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1. Introduction 

1.1 Cancer 

1.1.1 Characterization of cancer 

Cancer is a group of diseases with various origins and symptoms. It can be 

characterized by the uncontrolled division and spread of abnormal cells, i.e. neoplasia, 

risen from DNA mutations and altered cellular signaling. We can divide those rapidly 

growing tissues into benign and malign tumors. Benign tumors are noncancerous 

masses of cells which lack the ability to invade other tissues or make metastases. The 

malign tumors are the opposite of benign tumors. They grow very fast, and they are 

aggressive and metastasizing. Metastases are spreads of cancer cells to other organs 

via lymphatic or blood vessels seeding secondary tumors. We can also distinguish the 

precancerous condition, which is somewhere between the benign and malign tumors. 

These neoplasms bear the signs of benign tumors, but if untreated they may convert to 

aggressive malignant form. All neoplasia do not form solid tumors. Hematopoietic and 

lymphoid malignancies have their cancerous elements spread in the circulatory or 

immune system.1,2 

1.1.2 Cancer statistics 

Cancer is one of the leading causes of death worldwide. In developed countries, this 

disease represents the second most common cause of death right after cardiovascular 

diseases (Fig. 1A). According to worldwide statistics from 2012, there were over 14 

million of new cases and 8.2 million deaths during that year.3 The most frequent are 

the lung cancer, followed by breast. In the Czech Republic, there is estimated around 

77 000 new cases every year (data from 2010), which makes us the country with one of 

the highest incidences in Europe (Fig. 1B). One of the causes for this position may be 

our traditional lifestyle, which is reflected in the frequency of colorectal cancer, where 

the Czech Republic takes the first place in Europe.4,5 
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Figure 1. Cancer statistics. A) Leading cause of death in the USA; B) Incidence of 

cancer in selected countries in Europe, calculated for 100 000 inhabitants. 

Adapted from ref. 6,7 

With the growing population and its aging, we can naturally expect growing numbers 

of new cases of this disease. According to National Cancer Institute of USA, there will 

be over 22 million new patients with cancer in 2030, and over 13 million patients will 

die. Over 60% of new cases and 70% of deaths will occur in less developed countries in 

Africa, Asia and Central and South America.8 But it is necessary to keep in mind, that 

the increasing number of new patients can be attributed to better diagnostic methods 

and various screening programs. 

Cancer is usually bound with a very high mortality. Untreated malignant tumors lead to 

death in majority cases. Therefore, finding the cure for this disease has been one of 

the main tasks of medical research from the beginning of the 20th century. Nowadays, 

the 5-year survival rate between the years 2005-2010 in the USA was 69%.2 This 

number reflects the earlier diagnosis and the improvement of treatment. Despite the 

impressive advances in this field in last decades, there are still several cancer types 

with a very bad prognosis. 

1.1.3 Oncogenesis 

Oncogenesis, carcinogenesis or tumorigenesis is the process, whereby the normal cells 

transform into cancer cells. The basic factor in cancer development is DNA damage. 

The human cells must deal with thousands of DNA lesions every day. Their origin can 

be found in natural processes as DNA replication or metabolism, which release, among 
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others, reactive oxygen (ROS) and nitrogen species (RNS), the major sources of the 

oxidative damage to DNA. DNA can also be damaged by exogenous agents. Various 

mutagens and carcinogens are omnipresent. For instance, ultraviolet light (UV) from 

the Sun, ionizing radiation (IR) from some medical devices or even nature, certain 

types of cancer chemotherapeutics (will be discussed hereafter), industrial by-products 

and materials (e.g. vinyl chloride, benzene, acetaldehyde, ethylene oxide) are key 

mediators of tumorigenesis.9 The tobacco smoke itself contains over 5000 chemicals of 

which at least 70 are confirmed carcinogens.10 The critical factors leading to increased 

DNA damage are also some viral infections, namely Helicobacter pylori, human 

papillomavirus (HPV), hepatitis B and C virus (HBV, HCV), and chronic inflammation 

which is associated with ROS and RNS and oxidative stress.3,11 

The majority of DNA lesions cause a death of the cell, or they are repaired very quickly 

after its formation. However, unrepaired or incorrectly repaired DNA lesions can result 

in permanent genomic alterations, point mutations, deletions, amplifications, 

translocations and other types of mutations. Mutation, in general, is any permanent 

change in the nucleotide sequence of the genome. These changes can be silent, or 

they can alter cell functions and regulations enabling the spread of mutation. 

The problem occurs if the mutation affects the growth, death or DNA repair 

machinery. In normal cells, the signaling for growth and apoptosis are tightly balanced, 

and any intervention can have fatal consequences. The dominance of signaling for 

growth and vice versa damaged apoptosis are typical for cancer. There are several 

ways how this can happen. As Figure 2 shows, the foundation of uncontrolled cell 

growth lies in the transformation of proto-oncogenes to oncogenes. Proto-oncogenes 

are genes coding the proteins associated with normal cell growth, survival and 

replication signaling pathways and they are usually very strictly regulated. When the 

proto-oncogene is mutated into an oncogene, it directly moves the balance of cells’ 

fate to growth and proliferation. The mechanisms by which are proto-oncogenes 

transformed to oncogenes are described in Figure 2.12  
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Figure 2. Genetic mechanisms of oncogene activation. Upon the translocations, 

transpositions, amplifications or point mutation the coded proteins can be 

overexpressed, or these genes can produce hyperactive and persistent proteins. In 

both cases, these proteins emit excessive signals resulting in growth stimulation. 

Adapted from ref. 12 

The genes coding the PI3K/mTOR pathway (phosphatidylinositol 3-kinase/mammalian 

target of rapamycin) can serve, among others, as examples of typical proto-oncogenes. 

This pathway receives growth signals through receptor tyrosine kinase (RTK), amplifies 

them through non-receptor tyrosine kinases (nRTK) and lipid kinases and sends them 

throughout the cell.13,14 This pathway plays a major role in cells survival, metabolism, 

growth, replication and even apoptosis. Mutations can occur in epidermal growth 

factor receptor (EGFR) or other RTK themselves, causing their overexpression or 

hyperactivity, in PI3Ks and other components of these pathways. The result of these 

alterations is the superiority of the growth and survival signals over the suppression 

and death signals.15,16 Of course, PI3K/mTOR pathway is not the only one growth-

related network cells have (Fig. 3), and the number of possible oncogenes in these 

pathways is very high (Tab. 1).16–18 

The second type of genes related to oncogenesis is so-called tumor suppressor genes 

(Table 1). Tumor suppressor genes code proteins, which protect the cells against 

malignant transformation; therefore they are opposite to proto-oncogenes. They often 

code proteins, which act as negative regulators of growth signaling pathways.19 The 

main suppressor of previously stated PI3K/mTOR pathway is the phosphatase and 
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tensin homologue (PTEN), which suppress the activity of PI3Ks by the 

dephosphorylation of phosphatidylinositol (3,4,5)-triphosphate (PIP3), the second 

messenger and product of PI3Ks. When PTEN is mutated, PIP3 is not being degraded 

after its action and continues transmitting the signals. PTEN is one of the most 

commonly lost tumor suppressors. In fact, almost 70% of patients with diagnosed 

prostatic cancer have lost their copy of PTEN gene.20–22 Among the various tumor 

suppressors, components of DNA repair pathways are of particular interest. The TP53 

gene is probably the most frequent mutated gene (> 50%) in human cancers. It codes 

the main regulator of DNA repair, cell cycle, and apoptosis, protein p53. The loss of this 

protein leads to genomic instability, subsequent mutations, and progression of 

cancer.12,23  

 

Figure 3. The proliferative, metabolic, survival, and other signaling pathways following 

EGFR and related receptors ErbB1-4 activation and their relation to cell behavior and 

cancer. Adapted from ref 24 
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Table 1. Common oncogenes and tumor suppressor genes involved in human 

cancer.12,19,25 

Oncogenes 

Name of the normal protein Role Mutation presence 

VEGF (vascular endothelial growth 

factor)26,27 

growth factor for 

angiogenesis 

many types of cancer 

EGFR18 RTK lung, brain, breast 

cancer 

HER2 (member of EGFR family receptors)28 RTK breast cancer 

Ras family17 small GTPase lung, ovarian, colon 

cancer 

PI3Kα (p110α isoform of PI3K subunit)29 lipid kinase colon, breast cancer 

c-Src family (proto-oncogene c-Src)30 nRTK colon, breast, 

prostate cancer 

BCR and ABL1 (breakpoint cluster region 

protein and Abelson oncogene homolog 1, 

Philadelphia chromosome)31 

form a fusion 

protein, nRTK 

chronic myelogenous 

leukemia (CML) 

c-MYC (MYC proto-oncogene)32 transcription factor Burkitt lymphoma 

Bcl2 (B-cell lymphoma 2)33,34 apoptosis regulator chronic lymphocytic 

leukemia, breast, 

prostate, lung cancer 

Tumor suppressor genes 

PTEN (phosphatase and tensin 

homologue)21 

PIP3 phosphatase brain, endometrial, 

prostate cancer 

p53 (cellular tumor antigen p53)23,35 “the guardian of 

genome” 

almost in every type 

of cancer 

RB1 (retinoblastoma protein 1)36 cell cycle inhibitor retinoblastoma, bone, 

bladder, lung, breast 

cancer 

Brca 1, 2 (breast cancer 1 and 2)37,38 DNA repair 

components 

breast, ovarian cancer 
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The induction of genetic alterations either with exogenous agents or natural processes 

is called the initiation phase of cancer (Fig. 4). These mutations can be still eliminated 

by DNA repair or apoptosis; otherwise, cells gain selection advantage, start to spread 

and continue to a secondary phase called promotion. One single mutated oncogene or 

lost tumor suppressor does not immediately create cancer, but usually, there is 

necessary a combination of three or four critical mutations to initiate malignant 

transformation. Hematological malignancies are an exception because in some cases 

only one critical genome alteration can be the trigger. During the promotion, mutated 

cells expand and acquire new mutations. This stage can last for years or even decades. 

Once the critical mutations accumulate, cells enter the final stage – progression. 

During progression transformed cells can no longer be stopped by organism alone and 

form a fast-growing and immortal mass, which oppresses the surrounding tissues. 

