62, 

3060.48, 2946.70, 2925.48, 2871.49, 2215.81, 1718.26, 1637.27, 1579.41, 1496.49, 

1452.14, 1162.87. 1H NMR (400MHz, CDCl3): δ= 7.69 (d, J = 16.1 Hz, 1H), 7.54–

7.52 (m, 2H), 7.41–7.39 (m, 3H), 6.51 (s, 1H, H3), 6.43 (d, J = 16.2 Hz, 1H), 5.27 (t, J 

= 2.6 Hz, 1H, H12), 4.10 (d, J = 10.9 Hz, 1H, H23), 4.05 (d, J = 11.0 Hz, 1H, H23), 

3.61 (s, 3H, COOCH3), 1.29 (s, 3H), 1.11 (s, 3H), 1.08 (s, 3H), 0.93 (d, J = 6.0 Hz, 

3H), 0.85–0.84 (m, 6H) ppm. 13C NMR (100MHz, CDCl3): δ = 177.9 (C28), 166.7, 

152.8 (C3), 145.5, 138.7 (C13), 134.2, 130.5, 128.9 (2C), 128.2 (2C), 127.1 (C2), 

124.9 (C12), 117.5 (CN), 117.4, 69.7, 56.2, 52.9, 52.7, 51.5, 49.2, 48.0, 43.8, 42.3, 

40.9, 38.8, 38.8, 36.5, 33.4, 30.5, 28.1, 24.5, 24.0, 23.8, 21.1, 19.1, 18.4, 17.5, 17.1, 

16.3 ppm. DI-ESI-MS m/z [M+H]+: 610.33. Anal. Calcd. for C40H51NO4: C, 78.78; H, 

8.43; N, 2.30. Found: C, 78.82; H, 8.20; N, 2.46%. 

Methyl 2-formyl-23-methanesulfonyloxy-A(1)-norursa-2,12-dien-28-oate (4.28) 

To a stirred solution of compound 4.7 (250 mg, 

0.52 mmol) in dry dicloromethane (10 mL), 

triethylamine (144.60 µl; 1.04 mmol) and 

methanesulfonyl chloride (80.20 µl, 1.04 mmol) were 

added. The reaction mixture was stirred at room 

temperature. After 4 hours, the reaction mixture was 

evaporated under reduced pressure to remove the organic phase. The crude obtained 
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was dispersed with water (50 mL) and extracted with ethyl acetate (3  50 mL). The 

resulting organic phase was washed with water (4  50 mL) and brine (50 mL), dried 

over Na2SO4, filtered, and concentrated under vacuum to afford a yellow crude. The 

crude solid was purified by flash column chromatography (petroleum ether/ethyl 

acetate, 4:1 → 2:1), to afford 4.28 as a white solid (206.9 mg, 71 %). Mp: 105.6–107.2 

°C. vmax/cm-1 (KBr): 2948.63, 2925.48, 2871.49, 2728.78, 1722.12, 1689.34, 1585.2, 

1455.99, 1357.64, 1176.36, 958.45. 1H NMR (400MHz, CDCl3): δ = 9.73 (s, 1H, 

CHO), 6.60 (s, 1H, H3), 5.26 (t, J = 3.0 Hz, 1H, H12), 4.13 (d, J = 9.6 Hz, 1H, H23), 

4.06 (d, J = 9.6 Hz, 1H, H23), 3.61 (s, 3H, COOCH3), 3.03 (s, 3H, (S-CH3), 1.25 (s, 

3H), 1.10 (s, 3H), 1.08 (s, 3H), 0.93 (d, J = 5.9 Hz, 3H), 0.84–0.83 (m, 6H) ppm. 
13C 

NMR (100MHz, CDCl3): δ = 190.6 (CHO), 178.0 (C28), 158.9 (C2), 155.8 (C3), 137.8 

(C13), 126.1 (C12), 74.7, 56.9, 52.8, 51.4, 50.8, 48.0, 47.7, 44.3, 42.4, 41.3, 38.8, 38.8, 

37.5, 36.5, 33.4, 30.6, 28.2, 27.0, 24.1, 23.9, 21.2, 18.8, 18.7, 17.3, 17.0, 15.9 ppm. DI-

ESI-MS m/z [M+H]+: 560.91. Anal. Calcd. for C32H48O6S.0.5H2O: C, 67.45; H, 8.67; 

S, 5.63. Found: C, 67.56; H, 8.73; S, 5.27%. 

Methyl 2-formyl-11-oxo-23-methanesulfonyloxy-A(1)-norursa-2,12-dien-28-oate (4.29) 

Accordingly to the method described for 4.28, 

using compound 4.13 (300 mg, 0.60 mmol), dry 

CH2Cl2 (12.50 mL), triethylamine (168.50 µl; 1.21 

mmol) and methanesulfonyl chloride (93.50 µl, 1.21 

mmol) at room temperature in anhydrous conditions 

for 1 h 10 min. The crude solid was purified by flash 

column chromatography (petroleum ether/ethyl acetate, 5:1 → 1.5:1), to afford 4.29 as 

a white solid (183.1 mg, 53%). Mp: 114.0–116.5 °C. vmax/cm-1 (KBr): 2948.63, 

2933.20, 2873.42, 1725.98, 1662.34, 1614.13, 1587.13, 1457.92, 1355.71, 1174.44, 

958.45 cm-1. 1H NMR (400MHz, CDCl3): δ = 10.15 (s, 1H, CHO), 6.30 (s, 1H, H3), 

5.68 (s, 1H, H12), 4.07 (d, J = 10.0 Hz, 1H, H23), 4.04 (d, J = 10.0 Hz, 1H, H23), 3.62 

(s, 3H, COOCH3), 3.01 (s, 3H, S-CH3), 1.46 (s, 3H), 1.33 (s, 3H), 1.09 (s, 3H), 0.97–

0.96 (m, 6H), 0.86 (d, J = 6.2 Hz, 3H) ppm. 13C NMR (100MHz, CDCl3): δ = 199.0 

(C11), 194.9 (CHO), 177.1 (C28), 164.9 (C13), 157.2 (C2), 142.0 (C3), 129.3 (C12), 

75.1, 58.3, 56.1, 53.0, 51.9, 48.1, 47.6, 46.9, 45.7, 44.4, 38.6, 38.3, 37.5, 35.8, 33.3, 

30.2, 29.7, 23.8, 21.2, 21.0, 20.9, 20.3, 17.1, 16.9, 16.1 ppm. DI-ESI-MS m/z: 575.42 
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([M+H]+), 597.30 ([M+Na]+). Anal. Calcd. for C32H46O7S: C, 66.87; H, 8.07; S, 5.58. 

Found: C, 66.48; H, 8.45; S, 5.20%.  

Methyl 2-cyano-23-methanesulfonyloxy-A(1)-norursa-2,12-dien-28-oate (4.30) 

Accordingly to the method described for 4.28, 

using compound 4.15 (250 mg, 0.52 mmol), dry 

CH2Cl2 (10.7 mL), triethylamine (145.40 µl; 1.04 

mmol) and methanesulfonyl chloride (80.65 µl, 1.04 

mmol) at room temperature, in anhydrous conditions 

for 4 hours. The crude solid was purified by flash 

column chromatography (petroleum ether/ethyl acetate, 4:1 → 3:1), to afford 4.30 as a 

white solid (179.2 mg, 62%). Mp: 109.50–112.10 °C. vmax/cm-1 (KBr): 2948.63, 

2925.48, 2871.49, 2217.74, 1722.12, 1455.99, 1359.57, 1176.36, 960.38. 1H NMR 

(400MHz, CDCl3): δ = 6.43 (s, 1H, H3), 5.27 (t, J = 2.5 Hz, 1H, H12), 4.05 (d, J = 9.8, 

1H, H23), 4.00 (d, J = 10.0 Hz, 1H, H23), 3.60 (s, 3H, COOCH3), 3.02 (s, 3H, S-CH3), 

1.28 (s, 3H), 1.12 (s, 3H), 1.10 (s, 3H), 0.94 (d, J = 5.9 Hz, 3H), 0.87 (d, J = 6.4 Hz, 

3H), 0.83 (s, 3H) ppm. 13C NMR (100MHz, CDCl3): δ = 177.9 (C28), 150.9 (C3), 

138.8 (C13), 128.0 (C2), 124.8 (C12), 117.1 (CN), 74.1, 55.9, 52.9, 52.8, 51.5, 49.1, 

48.0, 43.7, 42.4, 40.9, 38.8, 38.8, 37.6, 36.5, 33.3, 30.5, 28.1, 24.5, 24.0, 23.9, 21.1, 

19.0, 18.4, 17.5, 17.2, 16.0. DI-ESI-MS m/z [M+H]+: 558.28. Anal. Calcd. for 

C32H47NO5S.0.25H2O: C, 68.35; H, 8.51; N, 2.49; S, 5.70. Found: C, 68.55; H, 8.51; 

N, 2.67; S, 5.30%. 

4.4.2 Biology 

4.4.2.1 Cells and reagents 

MCF-7, HT-29, Jurkat, PC-3, A375, MIA PaCa-2, HeLa and BJ cell lines were 

obtained from the American Type Culture Collection (USA).  

Dulbecco’s Modified Eagle Medium (DMEM), RPMI 1640 Medium, 

Dulbecco’s Phosphate Buffered Saline (DPBS), and L-glutamine were obtained from 

Biowest. Minimum Essential Medium (MEM), a penicilin/streptomicin solution, and 
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Fetal Bovine Serum (FBS) were obtained from Gibco. A MTT powder and the XTT 

cell proliferation kit were purchased from Applichem Panreac. A sodium pyruvate 

solution 100 mM and Trypsin/EDTA were obtained from Biological Industries. A 

sodium bicarbonate solution (7.5%) and glucose solution (45%) were purchased from 

Sigma-Aldrich Co.  

Primary antibodies against p21cip1/waf1 (sc-397), Bcl-2 (sc-509), Bax (sc-493), 

and cyclin D3 (sc-182) were obtained from Santa Cruz Biotechnology, Inc. Primary 

antibodies against p27kip1 (#610242), Bid (#550365) and poly-(ADP-ribose)-

polymerase (PARP) (#556493) were obtained from BD Biosciences. Primary 

antibodies against caspase 3 (#9662), caspase 8 (#9746S) and caspase 9 (#9502) were 

purchased from Cell Signaling. The primary antibody against α-actin (#69100) was 

obtained from MP Biomedicals. Secondary antibodies [anti-mouse (P0260) and anti-

rabbit (NA934)] were obtained from Dako and from Amersham Biosciences, 

respectively.  

Cisplatin was obtained from Sigma-Aldrich Co. 

4.4.2.2 Preparation and storage of the stock solutions 

Asiatic acid and its derivatives were suspended in DMSO at 20 mM as stock 

solutions, which were stored at –80 °C. To obtain final assay concentrations, the stock 

solutions were diluted with culture medium on the day of testing. The final 

concentration of DMSO in working solutions was always equal or lower than 0.5%. 

4.4.2.3 Cell culture 

HT-29, PC-3, A375, MIA PaCa-2 and HeLa cells were routinely maintained in 

DMEM supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 1% 

penicillin/streptomycin. MCF-7 cells were maintained in MEM supplemented with 

10% heat-inactivated FBS, 0.1% penicillin/streptomycin, 2 mM L-glutamine, 1 mM 

sodium pyruvate, 0.01 mg/mL of insulin, 10 mM glucose, and 1× MEM-EAGLE non 

essential aminoacids. BJ cells were routinely maintained in DMEM supplemented with 

10% heat-inactivated FBS, 110 mg/L sodium pyruvate, 1% penicillin/streptomycin, 
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and 1.5 g/L of bicarbonate. Jurkat cells were cultured in RPMI 1640 supplemented 

with 10% FBS, 1% penicillin/streptomycin and 2 mM L-glutamine. All cell lines were 

incubated in a 5% CO2 humidified atmosphere at 37 °C. 

4.4.2.4 Cell viability assay 

The antiproliferative activities of compounds against the MCF-7, HT-29, PC-3, 

A375, MIA PaCa-2, HeLa, and BJ cell lines were evaluated via MTT assay. Briefly, 8 

 102 to 1  104 cells per well were plated in 96-well plates in 200 µl of medium and 

were left to grow. After 24 h of culture, the culture medium was removed and replaced 

by new medium (200 µl) containing the tested compounds at different concentrations, 

in triplicate. After 72 h of incubation, 100 µl of MTT solution (0.5 mg/ml) were used 

to replace the supernatant in each well. After 1 h of incubation, the supernatant was 

removed and 100 µl of DMSO were added to each well. Relative cell viability was 

measured by absorbance at 550 nm on an ELISA plate reader (Tecan Sunrise MR20-

301, TECAN, Salzburg, Austria). 

The antiproliferative activities of compounds against Jurkat cells were 

determined using the XTT assay. Briefly, Jurkat cells were seeded at a density of 4  

103 cells per well in 96-well plates in 100 µl of medium. After 24 h of incubation, 100 

µL of medium containing the tested compounds at different concentration, in triplicate, 

were added. After 72 h of incubation, 100 µl of XTT solution were added to each well 

and the plates were incubated for an additional 4 h at 37 °C. Relative cell viability was 

measured by absorbance at 450 nm on an ELISA plate reader (Tecan Sunrise MR20-

301, TECAN, Salzburg, Austria). Nontreated cells were used as the control. 

