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ABSTRACT 

Cancer is a huge medical problem. One of the ways of treating this complaint is by the use of 

anticancer drugs. However this therapy suffers from two major drawbacks namely undue toxicity 

to non-malignant cells and the development of drug resistance. The compounds which comprise 

the basis of this thesis are conjugated unsaturated ketones which differ structurally from 

contemporary anticancer medication and some of these compounds have noteworthy 

antineoplastic properties. These unsaturated ketones have a greater affinity for thiols than hydroxyl 

and amino groups. Hence the toxicity to nucleic acids may be absent or much lower than that of 

many contemporary anticancer agents. This thesis describes the development of three series of 

cytotoxic compounds. 

Series 15 are a cluster of 3,5-bis(benzylidene)-4-piperidones which in general are far more toxic 

to various tumor cells than to non-malignant ones. Some physicochemical constants of the aryl 

substituents correlated with potencies. In addition, attempts to condense various aldehydes with 

2,2,6,6-tetramethyl-4-piperidone led to the isolation of some acyclic 1,5-diaryl-1,4-dien-3-ones. 

Series 33 were created by placing a N-acyl group on some of the enones in series 15. The biodata 

was very encouraging with very high potencies to tumor cells while significantly lower toxicity to 

normal cells was noted. Representative compounds caused apoptosis in some malignant cells. 

Series 71 are quaternary ammonium salts which were prepared to preferentially react with tumor 

mitochondria rather than this organelle of normal cells. These molecules too demonstrated higher 

toxicity to neoplasms than non-malignant cells and representative compounds have drug-like 

properties. 
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This study has revealed the encouraging antineoplastic properties of several different clusters of 

compounds and provided direction for future studies.  
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Chapter 1 

1.1 Introduction 

Cancer is one of the leading causes of death in Canada and in fact 30% of all deaths are caused by 

cancer. In 2019, it is estimated that in Canada 220,400 new cases of cancer will be diagnosed and 

82,100 deaths from cancer will occur.1 Lung, breast, colorectal and prostate cancers are predicted 

to be the most common among the diagnosed cancers. These four cancers account for 48% of all 

the cancer diagnoses in 2019.2 Cancer is a disease which is characterized by uncontrolled cell 

proliferation which leads to complex abnormalities in the normal functions of organs which are 

affected by this disease. Tumours are a group of abnormal cells. Tumours grow and behave 

differently, depending on whether they are malignant (cancerous), precancerous or benign (non-

cancerous).3 Precancerous conditions have the potential for the cells to develop into cancer. Benign 

tumours rarely cause serious problems which are life-threatening unless they occur in a vital organ 

and grow to a large size exerting an impact on the neighbouring tissues. In general, these tumours 

tend to grow slowly and stay in one place, not spreading to other parts of the body. These growths 

can be easily removed by surgery and once removed they usually do not come back. Benign 

tumours usually stay non-cancerous, except in very rare cases.3  

Precancerous (premalignant) cells are also abnormal cells that may develop into cancer unless they 

are treated properly. Some cells may develop mild changes that will disappear without any 

treatment. But other cells pass on genetic changes and thereby the number of new cells gradually 
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increases and become more abnormal until they turn into cancer. It may take a long time for this 

to happen.4 Malignant tumours are cancerous and can start in any one of the millions of cells in 

our bodies. Cancer cells have a larger nucleus that looks different from the nuclei in normal cells. 

Cancer cells behave, grow and function quite differently from normal cells.5 Cancerous tumours 

vary in their size, shape and grow in an uncontrolled, abnormal way invading the nearby tissues, 

blood vessels or lymphatic vessels in the body by metastasis.5 They can interfere with the normal 

body functions and become life threatening. Malignant tumours can also come back (reoccur) after 

they have been treated or removed completely.5 

1.2 Distribution of cancer 

Worldwide, one in seven deaths is due to cancer; cancer causes more deaths than AIDS, 

tuberculosis, and malaria combined. When countries are grouped according to income, cancer is 

the second leading cause of death in high-income countries (following cardiovascular diseases) 

and the third leading cause of death in low- and middle-income countries (following cardiovascular 

diseases and infectious and parasitic diseases).6 

By 2030, the global cancer burden is expected the rise to 21.7 million new cases and 13 million 

cancer deaths simply due to the growth and ageing of the population. However, the estimated 

future cancer burden will be considerably larger due to the adoption of lifestyles that are known to 

increase cancer risks such as smoking, poor diet and physical inactivity in economically 

developing countries. Cancers related to these factors, such as lung, breast, and colorectal cancers 

are already on the rise in economically transitioning countries. In economically developed 

countries, the three most commonly diagnosed cancers are prostate, lung, and colorectal among 

males and breast, colorectal, and lung among females.7  
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The most common types of cancer also vary by geographical areas. Although there is no increase 

in age-standardized incidence rates (ASIR), every year there is an increase in the number of 

Canadians diagnosed with cancer. In 2030, the estimated projection of the number of cancers 

diagnosed will be almost 80% greater than the number diagnosed in 2005.1  

Colorectal, lung, breast and prostate cancers are the four most commonly diagnosed cancers in 

Canada. According to Canadian Cancer Society’s statistics, in 2017, these four cancers accounted 

for about half of all the cancer diagnoses and cancer deaths in Canada.8. These four types of 

cancers, along with cervical cancer, represent cancers for which screening or early detection likely 

have had (or will have) a big impact on the stage at which they are diagnosed.  

Colorectal cancer is the second most common type of cancers diagnosed in Canada, accounting 

for a projected 26,800 new cases in 2017 (13% of all cancers). Most of the colorectal cancers 

develop in the colon, though around 30% develop in the rectum.9 Colon and rectal cancers have 

very similar causes and risk factors, but rectal cancer is more strongly associated with red meat 

intake than colon cancer and colon cancer is more strongly linked to alcohol use.9 Survival rates 

for the diagnoses of early stage rectum cancer are lower than for colon cancer. From 1988 to 2010 

the age-standardized incidence rate for colorectal cancer disease dropped 11.3% among males and 

14.5% among females. The decline in colorectal cancer incidence rates appears confined to older 

adults as rates are increasing among adults younger than 50 years of age in Canada and in the 

United States. 10, 11  
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1.3 Cancer treatment 

Cancer therapy is a process of treating cancer through various methods. The location of treatment 

of cancer depends on the type of a tumour. There are many treatment options such as 

chemotherapy, surgery, hormone therapy, gene therapy, radiation therapy, targeted therapy and 

immunotherapy available to treat cancer. In most cases, the physicians opt for one method of 

treating cancer or a combination of two methods at the same time depending on the type and stage 

of the disease if it has spread and the location where it is, and if the cancer patient has any health 

problems. For some people, chemotherapy may be the only treatment one receives. Chemotherapy 

is used to treat many types of cancer and has a huge impact in combatting various types of cancers 

due to its high rate of success and selectivity.12  

Anticancer drugs used in chemotherapy are classified into several groups based on their chemical 

structures, mechanisms of action and their relationships to other drugs. The major classes include 

alkylating agents (e.g. ifosfamide, cyclophosphamide, melphalan, chlorambucil, busulfan), 

antimetabolites (e.g. floxuridine, cytarabine, 5-fluorouracil, methotrexate), antibiotics (e.g. 

doxorubicin, epirubicin, bleomycin, dactinomycin), topoisomerase inhibitors (e.g. mitoxantrone, 

irinotecan), mitotic/microtubule inhibitors (e.g. paclitaxel, vincristine, docetaxel, vinblastine), 

corticosteroids (e.g. dexamethasone, tamoxifen, flutamide and prednisone), monoclonal antibodies 

(e,g. bevacizumab, cetuximab, rituximab)  and antibody drug conjugates ADC (e.g., inotuzumab,  

ozogamicin, gemtuzumab, ozogamicin, trastuzumab, emtansine). The chemical structures of some 

anticancer drugs used in chemotherapy are shown in Figure 1.1. 

 

http://cancer.global-summit.com/asia-pacific/
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Alkylating agents:  

                                                          

Ifosfamide (Isophosphamide)                Cyclophosphamide 

 

Antimetabolites: 

             

                        Floxuridine           Methotrexate  

 

Antibiotics: 

   

 Doxorubicin      Dactinomycin 
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Microtubule inhibitors: 

  

 Vinblastine 

 

Corticosteroids: 

         

 Prednisolone     Dexamethasone 

Figure 1.1. Chemical structures of some anticancer drugs used in chemotherapy. 

The mono-therapy approach is a very common treatment method for many different forms of 

cancers. This conventional medication is generally less effective than multiple treatments. In the 

traditional treatment of cancer, to increase the efficacy of the cancer-treating drugs, combination 

therapy is a widely used treatment option whereby the combination of two or more therapeutic 

treatment methods is used to specifically target the cancer-inducing or cell sustaining pathways.13 

In this therapy, the combination of two or more anticancer drugs whose function are different from 

the each other, boosts the efficiency of the overall treatment compared to the monotherapy. This 
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is  because the combination therapy targets the cancer cells in a synergistic or an additive manner.14 

The mono-therapeutic techniques non-selectively target the proliferating cells, which ultimately 

leads to the destruction of both normal and cancerous cells.15 Chemotherapy can be toxic to the 

cancer patients with multiple side effects, and can also reduce their immune system by affecting 

the bone marrow cells and increasing the susceptibility to host diseases16. Even though 

combination therapy can be toxic, if the modes of action of the drugs differ, then the usual doses 

of the drugs used in monotherapy can be reduced.17 In other words, combination therapy may be 

able to prevent the toxic effects on normal cells while simultaneously producing cytotoxic effects 

on cancer cells.18 

Furthermore, mono-therapy treatment is more likely to lead to drug resistance because the constant 

treatment with a single chemotherapeutic agent induces cancer cells to recruit alternative rescue 

pathways.19 The major drawback of all the drugs that act on a specific molecular target is the ease 

with which multidrug resistance can develop. For example, when the cells in an adenocarcinoma 

were treated with the doxorubicin, there was an upregulation of an ATP-dependent cassette pump 

to eliminate the drug leading to a state of drug resistance.20 In this study, the combination of 

paclitaxel and sorafenib in low concentration was evaluated to target cancer stem cells. The 

combination therapy can produce a more effective treatment response to cancerous cells in fewer 

cycles, and therefore this treatment method reduces the incidence of multidrug resistance.21   

 

 

 

 



8 

 

1.4 Challenges of cancer treatment 

Cancer chemotherapy including combination therapy, while a common method of treating cancer, 

is associated with a lack of selectivity that causes multiple adverse effects in the patients. The other 

challenge with drug therapy of cancer is multidrug resistance (MDR). MDR is involved in the 

failure of several cancer treatments. MDR has been receiving a great attention in the recent years 

due to a large number of mechanisms discovered and involved in the process of drug resistance in 

cancer treatment which hampers the effectiveness of many anti-cancer drugs in use. The 

participation of ATP-binding cassette (ABC) transporters is one of the mechanisms involved in 

the multidrug resistance. The ABC transporters can be defined as a group of plasma membrane 

and intracellular organelle proteins that are involved in the process of elimination of the substrates 

from the cancer cells. These ABC transporters are involved in the clearance of intracellular 

constituents such as ions, hormones, lipids and other small molecules from the cell and thereby 

effecting both directly and indirectly drug absorption, distribution, metabolism and excretion 

(ADME) of the anticancer drugs.22 The most common side effects caused by chemotherapy in 

cancer patients include anemia, appetite loss, bleeding and bruising (thrombocytopenia), 

constipation, diarrhea, hair loss (alopecia), lymphedema, memory or concentration problems, 

nausea and vomiting, and nerve problems (peripheral neuropathy).23 Recently approved anticancer 

agents for the treatment of solid tumours include antibody-based or synthetic kinase inhibitor-

based signal transduction agents that are designed to “target” particular messenger proteins whose 

overexpression can result in abnormal cellular proliferation.24, 25 Some of the side effects associated 

with different types of anticancer drugs are discussed below. 
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Alkylating agents react with the proteins that bond together to form a double helix structure of a 

DNA molecule, adding an alkyl group to some or all of them and prevents the proteins from normal 

linking up and causing breakage of the DNA strands thereby eventually causing the death  of the 

cell. These are active in treating different types of solid and hematologic tumours that include 

leukemias and lymphomas, sarcomas and lung, breast, and gynecologic cancers. The anticancer 

agent that is primarily associated with cardiotoxicity in this class is cyclophosphamide.26  

Antimicrotubule agents including paclitaxel and docetaxel may cause atrial or ventricular 

arrhythmias and atrioventricular block.26  Pyrimidine-based agents including 5- fluorouracil or its 

analogues such as capecitabine, have been reported as inducing coronary artery spasm.26, 27 

Targeted agents including the Her2/Neu inhibitors, trastuzumab and lapatinib have been shown to 

cause a significant decrease in left ventricular function which can cause heart failure.28 Anti-

angiogenic agents including bevacizumab have potential cardio-toxicities that include 

hypertension, myocardial infarction, left ventricular dysfunction, venous thrombosis, stroke, and 

endovascular damage.28  

Neurologic toxicity is one of the concerns caused by the chemotherapeutic agents that include the 

vinca alkaloids (vincristine and vinblastine), and the platinum agents. The most common neuro 

toxicity is a sensory peripheral neuropathy, which varies from mild to very severe. The vital 

neurotoxic expressions include hyponatremia, seizures, and encephalopathy.29  

Platinum anticancer agents are alkylating-like agents, which bind to DNA and causes intra-strand 

cross-linking that interferes with DNA transcription and induces apoptosis in cancer cells. This 

class of drugs include cisplatin and its derivatives carboplatin and oxaliplatin. Cisplatin is the most 
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nephrotoxic anticancer agent among these three drugs.30 Platinum agents also form the origin for 

renal electrolyte wasting, particularly of potassium and magnesium ions.29  

Recent targeted anticancer agents with anti-angiogenic activity include monoclonal antibodies and 

tyrosine kinase inhibitors.30, 31, 32 These anti-angiogenic active agents include bevacizumab and 

the tyrosine kinase inhibitors sorafenib, sunitinib, and pazopanib.32 The mechanism of action of 

these agents is believed to be by inhibiting the formation of vascular channels that are essential for 

the tumors survival and growth. This blood vessel growth is blocked through the inhibition of 

vascular endothelial growth factor (VEGF) receptors.32, 33 Primary perioperative toxicities 

associated with some of the antineoplastic agents is given in Table 1.1. 

       

Sorafenib      Sunitinib 

Figure 1.2. Chemical structures of tyrosine kinase inhibitors. 
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Table 1.1. Antineoplastic agents and their primary toxicities 29 

Primary antineoplastic agent (class) Primary perioperative toxicity of concern 

Cytotoxic chemotherapy (except vincristine, 

bleomycin, others) 

Myelosuppression 

Anthracyclines Cardiotoxicity 

Platinum agents Nephrotoxicity, electrolyte wasting, peripheral 

neuropathy 

Antitumor antibiotics Pulmonary toxicity (decreased DLCO, fibrosis) 

Alkylating agents Cardiotoxicity, pulmonary toxicity, 

hemorrhagic cystitis 

Vinca alkaloids Neurotoxicity, occasionally seizures, 

encephalopathy 

Antimetabolites Possible cardiotoxicity 

Taxanes Neuropathy 

Corticosteroids Adrenal suppression 

Signal transduction inhibitors Thrombosis, bleeding, diathesis, delayed wound 

healing 

 

This situation makes the currently available drugs a challenge in treating cancers. The emergence 

of multidrug resistance is also a serious problem for the successful treatment of cancers.34, 35 

Several biochemical pathways are responsible for drug resistance.34, 35 The most extensively 

studied ones are the membrane transporter proteins36 that act as efflux pumps. Overexpression of 

a number of these transporter proteins enhances the efflux of chemotherapeutic drugs, resulting in 

a decrease in the drug concentrations in the cancer cells. Figure 1.3 shows the efflux of a drug by 

P-glycoprotein (P-gp).  The inhibition of efflux pumps is mainly done to improve the delivery of 

therapeutic agents. P-gp can be inhibited by blocking the drug binding site either competitively, 
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non-competitively (Figure 1.4) or allosterically.37 The goal is to achieve improved drug 

bioavailability, uptake of the drug into the targeted organ or cells, and more efficacious cancer 

chemotherapy through the ability to selectively block the action of P-gp.37 The best-known efflux 

pumps are the ABC superfamily of transporters such as P-glycoprotein (P-gp), the multidrug 

resistance protein (MRP) and the breast cancer resistance protein (BCRP)38 families that use ATP 

as their energy source. The human P-gp is encoded by the mdr1 gene. Inhibition of the functions 

of P-gp to reverse MDR has been extensively studied and reported in the literature.39, 40 

Various classes of P-gp modulators are reported which include calcium channel blockers, 

calmodulin antagonists, steroidal agents, protein kinase C inhibitors, immunosuppressive drugs, 

antibiotics, and surfactants. The co-administration of a non-toxic MDR-modulator with a cytotoxic 

drug may enhance the outcome of cancer treatment. Also, a cytotoxic agent displaying MDR-

modulating properties can be effective in treating drug-resistant tumours.  No precise conclusions 

on the molecular features characterizing MDR revertants have yet been confirmed; however, the 

general features of MDR modulators include the amphiphilic nature of the molecule, the presence 

of aromatic rings and a basic nitrogen bearing a positive charge at neutral pH.41 This knowledge 

may be very useful for the design and/or the selection of novel MDR modulators for clinical 

testing.2 

The compounds in series 29 demonstrate potent multidrug resistance (MDR) revertant properties 

having fluorescence activity ratio (FAR) values in the range of 49-179 while a reference drug 

verapamil has a FAR figure of 4.2 at a concentration of 4 µg/ml in murine L-5178 lymphoma 

cells.42 A FAR value of greater than 1 shows a reversal of MDR. A representative compound 30  

in series 29 displayed a FAR value of 10.8 towards MDR Colo 320 colon cancer cells at a 
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concentration of 4 μg/mL.42 These results show that the compounds in series 29 can reverse MDR 

in drug-resistant cancer cells mediated by P-glycoprotein. 

                                      
Source: Amin, M. L.  P-glycoprotein Inhibition for Optimal Drug Delivery. Drug Target Insights, 2013, 7, 27–34 

Figure 1.3. Drug efflux by P-glycoprotein.37 

 

                                                                            

Source: Amin, M. L.  P-glycoprotein Inhibition for Optimal Drug Delivery. Drug Target Insights, 2013, 7, 27–34. 

Figure 1.4. Inhibition of P-glycoprotein to prevent drug efflux.37  
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1.5 α,β-Unsaturated ketones as anticancer and cytotoxic agents 

In treating cancer, although a variety of drugs are available, compounds containing the α,β-

unsaturated keto group are significant because of their high cytotoxic potencies and selectivity 

towards malignant cells rather than harming normal cells.43 Many natural compounds which 

possess these functionalities are well known for their antifungal, antibacterial, antiviral, 

antimalarial and cytotoxic properties.44 Chalcones are potent cytotoxic agents which have aroused 

significant interest, and several reports deal with the discovery of antineoplastic chalcone 

derivatives.45 It is believed that the cytotoxic potencies of these derivatives are mainly due to the 

presence of the α,β-unsaturated carbonyl functionality in their moieties which acts as a Michael 

acceptor for cellular thiols and other nucleophiles.  

The natural product curcumin is well known for its anticancer and chemopreventive properties. 

Curcumin can react with multiple molecular targets and hence has many differing pharmacological 

properties that includes anticarcinogenic, antioxidant, antimicrobial, anti-inflammatory, 

cardiovascular-protective, hepatoprotective, Alzheimer-easing, and antiarthritic properties 

properties which have been attributed to an α,β-unsaturated carbonyl group attached to an aryl ring 

in curcumin.46 Despite the promising bioactivities associated with curcumin in in vitro assays, its 

clinical development has been hampered by its poor aqueous solubility, low in vivo efficacy and 

unfavourable and highly variable pharmacokinetics.  

The presence of the active methylene group which undergoes keto-enol tautomerism in the 

curcumin molecule contributes to its adverse fate in clinical developments, as only the keto 

tautomer contributes to the overall bioactivity of curcumin. Apart from this problem, there are 

bioavailability issues arising due to the presence of phenolic and diketo groups and aromatic rings 
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with hydroxyl groups.  The molecular structure of curcumin can be modified at three sectors in the 

molecule, to produce an “improved curcumin” that can address the issues of poor aqueous 

solubility and bioavailability. These sectors include the aromatic rings, the β-diketone moiety, and 

the two double bonds conjugated to the aromatic rings (Figure 1.5).  

Successful structural modifications of curcumin produced analogues that resulted in potential 

anticancer drug candidates that target various stages/processes in cancer cell growth. Successful 

anticancer agents that are developed based on curcuminoid structures normally retain the 

conjugated α,β-unsaturated ketone functionality in their structures.47 The β-diketone curcumin 

analogues have shown potent cytotoxicity to breast and prostate cancer cell lines. The SAR 

analysis of such analogues showed that the ortho-substituted α,β-unsaturated ketones are the most 

potent antioxidants which is an important finding for chemoprevention.48 

 

 

 

Figure 1.5. Tautomers of curcumin. 

The lipophilic nature of curcumin limited its use for cancer treatment (logP=3.1) and as a result 

large quantity needed to be administered. It has a high first-pass effect, and some degree of 

intestinal metabolism takes place, particularly glucuronidation and sulfation and therefore it has 

low bioavailability. As discussed earlier, P-glycoprotein is a transporter protein that enhances the 

efflux of chemotherapeutic drugs, resulting in a decrease in the drug concentrations in the cancer 

cells and curcumin faces challenges of P-glycoprotein mediated drug resistance when administered 
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orally. Hence it is of interest to synthesize analogs of curcumin that have a better physicochemical 

profile than curcumin but with improved pharmacokinetic behaviour. It is well understood that 

proinflammatory states are linked to tumour promotion,49, 50 and subsequently  phytochemicals 

like curcumin that exhibit strong anti-inflammatory properties are anticipated to have some degree 

of chemopreventive activity.  

Preclinical cancer research using curcumin has shown that it inhibits carcinogenesis in various 

types of cancers, including colorectal, pancreatic, gastric, prostate, hepatic, breast, and oral 

cancers, and leukemia, and at various stages of carcinogenesis.51 Anti-inflammatory mechanisms 

implicated in the anticarcinogenic potential of curcumin include (1) inhibition of the enzymes NF-

κB and COX-2 (increased levels of COX-2 are associated with many cancer types)52, 53, 54 (2) 

inhibition of   arachidonic  acid metabolism via lipoxygenase and scavenging of free radicals that 

are generated in this pathway54 (3) lowered expression of inflammatory cytokines IL-1b, IL-6, and 

TNF-α, resulting in growth inhibition of cancer cell lines50 and (4) the  down-regulation of 

enzymes, such as protein kinase C, that mediates inflammation and tumor-cell proliferation.55 

Although the modes of action of curcumin on cellular pathways continue to be studied, there has 

been much research devoted to developing and understanding the structure-activity relationships 

(SARs) that are responsible for the drug’s anticancer properties. By synthesizing a large number 

of analogues and subjecting them to biological screening, researchers hope to achieve an 

improvement in curcumin’s anti-cancer and pharmacological profile while retaining its low 

toxicity. These structural modifications of curcumin (C-7) were made by replacing its central β-

diketone moiety by a mono-carbonyl group to produce a new (C-5) 1,5-diaryl-3-oxo-1,4-

pentadienyl mono carbonyl analogues (MCA). 
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The successful synthesis of such analogues (Figure 1.8) has resulted in the development of a 

number of potential anticancer candidates that target various stages and/or processes in cancer cell 

growth. Although there are a few exceptions, successful anticancer compounds based on 

curcuminoid structures, ordinarily retain the conjugated α,β-unsaturated ketone moieties. 

Advances in SARs suggest that a variety of structural types are tolerated with retention of 

potency.47 Other experiments using diketone curcumin analogues are cytotoxic to prostate and 

breast cancer cell lines.47 Treatment of these cancers has traditionally involved hormonal therapy. 

The α,β-unsaturated β-diketone moiety of curcumin has received much attention regarding its 

mechanistic role in promoting cytotoxicity. A very recent report outlined the synthesis of MCA’s 

and their cytotoxic evaluations against Molt4/C8, CEM and L1210 cells in which the average IC50 

values of 15b, 16a, and 17 were 38.3, 0.78 and >500 µM respectively.56 
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Reagents: (i) HCl/CH3COOH, followed by K2CO3 

 

Scheme 1.1. Modifications of conjugated α,β-unsaturated ketone compounds to increase 

bioavailability. 

Compound 15a showed promising cytotoxic properties against murine P388 cells whereas the in 

vivo results demonstrated only a marginal increase in efficacy.57 The decrease in cytotoxic 

potencies in-vivo may be due to a variety of factors e.g., facile metabolism,  excretion, plasma-

protein binding, and a low plasma half-life. On the other hand, the lipophilicity of 15a may be 

responsible for its lack of potency. In order to reduce the hydrophobicity of 15a, the authors 

introduced hydroxyl groups in the aryl rings and also incorporated alkylaminoalkyl groups into 

the aryl rings of 15a in this study with the consideration that the rate and extent of reaction of these 
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molecules with cellular thiols will be influenced by the magnitude of the atomic charges on the 

olefinic carbon atoms.  

The pH in some tumours is lower than the non-malignant cells,58 and in the case of compounds 

such as amines in such circumstances, the percentage of charged ions in the neoplastic tissues will 

be higher which will lower the electron density on the olefinic carbon atoms and greater toxicity 

will occur in tumours. The authors hypothesized that in addition to the reaction of cellular thiols 

with the olefinic carbon atoms, the alkylaminoalkyl groups present in these molecules could react 

at contiguous binding sites and thereby enhancing the cytotoxic potencies. For example, the 

methylene and methyl groups are available to form van der Waals bonds with different cellular 

constituents, whereas the nitrogen atoms of the dialkylaminoalkyl group can form hydrogen bonds. 

Hence the presence of the alkylaminoalkyl group may influence the IC50 values significantly. 

These considerations led to the development of compounds 15b-17. In another article, the authors 

reported that some of these compounds 15b-17 induced glutathione oxidation and mitochondria-

mediated cell death in HCT-116 colon cancer cells.59 The compounds 15a and 16a were four times 

more potent than curcumin.  Also, these compounds were tested against human non-malignant 

CRL-1790 colon cells which demonstrated that GI50 values of all these compounds were greater 

towards CRL-1790, indicating more tumour-selective toxicity.59 In general, conjugated enones act 

as Michael acceptors with thiols preferred over amino or hydroxyl nucleophiles.60  
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Figure 1.6.  Michael acceptor reaction with a nucleophile (Nu) attacking at the β-position thereby 

generating an α,β-functionalized ketone. 

Studies to exploit curcumin’s potential as a Michael acceptor includes the interaction between 

curcumin and glutathione (GSH), but the products from the reactions are complex and ill-

defined.61, 62  

 

 Figure 1.7. Hypothetical tautomeric isomers of curcumin-GSH adducts. 

The synthesis, cytotoxicity, and SAR of α,β-unsaturated monoketo systems have been examined. 

For example, a variety of 2,6-bis(arylidene)cyclohexanones (series 24) are three to five times more 

potent than 5-fluorouracil (5-FU) as cytotoxins against L1210, Molt 4/C8, and CEM cells.63, 64  
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Figure 1.8. Unsaturated monoketones and 2,6-bis(arylidene) cyclohexanone cytotoxins. 

However, compounds with more than one conjugated carbonyl group are generally more active 

than those with only a single α,β-unsaturated keto group. This observation supports the “sequential 

cytotoxicity” hypothesis, which suggest that some cancer cells are more susceptible to multiple 

chemical insults (in this case, two sites for thiol alkylation as opposed to one) than normal cells. 

For instance, the N-acryloyl derivatives (27a-f) have been reported to exhibit65 up to 25-fold higher 

cytotoxic potencies against P388, L1210, Molt 4/C8, and CEM neoplasms compared to the analogs 

without the acryloyl group. 
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Reagents: (i) HCl/CH3COOH, followed by K2CO3; (ii) CH2=CHCOCl/K2CO3 a: R1= R2= H; b: 

R1= Cl, R2= H; c: R1= R2= Cl; d: R1= F, R2= H; e: R1= NO2, R
2 = H; f: R1 = OCH3, R

2 = H 

Scheme 1.2. Synthesis of N-acryloyl derivatives of 3,5-bis(arylidene)-4-piperidone. 

Dr. Dimmock et al. have investigated several series of α,β-unsaturated ketone derivatives as 

cytotoxic thiol-alkylating agents based on the following considerations. (1) These compounds have 

a specific or preferential affinity for thiols rather than amino or hydroxyl groups;66, 67 hence the 

genotoxic side effects caused by the interactions of a number of contemporary anticancer drugs 

with nucleic acids can be avoided. (2) Thiol concentrations are elevated in many tumours,68, 69 and 

the lowering of thiol concentrations (and hence interfering with the redox system in cells) may be 

more damaging to tumours than normal tissues.  Also, high concentrations of such thiols (e.g. 

GSH) contribute to MDR due to their ability to detoxify electrophilic anticancer agents and their 

metabolites. (3) Some cellular thiols play an important role in cell division whereby the 

concentrations of thiols increase just before and during mitosis.70 Those tumours possessing a 

higher mitotic index than the corresponding normal cells are more likely to be damaged by thiol 
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alkylators. (4) Conjugated unsaturated ketones are structurally and mechanistically divergent from 

the anticancer drugs used today.71 Thus tumours are unlikely to be resistant to them. 

 

 Figure 1.9. Development of the 1,5-diaryl-3-oxo-1,4-pentadienyl pharmacophore.72 

These structural modifications of curcumin were made by replacing its central β-diketone moiety 

by a mono-carbonyl group to produce a new promising 1,5-diaryl-3-oxo-1,4-pentadienyl 

pharmacophore (Figure 1.9) that retains the cytotoxic potencies of curcumin and chalcones with 

the desired selectivity and drug-like properties.  
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Figure 1.10. Sequential Michael reaction of protein thiols with an arylidene dienone electrophile.72 

Dimmock’s research lab has made significant contributions in developing potent antineoplastic 

agents which possess the 1,5-diaryl-3-oxo-1,4-pentadienyl pharmacophore.73 An important aspect 

of developing these antineoplastics is in regards to the hypothesis of sequential cytotoxicity which 

states that “a chemical insult prior to a subsequent chemical attack on cellular thiol constituents 

may produce greater toxicity to cancers than normal cells.” In other words, an initial reaction with 

a cellular thiol by cytotoxic agents will sensitize the malignant cells preferentially and a second 

interaction with another thiol will cause more damage to malignant cells than normal cells. Some 

of the evidence in support of this hypothesis is that on several occasions, the lowering of the 

concentrations of cellular thiols prior to the administration of various anticancer agents enhances 

the toxicity of the drug to the tumours rather than normal cells. For instance, the α,β-unsaturated 

ketone ethacrynic acid enhances the cytotoxicity of various alkylating agents.74, 75 Probably this 

effect is due to a tumour having a greater requirement for thiols for their growth compared to 

normal cells.76 

1.5.1 The development of 1,5-diaryl-3-oxo-1,4-pentadienes as cytotoxic agents. 

The 1,5-diaryl-3-oxo-1,4-pentadienyl pharmacophoric group was placed on cycloalkyl and 

heterocyclic scaffolds such as cyclohexane,64, 77, 63 2-tetralone78 or piperidines that revealed a 
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number of lead cytotoxic molecules with encouraging cytotoxic potencies.43 The cytotoxic 

potencies of these scaffolds show the substituted piperidines to be the most promising cytotoxic 

agents (Figure 1.11). 