Eventually, some cells can detach and move to other tissues and create 

metastases.39,40 

 

Figure 4. An overview of oncogenesis stages. Modified from ref. 40 

1.1.4 Hallmarks of cancer 

During oncogenesis, tumor tissues acquire several essential abilities, which allow them 

unlimited growth. To rationalize and organize the complex knowledge about the tumor 

development and characterization, these acquired capabilities were identified as 

hallmarks of cancer (Fig. 5). Originally there were six marked hallmarks: sustained 

proliferative signaling, evading growth suppressors, enabling replicative immortality, 

activation invasion and metastasis, inducing angiogenesis and resisting the cell death.41 

Later they were completed by two emerging hallmarks as avoiding immune 

destruction and deregulating cellular energetics, and two enabling characteristics as 

tumor-promoting inflammation and genome instability and mutation.42 
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Figure 5. Hallmarks of cancer. Adapted from ref. 42 

The first acquired capability is sustaining proliferative signaling. It is arguably the most 

fundamental trait of cancer cells. Normal tissues carefully control the production and 

release of the growth-promoting signals ensuring the homeostasis of cell numbers and 

the proper tissue function. Cancer cells with deregulated signaling pathways control 

their proliferation virtually themselves. Mechanisms of this deregulation are various, 

from production of their own signals to hyperactive tyrosine kinases, some of them are 

well described, however, some of them still are poorly known.43,44 

Cancer cells’ ability to evade the growth suppressors us tightly linked to excessive 

proliferative signaling. Each activator, each signaling pathway in cell biology is strictly 

regulated with the contradictory system (tumor suppressors, Tab. 1), which plays the 

role of a brake. Losing these brakes is associated with the even more accelerated 

proliferation of cancer cells. 

Moreover, cancer cells often become almost immortal, or more precisely – eternally 

active. One thing is their ability to resist the cell death, apoptosis, which serves as 

a tool to eliminate unnecessary, old or potentially dangerous cells. When these 

dangerous cells have altered apoptosis pathways, most often through Bcl2 and p53 

defects, they simply do not die and continue to expand and disseminate 
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mutations.22,33,45 The second mechanism, which prevents the eternal replication of 

cells, is the shortening of telomeres. Each cell has only limited number of divisions 

before the telomeres become too short for DNA replication. Naturally, only stem cells 

are capable of infinite division, because they possess the enzyme telomerase, which 

reverses telomeres shortening. However, telomerases are active also in vast number 

cancer cells, which make them “immortal” in the term of replication and they can live 

and divide for decades.46 For example, HeLa cells have been used as a model cancer 

cell line since 1951.47 

Tumors, like normal tissues, require sustenance of nutrients and oxygen as well as an 

ability to evacuate metabolic wastes and carbon dioxide. Therefore, with growing mass 

and growing needs tumors build their own vascular network. In adulthood, the 

angiogenesis is active only transiently, usually during wound healing or female 

reproductive cycling. In contrast, angiogenesis is always on during tumor progression 

and produce new vessels for sustaining the neoplastic growth. Major role in this 

process has VEGF and its receptors (VEGFR). Blood vessels arisen during tumorigenesis 

are irregularly shaped, tortuous, have dead ends and are not organized into venules, 

arterioles, and capillaries. They are also leaky and hemorrhagic.26,48 

The invasion and metastasis is a multistep process beginning with local invasion and 

intravasation of cancer cells into nearby blood or lymphatic vessels, transit of cancer 

cells through the lymphatic and hematogenous systems, followed by escape of those 

cells from the lumina of such vessels into the parenchyma of distant tissues 

(extravasation), the formation of small nodules of cancer cells, and finally the growth 

of micrometastatic lesions into macroscopic tumors.42,49 

The next two hallmarks are not yet thoroughly generalized and validated, so they are 

referred as emerging hallmarks. However, it is indisputable that they play important 

roles in cancer development. 

The first of those newly emerged hallmarks is deregulation of cellular energetics. It is 

natural that with so many deregulations in proliferation, growth or vascularization, 

metabolism as well has to be out of control from normal cells to fuel tumor’s extreme 

needs. There are many differences in the tumor metabolism, but probably the most 
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notable is their high dependence on anaerobic glycolysis and production of lactate 

instead of oxidative phosphorylation of pyruvate in mitochondria, commonly referred 

as “the Warburg effect”. This metabolic alteration was first postulated by Otto 

Warburg almost 100 years ago.50,51 One of the possible explanations of this effect is 

the adaptation to hypoxia in solid tumors; however, not every tumor is hypoxic, and it 

was found out that even in the presence of oxygen cancer cells still prefer the 

glycolysis. Therefore, the actual cause could be hidden somewhere between mutations 

and deregulations of metabolic pathways (PI3K, mTOR) together with dysfunctional 

mitochondria.52,53 

The second, still unresolved issue of tumor formation is the evading immune 

destruction. The immunity system is an important defense against cancer because it 

can identify and destroy nascent tumor cells in the process called immunosurveillance. 

Immunosurveillance is a powerful tool to fight cancer; however, the presence of grown 

tumors suggests that cancer cells somehow avoided their detection.54,55 

The first enabling characteristic, tumor-promoting inflammation is also a matter of 

immune system. It was found out that nearly every neoplasm is infiltrated by immune 

cells indicating the active inflammation process. Paradoxically, the prolong 

inflammation enhances tumorigenesis. Immune cells supply tumors with bioactive 

substances as growth or proangiogenic factors, needless to say, inflammation release 

various chemicals, including highly mutagenic ROS, which accelerate their genetic 

evolution.11,56 

The acquisition of hallmarks mentioned above depends mainly on the genomic 

alterations in neoplastic cells. The reason for genomic instability and sensitivity to 

mutagenic agents are found in defects in DNA maintenance and repair machinery 

(DNA repair is discussed in chapter 1.2).10 

These hallmarks and characteristics provide a foundation for understanding the 

biology of cancer. Tumors are no longer considered as insular masses of proliferating 

cells, but rather complex tissues composed of multiple distinct cell types that 

participate in interactions with one another (Fig. 6). Hallmarks of cancer also represent 

potential targets for cancer therapy. Each of these characteristics is being currently 
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investigated for the possibility of therapeutic targeting, some of them are targeted in 

cancer therapy for years.42 More information is in the chapter regarding targeted 

therapy (1.1.6.4). 

 

Figure 6. Tumor microenvironment. Aodified from ref. 42 

1.1.5 Risk factors and prevention 

As aforementioned, cancer is a condition of various origins. Therefore it is difficult to 

predict whether preventive countermeasures of cancer exist. In fact, recently 

published statistics revealed that two-thirds of cancer-causing mutations are the 

consequences of “bad luck”, resulting from random DNA replication errors, and are not 

related to any risk factors.57 Nevertheless, there are still several types of risk factors, 

which are directly connected to cancer and are avoidable. The best-known preventable 

factor of cancer is smoking. Smoking accounts for almost 80% of lung cancer burden in 

males and 50% of females, it is also related to cancer of mouth and throat, esophagus, 

pancreas, stomach, kidney or bowel and is responsible for 1 in 4 cancer deaths in the 

United Kingdom. Among other more or less avoidable risk factors are obesity, physical 

inactivity, bad nutrition and heavy alcohol consumption. Cancers related to infectious 

agents can also be prevented by behavioral changes or by vaccination. Many of the 

skin cancer cases could be prevented by protection from sunlight and non-use the 

indoor tanning devices.2,58,59 When we are discussing risk factors and prevention, it is 

necessary to mention the environment and pollution. Many of the industrial by-

products (e.g. polycyclic aromatic hydrocarbons, vinyl chloride), old materials (e.g. 

asbestos) or sources of radiation (e.g. radon) are confirmed carcinogens. These factors 
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are not easily avoided, especially in the developing countries, but in general, there are 

trends to lower or ban their usage.60 

Around 5% of cancers are hereditary, and cannot be prevented.57 Therefore it is 

essential to monitor individuals with the presence of hereditary cancer types in the 

family and interfere with the earliest signs of cancer for the best chance to cure. 

Overall, the screening for the early stages of cancer is beneficial for all individuals with 

higher risk, as older people or women after 50 years of age. The signs and symptoms of 

cancer are usually non-specific, or even not present and they are very often 

overlooked. The early diagnosis is the key to successful treatment. Pronounced signs as 

pain, larger bulks or blood in stool or a cough are usually bound with advanced tumors 

and are very troublesome to treat.61 There are several screening programs in the Czech 

Republic which are searching the early stage cancer in patients in risk. The main 

focuses of screening programs are breast and cervical cancer in woman and colorectal 

cancer in men. However, according to Institute for Health Informatics and Statistics of 

Czech Republic (ÚZIS), only 51% of women between 50 and 69 years underwent the 

mammographic examination and barely 23% of men over 50 years underwent 

colorectal screening.7 The situation is getting better every year, but there is still space 

for improvement. 

1.1.6 Treatment of cancer 

Treatment of cancer is very complicated, because we have to remove cells that 

originally used to be ours, that are still very similar to ours, and we have to remove all 

of them to prevent relapses. Modern medicine possesses many tools how to fight this 

insidious disease. Surgery, radiotherapy, systemic therapy and their combinations 

belong to the cornerstones of cancer therapy from the first half of 20th century. In the 

last decades, they were completed with minor procedures as thermotherapy, 

photodynamic therapy, stem cell transplant and others.62 

The oldest and the most powerful tool to fight cancer is surgery. It enables fast and 

complete removal of the whole tumor. However, this type of treatment is very often 

limited by the size, localization of tumor or in the presence of metastases. Needless to 

say, hematological malignancies cannot be treated this way.63 
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The second oldest type of therapy – the radiotherapy followed the progress in physics, 

discovery of X-rays and radiation at the beginning of the 20th century. The idea behind 

this kind of therapy is the destruction of rapidly replicating cells by induction of DNA 

damage. IR could be very harmful to other, healthy cells, but the newest devices are 

very precise and can deliver the effect directly to tumor tissue. Still, the healthy tissues 

are being damaged, and patients experience unpleasant adverse effects.64 

The third segment of cancer treatment is the systemic therapy or pharmacotherapy, 

and it is founded in administering drugs or other substances into the circulatory 

system. The concept of systemic therapy itself is extensive and consists of several 

distinct parts, sometimes referred to independent treatment types. In general, there is 

disunity in the division of single systemic treatment types. In this thesis, 

pharmacotherapy is subdivided into four classes: conventional chemotherapy, 

hormone therapy, immunotherapy and targeted therapy. As the fifth class, I should 

mention the palliative care, which focuses on improving quality of life in patients with 

terminal stages of cancer.65 

 Conventional chemotherapy 

The conventional chemotherapy is the fundamental and dominant type among the 

many types of pharmacotherapy. Its history reaches to 1940s when the alkylating 

agents were discovered. Basically, it refers to administration of chemical compounds 

to treat cancer. However, it is not a simple task. The idea behind chemotherapy is 

targeting cellular structures necessary for cell division (e.g. DNA, microtubules), 

resulting in death or suppression of dividing cells. The fast proliferating and unstable 

cancer cells are generally much more sensitive for these interventions than normal 

cells; however, the whole range of healthy dividing or renewing cells is also affected. It 

often leads to a plethora of adverse effects. The most severely affected tissues are 

usually bone marrow, hair follicles and cells in the mouth, digestive tract and 

reproductive system. Some chemotherapeutic drugs also damage kidneys, heart, 

bladder, lungs and nervous system. Moreover, many chemotherapeutic drugs have 

mutagenic properties which in many cases lead to a formation of secondary 
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malignancies. As it takes a years or decades to develop cancer, the young patients or 

children are particularly vulnerable.66–68 

Chemotherapy is usually administered in cycles, where the highest possible doses are 

used to kill the most cancer cells, but simultaneously do not endanger the patient. The 

duration and number of the cycles usually vary from patient to patient. To reduce the 

possibility of resistance, it is preferred to use combinations of different 

chemotherapeutic drugs. Combination with radiotherapy or surgery is also frequent.69 

The first drugs used for the treatment of cancer were alkylating agents. As their name 

suggests, they covalently bind to nucleolytic places of DNA cutting off DNA replication 

and transcription. They have various chemical structures. The most common are 

derivatives of nitrogen mustard (cyclophosphamide, iphosphamide), platinum 

derivatives (cisplatin, oxaliplatin), nitrosourea derivatives (carmustine, lomustine) and 

triazenes (dacarbazine). From newer drugs, triazene temozolomide, which permeates 

through blood-brain barrier very well, can be named as an example. It is used to treat 

malignant gliomas.70,71 

Antimetabolites accompanied alkylating agents in the late 1950s. Antimetabolites are 

a group of compounds, structurally similar to biogenic molecules; they compete with 

them and interfere with enzyme systems. There are three basic structural types of 

antimetabolites: analogues of folic acid (methotrexate), pyrimidine analogues (5-

fluorouracil, capecitabine, gemcitabine) and purine analogues (fludarabine, 6-

mercaptopurine). These compounds trigger the cell death by incorporating to DNA or 

RNA, or they inhibit enzymes needed for nucleic acid production. 