IC50 values represent the concentration of each compound that inhibited the cell 

growth by 50%, compared with nontreated cells. The IC50 values were estimated from the 

dose-response curves using 9 different concentrations in triplicate. Each IC50 value was 

expressed as the mean IC50 ± standard deviation (SD) of three independent experiments. 
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4.4.2.5 Cell-cycle assay 

HeLa cells were seeded at a density of 1  105 cells per well in 6-well plates 

with 2 mL of medium and incubated at 37 °C for 24 h. Cells were then treated with 

compound 4.29 at the specified concentrations for 24 h. Cells were harvested by mild 

trypsinization, centrifuged, washed twice with PBS and then stained with Tris-buffered 

saline (TBS) containing 50 mg/mL of PI, 10 mg/mL Rnase-free Dnase, and 0.1% 

Igepal CA-630 for 1 hour at 4 °C in the dark. Cell cycle was assessed by flow 

cytometry using a fluorescence activated cell sorting (FACS) apparatus. FACS analysis 

was carried out at 488 nm on an Epics XL flow cytometer (coulter Corporation, 

Hialeah, FL). Data from 1  104 cells were collected and analyzed using the multicycle 

software (phoenix Flow Systems, San Diego, CA). Experiments were performed in 

triplicate, with two replicates per experiment. 

4.4.2.6 Annexin V-FITC/PI flow cytometry assay 

HeLa cells were plated in 6-well plates at a density of 1  105 cells/well and 

incubated at 37 °C for 24 h. Cells were then treated with compound 4.29, at the 

specified concentrations, for 24 h. Subsequently, cells were harvested by mild 

trypsinization, collected by centrifugation, and suspended in 95 µl of binding buffer 

(10 mM HEPES/NaOH, pH 7.4, 10 mM NaCl, 2.5 mM CaCl2). Cells were then stained 

with annexin V-FITC conjugate for 30 min at room temperature and protected from the 

light. Then, 500 µl of binding buffer were added to each vial of cells. Approximately 2 

min before FACS analysis, 20 µl of a 1mg/mL PI solution were added to each vial and 

the samples were analyzed by flow cytometry. Data from 1  104 cells were collected 

and analyzed. Experiments were performed in triplicate, with two replicates per 

experiment. 

4.4.2.7 Morphological analysis using phase–contrast microscopy 

In this experiment, 1  105 HeLa cells per well were seeded in 6-well plates 

containing 2 mL of medium and incubated at 37 °C for 24 h. Cells were then treated 
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with compound 4.29 at the specified concentrations. After 24 h, morphological 

changes were observed using an inverted phase–contrast microscope (Olympus IMT-2) 

with a 40× objective and a digital camera [Fujifilm A2O5S (Fuji Foto Film, CO. 

LTD)]. 

4.4.2.8 Hoechst 33258 staining 

HeLa cells were seeded at a density of 1  105 cells per well in 6-well plates 

containing 2 mL of medium and incubated at 37 °C for 24 h. Cells were then treated 

with compound 4.29 at the indicated concentrations. After 24 h, the culture medium 

was removed and cells were harvested by mild trypsinization, collected by 

centrifugation, and washed twice with PBS. The cells were then stained with 500 µl of 

Hoechst 33258 solution (2 µg/mL in PBS) for 15 min at room temperature and 

protected from the light. Subsequently, the Hoechst 33258 solution was removed and 

cells were washed twice with PBS, resuspended in 10 µl of PBS and then mounted on 

a slide. The morphological modifications were analyzed by fluorescence microscopy 

using a fluorescence microscope (DMRB Leica Microssystems, Weltzar, germany) 

using a DAPI filter. 

4.4.2.9 Preparation of total protein extract 

To prepare the total protein extracts, HeLa cells (5.6  104) were seeded in 100 

mm plates containing 10 mL of culture medium and incubated at 37 °C for 24 h. Cells 

were then treated with the indicated concentrations of compound 4.29. After 24 h of 

incubation, HeLa cells were washed twice with ice cold PBS and resuspended in ice 

cold lysis buffer [20 mM Tris/acetate (pH 7.5), 270 mM sucrose, 1 mM EDTA (pH 

8.8), 1 mM EGTA (pH 8.8), 1% Triton X-100, and 1% protease inhibitor cocktail 

(Sigma-Aldrich)]. The samples were homogenized by sonication, incubated on ice for 

15 min, and centrifuged at 12000 rpm for 5 min at 4 °C. The protein content in 

supernatants was determined using the bicinchoninic acid (BCA) assay kit (Pierce 

Biotechnology, Rockford). After quantification, the supernatants were stored at –80 

°C. 
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4.4.2.10 Western blotting 

The protein extracts were separated on 10% or 15% SDS–polyacrilamide gels276 

and then transferred to polyvinyl nitrocellulose membranes (BioRad Laboratories, 

Richmond). Transferred membranes were blocked with TBS buffer (20 mM Tris (pH 

7.5) and 132 mM NaCl) containing 0.1% Tween and 5% BSA or nonfat dry milk for 1 

h at room temperature. The membranes were then incubated with a primary specific 

antibody overnight at 4 °C. Subsequently, membranes were washed five times (5 min 

each time) with TBS–0.1% Tween and incubated with the appropriate secondary 

antibody for 1 h at room temperature. After incubation, membranes were washed five 

times (5 min each time) with TBS–0.1% Tween, treated with Immobilon ECL Western 

Blotting Detection Kit Reagent (Millipore) and developed after exposure to an 

autoradiography film in a film cassette. 
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5.1 Introduction 

Despite the anticancer potential of asiatic acid 1.27, its clinical utility in the 

treatment of cancer is limited by its moderate activity. The chemical modification of 

the asiatic acid 1.27 backbone had a high impact on its biological activity and may 

represent the solution to improving its antitumor activity.211,214 

One of the most common modifications performed in the backbone of several 

pentacyclic triterpenoids is the replacement of the C28 carboxylic acid with amide side 

chains, and some of the semisynthetic derivatives obtained exhibited significantly 

enhanced anticancer activities acompared with the parental compounds.302 In the case 

of asiatic acid 1.27, similar results were reported recently; the introduction of amino 

moieties at C28 significantly improved its anticancer activity against several cancer 

cell lines.211,214,215 Modifications of the A-ring of asiatic acid 1.27 were also reported to 

have a positive impact on the anticancer activity of the parental compound.139  

Moreover, in recent decades, medicinal chemists have gained a renewed interest 

in hydroxamic acids and their derivatives, because these compounds display a wide 

spectrum of pharmacological activities, including anti-HIV, anti-Alzheimer, anti-

inflammatory, and anti-melanogenic properties.303–306
 The hydroxamic acid derivatives 

also proved to be valuable compounds in the field of anticancer drug discovery.307–313 

The hydroxamic acid derivatives are well-known inhibitors of metal-containing 

enzymes, such as matrix metalloproteinases (MMPs) and histone deacetylases 

(HDACs), which are two enzyme families that are important for tumor 

development.310,314,315 In the particular case of triterpenoid compounds, previous 

studies reported the synthesis of hydroxamate derivatives of glycyrrhetinic acid that 

were selective inhibitors of 11β-hydroxysteroid dehydrogenase 2.316,317 Recently, 

ursolic and oleanolic acid-derived hydroxamates were reported to exhibit increased 

cytotoxic activities against several human tumor cell lines compared with the parental 

compounds (ursolic acid and oleanolic acid).318 However, the preparation of 

hydroxamic acid derivatives of asiatic acid 1.27 was not explored.  

Several methods have been described in literature for the preparation of 

hydroxamic acids from carboxylic acids.319–322 In this chapter, hydroxamic acid 

derivatives of asiatic acid 1.27 were prepared via the reaction of CDI-activated 

carboxylic acids with hydroxylamine or N-methylhydroxylamine hydrochloride.321  
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Considering all these facts, a panel of new asiatic acid 1.27 derivatives bearing 

amide or hydroxamic acid groups at C28, combined with modifications at the A-ring 

was designed and prepared to search for novel antitumor drug candidates. 

5.2 Results  

5.2.1 Chemistry 

5.2.1.1 Synthesis and structural elucidation 

As shown in scheme 5.1 the synthesis started with the preparation of the intermediates 

5.1, 5.2, 5.3, 5.4 and 5.5. The lactol derivative 5.1 was obtained by treatment of asiatic acid 

1.27 with sodium periodate in methanol/water, by adapting a previously reported 

procedure.252 The treatment of derivative 5.1 with acetic acid and piperidine in dry benzene 

gave the α,β-unsaturated aldehyde 5.2. This compound was then reduced with sodium 

borohydride in anhydrous methanol, affording the diol derivative 5.3 in good yield (92 

%).139,323 The two hydroxyl groups of compound 5.3 were diacetylated with acetic anhydride 

and DMAP in THF, affording the intermediate 5.4. The triacetate derivative 5.5 was obtained 

in good yield by treating the commercially available asiatic acid 1.27 with acetic anhydride. 

The intermediates 5.4 and 5.5 were then used as starting point for the preparation of new 

derivatives of asiatic acid 1.27 (Schemes 5.2, 5.3 and 5.4). 
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Scheme 5.1 Synthesis of derivatives 5.1–5.5. Reagents and conditions: a) NaIO4, MeOH/H2O, rt.; b) i- Acetic 

acid, piperidine, dry benzene, 60 °C, N2; ii -Anhydrous MgSO4, 60 °C, N2; c) NaBH4, MeOH, rt; d) Acetic 

anhydride, DMAP, THF, rt.  

In this study, the hydroxamic acid derivatives of asiatic acid 1.27 were prepared 

through the activation of carboxylic acids with CDI, followed by the reaction with 

hydroxylamine or N-methylhydroxylamine hydrochloride. As CDI promoted the 

deprotonation of hydroxylamine hydrochloride, no additional base was necessary. The 

by-products are water soluble and therefore easily removed during the work-up.321 The 

carboxylic acid derivative 5.5 was treated with CDI in THF to afford the respective N-

acylimidazole intermediate, which was reacted with hydroxylamine hydrochloride or 

N-methylhydroxilamine hydrochloride to give the corresponding hydroxamic acid 

derivatives 5.6 and 5.7, in good yields (Scheme 5.2). The hydroxamic acid derivative 

5.8 was prepared from 5.4, according to the procedure described for compound 5.6 and 

using hydroxylamine hydrochloride.  
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Scheme 5.2 Synthesis of derivatives 5.6–5.9. Reagents and conditions: a) i-THF, CDI, reflux, N2; ii-

Hydroxylamine hydrochloride or N-methylhydroxylamine hydrochloride, rt.; b) THF, CDI, reflux, N2. 

The structures of the derivatives synthesized were elucidated by IR, 1D NMR 

and MS. To characterize the intermediates (5.1–5.5), spectral data from the literature 

were also used for comparison.139 The formation of the hydroxamic acid derivatives 

5.6 and 5.8 was confirmed by the presence of a signal in the 1H NMR spectra at around 

6.25–6.27 ppm, corresponding to the proton attached to the nitrogen atom of the 

hydroxamic acid (Fig. 5.1). In addition, in the 13C NMR spectrum, the signal of the 

carbonyl carbon of hydroxamic acid was observed at 178.4 ppm, which was a lower 

value than that observed for the corresponding carbonyl carbon of carboxylic acid (at 

183.1–183.6 ppm, in compounds 5.4 and 5.5) (Fig. 5.2).  
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Figure 5.1 1H NMR Spectrum of compound 5.6. 

The ester carbonyl carbons of compound 5.6 appeared in the 13C NMR spectrum 

(Fig. 5.2) as three signals at 170.8, 170.4 and 170.4 ppm. The signals for quaternary 

C13 appeared at 137.9 ppm. The signal at 125.5 ppm corresponded to the tertiary C12, 

as this signal was present on DEPT 135 (Fig. 5.3).  

Figure 5.2 13C NMR spectrum of compound 5.6. 
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Figure 5.3 DEPT 135 spectrum of compound 5.6. 

The preparation of the derivative 5.7 was confirmed by a signal at 2.76 ppm in 

the 1H NMR spectrum, corresponding to the methyl protons of the N-methyl 

hydroxamic acid group (Fig. 5.4). The signals corresponding to protons H12, H2, and 

H3 appeared as a triplet, a multiplet, and a doublet at 5.29, 5.19–5.12 and 5.08 ppm, 

respectively. 

 

Figure 5.4 1H NMR spectrum of compound 5.7. 
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In the 13C NMR spectrum of compound 5.7, the signal of carbon C28 appeared 

at 177.6 ppm, and the signals for the ester carbonyl carbons were observed at 170.9, 

170.4, and 170.4 ppm. The signals detected at 137.9 ppm corresponded to the 

quaternary C13, whereas the signal observed at 125.4 ppm corresponded to the tertiary 

carbon C12 (Fig. 5.5). 

Figure 5.5 13C NMR spectrum of compound 5.7. 

Previous studies revealed that the introduction of an imidazole ring at the C28 

position of triterpenoid compounds improved their cytotoxic activities.254–256 Thus the 

N-acylimidazole derivative 5.9 was prepared in 62.55% yield via the reaction of 

compound 5.4 with CDI in THF at reflux and under an inert atmosphere (Scheme 5.2). 

The presence of the imidazole ring in compound 5.9 was confirmed by the three 

signals observed at 8.23, 7.52, and 7.03 ppm in the 1H NMR spectrum (Fig. 5.6), 

which were typical of the three imidazole protons and are consistent with data reported 

in the literature. 256  
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Figure 5.6 1H NMR spectrum of compound 5.9. 