 

Figure 1.11. 1,5-Diaryl-3-oxo-1,4-pentadienyl compounds as lead cytotoxic agents. 

A novel series 31 have IC50 values towards human Molt4/C8 and CEM T-lymphocytes in the low 

micromolar range (2-13 μM) while the IC50 figures against murine P388 leukemic cells (0.2-0.8 

μM) were more favorable than the data towards murine L1210 neoplasms (8-42 μM).65 Various 

series of these compounds show greater cytotoxicity towards neoplasms (human HSC-2 and HSC-

4 squamous cell carcinomas and human HL-60 promyelocytic leukemic cells) than non-malignant 

cells (normal human HGF gingival fibroblasts, HPC pulp cells and HPLF periodontal ligament 

fibroblasts). The average selective index values (SI, the ratio of the average CC50 values of the 

compound towards several normal cells/CC50 figures towards a neoplastic cell line) of 31a-d are 

10, 4.3, 13 and 29 revealing that the compounds are tumour-selective cytotoxins and can be 

considered for further development.79 The high SI figure of  31d of 29 is noteworthy and 

establishes it as a lead cytotoxic agent. With the aim of developing potent cytotoxic agents, 
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additional thiol alkylating sites were introduced into the arylidene dienone 31 which led  to the 

development of the N-acryloyl-3,5-bis(benzylidene)-4-piperidones 32.80  

A hypothesis is that the 1,5-diaryl-3-oxo-1,4-pentadienyl group in 32 aligns at a primary binding 

site and the N-acryloyl group will interact at the auxiliary binding site which may lead to a greater 

cytotoxic potency of 32 compared to 31. The N-acyl derivatives 32 were designed and developed 

based on the following fact. Series 31 is predicted to have a significant percentage of the molecules 

in the ionized form which may hamper their passage into the neoplastic cells, and N-acylation will 

overcome this problem. The conversion of series 31 compounds into the corresponding N-acryloyl 

analogs 32 increased both the capacity for thiol alkylation and cytotoxicity in the case of Molt 

4/C8 cells while similar trends were noted in the CEM, P388 and L1210 screens.65 The modes of 

action of 31c and 32c revealed that both molecules inhibit the biosynthesis of DNA, RNA and 

proteins in murine L1210 cells.65  

 

Figure 1.12. 1-[4-(2-Alkylaminoethoxy)phenylcarbonyl]-3,5-bis(arylidene)-4-piperidone 

hydrochlorides. 

The N-acyl derivatives 1-[4-(2-alkylaminoethoxy)phenylcarbonyl]-3,5-bis(arylidene)-4-

piperidone hydrochlorides 33 were developed,81 and the substituents on the piperidyl nitrogen 
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atom were chosen using certain groups and atoms that are capable of forming van der Waals, 

hydrogen and ionic bonds at receptor sites (Figure 1.12). The IC50 values of the compounds in 

series 33 were compared with the data for the analogs 31 in which the aryl substituents are identical 

using human Molt 4/C8 and CEM T-lymphocytes and L1210 cell lines. The potencies of the 

dienones 33 are either increased, are equipotent or decreased by 48%, 35% and 17%, respectively, 

of the comparisons made.81 Some compounds in series 33 showed IC50 values in the 

submicromolar to nanomolar range against a panel of human colon cancer cells, and the average 

IC50 values are lower than 5-fluorouracil (5-FU) which is used extensively in treating colon 

cancers. The compounds in series 33 display greater toxicity to the neoplastic HL-60, HSC-2 and 

HSC-4 tumour cells than non-malignant HGF, HPC and HPLF normal cells.82 Two-thirds of the 

SI figures are over 5.  

A mode of action study using a representative compound 34 disclosed that it causes 

internucleosomal DNA fragmentation in HL-60 cells and activated caspase-3 in HL-60 and HSC-

2 cells.82 This compound caused apoptosis and to a lesser extent autophagy (the degradation of 

subcellular constituents by creating acidic organelles in response to stress factors).  

A number of heterocyclic α,β-unsaturated carbonyl compounds with a 1,5-diaryl-3-oxo-1,4-

pentadienyl pharmacophore were shown to possess remarkable activity against various human 

cancer cell lines,83 and most of these compounds displayed preferential toxicity toward cancer 

cells. Moreover, the study conducted by Sun et al. evaluating the multidrug resistance reversal 

properties confirmed that all the compounds reverse MDR, particularly, the tertiary amines 35a, 

36a, 37a, 38a, and 39a (Figure 1.13) which are more potent.84 The data presented in this work can 
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encourage the synthesis and bioevaluations of the dual effect of compounds possessing both MDR 

reversal and antiproliferative properties in the future.84  

 

Figure 1.13. Heterocyclic α,β -unsaturated carbonyl compounds with the 1,5-diaryl-3-oxo-1,4-

pentadienyl pharmacophore. 
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Nine human tumor cell lines, including A549, U937 (respiratory system), Hela(reproductive 

system), HT- 29(digestive system), K562(circulatory system), MCF-7(breast cancer) , U87 and 

U251(nervous system), HepG2(immune system), and a human umbilical vein endothelial cell line 

(HUVEC) were used to evaluate compounds (Figure 1.13 and Figure 1.14) 35a-35d, 36a-36d, 

37a-37d, 38a-38d, and 39a-d in order to confirm whether they demonstrate antiproliferative 

activities toward a variety of neoplasms.84 

The biological evaluation revealed that the compounds synthesized demonstrate potent 

antiproliferative activity toward Hela, HT-29, K562, U937, U87, U251 and HepG2 cell lines, and 

Hela, K562 and U87 are the most sensitive to these compounds. Overall, these compounds are 

substantially more potent than a reference anticancer drug cisplatin (CDDP) against almost all 

tumour cells used.84 In particular, compounds 37a-d bearing a strong electron-withdrawing 4-

trifluoromethyl group in the arylidene benzene rings displayed the greatest antiproliferative 

activity, and 64% of the IC50 values are submicromolar.84 The possible reason is that electron-

withdrawing groups are helpful to diminish the electron density on the adjacent olefinic carbon 

atoms, which may result in the nucleophilic attack more easily by cellular components, for 

instance, thiols.85  
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Figure 1.14. Quaternary ammonium salts of α,β -unsaturated carbonyl compounds with the 1,5-

diaryl-3-oxo-1,4-pentadienyl pharmacophore as cytotoxic agents. 
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It has been reported that a number of quaternary ammonium salts (QAS) have displayed significant 

antiproliferative ability.86, 87, 88 Here the compounds synthesized by Sun et al. were designed to 

form N-methyl-N-substituted benzyl QAS on the piperidone nitrogen, however, there were no 

remarkable changes in the activity against all tumor cell lines used.84 

Another purpose of preparing these quaternary ammonium salt derivatives is to improve the water 

solubility of the compounds, as it has been found that the solubility of this type of non-quaternary 

derivatives is poor according to the authors’ previous studies89, 88 thus resulting certain difficulties 

during the biological evaluation. Attaching various groups to the piperidone nitrogen atom in these 

α,β -unsaturated carbonyl compounds with the 1,5-diaryl-3-oxo-1,4-pentadienyl pharmacophore 

may possess inherent biological activity, improve pharmacological properties of the dienone 

pharmacophore or facilitate interaction with a receptor binding site.43  

Organophosphorus groups, such as phosphonate, bisphosphonate and phosphates are used as 

structural modifiers of 3,5-bis(arylidene)-4-piperidones. It was reported that the direct 

phosphorylation on the free nitrogen of 3,5-bis(arylidene)-4-piperidones with diethyl 

chlorophosphate provided the corresponding amides (Figure 1.15). Some of the phosphonates 

showed higher anticancer activity than non-phosphorylated analogues.90 Moreover, these amides 

exhibited higher cytotoxicity toward cancer cells as compared to normal cells.91 Singh et al. 

reported that the N-phosphorylated 3,5-bis(arylidene)-4-piperidones possess good membrane 

permeability.92 High cytotoxicity toward malignant cells was also demonstrated by 3,5-

bis(arylidene)-4-piperidones bearing a diethyl phosphonate and tetraethyl 

(methylene)bisphosphonate groups attached to the piperidone nitrogen atom through short 

alkylene chains.93, 94  
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Figure 1.15. Diethyl[(4-oxopiperidin-1-yl)(aryl)methyl]phosphonates. 

Makarov et al developed a synthetic approach to the novel 1,5-diaryl-3-oxo-1,4-pentadiene-4-

piperidones modified with a diethyl phosphonate group connected to the nitrogen atom of the 

piperidone motif through a short linker group.95 The preparative procedure for the synthesis of 

diethyl α-amino (aryl)methyl phosphonates 42 containing a 4- piperidone ring as an amine unit 

was shown in the scheme 1.3 The diethyl[(4-oxopiperidin-1-yl)(aryl) methyl] phosphonates were 

used as starting compounds to prepare the corresponding α-aminophosphonates of 3,5-bis 

(arylidene)-4-piperidones ; these compounds were screened in vitro for inhibitory activity toward 

various cancer cells.95 
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Scheme 1.3. Synthetic sequence for the preparation of α-aminophosphonates of 3,5-bis(arylidene)-

4-piperidone derivatives.96 

The cytotoxic activity of the compounds 44a-n (Scheme 1.3) was tested in vitro against human 

malignant cell lines, such as RD (rhabdomyosarcoma), PC3 (prostate cancer), HCT116 (colon 

cancer), MCF7 (breast cancer), and normal human embryonic kidney (HEK293) cell line. The 

results obtained in this study showed that majority of the  phosphonates 44a-n showed IC50 values 

in the range of 2.5-8.5 μM, except the compound 44g with dimethylamino groups in the para 

position of bis(arylidene)piperidone motif with low cytotoxicity.96 Such a low cytotoxicity of other 
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3,5-bis(4-dimethylaminobenzylidene)-4-piperidones is also known from other studies as reported 

by Makarov et al.93 stated that this low cytotoxicity may be due  to the presence of the strong 

electron-releasing character of dimethylamino substituents present at the para position of aryl 

rings.  

The compounds 44c, 44f, 44k, 44m having methoxy substituents in the aromatic rings also showed 

lower activity toward MCF7 cells in contrast to the other active compounds. The nitro-derivative 

44d, showed the highest cytotoxic activity towards the studied cell lines, with all the inhibitory 

concentrations lower than 3.0 μM. The nitro-compound 44i and the cyano analogue 44j have 

strong electron-withdrawing substituents in benzylidene moieties and displayed good cytotoxicity 

toward cancer cells having IC50 values in the range of 3.0-4.3 μM.96  

 

1.6 Cancer drug targets 

1.6.1 Traditional therapies vs targeted therapies in cancer 

For the past half century, non-surgical cancer treatment has been dominated by two main types of 

traditional therapies: chemotherapy and radiation therapy. Chemotherapy refers to treatment with 

drugs that have the potential to kill cancer cells. Radiation therapy refers to the use of high-energy 

radiation from X-rays, gamma rays, neutrons, protons, and other sources to kill cancer cells and 

shrink tumours. Targeted therapies are often described regarding how they differ from traditional 

therapies such as chemotherapy and radiation therapy.97 
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Like normal cells, cancer cells replicate themselves and proliferate by copying their DNA.98 

Several important classes of cancer chemotherapies along with their mechanisms of action and the 

way they act to treat cancer are discussed at the beginning of the literature survey. Although the 

different classes of chemotherapies may act at different stages of the DNA replication process, the 

important thing to note is that these drugs interfere with DNA replication. However, because DNA 

replication is a common process that all cells use when they want to make more copies of 

themselves, chemotherapies cannot distinguish between cancerous cells that are being replicated 

and normal cells that are being replicated. Thus, classic chemotherapy leads to many side effects 

because it also tends to kill normal cells that are undergoing replication (discussed in the section 

of challenges of cancer treatment). 

If chemotherapies are not specific for cancerous cells, why don’t they kill all the cells in our 

bodies? The answer is that most of our cell populations do not continuously replicate themselves 

as cancer cells do. For the most part, our organs such as the brain, heart, kidneys, and liver are 

already formed. Certain cells in these organs can and do replicate, but they do not replicate out of 

control like cancer cells. Because these cell types are not undergoing repeated, rapid cell division, 

they are generally not bothered by chemotherapies. Additionally, normal tissues can repair 

themselves and continue to grow; thus, even if they are injured by chemotherapy, the effects are 

rarely permanent. 

However, not all of our cells escape the effects of chemotherapies.  The fast-growing normal cells 

most often affected by chemotherapy are blood cells in the bone marrow, cells lining the digestive 

tract (such as the mouth, esophagus, and stomach), and cells in hair follicles. Chemotherapy can 

also cause side effects such as nausea and vomiting interfering with processes other than cell 
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replication. The effects of chemotherapy on these cells types lead to some of the most common 

side effects (as discussed in the section on challenges of cancer treatment). 

Ideally, we would have treatments for cancer that effectively kill only the diseased cells without 

harming healthy cells, even those that replicate quickly. Basic science research has led to a greater 

understanding of how cells work and what goes awry in cancer. As a result of this work, 

investigators have developed a growing list of drugs that are better able to “target” specific features 

of cancer cells while minimizing effects on healthy cells. These treatments have come to be known 

as targeted therapies. 

Targeted cancer therapies involve drugs or other substances that block the growth and spread of 

cancer by interfering with molecules that are more specifically involved in cancer cell growth and 

progression than in normal cell activity. These drugs act on cell markers and/or biochemical 

pathways to prevent the cancer cells from replicating or proliferating. The goal of these targeted 

therapies is to kill the cancerous cells while leaving the normal cells unharmed. By focusing on 

changes in the cell that are specific to cancer, targeted cancer therapies may be more effective than 

chemotherapy and radiotherapy. 

Drug targets in cancer research are very often highlighted with mutated genes. Overexpression of 

some specific genes such as epidermal growth factor (EGF), HER-2, insulin growth factor 

receptors, cyclins, have been correlated with cancer-causing factors in some cancers.99 The 

targeted drugs that are being used in cancer treatment follow different modes of action. The 

strategy for chemotherapy includes targeting of drugs at specific genes, proteins/enzymes that are 

found in malignant cells or targeting the internal tissue environment that contributes to the 

development and survival of cancer cells. Targeted therapy is often used along with chemotherapy 
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to restrict the growth and invasion of the cancer cells. Targeted therapy has emerged as a promising 

method for developing selective anticancer agents.100 Some of the drug targets are discussed below.  

1.6.2 Monoclonal antibodies: One of the major classes of targeted therapies in cancer 

Monoclonal antibodies are proteins made in the laboratory that can bind to the substances in the 

body, including the components of cancer cells. Each type of monoclonal antibody is designed in 

a way that it binds to one substance. Monoclonal antibodies attach themselves to the substance 

(often a protein) on cancer cells, thereby blocking the signals for cell growth and cell proliferation. 

In some cases, the attachment of monoclonal antibodies to cancer cells leads to the death of the 

cells. As large proteins, these monoclonal antibodies cannot typically enter inside the cells. For 

this reason, they usually bind to substances or parts of substances that are located on the surface 

of the cell(s) or in the areas outside the cells such as plasma. 

Monoclonal antibodies are of two types: namely naked and conjugated monoclonal antibodies. 

Naked monoclonal antibodies can attach to antigens on cancer cells and thereby interfering with 

cell growth and proliferation or cause cell death. These are the most common types of monoclonal 

antibodies in use today. However, it is possible to attach the monoclonal antibody to a cytotoxic 

substance/drug that potently kills cancerous cells. In this way, the monoclonal antibody acts as the 

arrow that targets the cancerous cells, while the substance attached to this arrow (monoclonal 

antibody) acts as a cell poison. Conjugated antibodies can be classified into several groups 

depending on the type of substance attached on to them. Primarily there are three main classes of 

conjugated antibodies, which are radiolabeled (attached to radioactive particles), chemolabeled 

(attached to chemotherapy drugs), and immunotoxins (attached to cell toxins). 
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In cancer therapy, the monoclonal antibodies in use have different approaches of mediating tumour 

cell death, which are well linked with the natural function of the target antigen. Monoclonal 

antibodies can directly act on the cancer cells by the blocking of growth factor receptors that are 

required for the cancer cell growth. Cetuximab is one of the first monoclonal antibodies to target 

the epidermal growth factor receptor (EGFR) and has been approved in the treatment of colorectal 

cancer. Cetuximab binds on the cell surface of EGFR and prevents the ligand binding site of EGFR 

which in turn inhibits the intracellular receptor signalling. This results in the cell-cycle arrest, 

induction of apoptosis and thus the downregulation of cell surface expression of EGFR takes place. 

Another example of a monoclonal antibodies is Trastuzumab and it has been used to target 

effectively the human epidermal growth factor receptor type 2 (HER2).101 

Table 1.2. Classification of conjugated monoclonal antibodies and their targets 

Class of Conjugated 

Monoclonal Antibody 

Description Examples Target 

Chemolabeled Monoclonal antibody 

attached to the 

chemotherapy drug 

Brentuximab 

vedotin 

(Adcetris®) 

CD30 antigen on 

white blood cells 

attached to the drug 

known as 

Monomethyl  

Auristatin E (MMAE) 

Radiolabeled Monoclonal antibody 

attached to small 

radioactive particles 

Ibritumomab 

tiuxetan (Zevalin®), 

Tositumomab 

(Bexxar®) 

CD20 antigen on 

certain white blood 

cells 

Immunotoxin Monoclonal antibody 

attached to a cellular 

toxin 

NA NA 

**NA: No products approved yet 
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Brentuximab Vedotin (BV) is an antibody-drug conjugate that specifically delivers the potent 

cytotoxic drug monomethyl auristatin E (MMAE) to CD30-positive cells. BV is FDA-approved 

for treatment of relapsed/refractory Hodgkin lymphoma (HL) and anaplastic large cell lymphoma 

(ALCL); however, many patients do not achieve complete remission and develop BV resistant 

disease.102  

Although no immunotoxins are currently available for the treatment of cancer, many are under 

study. A related drug that consists of an immune system protein that is not an antibody is attached 

to a toxin made by the organism that causes diphtheria. This drug is known as denileukin diftitox 

(Ontak®) and is used to treat some types of cancers.103  

At least nine different monoclonal antibodies are approved by the United States Food and Drug 

Administration (FDA) for the treatment of cancer. Examples: Avastin®, Bexxar®, Campath®, 

Erbitux®, Rituxan®, Vectibix®, Yervoy®,  and Zevalin®. 104 

Alemtuzumab (Campath®) 

Alemtuzumab is a humanized, unconjugated monoclonal antibody used to treat chronic 

lymphocytic leukemia.105 Alemtuzumab binds to a protein called the CD52 antigen, a protein 

located on certain white blood cells known as B cells and T cells. After the attachment of the drug 

to the CD52 antigen, alemtuzumab initiates the destruction of the cell by the immune system. The 

abbreviation CD stands for “cluster of differentiation” and refers to a group of antigens on the 

surfaces of white blood cells that react with different antibodies. Each type of white blood cell 

expresses a pattern of CD antigens that can be used to help distinguish it from other types of white 

blood cells that are at different stages of maturity or perform different functions.106 The antigens 
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themselves have a variety of different functions such as allowing cells to adhere to one another, 

acting as receptors, and regulating immune responses.107  

Bevacizumab (Avastin®) 

Bevacizumab is also a humanized and unconjugated monoclonal antibody which is directed 

against vascular endothelial growth factor (VEGF).108 VEGF is a growth factor that helps vascular 

endothelial cells to grow, and these vascular endothelial cells make up the inside of blood 

vessels.109 Cancers need a constant blood supply to bring them oxygen and nutrients so that they 

can grow and proliferate.110 VEGF is a growth factor that stimulates new blood vessel formation, 

which helps tumors to grow and proliferate.110 Bevacizumab binds to VEGF to form a complex 

that prevents VEGF from binding to its receptors on the surface of cells.110 VEGF is the signal that 

initiates the growth pathway in vascular endothelial cells. Without the VEGF signal, the growth 

pathway is not activated and results in no growth of these cells and no new blood vessels. And 

without new blood vessels, cancers cannot grow.111 That is, all tumours need a blood supply and 

VEGF is a key factor needed for generating this blood supply. For this reason, it seems that all 

tumours would be sensitive to antibodies against VEGF.  

1.6.3 Angiogenesis (AG) inhibitors 

Angiogenesis (AG) is a process whereby a tumour develops new blood vessels for cell growth and 

metastasis. Small tumours can obtain oxygen and nutrients by diffusion, but as they grow into 

large tumours, they need new blood vessels for obtaining the required nutrients for growth, 

invasion and metastasis. Anti-angiogenic and pro-angiogenic factors are involved in the process 

of development of new blood vessels.112 Vascular endothelial growth factor (VEGF), fibroblast 



41 

 

growth factor (FGF), and angiogenin are a few pro-angiogenic factors that are produced in tumor-

associated angiogenesis which in turn induces the proliferation, migration and invasion of 

endothelial cells in new vascular structures.112 A clinical trial in the year 2003 resulted in the  

prolonged survival of cancer patients with metastatic colorectal cancer.  In this clinical trial, the 

chemotherapy was administrated successfully in combination with humanized neutralizing 

antibodies that targets the anti-vascular endothelial growth factor (VEGF). This resulted in an FDA 

approval for the therapy and provided a proof-of-concept that anti-angiogenic therapy can be used 

effectively in treating cancer. Several antibodies and tyrosine kinase inhibitors are designed to 

target the pro-angiogenic signaling pathways and have been approved as cancer therapies. In spite 

of a having large number of FDA-approved drugs, the success of anti-angiogenic treatment has 

been limited, providing only a short-term relief from tumor growth before resistance occurs. This 

limitation has several explanations that includes, tumors making use of alternative modes of 

angiogenesis and advancement of resistance mechanisms, and the tumors can find access to blood 

supply through vascular co-option, thus bypassing the need of tumor angiogenesis.113 Some of the 

angiogenesis inhibitors with their modes of action are (a) Angiostatin K13: Inhibitor of endothelial 

cell growth and angiogenesis, (b) Fumagillin: Inhibitor of endothelial cell proliferation and 

angiogenesis, and (c) Genistein: Downregulates the transcription of genes involved in controlling 

angiogenesis. 

1.6.4 Microtubule inhibitors 

Microtubules are heterodimers composed of α and β tubulins. These are involved in many 

biological process e.g., cell signalling, intracellular transport and maintenance of cell shape.114 

Microtubules are important targets for anticancer drug development due to their significant role in 
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mitosis. During the cell division, the mitotic spindle is responsible for the movement of 

chromosomes to the opposite sides of the cell. These spindles are composed of microtubules that 

have tubulin as a monomer.115, 116 Microtubule inhibiting agents are compounds/drugs that 

interfere with the microtubule assembly. Currently, these agents are being used in clinical therapy 

as they are able to suppress microtubule dynamics in fast dividing tumour cells by misdirecting 

the formation of a functional mitotic spindle. These microtubule inhibitors can be classified as 

stabilizing and destabilizing agents. Microtubule stabilizing agents act by promoting the 

polymerization in cancer cells. Taxanes (paclitaxel and docetaxel) and epothilones are examples 

of these stabilizing agents.100  Some examples of microtubule inhibitors used as anticancer agents 

are (a) paclitaxel which binds to β tubulin and promotes the formation of highly stable 

microtubules that resist depolymerization thereby preventing cell division,117 and (b) dolastatin 15 

which is reported to interact with tubulin and induce apoptosis.118 Recent studies reveal  plinabulin 

a synthetic analog derived from the marine natural product “diketopiperazine phenylahistin” is a 

micro-tubulin inhibitor. Plinabulin has been moved into phase III clinical trials in combination 

with docetaxel as a combination agent for treating non-small cell lung cancer and for the inhibition 

of chemotherapy-induced neutropenia.119 This cancer therapy could block the cancer cells in the 

G2/M phase of the cell cycle and thereby induces apoptosis through caspase-3, caspase-8, caspase-

9, and PARP (poly ADP-ribose polymerase) cleavage. Plinabulin was also known to inhibit the 

cell proliferation by disrupting the tumor vascular endothelial cells.119  

1.6.5 DNA intercalators and groove binding agents 

The major mechanisms that are involved in drug-DNA interactions are intercalation and groove 

bindings. (I) Intercalation is a process in which a planar molecule is inserted between DNA base 
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pairs resulting in the distortion of DNA whereby there is a reduction in the lengthening and helical 

twist.120 DNA intercalating agents are classified into monofunctional (e.g. ellipticine, 

actinomycins and fused quinoline compounds) and bi or poly (e.g. ditercalinium and echinomycin) 

functional intercalating molecules. DNA intercalating agents disturb the process of recognition 

and function of DNA associated proteins (polymerases, topoisomerases, transcription factors and 

DNA repair systems).121 These intercalators can be toxic or non-toxic, depending on the presence 

or absence of different functional groups (e.g. basic, cationic, and electrophilic) that are required 

for the genotoxicity.122 (II) Groove binding agents, unlike intercalators, bind to the minor groove 

of DNA as a standard lock and key model. These groove-binding agents do not induce large 

conformational changes in the DNA. Groove binding molecules are more sequence selective and 

do not show a G-C region preference. On the other hand, DNA intercalators show a preference for 

G-C regions being less sequence selective. Intercalators and groove binders are often both 

anticancer and antibacterial agents.  Mitomycin and anthracyclines are DNA crosslinkers as well 

as groove-binding agents.123 Some examples of DNA intercalators used as anticancer agents are 

(a) chlorambucil which alkylates DNA and in leukemia cells, it induces apoptosis by a p53 

dependent mechanism,124 and (b) cyclophosphamide (a nitrogen mustard) which  crosslinks DNA 

and causes strand breakage.125 

1.6.6 The role of thiols in regulating cancer development and growth  

In the maintenance of an intracellular redox balance, many enzymatic systems are involved. 

Glutathione (GSH) is one of the key molecules126 (Figure 1.17) that plays an important role in 

regulating the antioxidant defense systems.127 GSH is a tripeptide molecule and is involved in the 

synthesis of proteins and nucleic acids.  It protects cells by cellular detoxification of  electrophiles, 
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xenobiotics and oxygen-related toxic species like free radicals and peroxides. Glutathione S-

transferase (GST) is  a  detoxification  enzyme  and it catalyzes the reaction between GSH and 

cytotoxic agents containing  electrophilic  centers to produce  a  glutathione conjugate  that  is  

chemically  less reactive, less  toxic, water-soluble and  can  be easily excreted  from  the  body. 

Therefore glutathione S-transferase can inactivate various electrophile-producing anticancer 

agents by conjugation to GSH, making the anticancer agents less affective.  Electrophilic centers 

if present in anticancer agents, react with GSH and form conjugates through GST mediation, which 

are then excreted from the body.  GST’s therefore utilizes its detoxification mechanisms in the 

biotransformation of the anticancer agents into less toxic metabolites making them less effective 

or leading to the failure of chemotherapy.128 Cellular processes, including cell differentiation, 

proliferation, apoptosis, and disturbances in GSH homeostasis are involved in the causes and 

progression of many human diseases including cancer.  While GSH deficiency, or a decrease in 

the GSH/glutathione disulfide ratio, leads to an increased susceptibility towards oxidative stress 

implicated in the progression of cancer, elevated GSH levels increase the antioxidant capacity and 

the resistance to oxidative stress is observed in many cancer cells. Elevated levels of GSH are 

known to be observed in many types of tumors which makes the neoplastic tissues more resistant 

to chemotherapy129, 130. Moreover, the content of GSH in some tumor cells is typically associated 

with higher levels of GSH-related enzymes, such as 𝛾-glutamylcysteine ligase (GCL), 𝛾-glutamyl-

transpeptidase (GGT) activities, and GSH-transporting export pumps.130, 131 Therefore it is not 

surprising that the GSH system has attracted the attention of a number of scientists as a possible 

target for medical intervention with a view to combat cancer progression and chemoresistance.  
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The importance of GSH in altering cellular responses to certain chemotherapy drugs has been 

demonstrated by virtue of the development of agents that either inhibit132 or stimulate,133  

intracellular GSH synthesis. The main research in this field has been directed towards depleting 

GSH by a specific inhibition of 𝛾-glutamylcysteine ligase (GCL) which is a key enzyme of GSH 

biosynthesis. In this context, buthionine sulfoximine (BSO) (46 in Figure 1.16) is the most popular 

GSH-depleting agent studied in both preclinical and early clinical trials, and studies in various cell 

types have shown BSO to markedly enhance the cytotoxicity of many chemotherapy drugs134, 135 

and hypoxic cell radiosensitizers.136  Contrarily, increasing the GSH levels prior to drug treatment 

by oxothiazolidine carboxylate has shown a significant protection against chemotherapy drug-

mediated cytotoxicity.137, 138 

                                               

Figure 1.16. Buthionine sulfoximine 46 and oxothiazolidine carboxylic acid ester 47. 

It is also evident that many antioxidant enzymes are induced by GSH depletion at the 

transcriptional level. The broad distribution of GSH among all living organisms reflects its 

important biological roles. As mentioned earlier the major function of GSH is the detoxification 

of xenobiotics and some endogenous compounds. These substances are electrophiles and form 

conjugates with GSH, either spontaneously or enzymatically, in reactions catalyzed by GSH-S-

transferases (GST).139 
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Figure 1.17. Glutathione (GSH). 