Another widely used group of chemotherapy agents are the compounds interacting 

with topoisomerases. Topoisomerases I and II (Top1, Top2) are enzymes which relax 

the superhelical winding arisen from DNA replication and transcription by 

disconnecting and reconnecting of one (Top1) or both (Top2) strains of DNA. Their 

malfunction leads to increased tension and single strand (SSB) and double strand 

breaks (DSB) of DNA. Inhibitors of Top1 are derived from camptothecin, a naturally 

occurring alkaloid from camptotheca, happy tree (Camptotheca acuminata). Today, 

there are registered two camptothecin analogues, topotecan and irinotecan.72 The 
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prototype for Top2 inhibitors is podophyllotoxin, the alkaloid of American mandrake 

(Podophyllum peltatum). For cancer treatment, there are used its semisynthetic 

derivatives etoposide and teniposide. 

To a certain extent, intercalating agents can also be considered as inhibitors of Top2. 

These compounds have a planar molecule, which can intercalate between two strands 

of DNA. This intercalation inhibits the progression of Top2 leading to DSBs and cell 

death. The most common drugs of this type are doxorubicin (DOX), daunorubicin or 

mitoxantrone. The major setback of these essential medicines is their cumulative 

cardiotoxicity. Fortunately, it can be reduced by using cardioprotectives (e.g., 

dexrazoxane) or encapsulation of drugs into liposomes.73 

Direct inhibition of cell division is achieved by mitotic inhibitors represented by vinca 

alkaloids and taxanes. These drugs interfere with polymerization and depolymerization 

of microtubules, the essential components of mitotic machinery. The polymerization of 

microtubules is inhibited by vinca alkaloids, vincristine or vinblastine, isolated from 

Madagascar periwinkle (Vinca rosea, Cataranthus roseus). In cancer therapy, their 

semisynthetic derivatives vinorelbine and vindesine are also approved. The major 

problem with vinca alkaloids drugs is a risk of damage to peripheral neurons. Taxanes, 

isolated from Pacific yew (Taxus brevifolia), are the newer type of mitotic inhibitors. 

Unlike the vinca alkaloids, taxanes inhibit depolymerization of microtubules. The 

prototypic compound of this group is paclitaxel. Its usage was very complicated due to 

its limited aqueous solubility, often hypersensitive reactions, and peripheral 

neuropathies. These obstacles were partially removed in its semisynthetic derivative 

docetaxel or nab-paclitaxel, the conjugate of paclitaxel with albumin.74,75 

Although the vinca alkaloids and taxanes proved to be highly successful anti-cancer 

agents, they also exhibit significant side effects on non-proliferating cells which are 

highly dependent on intracellular transport processes mediated by microtubules, 

especially neurons. Therefore, there is a keen interest in the development of new anti-

mitotic drugs that target non-microtubule structures. The cyclin dependent kinases 4 

and 6 (CDK4, 6) receive probably the most attention, among which palbociclib has 

already been licensed for the therapy.76,77 Moreover, aurora kinases or polo-like 



25 
 

kinases inhibitors are currently under investigation in different stages of clinical 

trials.74,78  

 Hormone therapy 

Some cancers, specifically breast, prostate, ovarian, womb or kidney, can be hormone 

dependent, meaning that they use hormones for their growth. Hormone therapy uses 

drugs to block or lower the levels of hormones in the organism to stop or slow down 

the growth of tumors. There are several types of compound to achieve this goal, e.g. 

estrogen receptor modulators (tamoxifen), aromatase inhibitors (anastrozole, 

letrozole) or anti-androgens (cyproterone acetate).79 

 Immunotherapy 

Immunotherapy is a type of treatment that uses certain parts of a person’s immune 

system to fight diseases such as cancer. It can be accomplished by stimulating own 

immune system to attack the cancer cells or by administering immune system 

components. The beginning of immunotherapy is dated to 1970s of last century, and 

during this time it has been developed into a very important part of treating of some 

types of cancer. There are many approaches and mechanisms, which can be used to 

strengthen the immune system to fight cancer. For example, cancer vaccines 

(sipuleucel-T), interferons (INFα, β, γ) or immune checkpoint inhibitors (atezolimumab, 

ipilimumab) are currently used to tackle various types of cancer. The last two 

mentioned drugs are monoclonal antibodies (mAb). The classification here partially 

overlaps with the targeted therapy. mAbs rose from the idea using the immune 

components to find and bind to antigens of cancer cells; however, significant part of 

them is often classified under targeted therapy.80–82 

 Targeted therapy 

Nowadays, targeted therapy is one of the strongest tools we have to confront cancer. 

In general, it consists of drugs or other substances that block the growth and spread of 

cancer by interfering with specific molecules (targets) that are involved in the growth, 

progression, and spread of cancer – the hallmarks of cancer. In fact, every hallmark or 

enabling characteristic can be possibly exploited for therapy (Fig. 7). Some hallmarks 
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have been already used in cancer therapy for years; some of them are still being 

evaluated for their potential.  

 

Figure 7. Targeting the hallmarks of cancer. Adapted from ref. 42  

The greatest progress has been made in drugs targeting signaling pathways for growth, 

division, and vascularization. These are probably the easiest ways to target cancer cells 

and stop their growth, and they have been used in therapy for almost two decades. 

The blockade of the critical oncogenes like RTK (e.g. EGFR, VEGFR)18,83 or nRTK (c-Src, 

BCR-ABL1)84,85, is currently a hot issue in cancer therapy. Similarly, drugs affecting the 

immune system through targeting membrane structures as B-lymphocyte antigen 

(CD20)86 or activating cytotoxic T-lymphocytes through their antigen 4 (CTLA-4)87 have 

been used in cancer and autoimmune diseases therapies for years. The development 

of the novel anticancer agents has spurred; recently the first poly (ADP-ribose) 

polymerase (PARP) inhibitor olaparib88 and CDK inhibitor palbociclib have already been 

approved.77 

Targeted therapy is being continuously growing and shaping, and every year there are 

more and more drugs available. For example, seven new drugs for different cancer 
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types were approved by Food and Drug Administration (FDA) only during last year.89 

The basic feature of targeted therapy is the possibility to select specific and 

personalized treatment for a particular patient. However, its effects are very specific, 

and we still have not covered the entire range of cancer types. The specificity of these 

drugs is also an obstacle when we talk about resistance. Even the slightest changes in 

protein structures usually make drugs inefficient. Another substantial drawback is the 

enormous price of this kind of therapy. Therefore, targeted therapy is not for everyone 

and majority of cancer patients are still treated with IR or conventional chemotherapy. 

Even when the patient is diagnosed with cancer type for which is targeted therapy 

available, he has to meet several criteria for targeted therapy to be considered.90 

 Monoclonal antibodies 

There are two ways how to target single proteins in cancer cells: through mAb or 

small-molecule kinase inhibitors. mAbs are products of the immune system, which 

selectively find and bind to specific cellular antigens. Their history is connected with 

the advancements in immunotherapy in the 1970s; however, their actual usage in 

therapy was achieved almost 20 years later when safer and more efficient humanized 

antibodies were developed. Their potential is not only restricted for cancer, but they 

are widely used for the treatment of immune system-related conditions as Crohn’s 

disease, systemic lupus erythematosus, psoriasis or to avoid transplant rejection. 

Mechanisms, how mAbs affect the cancer cells, are displayed in Figure 8.  

 

Figure 8. Mechanisms used by mAb in anticancer therapy. Modified from refs. 91,92 A) 

mAbs can be conjugated with several types of active compounds such as radioisotopes 
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(ibritumomab tiuxetan, tositumomab), toxins and other drugs (brentuximab vedotin, 

trastuzumab emtansine) or they can directly activate immune system (rituximab, 

daratumumab) and cytotoxic T-lymphocytes (ipilimumab). B) The second approach 

exploits the suppression of proliferative or other signaling pathways by growth factor 

catching (bevacizumab) or receptor blocking (cetuximab).93 

 Small-molecule kinase inhibitors 

Small-molecule kinase inhibitors are probably the most intensively pursued class of 

cancer treatment, nowadays. The idea is to selectively target and inhibit critical kinases 

by small molecules (< 900 Daltons). These structures usually bind to the active sites of 

kinases, can bind to the surface of proteins or they can prevent protein-protein 

interactions.  

In comparison to mAb, small-molecules possess many advantages: their structures are 

mostly accessible by simple methods of organic chemistry; this is also associated with 

easier handling, storage, administration (possible oral administration) and also 

relatively low price. The disadvantage of small-molecule inhibitors is their incomplete 

selectivity and possible interactions with other administered medicaments, leading to 

various adverse effects, versus the absolutely selective mAbs. The reason for the lack 

of selectivity of small-molecule inhibitors can be found in highly conserved structures 

of protein kinases.94,95 

The first small-molecule kinase inhibitor for the treatment of cancer was approved by 

FDA in 2001. It was the inhibitor of BCR-ABL1 fusion kinase: imatinib. BCR-ABL1 protein 

is a product of fusion gene created by a translocation between chromosomes 9 and 22 

(Philadelphia chromosome).85 The presence of this fused protein is a major cause of 

CML; therefore patients’ response to this drug is almost absolute. Before imatinib was 

discovered, patients had only two options: bone marrow transplant or daily interferon 

infusions which led to only 30% chance of five-year survival after diagnose. With 

imatinib, this number increased to more than 89%.96 

After tremendously successful imatinib, many other kinase inhibitors have emerged. 