In the 13C NMR spectrum of compound 5.9 were presented ten δ signals greater 

than 70 ppm. The signal at 174.7 ppm corresponded to the C28 carbon (Fig. 5.7), 

which was different from the signal observed for the C28 carbon of carboxylic acid at 

183.6 ppm (in the 13C NMR spectrum of compound 5.4). The signals at 151.1 and 

137.7 ppm were attributed to the quaternary carbons C2 and C13, respectively, based 

on the comparison with the 13C NMR spectrum of compound 5.4. The signals at 132.0 

and 126.1 ppm were attributed to the tertiary carbons C3 and C12, respectively, as 

these signals appeared in the DEPT 135 (Fig. 5.8). The signals of the three tertiary 

carbons of the imidazole ring were observed at 137.1, 129.7 and 117.4 ppm, which 

were in accordance with the data from literature.256 
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Figure 5.7 13C NMR spectrum of compound 5.9. 

 

Figure 5.8 DEPT 135 spectrum of compound 5.9. 

As depicted in Scheme 5.3, the treatment of compound 5.4 with thionyl chloride 

in dry benzene, gave the acyl chloride derivative, followed by treatment with the 

respective amines in dry dichloromethane afforded the amide derivatives 5.10–5.14 in 

good yields.  
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Scheme 5.3 Synthesis of derivatives 5.10–5.14. Reagents and conditions: a) SOCl2, benzene, reflux temperature; 

b) methylamine or ethylamine or propylamine or 4-methylbenzylamine or 4-fluorobenzylamine, Et3N, 

dichloromethane, rt.  

The formation of an amide bond at C28 in derivatives 5.10–5.14 was confirmed 

by the presence of a strong N-H bending band at 1509–1527 cm–1 in the IR spectra. In 

addition, the absorption band corresponding to the carbonyl stretching vibration of the 

amide was observed at 1635.0–1635.5 cm–1, which was a lower frequency than that 

observed for the carbonyl stretching of the carboxylic acid (1694.5 cm–1) (see as 

example the IR spectra of compound 5.11, Fig. 5.9).  

 

Figure 5.9 IR spectrum of compound 5.11. 

On the 1H NMR spectrum of compound 5.11 (Fig. 5.10), the signal of the amide 

proton (NH) was observed as a triplet at 5.81 ppm, with a coupling constant of 4.4 Hz. 

On the 13C NMR spectrum (Fig. 5.11), the signal for the amide carbonyl carbon was 
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observed at 177.8 ppm, which was a lower value than that observed for the carbonyl 

carbon of carboxylic acid (at 183.6 ppm). Similar structural data were obtained for the 

other amide derivatives (5.10, 5.12, 5.13, and 5.14), as described in the experimental 

section. 

 

 

Figure 5.10 1H NMR spectrum of compound 5.11. 

 

Figure 5.11 13C NMR spectrum of compound 5.11. 
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The methyl ester amino acid derivatives 5.15 and 5.16 were obtained by treating 5.4 

with thionyl chloride, to give the acyl chloride intermediate, which was further reacted with 

the corresponding amino acid methyl ester hydrochloride (Scheme 5.4). 

 

Scheme 5.4 Synthesis of derivatives 5.15 and 5.16. Reagents and conditions: a) SOCl2, benzene, reflux 

temperature; b) glycine methyl ester, Et3N, THF, rt; c) L-alanine methyl ester, Et3N, THF, rt. 

The amino acid derivatives 5.15 and 5.16 presented an N-H bending band in the 

IR spectrum at 1507.5–1520.5 cm–1, as well as a band at 1650.0–1655.5 cm–1 

corresponding to the carbonyl stretching vibration of the amide. In the 1H NMR 

spectrum of compound 5.16 (Fig 5.12), the signal for the amide proton (NH) appeared 

as a doublet at 6.59 ppm, with a coupling constant of 5.8 Hz. The signal detected at 

177.3 ppm in the 13C NMR spectrum was identified as the quaternary carbon C28 (Fig. 

5.13).  
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Figure 5.12 1H NMR spectrum of compound 5.16. 

 

 

 
Figure 5.13 13C NMR spectrum of compound 5.16. 
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5.2.2 Biological evaluation 

5.2.2.1 Evaluation of the antiproliferative activity 

The in vitro antiproliferative activity of the newly synthesized derivatives was 

evaluated against colon cancer (HT-29) and cervix cancer (HeLa) cell lines using the 

MTT assay. The clinically used antineoplastic drug cisplatin was evaluated in parallel 

as the reference drug. The results, which are expressed as the concentration of 

compound required for 50% of cell growth inhibition (IC50), are summarized in Table 

5.1 and Figure 5.14. The IC50 values determined in HeLa cells were used to establish a 

SAR (Fig. 5.15). As depicted in Table 5.1, all new derivatives exhibited improved 

antiproliferative activity against HeLa cells compared with asiatic acid 1.27, as they 

showed IC50 values ranging from 1.62 to 45 µM. 

As shown in Table 5.1 and Fig. 5.14, the hydroxamic 5.6 and the N-methyl 

hydroxamic 5.7 derivatives exhibited remarkable antiproliferative activities against 

HT-29 and HeLa cells compared with asiatic acid 1.27. Compound 5.6 showed IC50 

values of 4.12 and 1.62 µM against HT-29 and HeLa cell lines, respectively. This 

compound was 32.4-fold more potent than asiatic acid 1.27 and 3.7-fold more potent 

than 5.5 against HeLa cells (Fig. 5.15). Compound 5.6 also exhibited a stronger 

antiproliferative activity against HeLa cells than did the cisplatin (IC50 = 2.28 μM). 

Derivative 5.7 was 13.9- and 1.6-fold more active against HeLa cells than asiatic acid 

1.27 and compound 5.5, respectively. The conversion of the carboxylic acid group of 

compound 5.4 into a hydroxamic acid group afforded derivative 5.8, with an 

improvement of 4.7- and 10.9-fold in antiproliferative activity against HeLa cells 

compared with 5.4 and asiatic acid 1.27, respectively. These combined results suggest 

that the introduction of a hydroxamic acid moiety at C28 has a positive impact on the 

anticancer activity. 
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Table 5.1 Cytotoxic activities, expressed as IC50, of asiatic acid 1.27, its derivatives and 

cisplatin against human colon adenorcarcinoma (HT-29) and human cervical cancer (HeLa) 

cell lines.a 

Compound 
Cell line/IC50

b(µM ± SD) 

HT-29 HeLa 

asiatic acid 1.27 64.33 ± 3.21 52.47 ± 0.06 

5.1 N.D. 21.67 ± 1.04 

5.2 N.D. 5.30 ± 0.20 

5.3 N.D. 45.00 ± 1.55 

5.4 N.D. 22.50 ± 0.75 

5.5 N.D. 6.10 ± 0.28 

5.6 4.12 ± 0.30 1.62 ± 0.10 

5.7 7.03 ± 0.06 3.77 ± 0.23 

5.8 19.00 ± 0.71 4.80 ± 0.28 

5.9 13.15 ± 0.78 6.25 ± 0.07 

5.10 16.15 ± 0.92 7.60 ± 0.42 

5.11 14.53 ± 1.45 4.54 ± 0.84 

5.12 14.10 ± 1.27 6.50 ± 0.50 

5.13 >60 6.25 ± 0.35 

5.14 >60 5.38 ± 0.53 

5.15 22.00 ± 1.41 10.65 ± 0.35 

5.16 13.75 ± 0.35 7.23 ± 0.39 

Cisplatin 6.11262 c 2.28 ± 0.26 

a HT-29 and HeLa cells were treated with increasing concentrations of each compound for 72 h. Viable 

cells were determined by MTT assay and IC50 values are expressed as the mean ± SD of three 

independent experiments. N.D.- not determined. 

b IC50 is the concentration of compound that inhibits 50% of cell growth. 

c IC50 value obtained from literature, determined using the same experimental methodology and included 

here for comparison. 

 

 

Figure 5.14 Dose-response curves of the antiproliferative effect of derivatives 5.6 and 5.7 against HeLa and HT-

29 cancer cell lines. Results are presented as the mean ± SD of three independent experiments.  
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The introduction of an imidazole ring at C28 of compound 5.4, to afford compound 

5.9, led to an increase in cell-growth-inhibition activity. The N-acylimidazole derivative 5.9 

was 3.6- and 8.4-fold more active than 5.4 and asiatic acid 1.27, respectively, in HeLa cells 

(Table 5.1). These results are in good agreement with previous reports.254 

Finally, the comparison of the IC50 values of compounds 5.10–5.16 revealed 

that the introduction of the amide functionality at C28 of compound 5.4 resulted in a 

significant improvement of antiproliferative activity against HeLa cells. Compound 

5.11 was 11.6-fold more potent than asiatic acid 1.27 and 4.9-fold more potent than 

compound 5.4. Derivatives 5.15 and 5.16, bearing a methyl ester amino acid residue at 

C28, exhibited better antiproliferative activity in HeLa cells than did compound 5.4. 

 

Figure 5.15 Schematic representation of the SAR for the antiproliferative activity of the various semisynthetic 

derivatives of asiatic acid 1.27 against the HeLa cell line. The SAR was established based on IC50 values. The 

esterification of C2, C3, and C23 hydroxyl groups improved antiproliferative activity: compound 5.5 was 8.6-

fold more potent than asiatic acid 1.27. The introduction of the hydroxamic moiety at C28 led to an increase in 

activity: compound 5.6 was 32.4- and 3.8-fold more active than asiatic acid 1.27 and compound 5.5, 

respectively. The conversion of the hexameric A-ring of asiatic acid 1.27 into the pentameric A-ring of 

compound 5.4 led to an increase in antiproliferative activity: compound 5.4 was 2.3-fold more active than asiatic 

acid 1.27 The introduction of amide moieties at C28 of compound 5.4 resulted in an increase in activity: 

compound 5.11 was 4.9-fold more active than the precursor compound 5.4 and 11.6-fold more active than asiatic 

acid 1.27. 

As compounds 5.6 and 5.7 were the most active compounds, they were selected, and 

their antiproliferative activity was further tested in breast (MCF-7), leukemia (Jurkat), and 
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prostate (PC-3) cancer cell lines. As depicted in Table 5.2, both compounds exhibited a much 

higher antiproliferative activity against the tested cancer cell lines than did asiatic acid 1.27.  

Table 5.2 Cytotoxic activities, expressed as IC50, of asiatic acid 1.27 and compounds 

5.6 and 5.7 against several cancer cell lines (MCF-7, Jurkat, PC-3) and the nontumor 

human fibrobast cell line BJ.a 

Compound 
Cell line / IC50

b(µM ± SD) 

MCF-7 Jurkat PC-3 BJ 

Asiatic acid 1.27 68.5 ± 2.5 37.17 ± 3.75 67.25 ± 0.35 88.7 ± 0.58 

5.6 9.93 ± 1.01 2.47 ± 0.12 3.73 ± 0.46 59 ± 0.27 

5.7 9.17 ± 0.58 2.43 ± 0.21 3.8 ± 0.8 N.D. 

Cisplatin 19 ± 4.5 1.94 265 c 4.6 266 c 10.10 ± 2.00 

a The cell lines were treated with increasing concentrations of each compound for 72 h. Viable cells were 

determined by MTT assay in MCF-7, PC-3 and BJ cell lines and by XTT assay in Jurkat cell line. IC50 

values are expressed as the mean ± SD of three independent experiments. N.D.- not determined. 

b IC50 is the concentration of compound that inhibits 50% of cell growth. 

c IC50 values obtained from literature determined using the same experimental methodology and 

included here for comparison. 

Moreover, the selectivity of compound 5.6 was assessed on the nontumor fibroblast 

cell line BJ. The analysis of the selectivity index (IC50 in the BJ cell line/ IC50 in the cancer 

cell line) (Table 5.3) values revealed that compound 5.6 was 6 to 36 times more active in 

cancer cell lines than on nontumor BJ cells. This index ranged from 1.3 to 2.4 for asiatic acid 

1.27. These results clearly suggest that 5.6 is more selective for cancer cells than asiatic acid 

1.27. As compound 5.6 displayed the strongest antiproliferative effect, it was chosen for 

further studies in HeLa cells aimed at exploring the possible mechanism underlying its 

anticancer activity. 
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Table 5.3 Selectivity index of asiatic acid 1.27 and compound 5.6 towards cancer cell 

lines. 

Compound 
Selectivity Index (IC50 BJ cell line/ IC50 cancer cell line) 

HT-29 HeLa MCF-7 Jurkat PC-3 

asiatic acid 1.27 1.36 1.69 1.29 2.39 1.32 

5.6  14.32 36.42 5.95 23.90 15.81 

5.2.2.2 Effects of compound 5.6 on the cell cycle distribution 

To gain a deeper insight into the mechanism underlying the growth inhibition afforded 

by compound 5.6, its effects on cell-cycle distribution were evaluated. HeLa cells were 

treated with different concentrations of 5.6 (2, 4 and 6 µM) for 24 h, and the cell-cycle 

distribution was analyzed by flow cytometry after staining the cellular DNA with PI. The 

results revealed that treatment of HeLa cells with 4 and 6 µM 5.6 led to a dose-dependent 

accumulation of cells in the G0/G1 phase (Fig. 5.16). The percentage of cells in the G0/G1 

phase rose from 49.45% in control cells to 65.97% in cells treated with 6 µM of compound 

5.6. Concomitantly, the percentage of cells in the S and G2/M phases was gradually reduced. 

An analysis of cell-cycle progression indicated that compound 5.6 induced cell-cycle arrest at 

the G0/G1 phase. 
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Figure 5.16 Cell-cycle distribution of HeLa cells untreated (control) or treated with the indicated concentrations 

of compound 5.6 during 24 h. Representative histograms obtained in the cell-cell cycle analysis and graph bar 

summarizing the variation in the percentage of cells in each phase of cell cycle. Results are presented as the 

mean ± SD of three independent experiments. Differences between treated and control groups were considered 

statistically significant at p < 0.05 (*). 