In many normal and malignant cells, increased GSH levels are associated with cellular 

proliferation and are essential for cell cycle progression.140, 141 The increase in GSH is a major 

contributing factor in drug resistance by binding to, or reacting with, drugs, interacting with ROS, 

preventing damage to proteins or DNA, or by participating in DNA repair processes. In melanoma 

cells, GSH depletion and 𝛾-glutamyl-transpeptidase (GGT) inhibition significantly increased 

cytotoxicity via oxidative stress.142 Moreover, it has been found that the human multidrug 

resistance protein (MRP), which is a member of the superfamily of ATP-binding cassette 

membrane transporters, can lead to resistance to multiple classes of chemotherapeutic agents.143, 

144 Several studies have shown coordinated overexpression of GCLC (glutamate-cysteine ligase 

catalytic subunit is an enzyme in humans and it is encoded by the GCLC gene) and MRP(multidrug 

resistance protein) in drug-resistant tumor cell lines, in human colorectal tumors and in human 

lung cancer specimens.143, 144 

Since the thiol concentrations are elevated in many types of tumours,68, 145 the lowering of thiol 

concentrations may be selectively more damaging to tumours than normal cells. Therefore thiol 

alkylators, which will lower intracellular thiol concentrations, may sensitize malignant cells to 

anticancer drugs.  As discussed earlier, a number of cellular thiols play an important role in cell 

division whereby the concentrations of thiols increase just before and during mitosis.146, 147 These 



47 

 

conjugated unsaturated ketones are therefore potential candidates in treating drug resistant 

tumours. For example 1-p-chlorophenyl-4,4-dimethyl-5-diethylamino-1-penten-3-one 

hydrobromide (Figure 1.18), which is a Mannich base derivative of an α,β-unsaturated styryl 

ketones, is an antineoplastic agent67 and had been reported to react with protein thiols.66 

Cyclophosphamide, melphalan, chlorambucil, carmustine, lomustine (CCNU), dacarbazine 

(DTIC), and busulfan are some examples of antineoplastic agents which can alkylate electron rich 

nucleophilic groups such as sulfhydryl, hydroxyl, amino, and phosphate groups present in 

intracellular macromolecules. The importance of cytotoxic thiol alkylators has been reviewed.71  

 

Figure 1.18. 1-p-Chlorophenyl-4,4-dimethyl-5-diethylamino-1-penten-3-one hydrobromide. 

1.7 Mannich bases      

A Mannich reaction is a three-component condensation reaction between a substrate containing at 

least one active hydrogen atom, an aldehyde component and an amine reagent producing a class 

of compounds known as Mannich bases.  Mannich reactions are also known as aminoalkylation 

reactions as they are the derivatives of a substrate obtained through substitution by an aminoalkyl 

moiety. Although primary amines (including ammonia) may be employed as amine reagents in 

aminoalkylations, secondary aliphatic amines (R2NH) are the most commonly used amine reagents 

in the Mannich reactions. Regardless of the structural diversity, all the substrates should have an 

activating functional group that renders the substrate active in the Mannich reaction. The carbonyl 
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group in ketones, phenolic hydroxyl substituent in phenols, terminal carbon-carbon triple bond in 

alkynes, and the heteroatom in heterocycles are common examples of activating groups.  

Substitution of a substrate with a single aminomethyl function results in mono-Mannich bases, but 

two aminomethyl groups can also form with substrates having more than one active hydrogen atom 

producing bis Mannich bases such as 50-53 derived from dialkyl ketones, alkyl aryl ketones, 4-

substituted phenols and pyrrole, respectively. Also, the aminomethylation of a substrate having a 

reactive hydrogen(X-H) with amine reagents other than secondary amines (such as ammonia, 

having three reactive hydrogen atoms on the nitrogen atom, or primary amines R-NH2, having two 

reactive hydrogen atoms on the nitrogen atom) may lead to tris-Mannich bases 54 and bis-Mannich 

bases 55, respectively (Figure 1.19). An important application of the Mannich reaction is in the 

field of medicinal chemistry148 since a number of Mannich bases possess biological activities.  

 

Figure 1.19. General structures of double, bis and tris Mannich bases. 

Aminomethylation of drugs could be used as a tool to improve drug delivery properties of a drug 

into the human body or a target receptor. Aminomethylation is one way to increase the hydrophilic 
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properties of drugs by introducing a polar functional group into the drug moeity, the well-known 

rolicycline being one of the most common examples.149 Water solubility of the drug can be further 

enhanced by the quaternization of the nitrogen atom of the aminomethyl derivative thereby making 

an ammonium salt. Alternatively the lipophilic properties of a drug can be altered through a 

Mannich reaction by choosing the appropriate amine reagent.150  Further, the aminomethylated 

drugs could act as prodrugs, releasing the active drug ingredient under controlled hydrolytic 

conditions via deaminomethylation or deamination.151 

 Lawsone (2-hydroxy-1,4-naphthoquinone) is a naturally occurring naphthoquinone which is 

extracted from dry powdered leaves of the henna plant (Lawsonia inermis) and showed weak 

toxicity towards both human hepatocytes and various triple-negative MDA-MB-231 breast cancer, 

the BxPC-3 pancreas cancer, and the PC-3(AR-) prostate cancer cell lines.152 Introducing a 

nitrogen atom into lawsone or naphthoquinone molecule enhances their anticancer activities.153 

Quinonoid compounds derived from lawsone are known to have cytotoxic evolution against cancer 

cells HCT-116 (human colon carcinoma cells), PC3 (human prostate cancer cells), HL-60 (human 

promyelocytic leukemia cells), SF295 (human glioblastoma cells) and NCI-H460 (human lung 

cancer cells) shown antitumor activity with IC50 values <2 mM.154 One of the strategies for 

introducing a nitrogen atom in lawsone is the formation of its Mannich base via the Mannich 

reaction. Lawsone Mannich bases derived from salicylaldehyde or nitro furfural are shown to have 

antiparasitic activity.155 Cytotoxicity of Mannich bases has been attributed partially to the α,β-

unsaturated ketones liberated by deamination.156 These α,β-unsaturated ketones have a markedly 

greater affinity for thiols over amino and hydroxy nucleophiles. This preferential affinity may 
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result in a lack of mutagenicity and carcinogenicity which are associated with certain alkylating 

agents due to presumed interaction with nucleic acids.157  

The anticancer and cytotoxic activities of certain ketone Mannich bases, structurally related to α,β-

unsaturated ketones158 were reviewed. These two groups of compounds were shown to exert their 

cytotoxic action through the alkylation of cellular thiols such as glutathione (GSH) or cysteine, 

and may be useful in sensitizing tumor cells to antineoplastic agents, and even reverse drug 

resistance.71 Compounds possessing  both a Mannich base moiety and an activated unsaturated 

carbon-carbon double bond in their structure (for example, Mannich bases of chalcones such as 

59) have been considered as representative compounds for the evaluation of the sequential 

cytotoxicity theory.159 In addition, Mannich bases 58 of enones, which can be easily synthesized 

from alkyl aryl ketones in one synthetic step, showed marked cytotoxicity towards numerous 

cancer cell lines.160 Furthermore, ortho-phenolic Mannich bases may undergo deamination to yield 

ortho-quinone methides. Mannich bases of chalcones derived from either phenolic aldehydes or 

ketones are a class of compounds for which structure 59 is prototypical, have been examined also 

as cytotoxic agents.161 From the last decade, research on more potent anticancer agents having 

these four types of cytotoxic Mannich bases in their structures e.g., 56-59  (Figure 1.20)  has 

steadily continued.160  
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Figure 1.20. General structures of the Mannich bases with anticancer and cytotoxic activity. 

The conformational arrangement of these Mannich bases can influence the interaction of these 

compounds with the cellular constituents. Restricted conformational mobility of the Mannich 

bases can be attained by forming cyclic Mannich bases. Dimmock et al developed a series of 3,5-

bis(arylidene)-4-piperidone related Mannich bases 60 which have a ring nitrogen atom at the β-

position to the two enone functional groups (Figure 1.21). These compounds exhibited cytotoxic 

activity against P388 cells. The substituents on the aryl rings were chosen to vary the electronic 

properties, which can influence the cytotoxicity of the compounds towards malignant cells.162  
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Figure 1.21. 3,5-bis(arylidene)-4-piperidone related Mannich bases. 

2-Benzylidenebenzofuran-3(2H)-ones, commonly known as aurones, represent a subclass of 

flavonoids with pharmacological potential.163, 164  Recent studies by Popova et al, revealed that the 

Mannich base derivatives of these aurones exhibited inhibition of the proliferation of PC-3 prostate 

cancer cells (antiproliferative activity) with IC50 values in the 7-84 µM range.165 
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Reagents: a) CH2(NR5R6)2, iPrOH, 80 οC; b) CH2(NC4H8X)2, iPrOH, 80 οC 

Scheme 1.4. Synthesis of Mannich bases of 6-hydroxyaurones. 

Another recent article by Tugrak et al reports that under suitable reaction conditions, Mannich 

bases can undergo deamination processes to generate α,β-unsaturated ketones, which is the most 

likely site of action for their cytotoxic activities.166 The α,β-unsaturated ketones thus produced by 

the deamination process of Mannich bases generally react with nucleophiles, especially with thiols, 

which are  converted to increased cytotoxic compounds.166  

The Mannich base (64) containing an α,β-unsaturated ketone motif, may be able to undergo a 

deamination process and produced compound (65), which is a quinone methide. Compound 65 
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now has two alkylation centers in its chemical structure as shown in the Scheme 1.5. First thiol 

alkylation can take place at the side chain of the molecule generating a thiol-alkylated compound. 

Then the second or consecutive thiol alkylation occurs at the aryl ring of the quinone methide 

formed to produce the bis thiol alkylated compound 67. This is in accordance with the sequential 

cytotoxicity hypothesis, as proposed by Dimmock et al.167  

 

Scheme 1.5. Sequential thiol alkylation. 

Most of the compounds showed CC50 values in the low micromolar range (5.4 -18 µM) towards 

Ca9-22, HSC-2, HSC-3, and HSC-4 cell lines. Human normal oral cells gingival fibroblasts 

(HGF), periodontal ligament fibroblasts (HPLF), and pulp cells (HPC) are also used in the 
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experiment. The selectivity index (SI) values of greater than 1 were obtained for all compounds 

against all tumor cell lines.166 

1.8 Mitochondria 

Mitochondria are membrane-bound organelles present in the cytoplasm of eukaryotic cells.  They 

can be considered as the power generators of the cell which converts oxygen and nutrients into 

adenosine triphosphate (ATP) (Figure 1.22). ATP is the primary chemical energy of the cells that 

powers all metabolic activities in the cell.168 Higher animals would not exist without mitochondria 

because their cells would be able to get energy only from anaerobic respiration (in the absence of 

oxygen), a process which is much less efficient than aerobic respiration. In fact, mitochondria 

enable cells to produce 15 times more ATP than they produce in the absence of oxygen, and 

complex animals like humans need large amounts of energy in order to survive. 169  
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  source: (https://www.britannica.com/science/mitochondrion) 170 

Figure 1.22. Structure of a mitochondrion. 

The structure of a mitochondrion is very important in the functioning of the organelle.  A 

mitochondrion consists of two membranes, an outer and inner membrane composed of 

phospholipid bilayers and proteins.98 The outer mitochondrial membrane completely surrounds the 

inner membrane leaving a small intermembrane space between the two membranes. The outer 

mitochondrial membrane possesses many protein-based pores which are large enough to allow the 

passage of ions and molecules. In contrast, the inner mitochondrial membrane is associated with 

restricted permeability.171 

The inner mitochondrial membrane also consists of some proteins which are involved in electron 

transport and ATP synthesis. Inside this inner membrane is the mitochondrial matrix, where the 

citric acid cycle produces electrons which travel from one protein complex to the next within the 

https://www.britannica.com/science/mitochondrion
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inner mitochondrial membrane. At the end of this process of the electron transport chain, oxygen 

is the final electron acceptor which produces water (H2O). At the same time, ATP is produced 

during this electron transport chain and this process is called oxidative phosphorylation. 

During the electron transport process, the participating proteins will push the protons out from the 

matrix into the intermembrane space and this creates a concentration gradient of protons that 

another protein called ATP synthase uses to power the synthesis of the energy carrier molecule 

ATP (Figure 1.23). 

 

 

Figure 1.23. The electrochemical proton gradient and ATP synthase.171 

In the inner mitochondrial membrane, a high energy electron is passed along an electron transport 

chain. The energy released pumps the hydrogen out of the matrix space. The gradient created by 

this process drives hydrogen back into the membrane through the protein ATP synthase and the 

enzymatic activity of ATP synthase will synthesize ATP from ADP.171 
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Source: 2014 Nature Education (https://www.nature.com/scitable/topicpage/mitochondria-

14053590) Accessed on Feb 26, 2018. 

1.8.1 Mitochondrial membrane potential (MMP) Ψ 

Mitochondria are commonly referred as the power houses of the cells and play a vital role in 

cellular physiology. The majority of the cellular energy (ATP) in eukaryotic cells is generated in 

the mitochondria through the process of oxidative phosphorylation where the electrons are 

transferred from electron donors to the electron acceptors such as oxygen.172 This electron 

transport chain creates an electrochemical gradient which drives the synthesis of ATP173, 168 and 

produces the mitochondrial membrane potential (MMP).  The mitochondrial membrane potential 

is frequently used for assessing the functioning of mitochondria in the context of the fate of the 

cells in biological and biomedical research.174 Mitochondrial dysfunctions are associated with 

various biological disorders such as cancer, cardiovascular problems, diabetes, and 

neurodegenerative diseases.175 Xenobiotic compounds show their toxicity either by a direct or a 

secondary effect on mitochondrial function. Many of these compounds reduce the MMP by 

interacting with a variety of macromolecules in the mitochondria, and thereby affecting different 

functions of mitochondria. A decrease in the MMP may also be linked to apoptosis.176, 177   

1.8.2 More hyperpolarised mitochondrial membrane potential in cancer cells 

Many cancer cells are more hyperpolarised MMP(Ψ) than the normal cells.178, 179 The 

mitochondrial membrane potential in normal cells is between -108 and -159 mV,  with an average 

value of -139 mV.180, 181 The optimum MMP for the maximum production of ATP is between -

130 to -140 mV, for all living organisms.181 If the cancer is more invasive and dangerous, then a 

Nature%20Education
https://www.nature.com/scitable/topicpage/mitochondria-14053590
https://www.nature.com/scitable/topicpage/mitochondria-14053590
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more hyperpolarised MMP is observed.182, 183 The hyperpolarisation of the mitochondrial 

membrane potential can be >50% greater in cancer cells than normal cells.184 e.g. MMP(Ψ) ≈ -

210 mV in mouse Neu4145 mammary gland tumor cells.185 Sometimes the hyperpolarisation of 

MMP in cancer cells can be double that of normal cells.186 In general the MMP of cancer cells is 

extremely sub-optimal (less than optimal) for ATP production.  

Lipophilic cations can cross the membranes and by their positive charge they are attracted and 

accumulate in the mitochondrial matrix which is negative inside because of the MMP. Cancer cells 

have a more hyperpolarised MMP and therefore the delocalized lipophilic cations are more 

attracted to their mitochondria and than this organelle in non-malignant cells.179 According to some 

authors, based on Nernst’s law, cations which are capable of permeating  biological membranes 

can accumulate in the mitochondrial matrix at a 10 fold higher level with each 60 mV of 

transmembrane voltage.184 For example if the  MMP of a cancer cell is 60 mV more hyperpolarised 

than that of a normal cell, then a single charged lipophilic cation will accumulate 10 times more 

in the mitochondrial matrix of cancer cells than normal cells (T=300 K)184 and a lipophilic cation 

with a double charge will accumulate 100 times more than a normal cell.187 So, the delocalized 

lipophilic cationic poisons are selectively targeted more to cancer cells than normal cells. Different 

delocalised lipophilic cations have been shown to accumulate in the matrix of mitochondria and 

selectively kill cancer cells in vitro and in vivo.178, 188, 189 This confirms that the cancer cells have 

more hyperpolarised MMP.189 
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1.8.3 Approaches to targeting compounds to mitochondria 

Mitochondria are one of the important targets for new drug designs in cancer, cardiovascular, and 

neurological diseases.190 An effective way to deliver the drugs selectively to mitochondria is by 

covalent linking it to a delocalized lipophilic cation such as an alkyltriphenylphosphonium ion to 

a pharmacophore of interest. Other delocalized lipophilic cations, such as rhodamine, natural and 

synthetic mitochondria-targeting peptides, and nanoparticle vehicles, have been used for the 

effective delivery of small molecules into mitochondria. Targeting the mitochondria has been 

developed to investigate mitochondrial physiology, dysfunction, the interaction between 

mitochondria and other subcellular organelles and for the treatment of neurological, and 

cardiovascular and cancer diseases.191, 192  Over the last two decades, research on cancer therapy 

is mainly focused on developing selective targeting and accumulation of mitochondria-targeted 

cations (MTCs) and their capability to modify ROS-mediated redox signaling and antiproliferative 

pathways in cancer cells.193, 194, 195 

In a recent article, the authors discussed the strategies and physicochemical foundations for 

targeting and transporting the compounds to mitochondria.190 The development and applications 

of mitochondria-targeted bioactive molecules are compounds for the development of new 

therapeutics in the fields of cancer and neurodegenerative diseases.190 Due to the negative 

mitochondrial membrane potential of the inner membrane, the positively charged compounds 

accumulate in the mitochondrial matrix against their concentration gradient.190 

Alkylated triphenylphosphonium cations were initially used as probes to study the mechanism of 

coupling of the mitochondrial membrane potential with oxidative phosphorylation and 
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consequently used to determine the mitochondrial membrane potential in a cell.196, 195 As shown in 

Figure 1.24 the “blue end” of the molecule is a parent molecule containing a nitroxide group 

(−N−O•) that exhibits a superoxide dismutase (SOD) mimetic activity, a phenolic hydroxyl group 

(−OH) with a chain-breaking radical scavenging ability, a radiolabeled technetium group for use 

in metabolic imaging, or a hydroethidine (HE) moiety that can form a specific marker product 

upon reaction with a superoxide radical anion (O2
• −). The “blue colored part of the molecule” is 

bound to a delocalized lipophilic cation (shown in red) through an alkyl chain space linker (shown 

in green). Depending on the length of the space linker (typically n = 2-10 carbon atoms chain) the 

lipophilicity, may modulate the cellular uptake. 

 

Source: Chem. Rev.  2017, 117, 10043-10120.190 

Figure 1.24. Anatomy of a typical molecule with a different functional group conjugated to the 

TPP+ cation through a space linker.190 

Some examples of the TPP+-conjugated compounds for their mitochondrial targeted delivery are 

shown in Figure 1.25. The color-coding represents the three parts of the mitochondria-targeted 



62 

 

molecules (1) functional moiety in blue, (2) space linker in green, and (3) the targeting moiety in 

red. 

 

Figure 1.25. Some examples of TPP+ conjugated compounds for delivering into mitochondria.190 

Source: Chem. Rev.  2017, 117, 10043-10120. 
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1.8.4 Accumulation of lipophilic cations in the mitochondria of intact cells 

The selective intake of delocalized lipophilic cations through mitochondria in cells is based on the 

mitochondrial membrane potential-driven accumulation of the positively charged ion(s). The 

degree of accumulation of any delocalized charged ions/species across the mitochondrial 

membrane occurs against the concentration gradient of the mitochondrial membrane potential. At 

any equilibrium, the concentrations of the ion on either side of the charged membrane can be 

obtained by using the Nernst equation: 

 

where R is the universal gas constant, T is the temperature (K), n is the valency of the charged 

species, F is Faraday’s constant, and cout and cin are the concentrations of the ions/species on either 

side of the charged membrane with the potential ΔΨ. For a single-charged cationic species 

accumulating in a space surrounded by a membrane with a potential ΔΨ which is negative inside 

and the temperature is 37 °C, the Nernst equation can be simplified as follows: 

 

To enter the mitochondria of the cells, the compound must cross both the plasma and the 

mitochondrial membrane of the cell. Fortunately, in both cases, the membrane potential is negative 

inside. A stepwise accumulation of the cationic compounds takes place initially in the cell cytosol, 

then afterwards inside the mitochondria. As shown in Figure 1.26, the plasma membrane potential 

is between 30-60 mV which makes a 3-5-fold increase in the cytosolic concentration of cations in 
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comparison to the extracellular medium. The mitochondrial membrane potential is in the range of 

120-180 mV which increases the concentration of the cation in the mitochondrial matrix by a 100-

1000-fold. For example, an alkyltriphenylphosphonium cation added extracellularly at the 

concentration of 1 μM could reach an intra-mitochondrial concentration in the range of 0.1-1.0 

mM or higher concentrations.190 

 

Copyright © 2017 American Chemical Society 

Figure 1.26. Cellular uptake of TPP+-linked compounds driven by plasma membrane and 

mitochondrial membrane potentials.190  

Source: Chem. Rev.  2017, 117, 10043-10120.  

The passage of a delocalized lipophilic cation through the mitochondrial inner membrane takes 

place in a multistep process. Initially, the cation binds to the intermembrane space (IMS) at the 

side of the mitochondrial membrane. Being within the phospholipid layer of the membrane, it then 

moves to the matrix side of the membrane. At last, it detaches from the matrix side of the 

membrane. The passage of a mitochondria-targeted antioxidant (MTC) through a membrane is 

shown schematically in Figure 1.27.197, 198  
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As shown in Figure 1.27, after binding to the mitochondrial membrane, the cationic targeting 

moiety is localized on the membrane surface, due to an electrostatic interaction with the negatively 

charged phosphates. Afterwards, the position of the space linker and the location of the cargo will 

change depending on their physicochemical properties. Hydrophobic space linkers and cargo will 

move towards the center of the membrane, whereas the hydrophilic cargo may tend to move 

towards the aqueous cytosolic phase. The energy barrier for the transfer of the lipophilic cations 

through the phospholipid bilayer is normally related to the transfer of the membrane-bound 

compound from one side to the other side of the membrane (step 2 in Figure 1.27).197, 199  

Lipophilic cations can more easily infuse the mitochondrial membrane than the plasma membrane. 

Thus after entering the cell, the depolarized lipophilic compounds will rapidly accumulate in the 

mitochondria. 

 

Source:  Chem. Rev.  2017, 117, 10043-10120.     Copyright © 2017 American Chemical Society  

Figure 1.27. Schematic representation of the transport of an MTC from the mitochondrial IMS 

to the matrix through the mitochondrial inner membrane.190 
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1.9 Conclusions 

The anticancer and cytotoxicity of numerous α,β-unsaturated ketones and their Mannich bases is 

an emerging research topic of interest for many of the cancer research scientists who aim to 

develop novel tumour-selective cytotoxic compounds with enhanced cytotoxicity and improved 

bioavailability, pharmacokinetic and pharmacodynamic properties. The structural diversity of 

curcumin related analogues containing the 1,5-diaryl-3-oxo-1,4-pentadienyl pharmacophore 

mounted on a piperidinyl ring allows the design and development of novel drug candidates to 

overcome multidrug resistance and show sequential cytotoxicity to malignant cells. This may be 

achieved by introducing or altering various groups on the aryl rings and the substituents on the 

piperidyl nitrogen which can react at contiguous binding sites forming van der Waals and hydrogen 

bonds with cellular constituents which can influence cytotoxic properties. The common issue that 

was seen in these types of molecules is their hydrophobicity. The hydrophobicity can be reduced 

by introducing hydrophilic groups on aryl rings or the alkyl/acyl chain linked to the piperidyl 

nitrogen atom. These structural modifications may produce a molecule with the desired drug-like 

properties with retained or enhanced tumour-selective cytotoxicity and multidrug resistance. Also, 

delocalized lipophilic compounds are targeted to the mitochondria and depolarize the MMP in the 

cancer cells which leads to the dysfunction of mitochondria and thereby to cell death. 

The literature review records some of the enormous health problems caused by cancer. In addition, 

various ways in which treatment takes place are presented. However there are a number of 

problems with current drug therapy. This review discloses that certain conjugated unsaturated 

ketones have promising antineoplastic properties and exert their bioactivity, in part at least, to 
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alkylation of cellular thiols. This review also outlines a variety of quaternary ammonium 

compounds which display promising cytotoxic properties. 

Based on these observations, the objective of the research outlined in this thesis is to prepare a 

variety of conjugated enones and examine their cytotoxic properties. In addition, the compounds 

were examined for their capacity to display greater toxicity to neoplasms than to non-malignant 

cells. Specifically the research work described in this thesis is divided into three principal areas. 

First, evaluations were made of the cytotoxic properties of various 3,5-bis(benzylidene)-4-

piperidones 15 details of which are found in Chapter 2. A series of N-acyl analogs 33 of a variety 

of compounds in series 15 are outlined in Chapter 3. Finally another series of N-acyl derivatives 

70 were prepared as well as related quaternary ammonium salts 71 which are presented in Chapter 

4. These enones are designed to react with cellular thiols and target mitochondria as lipophilic, 

cationic molecules in tumors with the goal of creating compounds which cause tumor-specific 

toxicity. Some ideas for future development of these series of compounds were also made. 
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Hypotheses and Objectives: 

Hypotheses 

1. The relative cytotoxic potencies of a series of 3,5-bis(benzylidene)-4-piperidones towards 

Ca9-22, HSC-2, HSC-3 and HSC-4 cells are governed by the magnitude of the electronic 

properties of the aryl substituents. [Chapter 2].  

2. N-Acylation of various 3,5-bis(benzylidene)-4-piperidones will increase the in vitro 

cytotoxic potencies of the precursor ketones towards Ca9-22, HSC-2, HSC-3 and HSC-4 cells. 

[Chapters 3 and 4]. 

3. Quaternization of a series of N-acyl-3,5-bis(benzylidene)-4-piperidones will lead to 

compounds with increases in antineoplastic properties and tumor-selective cytotoxicity.     

[Chapter 4]. 

 

Objectives 

1. The syntheses of a variety of 3,5-bis(benzylidene)-4-piperidones 15a-t to evaluate 

hypothesis 1. 
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 2. The attachment of a 4-dimethylaminoethoxycarbonyl-phenyl group onto the piperidyl 

nitrogen atom of series 15 to produce compounds 33a-n to evaluate hypothesis 2. 

 

3. The attachment of a 3-(4-oximino-1-piperidyl-1-oxo)-propyl group onto the piperidyl 

nitrogen atom of series 15 to produce compounds 70a-i to evaluate hypothesis 2. 

 

 4. The syntheses and bioevaluation of the quaternary ammonium salts 71a-h derived from 

series 70a-h to evaluate hypothesis 3. 
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Chapter 2 

2.1 Introduction 

The goal of this section of the study is to explore the cytotoxicity of a series of 3,5-

bis(benzylidene)-4-piperidones 15 towards a number of different neoplastic cell lines. One of the 

aims is to find potent cytotoxins. In addition, the compounds were planned to be evaluated against 

some non-malignant cell lines with the goal of finding compounds which display substantially 

greater potencies to neoplastic cells than to normal cells. In short, one is searching for lead 

compounds which have high cytotoxic potency for cancers but are well tolerated by normal cells. 

An investigation was planned to find if the relative potencies of the cytotoxins are the same 

irrespective of the cell lines under consideration. Furthermore structure-activity relationships 

(SAR) and quantitative structure-activity relationships (QSAR) were considered to find the 

physicochemical properties of the aryl substituents which influence cytotoxic potencies. 

2.2 Synthesis of 3,5-bis(arylidene)-4-piperidones  

 

Scheme 2.1.  Synthesis of 3,5-bis(arylidene)-4-piperidones. 
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1H and 13C NMR spectra were obtained using a Bruker 500 MHz spectrometer equipped with a 

BBO probe. Chemical shifts (δ) are reported in ppm. Melting points of the compounds were 

determined using a DigiMelt-MPA160 instrument and are uncorrected. The mass spectra were 

obtained using a JEOL JMS-T100 GCv Accu tof-gcV4G instrument. 

2.2.1 General procedure for the synthesis of 3,5-bis(arylidene)-4-piperidones (15)65 

The aryl aldehyde (41) (11.46 mmol) and 4-piperidone hydrochloride monohydrate (14) (5.60 

mmol) were added to glacial acetic acid (15 mL) and stirred for five minutes.  Dry hydrogen 

chloride gas was passed through this mixture for about 45 minutes till a clear solution was 

obtained. The reaction mixture was stirred at room temperature for 24 hours. Thin-layer 

chromatography (TLC) using a mixture of 10% MeOH + 90% CHCl3 as the mobile phase revealed 

the absence of starting material and the formation of a single compound. The precipitate formed 

in the reaction was collected by filtration. The precipitate was treated with a mixture of 10 mL of 

saturated aqueous potassium carbonate solution (25% w/v) and 10 mL of acetone and stirred at 

room temperature for 45 minutes. The free base was collected by filtration, washed with ice-cold 

water and dried under vacuum.65  The compounds 15o and 15t were made into their corresponding 

hydrochloride salts by treating with dry HCl in methanol at 0 °C for 4 hours. The precipitated 

hydrochloride salts of 15o and 15t were filtered and dried under vacuum. The melting points of a 

number of the compounds in series 15 are identical to those reported in the literature. 1H NMR, 

13C NMR (on available compounds), and mass spectra confirm the structures of compounds in 

series 15.  
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2.3 Analytical data 

2.3.1. 3,5-bis(benzylidene)-4-piperidone (15) 

 

Yield: 89%; mp: 179 °C (lit 178 °C)65; 1H NMR (500 MHz, DMSO-d6)  ppm 4.25 (br s, 4 H) 

7.44-7.54 (m, 10 H )7.76 (s, 2 H). 13C NMR (125 MHz, DMSO-d6)  ppm 47.61, 128.67, 129.06, 

130.47, 133.73, 134.92, 136.05, 187.70. MS (FD) m/z found: 275.1319, calculated m/z: 275.1310. 

2.3.2. 3,5-bis(2-methoxybenzylidene)-4-piperidone (15a) 

 

Yield: 68%; mp: 236 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 3.87 (s, 6 H) 4.34 (s, 4 H) 7.08 

(t, J=7.5 Hz, 2 H) 7.16 (d, J=8.2 Hz, 2 H) 7.26 - 7.34 (m, 2 H) 7.46 - 7.54 (m, 2 H) 8.03 (s, 2 H). 

13C NMR (125 MHz, DMSO-d6)  ppm 44.06, 55.74, 111.61, 120.46, 122.24, 127.67, 130.22, 

132.05, 135.11, 158.11, 182.44. MS (FD) m/z found: 335.1528, calculated m/z: 335.1521. 

2.3.3. 3,5-bis(3-methoxybenzylidene)-4-piperidone (15b) 
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Yield: 79%; mp: 197 °C ; 1H NMR (500 MHz, DMSO-d6)  ppm 3.80 (s, 6 H) 3.99 (s, 4 H) 6.97 

- 7.06 (m, 6 H) 7.38 (t, J=7.9 Hz, 2 H) 7.56 (s, 2 H). 13C NMR (125 MHz, DMSO-d6)  ppm 44.2, 

55.1, 115.5, 115.7, 122.4, 128.8, 129.9, 134.8, 138.4, 159.2, 182.70. MS (FD) m/z found: 

335.1519, calculated m/z: 335.1521. 

2.3.4. 3,5-bis(4-methoxybenzylidene)-4-piperidone (15c) 

 

Yield: 84%; mp: 185 °C (lit. 211 °C)65; 1H NMR (500 MHz, DMSO-d6)  ppm 3.80 (s, 6 H) 3.96 

(s, 4 H) 7.02 (d, J=8.8 Hz, 4 H) 7.44 (d, J=8.8 Hz, 4 H) 7.53 (s, 2 H). 13C NMR (125 MHz, DMSO-

d6)  ppm 47.67, 55.29, 114.21, 127.55, 132.35, 133.38, 134.00, 159.87, 187.29. MS (FD) m/z 

found: 335.1512, calculated m/z: 335.1521. 