The first of them targeted receptors EGFR (e.g., gefitinib, erlotinib) and VEGFR (e.g. 
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sorafenib, sunitinib, pazopanib). Later they were accompanied with inhibitors of 

anaplastic lymphoma kinase (ALK; e.g. crizotinib) or Janus kinase (JAK; e.g. ruxolitinib) 

and others. In 2015 there was approved the first inhibitor of PI3K, idelalisib.95 

1.1.7 Drug resistance in cancer therapy 

Despite the indisputable advances in targeted therapy, there is still no cancer 

treatment that is 100% effective against disseminated cancer. The reason is resistance. 

The resistance of tumors to therapy, similarly as bacteria’s resistance to antibiotics, 

has been intensively studied during past decades. There are many mechanisms, 

intrinsic and acquired, pharmacokinetic (PK) and pharmacodynamic (PD), which cells 

and even whole organism use to defend themselves against interventions (Fig. 9). 

The intrinsic resistance, in other words, the resistance before treatment, is 

widespread. Every patient must be regarded individually, i.e. everyone is in different 

physiological condition, different stage of cancer and more importantly, tumor 

genomes are very heterogeneous, and they vary from cancer to cancer, even between 

those from the same tissue of origin. Therefore, cancer therapy cannot be equally 

efficient in different patients, even though they may have the same cancer type. As the 

cancer therapy is getting stronger, the acquired resistance has also become very 

common. Chemotherapy, targeted therapy and also radiotherapy create selective 

pressure on cancer cells to evolve and survive. Also, regarding their genome instability 

and mutagenic potential of some types of treatment, the initially sensitive cancers can 

become resistant very often and very fast.97,98 
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Figure 9. Basic mechanisms of cancer drug resistance. Adapted from ref. 98 PK factors 

such as drug absorption, distribution, metabolism and elimination limit the amount of 

an administered drug that reaches the tumor. The anticancer activity of a drug can be 

then limited by poor drug influx or excessive efflux from cells; drug inactivation or lack 

of activation; alterations in the drug target such as changes in expression levels or 

structure; activation of adaptive pro-survival responses; and a lack of cell death 

induction due to dysfunctional apoptosis. 

One specific type of multidrug (not related to a specific drug) resistance coheres to the 

cells’ natural ability to protect the homeostasis of their genomes. Considering that 

some of the most important types of treatment such as radiotherapy or conventional 

chemotherapy work by induction of DNA lesions, the DNA repair capacity have a major 

influence on their effectiveness. Therefore, it is necessary to pay particular attention to 

this phenomenon. The problematics of DNA repair and cancer therapy will be 

discussed in the following chapter. 

1.2 DNA damage and DNA damage response 

1.2.1 DNA damage and its types 

DNA is constantly under attack from both endogenous and exogenous agents, resulting 

thousands of DNA lesions in each cell of human body every day. The brief introduction 

to origins of DNA damage was described earlier in the chapter 1.1.3. Depending on the 

chemical structure of exogenous agents and the mechanism how they interact with 
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DNA they may cause several different types of DNA damage. The basic types of DNA 

damage together with their usual way to repair are displayed in Figure 10.10,99,100 

 

Figure 10. Types of DNA damage and their repair. Modified from ref. 100 Common DNA 

damage causing agents (top) lead to different types of DNA damage (middle). On the 

bottom, there are the most relevant DNA repair pathways. Abbreviations: cis-Pt – 

cisplatin; MMC – mitomycin C; (6-4)PP – photoproduct; CPD – cyclobutane pyrimidine 

dimer; HR – homologous recombination; EJ – end joining. 

There are many ways how DNA can be damaged. From the various modifications of 

purine or pyrimidine bases, base adducts to SSBs and DSBs. DSBs are not very common 

comparing to SSBs and other types of DNA damage; however, these are the most 

lethal alterations of the DNA. If unrepaired, they lead to a loss of genetic information 

or cell death. They can be caused endogenously by ROS, mechanical stress on 

chromosomes or when replication machinery encounters SSB or other types of DNA 

lesions.101 However, the most potent inductors of DSBs are IR and certain 
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chemotherapeutic drugs. In general, DNA damage induction is the major mechanism 

how conventional anti-cancer drugs work (Tab. 2).99 

Table 2. Examples of DNA-damaging drug types used in the cancer treatment.99,102 

Cancer treatment Type of DNA lesion induced 

Ionizing radiation SSB, DSB, Base damage 

Monofunctional alkylating agents  

(nitrosourea compounds,  

temozolomide) 

Base damage, bulky DNA adducts, replication 

lesions 

Bifunctional alkylating agents 

(nitrogen mustard, cisplatin, 

MMC) 

DSB, DNA crosslinks, replication lesions, bulky 

DNA adducts 

Antimetabolites 

(5-fluorouracil, thiopurines) 

Cytotoxic metabolites, inhibit base pairing, 

replication lesions 

Topoisomerase inhibitors  

(camptothecins, etoposide) and 

intercalating agents 

(doxorubicin, daunorubicin) 

DSB, SSB, replicative lesions 

 

Depending on the type and severity, DNA damage leads to cell cycle arrest, DNA 

replication and transcription blockades and apoptosis, assuming the DNA damage was 

not repaired. The long-term consequences of unrepaired DNA damage include 

permanent DNA sequence aberrations which slowly contribute to tumor formation. 

Despite the various types and origin, one thing DNA alterations have in common. After 

their appearance, they activate a complex signaling network usually called the DNA 

damage response (DDR). 

1.2.2 DNA damage response 

Safeguarding of the cell genome for the next generations is one of the primary 

objectives of every life form. This must be achieved despite the fact that DNA is 

constantly under assault by both endogenous and exogenous agents. To counter this 

threat, life has evolved complex cellular network to resolve DNA lesions. This network, 
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commonly termed as DNA damage response (DDR), consists of plethora of dynamic, 

hierarchically ordered and mutually coordinated pathways, whose primary objectives 

are sensing DNA damage, signalizing its presence through the network, leading to cell 

cycle delay and giving the repairing machinery enough time to repair the damage, or in 

case of extensive damage eliminate potentially hazardous cells from proliferative pool 

through inducing the cellular senescence or apoptosis.100,103,104 

 The many types of DNA repair 

As Figure 10 demonstrates, many types of DNA damage lead to an evolution of many 

types of specific DNA repair machinery, each containing dozens of different proteins. 

Regarding the fact, that each cell faces thousands of DNA lesions every day, this 

machinery must be highly efficient and accurate. Each DDR pathway contains sensors, 

which usually bind to DNA and detect any damage, transducers, which signalize the 

presence of DNA lesion and recruit effector proteins to the lesion site. The effectors 

then mediate proper DNA reparation. The main DDR mechanisms with key 

components are listed in Table 3. 

Table 3. The main DNA repair mechanisms and components.99,103 

DDR mechanism DNA lesion acted upon Key components 

Homologous 

recombination (HR) 

DSB, stalled replication forks, 

inter-strand DNA crosslinks, 

abortive Top2  

ATM-mediated signaling*, 

RAD51, RPA, BRCA1 and 2, 

DNA polymerase 

Non-homologous end 

joining ( NHEJ) 

Radiation or drug-induced DSB DNA-PK signaling*, XRCC4, 

ligase IV 

Base excision repair 

(BER) and SSB repair 

Abnormal DNA bases, base 

adducts, SSB 

DNA glycosylases – sensor, 

DNA polymerases β, δ and 

ε, ligases I and III, PARP1 

and 2, XRCC1 

Nucleotide excision 

repair (NER) 

Bulky base adducts, UV photo-

products 

RNA polymerase, TFIIH – 

sensors, DNA polymerases, 

PCNA, RPA, ligase I and III 
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Mismatch repair DNA mismatches, insertions, 

deletions emerged from DNA 

replication 

MSH2-6 sensors, 

polymerases δ and ε, PCNA, 

RPA, ligase I 

Direct lesion reversal O6-alkylguanine O6-methylguanine 

methyltransferase (MGMT) 

Fanconi anemia 

pathway (FA) 

Inter-strand DNA crosslinks FANCA, FANCC, Brca2, HR 

factors 

* ATM and DNA-PK signaling is discussed in following paragraph and in Figure 12 

Abbreviations: ATM, ataxia telangiectasia mutated; DNA-PK, DNA-dependent protein kinase; 

FANCA, FANCC, Fanconi anemia complementation group A, C, (respectively); MSH2-6, MutS 

protein homolog 2; PCNA, proliferating cell nuclear antigen; RPA, replication protein A; TFIIH, 

transcription factor II H; XRCC1 and 4, X-ray repair cross-complementing protein 1 and 4. 

 Double strand and single strand break response 

Within this dissertation, every type of DDR will not be described in detail. For the 

better understanding of my work, I will preferably focus on the signaling mediated by 

ATM, ataxia telangiectasia and Rad3-related (ATR), DNA-PK and related repair 

mechanisms. These three protein kinases (for their characterization see chapter 1.4) 

play eminent roles in directing the responses to DSBs, in case of ATM and DNA-PK, and 

SSBs resulted mainly from stalled replication forks in case of ATR (Fig. 11). 
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Figure 11. ATM, ATR and DNA-PK signaling pathways. Adapted from ref. 105 

DSBs are noticed and repaired predominantly by two distinct mechanisms: a) by 

activation of Mre11/RAD50/NBS1 complex (MRN) sensor, recruitment of ATM kinase, 

and with the participation of various adaptors as γ-histone H2A (γH2AX), Brca1, E3 

ubiquitin-protein ligases ring finger proteins (RNF8, RNF168) subsequent activation of 

effectors checkpoint kinase 2 (Chk2), p53 and others leading to inhibition of CDK and 

activation of cell cycle checkpoints followed by DNA repair by HR,106 or b) by Ku70 and 

Ku80 subunits of DNA-PK that can sense the DSB and recruit DNA-PK catalytic subunit 

(DNA-PKcs), DNA ligase IV (LigIV) and Artemis protein to the edges of DNA starting up 

NHEJ.107 In contrast, ATR is activated by single strand DNA (ssDNA), arose from SSB or 

replication forks breakage, which is coated by RPA. ATR is then recruited to RPA-

coated ssDNA and activated via its interacting protein ATRIP and topoisomerase 2 

binding protein 1 (TopBP1).108 Activated ATR then phosphorylate effector proteins 

Chk1 and p53 leading to cell cycle arrest and DNA repair. Although it seems that these 

pathways are independent, many components including MRN, ATM, ATR, DNA-PK or 

Brca1 actually influence different types of DNA repair.105,109,110 Additionally, this 
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description of signaling DDR signaling pathways is very simplified. The actual pathways 

are interconnected and contain hundreds of various proteins.111  

 Homologous recombination and non-homologous end joining 

As aforementioned, DSBs are repaired via two distinct mechanisms: HR and NHEJ. HR 

represents an elegant way of DSB rejoining using the unbroken template to restore any 

lost sequence information. Classical HR is mainly characterized by three successive 

steps: 1) resection of the 5’-ended DNA strand at break ends, followed by 2) strand 

invasion into a homologous DNA duplex and strand exchange, and 3) resolution of 

recombination intermediates (Fig. 12).112,113  

 

Figure 12. Mechanisms of DSB repair by NHEJ and HR. Adapted from ref. 114 
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In contrast, NHEJ of two DNA ends does not require an undamaged partner and does 

not rely on extensive homologies between two recombining ends. It simply re-ligates 

two DSB ends together. The general mechanism can be characterized by four steps: 1) 

DNA end recognition and assembly and stabilization of the NHEJ complex (Ku70, Ku80, 

DNA-PKcs, XRCC4, DNA ligase IV, Artemis protein) at the DNA double strand break, 2) 

bridging of the DNA ends and promotion of ends stability; 3) DNA end processing by 

Artemis protein; and 4) ligation of the broken ends by DNA ligase IV-XRCC4 

complex.107,115 

HR and NHEJ pathways are often described as “error-free” and “error-prone”, 

respectively. However, NHEJ is still a precise mechanism, and it can accurately rejoin 

complementary ends of DSB with only rare mistakes. If the ends cannot be joined 

directly, NHEJ aligns one or a few complementary bases resulting in minor deletions. 