5.2.2.3 Apoptosis-inducing effect of compound 5.6 evaluated by annexin V-

FITC/PI flow cytometry assay 

It was also investigated if the anticancer activity of compound 5.6 was related to the 

induction of apoptosis. In the early stages of apoptosis, the cell membrane loses it asymmetry 

and PS translocates from the inner to the outer side of the membrane. The externalized PS can 

be detected using Annexin V-FITC, a fluorescent active dye that selectively binds to PS.299 

Therefore, to explore whether compound 5.6 has the ability to induce apoptosis, HeLa cells 

were treated with different concentrations of compound 5.6 (2, 4, and 6 µM) for 24 h and 

analyzed by FACS after double staining with Annexin V-FITC/PI. The combined results of 

three independent experiments are depicted in Fig. 5.17. HeLa cells treated with 5.6 at 2 µM 

for 24 h showed an increase in the percentage of Annexin-V-positive cells, from 4.94% in 

control cells to 10.53% in treated cells (5.70% of early apoptotic cells and 4.83% of late 

apoptotic cells). Increasing the concentration of the drug to 4 and 6 µM, the percentage of 
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Annexin-V-positive cells rose to 19.55% and 29.18%, respectively. These results suggest that 

compound 5.6 induces apoptosis in HeLa cells in a concentration-dependent manner.  

 

Figure 5.17 Annexin V-FITC/PI assay of HeLa cells untreated (control) or treated with the indicated 

concentrations of compound 5.6 for 24 h. A. Representative flow cytometry histograms that depict the variation 

in the percentage of cells that are alive (lower-left quadrant), in early apoptosis (lower-right quadrant) and in late 

apoptosis/necrosis (upper-left and upper-right quadrants). B. Graph bar that summarizes the variation in the 

percentage of live cells. C. Graph bar that summarizes the variation in the percentage of cells that are in early 

apoptosis and in late apoptosis/necrosis. Results are presented as the mean ± SD of three independent 

experiments. Differences between treated and control groups were considered statistically significant at p < 0.05 

(*). 
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5.2.2.4 Apoptosis-inducing effect of compound 5.6 evaluated by 

morphological analysis after Hoechst 33258 staining 

Taking into consideration that cells in apoptosis acquire a series of typical 

morphological features, the morphological changes in HeLa cells after treatment with 5.6 

were accessed using the Hoechst 33258 staining technique to observe in greater detail the 

chromatin configuration. Hoechst 33258 is a membrane-permeable blue fluorescent dye that 

intercalates within cellular DNA. HeLa cells treated with compound 5.6 for 24 h were stained 

with Hoechst 33258 and analyzed by fluorescence microscopy. Non treated cells were used as 

control. 

As depicted in Figure 5.18, control cells were uniformly stained and presented a 

normal round morphology; without obvious morphological changes. Conversely, typical 

apoptotic features, such as chromatin condensation and formation of apoptotic bodies, were 

observed in cells treated with 4 and 6 µM compound 5.6. Moreover, an evident reduction in 

the number of cells with increasing concentrations of the drug was also observed. These 

results are in agreement with the proapoptotic effect of compound 5.6 in HeLa cells. 

Figure 5.18 Representative fluorescence microscopic images of HeLa cells untreated or treated with the indicated 

concentrations of compound 5.6 during 24 h. Hela cells were stained with Hoechst 33258 before the fluorescence 

microscopic observation. White arrows represent apoptotic cells. 
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5.2.2.5 Effect of compound 5.6 on caspases  

One of the most important mechanisms involved in apoptotic cell death is the 

activation of caspases. To explore if caspase activation was involved in the apoptotic cell 

death induced by compound 5.6, was used the general caspase inhibitor z-VAD-fmk. HeLa 

cells pretreated or not for 45 min with 50 μM z-VAD-fmk were treated for 24 h with 

compound 5.6 at 6 μM. The effects of z-VAD-fmk on compound 5.6-induced apoptosis were 

evaluated by flow cytometry after staining with Annexin V-FITC/PI. Pretreatment with z-

VAD-fmk did not affect the number of annexin-V-positive cells in control cells (Fig. 5.19). 

However, the percentage of apoptotic cells among HeLa cells treated with compound 5.6 was 

significantly reduced when cells were pretreated with the caspase inhibitor (29.18% of total 

apoptotic cells in non pretreated cells vs 6.31% of apoptotic cells in cells pretreated with the 

caspase inhibitor), as shown in Figure 5.19. These results suggest that compound 5.6 induces 

apoptosis via a caspase-dependent mechanism. 

Figure 5.19 Annexin V-FITC/PI assay of HeLa cells untreated (control) or treated with compound 5.6 at 6 μM 

during 24 h, pretreated or not for 45 min with z-VAD-fmk at 50 μM. A. Representative flow cytometry 

histograms that depict the variation in the percentage of cells that are alive (lower-left quadrant), in early 

apoptosis (lower-right quadrant) and in late apoptosis/necrosis (upper-left and upper-right quadrants). B. Graph 

bar that summarizes the variation in the percentage of cells that are in early apoptosis (dark gray bars) and in late 

apoptosis/necrosis (light gray bars). Results are presented as the mean ± SD of three independent experiments. 

Differences between treated and control groups were considered statistically significant at p < 0.05 (*). 
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5.2.2.6 Evaluation of synergism between cisplatin and compound 5.6  

Drug side effects and the development of resistance are limitations to the use of 

cisplatin 324,325, which is one of the most powerful chemotherapeutic agents that are in current 

clinical use for the treatment of several types of cancer.324 Drug-combination therapies have 

been widely employed to achieve a synergistic therapeutic effect that allows the minimization 

of toxicity and resistance effects.326 Keeping that in mind, we hypothesized that the combined 

use of the derivative 5.6 and cisplatin exerts a synergistic inhibitory effect on the proliferation 

of HeLa cells. The proliferation assays revealed that compound 5.6 alone exhibited an IC50 of 

1.62 µM in HeLa cells, which is about 1.5 times lower than the IC50 of cisplatin in the same 

cell line (2.28 µM). To confirm our hypothesis, HeLa cells were treated simultaneously with 

cisplatin and compound 5.6 at different concentration combinations (maintaining the ratio of 

2:1 between the concentrations of cisplatin and compound 5.6, respectively) for 72 h, and the 

combination index (CI) values were calculated based on the Chou–Talalay method using the 

CompuSyn software.327 As shown in Table 5.4, the CI values obtained were lower than 1 for 

all the combinations tested. These data suggest the existence of a synergistic effect between 

cisplatin and compound 5.6 in the inhibition of HeLa cells viability. 

Table 5.4 Combination Index (CI) for combinations of cisplatin and compound 5.6 at a 

constant ratio of 2:1, in HeLa cell line. CI values were calculated using the Chou-Talalay 

method and the CompuSyn software. CI values <1 indicate the existence of synergism. 

Cispatin (µM) 5.6 (µM) 1 - Viability CI 

0.42 0.21 0.30 0.57 

1.02 0.51 0.46 0.84 

1.80 0.90 0.71 0.69 

3.00 1.50 0.77 0.91 

4.20 2.10 0.88 0.73 

6.00 3.00 0.89 0.92 

10.20 5.10 0.97 0.64 

18.00 9.00 0.99 0.46 

HeLa cells were treated with compound 5.6 and cisplatin simultaneously, for 72 h.  



Chapter 5 

194 

 

5.3 Conclusions 

A panel of new amide and hydroxamic acid derivatives of asiatic acid 1.27 modified 

in the A ring were successfully developed and synthesized. 

The new derivatives showed improved antiproliferative activities against several 

cancer cell lines compared with asiatic acid 1.27.  

Compound 5.6, bearing a hydroxamic acid at C28, displayed the best antiproliferative 

activity among all derivatives tested and was more selective toward cancer cell lines than 

asiatic acid 1.27.  

Further studies revealed that compound 5.6 led to cell-cycle arrest at the G0/G1 phase 

and induced apoptosis apparently mediated by caspases in the HeLa cell line. Moreover, a 

synergistic inhibitory effect on the proliferation of HeLa cells between compound 5.6 and 

cisplatin was observed.  

5.4 Experimental section 

5.4.1 Chemistry  

5.4.1.1 Reagents and solvents  

Asiatic acid, sodium periodate (NaIO4), sodium sulfate (Na2SO4), piperidine, 

acetic acid, magnesium sulfate (MgSO4), sodium borohydride (NaBH4), acetic 

anhydride, 4-(dimethyamino)pyridine (DMAP), hydrochloric acid 37%, sodium 

bicarbonate (NaHCO3), sodium sulfite (Na2SO3), 1,1-carbonyldiimidazole (CDI), 

hydroxylamine hydrochloride, N-methylhydroxylamine hydrochloride, potassium 

bisulfate (KHSO4), thionyl chloride (SOCl2), triethylamine, methylamine solution 33% 

(w/v) in ethanol, ethylamine, propylamine, 4-methylbenzylamine, 4-

fluorobenzylamine, glycine methyl ester hydrochloride and L-alanine methyl ester 

hydrochloride were purchased from Sigma–Aldridch Co. The solvents (analytical 

grade) [methanol, ethyl acetate, benzene, acetone, tetrahydrofuran (THF), petroleum 

ether and dichloromethane] were bought from Merck Co. The solvents used in 

reactions were purified and dried, if it was necessary, according to usual procedures 
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described in the literature.274
 The solvents used in the workup procedures were 

purchased from VWR Portugal. 

5.4.1.2 Chromatographic techniques  

Thin layer chromatography (TLC) was performed using Kieselgel 

60HF254/Kieselgel 60G.  

The purification of the synthesized compounds was performed by FCC, using 

Kieselgel 60 (230-400 mesh, Merck) and an appropriate eluent.  

5.4.1.3 Analytical techniques and equipment  

Melting points were determined on a BUCHI Melting point B-540 apparatus 

and were uncorrected.  

IR spectra were obtained in a Fourier transform spectrometer. The IR 

measurements were performed using the ATR and KBr pellets methods. To prepare the 

KBr pellets, about 2 mg of the solid compound was diluted with 198 mg of KBr. The 

mixture was ground to a fine powder and pressed at around 12000 psi for 5 min, to 

obtain a thin and transparent pellet. 

NMR spectra were recorded using a Brucker Digital NMR–Avance 400 

spectrometer, with CDCl3 or DMSO-d6 as internal standards. The chemical shifts (δ) 

are reported in parts per million (ppm), and coupling constants (J) are reported in hertz 

(Hz).  

Mass spectra were recorded on a Quadrupole/Ion Trap Mass Spectrometer 

(QIT-MS) (LCQ Advantage MAX, THERMO FINNINGAN).  

HRMS was performed on a Fourier Transform Ion Cyclotron Resonance (FT-

ICR) mass spectrometer (Bruker Apex Ultra with a 7 Tesla actively shielded magnet). 

The elemental analysis was performed on an Analyzer Elemental Carlo Erba 

1108 apparatus by chromatographic combustion.  
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5.4.1.4 Synthesis of asiatic acid derivatives  

2α,23-Lactol-3-formyl-urs-12-en-28-oic acid (5.1) 

To a stirred solution of asiatic acid 1.27 (200 mg, 

0.41 mmol) in methanol/water [5 mL/0.25 mL (20:1)], 

NaIO4 (131.30 mg, 0.61 mmol) was added. The reaction 

mixture was stirred at room temperature. After 2 h the 

reaction mixture was evaporated under reduced pressure 

to remove the organic phase. The crude obtained was dispersed with water (40 mL) 

and extracted with ethyl acetate (3  40 mL). The resulting organic phase was washed 

with water (4  40 mL) and brine (40 mL), dried over Na2SO4, filtered, and 

concentrated under vacuum to afford 5.1 as a white powder (quantitative). Mp: 198.5–

201.4 °C. vmax/cm-1 (KBr): 3421.1, 2948.6, 2927.4, 2871.5, 2732.6, 2630.4, 1716.3, 

1695.1, 1457.0, 1378.9, 1037.5. 1H NMR (400 MHz, CDCl3): δ = 9.94 (s, 1H, CHO), 

5.29 (t, J = 3.3 Hz, 1H, H12), 5.14–5.11 (m, 1H, H2), 3.94 (d, J = 13.4 Hz, 1H), 3.75 

(d, J = 13.2 Hz, 1H), 1.08 (s, 3H), 1.06 (s, 3H), 0.99 (s, 3H), 0.95 (d, J = 6.0 Hz, 3H), 

0.86 (s, 3H), 0.85 (d, J = 5.4 Hz, 3H) ppm. 13C NMR (100MHz, CDCl3): δ = 206.1 

(CHO), 182.9 (C28), 138.1 (C13), 126.0 (C12), 93.7, 65.4, 61.2, 53.4, 62.7, 48.1, 45.2, 

43.7, 42.6, 40.1, 40.0, 38.9, 38.8, 38.6, 33.6, 30.6, 27.8, 24.6, 24.1, 23.2, 21.1, 20.6, 

20.4, 17.9, 16.9, 14.6 ppm. DI-ESI-MS m/z [M+H]+: 487.15. Anal. Calcd. for 

C30H46O5.H2O: C, 71.39; H, 9.59. Found: C, 71.49, H, 9.85%. 