2.3.5. 3,5-bis(3,4-dimethoxybenzylidene)-4-piperidone (15d) 

 

Yield: 73%; mp: 163 °C (lit. 162.2-165.4 °C)104; 1H NMR (500 MHz, DMSO-d6)  ppm 3.81 (s, 

12 H) 4.01 (s, 4 H) 7.05 (s, 4 H) 7.08 (s, 2 H) 7.54 (s, 2 H). 13C NMR (125 MHz, DMSO-d6)  

ppm 47.66, 55.52, 55.54, 111.59, 114.05, 123.90, 127.79, 133.88, 134.12, 148.50, 149.68, 187.24. 

MS (FD) m/z found: 395.1735, calculated m/z: 395.1733. 
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2.3.6. 3,5-bis(2,5-dimethoxybenzylidene)-4-piperidone (15e) 

 

Yield: 53%; mp: 137 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 3.76 (s, 6 H) 3.81 (s, 6 H) 4.32 

(br s, 4 H) 6.84 (br s, 2 H) 7.08 (br s, 4 H) 7.94 (br s, 2 H). 13C NMR (125 MHz, DMSO-d6)  ppm 

44.04, 55.67, 56.08, 112.59, 115.74, 116.63, 122.84, 128.04, 135.06, 152.29, 152.73, 182.35. MS 

(FD) m/z found: 395.1735, calculated m/z: 395.1733. 

2.3.7. 3,5-bis(2,4,6-trimethoxybenzylidene)-4-piperidone (15f) 

 

Yield: 43%; mp: 156 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 3.38 (s, 4 H) 3.78 (s, 12 H) 3.81 

(s, 6 H) 6.27 (s, 4 H) 7.36 (s, 2 H). 13C NMR (125 MHz, DMSO-d6)  ppm 48.72, 55.42, 55.57, 

90.64, 105.26, 126.47, 136.26, 158.87, 162.12, 187.51. MS (FD) m/z found: 455.1956, calculated 

m/z: 455.1944. 

2.3.8. 3,5-bis(3,4,5-trimethoxybenzylidene)-4-piperidone (15g) 
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Yield: 76%; mp: 192 °C (lit: 193-194 °C)104; 1H NMR (500 MHz, CDCl3-d)  ppm 3.82 (s, 12 H) 

3.88 (s, 6 H) 4.52 (br s, 4 H) 6.52 (s, 4 H) 7.88 (s, 2 H) 10.31 (br s, 1 H). MS (FD) m/z found: 

455.1952, calculated m/z: 455.1944. 

2.3.9. 3,5-bis(benzo[d][1,3]dioxol-5-ylmethylene)-4-piperidone (15h) 

 

Yield: 89%; mp: 222 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 3.95 (br s, 4 H) 6.09 (s, 4 H) 7.01 

(d, J=0.9 Hz, 4 H) 7.05 (s, 2 H) 7.49 (s, 2 H). 13C NMR (125 MHz, DMSO-d6)  ppm 48.13, 

102.00, 109.06, 110.51, 126.28, 129.61, 134.08, 134.94, 148.08, 148.51, 186.54. MS (FD) m/z 

found: 363.1107, calculated m/z: 363.1107. 

2.3.10.  3,5-bis(2-fluorobenzylidene)-4-piperidone (15i) 

 

Yield: 89%; mp: 142 °C (lit. 142.5 °C)104; 1H NMR (500 MHz, DMSO-d6)  ppm 3.96 (s, 4 H) 

6.79 - 6.92 (m, 6 H) 7.25 (t, J=7.9 Hz, 2 H) 7.47 (s, 2 H). 13C NMR (125 MHz, DMSO-d6)  ppm 

47.49, 115.65, 115.82, 122.48, 122.58, 124.56, 124.58, 125.82, 125.85, 131.09, 131.39, 131.46, 

137.61, 159.44, 161.42, 187.17. MS (FD) m/z found: 311.1112, calculated m/z: 311.1122. 
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2.3.11.   3,5-bis(3-fluorobenzylidene)-4-piperidone (15j) 

 

Yield: 84%; mp: 167 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 3.98 (s, 4 H) 7.22 - 7.28 (m, 2 H) 

7.32 (d, J=7.6 Hz, 4 H) 7.48 - 7.53 (m, 2 H) 7.56 (s, 2 H). 13C NMR (125 MHz, DMSO-d6)  ppm 

44.15, 117.32, 117.62, 127.12, 129.46, 131.51, 136.41, 138.39, 161.00, 164.24, 182.79. MS (FD) 

m/z found: 311.1125, calculated m/z: 311.1122. 

2.3.12.   3,5-bis(4-fluorobenzylidene)-4-piperidone (15k) 

 

Yield: 91%; mp: 211 °C (lit: 212-213 ˚C)65; 1H NMR (500 MHz, DMSO-d6)  ppm 4.50 (s, 4 H) 

7.31 - 7.45 (m, 4 H) 7.56 - 7.68 (m, 4 H) 7.87 (s, 2 H) 9.85 (br s, 2 H). 13C NMR (125 MHz, 

DMSO-d6)  ppm 43.66, 115.98, 116.16, 127.70, 130.34, 133.13, 138.06, 161.83, 163.81, 182.32. 

MS (FD) m/z found: 311.1110, calculated m/z: 311.1122. 

2.3.13.   3,5-bis(3,4-difluorobenzylidene)-4-piperidone (15l) 

 



77 

 

Yield: 77%; mp: 199 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 3.97 (s, 4 H) 7.33 - 7.38 (m, 2 H) 

7.49 - 7.56 (m, 4 H) 7.60 (dd, J=11.9, 7.9 Hz, 1 H) 7.60 (dd, J=11.9, 7.9 Hz, 1 H). 13C NMR (125 

MHz, DMSO-d6)  ppm 47.29, 117.71, 119.36, 127.79, 131.71, 132.58, 136.77, 148.54, 150.62, 

187.45. MS (FD) m/z found: 347.0932, calculated m/z: 347.0933. 

2.3.14. 3,5-bis(2,6-difluorobenzylidene)-4-piperidone (15m) 

 

Yield: 81%; mp: 198 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 3.60 (br. s., 4 H) 7.22 (t, J=8.2 

Hz, 4 H) 7.37 (s, 2 H) 7.49 -7.60 (m, 2 H). 13C NMR (125 MHz, DMSO-d6)  ppm 48.08, 112.22, 

112.34, 112.53, 121.29, 152.37, 182.75. MS (FD) m/z found: 347.0947, calculated m/z: 347.0933. 

2.3.15. 3,5-bis(2-methylbenzylidene)-4-piperidone (15n) 

 

Yield: 91%; mp: 136 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 2.31 (s, 6 H) 3.81 (s, 4 H) 7.19 - 

7.23 (m, 2 H) 7.24 - 7.32 (m, 6 H) 7.73 (s, 2 H). 13C NMR (125 MHz, DMSO-d6)  ppm 19.63, 

47.48, 125.72, 128.91, 129.24, 130.28, 132.50, 133.83, 136.07, 137.61, 187.68. MS (FD) m/z 

found: 303.1632, calculated m/z: 303.1623. 
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2.3.16. 3,5-bis(2-nitrobenzylidene)-4-piperidone hydrochloride (15o) 

 

Yield: 86%; mp: 221 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 4.23 (d, J=1.6 Hz, 4 H) 7.57 (d, 

J=7.6 Hz, 2 H) 7.74 - 7.79 (m, 2 H) 7.91 (td, J=7.6, 1.3 Hz, 2 H) 8.17 (s, 2 H) 8.29 (dd, J=8.4, 1.1 

Hz, 2 H) 9.49 (br s, 1 H). 13C NMR (125 MHz, DMSO-d6)  ppm 43.48, 125.29, 128.65, 129.62, 

130.70, 130.80, 134.42, 137.51, 147.46, 182.18. MS (FD) m/z found: 366.1095, calculated m/z: 

366.1012. 

2.3.17.  3,5-bis(4-hydroxy-3-methoxybenzylidene)-4-piperidone (15p) 

 

Yield: 74%; mp: 202 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 3.82 (s, 6 H) 3.99 (s, 4 H) 6.85 

(br s, 2 H) 6.94 (dd, J=8.4, 1.73 Hz, 2 H) 7.04 (d, J=1.9 Hz, 2 H) 7.51 (s, 2 H). MS (FD) m/z found: 

367.1426, calculated m/z: 367.1420. 

2.3.18. 3,5-bis(3-hydroxy-4-methoxybenzylidene)-4-piperidone (15q) 
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Yield: 79%; mp: 249 °C (dec.); 1H NMR (500 MHz, DMSO-d6)  ppm 3.85 (s, 6 H) 4.42 (s, 4 H) 

6.96 (s, 2 H) 7.00 (dd, J=8.6, 1.9 Hz, 2 H) 7.08 (d, J=8.5 Hz, 2 H) 7.71 (s, 2 H) 9.40 (br s, 2 H). 

13C NMR (125 MHz, DMSO-d6)  ppm 45.33, 55.69, 112.20, 117.15, 123.61, 125.94, 126.61, 

138.85, 146.64, 149.67, 182.35. MS (FD) m/z found: 367.1433, calculated m/z: 367.1420. 

2.3.19. 3,5-bis(4-hydroxybenzylidene)-4-piperidone (15r) 

 

Yield: 67%; mp: >260 °C ((lit. 298.5 °C)200; 1H NMR (500 MHz, DMSO-d6)  ppm 4.46 (s, 4 H) 

6.89 - 6.93 (m, 4 H) 7.38 (d, J=8.5 Hz, 4 H) 7.78 (s, 2 H) 10.40 (br s, 2 H). 13C NMR (125 MHz, 

DMSO-d6)  ppm 44.0, 116.0, 124.6, 124.7, 133.0, 139.1, 159.6, 182.0. MS (FD) m/z found: 

307.1211, calculated m/z: 307.1208. 

2.3.20.  3,5-bis(3-hydroxybenzylidene)-4-piperidone (15s) 

 

Yield: 39%; mp: 227 °C (lit. 226-230 °C)200; 1H NMR (500 MHz, DMSO-d6)  ppm 3.94 (s, 4 H) 

6.80 (dd, J=8.09, 1.79 Hz, 2 H) 6.83 (s, 2 H) 6.88 (d, J=7.9 Hz, 2 H) 7.23 - 7.27 (m, 2 H) 7.46 (s, 

2 H). 13C NMR (125 MHz, DMSO-d6)  ppm 48.14, 116.76, 117.30, 121.83, 130.10, 134.37, 

135.86, 136.28, 158.03, 188.12. MS (FD) m/z found: 307.1213, calculated m/z: 307.1208. 
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2.3.21.  3,5-bis(2-chlorobenzylidene)-4-piperidone hydrochloride(15t) 

 

Yield: 83%; mp: 226 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 4.37 (d, J=1.9 Hz, 4 H) 7.46 - 

7.55 (m, 6 H) 7.64 - 7.66 (m, 2 H) 8.00 (s, 2 H) 9.56 (br. s., 1 H). 13C NMR (125 MHz, DMSO-

d6)  ppm 43.65, 127.57, 129.72, 130.00, 130.82, 131.63, 131.71, 134.11, 135.86,  182.24.  MS 

(FD) m/z found: 344.0596, calculated m/z: 344.0531. 
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2.4 Biological results 

Table 2.1. Evaluation of 15, 15a-t against Ca9-22, HSC-2, and HSC-4 human oral squamous cell carcinoma cell lines. 

       Human oral squamous cell carcinoma cell lines       

   Ca9-22   HSC-2   HSC-4   Average  

Compound R   CC50 (µM)a SIb   CC50 (µM)a 
    

SIb 
  CC50 (µM)a SIb   

CC50 

(µM)a 
  SIb 

15a 2-OCH3 
 

0.13± 0.02 
40.

3  
0.33± 0.09 15.9 

 
0.50± 0.04 

10.

5  
0.32± 0.18 22.2 

15b 3-OCH3 
 

0.10± 0.03 
18.

2  
0.02± 0.04 91.0 

 
0.12± 0.02 

15.

2  
0.14± 0.01 41.5 

15c 4-OCH3 
 

3.13± 0.40 
17.

8  
7.97± 0.68 6.98 

 
6.86± 0.77 

8.1

0  
5.99± 2.53 10.9 

15d 3,4-(OCH3)2 
 

0.02± 0.01 136 
 

0.24± 0.04 11.3 
 

0.07± 0.00 
38.

9  
0.11± 0.11 62.1 

15e 2,5-(OCH3)2 
 

0.06± 0.01 
23.

3  
0.17± 0.07 8.23 

 
0.18± 0.08 

7.7

8  
0.13± 0.07 13.1 

15f 2,4,6-(OCH3)3 
 

6.90± 0.30 
5.0

0  
7.95± 0.70 4.34 

 
8.93± 0.75 

3.8

6  
7.93± 1.08 4.40 

15g 3,4,5-(OCH3)3 
 

0.04± 0.01 
24.

3  
0.08± 0.01 12.1 

 
0.11± 0.03 

8.8

2  
0.08± 0.04 15.1 

15h 3,4-OCH2O 
 

0.16± 0.07 102 
 

0.53± 0.12 30.8 
 

0.71± 0.22 
23.

0  
0.47± 0.28 51.9 

15i 2-F 
 

0.16± 0.04 
21.

4  
0.33± 0.23 10.4 

 
0.23± 0.01 

14.

9  
0.24± 0.09 15.6 

15j 3-F 
 

0.07± 0.01 
26.

3  
0.13± 0.03 14.2 

 
0.12± 0.05 

15.

3  
0.11± 0.03 18.6 

15k 4-F 
 

0.14± 0.06 
32.

9  
0.94± 1.28 4.90 

 
0.16± 0.02 

28.

8  
0.41± 0.45 22.2 

15l 3,4-F2 
 

0.06± 0.03 
41.

2  
0.14± 0.05 17.6 

 
0.07± 0.01 

35.

3  
0.09± 0.04 31.4 

15m 2,6-F2 
 

0.17± 0.02 
24.

5  
0.40± 0.10 10.4 

 
0.31± 0.21 

13.

5  
0.30± 0.11 16.1 
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15n 2-CH3 
 

0.45± 0.04 
26.

4  
0.79± 0.19 15.1 

 
1.05± 0.34 

11.

3  
0.76± 0.30 17.6 

15o 2-NO2 
 

0.13± 0.01 
20.

8  
0.31± 0.06 8.71 

 
0.30± 0.15 

9.0

0  
0.25± 0.10 12.8 

15p 3-OCH3, 4-OH 
 

0.61± 0.23 
13.

4  
0.61± 0.08 13.4 

 
0.63± 0.16 

13.

0  
0.62± 0.01 13.3 

15q 
3-OH, 4-

OCH3  
0.23± 0.01 214 

 
0.29± 0.06 170 

 
0.31± 0.12 159 

 
0.28± 0.04 181 

15r 4-OH 
 

1.67± 0.13 
54.

1  
2.52± 0.19 35.9 

 
3.20± 0.58 

28.

3  
2.47± 0.77 39.4 

15s 3-OH 
 

0.18± 0.01 
28.

2  
0.21± 0.01 24.1 

 
0.20± 0.04 

25.

4  
0.20± 0.01 25.9 

15t 2-Cl 
 

0.10± 0.04 
49.

6  
0.16± 0.02 31.0 

 
0.25± 0.12 

19.

8  
0.17± 0.08 33.5 

15 H 
 

0.27± 0.03 
58.

1  
0.31± 0.05 50.6 

 
0.41± 0.13 

38.

3  
0.33± 0.07 49.0 

 
Doxorubicin 

 
0.24± 0.04 

31.

5  
0.07± 0.00 108 

 
0.08± 0.01 

94.

5  
0.13± 0.10 78.0 

 
Melphalan     27.4± 6.40 

6.3

0 
  13.9± 3.80 12.4   14.4± 1.70 

12.

0 
  18.6± 7.63 10.3 

a  The CC50 values are the concentrations of compounds required to kill 50% of the cells.  
b  The letters SI refers to the selectivity index. The SI figures are the ratios of the average CC50 value of the compounds towards 

non-malignant HGF, HPLF and HPC cells (Table 2.2) and the CC50 figure of a compound against a specific neoplastic cell line.  
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Table 2.2. Evaluation of 15, 15a-t against HGF, HPLF, and HPC human non-malignant cells. 

a  The CC50 values are the concentrations of the compounds required to kill 50% of the cells.  

b  The letters PSE refer to the potency-selectivity expression. These figures are the product of the 

reciprocal of the average CC50 values against Ca9-22, HSC-2 and HSC-4 cells and the average SI 

value multiplied by 100.

     Human non-malignant oral cell lines       

     HGF   HPLF   HPC       Average   PSEb 

 compound    CC50 (µM)a    CC50 (µM)a    CC50 (µM)a    CC50 (µM)a     

 15a  2.11 ± 0.13  4.84 ± 3.52  8.77 ± 1.58  5.24 ± 3.35  6944 

 15b  2.07 ± 0.11  2.47 ± 0.07  0.91 ± 0.08  1.82 ± 0.81  29611 

 15c  38.1 ± 12.4  >100  28.8 ± 0.52  >55.6 ± 38.7  183 

 15d  2.06 ± 0.16  2.48 ± 0.28  3.61 ± 2.50  2.72 ± 0.80  56421 

 15e  1.29 ± 0.60  2.01 ± 0.27  0.91 ± 0.02  1.40 ± 0.56  10087 

 15f  33.9 ± 8.27  48.0 ± 10.4  21.7 ± 1.72  34.5 ± 13.2  55 

 15g  1.13 ± 0.79  1.28 ± 0.71  0.51 ± 0.20  0.97 ± 0.40  18830 

 15h  6.35 ± 0.12  7.91 ± 0.19  34.7 ± 12.2  16.3 ± 15.9  11035 

 15i  4.40 ± 1.32  3.63 ± 0.57  2.24 ± 1.17  3.43 ± 1.09  6492 

 15j  2.05 ± 0.16  2.70 ± 0.12  0.78 ± 0.16  1.84 ± 0.98  16901 

 15k  4.22 ± 1.31  7.07 ± 0.47  2.54 ± 0.14  4.61 ± 2.29  5418 

 15l  1.68 ± 0.44  3.69 ± 0.64  2.04 ± 0.97  2.47 ± 1.07  34850 

 15m  2.07 ± 0.30  7.46 ± 0.38  2.97 ± 0.05  4.17 ± 2.89  5378 

 15n  5.58 ± 0.18  7.27 ± 0.21  22.8 ± 1.85  11.9 ± 9.51  2318 

 15o  1.71 ± 0.23  2.57 ± 0.07  3.82 ± 1.14  2.70 ± 1.06  5131 

 15p  5.76 ± 1.20  10.8 ± 1.10  8.08 ± 8.51  8.20 ± 2.50  2145 

 15q  2.72 ± 0.18  54.6 ± 39.1    90.7 ± 16.2  49.3 ± 44.2  64688 

 15r  74.0 ± 6.56  >100  97.3 ± 4.62  >90.4 ± 14.3  1596 

 15s  2.23 ± 0.06  3.45 ± 0.30  9.53 ± 5.17  5.07 ± 3.91  12943 

 15t  2.25 ± 0.15  5.07 ± 1.99  7.55 ± 1.62  4.96 ± 2.65  19694 

 15  7.78 ± 0.85  17.0 ± 2.29  22.3 ± 2.61  15.7 ± 7.33  14857 

Doxorubicin  2.69 ± 0.35  >10.0  >10 ± 0.00  >7.56 ± 4.22  60000 

Melphalan   148.0 ± 0.68   >200   169 ± 18.5   >173 ± 25.8   >55 
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Table 2.3. Evaluation of 15, 15a-t towards Colo205, HT-29, CEM and Hs27 cells. 

 Human tumour cell lines     Normal cell line 
 Colo205 HT-29 CEM Average Hs27 

Compound CC50 (µM)a SIb CC50 (µM)a    SIb CC50 (µM)a SIb CC50
a SIb CC50 (µM)a PSEc 

15 10.7± 0.05 1.54 1.57± 0.21 10.5 9.29± 0.11 1.78 7.19 4.61 16.5± 0.35 64 

15a 1.32± 0.01 3.10 3.58± 0.21 1.14 0.82± 0.09 4.99 1.91 3.08 4.09± 0.56 161 

15b 0.32± 0.11 13.0 5.58± 0.52 0.75 4.51± 0.11 0.92 3.47 4.89 4.16± 0.32 141 

15c 14.0± 0.56 6.84 12.6± 0.00 7.60 4.45± 0.03 21.5 10.4 12.0 95.7± 0.11 115 

15d 1.36± 0.17 0.65 3.46± 0.46 0.25 0.49± 0.02 1.80 1.77 0.90 0.88± 0.05 51 

15e 0.36± 0.01 1.81 0.84± 0.01 0.77 0.42± 0.02 1.55 0.54 1.37 0.65± 0.02 254 

15f 16.9± 0.23 1.63 9.63± 0.32 2.87 11.0± 1.06 2.51 12.5 2.34 27.6± 0.79 19 

15g 0.27± 0.03 121 2.03± 0.00 16.1 0.31± 0.09 106 0.87 81.0 32.7± 0.56 9310 

15h 8.84± 0.08 2.17 7.42± 1.33 2.59 1.88± 0.08 10.2 6.05 4.99 19.2± 2.38 83 

15i 2.94± 0.33 0.68 3.46± 0.33 0.58 0.78± 0.04 2.55 2.39 1.27 1.99± 0.17 53 

15j 4.19± 0.15 0.44 1.73± 0.15 1.06 0.21± 0.01 8.76 2.04 3.42 1.84± 0.32 168 

15k 1.56± 0.28 1.21 5.51± 0.56 0.34 1.68± 0.25 1.13 2.92 0.89 1.89± 0.05 31 

15l 1.81± 0.31 16.1 3.50± 0.19 8.34 0.58± 0.05 50.3 1.96 24.9 29.2± 0.08 1270 

15m 2.22± 0.00 3.50 7.36± 0.88 1.06 7.88± 0.68 0.99 5.82 1.85 7.77± 0.89 32 

15n 1.62± 0.11 30.4 3.54± 0.42 13.9 1.82± 0.10 27.1 2.33 23.8 49.3± 0.23 1022 

15o 2.09± 0.33 11.6 2.76± 0.04 8.80 6.14± 0.56 3.96 3.66 8.12 24.3± 0.11 222 

15p 1.73± 0.15 1.20 17.8± 1.48 0.12 1.92± 0.53 1.08 7.15 0.80 2.07± 0.07 11 

15q 4.58± 0.17 2.73 4.26± 0.01 2.93 4.04± 0.17 3.09 4.29 2.92 12.5± 1.61 68 

15r 4.17± 0.32 2.08 19.3± 0.48 0.45 1.99± 0.10 4.36 8.49 2.30 8.68± 0.16 27 

15s 2.12± 0.12 0.64 4.18± 0.36 0.32 0.43± 0.04 3.14 2.24 1.37 1.35± 0.08 61 

15t 8.19± 0.17 0.08 0.89± 0.07 0.69 4.42± 0.35 0.14 4.50 0.30 0.61± 0.01 7 
a The CC50 values are the concentrations of compounds required to kill 50% of the cells.  
b The letters SI refers to the selectivity index. The SI figures are the ratios of CC50 value of the compounds towards non-

malignant  Hs27 cells and the CC50 figure of a compound against a specific neoplastic cell line.  
c The letters PSE refer to the potency-selectivity expression. These figures are the product of the reciprocal of the average 

CC50 values against Colo205, HT-29 and CEM cells and the average SI value multiplied by 100.  
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Table 2.4. Identification of lead molecules based on the data in Tables 2.1 and 2.2.  

Table Bioevaluations Promising compounds 

2.1 Average CC50 values                    15d, g, j, l 

2.1 Average SI figures                         15, 15b, d, h 

2.2 Low toxicity to normal cells        15c, f, q, r 

2.2 PSE 15b, d, l, q 

 

2.4.1 Methodology 

Methodology for determining the cytotoxic activity of 15, 15a-t towards Ca9-22, HSC-2, and 

HSC-4 tumour cells and HGF, HPLF and HSC human normal cells. 

The human oral tumor cell lines used are squamous carcinoma cells HSC-2, HSC-4 and 

Cellosaurus cell line Ca9-22. The human oral non-malignant cells employed are periodontal 

ligament fibroblasts (HPLF), gingival fibroblasts (HGF), and hematopoietic precursor cell HPC 

cells. All cells were cultured in DMEM medium which was supplemented with 10% heat-

inactivated FBS. The human normal cells were obtained from periodontal tissues according to the 

“guidelines of the Meikai University Ethics Committee after obtaining the informed consent from 

the patient”. All cells were incubated for 48 hours at 37 °C with 5% CO2 at various concentrations 

of the test samples, and the relative viable cell number was then determined by the MTT assay 

method and is expressed as the absorbance at 540 nm of the cell lysate. The 50% cytotoxic 

concentration (CC50) was determined from a dose-response curve.201 The above bioevaluations 

data for the compound 15 series in Tables 2.1 and 2.2 are generated at Meikai University Research 

Institute of Odontology, Japan. 
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Methodology for determining the cytotoxic activity of 15, 15a-t towards Colo205, HT-29, 

CEM and Hs27 cells.  

In brief, the cells were cultured in DMEM (Colo205, HT29 and Hs-27) or RPMI -1640 (CEM) 

media supplemented with 10% heat-inactivated fetal bovine serum. Different concentrations of the 

compounds were added to the cell cultures and then viability was measured by the Differential 

DNA Staining (DNS) assay after 24 hours incubation.202, 203  After analysis of the effects of a range 

of concentrations of the compounds, the CC50 (compound concentration needed to kill 50% of the 

cell population) was determined. After subtracting the percentage of cell death caused by the 

solvent (DMSO-treated cells), a linear interpolation equation was used to determine the CC50 

values.203, 204 The bioevaluations data for series 15 in Tables 2.3 are generated at Department of 

Biological Sciences and Border Biomedical Research Center, The University of Texas, El Paso, 

USA. 
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2.5 Discussion 

The cytotoxic evaluation of compounds 15, 15a-t along with two reference drugs against Ca9-22, 

HSC-2, and HSC-4 human oral squamous carcinoma cell lines is presented in Table 2.1. The 

biodata reveals that no less than 86% of the CC50 values of 15, 15a-t are submicromolar and 14% 

of the compounds in series 15 have CC50 values in the double digit nanomolar range. The average 

CC50 values for 15g, 15l against the carcinoma cell lines is below 0.1 µM. The unsubstituted 

compound 15 is a potent cytotoxic compound with CC50 value of 0.33 µM; however in total 13 

compounds have lower CC50 values than 15. In particular compounds 15d (3,4-dimethoxy), 15g 

(3,4,5-trimethoxy), 15j (3-fluoro) and 15l (3,4-difluoro) have the lowest average CC50 values and 

these four compounds are equipotent with doxorubicin, one of the reference drugs used in the 

assays and are far more potent than the second reference drug melphalan.   

Comparisons were made between the compounds having methoxy and fluoro groups in which the 

substituents are located at the same position on the arylidene aryl rings. Thus 15a (2-methoxy) was 

compared with 15i (2-fluoro), 15b (3-methoxy) was compared with 15j (3-fluoro), 15c (4-

methoxy) with 15k (4-fluoro), and 15d (3,4-dimethoxy) with 15l (3,4-difluoro). In each of these 

comparisons, the fluoro substituted compounds are found to have lower CC50 values than the 

corresponding methoxy substitutions.  

Comparisons were also made between 15a, 15i, 15n, 15o, and 15t which have different 

substitutions at the ortho position of the arylidene aryl rings. In this comparison 15t with a 2-

chloro substituent has lower average CC50 values than the fluoro, nitro, methoxy and methyl 

analogs at the ortho position of the aryl rings. Compound 15n was found to be the least potent 

analog among the ortho substituted groups. 
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There are significant differences in the CC50 values of several pairs of structural isomers. The 

average CC50 value of 15b (3-methoxy) is 75 times lower than its corresponding isomer 15c (4-

methoxy). A similar comparison was noted between 15f (2,4,6-trimethoxy) and 15g (3,4,5-

trimethoxy), where the average CC50 value of 15f is 99 folds higher than its isomer 15g, while 15s 

(3-hydroxy) is 12 times more potent than its structural isomer 15r (4-hydroxy). 

An important factor to consider while developing these compounds is whether they demonstrate 

tumour-selective toxicity. Consequently, the compounds in series 15 were evaluated against 

several human non-malignant cells. All of the compounds in series 15 were screened against HGF, 

HPLF and HSC non-malignant cells and these data are presented in Table 2.2. In this evaluation, 

the compounds with average CC50 values greater than 30 µM which cause the least toxicity are 

15c (4-methoxy), 15f (2,4,6-trimethoxy), 15q (3-hydroxy-4-methoxy) and 15r (4-hydroxy), while 

the compounds having an average CC50 value of less than 2 µM causing the most toxicity to non 

malignant cells are 15b (3-methoxy), 15e (2,5-dimethoxy), 15g (3,4,5-trimethoxy) and 15j (3-

fluoro). This evaluation revealed that the compounds in series 15 display greater cytotoxicity 

towards malignant cells than to normal cells.  

Under clinical conditions, neoplasms are surrounded by a variety of normal cells in the body. The 

challenging task is to identify compounds that display greater toxicity to the neoplasms than the 

surrounding non-malignant cells. In order to evaluate if the compounds in series 15 demonstrate 

tumor-selective toxicity, selectivity index (SI) values were generated. The SI figures are the ratios 

of the average CC50 value of the compounds towards non-malignant HGF, HPLF and HPC cells 

and the CC50 figure of a compound against a specific neoplastic cell line. The SI figures are 

presented in Table 2.1 and all of the compounds in series 15 have SI figures greater than 1 
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demonstrating that they display selective cytotoxicity towards malignant cells. No less than 90% 

of the compounds shown SI values >10 and the compound 15q displayed the highest mean SI 

value of 181 which is 2.3 times more selective than the reference drug doxorubicin and 17.5 times 

more selective than melphalan. Compounds, 15d (3,4-dimethoxy), 15h (3,4-OCH2O), 15q (3-

hydroxy-4-methoxy) display noteworthy SI figures of, 62.1, 51.9 and 181 respectively and also 

possess sub-micromolar CC50 values; hence these three compounds are considered as leads for 

further studies.  

Potencies and tumour-selective toxicities are two important properties that one should consider in 

evaluating cytotoxins. Potency Selective Expression (PSE) values were generated in order to 

identify compounds with these two desirable properties. PSE figures are the product of the 

reciprocal of the CC50 value multiplied by the SI figure times 100 [PSE = (SI/CC50) x 100]. PSE 

values take into consideration both potency and selectivity indices. In contrast SI values deal only 

with greater toxicity for neoplastic cells compared to non-malignant ones.  The PSE values of 

series 15 are presented in Table 2.2. Compounds 15b, d, l, q have PSE values in excess of 25,000. 

In particular 15q (3-hydroxy-4-methoxy) has the highest PSE value of 64,688 which is 30 times 

greater than the value of its structural isomer 15p (4-hydroxy-3-methoxy).  