The problems occur when HR and NHEJ are somehow compromised, or DSB cannot be 

repaired by these ways. In these cases, DSB is repaired by the alternative mechanism 

called microhomology-mediated end joining (MMEJ). This mechanism works in the 

absence of NHEJ core factors as Ku subunits. Hence, MMEJ requires the use of 5-25 

base pairs homology sequences for alignment of DSB edges before rejoining. MMEJ 

appears to be an ultimate way to repair a DSB in any event where HR and NHEJ have 

failed; however, it always results in deletions and is frequently associated with 

chromosome translocations with oncogenic potential.112,116 

There are several publications referring on how the cells choose between these two 

DSB repair mechanisms (reviewed in 101,109,112,117). Now, we can say that these two 

mechanisms appear to compete for the DSBs, but the balance between them differs 

widely among the species, cell types and during different cell cycle phases. In general, 

NHEJ represents the major mechanism for repairing DSBs in vertebrates. It can quickly 

ligate almost any kind of DSB ends throughout the cell cycle, whereas HR needs a 

presence of homologous sequence and it is active mainly in S and G2 phase when the 

sister chromatids are available. The cause of DSBs is also important for the choice 

between these two repair mechanisms. DSBs caused by nucleases or IR can be 

repaired by either way, but DSBs produced from replication fork collapse are repaired 

primarily by HR. 



38 
 

It is also interesting to note, that vertebrates use NHEJ much more frequently than HR, 

comparing to yeasts which preferably employ HR. One can argue that it may be 

because higher eukaryotes have vast and complex genomes, making the HR less 

efficient, while the NHEJ can ligate any kind of DSB ends without the requirement for 

homology sequence. Another argument could be that vertebrates possess more NHEJ 

factors than yeast (such as DNA-PKcs or Artemis) making the NHEJ more efficient.109,112 

1.2.3 DNA damage response and human diseases and aging 

The main purpose of DDR is the protection of cell genome ensuring that future 

generations will not receive compromised genomic information and representing the 

most important barrier against the progression of cancer beyond its early stages. 

Naturally, DDR prevents transformation of proto-oncogenes to oncogenes and protect 

tumor suppressor genes, but it has been observed that DDR can even sense the 

increased DNA replication stress and DNA damage resulting from already activated 

oncogenes or loss of tumor suppressors and alarm the ATM-Chk2 and ATR-Chk1 

signaling pathways. Such activation of DDR network leads to isolation of these 

oncogene-transformed cells by cellular senescence or death.99,104,118  

However, it is not only protection against cancer and genome surveillance, where DDR 

plays its important role. NHEJ apparatus participate in generating immunoglobulins 

and T-cell receptors in the B and T lymphocytes development through the only known 

programmed genome alteration in vertebrates, V(D)J recombination.119 DDR also has a 

key role in generating genetic diversity via sexual reproduction.120 Many DDR proteins, 

including MRN complex, ATM, ATR, DNA-PK or PARP1, also have an important role in 

telomeres maintenance. Consequently, their defects cause telomeres shortening or 

their dysfunction. Accumulation of shortened telomeres triggers DDR, which 

recognizes them as irreparable DSBs. Permanently active DDR leads the cells ultimately 

to cellular senescence or apoptosis, which is together with accumulated DNA damage 

considered as a hallmark of natural aging.121 

Defects of various DDR proteins are without doubt linked to sensitivity to DNA 

damaging agents and cancer formation, but depending on the mutated protein also to 

immunodeficiency, infertility, premature aging and neurodegenerative disorders like 
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Alzheimer’s or Parkinson’s disease.99,122 There are around 40 known hereditary 

diseases caused by DDR defects, some of them are listed in the table 4.123,124 

Table 4. Selected inherited DDR defects and syndromes they are causing. Modified 

from ref. 99 

Syndrome Mutated genes Phenotype 

Ataxia telangiectasia 

(A-T)125,126 

ATM Cerebellar ataxia, telangiectasia, 

immunodeficiency, cancer predisposition 

Ataxia telangiectasia-

like syndrome126 

MRN complex Mild A-T like features 

Nijmegen breakage 

syndrome127 

NBS1 Microcephaly, growth retardation, 

immunodeficiency, cancer predisposition 

Seckel syndrome128 ATR Microcephaly, primordial dwarfism, 

dysmorphic facial features and mental 

retardation 

Xeroderma 

pigmentosum129 

XPA-XPG, Pol η Neurodegeneration, photosensitivity, skin 

cancer 

Cockayne syndrome130 CSA, CSB, XPB, 

XPD, XPG 

Microcephaly, neuron demyelination, 

stunted growth, photosensitivity 

Werner’s syndrome131 WRN Premature ageing, cancer predisposition 

Fanconi anemia (FA) 132 FANCA-FANCM, 

Brca2 

Congenital abnormalities, progressive 

bone marrow failure, prone to AML, 

squamous carcinomas of head, neck or 

gynecological system. 

Breast cancer, early 

onset38 

Brca1, Brca2 Breast and ovarian cancer, predisposition 

to prostate, pancreatic and gastric cancer 

Abbreviations: CSA, CSB, Cockayne syndrome A and B; NBS1, nibrin; Pol η, polymerase η; WRN, 

Werner syndrome helicase; XPB, XPD, XPG, xeroderma pigmentosum, complementation group 

A, D and G 
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1.2.4 Targeting DNA damage response in cancer therapy 

The previous chapters emphasized the role of DDR for genome maintenance, 

protection and proper development of our organism. Its malfunction can lead to 

developmental defects, immunosuppression, and cancer. So, why we would we 

deliberately want to inhibit its function? 

 Overcoming the cancer cells’ resistance to treatment 

Despite the many safe and efficient drugs and strategies that emerge every year, the 

majority of cancer patients still rely on standard DNA-damaging therapy, either on IR 

or chemotherapeutic drugs. However, these two strategies are not optimal due to 

severe adverse effects and frequent resistance associated with increased DNA repair 

activities. Disrupting the DDR, therefore, may provide an efficient way to enhance the 

current cancer therapy, both because the resistance is often caused by increased DDR 

signaling, and because many cancers have defects in certain components of the DDR 

rendering them highly dependent on the remaining DDR pathways for their survival. 

DDR have been for this purpose studied for almost two decades now. During this time 

we have gained many insights into the mechanisms of DNA repair and cell cycle 

checkpoints and developed hundreds of potent compounds interfering with DDR. 

Targeting the DDR in cancer therapy is a hot topic in last years, which is reflected in a 

number of recently published reviews.133–137  

 Synthetic lethality concept  

One of the most significant features of DDR inhibition therapy is the possibility to 

exploit synthetic lethal interactions between single DDR components. Two genes are 

considered synthetically lethal if mutation or inactivation of either gene or gene 

product alone does not affect cellular viability, whereas simultaneous defects in both 

genes/gene products lead to cell death (Fig. 13).138 
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Figure 13. The principle of synthetic lethality. Adapted from ref. 139 

In normal cells, each type of DNA damage can usually be repaired by multiple 

mechanisms and single key proteins are to a certain extent substitutable in case of 

their malfunction. In cancer cells, on the other hand, DDR signaling is hampered by a 

vast number of mutations making them very vulnerable for additional inhibitions. For 

example, p53 and ATM belong to the most common tumor suppressors lost in human 

cancers.23,139,140 The cells without functional ATM or p53 are thus reliant on ATR and 

DNA-PK for survival after DNA damage. Therefore, a mutation in ATM or p53 gene is 

synthetically lethal with ATR or DNA-PK.141,142 Another important lethal interaction is 

the high sensitivity of Brca mutated tumors to PARP inhibition.143 

The exploitation of synthetic lethal interaction is very promising for the future of 

cancer treatment because it brings us the unique possibility to selectively kill the 

cancer cells and sparing the healthy ones.  

 Inhibitors of DDR in research 

The DDR network comprises of hundreds of different proteins. Thus, there are many 

DDR related targets, whose inhibition has been investigated for potential cancer 

treatment. In this chapter, only the most significant targets are discussed. 

One of the first studied DNA repair related component was MGMT. This enzyme is 

responsible mainly for repairing of DNA damage caused by alkylating agents, and it is 

believed it plays an crucial role in cellular resistance to temozolomide and possibly to 
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other alkylating agents. O6-Benzylguanine (Fig. 14), a pseudosubstrate and inhibitor for 

MGMT, was found to be very effective for overcoming the resistance to alkylating 

agents and was the first DNA repair inhibitor to enter clinical.144 Unfortunately, high 

expectations were not fulfilled because O6-benzylguanine and related compounds 

sensitized not only cancer cells but also healthy tissues and the combination with 

cytotoxic agents was associated by significant myelosuppression. The research of 

MGMT inhibitors became silent after the III phase of O6-benzylguanine clinical trial, 

and no further progress have been made, so far.145,146 

Probably the most advances have been made in the field of PARP. PARPs are a large 

family of multifunctional enzymes, of which the most abundant is PARP1. It plays a key 

role in the repair of DNA SSBs through the BER.147 PARP inhibitors have been shown to 

act as chemopotentiating agents, thereby increasing the cytotoxic effects, not only of 

DNA-damaging agents, such as temozolomide but irradiation as well. Inhibition of 

PARP leads to the accumulation of SSBs, which can result in DSBs at replication forks. 

These breaks are normally repaired via HR with key components which are tumor 

suppressors Brca 1 and 2. And here lies the great potential of PARP inhibition: the 

selective killing of Brca mutated cancers through synthetic lethal interaction.143 This 

interaction also exploits olaparib, which was approved by FDA and European 

Medicines Agency (EMA) as a single agent to treat Brca mutated breast and ovarian 

cancer in December 2014, making it the first DDR related drug on the market.148,149 

Additionally, olaparib and other PARP inhibitors are currently in the clinical trials for 

many different indications.150  

Certain progress has also been made in the development of Chk1 and Chk2 inhibitors. 