2-Formyl-23-hydroxy-A(1)-norursa-2,12-dien-28-oic acid (5.2) 

To a stirred solution of compound 5.1 (500 mg, 

1.03 mmol) in dry benzene (50 mL), piperidine (3 mL) 

and acetic acid (3 mL) were added. The resultant solution 

was heated at 60 °C. After 1 hour, anhydrous magnesium 

sulfate (500 mg) was added and the reaction mixture was 

heated at 60 °C under nitrogen atmosphere for 4 h 20 min. 

The reaction mixture was evaporated under reduced pressure to remove the organic 

phase. The crude obtained was dispersed with water (50 mL) and extracted with ethyl 

acetate (3  50 mL). The resulting organic phase was washed with water (4  50 mL) 
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and brine (50 mL), dried over Na2SO4, filtered, and concentrated under vacuum to 

afford a yellow powder. The crude solid was purified by flash column chromatography 

(petroleum ether/ethyl acetate 3:1 → 1:1), to afford 5.2 as a white solid (353.77 mg, 

73%). Mp: 183.5–186.1 °C. vmax/cm-1 (KBr): 3428.8, 2946.7, 2925.5, 2869.6, 2726.9, 

2632.4, 1689.3, 1581.3, 1454.1, 1380.8, 1041.4. 1H NMR (400 MHz, CDCl3): δ = 9.72 

(s, 1H, CHO), 6.66 (s, 1H, H3), 5.28 (t, J = 3.1 Hz, 1H, H12), 3.62 (d, J = 10.7 Hz, 1H, 

H23), 3.45 (d, J = 10.7 Hz, 1H, H23), 1.25 (s, 3H), 1.10 (s, 3H), 1.01 (s, 3H), 0.93 (d, J 

= 6.2 Hz, 3H), 0.88 (s, 3H), 0.84 (d, J = 6.3 Hz, 3H) ppm. 13C NMR (100MHz, 

CDCl3): δ =190.9 (CHO), 183.3 (C28), 159.3 (C3), 158.9 (C2), 137.5 (C13), 126.6 

(C12), 69.4, 56.3, 52.6, 50.9, 49.4, 47.9, 44.1, 42.4, 41.4, 38.8 (2C), 36.6, 33.5, 30.6, 

28.2, 27.1, 24.0 (2C), 21.2, 19.0, 18.7, 17.4, 17.0, 15.9 ppm. DI-ESI-MS m/z [M+H]+: 

469.03. Anal. Calcd. for C30H44O4.H2O: C, 74.04; H, 9.53. Found: C, 73.68; H, 9.75%. 

2-Hydroxymethyl-23-hydroxy-A(1)-norursa-2,12-dien-28-oic acid (5.3) 

To a stirred solution of 5.2 (500 mg, 1.07 mmol) 

in anhydrous methanol (15 mL), sodium borohydride 

(101.20 mg, 2.67 mmol) was added. The resultant 

solution was stirred at room temperature. After 2 h, some 

drops of acetone were added to consume the excess of 

sodium borohydride and the reaction mixture was 

evaporated under reduced pressure to remove the organic phase.139 The crude obtained 

was dispersed with water (50 mL) and extracted with ethyl acetate (3  50 mL). The 

resulting organic phase was washed with water ( 50 mL) and brine (50 mL), dried over 

Na2SO4, filtered, and concentrated under vacuum to afford 5.3 as a white solid (465 

mg, 92%). vmax/cm-1 (ATR): 3369.0, 2925.5, 2871.5, 1695.0, 1455.5, 1380.0. 1H NMR 

(400 MHz, DMSO-d6): δ = 5.34 (s, 1H), 5.12 (s, 1H), 4.58 (t, J = 4.8 Hz, 1H), 4.46 (t, 

J = 5.3 Hz, 1H), 4.04–3.99 (m, 1H), 3.95–3.90 (m, 1H), 3.24–3.20 (m, 1H), 3.13–3.09 

(m, 1H) 1.09 (s, 3H), 1.07 (s, 3H), 0.92 (s, 3H), 0.87 (s, 3H), 0.82 (d, J = 6.3 Hz, 3H), 

0.80 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-d6): δ = 178.3 (C28), 156.2 (C2), 

138.6 (C13), 129.8 (C3), 124.6 (C12), 70.1, 59.3, 57.0, 52.5, 49.8, 47.2, 46.8, 42.7, 

42.0, 40.6, 38.5, 38.1, 36.2, 33.4, 30.1, 27.8, 25.8, 23.7, 23.5, 21.0, 19.1, 18.5, 17.6, 

17.0, 16.7 ppm. DI-ESI-MS m/z [M+H]+: 471.02. 
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2-Acetoxymethyl-23-acetoxy-A(1)-norursa-2,12-dien-28-oic acid (5.4) 

To a stirred solution of 5.3 (500 mg, 1.06 mmol) in 

dry THF (15 mL), acetic anhydride (250.50 µl; 2.66 

mmol) and a catalytic amount of DMAP (50 mg) were 

added. The mixture was stirred at room temperature, in 

anhydrous conditions. After 2 hours, the reaction mixture 

was evaporated under reduced pressure to remove the 

organic phase. The crude obtained was dispersed with water (50 mL) and extracted 

with ethyl acetate (3  50 mL). The resulting organic phase was washed with 5% 

aqueous HCl (2 × 50 mL), 10% aqueous NaHCO3 (2  50 mL), 10% aqueous Na2SO3 

(50 mL), water (50 mL) and brine (50 mL), dried over Na2SO4, filtered, and 

concentrated under vacuum to afford 5.4 as a white powder (574 mg, 97 %). Mp: 93.5–

95.6 °C. vmax/cm-1 (ATR): 2926.0, 2870.0, 1739.0, 1694.5, 1455.5, 1381.0, 1234.5, 

1031.5. 1H NMR (400 MHz, CDCl3): δ = 5.44 (s, 1H, H3), 5.22 (t, J = 2.9 Hz, 1H, 

H12), 4.70 (d, J = 14.3 Hz, 1H), 4.57 (d, J = 14.1 Hz, 1H), 3.93 (d, J = 10.7 Hz, 1H, 

H23), 3.84 (d, J = 10.7 Hz, 1H, H23), 2.08 (s, 3H, OCOCH3), 2.06 (s, 3H, OCOCH3), 

1.17 (s, 3H), 1.10 (s, 3H), 0.99 (s, 3H), 0.94 (d, J = 5.6 Hz), 0.85 (d, J = 6.6 Hz), 0.83 

(s, 3H) ppm. 13C NMR (100MHz, CDCl3): δ = 183.6 (C28), 171.3 (OCO), 170.8 

(OCO), 151.3 (C2), 138.7 (C13), 131.8 (C3), 125.3 (C12), 72.3, 62.6, 58.0, 52.6, 50.7, 

47.9, 46.3, 43.1, 42.3, 41.1, 38.8, 38.8, 36.6, 33.7, 30.5, 28.2, 26.2, 24.0, 23.8, 21.2, 

21.0 (2C), 19.1, 18.6, 17.8, 17.0, 16.6 ppm. DI-ESI-MS m/z [M+H]+: 555.04. 

2α,3β,23-Triacetoxyurs-12-en-28-oic acid (5.5) 

To a stirred solution of asiatic acid 1.27 (1000 mg, 

2.05 mmol) in dry THF (30 mL), acetic anhydride (1.15 

mL, 12.28 mmol) and a catalytic amount of DMAP (100 

mg) were added. The mixture was stirred at room 

temperature in anhydrous conditions. After 4 h, the 

reaction mixture was evaporated under reduced pressure to remove the organic phase. 

The crude obtained was dispersed with water (150 mL) and aqueous phase was 

extracted with ethyl acetate (3 × 150 mL). The resulting organic phase was washed 

with 5% aqueous HCl (2 × 100 mL), 10% aqueous NaHCO3 (2 × 100 mL), 10% 

aqueous Na2SO3 (100 mL), water (100 mL) and brine (100 mL), dried over Na2SO4, 
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filtered, and concentrated under vacuum to afford compound 5.5 as a white powder 

(quantitative). Mp: 150–152 °C. vmax/cm-1 (KBr): 3463.5, 2948.6, 2871.5, 1816.6, 

1747.2, 1456.0, 1369.2, 1236.2, 1045.2. 1H NMR (400 MHz, CDCl3): δ = 5.23 (t, J = 

3.2 Hz, 1H, H12), 5.19–5.13 (m, 1H, H2), 5.08 (d, J = 10.3 Hz, 1H, H3), 3.85 (d, J = 

11.9 Hz, 1H, H23), 3.58 (d, J = 12.0 Hz, 1H, H23), 2.08 (s, 3H, CH3CO), 2.02 (s, 3H, 

CH3CO), 1.97 (s, 3H, CH3CO), 1.10 (s, 3H), 1.07 (s, 3H), 0.94 (d, J = 5.3 Hz, 3H), 

0.87 (s, 3H), 0.85 (d, J = 5.4 Hz, 3H), 0.76 (s, 3H) ppm. 13C NMR (100MHz, CDCl3): 

δ = 183.1 (C28), 170.9 (OCO), 170.5 (OCO), 170.4 (OCO), 138.0, 125.3, 74.8, 69.9, 

65.3, 52.5, 47.9, 47.6, 47.8, 43.7, 41.9, 41.9, 39.5, 39.0, 38.8, 37.8, 36.6, 32.4, 30.5, 

27.9, 24.0, 23.4, 23.3, 21.1, 21.1, 20.9, 20.8, 17.9, 17.0, 16.9, 16.9, 13.9 ppm. DI-ESI-

MS m/z [M+H]+: 615.3. ESI-HRMS m/z calcd for C36H54O8 [M + Na]+: 637.3716, 

found: 637.3711. 

N-Hydroxy-(2α,3β,23-triacetoxyurs-12-en-28-oyl)amine (5.6) 

To a stirred solution of 5.5 (153 mg, 0.25 mmol) 

in anhydrous THF (6.5 mL), CDI (201.35 mg, 1.24 

mmol) was added. The mixture was stirred at reflux 

temperature and under nitrogen atmosphere. After 28 h, 

the heating was stopped and powdered hydroxylamine 

hydrochloride (103.50 mg, 1.49 mmol) was added. The resulting mixture was stirred at 

room temperature. After 23 h 35 min the reaction mixture was evaporated under 

reduced pressure to remove the organic phase. The crude obtained was diluted with 5% 

aqueous KHSO4 (50 mL) and extracted with ethyl acetate (3  50 mL). The combined 

organic phase was washed with brine (50 mL), dried over Na2SO4, filtered and 

concentrated under vacuum to give 5.6 as a white powder (140.4 mg, 90%); Mp: 

152.1–154.8 °C. vmax/cm-1 (ATR): 3302.2, 2947.0, 2921.6, 2870.0, 1739.0, 1455.5, 

1368.5, 1228.5, 1042.5, 1028.5. 1H NMR (400 MHz, CDCl3): δ = 6.25 (s, 1H, NH-

OH), 5.28 (t, J = 3.0 Hz, 1H, H12), 5.19–5.13 (m, 1H, H2), 5.08 (d, J = 10.3 Hz, 1H, 

H3), 3.84 (d, J = 11.9 Hz, 1H, H23), 3.57 (d, J = 11.8 Hz, 1H, H23), 2.08 (s, 3H, 

OCOCH3), 2.02 (s, 3H, OCOCH3), 1.97 (s, 3H, OCOCH3), 1.10 (s, 3H), 1.07 (s, 3H), 

0.94 (d, J = 5.8 Hz, 3H), 0.88 (s, 3H), 0.85 (d, J = 6.2 Hz, 3H), 0.75 (s, 3H) ppm. 13C 

NMR (100MHz, CDCl3): δ = 178.4 (C28), 170.8 (OCO), 170.5 (OCO), 170.4 (OCO), 

137.9 (C13), 125.5 (C12), 74.8, 69.9, 65.3, 52.6, 48.0, 47.6, 47.5, 43.7, 41.9, 41.9, 
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39.5, 38.9, 38.7, 37.8, 36.6, 32.4, 30.5, 27.9, 24.0, 23.5, 23.3, 21.1 (2C), 20.9, 20.8, 

17.9, 17.0, 16.9 (2C), 13.9 ppm. DI-ESI-MS m/z: 630.12 ([M+H]+), 652.46 ([M+Na]+). 

Anal. Calcd. for C36H55NO8: C, 68.65; H, 8.80; N, 2.22. Found: C, 69.01; H, 9.20; N, 

1.84.  