A summary of lead molecules is presented in Table 2.4. These data reveal that 15d (3,4-dimethoxy 

analog) is present in three of the four categories while 15b (3-methoxy) and 15q (3-methoxy-4-

hydroxy) analogs appear in two of the four divisions. These data suggest that hydroxyl and 

especially methoxy groups are associated with greater potency than the compounds having halogen 

substituents. 



 

90 

 

Since the compounds in series 15 display significant cytotoxic potencies and greater selectivity in 

harming malignant cells, comparisons were made with the well-known anticancer drugs, 

doxorubicin which is an antibiotic and melphalan an alkylating agent as reference compounds. The 

average cytotoxicities CC50 towards three malignant cells (Ca9-22, HSC-2 and HSC-4) show that 

all the compounds 15, 15a-t are more potent than melphalan and 15g is 232 times more potent 

than melphalan.  Other compounds displaying much greater potencies than melphalan are 15l, 15d, 

and 15j which are 206, 169 and 169 times more potent than melphalan. These four compounds 

also displayed higher selectivity towards malignant cells than that of melphalan with average SI 

figures given in parenthesis 15d(62.1), 15g(15.1), 15j(18.6 ), 15l(31.4) and melphalan (10.3). All 

of the compounds in series 15 shown higher cytotoxicities than melphalan towards Ca9-22, HSC-

2, and HSC-4 neoplastic cell lines. The average CC50 figures in Table 2.1 indicate that four 

compounds 15d, 15g, 15j and 15l displayed higher cytotoxicity than doxorubicin while 15e is 

equipotent with doxorubicin. In terms of selectivity, 15q was more sensitive/selective to the 

neoplastic cells with average an SI figure 181 which is 2.3 times more than doxorubicin and 17.5 

times more than melphalan.  

In a separate study, the compounds in series 15 were evaluated against three human neoplastic cell 

lines namely Colo205 and HT-29 colon cancers and CEM leukemia cells. Also, a non-malignant 

cell line namely human Hs27 fibroblasts was also employed in this screening. The biodata 

generated are presented in Table 2.3. 

The results of this evaluation reveal that 89% of the CC50 values are below 10 µM, 73% are below 

5µM and 21% have submicromolar CC50 values. Thus the three neoplastic cell lines employed in 

this screening are sensitive towards the compounds in series 15. The average CC50 values were 
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also examined and two compounds namely 15e (2,5-dimethoxy) and 15g (3,4,5-trimethoxy) are 

the most potent compounds.  

There are significant differences in the CC50 values between some of the structural isomers The 

compound 15e (2,5-dimethoxy) is 3 times more cytotoxic than its structural isomer 15d (3,4-

dimethoxy) and 15g (3,4,5-trimethoxy) is found to be 14 times more toxic than 15f (2,4,6-

trimethoxy). 

To demonstrate if the compounds in series 15 show tumor-selective toxicity, these compounds 

were also screened against Hs27 fibroblasts which are human non-malignant cells.  The selectivity 

index (SI) values were generated, and the SI figures are the ratios of the average CC50 value of the 

compounds towards non-malignant Hs27 cells and the CC50 figure of a compound against a 

specific neoplastic cell line. The data are presented in Table 2.3 The compounds 15c, f, g, l, and n 

have the highest CC50 values >25 µM towards Hs27 cells. The biodata in Table 2.3 reveal that the 

dimethoxy analogs 15d and 15e are more toxic to the non-malignant cells (average CC50 value of 

0.77 µM) than to the neoplasms. On the other hand the trimethoxy derivatives 15f, g are 39 times 

are less toxic towards Hs27 cells (average CC50 value of 30.2 µM). The compounds 15c, f, g, l, 

and n have average SI values greater than 10 and in particular 15g has a large average SI value of 

81.0. Potency Selective Expression (PSE) values were computed and are presented in Table 2.2 in 

order to identify the compounds with two desirable properties namely potencies and tumor-

selective toxicities. Three compounds 15g, l, and n have PSE figures greater than 1000. Thus, a 

number of lead molecules are described in this study and are listed in Table 2.4. 

It is possible that the mode of actions of the compounds in series 15 towards the neoplasms are 

similar and the relative potencies of 15a-u towards all neoplastic cell lines may be the same. To 
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investigate this possibility, Kendall's coefficient of concordance (W) was used which is a statistical 

method for assessing the similarity in rank between a collection of numbers. This methodology 

was applied initially to the CC50 values of the compounds in series 15 against Ca9-22, HSC-2 and 

HSC-4 malignant cells. In this case, Kendall's coefficient of concordance (W) value is 0.7977 and 

a p value of 0.0004 indicates that the order of potency towards different neoplastic cell lines is in 

the same order. Since 15f, c, and r are outliers, plots were made by systematically removing the 

biodata of these three outliers namely 15f, then 15f, c and finally 15f, c, r. The results are as follows 

namely W=0.7668, p=0.0010 (15f removed), W=0.7400, p=0.0021 (15f, c removed) and 

W=0.7074, p=0.0045 (15f, c, r removed). The same study was repeated with the CC50 values of 

series 15 compounds towards Colo205, HT-29 and CEM cells which generated a W value of 

0.5834, and a p value of 0.0200. The data produced when the outliers 15f, c, and r were removed 

are 15f (W=0.5324, p=0.0475), 15f, c (W=0.4942, p=0.0850) and 15 f, c, r (W=0.4788, p=0.1084). 

The effect on the statistical results of removing the outliers may be explained in the following 

ways. First, when one or more results are removed, the statistical power is diminished. Second, 

Kendall's coefficient of concordance deals with rank and is not concerned with potency 

differences. For example, 15f is consistently weaker in potency compared to the analogs. 

In a separate analysis, Kendall's coefficient of concordance was applied using the CC50 values of 

the six neoplastic cell lines Ca9-22, HSC-2, HSC-4, Colo205, HT29 and CEM cells. Kendall's 

coefficient of concordance (W) value is 0.6086 and the p figure is 0.0000. When the outliers are 

systematically eliminated from considerations, the W and p values are as follows W=0.5533, 

p=0.0000 (excluding 15f), W=0.5083, p=0.0000 (excluding 15f, c) and W=0.4813, 

p=0.0001(excluding 15f, c, r). This observation provides strong evidence that the modes of action 
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of series 15 are similar and one is justified in taking the average CC50 values of each compound 

against the six neoplastic cell lines in the search for finding correlations between some of the 

physicochemical properties of the aryl substituents and the cytotoxic potencies (CC50). In other 

words, if there was no concordance, then one would need to plot the CC50 values towards each cell 

line against a physicochemical parameter such as Hammett sigma values (σ). However no 

concordance has been demonstrated, the average CC50 value can be used and plotted directly 

against σ values. 

In order to find if one or more physicochemical properties of the aryl substituents influence the 

cytotoxic properties, linear and semilogarithmic plots were generated between the average CC50 

values of  series 15 towards the six neoplastic cell lines and the sigma/sigma star (σ/σ*), pi (π) and 

molecular refractivity (MR) values of the aryl substituents. The physicochemical constants σ/σ*, 

π and MR values reflect the electronic, hydrophobic, and steric properties of the aryl groups, 

respectively. The sigma / sigma star (σ/σ*), pi (π) and MR values used in the QSAR studies were 

taken from a reference source.205, 206 

In a linear plot, a negative correlation was noted between the σ/σ* values and cytotoxic potencies 

(p=0.02). No other correlations (p<0.05) nor trends to a correlation (<0.10) were observed. This 

observation indicates that the cytotoxic potency increases as the magnitude of the electron-

withdrawing properties of the aryl substituents rise. The explanation for this observation may be 

due to a reduction of the electron densities on the olefinic carbon atoms as the σ/σ* values rise. 

Hence the reactivity of these compounds towards cellular thiols will increase and thus the extent 

of cell death. In future studies, therefore strongly electron-attracting groups should be placed in 
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the aryl rings which may generate compounds with even higher cytotoxicities towards malignant 

cells. 

 

Plot 2.1 Linear plot between the average CC50 values of series 15 towards the six neoplastic cell 

lines and the sigma/sigma star (σ/σ*) values. 
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Plot 2.2 Semilogarithmic plot between the average CC50 values of series 15 towards the six 

neoplastic cell lines and the sigma/sigma star (σ/σ*). 

Prior to leaving this section of the thesis which outlines the cytotoxic properties of a number of 

3,5-bis(benzylidene)-4-piperidones, mention will be made of an unusual reaction which was 

observed in an attempt to prepare a series of 2,2,6,6-tetramethyl-3,5-bis(benzylidene)-4-

piperidones”. 

2.6  Unusual reactions observed in the 2,2,6,6-tetramethyl-4-piperidone (TMP) project. 

It is known that changes in the conformations of drugs will affect the corresponding biological 

responses at the binding sites of the receptors.57 The hypothesis is that the conformational changes 

in representative 3,5-bis(benzylidene)-4-piperidones will affect their cytotoxic potencies. There is 

a  non-bonding interaction between the equatorial hydrogen atom at position 2 of the 4-piperidone 

with the ortho proton of the aryl ring as indicated in Figure 2.1 which increases the interplanar 
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angle θA .
56 Therefore, if the equatorial protons in the 4-piperidone ring are replaced with bulky 

methyl groups for example, the magnitude of the non-bonding interaction between the methyl 

group and protons at the ortho position of the aryl ring will increase and thereby the θA value should 

change. This results in overall conformational changes in the molecule (Figure 2.1) which may 

show a variation in the cytotoxic potencies compared to the present compounds.  

 

15 

Figure 2.1. 3,5-Bis(benzylidene)-4-piperidone showing interaction between equatorial hydrogen 

atom at position 2 of the 4-piperidone with the ortho proton of the aryl ring. 

Initially, the synthesis of 3,5-dibenzylidene-2,2,6,6-tetramethylpiperidin-4-one was attempted 

using the reported procedure of condensing aromatic aldehydes with piperidine-4-one under acidic 

conditions.79 The reaction did not proceed even at higher temperatures. 

  

Scheme 2.2. Attempted synthesis of 3,5-dibenzylidene-2,2,6,6-tetramethylpiperidin-4-one. 
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 A general synthetic procedure was tried under basic conditions for the synthesis of 3,5-

dibenzylidene-2,2,6,6-tetramethylpiperidin-4-ones which did not produce any desired product. 

Many trials were carried out with TMP, 4-methoxybenzaldehyde in the presence of different bases 

viz., NaH, piperidine/AcOH, NaOH at different temperature conditions, but none of them 

produced the desired product. 

The reactions using NaOEt and NaOMe as bases, at 50-55 °C produced a compound which was 

isolated by column chromatography and characterized by 1H NMR. Analysis of the 1H NMR 

spectra revealed the isolated compound to be 1,5-bis(4-methoxyphenyl)-penta-1,4-dien-3-one 

which is not the desired compound. The % yields of 1,5-bis(4-methoxyphenyl)-penta-1,4-dien-3-

one under different reaction conditions are summarized in Table 2.5. 
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2.7 Plausible Reaction Mechanism: 

 

Scheme 2.3. Plausible reaction mechanism for the formation of unusual acyclic compounds. 

The mechanism for the formation of 1,5-bis(4-methoxyphenyl)-penta-1,4-dien-3-one was 

proposed, and a detailed investigation will be carried out in the future with different aryl aldehydes 

to establish an alternative route for the synthesis of 1,5-bis(aryl)-1,4-dien-3-ones. 
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In future, to overcome the formation of the undesired 1,5-bis(4-methoxyphenyl) penta-1,4-dien-3-

one, the proposed plan is to protect the basic nitrogen of TMP with electron-withdrawing groups 

viz., benzoyl chloride, 4-nitro benzoyl chloride and condensing the N-protected TMP with aryl 

aldehydes.  

 

Scheme 2.4.  Proposed synthetic route for 3,5-dibenzylidene-2,2,6,6-tetramethylpiperidin-4-ones. 

 

Scheme 2.5. Synthesis of 1,5-bis(aryl)-1,4-pentadien-3-one compounds. 

2.7.1 General procedure for the synthesis of 1,5-bis(aryl)-1,4-pentadien-3-ones 

The aryl aldehyde (2.64 mmol) and 2,2,6,6-tetramethyl-4-piperidone (1.28 mmol) were dissolved 

in absolute ethanol or methanol (20 mL) and stirred at room temperature for 5 minutes. Sodium 

metal (4.5 mmol) was added slowly to the reaction mixture at 0 °C. After all the sodium metal 

dissolved, the reaction mixture was stirred at room temperature for 1 hour and then heated to 50-

55 °C overnight. The reaction mixture was cooled to 5-10 °C and 5 mL 6N hydrochloric acid was 
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slowly added. The organic solvent was completely evaporated, and the residue was extracted with 

ethyl acetate. The organic extract were dried over anhydrous Na2SO4 and concentrated to get the 

crude compound which was purified by silica gel-60, (0.040-0.063 mm, 230-400 mesh) column 

chromatography using 5% ethyl acetate in hexane as the mobile phase. 

The compounds formed in these unusual reactions were not tested for cytotoxicity as we are not 

interested in evaluating the biological properties of these compounds in these studies. 

   Table 2.5.  Reaction conditions and % yields of unusual reactions 

Aryl 

substituent 

TMP 

(mmol) 

Aryl aldehyde 

(mmol) 

Sodium metal 

(mmol) Solvent Temp Time Yield 

H 1.28 2.64 4.5 Ethanol 55 °C 15 h 22% 

      OCH3 1.28 2.64 4.5 Ethanol 55 °C 14 h 37% 

      OCH3 1.28 2.64 4.5 Methanol 55 °C 18 h 26% 

Cl 1.28 2.64 4.5 Ethanol 55 °C 14 h 41% 

F 1.28 2.64 4.5 Ethanol 55 °C 14 h 29% 
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2.8 Analytical data 

2.8.1.  (1E,4E)-1,5-Diphenylpenta-1,4-dien-3-one207  

 

Yield: 22 %; mp: 112 °C(lit 98 oC)207; 1H NMR (500 MHz, DMSO-d6) δ ppm 7.09 (d, J=15.9 Hz, 

2 H), 7.37 -7.46 (m, 6 H), 7.58 - 7.65 (m, 4 H), 7.74 (d, J =15.9 Hz, 2 H). MS (FD) m/z found: 

234.1057, calculated m/z: 234.1045. 

2.8.2.  (1E,4E)-1,5-bis(4-Methoxyphenyl)penta-1,4-dien-3-one 

 

Yield: 26%; mp: 122 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 3.80 (s, 6 H) 7.01 (d, J = 8.8 Hz, 

4 H) 7.20 (s, 1 H) 7.17 (s, 1 H) 7.71 (s, 1 H) 7.72 - 7.75 (m, 5 H). MS (FD) m/z found: 294.1271, 

calculated m/z: 294.1256. 

2.8.3.  (1E,4E)-1,5-bis(4-Chlorophenyl)penta-1,4-dien-3-one 

 

Yield: 41%; mp: 193 °C; 1H NMR (500 MHz, CDCl3) δ ppm 7.04 (d, J=15.9  Hz, 2 H ), 7.40 (dd, 

J=8.6 Hz, 4 H), 7.56 (d, J=8.6 Hz, 4 H), 7.70 (d, J=15.9 Hz, 2 H). 13C NMR (125 MHz, CDCl3) δ 
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126.0, 128.7, 128.7, 129.3, 129.3, 133.3, 136.5, 142.1, 188.3. MS (FD) m/z found: 302.0279, 

calculated m/z: 302.0265. 

2.8.4.  (1E,4E)-1,5-bis(4-Fluorophenyl)penta-1,4-dien-3-one 

 

Yield: 29%; mp: 148 °C; 1H NMR (500 MHz, CDCl3) δ ppm 7.00 (d, J=15.9  Hz, 2 H ), 7.11 (dd, 

J=8.7 Hz, 4 H), 7.60 (d, J=8.7 Hz, 4 H), 7.71 (d, J=15.9 Hz, 2 H). 13C NMR (125 MHz, CDCl3) δ 

115.8, 125.4, 130.8, 141.5, 161.6, 164.9, 188.3. MS (FD) m/z found: 270.094, calculated m/z: 

270.085. 
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Chapter 3 

3.1 Introduction 

The aim of this portion of the investigation was to prepare a series of N-aroyl analogs of a number 

of 3,5-bis(benzylidene)-4-piperidones in order to examine their potential as antineoplastic agents. 

The hypothesis 2 was formulated that the presence of an acyl group attached on to the piperidyl 

nitrogen atom of 3,5-bis(benzylidene)-4-piperidones may interact with an additional binding site 

and thereby enhancing cytotoxic potencies and tumor selectivities. An aryl ring in the N-acyl 

function was chosen since it may allow van der Waal bonding at auxiliary binding site. An 

aminoalkoxy group was placed on the aromatic ring would interact at a complementary area of the 

binding site may increase the cytotoxic potencies. The nitrogen atom of aminoalkoxy group in 

series 33 may interact with an additional binding site thereby enhancing cytotoxic potencies. A 

variety of substituents were placed on the arylidene aryl rings in order to seek correlations between 

some of their physicochemical properties and the magnitude of the cytotoxic potencies. These 

evaluations would be made using SAR and QSAR approaches. 

In order to evaluate whether these compounds in series 33 display tumor-selective cytotoxicity, 

they were also evaluated against several non-malignant cell lines. The enone 33g was planned to 

be examined as a possible initiator of apoptosis in HL-60 leukemic cells. 
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3.2 Syntheses of N-aroyl analogs of 3,5-bis(arylidene)-4-piperidones 

 

Scheme 3.1. Syntheses of N-aroyl analogs of 3,5-bis(arylidene)-4-piperidones. 

Melting points were determined on a DigiMelt-MPA160 instrument and are uncorrected. 1H NMR 

and 13C NMR spectra were obtained using a Bruker 500 MHz spectrometer equipped with a BBO 

probe. Chemical shifts (δ) are reported in ppm. Mass spectra were obtained using a Jeol JMS-T100 

GCv tof-gcV4G instrument.     

3.2.1 General procedure for the synthesis of 3,5-bis(arylidene)-4-piperidones (15a-n) 

               The intermediate ketones 15a-n were prepared by modifications of a literature 

procedure.104 A mixture of an aryl aldehyde (11.5 mmol) and 4-piperidone hydrochloride 

monohydrate (5.60 mmol) in glacial acetic acid (15 mL) was stirred for 5 minutes. Dry hydrogen 

chloride gas was passed through the mixture for approximately 45 minutes and the reaction 

mixture was then stirred at room temperature for 24 hours. The resultant precipitate was collected 

by filtration and washed with a mixture of aqueous potassium carbonate solution (25 % w/v, 10 
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mL) and acetone (10 mL) and stirred at room temperature for 45 minutes. The product was 

collected by filtration, washed with ice cold water and dried. The compounds were taken for the 

reaction with the acid chloride 6881 without further purification. The melting points, yields and 1H 

NMR spectra of 15a-m are presented in the previous chapter. 1H NMR spectroscopy revealed the 

presence of 15n along with some impurities. The crude product was pure enough to carry forward 

to the next step in the synthesis of 33n. 

3.2.2 General procedure for the synthesis of N-aroyl analogs of 3,5-bis(arylidene)-4-

piperidones (33a-n) 

4-(2-Dimethylaminoethyl)benzoic acid hydrochloride (4.8 mmol) prepared by a literature 

method81 was treated with thionyl chloride (10 mL) and heated under reflux for 4 hours. Excess 

thionyl chloride was evaporated under inert conditions to produce the crude acid chloride 68 which 

was used without further purification. This compound was dissolved in 1,2-dichloroethane (10 

mL) and added slowly to a mixture of the appropriate 3,5-bis(benzylidene)-4-piperidones (3.21 

mmol) and trimethylamine (1.6 mL, 12 mmol) in 1,2-dichloroethane (10 mL). During the addition 

process, the external temperature was maintained at 10 °C. After the addition of the acid chloride, 

the reaction mixture was stirred at room temperature overnight. Removal of the solvent by 

evaporation afforded a residue which was stirred with aqueous potassium carbonate solution (10 

% w/v) for 5 hours. The resultant solid was collected by filtration, vacuum dried and crystallized 

from mixtures of chloroform and 2-propanol (33a-g, n), chloroform and ethanol (33h-l) and 

hexane and ethanol (33m). 
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3.3 Analytical data 

3.3.1. 1-[4-(2-dimethylaminoethoxy)benzoyl-3,5-bis(2-methoxybenzylidene)-4-piperidone 

hydrochloride (33a)  

 

Yield: 69%; mp: 236 °C (dec.); 1H NMR (500 MHz, DMSO-d6)  ppm 2.82 (s, 6 H) 3.47 (br s, 2 

H) 3.88 (s, 6 H) 4.25 (t, J=4.9 Hz, 2 H) 4.73 (br s, 4 H) 6.71 (d, J=8.8 Hz, 2 H) 7.01 (br s, 2 H) 

7.05 - 7.15 (m, 4 H)7.16 (d, J=8.8 Hz, 2 H) 7.44 (br s, 2 H) 7.90 (br s, 2 H). 13C NMR (125 MHz, 

DMSO-d6)  ppm 42.64, 54.97, 55.72, 62.36, 111.38, 113.15, 113.94, 120.26, 122.74, 127.26, 

128.62, 130.16, 131.47, 132.19, 157.98, 158.44, 168.67, 186.00. MS (FD) m/z found: 527.2483, 

calculated m/z: 527.2468. 

3.3.2. 1-[4-(2-dimethylaminoethoxy)benzoyl)-3,5-bis(3-methoxybenzylidene)-4-piperidone 

hydrochloride (33b)  

 



 

107 

 

Yield: 87%; mp: 166 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 2.21, (s, 6 H) 2.60 (t, J=5.7 Hz, 

2 H) 3.90 (s, 6 H) 3.95 (t, J=5.7 Hz, 2 H) 4.85 (br s, 4 H) 6.64 (d, J=8.6 Hz, 2 H) 7.00 (br s, 6 H) 

7.14 (d, J=8.6 Hz, 2 H) 7.37 (br s, 2 H) 7.73 (s, 2 H). 13C NMR (125 MHz, DMSO-d6)  ppm 

45.38, 55.26, 57.36, 65.62, 113.80, 115.46, 122.55, 126.30, 128.79, 29.84, 132.76, 135.58, 159.31, 

159.53, 169.01, 185.93. MS (FD) m/z found:  527.2453, calculated m/z: 527.2468. 

3.3.3. 1-[4-(2-dimethylaminoethoxy)benzoyl)-3,5-bis(4-methoxybenzylidene)-4-piperidone 

hydrochloride (33c)  

 

Yield: 88%; mp: 158 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 3.80 (s, 6 H) 3.96 (s, 4 H) 7.25 

(d, J=8.8 Hz, 4 H) 7.44 (d, J=8.8 Hz, 4 H) 7.53 (s, 2 H). 13C NMR (125 MHz, DMSO-d6)  ppm 

45.47, 55.37, 57.45, 65.77, 113.76, 114.35, 126.27, 126.85, 128.76, 130.53, 159.56, 160.37, 

168.84, 185.61. MS (FD) m/z found:  527.2464, calculated m/z: 527.2468. 
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3.3.4. 1-[4-(2-dimethylaminoethoxy)benzoyl)-3,5-bis(3,4-dimethoxybenzylidene)-4-piperidone 

hydrochloride (33d)  

 

Yield: 52%; mp: 129 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 2.19 (s, 6 H) 2.57 (t, J=5.7 Hz, 2 

H) 3.81 (s, 12 H) 3.94 (t, J=5.7 Hz,2 H) 4.85 (br s, 4 H) 6.69 (d, J=8.2 Hz, 2 H) 7.04 (br s, 6 H) 

7.18 (d, J=8.5 Hz, 2 H) 7.71 (br s, 2 H). 13C NMR (125 MHz, DMSO-d6)  ppm 45.50, 55.61, 

55.62, 57.49, 65.78, 111.67, 113.82, 116.88, 124.07, 126.44, 128.81, 130.60, 148.60, 150.18, 

159.59, 168.95, 185.56. MS (FD) m/z found:  587.2658, calculated m/z: 587.2679. 

3.3.5. 1-[4-(2-dimethylaminoethoxy)benzoyl)-3,5-bis(2,5-dimethoxybenzylidene)-4-piperidone 

hydrochloride (33e) 

 

Yield: 57%; mp: 159 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 2.71 (s, 6 H) 3.38(t, J=5.2 Hz 2 

H) 3.76 (s, 6 H) 3.82 (s, 6 H) 4.23 (t, J=5.3 Hz 2 H) 4.38 (br s, 4 H) 6.86 (d, J=2.2 Hz, 2 H) 6.94 
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- 6.97 (m, 2 H) 7.08 - 7.10 (m, 2 H) 7.76 - 7.79 (m, 2 H) 7.98 (s, 2 H) 9.38 (br s, 1 H). MS (FD) 

m/z found: 587.2687, calculated m/z: 587.2679. 

3.3.6. 1-[4-(2-dimethylaminoethoxy)benzoyl)-3,5-bis(2,4,6-trimethoxybenzylidene)-4-

piperidone hydrochloride (33f) 

 

Yield: 86%; mp: 183 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 2.20 (s, 6 H) 2.58 (t, J=5.7 Hz, 2 

H) 3.82 (s, 18 H) 3.94 (t, J=5.8 Hz, 2 H) 4.27 (br s, 4 H) 6.6 (d, J=8.2 Hz, 2 H) 7.02 (d, J=8.2 Hz, 

2 H) 7.54 (br s, 2 H). MS (FD) m/z found: 647.2909, calculated m/z: 647.2890. 

3.3.7. 1-[4-(2-dimethylaminoethoxy)benzoyl)-3,5-bis(3,4,5-trimethoxybenzylidene)-4-

piperidone hydrochloride (33g)  

 

Yield: 69%; mp: 196 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 2.19 (s, 6 H) 2.57 (t, J=5.8 Hz, 2 

H) 3.71 (s, 6 H) 3.79 (s, 12 H) 3.97 (t, J=5.8 Hz, 2 H) 4.93 (br s, 4 H) 6.72 (d, J=5.1 Hz, 2 H) 6.95 
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(br s, 4 H) 7.23 (d, J=5.4 Hz, 2 H) 7.69 (br s, 2 H). 13C NMR (125 MHz, DMSO-d6)  ppm 45.51, 

56.09, 57.52, 60.18, 65.81, 108.14, 113.82, 26.50, 128.92, 131.76, 138.84, 152.84, 159.66, 169.11, 

185.76. MS (FD) m/z found: 647.2879, calculated m/z: 647.2890. 

3.3.8. 1-[4-(2-dimethylaminoethoxy)benzoyl)-3,5-bis(benzo[d][1,3]dioxol-5-ylmethylene)-4-

piperidone hydrochloride (33h)  

 

Yield: 89%; mp: 198 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 2.19 (s, 6 H) 2.56 - 2.61 (m, 2 H) 

3.32 (s, 6 H) 3.96 (t, J=5.8 Hz, 2 H) 4.85 (br s, 4 H) 6.06 - 6.13 (m, 5 H) 6.66 - 6.71 (m, 2 H) 7.12 

- 7.16 (m, 3 H) 7.65 (s, 2 H). 13C NMR (125 MHz, DMSO-d6)  ppm 45.49, 55.12, 57.45, 65.82, 

101.68, 108.66, 109.97, 113.26, 113.77, 126.33, 128.41, 128.74, 147.69, 148.52, 159.57, 168.96, 

185.62. MS (FD) m/z found: 555.2044, calculated m/z: 555.2053. 
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3.3.9. 1-[4-(2-dimethylaminoethoxy)benzoyl)-3,5-bis(2-fluorobenzylidene)-4-piperidone 

hydrochloride (33i)  

 

Yield: 79%; mp: 117 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 2.83 (s, 6 H) 3.52 (t, J=5.4 Hz,  

2 H) 3.90 (s, 4 H) 4.41 - 4.46 (m, 2H) 7.07 - 7.10 (m, 2 H) 7.28 - 7.35 (m, 4 H) 7.43 - 7.52 (m, 4 

H) 7.65 (s, 2 H) 7.90 - 7.94 (m, 2 H). 13C NMR (125 MHz, DMSO-d6)  ppm 45.53, 55.16, 57.46, 

65.84, 113.20, 113.72, 115.80, 115.97, 121.84, 121.94, 124.70, 126.13, 128.57, 128.82, 130.98, 

131.95, 134.33, 159.58, 169.15, 185.42. MS (FD) m/z found: 503.2062, calculated m/z: 503.2068. 

3.3.10. 1-[4-(2-dimethylaminoethoxy)benzoyl)-3,5-bis(3-fluorobenzylidene)-4-piperidone 

hydrochloride (33j)  

 

Yield: 66%; mp: 136 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 2.14 (s, 6 H) 2.59 (t, J=5.4 Hz, 2 

H) 3.94 (t, J=5.5 Hz, 2 H) 4.85 (br s, 4 H) 6.65 (d, J=8.5 Hz, 2 H) 6.78 - 6.94 (m, 2 H) 6.94 - 7.10 
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(m, 4 H) 7.14 (d, J=8.5 Hz, 2 H) 7.37 (d, J=6.6 Hz, 2 H) 7.73 (br s, 2 H). 13C NMR (125 MHz, 

DMSO-d6)  ppm 45.48, 55.26, 57.43, 65.75, 113.79, 115.47, 126.26, 128.78, 129.83, 132.76, 

135.58, 159.31, 159.57, 169.02, 185.94. MS (FD) m/z found: 503.2064, calculated m/z: 503.2068. 

3.3.11. 1-[4-(2-dimethylaminoethoxy)benzoyl)-3,5-bis(4-fluorobenzylidene)-4-piperidone 

hydrochloride (33k)  

 

Yield: 84%; mp: 149 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 2.21 (s, 6 H) 2.60 (t, J=5.7 Hz, 2 

H) 3.93 (t, J=5.8 Hz, 2 H) 4.83 (br s, 4 H) 6.64 (d, J=8.8 Hz, 2 H) 7.02 (br s, 4 H) 7.13 (d, J=8.5 

Hz, 2 H) 7.31-7.34 (br s, 4 H) 7.71 (s, 2 H). 13C NMR (125 MHz, DMSO-d6)  ppm 39.02, 39.19, 

39.35, 39.68, 39.85, 40.02, 45.29, 55.36, 57.29, 65.53, 113.77, 114.34, 126.32, 126.85, 128.76, 

159.49, 160.36, 168.82, 185.60. MS (FD) m/z found: 503.2089, calculated m/z: 503.2068. 
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3.3.12. 1-[4-(2-dimethylaminoethoxy)benzoyl)-3,5-bis(3,4-difluorobenzylidene)-4-piperidone 

hydrochloride (33l)  

 

Yield: 72%; mp: 178 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 2.18 (s, 6 H) 2.57 (t, J=5.5 Hz, 2 

H) 3.94 (t, J=5.8 Hz, 2 H) 4.82 (br s, 4 H) 6.66 (d, J=8.5 Hz, 2 H) 7.11 (d, J=8.5 Hz, 2 H) 7.53 (br 

s, 6 H) 7.69 (br s, 2 H). 13C NMR (125 MHz, DMSO-d6)  ppm 45.44, 57.42, 65.78, 113.74, 

126.21, 128.63, 131.84, 133.37, 159.58, 169.30, 185.81. MS (FD) m/z found: 539.1898, calculated 

m/z: 539.1880. 