Chk1 and Chk2 are ones of the main substrates of ATR and ATM, respectively, and have 

an eminent role in transferring their signals to effectors, including p53, CDK.151 Chk1 

and Chk2 are involved in the S phase checkpoint where they stabilize replication forks, 

and in the G2/M checkpoint. Human cancers frequently possess functional defects in 

the tumor suppressor p53, with consequent loss of G1/S checkpoint control and 

greater reliance on S and G2/M checkpoints. Thus, inhibition of Chk1 and Chk2 could 

selectively sensitize p53 deficient cancer cells to DNA damage. Further analysis showed 

that the sensitization to radiation is mainly mediated through inhibition of Chk1 and 
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not through Chk2.152,153 The first Chk1/Chk2 inhibitor to be studied in clinical trials was 

UCN-01. This compound was followed by several others including the first selective 

Chk1 inhibitor LY2603618, newer LY2606368, or SCH900776 (Fig. 14). Although the 

preclinical studies were very promising and Chk inhibitors showed potent sensitization 

of various cancer cells to chemotherapeutic agents as irinotecan, pemetrexed or 

cisplatin, the clinical trials results are rather inconsistent, and to this date, only 

LY2606368 still continues in the second phase.134,150,154,155 

Promising targets for fighting the cancer cell’s resistance could also be FA/Brca 

pathway and mismatch repair. On the one hand, FA/Brca pathway is required for 

repairing cisplatin interstrand cross-links; on the other, we could exploit synthetic 

lethal interaction of FA pathway and ATM to kill ATM-deficient tumors. Mismatch 

repair defects are associated with platinum compounds and 5-fluorouracil resistance. 

Targeting these two pathways is still at the outset, though.134,156 

 

Figure 14. Structures of selected DNA repair inhibiting drugs. 

Considerable interest was also naturally devoted to the main “directors” of DDR, and 

DNA strand breaks repair ATM, ATR, and DNA-PK. These three kinases belong to one 

family referred as phosphatidylinositol 3-kinase related protein kinases (PIKKs). From 

their blockade, there is expected powerful radio and chemosensitization and possible 

synthetic lethal interactions, however, the development of their inhibitors was found 
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to be very challenging, and even the most advanced compounds are still at the 

beginning of clinical trials. These kinases and their inhibitors will be thoroughly 

discussed in chapters 1.4 and 1.5. 

1.3 The problematics of protein kinases and their inhibition 

Before describing single PIKK kinases and related inhibitors development, one brief 

chapter devoted to general information to protein kinases and their inhibition is 

disclosed. 

1.3.1 Protein kinases 

Kinases are enzymes that catalyze the transfer of phosphate groups from high-energy, 

phosphate donating molecules to specific substrates (Fig. 15). Depending on the type 

of substrate we can differentiate protein kinases (e.g. Chk, CDK), lipid kinases (e.g. 

PI3K), carbohydrate kinases (e.g. hexokinase) and other kinases which can act on 

nucleotides (e.g. nucleoside-phosphate kinases). Protein kinases can be further divided 

depending on target amino acid into tyrosine, serine-threonine, dual and histidine 

protein kinases, which are mainly found in prokaryotes. Depending on their kinase 

domain genome and origin they are classified into nine groups which description I find 

unnecessary for the purpose of this dissertation.157,158 The kinase domains are the 

most important parts of protein kinases structures and are highly conserved among 

this superfamily. 

 

Figure 15. Phosphorylation of proteins by protein kinases. Phosphatases (e.g. PTEN) 

act in reverse. 

Almost everything what is happening in cells is somehow directed and regulated by 

protein kinases, from the signals receiving through RTK to cellular signaling and various 
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effectors affecting metabolism, transcription, cell cycle progression, cell movement 

and cytoskeletal rearrangements, apoptosis, and differentiation. A comprehensive 

human genome screening in 2002 identified 518 putative protein kinase genes, 

consisting about 1.7% of all human genes. Many of them are still not described, and 

their purpose is unknown.158 

As it was discussed in previous chapters (1.1.3 and 1.1.4) protein kinases can 

sometimes be deregulated, which is the essence of the oncogenesis. However, the 

faulty working of protein kinases can also contribute to several metabolic and 

cardiovascular diseases and can be even linked to Alzheimer’s disease or epilepsy.159 

Protein kinase inhibition, therefore, harbors a great potential for treatment of various 

diseases. Naturally, the vast majority of research is devoted to cancer treatment, but 

some cancer-focused protein kinase inhibitors have already been found to have 

positive effects in the treatment of diabetes mellitus.160 Surely, we are still at the 

beginning in the understanding of the true protein kinase inhibition potential. 

1.3.2 Discovering the protein kinase inhibitors 

Protein kinases are enzymes, and they can be more or less easily inhibited. A 

significant part of drugs for various diseases are enzyme inhibitors. Unlike the 

enzymes, which have been knowingly or unknowingly inhibited in therapy since the 

beginning of pharmacotherapy itself (for example the cyclooxygenase inhibitor 

acetylsalicylic acid or transpeptidase inhibitor penicillin), the protein kinases emerged 

in therapy two decades ago, and they are still predominantly reserved for cancer 

treatment.  

The first protein kinase inhibitor approved by FDA (1999) was trastuzumab, the mAb 

against RTK ErbB2. The first small-molecule protein kinase inhibitor was imatinib, 

approved in 2001.161 The launch to the market of these two drugs represented a 

tremendous achievement in cancer treatment. Since then, over two dozens of other 

inhibitors have been developed and successfully used in therapy. The vast majority of 

them are used for cancer; however, in 2012 there was approved first small molecule 

inhibitor tofacitinib to treat rheumatoid arthritis.161 
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The science of mAbs is largely the matter of immunology and biotechnology; 

therefore, the development of small-molecule inhibitors is extensively pursued, which 

is what I was dealing with during my doctoral work. 

The fact, that first protein kinase inhibitors appeared in the therapy at the beginning of 

this millennium, even though protein kinases were firstly described more than 60 years 

ago, implies that the development of protein kinases is not easy and requires advanced 

experimental methods, especially in the fields of the molecular biology kinase 

screenings, crystallography, and computational chemistry. The main obstacles in the 

protein kinase inhibitor development are complicated structures of protein kinases 

with highly conserved kinase domains, making the development of inhibitors very 

challenging. 

The basic principle in the discovery of new kinase inhibitors is high-throughput 

screening (HTS). Using robotics, computing and sensitive biochemical detections HTS 

allows researchers to perform millions of tests in a very short time. Through this 

process, we can rapidly identify active compounds out of the large libraries counting 

millions of compounds. It is a default starting point for drug development, and many 

ATP-competitive inhibitors were discovered by this way. After HTS we usually select a 

few compounds (hits) with the best properties and endowed potential inhibition of the 

target. These hits are then studied, modified to find leading structures (hit to lead) 

which are further optimized (lead optimization) for preclinical a clinical evaluation (Fig. 

16). Unfortunately, HTS is becoming less effective with time, as it has already identified 

most of the scaffolds that are capable of serving as ATP-competitive ligands. 

Nevertheless, this approach is still powerful when it comes to atypical kinases with 

unusual kinase site or when allosteric inhibitors are being sought.94,162 

The second approach is an analogue synthesis. Historically, many drugs were prepared 

by modification of naturally occurring compounds. Lots of alkaloids or fungal 

metabolites inhibit protein kinases; however, they usually affect a vast number of 

different targets making it really hard to prepare selective inhibitors by only medicinal 

chemistry approach. Analogue synthesis is commonly utilized to optimize HTS hits (hit 

to lead) but can also be employed to modify mature kinase inhibitors that were 
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developed for different kinases, and new screening revealed an additional or new 

target. Many kinase inhibitors were originally developed for one kinase, and later 

serendipitously found to be cross-reactive with a new kinase of interest. This approach 

has resulted in the discovery and diversification of many scaffolds with abilities to 

recognize specific ATP-binding or allosteric sites of kinases. Ideally, after once such 

scaffold is identified, it is co-crystallized with the kinase of interest or at least subjected 

to homology modeling (when the crystal structure of kinase is not yet determined) in 

order to provide insights into the structural features that may be substantial for 

potency or selectivity.94,163,164 Based on these findings, isosteric replacements are used 

to improve potency or selectivity properties while maintaining the stereo electronic 

contacts responsible for binding to the kinase. In addition to simply creating libraries of 

analogues based on our data, we can also use so called structure-informed design and 

introduce structural features of other potent inhibitors.165 

Another way of designing new kinase inhibitors is the fragment-based inhibitor 

discovery. This approach is related to HTS, but it uses a lesser amount of small moieties 

(usually > 150 Da) that bind to different sites of the kinase of interest followed by 

covalent linkage of these moieties to create a new inhibitor. Fragments that bind to 

the site of interest generally originate in a library and can be selected both 

computationally and experimentally by crystallography or nuclear magnetic resonance 

(NMR). Fragment-based drug design can be compared to HTS. The major advantage of 

the fragment-based approach is that a large number of virtue structures can be 

explored without the actual synthesis.166  

During the further compound optimization (lead optimization) it is important to 

monitor structure-activity relationship (SAR) also in cellular assays, where other factors 

as cellular permeability or accumulation are applied, and of course to take into 

account the physico-chemical properties to ensure reasonable pharmacokinetics. 

 

Figure 16. Overview of the standard steps in drug development. It usually starts with 

identification and validation of a target (kinase); running HTS with up to millions of 
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compounds; selecting a few hits; preparing hundreds or thousands of analogues to find 

a lead compound; optimize it and subject it to preclinical evaluation. Finally, if the 

compound is promising, subject it to clinical trials. 

1.3.3 Types of protein kinase inhibitors 

The majority of protein kinase inhibitors is ATP-competitive and binds to the ATP-

binding site of target protein kinases. They are referred as type 1 inhibitors. These 

inhibitors mimic the structure of ATP and recognize the active conformation of the 

kinase. Type 1 inhibitors typically consist of a heterocyclic ring system that occupies 

the purine binding site (hinge region), and it serves as a scaffold for side chains that 

occupy the adjacent hydrophobic sites (e.g. BCR-ABL1 inhibitor dasatinib, Fig. 17). By 

contrast, type 2 inhibitors bind partially in the ATP binding site and extend the other 

part of the molecule into an adjacent allosteric site that is present only in the inactive 

kinase conformation (e.g. BCR-ABL1 inhibitor imatinib, Fig 17). Type 2 inhibitors have 

been shown to possess advantageous properties including improved target 

specificity.94,167 

The third class of inhibitors, also called allosteric inhibitors, binds outside the ATP-

binding site to an allosteric site and modulates the kinase activity. Inhibitors belonging 

to this category exhibit the highest degree of selectivity because they exploit binding 

sites that are unique for each kinase. Allosteric inhibitors are very popular currently, 

and it is expected that their numbers in therapy will grow in near future (e.g. BCR-ABL1 

inhibitor GNF2, Fig. 17).94,168 

Covalent inhibitors represent the fourth inhibitor class. They are capable of forming an 

irreversible covalent bond with the kinase active site. These inhibitors are rationally 

designed to have reactive electrophilic moieties which can easily react with the 

electron-rich sulfur present in amino acid cysteine. There are not many covalent 

inhibitors on the market right now; for instance, afatinib has been recently approved 

acting as EGFR inhibitor (Fig. 17) which is used for the treatment of EGFR mutated lung 

cancer.169 Although covalent inhibitors are usually highly effective; many drug 

developers are still concerned about the potential toxicity resulting from their general 

reactivity and possible modification of unanticipated targets.94,170  
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Figure 17. The four basic types of protein kinase inhibition. Type 1 (dasatinib), 2 

(imatinib) and 4 (afatinib) inhibitors bind to the active site of protein kinases with the 

difference that type 2 also extends to an adjacent allosteric site and type 4 create an 

irreversible covalent bond. Type 3 (GNF2) inhibitors recognize allosteric sites which are 

usually remote from kinase active sites.  