N-Hydroxy-N-methyl-(2α,3β,23-triacetoxyurs-12-en-28-oyl)amine (5.7) 

To stirred a solution of 5.5 (300 mg, 0.49 mmol) in 

anhydrous THF (12.9 mL), CDI (276.90 mg, 1.71 mmol) 

was added. The mixture was stirred under reflux and 

nitrogen atmosphere. After 31 h the heating was stopped 

and powdered N-methylhydroxylamine hydrochloride 

(203.80 mg, 2.44 mmol) was added. The resulting mixture was stirred at room 

temperature. After 21 h the reaction mixture was evaporated under reduced pressure to 

remove the organic phase. The crude obtained was diluted with 5% aq. KHSO4 (50 

mL) and extracted with ethyl acetate (3  50 mL). The combined organic phase was 

washed with brine (50 mL), dried over Na2SO4 filtered and concentrated under vacuum 

to afford 5.7 as a white powder (308.6 mg, 98%). Mp.: 119.5–121.9 °C. vmax/cm-1 

(ATR): 3244.0, 2947.0, 2926.5, 2871.5, 1740.0, 1455.5, 1368.5, 1228.0, 1043.0, 

1028.5. 1H NMR (400 MHz, CDCl3): δ = 5.29 (t, J = 3.0 Hz, 1H, H12), 5.19–5.12 (m, 

1H, H2), 5.08 (d, J = 10.3 Hz, 1H, H3), 3.85 (d, J = 11.9 Hz, 1H, H23), 3.57 (d, J = 

11.9 Hz, 1H, H23), 2.76 (s, 3H, N-CH3), 2.08 (s, 3H, OCOCH3), 2.02 (s, 3H, 

OCOCH3), 1.97 (s, 3H, OCOCH3), 1.09 (s, 3H), 1.08 (s, 3H), 0.94 (d, J = 6.1 Hz, 3H), 

0.88 (s, 3H), 0.85 (d, J = 6.3 Hz, 3H), 0.78 (s, 3H) ppm. 
13C NMR (100MHz, CDCl3): 

δ = 177.6 (C28), 170.8 (OCO), 170.4 (OCO), 170.4 (OCO), 137.9 (C13), 125.4 (C12), 

74.8, 69.9, 65.3, 52.6, 47.7, 47.6, 47.5, 43.8, 42.1, 41.9, 39.7, 39.6, 39.0, 38.7, 37.8, 

36.7, 32.5, 30.5, 27.8, 23.9, 23.4, 23.3, 21.1, 21.1, 20.9, 20.8, 17.9, 17.2, 17.0, 16.9, 

13.9 ppm. DI-ESI-MS m/z: 644.21 ([M+H]+), 666.45 ([M+Na]+). Anal. Calcd. for 

C37H57NO8: C, 69.02; H, 8.92; N, 2.18. Found: C, 68.62; H, 9.30; N, 2.21.  
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N-Hydroxy-[2-acetoxymethyl-23-acetoxy-A(1)-norursa-2,12-dien-28-oyl]amine (5.8) 

To a stirred solution of compound 5.4 (150 mg, 

0.27 mmol) in anhydrous THF (6 mL), CDI (219.22 mg, 

1.35 mmol) was added. The reaction mixture was stirred 

at reflux temperature and under nitrogen atmosphere. 

After 24 hours the heating was stopped and powdered 

hydroxylamine hydrochloride (112.75 mg, 1.62 mmol) 

was added. The resulting mixture was stirred at room temperature. After 48 h the 

reaction mixture was evaporated under reduced pressure to remove the organic phase. 

The crude obtained was diluted with 5% aqueous KHSO4 (50 mL) and extracted with 

ethyl acetate (3  50 mL). The combined organic phase was washed with brine (50 

mL), dried over Na2SO4, filtered and concentrated under vacuum to give a light yellow 

oil, which was purified by flash column chromatography (petroleum ether/ethyl acetate 

4:1 → 2:1), to afford 5.8 as a white solid (46.6 mg, 30%). Mp: 86.1–88.8 °C. vmax/cm-1 

(ATR): 3250.5, 2926.0, 2.871.5, 1741.0, 1380.5, 1233.0, 1029.5. 1H NMR (400 MHz, 

CDCl3): δ = 6.27 (s, 1H, NHOH), 5.44 (s, 1H, H3), 5.26 (s, 1H), 4.70 (d, J = 14.2 Hz, 

1H), 4.57 (d, J = 14.2 Hz, 1H), 3.93 (d, J = 10.5 Hz, 1H, H23), 3.84 (d, J = 10.5 Hz, 

1H, H23), 2.08 (s, 3H, OCOCH3), 2.06 (s, 3H, OCOCH3), 1.17 (s, 3H), 1.11 (s, 3H), 

1.00 (s, 3H), 0.95 (s, 3H), 0.86–0.81 (3, 6H) ppm. 13C NMR (100 MHz, CDCl3): δ = 

178.4 (C28), 171.3 (OCO), 170.8 (OCO), 151.2 (C2), 138.6 (C13), 131.8 (C3), 125.5 

(C12), 72.3, 62.6, 58.1, 52.7, 50.6,. 48.1, 46.3, 43.1, 42.3, 41.1, 38.7, 38.7, 36.6, 33.7, 

30.5, 28.2, 26.1, 24.0, 23.8, 21.1, 21.0 (2C), 19.1, 18.5, 17.8, 17.0, 16.6 ppm. DI-ESI-

MS m/z [M+H]+: 570.09. 

2-Acetoxymethyl-23-acetoxy-A(1)-norursa-2,12-dien-28-yl-1H-imidazole-1-carboxylate 

(5.9) 

To a stirred solution of compound 5.4 (200 mg, 

0.36 mmol) in anhydrous THF (8 mL) at 60 °C, CDI 

(263.0 mg, 1.63 mmol) was added. The reaction mixture 

was stirred overnight at reflux temperature and N2 

atmosphere. The reaction mixture was evaporated under 

reduced pressure to remove the organic phase. The crude 

obtained was dispersed with water (50 mL) and extracted with ethyl acetate (3 × 50 
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mL). The combined organic phase was washed with water (4 × 50 mL) and brine (50 

mL), dried over Na2SO4, filtered, and concentrated under vacuum to afford a yellowish 

powder. The crude solid was purified by flash column chromatography (petroleum 

ether/ethyl acetate, 3:1 → 2:1), to afford 5.9 as a white solid (136.3 mg, 63%). Mp: 

85.4–88.0 °C. vmax/cm-1 (ATR): 3135.0, 2927.0, 2872.5, 1737.5, 1458.5, 1367.5, 

1226.5, 1034.0. 1H NMR (400 MHz, CDCl3): δ = 8.23 (s, 1H, H-Im), 7.52 (s, 1H, H-

Im), 7.03 (s, 1H, H-Im), 5.43 (s, 1H, H3), 5.19 (t, J = 3.0 Hz, 1H, H12), 4.67 (d, J = 

14.2 Hz, 1H), 4.54 (d, J =14.2 Hz, 1H), 3.91 (d, J = 10.6 Hz, 1H, H23), 3.82 (d, J = 

10.6 Hz, 1H, H23), 2.07 (s, 3H, OCOCH3), 2.05 (s, 3H, OCOCH3), 1.14 (s, 3H), 1.12 

(s, 3H), 1.00–0.98 (m, 6H), 0.90 (d, J = 6.1 Hz, 3H), 0.74 (s, 3H) ppm. 13C (100 MHz, 

CDCl3): δ = 174.7 (C28), 171.2 (OCO), 170.7 (OCO), 151.1 (C2), 137.7, 137.1, 132.0 

(C3), 129.7, 126.1 (C12), 117.4, 72.2, 62.5, 58.1, 54.2, 50.9, 50.4, 46.3, 43.1, 42.4, 

41.0, 39.0, 38.7, 35.5, 33.5, 30.3, 27.9, 26.1, 25.0, 23.8, 21.0, 20.9 (2C), 19.1, 18.3, 

17.7, 17.1, 16.5 ppm. DI-ESI-MS m/z [M+H]+: 604.89. Anal. Calcd. for 

C37H52N2O5.0.5H2O: C, 72.40; H, 8.70; N, 4.56. Found: C, 72.66; H, 8.77; N, 4.48.  

N-[2-Acetoxymethyl-23-acetoxy-A(1)-norursa-2,12-dien-28-oyl]methylamine (5.10) 

To a stirred solution of 5.4 (200 mg, 0.36 mmol), in 

dry benzene (8 mL), thionyl chloride (54.90 µl, 0.76 

mmol) was slowly added. The resultant solution was heat-

refluxed at 80 °C. After 3 h, the solvent was removed by 

evaporation under reduced pressure, and petroleum ether 

(aprox. 2 mL) was added to the residue and concentrated 

to dryness to give the acyl chloride intermediate. Without purification, the acyl 

chloride obtained was dissolved in dry dichloromethane (8 mL), basified to pH 8–9 

with triethylamine, and a solution of methylamine (sol. 33% w/v in ethanol) (135.70 

µl, 1.44 mmol) was added. The resultant mixture was stirred at room temperature. 

After 45 min, the solvent was removed by evaporation under reduced pressure. The 

crude obtained was dispersed with water (50 mL) acidified with 5% aqueous HCl (pH 

3-4) and extracted with ethyl acetate (3 × 50 mL). The combined organic phase was 

washed with 10% aqueous NaHCO3 (2 × 50 mL), water (50 mL) and brine (50 mL), 

dried over Na2SO4, filtered, and concentrated under vacuum to afford a light yellow 

solid. The crude solid was purified by flash column chromatography (petroleum 
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ether/ethyl acetate 4:1 → 2:1), to afford 5.10 as a white solid (187.2 mg, 91 %). Mp: 

94.8–97.0 °C. vmax/cm-1 (ATR): 3418.5, 2927.0, 2870.5, 1739.5, 1635.0, 1527.0, 

1454.5, 1376.5, 1235.5, 1033.5. 1H NMR (400 MHz, CDCl3): δ = 5.91 (d, J = 4.4 Hz, 

1H, NHCH3), 5.45 (s, 1H, H3), 5.28 (t, J = 3.0 Hz, 1H, H12), 4.69 (d, J = 14.2 Hz, 

1H), 4.57 (d, J = 14.2 Hz, 1H), 3.93 (d, J = 10.6 Hz, 1H, H23), 3.84 (d, J = 10.6 Hz, 

1H, H23), 2.72 (d, J = 4.6 Hz, 3H, NHCH3), 2.08 (s, 3H, OCOCH3), 2.06 (s, 3H, 

OCOCH3), 1.17 (s, 3H), 1.11 (s, 3H), 1.00 (s, 3H), 0.94 (s, 3H), 0.86 (d, J = 6.4 Hz, 

3H), 0.82 (s, 3H) ppm. 13C (100 MHz, CDCl3): δ = 178.7 (C28), 171.2 (OCO), 170.8 

(OCO), 150.8 (C2), 141.1 (C13), 132.1 (C3), 124.9 (C12), 72.3, 62.5, 58.0, 53.9, 50.5, 

47.6, 46.3, 43.1, 42.7, 41.0, 39.4, 39.1, 36.8, 33.3, 30.8, 28.0, 26.2, 26.2, 24.9, 23.6, 

21.2, 21.0, 20.9, 19.0, 18.2, 17.2, 17.3, 16.6 ppm. DI-ESI-MS m/z: 568.52 ([M+H]+), 

590.49 ([M+Na]+). 

N-[2-Acetoxymethyl-23-acetoxy-A(1)-norursa-2,12-dien-28-oyl]ethylamine (5.11) 

Accordingly to the method described for 5.10, 

using compound 5.4 (150 mg, 0.27 mmol), dry benzene 

(6 mL), thionyl chloride (41.20 µl, 0.57 mmol) and 

ethylamine (70.75 µl, 1.08 mmol). The crude solid was 

purified by flash column chromatography (petroleum 

ether/ethyl acetate 4:1 → 2:1), to afford 5.11 as a white solid (113 mg, 72 %). Mp: 

83.5–86.0 °C. vmax/cm-1 (ATR): 3404.5, 2929.5, 2871.5, 1739.0, 1635.5, 1522.5, 

1450.5, 1360.0, 1234.0, 1028.0. 1H NMR (400 MHz, CDCl3): δ = 5.81 (t, J = 4.4 Hz, 

1H, NHCH2CH3), 5.45 (s, 1H, H3), 5.27 (t, J = 3.0 Hz, 1H, H12), 4.69 (d, J = 14.3 Hz, 

1H), 4.56 (d, J = 14.3 Hz, 1H), 3.93 (d, J = 10.6 Hz, 1H, H23), 3.83 (d, J = 10.6 Hz, 

1H, H23), 3.34–3.24 (m, 1H, NHCH2CH3), 3.15–3.05 (m, 1H, NHCH2CH3), 2.08 (s, 

3H, OCOCH3), 2.05 (s, 3H, OCOCH3), 1.17 (s, 3H), 1.11 (s, 3H), 1.08 (t, J = 7.4 Hz, 

3H, NHCH2CH3), 0.99 (s, 3H), 0.94 (s, 3H), 0.86–0.85 (m, 6H) ppm. 13C (100 MHz, 

CDCl3): δ = 177.8 (C28), 171.2 (OCO), 170.7 (OCO), 150.9 (C2), 140.9 (C13), 132.1 

(C3), 124.9 (C12), 72.3, 62.5, 58.0, 54.0, 50.5, 47.4, 46.3, 43.1, 42.2, 41.1, 39.4, 39.0, 

37.0, 34.3, 33.5, 30.8, 28.0, 26.2, 24.7, 23.4, 21.2, 21.0, 20.9, 19.0, 18.5, 17.8, 17.3, 

16.6, 14.5 ppm. DI-ESI-MS m/z: 582.50 ([M+H]+), 604.51 ([M+Na]+). Anal. Calcd. for 

C36H55NO5.0.25H2O: C, 73.74; H, 9.54; N, 2.39. Found: C, 73.65; H, 9.93; N, 2.43.  
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N-[2-acetoxymethyl-23-acetoxy-A(1)-norursa-2,12-dien-28-oyl]propylamine (5.12) 