3.3.13.  1-[4-(2-dimethylaminoethoxy)benzoyl)-3,5-bis(2,6-difluorobenzylidene)-4-

piperidone hydrochloride (33m) 

 

Yield: 71%; mp: 127 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 2.21 (S, 6 H) 2.59 (t, J=5.7 Hz, 

2 H) 3.93 (t, J=5.7 Hz, 2 H) 4.47 (br s, 4 H) 6.61 (d, J=8.8 Hz, 2 H) 7.06 (d, J=8.8 Hz, 2 H) 7.22 
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(br s, 4 H) 7.52 (br s, 4 H). 13C NMR (125 MHz, DMSO-d6)  ppm 45.47, 57.42, 65.80, 111.94, 

112.13, 113.62, 126.17, 128.31, 136.73, 158.53, 159.52, 160.52, 169.31, 184.69. MS (FD) m/z 

found: 539.1868, calculated m/z: 539.1880. 

3.3.14.  1-[4-(2-dimethylaminoethoxy)benzoyl-3,5-bis(2,5-difluorobenzylidene)-4-

piperidone hydrochloride (33n) 

 

Yield: 74%; mp: 138 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 2.23 (s, 6 H) 2.63 (t, J=5.5 Hz, 2 

H) 3.96 (t, J=5.7 Hz, 2 H) 6.67 (d, J=8.5 Hz, 2 H) 7.12 (d, J=8.5 Hz, 2 H) 7.39 (br s, 6 H) 7.66 (br 

s, 2 H). 13C NMR (125 MHz, DMSO-d6)  ppm 45.36, 49.62, 57.33, 65.65, 113.74, 116.94, 117.14, 

126.19, 128.56, 128.71, 135.25, 156.84, 159.56, 169.42, 185.33. MS (FD) m/z found: 539.1902, 

calculated m/z: 539.1880.
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3.4 Biological results  

Table 3.1. Evaluation of 33, 33a-n against four human tumour cell lines 

     Compound Human tumour cell lines, CC50 (µM)a     

  R Ca9-22 SIb HSC-2 SIb HSC-3 SIb HSC-4 SIb Avg CC50    Avg  SI 

33 H 0.26 ± 0.12 40.4 0.45 ± 0.09 23.3 1.00 ± 0.09 10.5 0.07 ± 0.04 150 0.45 ± 0.40 56.1 

33a 2-OCH3 0.10 ± 0.06 57.0 0.20 ± 0.00 22.8 0.27 ± 0.01 21.1 0.06 ± 0.02 95.0 0.17 ± 0.10 49.0 

33b 3-OCH3 0.21 ± 0.02 29.6 0.27 ± 0.03 23.0 0.64 ± 0.23 9.72 0.02 ± 0.01 311 0.29 ± 0.26 93.3 

33c 4-OCH3 0.63 ± 0.05 14.1 1.66 ± 0.10 5.36 1.49 ± 0.26 5.97 0.40 ± 0.10 22.3 1.05 ± 0.62 11.9 

33d 3,4-(OCH3)2 0.24 ± 0.04 31.2 0.85 ± 0.03 8.80 0.74 ± 0.02 10.1 0.15 ± 0.02 49.9 0.49 ± 0.35 25.0 

33e 2,5-(OCH3)2 0.12 ± 0.05 22.3 0.24 ± 0.03 11.1 0.22 ± 0.03 12.1 0.41 ± 0.11 6.51 0.25 ± 0.12 13.0 

33f 2,4,6-(OCH3)3 6.70 ± 0.46 3.09 15.6 ± 1.50 1.33 6.15 ± 0.60 3.37 11.8 ± 4.99 1.75 10.1 ± 4.49    2.39 

33g 3,4,5-(OCH3)3 0.02 ± 0.00 75.5 0.07 ± 0.02 21.6 0.03 ± 0.00 50.3 0.04 ± 0.01 37.8 0.04 ± 0.02 46.3 

33h 3,4-OCH2O 0.56 ± 0.08 18.0 0.76 ± 0.48 13.3 1.37 ± 0.42 7.37 0.41 ± 0.09 24.6 0.77 ± 0.42 15.8 

33i 2-F 0.20 ± 0.02 28.6 0.46 ± 0.08 12.4 0.70 ± 0.03 8.16 0.07 ± 0.03 81.6 0.36 ± 0.28 32.7 

33j 3-F 0.32 ± 0.09 20.9 0.75 ± 0.36 8.92 1.03 ± 0.29 6.50 0.07 ± 0.02 95.6 0.54 ± 0.43 33.0 

33k 4-F 1.12 ± 0.57 13.5 1.64 ± 0.37 9.45 2.25 ± 0.22 6.89 0.49 ± 0.16 31.6 1.38 ± 0.75 15.4 

33l 3,4-F2 0.09 ± 0.04 60.0 0.37 ± 0.11 14.6 0.74 ± 0.11 7.30 0.08 ± 0.02 67.5 0.32 ± 0.31 37.4 

33m 2,6-F2 0.12 ± 0.04 56.7 0.28 ± 0.11 24.3 1.05 ± 0.30 6.48 0.14 ± 0.10 48.6 0.40 ± 0.44 34.0 

33n 2,5-F2 0.59 ± 0.06 29.8 0.81 ± 0.15 21.7 1.31 ± 0.56 13.4 0.15 ± 0.03 117 0.71 ± 0.48 45.5 

Melphalan 38.7 ± 2.10 >4.88 13.0 ± 5.27 >14.5 13.3 ± 2.22 >14.2 17.1 ± 1.69 >11.1 20.5 ± 12.3 >11.2 

5-Fluorouracil 19.2 ± 4.37 >51.2 >1000 >0.98 >1000 >0.98 >1000 >0.98 >755   - - - >13.5 

Methotrexate >400 - - - >400 - - -  0.44 ± 0.29 >909 33.7 ± 25.4 >11.9 >209   - - - - - - 

Doxorubicin 0.29 ± 0.04 >28.4 0.31 ± 0.39 >26.6 0.16 ± 0.06 >51.4 0.15 ± 0.09   >54.9 0.28 ± 0.08 >40.3 

aThe CC50 values are the concentrations of the compounds required to kill 50% of the cells. (Avg= Average).  

bThe SI figures refer to the selectivity indices which are computed by dividing the average CC50 figure for the nonmalignant cells 

by the CC50 value of a specific compound towards a tumour cell line. 
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Table 3.2. Evaluation of 33, 33a-n against HGF, HPLF, and HPC human normal cell lines  

Human normal cell lines, CC50 (µM)a 

Compound  HGF HPLF HPC Average PSEb 

    CC50  

33 8.80 ± 0.30 13.1 ± 3.01 9.57 ± 3.85 10.5 12,467 

33a 7.27 ± 0.15 7.70 ± 0.28 2.12 ± 0.48 5.70 28,824 

33b 7.03 ± 0.95 8.88 ± 0.85 2.75 ± 0.54 6.22 32,172 

33c 6.80 ± 0.10 14.6 ± 3.3 5.29 ± 0.53 8.90 1133 

33d 7.83 ± 0.12 9.01 ± 0.31 5.61 ± 1.14 7.48 5000 

33e 2.11 ± 0.02 2.45 ± 0.32 3.44 ± 0.51 2.67 5200 

33f 20.2 ± 0.06 22.8 ± 0.32 19.0 ± 9.25 20.7 239 

33g 2.09 ± 0.11 1.90 ± 0.09 0.55 ± 0.03 1.51 115,750 

33h 7.79 ± 0.37 15.0 ± 2.85 7.48 ± 0.42 10.1 2026 

33i 7.16 ± 0.06 6.46 ± 0.22 3.52 ± 1.01 5.71 9083 

33j 7.53 ± 0.25 7.49 ± 0.19 5.06 ± 0.17 6.69 6111 

33k 19.2 ± 0.67 20.1 ± 0.46 7.12 ± 0.28 15.5 1116 

33l 6.63 ± 0.48 6.23 ± 0.50 3.33 ± 0.39 5.40 11,688 

33m 7.59 ± 0.23 7.55 ± 0.13 5.25 ± 0.27 6.80 8500 

33n 20.9 ± 1.33 21.2 ± 0.70 10.6 ± 0.49 17.6 6319 

Melphalan 192 ± 13.3 >200    - - - 174   ± 10.7 >189 >54.6 

5-Fluorouracil >988   - - - >1000 - - - >961   - - - >983 - - - 

Methotrexate >400   - - -  >400   - - - >400   - - - >400 - - - 

Doxorubicin 6.00 ± 4.39 >10     - - - 8.69 ± 1.15 >8.23 >17,522 

aThe CC50 values are the concentrations of the compounds required to kill 50% of the cells. 

bThe potency selectivity expression (PSE) is the product of the reciprocal of the average CC50 

value towards the four neoplastic cell lines and the average SI figures multiplied by 100. 
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Figure 3.1. Apoptosis by 33g in HL-60 cells. 

3.4.1 Methodology 

Methodology for determining the cytotoxic activity of 33, 33a-n towards Ca9-22, HSC-2, 

HSC-3, and HSC-4 tumour cells and HGF, HPLF and HPC human normal cells 

The human oral tumor cell lines used are squamous carcinoma cells HSC-2, HSC-3, HSC-4 and 

Cellosaurus cell line Ca9-22. The human oral non-malignant cells employed are periodontal 

ligament fibroblasts (HPLF), gingival fibroblasts (HGF), and hematopoietic precursor cell HPC 

cells. All cells were cultured in DMEM medium which was supplemented with 10% heat-

inactivated FBS. The human normal cells were obtained from periodontal tissues according to the 

“guidelines of  the Meikai University Ethics Committee after obtaining the informed consent from 

the patient”. All cells were incubated for 48 hours at 37 °C with 5% CO2 at various concentrations 

of the test samples, and the relative viable cell number was then determined by the MTT assay 

method and is expressed as the absorbance at 540 nm of the cell lysate. The 50% cytotoxic 
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concentration (CC50) was determined from a dose-response curve.208 The  bioevaluations data for 

the compounds 33 series in Table 3.1 and Table 3.2 are generated at Meikai University Research 

Institute of Odontology, Japan. 

Methodology for determining apoptosis in HL-60 cells 

An annexin V-FITC Kit was used to determine phosphatidylserine externalization (Beckman 

Coulter, Miami, FL, USA). HL-60 Cells with ≥ 95% of viability were seeded at 100,000 cells in 

1000 µL of growth media per well in 24-well plates. Then the cells were left overnight under cell 

culture conditions and then treated with 0.1% v/v DMSO as a vehicle and 1.6 mM H2O2 as a 

positive control. The untreated cells are used as negative controls.  For compound treatment, the 

CC50 and 2 x CC50 values of the compounds were used. After 24 hours of incubation in the presence 

of the test compound, the cells were collected in cold flow cytometry tubes (5 mL tubes) and 

centrifuged at 1200 rpm for 5 minutes at 4 °C. The supernatant solution formed was removed and 

cells were gently resuspended with a mixture containing 100 µL of 1x binding, buffer, 1 µL of 

annexin V-FITC and 2.5 µL of propidium iodide (PI). The cells were incubated for another 15 

minutes in ice cold conditions in the dark. After this incubation, 300 µL of 1x binding buffer was 

added to each tube and examined by flow cytometry (Cytomics FC 500, Beckman Coulter). FL1 

and FL2 detectors were used to capture the signals emitted by FITC and PI. Cells positive for just 

FITC were considered as early apoptotic cells, whereas cells stained by PI alone indicate necrotic 

cells. The FITC and PI double positive cells represent late stages of apoptosis.208 The data for the 

compound 33 series in Table 3.1 and apoptosis by 33g in HL-60 cells are generated at Department 

of Biological Sciences and Border Biomedical Research Center, The University of Texas, El Paso, 

USA. 
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3.5 Discussion 

The cytotoxic evaluation of compounds 33a-n as well as 33 and four reference drugs against Ca9-

22, HSC-2, HSC-3, and HSC-4 tumour cell lines is presented in Table 3.1. These biodata reveal 

that the compounds in series 33 are highly potent cytotoxins except 33f. No less than 75% of the 

compounds in series 33 have CC50 values in the submicromolar range. If the CC50 value of 33f 

is  excluded from the consideration, then the figure rises to 81%. A particular objective of this 

investigation is to find compounds in series 33 with CC50 values below 0.1 µM towards the 

neoplastic cell lines.  Six compounds achieved this criterion (cell line in parentheses) namely 33a 

(HSC-4), 33b (HSC-4), 33g (Ca9-22, HSC-2, HSC-3, HSC-4), 33i (HSC-4), 33j (HSC-4) and 33l 

(Ca9-22, HSC-4). Thus, 17% of the compounds in series 33 have CC50 values which are less than 

0.1 µM. 

Comparisons were made between compounds having methoxy and fluoro groups in which the 

substituents are located at the same position on the arylidene aryl rings. Thus 33a (2-methoxy) was 

compared with 33i (2-fluoro), 33b (3-methoxy) with 33j (3-fluoro) and 33c (4-methoxy) with 33k 

(4-fluoro). In each of these comparisons, the methoxy substituted compounds are found to have 

lower average CC50 values than the corresponding fluoro analogs. Due to the high standard 

deviations of the average CC50 figures, the differences in the average cytotoxic potencies are not 

statistically significant. 

Compound 33 is a potent cytotoxin. Some of the following compounds with substituents on the 

arylidene aryl ring have lower CC50 values than 33 (bioassay in parentheses) namely 33g, l (Ca9-

22), 33a, b, e, g (HSC-2) and 33a, b, d, e, g, i, l (HSC-3). In addition 33a, b, g, i, j, l, m are 
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equipotent with 33 towards HSC-4 cells. Thus the dienones 33 and 33a-n differ in their toxicity to 

various neoplasms which may reflect the ability of these compounds to display greater toxicity to 

tumours than non-malignant cells. Hence the next phase of the investigation was to examine this 

possibility in more detail. 

Tumour-selective toxicity is an important factor to consider when developing these compounds as 

cytotoxic agents. Consequently in order to investigate if these compounds in series 33 demonstrate 

tumour-selective toxicity, evaluation of these molecules against HGF, HPLF and HSC human non-

malignant cells was considered. All compounds in series 33 were screened against these non-

malignant cells and the data is presented in Table 3.2. The following compounds namely 33c 

(HPLF), 33f (HGF, HPLF, HPC), 33h (HPLF), 33k (HGF, HPLF) and 33n (HGF, HPLF, HPC) 

have CC50 values greater than 10 µM (bioassay in parentheses). A similar trend was noticed with 

three compounds namely 15c, f (HGF, HPLF, HPC), 15n (HPC) in series 15 bearing the same aryl 

substituents as in 33c, 33f and 33n. However, 15k displayed toxicity towards non-malignant cells 

in contrast to 33k. Hence, for further development of these compounds as cytotoxic agents, the 

aryl substituent pattern of 33c, f, h, k, n should be taken into consideration in the design of new 

molecules in regard to reducing the toxicity to non-malignant cells and making the candidate 

cytotoxins more toxic to tumors. 

Under clinical conditions, tumours are surrounded by a variety of non-malignant cells in the body. 

Protecting or reducing harm to non-malignant cells from cytotoxic agents in the development stage 

requires the identity of compounds which display greater toxicity to the neoplasms than the 

surrounding non-malignant cells. In order to evaluate if the compounds in series 33 demonstrate 

tumor-selective toxicity, the selectivity index (SI) values were generated. The SI figures are the 
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ratios of the average CC50 value of the compounds towards non-malignant HGF, HPLF and HPC 

cells and the CC50 figure of a compound against a specific neoplastic cell line. The SI figures are 

presented in Table 3.1. The following observations were made. All compounds in the series 33 

have SI figures greater than one demonstrating that they displayed selective cytotoxicity towards 

the malignant cells. No less than 70% of the SI values are greater than ten indicating these are 

more tumor-selective and the highest average SI value was displayed by compound 33b with a 

figure of 93.3. The compounds 33a, 33g, and 33n displayed noteworthy average SI values of  49.0, 

46.3 and  45.5 respectively.  These compounds may be considered as valuable leads for further 

studies. 

In view of the significant cytotoxic potency and tumor-selective toxicity of the compounds in 

series 33, the decision was made to compare these results with that of established anticancer drugs. 

Four reference drugs were chosen from three different classes of anticancer drugs namely 

melphalan which is an alkylating agent, 5-fluorouracil and methotrexate are antimetabolites and 

doxorubicin is an antibiotic. The cytotoxicities of these four drugs towards neoplastic and non-

malignant cells are presented in Tables 3.1 and 3.2. 

The compounds 33a-n are more potent than the reference drug melphalan except 33f, which is 

equipotent with melphalan in the HSC-2 and HSC-4 bioassays while in the Ca9-22 and HSC-3, all 

compounds are more potent than melphalan. All the compounds in series 33 are more potent 

towards Ca9-22, HSC-2, HSC-3 and HSC-4 malignant cell lines than 5-fluorouracil. In another 

comparison, the compounds in series 33 are more cytotoxic than methotrexate towards Ca9-22 and 

HSC-2 cells. The compound 33g is more potent than methotrexate while the compounds 33a, b, 

d, e, i, and l are equipotent to methotrexate in the HSC-3 bioassay. The anticancer drug 
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doxorubicin displayed marked potencies towards Ca9-22, HSC-2, HSC-3 and HSC-4 malignant 

cells with an average CC50 value of 0.28 µM. The average CC50 figures for compounds 33a-n are 

presented in Table 3.1 which reveals that compound 33g is more cytotoxic than doxorubicin while 

the compounds 33a, b, d, e, h, i, j, l, m, and n are equipotent with this established drug. The three 

reference drugs namely melphalan, 5-fluorouracil, and methotrexate display little toxicity to non-

malignant cells except doxorubicin. In summary, the compounds in series 33 are much more potent 

than melphalan, 5-fluorouracil and methotrexate and in general are equipotent with doxorubicin. 

There is a significant difference between the cytotoxic potencies of the structural isomers 33f and 

33g. The average CC50 value of 33g against four neoplastic cell lines is 0.04 µM and the average 

CC50 figure for 33f against the same cells is 10.1 µM which is 253 times more potent than its 

corresponding isomer. Therefore, attempts were made to find some of the possible reasons for this 

observation which could be of assistance in future for developing this series of compounds. A 

previous X-ray crystallographic study of some 3,5-bis(benzylidene)-4-piperidones by Dimmock 

et. al revealed that non-bonding interactions occurred between one of the ortho protons in each of 

the aryl rings and the equatorial hydrogen atoms at the 2 and 6 positions of the piperidine ring209   

resulting in a lack of coplanarity of the aryl rings and the adjacent olefinic group. In the present 

situation, the presence of two ortho methoxy substituents in 33f can cause larger interplanar angles 

between the aryl rings and the adjacent olefinic groups than in the case of 33g, which could affect 

the cytotoxic activity. In future studies, interplanar angles can be determined and linear and 

semilogarithmic plots can be generated to investigate any correlations between the cytotoxic 

potencies and interplanar angles. 
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In addition to differences in shape, there are other possible reasons why 33f and 33g display such 

varied cytotoxic potencies towards human non-malignant cells. The first consideration is the 

electronic effects of the aryl substituents: These compounds were developed as thiol alkylators in 

which the olefinic carbon atoms react with the mercapto (-SH) groups of cellular constituents. The 

electronic properties of the aryl substituents are likely to affect the relative rates of reaction with 

cellular thiols. The combined Hammett (σ) and Taft (σ*) values of the arylidene aryl substituents 

are -0.71 for 33f and -0.03 for 33g suggesting that the lower negative charge in 33g may contribute 

to its having lower CC50 values than 33f. A second factor to consider is the steric effects. The 

enone 33g has two ortho protons on each of the arylidene aryl rings whereas 33f has two methoxy 

groups in ortho locations. These ortho methoxy groups could exert a steric hindrance to 

nucleophilic attack by cellular thiols. Third, the possibility exists that 33g is much more effective 

than 33f in causing apoptosis. In order to evaluate this hypothesis, HSC-2 cells were incubated 

with 33f and 33g and then subjected to a western blot analysis. The result reveals that 33g induced 

apoptosis in HSC-2 cells at much lower concentrations than 33f and thus making 33g more potent. 

Finally the 3,4,5-trimethoxyphenyl group present in 33g is also found in colchicine and hence 33g 

but probably not 33f could interact at the colchicine binding site in tubulin.210 

Potencies and tumour-selective toxicities are two important properties that one should consider in 

evaluating cytotoxins. Hence, potency selective expression (PSE) values were generated in order 

to identify one or more lead compounds with these two desirable properties. PSE figures are the 

product of the reciprocal of the CC50 value multiplied by the SI figure times 100 [PSE= (SI/CC50) 

x 100]. The PSE values of series 33 are presented in Table 3.2. Five compounds namely 33, 33a, 

b, g, and l have PSE figures of over 10,000 and are clearly lead molecules as shown by this 
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study.  In particular, for the compound 33g the PSE figure is outstanding and 484 times greater 

than the value for its structural isomer 33f. The unsubstituted analog 33 having a PSE figure of 

12,467 displayed good cytotoxic potency and favourable SI values. This PSE figure for 33 is 

however less than the value of 33a, b, g and doxorubicin. 

An objective of this study is to make predictions regarding the design of future analogs with greater 

potencies and selective toxicities than 33a-n. The aryl substituents on the arylidene rings of the 

compounds in series 33 might have an effect on potencies and selectivity indices as well. In order 

to investigate this, an attempt was made to determine whether the cytotoxic potencies (CC50’s) and 

selectivity indices (SI) are related to one or more physicochemical properties of the aryl 

substituents. The physicochemical constants utilised are  the Hammett sigma (σ) and Taft sigma 

star (σ*), Hansch pi (π) values and molar refractivity (MR) values of the aryl groups reflect the 

electronic, hydrophobic, and steric properties, respectively.205,206 The general approach undertaken 

is as follows. A statistical analysis for correlations (p<0.05) and trends to a correlation (p<0.1) are 

considered initially with the CC50 values generated. Linear (l) and semilogarithmic plots (sl) were 

generated between the CC50 values of each of the four neoplastic cell lines (Ca9-22, HSC-2, HSC-

3 and HSC-4) and the sigma/sigma star (σ/σ*), pi (π) and molecular refractivity (MR) values of 

the aryl substituents. Also plots are generated with the average CC50 values of the compounds 

against all four cell lines and physicochemical parameters. This process was repeated using the SI 

values, i.e., the physicochemical constants were plotted against the SI figures of four individual 

cell lines and also the average SI values.  
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Plot 3.1. Linear plot between the average CC50 values of series 33 towards the four neoplastic cell 

lines and the sigma/sigma star (σ/σ*) values. 

 

 

Plot 3.2. Semilogarithmic plot between the average CC50 values of series 33 towards the four 

neoplastic cell lines and the sigma/sigma star (σ/σ*) values. 
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The result generated from the plots between the σ/σ* values of the aryl substituent groups and the 

CC50 values of 33a-n in the Ca9-22 (l), HSC-2 (l) and HSC-4 (l, sl) screens, indicates a negative 

correlation between CC50 figures and σ/σ*. This result reveal that the CC50 figures decrease 

(cytotoxic potencies increases) as the magnitude of the σ and σ* values increase. Therefore in the 

future design of new cytotoxic compounds, strongly electron attracting groups should be placed in 

the arylidene aryl rings. Also a negative correlation was noted when the σ/σ* constants were 

plotted against the average CC50 values (l). The plots generated between the π values of the 

arylidene aryl substituents of 33a-n and the CC50 figures generated against the four neoplastic 

(Ca9-22, HSC-2, HSC-3 and HSC-4) cell lines did not reveal any correlations. When the plots 

between the π values and the average CC50 figures of 33a-n were considered, no correlations were 

noted. There was a trend to a positive linear correlation (p<0.1) between the MR constants of the 

arylidene aryl rings of 33a-n and the CC50 values in the HSC-2 and HSC-4 bioassays suggesting 

smaller aryl substituents may be favourable. No correlation was observed between the average 

CC50 figures of 33a-n and the MR values (p>0.10). 
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Plot 3.3. Linear plot between the average CC50 values and the average SI values of series 33 

towards the four neoplastic cell lines. 

 

Plot 3.4. Semilogarithmic plot between the average CC50 values and the average SI values of series 

33 towards the four neoplastic cell lines. 
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To seek further correlations, linear and semilogarithmic plots were made between the SI values 

for 33a-n and the physicochemical constants (σ/σ*, π and MR). From semilogarithmic plots 

between the SI figures and the σ/σ* constants of 33a-n in the Ca9-22, HSC-2 and HSC-4 bioassays, 

positive correlations (p<0.05) were observed. A positive correlation between the average SI values 

and the σ/σ* figures was also noted from a semilogarithmic plot. In addition, a positive correlation 

was observed between a linear plot of the σ/σ* values and the SI figures for HSC-2 cells. These 

results indicate that selective toxicity towards non-malignant cells rises as the σ/σ* values increase. 

From the linear and semilogarithmic plots, no correlations were noted between the π values and 

the SI figures generated in the Ca9-22, HSC-2, HSC-3 and HSC-4 screens nor the average SI 

figures for these four cells. Only one positive correlation was noted from a semilogarithmic plot 

between the SI values of 33a-n against HSC-4 cells and MR values. No correlation was observed 

between the average SI values and the MR figures of the arylidene aryl substituents.  

The conclusions to be drawn from the QSAR study are as follows. (1). The magnitude of the 

electronic properties of the arylidene aryl rings of 33a-n has a profound influence on potencies 

while the π values have no discernable effects and the MR values exert only a marginal influence 

on cytotoxic potencies. (2). In the case of selective toxicities, the major correlation is that the 

electronic nature of the substituents in the arylidene aryl rings influences the selective toxicity (SI 

values which increase as the magnitude of the σ/σ*values are elevated) and the SI figures are 

influenced to a marginal extent by the relative sizes of the various substituent group
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Chapter 4 

4.1 Introduction 

The two final series of compounds in this report, which are designated as series 70 and 71, were 

prepared as having the potential to undergo deamination to produce compounds which have an 

additional centre for thiol alkylation. In addition, an oxime group is incorporated into the design 

of the molecules which  will permit conversion to a variety of analogs which could deal with issues 

of solubility and chemical reactivity. 

It was planned to evaluate the compounds in series 70 and 71 against neoplastic and non-malignant 

cell lines in probing for tumor-selective cytotoxins. In the case of series 71, the possibility exists 

that these molecules will affect the mitochondrial membrane potential and the proposal was made 

to examine two members of series 71 for this property. 

4.2 Synthesis of 4-piperidone-oxime 

 

Scheme 4.1. Synthesis of 4-piperidone-oxime. 
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1H NMR and 13C NMR spectra were obtained using a Bruker 500 MHz spectrometer equipped 

with a BBO probe. Chemical shifts (δ) are reported in ppm. Melting points of the compounds were 

determined using a DigiMelt-MPA160 instrument and the mass spectra were obtained using a 

JEOL JMS-T100 GCv Accu tof-gcV4G spectrometer. 

4.2.1 General procedure for the synthesis of 4-piperidone-oxime 

To a mixture of hydroxylamine hydrochloride (6.79 g, 97.65 mmol) and 200 mL of ethanol, a 

solution of NaOH (7.81 g, 195.3 mmol) was added and stirred at room temperature for 15 minutes. 

To the resultant mixture, piperidin-4-one hydrochloride (14) (10 g, 65.1 mmol) was added and 

stirred at reflux temperature for 2 hours. The solvent was completely evaporated under reduced 

pressure, and the residue obtained was diluted with water (250 mL) and extracted with ethyl acetate 

(250 mL x3). The organic layer was separated, washed with water and brine and dried over 

anhydrous Na2SO4. The organic layer was concentrated to produce 4-piperidone-oxime (69).211  

Yield: 52%; mp: 236 °C (dec.); 1H NMR (500 MHz, DMSO-d6)  ppm 1.73 (s, 1 H) 2.07 - 2.11 

(m, 2 H) 2.33 - 2.38 (m, 2 H) 2.68 (t, J=5.9 Hz, 2 H) 2.75 (t, J=5.9 Hz, 2 H). 
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4.3 Synthesis of oximes and quaternary salts 

 

Reagents: i = acryloyl chloride, K2CO3; ii= piperidone-4-oxime, K2CO3; iii = CH3I; iv = 15a 

Scheme 4.2. Syntheses of oximes and their corresponding quaternary salts including the dimeric 

compounds 72 and 73. 
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4.3.1 Synthesis of compounds 32a-i 

The 3,5-bis(benzylidene)-4-piperidones 15a-i were prepared by a literature method65 and their 

structures confirmed by 1H NMR spectroscopy. 

Acryloyl chloride (0.9 mL, 10.9 mmol) was added dropwise to a stirring mixture of 3,5-

diarylidenepiperidin-4-ones (2.0g, 7.26 mmol), potassium carbonate (1.61g, 11.62 mmol) and 

acetone (15 mL) in an ice bath. The reaction continued for 24 hours at ambient temperature. After 

the starting material was completely consumed, the reaction mixture was poured into ice. The 

precipitate obtained was filtered and washed with water to afford the appropriate 1-acryloyl-3,5-

bis(benzylidene)-4-piperidones 32a-i as yellow solids. These compounds were identified using 1H 

NMR and 13C NMR spectroscopy as well as mass spectrometry. 

4.3.2 Synthesis of compounds 70a-i 

To a mixture of 4-piperidone-oxime (0.41 g, 3.64 mmol) and dry potassium carbonate (0.84 g, 

6.07 mmol) in anhydrous tetrahydrofuran (10 mL), the appropriate 1-acryloyl-3,5-

bis(benzylidene)-4-piperidone 32a-i (1.0 g, 3.04 mmol) was added and stirred at reflux 

temperature for 24 hours. After the disappearance of the starting material, the solvent was 

completely evaporated and the residue obtained was washed with cold water. The obtained 

products 70a-i were vacuum dried and recrystallized in ethanol. The compounds 70a-d, 70f, and 

70g, were dissolved in a mixture of chloroform (10 mL) and ethanol (10 mL) and converted into 

hydrochlorides by passing dry hydrogen chloride gas into the solution for 1 hour and evaporating 

the solvent under vacuum. The corresponding hydrochlorides were recrystallized in ethanol. 
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4.4 Analytical data  

4.4.1. (3~{E},5~{E})-3,5-bis-benzylidine-1-[3-(4-Hydroximino-1-

piperidyl)propanoyl]piperidin-4-one hydrochloride (70a) 

 

Yield: 88%; mp: 172.3 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 2.00 - 2.07 (m, 2 H) 2.09 - 2.16 

(m, 2 H) 2.16 - 2.22 (m, 2 H) 2.27 - 2.35 (m, 4 H) 2.36 - 2.41 (m, 2 H) 3.33 (s, 4 H) 3.42 - 3.48 

(m, 1 H) 4.81 - 4.88 (m, 4 H) 7.46 - 7.55 (m, 7 H) 7.56 - 7.59 (m, 4 H) 7.68 - 7.74 (m, 2 H) 10.25 

(s, 1 H). 13C NMR (125 MHz, DMSO- d6)  ppm 23.98, 30.93, 42.70, 46.24, 51.58, 52.98, 128.88, 

129.63, 130.56, 132.69, 132.89, 134.16, 134.38, 135.93, 136.40, 154.37, 170.16, 186.22. MS (FD) 

m/z found: 444.2283, calculated m/z: 444.2209. 