1.3.4 Selectivity and resistance – two major concerns of kinase inhibitors 

Although small-molecule protein kinase inhibitors represent one of the strongest 

weapons against certain tumors, they suffer from two major drawbacks which limit 

their potential. These are denoted as selectivity and resistance. 

The selectivity is a problem mainly during the drug development. The idea behind 

small-molecule kinase inhibitors is to block one single kinase to disrupt specific 

signaling. That is the essence of their action, and any additional target is usually 

unwanted because it leads to potential side effects. Therefore, inhibitors are being 

designed specifically for one binding site. However, there are over 500 protein kinases 

and more than 2000 other nucleotide-dependent enzymes, and many of them share 

the same motives in their active sites. Hence, almost every small-molecule inhibitor of 

protein kinase affects also several off-targets. The lack of selectivity is the major 

disadvantage in comparison to mAbs, which are almost entirely specific.94  
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For this reason, selectivity profile has become one of the most crucial characteristics in 

kinase inhibitors development. Selectivity is usually assessed by extensive screenings 

on the panels containing hundreds of different kinases. The selectivity of protein 

kinase inhibitors highly depends on their inhibitor type. As aforementioned, allosteric 

inhibitors possess the highest degree of selectivity, therefore they are preferred in 

current drug development. There are also efforts to study diverse atypical kinases 

since their variant kinase domains can promise fewer cross-actions with normal 

kinases.171  

Unlike the selectivity, the resistance development is an issue of both mAbs and small-

molecule inhibitors. The common pharmacokinetic mechanisms of resistance were 

mentioned in the chapter 1.1.7; herein the focus is put mainly on pharmacodynamics. 

The genome of cancer cells is very unstable and on top of that drugs create a strong 

selective pressure for cells to acquire resistance through mutations in the kinase 

genes. Kinase inhibitors are highly specific and any alteration of the target, even in one 

amino acid, can make them inefficient. Additionally, non-mutation resistance 

mechanisms as amplifications and up-regulations of alternative kinase pathways occur 

also very frequently.98 Cells with these selective advantages spread quickly creating the 

whole tumor resistant in a very short time. Therefore, it is necessary to identify the 

most common types of mutations and develop new and new generations of drugs to 

overcome these alterations. It is not a very good and sustainable way, though. Better 

strategies are to design inhibitors that can tolerate diverse amino acids and the most 

vulnerable positions on the kinase or focus the research on alternative binding sites, 

allosteric sites. These efforts are currently underway for the most commons targets as 

BCR-ABL1, EGFR or FLT3.94,172 

1.4 Phosphatidylinositol 3-kinase related kinases 

This chapter is devoted to ATM, ATR, and DNA-PK in relation to their origin, structures, 

and their other functions. 

The PIKK family contains six atypical serine-threonine protein kinases. Apart from the 

three above mentioned DDR kinases and metabolic and growth regulator mTOR there 

is human suppressor of morphogenesis in genitalia-1 (hSMG1) and 
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transcription/transformation associated protein (TRRAP), which is the only one devoid 

of kinase activity. hSMG1 is mainly a mRNA surveillance protein but likewise the ATM, 

ATR, and DNA-PK it is also a component of DDR and can regulate cell cycle 

checkpoints.173 TRRAP is an essential cofactor of c-Myc oncoprotein.174 

These kinases are referred as atypical because they do not share the homology in 

kinase domain with regular protein kinases, but they are related to lipid PI3K 

conversely.175,176 Although PIKKs contain PI3K-like kinase domain, the structure of their 

whole proteins are considerably different. PI3Ks are usually composed of two subunits 

of 110 kDa and 50-85 kDa molecular weights, depending on subtype. PIKKs are on the 

other hand very large kinases (Fig. 18) which possess two additional conserved motifs, 

FAT and FATC, flanking the kinase domain. Their structural significance is still unclear, 

but FAT domain of ATM contains serine 1981, the site of autophosphorylation during 

ATM activation (more in chapter 1.4.2).176–178 

 

Figure 18. Size (number of amino acids) and the common motifs of the human 

members of PIKKs. Adapted from ref. 176 
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1.4.1 Phosphatidylinositol 3-kinases 

PI3Ks are divided into three classes based on their structure, substrate, distribution, 

and function, where the class I is probably the most studied. Class I is further 

subdivided into two subclasses, based on the form of the adaptor subunits. Class IA 

PI3K is linked to the growth factor RTK and consists of catalytic subunits p110α, p110β, 

and p110δ, and they are expressed throughout the human body. Class IB, containing 

catalytic subunit p110γ, is expressed in white blood cells and it is activated by G-

protein subunits.178,179 

The primary objective of class I PI3Ks is the generation of PIP3 in the membrane, which 

acts as a second messenger and through phosphorylation activates several targets (Fig. 

3). Overall, PI3Ks interfere with almost every aspect of cell life, from cell growth, 

protein translation and metabolism to survival, cell cycle and DNA repair.178 

PI3Ks are dysregulated in many diseases. The best-known examples relate to cancer, 

but dysregulation of PI3K activity also contributes to a variety of other pathologies 

including thrombosis, diabetes, and inflammatory and some autoimmune 

diseases.16,180 This makes them excellent targets for drug discovery. The research is still 

mostly focused on cancer treatment and the first drug, idelalisib, has been approved 

for treatment recently, but the research in other fields is ongoing and, for example, 

inhibitors of mTOR, sirolimus, and everolimus have been already used as 

immunosuppressants for many years.181,182 

The benefits of PI3K inhibition is the variety of possible actions (each PI3K subunit has 

different distribution and action), they consist of more or less small and well-described 

proteins, and additionally, there is a little or no cross inhibition with protein kinases. Of 

course, there is a necessity to avoid targeting unwanted PI3K subunits. Some subunits, 

for example, p110β, and p110δ are very similar thus p110β inhibitors always affect 

also p110δ subunit. It does not have to be always a disadvantage. There are many dual 

acting PI3K inhibitors currently in clinical trials.183,184 The most important PI3K 

inhibitors are depicted in the chapter 1.5.6. 
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1.4.2 Ataxia telangiectasia mutated 

ATM is named from A-T, the rare autosomal recessive disorder (Tab. 4). This disease 

proved to be a valuable tool for studies of DNA damage and repair mechanisms, 

especially in the beginnings of DDR research.126 

In non-irradiated cells, ATM kinase is held inactive as a dimer. The DSB initiate rapid 

ATM autophosphorylation on Ser1981 and dimer dissociation in cooperation with the 

MRN complex, which acts as the main DSB sensor.185 Activated ATM passes the signal 

to a broad range of downstream proteins, which do not need a description in this 

chapter. DSBs are not the only activators of ATM though, but it can also be activated 

by other stress situations as replication stress, ROS, hypoxia or chromatin modification. 

Recent studies surprisingly established functional interactions with PI3K and insulin 

signaling. It was verified that ATM inhibition could on top of radio- and 

chemosensitization also suppress these pathways and impair cancer cell migration and 

invasion.186,187 

1.4.3 Ataxia telangiectasia and Rad3-related 

ATM and ATR are very similar, yet they also possess many differences. Both kinases are 

activated in the presence of DSBs, and they cooperate with the aim to resolve DNA 

damage. ATM activation is rapid and irrespective of the cell cycle, ATR, on the other 

hand, is activated more slowly and predominantly in S and G2 phase cells.188 However, 

DSBs are not the primary objective of ATR kinase. ATR is mainly a replication stress 

response kinase and plays a critical role in maintaining replication forks stability and 

recovery of stalled forks to ensure the proper completion of replication. Stress is 

present in every cell division, and it is even more augmented by various genotoxic 

events such as hypoxia, UV and chemotherapeutic drugs (e.g. cisplatin, hydroxyurea or 

alkylating agents).189 

ATR kinase is a particularly favorable target for drug development. From one 

perspective, mutations of ATR in cancer cells are rare comparing to ATM for example, 

and it is activated by most cancer chemotherapy strategies. Moreover, inhibition of 

ATR creates several synthetic lethal interactions, especially with the ATM/p53 
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pathway, whose genes are some of the most frequently mutated tumor 

suppressors.141 

1.4.4 DNA-dependent protein kinase 

DNA-PK differs from ATM and ATR in some points. When comparing them, DNA-PK 

seems to be highly focused on resolving DSBs, whereas ATM and ATR have many other 

functions. It is also directly involved in DNA repair. After DSB sensing by Ku70/80 

subunits which are formed as rings encircling the DNA, DNA-PKcs are recruited, and 

they create a synaptic complex responsible for holding two ends of the broken DNA 

together.190 DNA-PKcs has an open ring structure which upon activation embraces the 

DNA (Fig. 19).191 The direct interaction with the DSB ends results in the activation of 

catalytic activity of the enzyme. DNA-PKcs has no kinase activity without Ku70/80 

subunits and DNA, which makes it truly a DNA-dependent protein kinase. The 

mechanism how Ku70/80 and DNA stimulate DNA-PK activity is still not clearly 

understood, but it is thought that complex formation induces conformational changes 

in the FAT and FATC domains surrounding the kinase domain resulting in the alteration 

of the active site and ultimately to full activation of its kinase activity. Activated DNA-

PK can phosphorylate numerous NHEJ factors (e.g. Ku70/80, XRCC4, DNA ligase IV); 

however, recently it was found that many of these phosphorylations are not required 

for NHEJ, so the exact role of DNA-PK kinase activity is still more or less unclear.192,193 

 

Figure 19. Overall view of the DNA-PKcs structure. Modified from ref. 191 
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1.5 Inhibitors of phosphatidylinositol 3-kinase related kinases 

Based on attachments I, II and III 

The following chapter is devoted to the research of ATM, ATR, and DNA-PK inhibitors 

research and describes the most advanced of them. Although inhibition of PIKK family 

of kinases has been studied for more than two decades, any substantial outcomes 

were not achieved until the last year, when first compounds entered clinical trials for 

cancer treatment. Currently, there are two ATR and three DNA-PK inhibitors in phase I 

of clinical trials to assess the safety and effectivity of the compounds.194 

The reasons for the slow development of PIKK inhibitors can be found mainly in the 

selectivity among the family members and also in poor pharmacology profiles (this is 

one of the major problems of DNA-PK inhibitors development). The selectivity is a key 

here because the principle of this kind of treatment is the completely specific targeting 

of a single kinase. We are dealing with DNA repair, and any other inhibition in DDR 

could have uwanted consequences. The kinases in this family have much-conserved 

kinase domains; thus a creation of the selective inhibitors is rather challenging. PIKK 

kinases are also enormous, and their detailed structures have not been completely 

elucidated. Therefore, employing the modern techniques as molecular modeling or 

HTS is limited to homology models with PI3K kinase domain.183 

In my opinion, a great step forward would be a discovery of allosteric inhibitors for 

these kinases. Nevertheless, this task is without any data about the structures outside 

the kinase domain almost impossible. 