Accordingly to the method described for 5.10, 

using compound 5.4 (200 mg, 0.36 mmol), dry benzene 

(8 mL), thionyl chloride (54.90 µl, 0.76 mmol), 

dichloromethane (8 mL) and propylamine (118.50 µl, 

1.44 mmol). The crude solid was purified by flash 

column chromatography (petroleum ether/ethyl acetate 4:1 → 3:1), to afford 5.12 as a 

white solid (122 mg, 57%). Mp: 77.0–79.5 °C. vmax/cm-1 (ATR): 3368.5, 2959.0, 

2921.5, 2872.5, 1739.5, 1635.0, 1525.0, 1455.5, 1369.0, 1234.5, 1033.5. 1H NMR (400 

MHz, CDCl3): δ = 5.87 (t, J = 4.3 Hz, 1H, NHCH2CH2CH3), 5.44 (s, 1H, H3), 5.27 (t, 

J = 3.0 Hz, 1H, H12), 4.68 (d, J = 14.2 Hz, 1H), 4.56 (d, J = 14.2 Hz, 1H), 3.92 (d, J = 

10.6 Hz, 1H, H23), 3.83 (d, J = 10.6 Hz, 1H, H23), 3.32–3.24 (m, 1H, 

NHCH2CH2CH3), 2.99–2.92 (m, 1H, NHCH2CH2CH3), 2.07 (s, 3H, OCOCH3), 2.05 

(s, 3H, OCOCH3), 1.16 (s, 3H), 1.11 (s, 3H), 0.99 (s, 3H), 0.94 (s, 3H), 0.89 (t, J = 7.5 

Hz, 7.49 Hz, 3H, NHCH2CH2CH3), 0.86 (d, J = 6.6 Hz, 3H), 0.84 (s, 3H) ppm. 13C 

(100 MHz, CDCl3): δ = 177.8 (C28), 171.2 (OCO), 170.7 (OCO), 150.9 (C2), 140.9 

(C13), 132.1 (C3), 124.9 (C12), 72.3, 62.5, 58.0, 54.0, 50.5, 47.6, 46.3, 43.1, 42.8, 

41.1, 41.1, 39.4, 39.0, 37.1, 33.5, 30.8, 28.0, 26.2, 24.7, 23.5, 22.5, 21.2, 20.9, 20.9, 

19.0, 18.5, 17.8, 17.3, 16.6, 11.5 ppm. DI-ESI-MS m/z: 596.54 ([M+H]+), 618.53 

([M+Na]+). 

N-[2-acetoxymethyl-23-acetoxy-A(1)-norursa-2,12-dien-28-oyl]4-methylbenzylamine 

(5.13) 

Accordingly to the method described for 

5.10, using compound 5.4 (150 mg, 0.27 mmol), 

dry benzene (6 mL), thionyl chloride (41.20 µl, 

0.57 mmol), dichloromethane (6 mL) and 4-

methylbenzilamine (137.70 µl, 1.08 mmol). The 

crude solid was purified by flash column 

chromatography (petroleum ether/ethyl acetate 4:1), to afford 5.13 as a white solid 

(140.3 mg, 79%). Mp: 82.1–84.9 °C. vmax/cm-1 (ATR): 3367.0, 2923.0, 2870.5, 1739.5, 

1635.5, 1516.5, 1455.5, 1376.0, 1235.0, 1031.0. 1H NMR (400 MHz, CDCl3): δ = 7.13 

(s, 4H, H-Ar), 6,07 (t, J = 4.2 Hz, 1H, NHCH2ArCH3), 5.45 (s, 1H, H3), 5.18 (t, J = 
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2.6 Hz, 1H, H12), 4.67 (d, J = 14.2 Hz, 1H), 4.56 (d, J = 14.3 Hz, 1H), 4.49 (dd, J1 = 

14.4 Hz, J2 = 5.9 Hz, 1H, NHCH2ArCH3 ), 4.13 (dd, J1 = 14.5 Hz, J2 = 4.3 Hz, 1H, 

NHCH2ArCH3) 3.93 (d, J = 10.6 Hz, 1H, H23), 3.84 (d, J = 10.6 Hz, 1H, H23), 2.34 

(s, 3H, NHCH2ArCH3), 2.08 (s, 3H, OCOCH3), 2.06 (s, 3H, OCOCH3), 1.14 (s, 3H), 

1.11 (s, 3H), 1.00 (s, 3H), 0.94 (s, 3H), 0.84 (d, J = 6.6 Hz, 3H) 0.75 (s, 3H) ppm. 13C 

NMR (100 MHz, CDCl3): δ = 177.6 (C28), 171.2 (OCO), 170.8 (OCO), 150.9 (C2), 

140.7, 137.1, 135.3 (Ar-C), 132.0 (C3), 129.3 (2C, Ar-C), 128.1 (2C, Ar-C), 125.1 

(C12), 72.3, 62.5, 58.0, 54.0, 50.3, 47.7, 46.3, 43.4, 43.1, 42.8, 41.1, 39.4, 39.0, 37.1, 

33.5, 30.8, 28.0, 26.1, 24.7, 23.5, 21.2, 21.1, 20.9 (2C), 19.0, 18.6, 17.8, 17.2, 16.6 

ppm. DI-ESI-MS m/z: 658.29 ([M+H]+), 680.40 ([M+Na]+). Anal. Calcd. for 

C42H59NO5: C, 76.67; H, 9.04; N, 2.13. Found: C, 76.32; H, 9.14; N, 2.23.  

N-[2-acetoxymethyl-23-acetoxy-A(1)-norursa-2,12-dien-28-oyl]4-fluorobenzylamine 

(5.14) 

According to the method described for 

5.10, using compound 5.4 (150 mg, 0.27 mmol), 

dry benzene (6 mL), thionyl chloride (41.20 µl, 

0.57 mmol), dichloromethane (6 mL) and 4-

fluorobenzylamine (126.60 µl, 1.08 mmol). The 

crude solid was purified by flash column 

chromatography (petroleum ether/ethyl acetate 4:1 → 2:1), to afford 5.14 as a white 

solid (108.8 mg, 61%). Mp: 82.9–85.3 °C. vmax/cm-1 (ATR): 3413.0, 2928.0, 2870.5, 

1739.0, 1635.5, 1509.5, 1455.0, 1381.0, 1220.5, 1033.5. 1H NMR (400 MHz, CDCl3): 

δ =7.22–7.19 (m, 2H), 7.00 (t, J = 8.61 Hz, 2H), 6.13 (t, J = 5.1 Hz, 1H, NHCH2ArF), 

5.44 (s, 1H, H3), 5.19 (t, J = 2.5 Hz, 1H, H12), 4.67 (d, J = 14.3 Hz, 1H), 4.55 (d, J = 

14.3 Hz, 1H), 4.49 (dd, J1 = 14.5 Hz, J2 = 5.9 Hz, 1H, NHCH2ArF), 4.14 (dd, J1 = 14.9 

Hz, J2 = 4.7 Hz, 14.6 Hz, 1H, NHCH2ArF ), 3.92 (d, J = 10.6 Hz, 1H, H23), 3.83 (d, J 

= 10.7 Hz, 1H, H23), 2.07 (s, 3H, OCOCH3), 2.05 (s, 3H, OCOCH3), 1.13 (s, 3H), 1.10 

(s, 3H), 0.99 (s, 3H), 0.94 (s, 3H), 0.84 (d, J = 6.2 Hz, 3H), 0.72 (s, 3H) ppm. 13C NMR 

(100 MHz, CDCl3): δ = 177.8 (C28), 171.2 (OCO), 170.7 (OCO), 162.1 (d, J = 245.2 

Hz), 150.9 (C2), 140.7 (C13), 134.2, 132.1 (C3), 129.6, 129.5, 125.1 (C12), 115.5, 

115.3, 72.2, 62.5, 58.0, 54.0, 50.5, 47.7, 46.3, 43.1, 42.9, 42.7, 41.1, 39.4, 39.0, 37.2, 

33.5, 30.8, 28.0, 26.1, 24.7, 23.4, 21.1, 20.9 (2C), 19.0, 18.5, 17.8, 17.2, 16.6 ppm. DI-
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ESI-MS m/z [M+H]+: 662.40. Anal. Calcd. for C41H56FNO5.0.25H2O: C, 73.90; H, 

8.55; N, 2.10. Found: C, 73.95; H, 8.60; N, 2.23.  

Methyl N-[2-acetoxymethyl-23-acetoxy-A(1)-norursa-2,12-dien-28-oyl]gycinate ( 5.15)  

To a stirred solution of compound 5.4 (200 

mg, 0.36 mmol), in dry benzene (8 mL), thionyl 

chloride (54.90 µl, 0.76 mmol) was slowly added. 

The resultant solution was heat-refluxed at 80 °C. 

After 3 h, the solvent was removed by evaporation 

under reduced pressure, and petroleum ether 

(aprox. 2 mL) was added to the residue, concentrated to dryness to give the acyl 

chloride intermediate. Without purification the acyl chloride was dissolved in 

dichloromethane (8 mL), basified to pH 8–9 with triethylamine, and glycine methyl 

ester hydrochloride (72.40 mg, 0.58 mmol) was added. The resultant mixture was 

stirred at room temperature. After 45 min, the solvent was removed by evaporation 

under reduced pressure. The crude obtained was dispersed with water (50 mL) 

acidified with 5% aqueous HCl (pH 3-4) and extracted with ethyl acetate (3 × 60 mL). 

The combined organic phase was washed with 10% aqueous NaHCO3 (2 × 50 mL), 

water (50 mL) and brine (50 mL), dried over Na2SO4, filtered, and concentrated under 

vacuum to afford a light yellow solid. The crude solid was purified by flash column 

chromatography (petroleum ether/ethyl acetate 2:1), to afford 5.15 as a white solid 

(179 mg, 79%). Mp: 74.5–76.6 °C. vmax/cm-1 (ATR): 3395.0, 2923.5, 2871.5, 1739.0, 

1650.0, 1520.5, 1451.0, 1368.0, 1234.0, 1031.0. 1H NMR (400 MHz, CDCl3): δ = 6.50 

(t, J = 4.1 Hz, 1H, -NHCH2COOCH3) 5.44 (s, 1H, H3), 5.38 (t, J = 3.1 Hz, 1H, H12), 

4.69 (d, J = 14.3 Hz, 1H), 4.57 (d, J = 14.2 Hz, 1H), 4.09 (dd, J1 = 18.5 Hz, J2 = 5.3 Hz 

and, 1H, -NHCH2COOCH3), 3.93 (d, J = 10.5 Hz, 1H, H23), 3.84 (dd, J1 = 18.5 Hz, J2 

= 3.9 Hz, 1H, -NHCH2COOCH3), 3.83 (d, J = 10.7 Hz, 1H, H23), 3.75 (s, 3H, -

NHCH2COOCH3), 2.08 (s, 3H, OCOCH3), 2.06 (s, 3H, OCOCH3), 1.15 (s, 3H), 1.12 

(s, 3H), 0.99 (s, 3H), 0.95 (s, 3H), 0.88 (d, J = 6.3 Hz, 3H), 0.77 (s, 3H) ppm. 13C 

NMR (100MHz, CDCl3): δ = 178.1, 171.2, 170.7 (OCO), 170.6 (OCO), 151.0 (C2), 

140.0 (C13), 131.9 (C3), 125.7 (C12), 72.3, 62.5, 58.0, 53.7, 52.3, 50.5, 47.7, 46.3, 

43.2, 42.6, 41.5, 41.1, 39.4, 39.0, 36.9, 33.5, 30.8, 28.0, 26.3, 24.8, 23.6, 21.2, 21.0, 



Synthesis and anticancer evaluation of amide and hydroxamic acid derivatives of asiatic acid 

207 

 

 

21.0, 19.0, 18.0, 17.8, 17.2, 16.6 ppm. DI-ESI-MS m/z: 626.27 ([M+H]+), 648.42 

([M+Na]+). 

Methyl N-[2-acetoxymethyl-23-acetoxy-A(1)-norursa-2,12-dien-28-oyl]alaninate (5.16) 

Accordingly to the method described for 

5.15, using compound 5.4 (200 mg, 0.36 

mmol), dry benzene (8 mL), thionyl chloride 

(54.90 µl, 0.76 mmol), dichloromethane (8 

mL) and L-alanine methyl ester hydrochloride 

(80.51 mg, 0.58 mmol). The crude solid was 

purified by flash column chromatography (petroleum ether/ethyl acetate 4:1 → 3:1), to 

afford 5.16 as a white solid (140 mg, 61 %). Mp: 68.9–71.6 °C. vmax/cm-1 (ATR): 

3405.0, 2925.0, 2872.0, 1738.0, 1655.5, 1507.5, 1448.5, 1371.5, 1234.5, 1028.0. 1H 

NMR (400 MHz, CDCl3): δ = 6.59 (d, J = 5.8 Hz, 1H, NHCH(CH3)COOH), 5.43 (s, 

1H, H3), 5.36 (t, J = 3.0 Hz, 1H, H12), 4.69 (d, J = 14.4 Hz, 1H), 4.57 (d, J = 14.4 Hz, 

1H), 4.50–4.42 (m, 1H, NHCH(CH3)COOCH3), 3.93 (d, J = 10.7 Hz, 1H, H23), 3.83 

(d, J = 10.6 Hz, 1H, H23), 3.73 (s, 3H, NHCH(CH3)COOCH3), 2.08 (s, 3H, OCOCH3), 

2.05 (s, 3H, OCOCH3), 1.36 (d, J = 7.0 Hz, 3H, NHCH(CH3)COOCH3), 1.15 (s, 3H), 

1.11 (s, 3H), 0.98 (s, 3H), 0.95 (s, 3H), 0.88 (d, J = 6.4 Hz, 3H), 0.75 (s, 3H) ppm. 13C 

(100 MHz, CDCl3): δ = 177.3, 173.7, 171.3 (OCO), 170.2 (OCO), 151.1 (C2), 139.3 

(C13), 131.7 (C3), 125.9 (C12), 72.3, 62.5, 58.0, 53.6, 52.4, 50.6, 48.2, 47.6, 46.3, 

43.2, 42.6, 41.2, 39.3, 39.0, 37.2, 33.6, 30.8, 28.0, 26.3, 24.6, 23.5, 21.2, 21.0 (2C), 

19.0, 18.7, 18.1, 17.8, 17.2, 16.6 ppm. DI-ESI-MS m/z [M+H]+: 640.20.  