4.4.2. (3~{E},5~{E})-3,5-bis[(4-Fluorophenyl)methylene]-1-[3-(4-hydroximino-1-

piperidyl)propanoyl]piperidin-4-one hydrochloride (70b) 
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Yield: 84%; mp: 213.4 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 2.03 - 2.07 (m, 2 H) 2.15 (t, 

J=5.99 Hz, 2 H) 2.21 (t, J=5.9 Hz, 2 H) 2.29 - 2.36 (m, 4 H) 2.37 - 2.42 (m, 2 H) 4.82 (s, 4 H) 7.36 

(t, J=8.8 Hz, 4 H) 7.65 (t, J=6.6 Hz, 4 H) 7.70 (s, 2 H) 10.26 (br s, 1 H). 13C NMR (125 MHz, 

DMSO-d6)  ppm 23.95, 25.56, 30.25, 30.92, 42.54, 46.15, 51.66, 53.00, 53.03, 114.54, 115.84, 

116.01, 130.73, 130.94, 132.45, 132.67, 132.97, 133.04, 134.83, 135.23, 154.19, 161.58, 163.56, 

163.65, 170.20, 174.56, 186.15. MS (FD) m/z found: 480.2090, calculated m/z: 480.2020. 

4.4.3. (3~{E},5~{E})-3,5-bis[(4-Chlorophenyl)methylene]-1-[3-(4-hydroximino-1-

piperidyl)propanoyl]piperidin-4-one hydrochloride (70c) 

 

Yield: 79%; mp: 167.9 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 2.04 - 2.07 (m, 2 H) 2.15 (t, 

J=5.9 Hz, 2 H) 2.20 (t, J=5.9 Hz, 2 H) 2.30 - 2.35 (m, 4 H) 2.37 - 2.42 (m, 2 H) 4.81 (s, 4 H) 7.57 

- 7.63 (m, 9 H) 7.68 (s, 2 H) 10.25 (s, 1 H). 13C NMR (125 MHz, DMSO-d6)  ppm 42.71, 55.09, 

62.30, 113.53, 114.04, 127.13, 128.78, 132.54, 158.50, 168.78, 185.92. MS (FD) m/z found: 

512.1507, calculated m/z: 512.1429. 
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4.4.4. (3~{E},5~{E})-3,5-bis[(3,4-Dichlorophenyl)methylene]-1-[3-(4-hydroximino-1-

piperidyl)propanoyl]piperidin-4-one hydrochloride (70d) 

 

Yield: 82%; mp: 194.1 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 2.05 - 2.09 (m, 2 H) 2.18 (t, 

J=5.9 Hz, 2 H) 2.23 (t, J=5.9 Hz, 2 H) 2.31 - 2.37 (m, 4 H) 2.38 - 2.43 (m, 2 H) 4.80 (s, 4 H) 7.57 

(dd, J=8.4, 1.9 Hz, 2 H) 7.66 (s, 2 H) 7.78 (d, J=8.4 Hz, 2 H) 7.89 (s, 2 H) 10.25 (s, 1 H). 13C NMR 

(125 MHz, DMSO-d6)  ppm 23.98, 30.25, 30.93, 39.03, 42.44, 46.06, 51.72, 53.00, 53.04,  

130.28, 130.91, 131.60, 131.62, 131.67, 132.16, 132.24, 133.66, 133.95, 134.18, 134.36, 134.82,  

134.98, 154.27, 170.32, 185.96. MS (FD) m/z found: 580.0621, calculated m/z: 580.0650. 

4.4.5. (3~{E},5~{E})-1-[3-(4-Hydroximino-1-piperidyl)propanoyl]-3,5-bis[(4-

nitrophenyl)methylene]piperidin-4-one  (70e) 
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Yield; 72%; mp: 114.1 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 2.00 - 2.04 (m, 2 H) 2.12 - 2.17 

(m, 2 H) 2.20 (t, J=5.9 Hz, 2 H) 2.28 (t, J=5.9 Hz, 2 H) 2.32 - 2.40 (m, 4 H) 4.87 (d, J=8.3 Hz, 4 

H) 7.80 (s, 2 H) 7.86 (br s, 4 H) 8.34 (d, J=8.5 Hz, 4 H) 10.27 (s, 1 H). 13C NMR (125 MHz, 

DMSO-d6)  ppm 18.59, 23.90, 30.20, 30.85, 42.50, 46.19, 51.73, 52.75, 52.93, 53.08, 53.20, 

56.05, 109.58, 114.54, 123.79, 131.54, 131.68, 133.87, 134.15, 135.51, 135.63, 140.63, 140.78, 

147.38, 154.26, 170.36, 186.11. MS (FD) m/z found: 533.1928, calculated m/z: 533.1910. 

4.4.6. (3~{E},5~{E})-3,5-bis[(4-Methylphenyl)methylene]-1-[3-(4-hydroximino-1-

piperidyl)propanoyl]piperidin-4-one hydrochloride (70f) 

 

Yield: 91%; mp: 195.4 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 2.01 - 2.07 (m, 2 H) 2.10 (t, 

J=5.9 Hz, 2 H) 2.18 (t, J=5.9 Hz, 2 H) 2.27 - 2.34 (m, 4 H) 2.37 (br s, 2 H) 2.38 (s, 6 H) 4.82 (d, 

J=8.7 Hz, 4 H) 7.34 (d, J=8.0 Hz, 4 H) 7.47 (d, J=8.0 Hz, 4 H) 7.68 (s, 2 H) 10.25 (s, 1 H). 13C 

NMR (125 MHz, DMSO-d6)  ppm 21.05, 23.96, 30.23, 30.93, 39.03, 42.80, 46.24, 51.50, 52.95, 

52.98, 113.86, 129.49, 130.61, 130.68, 131.41, 131.65, 131.90, 132.14, 135.84, 136.41, 139.62, 

139.65, 154.33, 170.08, 186.04. MS (FD) m/z found: 472.2589, calculated m/z: 472.2528.  
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4.4.7. (3~{E},5~{E})-3,5-bis[(4-Methoxyphenyl)methylene]-1-[3-(4-hydroximino-1-

piperidyl)propanoyl]piperidin-4-one hydrochloride (70g) 

 

Yield: 74%; mp: 186.2 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 2.01 - 2.09 (m, 2 H) 2.14 (t, 

J=5.9 Hz, 2 H) 2.20 (t, J=5.9 Hz, 2 H) 2.26 - 2.32 (m, 2 H) 2.32 - 2.45 (m, 3 H) 3.84 (s, 6 H) 4.82 

(d, J=6.4 Hz, 4 H) 7.08 (d, J=8.8 Hz, 4 H) 7.55 (d, J=8.8 Hz, 4 H) 7.66 (s, 2 H) 10.24 (s, 1 H). 13C 

NMR (125 MHz, DMSO-d6)  ppm 20.87, 23.97, 30.34, 30.93, 42.37, 42.77, 46.29, 47.01, 51.59, 

53.00, 53.05, 55.37, 114.41, 126.75, 127.01, 130.42, 130.58, 130.87, 132.59, 132.62, 135.58, 

135.71, 135.96, 136.10, 154.36, 160.37, 168.63, 170.08, 185.82. MS (FD) m/z found: 504.2478, 

calculated m/z: 504.2420.  

4.4.8. (3~{E},5~{E})-1-[3-(4-Hydroximino-1-piperidyl)propanoyl]-3,5-bis[(3,4,5-

trimethoxyphenyl)methylene]piperidin-4-one  (70h) 
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Yield: 71%: mp: 177.8 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 2.05 (t, J=5.87 Hz, 2 H) 2.18 

(t, J=5.9 Hz, 2 H) 2.23 (t, J=5.9 Hz, 2 H) 2.30 - 2.33 (m, 2 H) 2.41 (s, 4 H) 3.74 (s, 6 H) 3.85 (d, 

J=5.6 Hz, 12 H) 4.88 (s, 4 H) 6.89 (s, 2 H) 6.87 (s, 2 H) 7.68 (s, 2 H) 10.24 (s, 1 H). 13C NMR 

(125 MHz, DMSO-d6)  ppm 23.96, 30.47, 30.90, 42.62, 46.37, 51.66, 53.00, 56.08, 60.17, 108.10, 

108.15, 129.71, 129.93, 131.99, 132.22, 136.41, 136.75, 138.79, 152.89, 154.28, 170.31, 185.99. 

MS (FD) m/z found: 623.2846, calculated m/z: 623.2843.  

4.4.9. (3~{E},5~{E})-3,5-bis[(4-Hydroxyphenyl)methylene]-1-[3-(4-hydroximino-1-

piperidyl)propanoyl]piperidin-4-one (70i) 

 

Yield: 68%; mp: 216.6 °C;  1H NMR (500 MHz, DMSO-d6)  ppm 2.05 (t, J=5.9 Hz, 2 H) 2.17 (t, 

J=5.9 Hz, 2 H) 2.22 (t, J=5.7 Hz, 2 H) 2.29 - 2.33 (m, 2 H) 2.34 - 2.42 (m, 4 H) 4.80 (d, J=6.3 Hz, 

4 H) 6.90 (d, J=8.5 Hz, 4 H) 7.43 (dd, J=8.0, 3.74 Hz, 4 H) 7.61 (s, 2 H) 10.13 (br. s., 1 H) 10.27 

(s, 1 H). 13C NMR (125 MHz, DMSO-d6)  ppm 24.00, 30.39, 30.93, 42.84, 46.32, 51.71, 53.05, 

53.09, 115.82, 125.24,  125.55, 129.74, 130.01, 132.79, 132.89, 135.88, 136.40, 154.42, 159.08, 

159.16, 170.08, 185.77. MS (FD) m/z found: 475.2189, calculated m/z: 475.2107.  
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4.5 Synthesis of compound 72 

4.5.1. (3~{E},5~{E})-3,5-dibenzylidene-1-[3-[3~{E},5~{E})-3,5-dibenzylidene-4-oxo-1-

piperidyl]-3-oxo-propyl]piperidin-4-one (72)   

 

To a mixture of 3,5-bis(benzylidene)-4-piperidone 15a (1.0 g, 3.64 mmol) and dry potassium 

carbonate (0.84 g, 6.07 mmol) in anhydrous tetrahydrofuran (10 mL), the appropriate 1-acryloyl-

3,5-bis(benzylidene)-4-piperidone 32a (1.0 g, 3.04 mmol) was added and stirred at reflux 

temperature for 24 hours. After the disappearance of the starting material, the solvent was 

completely evaporated and the residue obtained was washed with cold water. Compound 72 was 

vacuum dried and recrystallized in ethanol.  

Yield: 91%; mp: 247 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 2.85 - 2.91 (m, 2 H) 3.06 (dd, 

J=13.2, 3.4 Hz, 2 H) 3.16 (dd, J=9.8, 5.0 Hz, 2 H) 3.63 - 3.68 (m, 2 H) 3.77 (d, J=12.1 Hz, 4 H) 

3.89 - 3.94 (m, 2 H) 4.69 (d, J=15.9 Hz, 2 H) 4.87 (d, J=17.1 Hz, 2 H) 5.05 (d, J=16.2 Hz, 2 H) 

5.22 (d, J=16.9 Hz, 2 H) 6.37 (s, 2 H) 6.43 (s, 2 H) 7.14 - 7.23 (m, 12 H) 7.31 - 7.40 (m, 10 H) 

7.42 - 7.46 (m, 2 H) 7.50 (q, J=7.9 Hz, 8 H) 7.53 - 7.57 (m, 4 H) 7.60 (d, J=7.6 Hz, 4 H) 7.72 (s, 
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2 H) 7.68 (s, 2 H). 13C NMR (125 MHz, DMSO-d6)  ppm 43.16, 45.72, 46.97, 52.11, 55.20, 

55.91, 75.00, 117.23, 118.91, 126.05, 126.28, 128.40, 128.43, 128.47, 128.50, 128.75, 128.80, 

129.44, 129.52, 130.45, 130.55,  132.91, 133.33, 134.40, 134.49, 135.48, 136.07, 136.86, 137.15, 

141.92, 145.09, 170.59, 186.39. MS (FD) m/z found: 604.2734, calculated m/z: 604.2726. 

4.6 Synthesis of compounds 71a-h, and 73 

The appropriate compounds (free bases) in series 70 or 72 (1.13 mmol) was added to a solution of 

methyl iodide (0.24 g, 1.69 mmol) in chloroform (10 mL). The mixture was heated under reflux 

for 24 hours after which time the solvent was evaporated and 71a-h and 73 were recrystallized 

from ethanol. 

Attempts to synthesize compound 71i were made following the general synthetic procedure as 

71a-h but were not successful. The colour of the reaction mixture turned dark during the reaction 

in contrast to other compounds and the TLC shown multiple spots. No alternate synthetic routes 

were tried due to the approaching timeline to finish the project. The synthetic study and 

bioevalutions of compound 71i can be taken up for future work.  
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4.7 Analytical data 

4.7.1. (3~{E},5~{E})-3,5-bis-benzylidine-1-[3-(4-Hydroximino-1-

piperidyl)propanoyl]piperidin-4-one methiodide (71a) 

 

Yield: 81%; mp: 173 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 2.56 - 2.68 (m, 2 H) 2.86 - 2.92 

(m, 1 H) 2.95 (t, J=7.7 Hz, 2 H) 3.02 (s, 3 H) 3.36 - 3.49 (m, 3 H) 3.59 (t, J=7.7 Hz, 2 H) 4.85 (br 

s, 2 H) 4.95 (br s, 2 H) 7.46 - 7.59 (m, 9 H) 7.64 (d, J=5.8 Hz, 2 H) 7.66 (br s, 1 H) 7.72 (s, 1 H) 

10.94 (s, 1 H). 13C NMR (125 MHz, DMSO-d6)  ppm 18.69, 24.79, 25.22, 41.85, 46.16, 58.05, 

59.12, 59.16, 128.80, 128.93, 129.54, 129.68, 130.33, 130.84, 132.40, 132.56, 134.16, 134.24, 

135.83, 136.29, 148.05, 167.51, 186.71. MS (FD) m/z found: 458.2461, calculated m/z: 458.2438. 

4.7.2. (3~{E},5~{E})-3,5-bis[(4-Fluorophenyl)methylene]-1-[3-(4-hydroximino-1-

piperidyl)propanoyl]piperidin-4-one methiodide (71b) 
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Yield: 86%; mp: 163 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 2.57 - 2.70 (m, 2 H) 2.90 (d, 

J=16.6 Hz, 1 H) 2.94 - 2.99 (m, 2 H) 3.04 (s, 3 H) 3.39 - 3.49 (m, 4 H) 3.60 (t, J=7.2 Hz, 2 H) 4.81 

(br s, 2 H) 4.92 (br s, 2 H) 7.38 (d, J=8.5 Hz, 4 H) 7.64 (br s, 3 H) 7.72 (d, J=8.8 Hz, 3 H) 10.95 

(s, 1 H). 13C NMR (125 MHz, DMSO-d6)  ppm 18.73, 24.83, 25.25, 41.66, 46.17, 58.10, 59.15, 

59.20, 113.84, 115.83, 115.93, 116.01, 116.10, 130.82, 130.85, 132.24, 132.74, 132.81, 133.35, 

133.42, 134.73, 135.30, 148.13, 161.63, 163.61, 167.60, 186.60.  MS (FD) m/z found: 494.2238, 

calculated m/z: 494.2250. 

4.7.3. (3~{E},5~{E})-3,5-bis[(4-Chlorophenyl)methylene]-1-[3-(4-hydroximino-1-

piperidyl)propanoyl]piperidin-4-one methiodide (71c) 

 

Yield: 89%; mp: 192 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 2.53 - 2.56 (m, 1 H) 2.57 - 2.69 

(m, 2 H) 2.87 - 2.92 (m, 1 H) 2.95 (t, J=7.7 Hz, 2 H) 3.37 - 3.50 (m, 4 H) 3.59 (t, J=7.7 Hz, 2 H) 

4.81 (s, 2 H) 4.92 (br s, 2 H) 7.57 - 7.65 (m, 7 H) 7.68 (d, J=8.8 Hz, 3 H) 10.95 (s, 1 H). 13C NMR 

(125 MHz, DMSO-d6)  ppm 18.73, 24.83, 25.23, 41.70, 46.13, 58.10, 59.15, 59.20, 79.21, 114.16, 

128.90, 128.97, 132.10, 132.64, 132.94, 133.08, 133.14, 134.30, 134.44, 134.60, 135.16, 148.14, 

167.62, 186.51. MS (FD) m/z found: 526.1652, calculated m/z: 526.1659. 
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4.7.4. (3~{E},5~{E})-3,5-bis[(3,4-Dichlorophenyl)methylene]-1-[3-(4-hydroximino-1-

piperidyl)propanoyl]piperidin-4-one methiodide (71d) 

 

Yield: 88%; mp: 177.2 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 2.54 (d, J=5.7 Hz, 1 H) 2.58 - 

2.70 (m, 2 H) 2.88 - 2.93 (m, 1 H) 2.96 (t, J=7.6 Hz, 2 H) 3.05 (s, 3 H) 3.37 - 3.50 (m, 4 H) 3.60 

(t, J=7.6 Hz, 2 H) 4.79 (br s, 2 H) 4.92 (br s, 2 H) 7.57 (d, J=8.1 Hz, 1 H) 7.60 - 7.65 (m, 2 H) 7.67 

(s, 1 H) 7.79 (dd, J=8.0, 2.40 Hz, 2 H) 7.90 (s, 1 H) 7.94 (s, 1 H) 10.95 (s, 1 H). 13C NMR (125 

MHz, DMSO-d6)  ppm 18.74, 24.83, 25.26, 41.69, 46.19, 58.10, 59.11, 59.20, 115.70, 130.17, 

130.42, 130.98, 131.59, 131.67, 131.93, 132.13, 132.23, 132.58, 133.46, 133.86, 134.06, 134.19, 

134.86, 134.92, 148.12, 167.72, 186.29. MS (FD) m/z found: 594.0859, calculated m/z: 594.0879. 
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4.7.5. (3~{E},5~{E})-1-[3-(4-Hydroximino-1-piperidyl)propanoyl]-3,5-bis[(4-

nitrophenyl)methylene]piperidin-4-one methiodide (71e) 

 

Yield: 77%; mp: 189.8 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 2.56 - 2.68 (m, 2 H) 2.89 (dt, 

J=16.8, 5.3 Hz, 1 H) 2.95 (t, J=7.7 Hz, 2 H) 3.02 (s, 3 H) 3.38 - 3.50 (m, 4 H) 3.58 (t, J=7.7 Hz, 2 

H) 4.85 (br s, 2 H) 4.98 (br s, 2 H) 7.75 (br s, 1 H) 7.81 (br s, 1 H) 7.85 (d, J=8.5 Hz, 2 H) 7.92 (d, 

J=8.5 Hz, 2 H) 8.35 (d, J=7.3 Hz, 4 H) 10.94 (s, 1 H). 13C NMR (125 MHz, DMSO-d6)  ppm 

18.72, 24.80, 25.24, 41.72, 46.19, 58.10, 59.03, 59.20, 114.06, 123.81, 131.39, 131.87, 133.78, 

134.34, 135.09, 135.46, 140.61, 140.75, 147.42, 148.12, 167.75, 186.43. MS (FD) m/z found: 

548.2139, calculated m/z: 548.2145. 

4.7.6. (3~{E},5~{E})-3,5-bis[(4-Methylphenyl)methylene]-1-[3-(4-hydroximino-1-

piperidyl)propanoyl]piperidin-4-one methiodide (71f) 
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Yield: 95%; mp: 183.9 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 2.39 (d, J=6.8 Hz, 7 H) 2.56 - 

2.67 (m, 2 H) 2.84 - 2.91 (m, 1 H) 2.92 - 2.96 (m, 2 H) 3.37 - 3.47 (m, 3 H) 3.59 (t, J=7.6 Hz, 2 

H) 4.84 (s, 2 H) 4.92 (br s, 2 H) 7.32 - 7.36 (m, 5 H) 7.46 (d, J=8.0 Hz, 2 H) 7.55 (d, J=7.8 Hz, 2 

H) 7.60 (s, 1 H) 7.68 (s, 1 H) 10.95 (s, 1 H). 13C NMR (125 MHz, DMSO-d6)  ppm 18.72, 21.06, 

24.82, 25.25, 41.95, 46.08, 46.26, 58.04, 59.17, 59.22, 113.83, 129.47, 129.60, 130.49, 131.00, 

131.48, 131.53, 131.69, 131.74, 135.88, 136.28, 139.59, 139.77, 148.13, 167.51, 186.57. MS (FD) 

m/z found: 486.2744, calculated m/z: 486.2751. 

4.7.7. (3~{E},5~{E})-3,5-bis[(4-Methoxyphenyl)methylene]-1-[3-(4-hydroximino-1-

piperidyl)propanoyl]piperidin-4-one methiodide (71g) 

 

Yield: 81%; mp: 179.5 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 2.57 - 2.68 (m, 2 H) 2.87 - 2.94 

(m, 1 H) 2.97 (t, J=7.5 Hz, 2 H) 3.04 (s, 3 H) 3.37 - 3.51 (m, 4 H) 3.61 (t, J=7.5 Hz, 2 H) 3.85 (s, 

3 H) 3.84 (s, 3 H) 4.84 (br s, 2 H) 4.92 (br s, 2 H) 7.09 (t, J=7.5 Hz, 4 H) 7.54 (d, J=8.5 Hz, 2 H) 

7.62 (s, 1 H) 7.59 (s, 1 H) 7.66 (s, 1 H) 7.64 (s, 1 H) 10.92 - 10.98 (m, 1 H). 13C NMR (125 MHz, 

DMSO-d6)  ppm 18.74, 24.84, 25.32, 41.90, 46.13, 46.32, 55.41, 55.47, 58.09, 59.21, 59.25, 

113.38, 114.40, 114.50, 126.87, 130.27, 130.39, 132.42, 133.03, 135.56, 136.02, 148.14, 160.34, 

160.41, 167.47, 186.31. MS (FD) m/z found: 518.2676, calculated m/z: 518.2649. 
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4.7.8. (3~{E},5~{E})-1-[3-(4-Hydroximino-1-piperidyl)propanoyl]-3,5-bis[(3,4,5-

trimethoxyphenyl)methylene]piperidin-4-one methiodide (71h) 

 

Yield: 79%; mp: 207 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 2.53 - 2.62 (m, 3 H) 2.62 - 2.70 

(m, 2 H) 2.86 - 2.92 (m, 1 H) 2.99 (t, J=7.5 Hz, 2 H) 3.03 (s, 3 H) 3.39 - 3.48 (m, 4 H) 3.62 (t, 

J=7.5 Hz, 2 H) 3.74 (s, 6 H) 3.84 (s, 6 H) 3.88 (s, 6 H) 4.89 (s, 2 H) 4.98 (br s, 2 H) 6.91 (s, 2 H) 

6.94 (s, 2 H) 7.62 (s, 1 H) 7.68 (s, 1 H) 10.95 (s, 1 H). 13C NMR (125 MHz, DMSO-d6)  ppm 

18.73, 24.82, 25.29, 46.30, 56.13, 58.12, 58.98, 59.22, 60.19, 108.03, 108.49, 113.56, 129.75, 

129.82, 131.67, 138.86, 148.12, 152.91, 167.75, 186.42. MS (FD) m/z found: 638.3079, calculated 

m/z: 638.3072.  
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4.7.9. (3~{E},5~{E})-3,5-dibenzylidene-1-[3-[3~{E},5~{E})-3,5-dibenzylidene-4-oxo-1-

piperidyl]-3-oxo-propyl]piperidin-4-one) methiodide (73)  

 

Yield: 89%; mp: 194 °C; 1H NMR (500 MHz, DMSO-d6)  ppm 3.18 (d, J=5.3 Hz, 1 H) 3.23 (s, 

3 H) 3.45 (qd, J=7.0, 5.12 Hz, 1 H) 3.57 (dd, J=10.1, 4.5 Hz, 1 H) 3.73 (t, J=10.6 Hz, 1 H) 3.81 - 

3.87 (m, 1 H) 4.64 - 4.76 (m, 2 H) 4.77 - 4.90 (m, 4 H) 4.96 - 5.03 (m, 2 H) 5.17 (d, J=16.8 Hz, 1 

H) 6.46 (s, 1 H) 6.51 (s, 1 H) 6.68 (s, 1 H) 7.15 (d, J=7.4 Hz, 2 H) 7.19 (d, J=7.4 Hz, 2 H) 7.29 - 

7.36 (m, 2 H) 7.39 - 7.42 (m, 2 H) 7.44 - 7.49 (m, 6 H) 7.52 - 7.57 (m, 4 H) 7.61 - 7.64 (m, 2 H) 

7.72 (d, J=7.1 Hz, 2 H). 13C NMR (125 MHz, DMSO-d6)  ppm 18.58, 43.17, 43.48, 47.42, 51.65, 

56.03, 60.56, 62.55, 63.40, 72.96, 113.29, 114.54, 120.27, 121.77, 127.53, 127.73, 128.53, 128.76, 

128.79, 128.82, 129.47, 130.23, 130.36, 130.50, 132.59, 132.67, 132.96, 134.34, 134.57, 134.75, 

134.98, 135.74, 136.04, 167.52, 186.22. MS (FD) m/z found: 619.2916, calculated m/z: 619.2944. 
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4.8 Biological results 

Table 4.1. Evaluation of 70a-h, 71a-h, 71 and 72 against Ca9-22, HSC-2 and HSC-4 neoplastic cells 

Compound Ca9-22 HSC-2 HSC-4 Average 

 CC50 (µM)a   SIb CC50 (µM)a   SIb CC50 (µM)a   SIb CC50 (µM)a   SIb 

70a   H 0.65 ± 0.07 16.9 0.89 ± 0.06 12.4 0.44 ± 0.16 25.0 0.66 18.1 

70b   4-F 0.37 ± 0.19 28.1 0.73 ± 0.13 14.3 0.20 ± 0.08 52.0 0.43 31.5 

70c   4-Cl 0.12 ± 0.08 113 0.66 ± 0.14 20.5 0.18 ± 0.03 75.0 0.32 69.5 

70d   3,4-Cl2 0.02 ± 0.01 180 0.10 ± 0.02 35.9 0.07 ± 0.00 51.3 0.06 89.1 

70e   4-NO2 0.03 ± 0.00 109 0.12 ± 0.09 27.3 0.09 ± 0.02 36.3 0.08 57.5 

70f    4-CH3 0.47 ± 0.04 15.3 0.75 ± 0.04 9.57 0.43 ± 0.12 16.7 0.55 13.9 

70g   4-OCH3 0.59 ± 0.06 18.3 1.56 ± 0.55 6.92 0.65 ± 0.02 16.6 0.93 13.9 

70h   3,4,5-(OCH3)3 0.07 ± 0.03 43.9 0.23 ± 0.02 13.4 0.30 ± 0.15 10.2 0.20 22.5 

70i    4-OH 16.5 ± 2.35 5.10 18.0 ± 2.06 4.68 19.3 ± 1.61 4.36 17.9 4.71 

71a   H 0.56 ± 0.01 30.4 1.45 ± 0.16 11.7 0.58 ± 0.04 29.3 0.86 23.8 

71b   4-F 0.29 ± 0.23 28.7 0.42 ± 0.14 19.8 0.21 ± 0.01 39.6 0.31 29.4 

71c   4-Cl 0.02 ± 0.01 202 0.06 ± 0.01 67.3 0.09 ± 0.03 44.9 0.06 105 

71d   3,4-Cl2 0.01 ± 0.00 236 0.03 ± 0.00 78.7 0.03 ± 0.00 78.7 0.02 131 

71e   4-NO2 0.02 ± 0.00 104 0.05 ± 0.01 41.4 0.06 ± 0.01 34.5 0.04 60.0 

71f    4-CH3 0.18 ± 0.02 53.1 0.46 ± 0.10 20.8 0.40 ± 0.23 23.9 0.35 32.6 

71g   4-OCH3 0.31 ± 0.17 41.0 0.68 ± 0.04 18.7 0.66 ± 0.05 19.2 0.55 26.3 

71h   3,4,5-(OCH3)3 0.07 ± 0.01 20.4 0.22 ± 0.04 6.50 0.18 ± 0.04 7.94 0.16 11.6 
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72 >100 - - -  - - -  0.61 ± 0.04 >137 0.60 ± 0.30 >139 >33.7 --- 

73     0.03 ± 0.01 171 0.20 ± 0.02 25.7 0.07 ± 0.03 73.3 0.10 90.0 

Melphalan 48.5 ± 1.33 >3.79 14.4 ± 2.08 >12.8 17.4 ± 0.88 >10.6 26.7 >9.06 

Doxorubicin 0.47 ± 0.12 15.6 0.11 ± 0.01 66.5 0.15 ± 0.05 48.7 0.24 43.6 

a The CC50 values are the concentrations of compounds required to kill 50% of the cells.  

b The letters SI refers to the selectivity index. The SI figures are the ratios of the average CC50 value of the compounds towards 

non-malignant HGF, HPLF and HPC cells (Table 4.2) and the CC50 figure of a compound against a specific neoplastic cell line.  
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Table 4.2. Evaluation of 70a-i, 71a-h, 71 and 72 against HGF, HPLF and HPC non-malignant 

cells 

a  The CC50 values are the concentrations of the compounds required to kill 50% of the cells.  

b  The letters PSE refer to the potency-selectivity expression. These figures are the product of the 

reciprocal of the average CC50 values against Ca9-22, HSC-2 and HSC-4 cells and the average SI 

value multiplied by 100.  