5.4.2 Biology 

5.4.2.1 Cells and reagents 

MCF-7, HT-29, Jurkat, PC-3, HeLa and BJ cell lines were obtained from the 

American Type Culture Collection (USA).  

Dulbecco’s Modified Eagle Medium (DMEM), Dulbecco’s Phosphate Buffered 

Saline (DPBS), and L-glutamine were obtained from Biowest. Minimum Essential 
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Medium (MEM), a penicilin/streptomicin solution, and Fetal Bovine Serum (FBS) 

were obtained from Gibco. The MTT powder and the XTT cell proliferation kit were 

purchased from Applichem Panreac. A sodium pyruvate solution (100 mM) and 

Trypsin/EDTA were obtained from Biological Industries. A sodium bicarbonate 

solution (7.5%) and glucose solution (45%) were purchased from Sigma-Aldrich Co. 

Cisplatin was obtained from Sigma-Aldrich Co. 

5.4.2.2 Preparation and storage of the stock solutions 

Asiatic acid and its derivatives were suspended in dimethyl sulfoxide (DMSO) 

to prepare 20 mM stock solutions, which were stored at –80 °C. To obtain final assay 

concentrations, the stock solutions were diluted in culture medium in the day of testing. 

The final concentration of DMSO in working solutions was always equal or lower than 

0.5%.  

5.4.2.3 Cell culture 

HT-29, PC-3, and HeLa cells were grown in DMEM high glucose supplemented 

with 10% heat-inactivated FBS, 100 units/ml penicillin, and 100 µg/ml streptomycin. 

MCF-7 cells were maintained in MEM supplemented with 10 % heat-inactivated FBS, 

10 units/ml penicillin, 10 µg/ml streptomycin, 2 mM L-glutamine, 1 mM sodium 

pyruvate, 0.01 mg/ml insulin, 10 mM glucose, and 1× MEM-EAGLE Non Essential 

Amino acids. BJ cells were cultured in DMEM high glucose supplemented with 10% 

heat-inactivated FBS, 110 mg/L of sodium pyruvate, 100 units/ml penicillin, 100 

µg/ml streptomycin, and 1.5 g/L of sodium bicarbonate. Jurkat cells were grown in 

RPMI 1640 supplemented with 10% heat-inactivated FBS, 100 units/ml penicillin, 100 

µg/ml streptomycin, and 2 mM L-glutamine. All cell lines were incubated in a 

humidified atmosphere of 5.0% CO2 at 37 °C. 
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5.4.2.4 Cell viability assay 

For MCF-7, HT-29, PC-3, HeLa, and BJ cell lines, the cell viability was 

determined by MTT assay. In brief, cells were seeded at a concentration of 8  102 to 1 

 104 cells/well in 96-well plates and were left to grow. After 24 h of culture, the 

culture medium was removed and replaced by new medium containing the tested 

compounds at different concentrations. After 72 h of incubation, cells were incubated 

with 100 µL of MTT solution (0.5 mg/ml) for 1 h. After incubation, the MTT solution 

was removed and 100 µL of DMSO were added to each well to dissolve the formazan 

crystals. The relative cell viability, compared with the viability of nontreated cells, was 

analyzed by measuring the absorbance at 550 nm on an ELISA plate reader (Tecan 

Sunrise MR20-301, TECAN, Salzburg, Austria). 

For Jurkat cells, the cell viability was determined using the XTT assay. Briefly, 

4  103 cells/well were seeded in 96-well plates with 100 µL of medium. After 24 h of 

incubation, 100 µL of new medium containing the tested compounds at different 

concentrations were added. After an incubation period of 72 hours, 100 µL of XTT 

solution were added to each well and the plates were incubated for an additional 4 h at 

37 °C. Relative cell viability, compared with the viability of nontreated cells, was 

analyzed by measuring the absorbance at 450 nm on an ELISA plate reader (Tecan 

Sunrise MR20-301, TECAN, Salzburg, Austria). 

IC50 values represent the concentration of each compound that inhibited the cell 

growth by 50%, compared with nontreated cells. The IC50 values were estimated from the 

dose-response curves using 9 different concentrations in triplicate. Each IC50 value was 

expressed as the mean IC50 ± standard deviation (SD) of three independent experiments. 

5.4.2.5 Cell-cycle assay 

Briefly, 2.2  104 HeLa cells were seeded per well in 6-well plates with 2 mL of 

medium. After an incubation period of 24 h, cells were treated with the indicated 

concentrations of compound 5.6. After 24 h of incubation, cells were harvested by mild 

trypsinization, centrifuged, washed twice with PBS, and stained in Tris-buffered saline 

(TBS) containing 50 mg/mL of PI, 10 mg/mL Rnase-free Dnase, and 0.1% Igepal CA-

630 (Sigma-Aldrich), for 1 hour, at 4 °C in the dark. The cell cycle was assessed by 
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flow cytometry, using a fluorescence-activated cell sorting (FACS) apparatus, and was 

carried out at 488 nm on an Epics XL flow cytometer (Coulter Corporation, Hialeah, 

FL). Data from 1  104 cells was collected and analyzed using the multicycle software 

(Phoenix Flow Systems, San Diego, CA). Experiments were performed in triplicate, 

with two replicates per experiment. 

5.4.2.6 Annexin V-FITC/PI flow cytometry assay  

HeLa cells were plated in 6-well plates at a density of 2.2  104 cells per well. 

After 24 h, the cells with or without pretreatment for 45 min of 50 μM z-VAD-fmk, 

were treated with compound 5.6 at the indicated concentrations. After 24 h of 

incubation, cells were harvested by mild trypsinization, collected by centrifugation, 

and suspended in 95 µL of binding buffer (10 mM HEPES/NaOH, pH 7.4, 10 mM 

NaCl, 2.5 mM CaCl2). Cells were stained with the annexin V-FITC conjugate for 30 

min at room temperature and protected from light. After the incubation period, 500 µl 

of binding buffer were added to each vial of cells and approximately 2 min before 

FACS analysis, 20 µl of a 1 mg/mL PI solution were also added. The samples were 

analyzed by flow cytometry. Approximately 1  104 cells were analyzed for each 

histogram. Experiments were performed in triplicate, with two replicates per 

experiment. 

5.4.2.7 Hoechst 33258 staining 

In this experiment, 2.2  104 cells per well were seeded in 6-well plates with 2 

mL of medium and incubated for 24 h at 37 °C. After incubation, the cells were treated 

with the indicated concentrations of compound 5.6. After 24 h of treatment, the culture 

medium was removed and cells were harvested by mild trypsinization, and collected by 

centrifugation. After being washed twice with PBS, the cells were stained with 500 µL 

of Hoechst 33258 solution (2 µg/mL in PBS) for 15 min in the dark. After incubation, 

the Hoechst 33258 solution was removed and cells were washed twice with PBS, 

resuspended in 10 µL of PBS, and mounted on a slide. Morphological changes were 
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analyzed by fluorescence microscopy using a fluorescence microscope DMRB (Leica 

Microsystems, Weltzar, germany) and a DAPI filter.  

5.4.2.8 Synergy study 

Briefly, 7.5  102 cells per well were seeded in 96-well plates. After 24 h of culture, 

cells were treated with compound 5.6 and cisplatin at different concentrations (the ratio 

between the concentrations of cisplatin and compound 5.6 was constant: the concentration of 

cisplatin was always 2-fold that of compound 5.6). After 72 h of incubation, the medium in 

each well was replaced by 100 µL of filtered MTT solution (0.5 mg/mL). One hour later, the 

MTT solution was replaced by 100 μM DMSO. The relative cell viability compared with the 

viability of untreated cells was analyzed by measuring the absorbance at 550 nm on an ELISA 

plate reader (Tecan Sunrise MR20-301, TECAN, Salzburg, Austria). The effect of compounds 

5.6 and cisplatin, alone or in combination, on HeLa cell viability was evaluated, and the 

results were analyzed via the CompuSyn software, which was used to calculate the 

Combination Index (CI). A CI value < 1 indicates the existence of synergism. 
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Chemotherapy is one of the most used strategies for cancer treatment, either alone or 

in combination with other therapies such as surgery or radiation. However, one of the major 

limitations of chemotherapy is its lack of selectivity for cancer cells. This low specificity of 

chemotherapeutic drugs results in toxicity against rapidly proliferating normal cells, severe 

side effects, and inefficiency of the treatments.328 Because of these limitations, it is urgent to 

develop new drugs with increased potency and selectivity, which will lead to better anticancer 

efficiency.  

Asiatic acid 1.27 is a pentacyclic triterpenoid with recognized anticancer properties. 

The chemical modification of the asiatic acid 1.27 skeleton can originate compounds with 

increased anticancer activity and improved value for the development of new 

chemotherapeutic drugs.  

 

In this work, three panels of new asiatic acid 1.27 semisynthetic derivatives were 

designed and successfully prepared by adopting different strategies of synthesis. As described 

in Chapter 3, the preparation of new fluorinated derivatives of asiatic acid 1.27 containing 

fluorolactone or fluorolactam moieties was accomplished using the electrophilic fluorination 

reagent Selectfluor®. In Chapter 4, the synthesis of asiatic acid 1.27 derivatives containing a 

pentameric A-ring was explored. The strategies of synthesis adopted allowed the preparation 

of new pentameric A-ring derivatives containing α,β-unsaturated aldehyde or α,β-unsaturated 

nitrile groups. The preparation of nitrile-containing derivatives was performed in moderate 

yields using a simple, economic, and environmentally friendly method. The strategies of 

synthesis depicted in Chapter 5 allowed the successful preparation of a series of new amide 

and hydroxamic acid derivatives of asiatic acid 1.27. The hydroxamic acid derivatives were 

obtained in good yields using a simple, cost-effective, and easy-to-handle method. The 

structures of all new derivatives were elucidated via the analysis of the information obtained 

using different techniques, including IR, 1H NMR, 13C NMR and MS.  

The new derivatives of asiatic acid 1.27 synthesized here were evaluated regarding 

their ability to inhibit the proliferation of several cancer cell lines. In general, the synthesized 

compounds exhibited better antiproliferative activities than did asiatic acid 1.27. As the 

compounds were particularly active against the HeLa cell line, an SAR was established for 

each panel of derivatives based on the IC50 values determined in this cell line. The general 

conclusions of the SAR analysis were: 
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 The conversion of the hexameric A-ring of asiatic acid 1.27 into a pentameric A-ring 

with an α,β-unsaturated aldehyde led to a significant increase in activity, thus 

generating the most active compounds among all the derivatives prepared in this 

project (compounds 3.9–3.16, 4.6–4.8, 4.13, 4.17–4.21, 4.28 and 4.29). 

 The presence of a methanesulfonyloxy moiety at C23 of pentameric A-ring asiatic 

acid 1.27 derivatives slightly increase the antiproliferative activity (compounds 4.28 

and 4.29). 

 The introduction of amide or hydroxamic acid moieties at C28 had a positive impact 

in antiproliferative activity (compounds 5.6, 5.7, and 5.8 and 5.9–5.16). 

The most active compounds of each panel (3.12, 3.14, 4.13, 4.28, 4.29, and 5.6) were 

further tested in a nontumor fibroblast cell line (BJ), to access selectivity. The compounds 

tested exhibited lower toxicity toward nontumor BJ cells than they did toward cancer cells. 

Additional studies were performed to shed some light on the possible anticancer mechanism 

of the most active compound of each panel (3.14, 4.29, and 5.6). Compounds 3.14, 4.29 and 

5.6 induced arrest of the cell cycle at the G0/G1 phase in the HeLa cell line. In the case of 

compounds 3.14 and 4.29, this effect was related with the upregulation of p27kip1 and 

p21cip1/waf1 and the downregulation of cyclin D3. These three compounds also induced 

apoptosis in HeLa cells. The results suggested that proapoptotic effects of compounds 3.14 

and 4.29 were mediated by the activation of caspases 8 and 3, the downregulation of Bcl-2, 

and the upregulation of Bax. Finally, compound 5.6 exhibited a synergistic effect with 

cisplatin to inhibit the growth of HeLa cells. 

This study provided some insights into the possible mechanism of action of the most 

active compounds 3.14, 4.29, and 5.6. However, additional studies are needed to further 

precise the molecular pathways that drive their anticancer action. These compounds should 

also be subjected to an in vivo evaluation, to confirm their anticancer potential. Additionally, 

the existence of synergism between cisplatin and other semisynthetic derivatives of asiatic 

acid 1.27 should be further explored.  

In summary, we accomplished the preparation of several new semisynthetic 

derivatives of asiatic acid 1.27 that proved to be significantly more active in inhibiting cancer 

cell growth than was the parental asiatic acid 1.27. Thus, the SAR analysis established in this 

thesis is a useful tool for the design of new modifications in the asiatic acid 1.27 backbone in 
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order to increase its anticancer properties. Taking into account all of the results obtained in 

the present work, some of the new asiatic acid 1.27 derivatives synthesized here may be 

promising candidates for the development of effective chemotherapeutic agents.  
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