 

Compound CC50 (µM)a PSEb 

 HGF HPLF HPC Avg CC50 (µM)a  

70a   H 7.11 ± 0.47 14.3 ± 3.79 11.5 ± 2.57 11.0 2,742 

70b   4-F 7.12 ± 0.04 9.73 ± 0.23 14.2 ± 2.00 10.4 7,326 

70c   4-Cl 6.40 ± 0.35 8.03 ± 0.06 26.1 ± 35.9 13.5 21,719 

70d   3,4-Cl2 1.91 ± 0.22 3.90 ± 1.42 4.97 ± 0.89 3.59 148,500 

70e   4-NO2 1.67 ± 0.31 3.06 ± 0.16 5.07 ± 0.21 3.27 71,875 

70f    4-CH3 5.70 ± 0.65 8.00 ± 0.20 7.85 ± 7.10 7.18 2,527 

70g   4-OCH3 6.63 ± 0.06 12.1 ± 1.79 13.6 ± 0.60    10.8 1,495 

70h   3,4,5-(OCH3)3 2.18 ± 0.23 5.22 ± 0.69 1.80 ± 0.60 3.07 11,250 

70i    4-OH 64.9 ± 5.66 88.3 ± 4.56 99.3 ± 1.16 84.2 26.3 

71a   H 9.65 ± 1.23 24.6 ± 1.10 16.8 ± 0.68 17.0 2,767 

71b   4-F 4.50 ± 1.39 9.13 ± 0.48 11.3 ± 2.59 8.31 9,484 

71c   4-Cl 1.65 ± 0.17 4.17 ± 1.44 6.30 ± 0.70 4.04 175,000 

71d   3,4-Cl2 1.15 ± 0.41 2.12 ± 0.20 3.81 ± 0.02 2.36 655,000 

71e   4-NO2 1.15 ± 0.35 2.59 ± 0.27 2.46 ± 1.23 2.07 150,000 

71f    4-CH3 5.12 ± 0.24 8.37 ± 0.81 15.2 ± 1.90 9.56 9,314 

71g   4-OCH3 6.30 ± 0.27 16.2 ± 4.05 15.6 ± 3.16 12.7 4,782 

71h   3,4,5-(OCH3)3 0.62 ± 0.06 1.32 ± 0.04 2.35 ± 0.82 1.43 7,250 

72 53.3 ± 6.43 97.3 ± 4.62 >100   - - - >83.5 - - - 

73     2.78 ± 0.37 6.40 ± 1.05 6.20 ± 0.78 5.13 90,000 

Melphalan  157 ± 38.2  195 ± 4.04 >200   - - - 184 >33.9 

Doxorubicin 3.44 ± 0.53 9.73 ± 0.47 8.77 ± 2.14 7.31 18,167 
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Table 4.3. Evaluation of 70a-i, 71a-h, 72 and 73 against human CEM cells 

Compound CC50(µM)a Compound CC50(µM)a 

70a   H 5.39 ± 0.26 71a   H 7.62 ± 1.44 

70b   4-F 1.78 ± 0.21 71b   4-F 1.05 ± 0.38 

70c   4-Cl 15.9 ± 0.94 71c   4-Cl 4.96 ± 0.28 

70d   3,4-Cl2 8.49 ± 0.34 71d   3,4-Cl2 5.19 ± 0.66 

70e   4-NO2 11.6 ± 0.31 71e   4-NO2 0.87 ± 0.02 

70f    4-CH3 8.42 ± 1.10 71f    4-CH3 4.18 ± 0.65 

70g   4-OCH3 4.35 ± 0.20 71g   4-OCH3 13.0 ± 0.95 

70h   3,4,5-(OCH3)3 2.31 ± 0.30 71h   3,4,5-(OCH3)3 5.12 ± 0.14 

70i    4-OH 11.1 ± 1.01 72 12.2 ± 1.49 

  73 4.44 ± 0.23 
a The CC50 values are the concentrations of the compounds required to kill 50% of the cells. 

 

 

 

Figure 4.1. Disruption of MMP in the cells with 71b and 71c. 
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Table 4.4. Evaluation of 70a-h and 72 against a panel of human tumor cells 

Compound  Leukemia cells, IC50(µM) 

 HL-60(TB) K-562 Molt-4 RPMI-8226 SR   Average 

70a   H 
 2.60 0.40 0.69 0.32 0.33   0.85 

70b   4-F 
 1.55 0.35 0.33 0.29 0.25   0.52 

70c   4-Cl 
 0.56 0.16 0.28 0.16 0.04   0.24 

70d   3,4-Cl2 
 1.00 0.25 0.32 0.23 0.10   0.37 

70e   4-NO2 
 1.55 0.28 0.40 0.30 0.10   0.50 

70f    4-CH3 
 1.70 0.32 0.37 0.30 0.31   0.55 

70g   4-OCH3 
 2.82 1.20 2.95 0.65 0.62   1.88 

70h   3,4,5-(OCH3)3 
 0.27 0.32 0.29 0.32 0.30   0.30 

72      10.96 0.36 1.10 0.05 0.28   2.20 

 

 

Table 4.5. Evaluation of 70a-h and 72 against some human colon cancer cells. 

Compound All cell 

lines, 

Colon cancer cells, IC50(µM) 

IC50(µM) Colo205 HCC-

2998 

HCT-

116 

HCT-

15 

HT29 KM12 SW-

620 

Avg 

70a   H 
1.51 1.70 1.74 0.68 1.38 1.20 0.66 0.32 1.10 

70b   4-F 
1.15 1.50 1.41 0.22 0.37 0.32 0.23 0.20 0.61 

70c   4-Cl 
1.62 0.35 0.31 0.21 0.27 0.30 0.22 0.15 0.26 

70d   3,4-Cl2 
1.30 0.39 0.36 0.32 0.27 0.32 0.25 0.23 0.31 

70e   4-NO2 
1.79 0.40 1.17 0.49 0.36 0.33 0.29 0.20 0.46 

70f    4-CH3 
1.23 1.15 1.58 0.36 0.55 0.35 0.28 0.29 0.65 

70g   4-OCH3 
1.28 2.04 1.86 1.74 2.14 2.04 1.74 1.38 1.84 

70h   3,4,5-                                

(OCH3)3 

1.22 0.26 0.21 0.21 1.23 0.33 0.20 0.30 0.39 

72      3.15 3.02 1.05 0.31 0.66 0.45 0.35 0.37 0.89 
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Table 4.6.  Evaluation of 70c, d, 71c-e for some drug-like properties and oral bioavailabilitya 

Compound MW 

(g/mol) 

log P HBA HBD RB PSA 

(Å2) 

Oral 

bioavailability 

score 

70c 512.43 4.31 5 1 6 73.21 0.56 

70d 581.32 5.37 5 1 6 73.21 0.17 

71c 654.37 2.67 4 1 6 69.97 0.56 

71d 723.26 3.70 4 1 6 69.97 0.56 

71e 675.47 0.88 8 1 8 161.61 0.17 

Ideal 

compound 
≯500 ≯5 ≯10 ≯5 <10 <140Å2 > 0.50 

aThe abbreviations in some of the headings of each column refer to molecular weight (MW), 

logarithm of the partition coefficient (log P), hydrogen bond acceptor atoms (HBA), hydrogen 

bond donor atoms (HBD), rotatable bonds (RB) and polar surface area (PSA). 
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4.8.1 Methodology 

Methodology for determining cytotoxic activity of the Ca9-22, HSC-2, and HSC-4 tumour 

cells and HGF, HPLF and HPC human non-malignant cells 

Human oral tumor cell lines, oral squamous cell carcinoma cells HSC-2, and HSC-4 and 

Cellosaurus cell line Ca9-22, and human oral normal cells, periodontal ligament fibroblast (HPLF), 

and gingival fibroblast (HGF) (5-7 population doubling levels), and hematopoietic precursor cell 

HPC, were cultured in DMEM medium which is supplemented with 10% heat-inactivated FBS. 

The human normal cells were obtained from the periodontal tissues according to the “guidelines 

of the Meikai University Ethics Committee after obtaining the informed consent from the patient”. 

All cells were incubated for 48 hours at 37 °C with 5% CO2 at various concentrations of the test 

samples, and the relative viable cell number was then determined by the MTT assay method and 

is expressed as absorbance at 540 nm of the cell lysate. The 50% cytotoxic concentration (CC50) 

was determined from the dose-response curve.201 The data for the series 70 in Tables 4.1 and 4.2 

are generated at Meikai University Research Institute of Odontology, Japan. 

Methodology for determining the cytotoxic activity of 70a-i, 71a-h, 72 and 73 against human 

CEM cells. 

In brief, the cells were cultured in RPMI-1640 (CEM) media supplemented with 10% heat-

inactivated fetal bovine serum. Different concentrations of the compounds were added to the cell 

cultures and then viability was measured by the Differential DNA Staining (DNS) assay after 24 

hours incubation.202, 203  After analysis of the effects of a range of concentrations of the compounds, 

the CC50 (compound concentration needed to kill 50% of the cell population) was determined. 

After subtracting the percentage of cell death caused by the solvent (DMSO-treated cells), a linear 
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interpolation equation was used to determine the CC50 values.203, 204 The data for the compounds 

70a-i, 71a-h, 72 and 73 in Table 4.3 are generated at Department of Biological Sciences and 

Border Biomedical Research Center, The University of Texas, El Paso, USA. 

Methodology of mitochondrial membrane potential assay for the disruption of MMP in the 

cells with 71b and 71c. 

The mitochondrial membrane potential (MMP) was analyzed by using the MitoProbe JC-1 assay 

kit (Molecular Probes, M34152). HL-60 cells were seeded in 24-well plates at a density of  

100,000 cells per mL in each well and were left under cell culture conditions overnight. Cells were 

treated with 0.1% v/v DMSO and 1.6 mM of H2O2, as a vehicle and cytotoxicity controls, 

respectively, and incubated for 7 hours. Treatments with the compounds were CC50 and 2 x CC50. 

After incubation, cells were collected in 5 ml tubes and were spun down at 1200 rpm for 5 minutes 

at room temperature. The supernatant was discarded, and cells were resuspended with 400 µL of 

PBS containing 2 µM of JC-1 and incubated under normal cell culture conditions for 45 minutes. 

After incubation, cells were washed with 3000 µL of warm PBS (37 °C) and centrifuged. The 

supernatant was discarded, and cells were resuspended in 400 µL of warm PBS to be read 

immediately by flow cytometry.212 The results of mitochondrial membrane potential assay are 

generated at Department of Biological Sciences and Border Biomedical Research Center, The 

University of Texas, El Paso, USA.  
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Methodology for the half maximal inhibitory concentration (IC50) 

The data in Tables 4.4 and 4.5 were generated in the NCI-60 screen under the auspices of the 

National Cancer Institute, USA.213  In brief, compounds are screened at five concentrations of  log 

10-8 to 10-4 M and the result expressed as log10 GI50 values which were converted into IC50 figures. 

Compounds were screened against approximately 60 different neoplastic conditions including 

leukemia and colon cancers.  
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4.9 Discussion 

The compounds in series 70 and 71 were synthesized as follows. At first, the acid catalyzed 

condensation reaction between a variety of substituted aryl aldehydes and 4-piperidone produced 

series 15.  The compounds in series 15 were treated with acryloyl chloride to generate series 32 

which were then are reacted with 4-piperidone oxime to yield the oximes (series 70). The 

quaternization of compounds in series 70 with methyl iodide led to the formation of series 71. 

During the quaternization, there was the possibility that methylation could take place on the 

piperidyl nitrogen atom or on the hydroxyl group of the oxime. The confirmation that methylation 

took place on the piperidyl nitrogen atom and not on the oxime hydroxyl was obtained by using  a 

NMR-heteronuclear multiple bond correlation (HMBC) technique. In this case, the HMBC cross 

peak of the exocyclic methylene group attached to the piperidyl nitrogen atom with the carbon 

atom of the methyl group was observed. 

The cytotoxic evaluations of the compounds in series 70 and 71 against the neoplastic Ca9-22, 

HSC-2 and HSC-4 cells lines was carried out and the CC50 values of these enones in series 70 and 

71 are presented in Table 4.1. All of the compounds in series 70 and 71 are found to be potent 

cytotoxins with the exclusion of 70i . Indeed 96 % of the CC50 values of 70a-h and 71a-h are 

submicromolar and if the outlier 70i is considered, this figure falls to 90 %. For compounds 70a-i 

and 71a-h, 29 % of the CC50 values are in the double digit nanomolar range (10-8 M). From this 

evaluation, the most potent compounds (average CC50 figures in µM in parentheses) are 70d (0.06), 

70e (0.08), 71c (0.06), 71d (0.02) and 71e (0.04). The average CC50 values of 70a-h towards the 

three malignant cell lines is 0.40 µM and for 71a-h the value is 0.29 µM suggesting that in general 

the quaternary ammonium compounds 71 are more cytotoxic than the precursor oximes 70. The 
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compounds 70d, 70e, 71c, 71d and 71e can be considered as lead molecules for the further 

development of the compounds and future studies. In the section entitled “Conclusions”, a 

comparison of the aryl substitution pattern in the lead molecules in series 15, 33, 70 and 71 is 

made. 

The cytotoxic potencies of the compounds in series 70 and 71 were compared with that of two 

established anticancer drugs namely doxorubicin and melphalan. Doxorubicin is an antibiotic and 

was chosen as a reference compound since it is a potent anticancer drug. Melphalan was chosen 

as a reference drug in this evaluation, since it is an alkylating agent and the compounds in series 

70 and 71 contain the 1,5-diaryl-3-oxo-1,4-pentadienyl group, which is considered a 

pharmacophore which alkylates cellular thiols.214 The compounds which rival the efficacy of these 

two drugs are useful lead molecules to consider. All the compounds in series 70 and 71, with the 

exception of 70i, are substantially more potent than melphalan. For example, the average CC50 

values of 70d and 71d are 445 and 1335 times lower than the corresponding CC50 value for 

melphalan. Doxorubicin having an average CC50 value of 0.24 µM towards these three cell lines, 

is more potent than melphalan. It may be concluded that a number of compounds in series 70 and 

71 exceed the cytotoxic potencies (CC50 values) of these two reference anticancer agents towards 

the Ca9-22, HSC-2 and HSC-4 cell lines and are considered as prototypes for analog development. 

The cytotoxic potencies of the oximes 70a-h and the related quaternary ammonium compounds 

71a-h were compared when the same substituents are present in the aryl rings. Thus the CC50 

values of 70a and 71a, 70b and 71b, 70c and 71c in the Ca9-22 screen were compared and so 

forth. The standard deviations were taken into consideration for these evaluations. The following 

compounds have the greater potencies (bioassay in parentheses) namely 71a, c, e, f, g (Ca9-22), 
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71b, c, d, f, g and 70a (HSC-2) and 71c, d (HSC-4). For the other comparisons, equipotency was 

observed. Hence in 50% of the comparisons, the quaternary ammonium compounds in series 71 

are more potent than the corresponding analogs in series 70 while in 4% of the comparisons an 

oxime has a lower CC50 value. Equipotency was noted in 46% of the comparisons made. This 

evaluation reveals that in general the quaternary ammonium salts are either more potent than the 

analogs in series 70 or are equipotent. 

An important factor to consider for developing cytotoxic agents is whether they demonstrate 

tumour-selective toxicity. i.e., whether the compounds have greater toxicity towards neoplasms 

than towards non-malignant cells. To evaluate whether tumour selectivity is demonstrated, the 

compounds in series 70 and 71 were evaluated against non-malignant HGF, HPLF and HPC cells. 

The data are portrayed in Table 4.2 and the following observations were made. In this evaluations, 

low toxicity towards non-malignant cell lines is favoured and 29% of the CC50 values for series 

70 and 71 are above 10 µM.  Compound 70i is again an outlier displaying low cytotoxicity, which 

might be due to the presence of the polar hydroxyl groups on the aryl rings hindering the 

penetration of the molecule into the cells. The lowest toxicity is demonstrated by 70a, b, c, g and 

71a, g with average CC50 values greater than 10 µM. A comparison of the results obtained with 

that of established two reference drugs demonstrated favourable results for doxorubicin but not for 

melphalan. 

Comparison was made between 70a-h, and the related quaternary ammonium compounds 71a-h 

in terms of their toxicity towards HGF, HPLF and HPC non-malignant cells. The compounds with 

the higher CC50 values are preferable since they demonstrate less toxicity to normal cells. The 

CC50 values in each bioassay of the compounds in series 70 are compared with the corresponding 
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analogs in series 71 with the same aryl substituents. The compounds namely 70b, c, d, h, and 71a  

in HGF cell lines, 70c, d, e, h, and 71a  in HPLF and 70d,e,  and 71a  in HPC bioassays have 

higher CC50 values, which means these compounds are less toxic to non-malignant cells. 

Equipotency was noted in the remaining comparisons. Thus 42% of the compounds in series 70 

and 12% of the compounds in series 71 have higher CC50 values towards HGF, HPLF and HPC 

non-malignant cells, while equipotency was noted in 46% of the comparisons. Therefore, from 

these comparisons, in general the quaternary ammonium salts i.e., series 71 are more cytotoxic to 

non-malignant cells than the corresponding oximes 70. In summary, the quaternary ammonium 

salts are in general more toxic than the corresponding oximes to both Ca9-22, HSC-2 and HSC-4 

neoplasms as well as HGF, HPLF and HPC non-malignant cells.    

A significant factor one must consider in expanding these series of cytotoxic agents is whether 

they demonstrate tumour-selective toxicity i.e., these agents cause more damage to malignant cells 

than normal cells. In the in vivo situation, a tumour is surrounded by a number of non-malignant 

cells. Hence, to assess whether the compounds in series 70 and 71 are more toxic to neoplasms 

than non-malignant cells, selective index (SI) figures were calculated, and these SI values were 

obtained by dividing the average CC50 values for the HGF, HPLF and HPC non-malignant cells 

by the CC50 figure against a specific neoplastic cell line. The data are presented in Table 4.1. 

All the compounds in series 70 and 71 have SI figures greater than 1, indicating that the compounds 

display greater toxicity towards the neoplasms than non-malignant cells. In particular the 

compounds 70c, d, e and 71c, d, e have SI figures greater than 100 towards Ca9-22 cells indicating 

that these compounds cause more damage to neoplasms than non-malignant cells. The average SI 

values are portrayed in Table 4.1 and the compounds 70c, d, e and 71c, d, e possess the SI figures 
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more than 50. In particular, for the compounds 71c and 71d, the average SI figures are over 100, 

reemphasizing the identity of these two compounds as lead molecules. 

A comparison was made between the SI data of the oximes 70a-h and the quaternary ammonium 

salts 71a-h when the aryl substituents are identical. From these comparisons, the compounds 71a, 

b, c, d, f, g in Ca9-22, 71b, c, d, e, f, g in HSC-2 and 71a, c, d, e, f, g in HSC-4 bioassay’s have 

higher SI values. Thus, in the comparisons made, greater selectivity was displayed by the 

compounds in series 71. 

Potency-selectivity expression (PSE) values were computed to identify the most promising lead 

compounds in terms of both cytotoxic potencies and favourable SI values. PSE values are the 

products of the reciprocal of the average CC50 value against Ca9-22, HSC-2 and HSC-4 cells and 

the average SI figure multiplied by 100 [PSE= (SI/Avg CC50) x 100]. These values are presented 

in Table 4.2. Four compounds namely 70d, and 71c, d, e have an outstanding PSE values in excess 

of 100,000.   In a comparison between the PSE figures of 70a-h and 71a-h which have the same 

aryl substituents revealed higher PSE values for 71a-g than 70a-g while 70h has a higher PSE 

value than 71h. From this comparison study, once again it reinforces the superior cytotoxic 

properties of the quaternary ammonium compounds in series 71 than the oximes in series 70. In 

this case, one may also observe that the very low PSE value for 70i revealing the negative influence 

on both cytotoxic potency and selectivity of a 4-hydroxy substituent in the aryl rings. 

 In view of the encouraging result with Ca9-22, HSC-2, HSC-4 and CEM leukemic cells, 

consideration was given to an assessment in the National Cancer Institute (NCI) in vitro screening 

program.215 The request for screening the compounds in series 70 and 71 was made to the NCI. 

However, the oximes 70a-h, were accepted for bioevaluations but not the quaternary ammonium 
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salts 71. Examination of the mean graphs216 from the NCI screening results confirms the sensitivity 

of leukemic cells to these compounds. These data are presented in Table 4.4. 

The results from the NCI screening reveal that 70a-h are potent inhibitors of the growth of a 

number of leukemic cell lines. From the biodata generated, 78% of the IC50 values are 

submicromolar. The compounds 70c with a 4-chloro aryl substituent and 70h with 3,4,5-

trimethoxy aryl substituent have the lowest average IC50 values. Compound 70c is exceptional with 

an average IC50 value of 40 nM against SR leukemic cells. A previous report indicated that the 

drug melphalan, which is used in treating leukemias, has an average IC50 value of 56.7 µM towards 

HL-60 (TB), K-562, RPMI-8226 and SR cells.217 The results demonstrate that the compounds in  

series 70 are far more potent than melphalan towards these leukemic cell lines.         

The results from the NCI screen revealed that the compounds 70a-h are not only sensitive towards 

leukemic cells but also are highly toxic towards colon cancers. These data are presented in Table 

4.5. It is noted that some 70% of the IC50 values and 75% of the average IC50 values are in the 

submicromolar range. A previous report indicated that the drug 5-fluorouracil, which is used in 

treating colon cancers has an average IC50 value of 8.46 µM against Colo205, HCC-2998, HCT-

15, KM12 and SW-620 cells.217 This value is substantially higher than the IC50 figures of the 

compounds in series 70. The compounds 70c and 70d having 4-chloro and 3,4-dichloro aryl 

substituents show the lowest average IC50 values. Thus, the bioevaluation indicates that the 

compounds in series 70 are novel potent cytotoxins. 

A further question to resolve is whether the quaternary ammonium compounds 71 have an effect 

on the mitochondrial membrane potential (MMP). In order to investigate the effect on MMP, two 

compounds 71b and 71c were chosen which have a fivefold difference in potencies towards CEM 
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cells as indicated in Table 4.3. For this study, 71b and 71c were studied using the CC50 and twice 

CC50 concentrations towards CEM cells. The results revealed that both compounds interfered with 

the MMP. The MMP effect is more noticeable with 71c suggesting this biochemical effect is a 

greater contributor to its cytotoxicity than is the case with 71b. The isosteric replacement of the 

fluoro atom in 71b by a chloro group to produce 71c leads to differences not only in potency but 

also in the effect on the MMP. These observations illustrate the varying sensitivity of cells to 

compounds with different aryl substituents. 

The stabilities of a representative oxime 70a and the quaternary ammonium compound 71a were 

determined on using a NMR technique in a solvent mixture of 9:1 deuterated dimethylsulfoxide 

and deuterium oxide. 1H NMR spectra were determined in dissolution and after 48 hours of 

incubation at 37 ℃ (the same time and temperature as used for the cytotoxicity assays) and found 

to be identical. This result indicates the compounds are stable under these conditions. Hence 

cytotoxicity may be due to the compounds and not with any breakdown products. 

The biodata generated for the compounds in series 70 and 71 are most encouraging and in 

considering future development of these compounds as antineoplastic agents, one must look into 

whether these compounds (and especially lead molecules) possess drug-like properties. In series 

70 and 71, the most favourable biodata is demonstrated by the compounds 70c, d and 71c, d, e in 

terms of potency, selectivity and PSE figures. For good ADME properties, lead molecules are 

recommended to have a molecular weight not exceeding 500 and a logP value below 5 while the 

number of hydrogen bond acceptor and donor atoms should not exceed 10 and 5, respectively.218 

For good oral bioavailability the polar surface area should not exceed 140 A˚ and the number of 

rotatable bonds should be less than 10.219 The relevant data for these compounds is presented in 
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Table 4.6. For the compounds in series 70 and 71, apart from the molecular weight of the 

compounds being over 500, display no other violations. These observations reveal that 70c, d and 

71c, d, e have drug-like properties illustrating the necessity to proceed further with the 

development of this series of compounds as antineoplastic agents. 

The compounds described in series 15, 33, 70 and 71 have two sites for alkylation of cellular thiols.  

The enones 72 and 73, whose structures are presented in Scheme 4.2, are molecules with four sites 

which are capable of reacting with thiols. In order to obtain some appreciation of the potencies of 

these two compounds, 72 and 73 were evaluated for cytotoxic properties and the results are 

portrayed in Tables 4.1, 4.2 and 4.3 while data for 72 is also present in Tables 4.4 and 4.5. The 

quaternary ammonium compound 73 is more potent than 72 and coupled with its selective indices 

and PSE value serves as a lead molecule for further studies. 
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Conclusions and future work 

This thesis describes the successful completion of work undertaken on three separate projects. 

These studies were designed with the goal of producing novel cytotoxins that display more 

significant toxicity to neoplasms than towards non-malignant cells. First, a series of 3,5-

bis(benzylidene)-4-piperidones 15 were prepared and in general, demonstrated significant 

potencies to a number of different neoplastic cells. Second, series 33 are a novel cluster of 

cytotoxins which led to the identification of various lead compounds. The third project examined 

the hypothesis that the quaternary ammonium compounds are more potent than the precursor 

amines. These comments comprise an overview of what has been achieved. The remaining 

comments expand on these ideas and record possible future work with these groups of molecules. 

In general, the compounds in series 15 are highly toxic to a range of neoplastic cells and most of 

them displayed lower toxicity towards various non-malignant cells. From these determinations, a 

number of lead compounds were identified, which may be considered for molecular modifications 

to enhance cytotoxic potencies and tumor selectivity. In this series of compounds, the cytotoxic 

potencies increased as the electron-withdrawing properties of the aryl substituents were raised. 

However, the pi (π) and MR values of the aryl groups did not show any affect on the magnitude 

of the CC50 values. In future, analogs of series 15 will be prepared with the substituents having 

increased electron-withdrawing properties, for example the 3-nitro-4-trifluoromethyl derivative 

(Σσ =1.25). Further attempts can be made to introduce methyl groups at the 2 and 6 positions of 

the piperidine ring and to compare their cytotoxicity with the analogs in series 15. 
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The majority of compounds in series 33 display submicromolar CC50 values towards the 

neoplasms. The CC50 figures for some of the compounds are less than 10-7 M. In general, series 33 

have much lower CC50 values than the reference drugs melphalan, 5-fluorouracil and methotrexate 

while some compounds displayed equitoxicity with doxorubicin.  The compounds are less toxic to 

the non-malignant cells demonstrating tumor-selectivity. Compounds 33a, b, g, i, j, l, are potent 

cytotoxins, with CC50 figures of <0.1 µM towards some or all of the four malignant cell lines. The 

higher PSE value of 33g indicates that it is a principal lead molecule (with an average CC50 value 

of 0.04 µM towards four malignant cell lines and a selectivity index of 46.3)  to take forward for 

further preclinical evaluations. In future studies, molecular modifications of 33g could be done to 

achieve greater tumor-selective toxicity. Thiol adducts at the olefinic carbon atoms can be 

considered to form a prodrug which may release the 1,5-diaryl-3-oxo-1,4-pentadienyl 

pharmacophoric group slowly. 

A number of novel oximes 70a-h and related quaternary ammonium compounds 71a-h have been 

prepared. The bioevaluations revealed that these compounds are potent cytotoxins which in general 

have much greater potencies than melphalan while some of these molecules rival doxorubicin in 

potency. In the majority of the cases, the quaternary ammonium salts 71a-h are more toxic to 

neoplasms than the related oximes 70a-h. The design of the quaternary ammonium salts in series 

71 took into consideration the possibility of the MMP as a cellular target for these candidate 

antineoplastics. Two representative quaternary ammonium salts 71b and 71c caused a reduction 

in the MMP in CEM cells which likely contributes to the toxic effect thereby strengthening the 

hypothesis that quaternary ammonium salts might interfere with the MMP of the cancer cells. The 

compounds in series 70 and 71 displayed greater cytotoxicity towards several neoplastic cell lines 

than to non-malignant cells thus demonstrating tumor-selectivity. Compounds in series 70 and 71 
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are structurally divergent from the contemporary anticancer drugs and thus drug-resistant tumours 

may be sensitive to these compounds. In addition, in NCI evaluations the compounds 70a-h 

demonstrated cytotoxic potencies towards a number of leukemic and colon cancer cells. Several 

lead molecules namely 70c, d, 71c-e have been identified which have drug-like characteristics and 

serve as prototypes for further studies. 

A review of the PSE values in each of the four series 15, 33, 70 and 71 was conducted with a view 

to finding which aryl substituents are present in the compounds with the highest PSE scores. Such 

information will be useful in the design of future compounds based on the biodata generated in 

this study. 

The four compounds in each series with the highest PSE values were arranged in descending order 

of the magnitude of the PSE values. In the case of series 15, the compounds with the greatest PSE 

figures are 15q (3-OH,4-OCH3) > 15d [3,4-(OCH3)2] > 15l (3,4-F2) > 15b (3-OCH3). In series 33, 

one finds the following relative values namely 33g [3,4,5-(OCH3)3] > 33b (3-OCH3) > 33a (2-

OCH3) > 33 (H). On the other hand, in series 70 the PSE figures are in the sequence of 70d (3,4-

Cl2) > 70e (4-NO2) > 70c (4-Cl) > 70h [3,4,5-(OCH3)3]. Finally in series 71, the following relative 

PSE figures are 71d (3,4-Cl2) > 71c (4-Cl) > 71e (4-NO2) > 71f (4-F). 

The aryl substituents of the compounds with the highest PSE values 15 and 33 are in general 

relative large groups where methoxy groups predominate over the presence of halogens. In these 

series it is possible that an oxygen atom adjacent to the aryl ring is important and in the future 

larger O-alkyl and O-aryl groups could be placed on the aryl rings. In contrast, the PSE values in 

series 70 and 71 are increased with halogens and electron-withdrawing nitro groups. The 
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outstanding PSE values of 70d and 71d which possess a 3,4-dichloro substituent suggest the 

preparation and bioevaluation of the 3,4-difluoro analogs for future evaluations. 

But an effort should be made to create new series of compounds in addition to dealing with the 

effect on cytotoxicity by changes in the aryl substitution pattern. The development of different 

series is based on the lead molecule 71a. The general structure of a series of compounds 74 are 

indicated in the Figure 5.1. 

 

Scheme 5.1. General structure of the proposed series of compounds. 

The reasons for suggesting these novel compounds are as follows. 

(1) When R=H (71a), a polar OH group is present which may impede the compound from entering 

the neoplastic cell. Hence the process may be prevented by acylation. 

(2) The introduction of an acryloyl group provides an additional location for the molecule to react 

with cellular thiols. Also the rates of reaction at the olefinic groups attached to the aryl rings and 
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on the acryloyl carbon will be different which, if the theory of sequential cytotoxicity is valid, will 

enhance tumour-selective toxicity. 

(3) Another approach is to have variation on the electron densities on the olefinic carbon atoms in 

series 3 where the atomic charges on the 3-aryl-prop-1-en-3-one group will be influenced by the 

nature of the R1 group. 

(4) Hydrolysis of the dichloroacetyl group will liberate dichloroacetic acid which has anticancer 

properties.220 

(5) In view of observation that the dimers of certain 3,5-bis(benzylidene)-4-piperidone are potent 

cytotoxins167 the dimerization of 71a was planned to give series 75. 
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Scheme 5.2. Syntheses of the proposed series 75. 

(6) An important approach would be to form thiol adducts with 71a and determine if there was a 

slow release of the cytotoxin in vitro.60 This prodrug approach is illustrated in Scheme 5.3. 
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Scheme 5.3. Reaction of 71 analogs with cysteine to form mono adducts 76 and bis adducts 77. 
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