1.5.1 The beginnings of PIKK inhibitors 

The origins of PI3K and PIKK inhibitors are connected. The oldest recorded specific 

inhibitor of PI3K and related kinases is wortmannin (1, Fig. 20), the fungal metabolite 

of the fungus talaromyces wortmannin. This compound is a non-competitive 

irreversible inhibitor of PI3K and PIKK with IC50 values in a nanomolar range. 

Irreversible inhibition with lack of selectivity and instability resulted in high toxicity, 

and hence, this agent was not further clinically studied.195 
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Figure 20. Structures of the first generation of PI3K and PIKK inhibitors. 

The second natural inhibitor of these kinases is caffeine (2). The effects of caffeine on 

DDR and cell cycle control have been known for over four decades. Later it was found 

that inhibition of ATM and ATR kinases were the reasons for its mild radio- and 

chemosensitizing properties. However, the pharmacological significance of this 

discovery is questionable because inhibition activities of caffeine (IC50 values of 0.2 and 

1.1 mM for ATM and ATR, respectively) are utterly low, and levels of caffeine 

concentration in blood needed for effective radiosensitization would be associated 

with fatal tachyarrhythmias.196  

A great step forward was the discovery of LY294002 (4), the first synthetic inhibitor of 

PI3K and PIKK, at Eli Lilly and Company.197 Its structure was derived from quercetin (3), 

a bioflavonoid which was previously shown to inhibit PI3K with IC50 values at low 

micromolar levels.198 The advantage of LY294002 over previous natural compounds 

was its structurally simple molecule and more specific inhibition of the PI3K family. 

Subsequent studies showed that LY294002 inhibits all PI3K class I isoforms (IC50 values 

of 0.55, 16, 12, and 1.6 μM for p110α, -β, -γ, -δ, respectively), classes II and III, DNA-PK 

(IC50 value of 1.2 μM), mTOR (IC50 value of 2.5 μM), and also several unrelated kinases 

and proteins, casein kinase 2 or bromodomains for example.199 

In vitro and in vivo studies revealed that this compound possesses a number of 

potential effects as cell growth inhibition, cell cycle arrest, radiosensitization and 

antiangiogenic activity.183,200,201 However, poor solubility, bioavailability and very fast 

metabolic degradation precluded further biological evaluation and prompted the 

search for more convenient inhibitors. 
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1.5.2 LY294002 and the morpholine importance 

Although LY294002 was not suitable for any biological use, it served as an invaluable 

tool for a development of next generations of inhibitors. It is a competitive inhibitor 

for the ATP binding site of PI3K and PIKK. The structure of LY294002 and the PI3K 

p110γ complex (Fig. 21) revealed that the most important part of the molecule is 

morpholine ring which forms a key hydrogen bond with Val882 in the hinge region. 

This moiety overlaps the volume occupied by the adenine in the ATP-enzyme complex. 

The chromone scaffold mimics the adenine ring of ATP, and the carbonyl oxygen 

provides hydrogen bond with Lys833. The 8-phenyl ring is located in a space 

corresponding to ribose of ATP, and it is stacked between Trp812 (π-π interaction) and 

Met804 on one side and Met983 (both hydrophobic interaction) on the other.202 

 

Figure 21. Insight into the PI3K isoform p110γ kinase domain with LY294002 (blue 

sticks, PDB code 1E7V). Important amino acid residues are displayed as sticks in 

magenta. This figure was created with PyMol Viewer 1.30. Adapted from ref. 183 

Subsequent SAR studies with this compound confirmed the crucial role of the 

morpholine oxygen for the inhibition because almost every modification led to 

a deterioration of inhibition potency.197 Unlike the morpholine ring, the other parts of 
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its structure were not found vital for affinity, and their modification usually did not 

result in significant decrease in functional kinase inhibition. On the contrary, the 

chromone core and especially the aromatic part modifications became the basics of 

designing new generations of derivatives selective towards single members of PI3K and 

PIKK family.183 

Since there was not any other starting point for inhibitor development, almost every 

PI3K or PIKK inhibitor developed more than ten years ago was originated from the 

LY294002 structure and designed through strategic ligand-based SAR mapping around 

the template structure. During the years, the structures of new inhibitors have become 

more and more distinct from LY294002, and nowadays many of them contain only the 

morpholine ring from LY294002. Of course, the progress in computational chemistry 

and HTS brought us a plethora of different scaffolds for every single kinase of these 

families. Yet, morpholine derivatives still hold a strong position, especially in the 

matter of PI3K and DNA-PK inhibitors. 

1.5.3 DNA-PK inhibitors 

The development of DNA-PK inhibitors began earlier than in case of ATM and ATR and 

above that these inhibitors are structurally more related to parent LY294002. As 

mentioned before, the only derivatizations of the LY294002 structure were feasible 

through substitution of the phenyl ring and various alterations of the chromone 

scaffold. The earliest modifications of LY294002 are linked to research conducted at 

the Northern Institute for Cancer Research in Newcastle upon Tyne and KuDOS 

Pharmaceuticals Ltd. (now part of AstraZeneca). The first selective DNA-PK inhibitor 

was tricyclic compound NU7026 (5; Fig. 22).203 This compound showed the IC50 value of 

0.23 μM with more than 50-fold selectivity over PI3Ks. NU7026 was subjected to many 

investigations as a chemo- and radiosensitizer of various tumor cell lines. Despite the 

promising efficiency in vitro, pharmacokinetic studies showed that this compound is 

very rapidly cleared from circulation.204 

Probably the most important DNA-PK inhibitor with preserved chromone core is 

NU7441 (6). This compound exhibited superior DNA-PK potency with the IC50 value of 

14 nM and selectivity compared to that of NU7026. NU7441 bears the bulky 
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dibenzo[b,f]thiophene moiety replacing the phenyl ring.205 Large aromatic substituents 

(e.g. dibenzo[b,f]furan or biphen-3-yl) were particularly favorable for selective and 

potent inhibition of DNA-PK, but these inhibitors were naturally very poorly soluble in 

water. With the aim to increase the solubility of NU7441 there were attached various 

polar substituents to the position 1 of dibenzo[b,f]thiophene, resulting in the discovery 

of KU-0060648 (7). Surprisingly, this inhibitor showed enhanced potency towards DNA-

PK but also to PI3Ks with IC50 values of 5 and 4 nM for DNA-PK and PI3K p110α 

isoform, respectively. Moreover, preclinical studies showed KU-0060648 to have 

favorable pharmacokinetic properties as oral bioavailability.206  

Inhibitors 8 – 11 are the examples of core modification. Whereas the incorporation of 

quinolin-4-one (8) or pyridopyrimidin-4-one (9) core did not have any significant effect 

on selectivity and potency207, 1,3-benzoxazin-4-ones (10, 11) showed a slight 

inclination to DNA-PK inhibition in term of selectivity. These 1,3-benzoxazines were 

developed at La Trobe University in Australia originally as antiplatelet agents. During 

their development researchers employed distinct approaches which led to more 

variant molecules such as 11 (IC50 value of 0.28 μM).208,209 

 

Figure 22. Structures of DNA-PK inhibitors originated from LY294002. 

Probably the most advanced DNA-PK inhibitors are CC-115 (12; Fig. 23), VX-984 (13) 

and M3814 (MSC2490484A; 14). CC-115 is not related to LY294002 structure, and it 
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was discovered during the research of novel mTOR inhibitors. It is a dual mTOR/DNA-

PK inhibitor with IC50 values of 21 and 13 nM, respectively.210 Vertex Pharmaceuticals’ 

compound VX-984 and Merck’s M3814 are highly potent and selective inhibitors of 

DNA-PK, and they efficiently sensitize cancer cell to DNA-damaging agents.211,212 All 

these three compounds are currently evaluated in phase I of clinical trials to assess 

safety and efficiency in combination with cytotoxic therapy.213 It is interesting to note, 

that two hydrogens in the VX-984 structure were replaced with deuterium. There was 

no official statement regarding the development of this structure, yet; however, 

deuterium, in general, does not affect the potency or the selectivity but instead it 

slows the metabolism of the drug.214  

 

Figure 23. Structures of clinically evaluated DNA-PK inhibitors. 

1.5.4 ATM inhibitors 

In comparison to DNA-PK and ATR, inhibitors of ATM are scarce. The first prototype of 

ATM inhibitor, KU-55933 (15; Fig. 24), was surprisingly discovered during the searching 

for DNA-PK inhibitors. Any other LY294002 related inhibitor did not show selective and 

potent inhibition of ATM as KU-55933 (IC50 value of 13 nM).215 From its structure it is 

evident, that this compound possesses similar pharmacokinetic liabilities as NU7441; 

therefore, it was modified to increase the aqueous solubility as well. The resulting 

compound, KU-60019 (16) is to this date probably the most advanced ATM inhibitor. 

KU-60019 proved to be a powerful and safe radio- and chemosensitizer of tumor cells. 

Moreover, this inhibitor was found to suppress cell proliferation and invasion 

interfering with PI3K signaling.187 
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Figure 24. Structures of ATM inhibitors. 

Pfizer Co. disclosed another potent ATM inhibitor, CP466722 (17), from a screening of 

a targeted library. This compound was a potent and selective ATM inhibitor, which 

disrupted cell cycle functions and sensitized tumor cells to IR. Despite these promising 

preliminary findings, no further data on ATM inhibitors compound have been 

reported. 

1.5.5 ATR inhibitors 

ATR is the most desirable target among the PIKK family when mTOR is excluded. 

Accordingly, their development is being pursued by large pharmaceutical companies, 

and despite the fact that ATR inhibitors have been discovered later than DNA-PK and 

ATM inhibitors, they are currently more advanced. The reason why the first selective 

and potent ATR inhibitors came out with a delay can be found in the differences of its 

kinase domain. ATR was not inhibited by LY294002 or its derivatives, and natural 

inhibitors such as non-selective wortmannin and ATR selective schisandrin B (18; Fig. 

25) had too complex structures to provide any area for modifications and SAR.216 

Thus, the development of selective ATR inhibitors was reliant solely on HTS. The 3-

amino-6-arylpyrazine compound 19 is an HTS hit from Vertex Pharmaceuticals. This 

compound showed good starting potency and selectivity with the IC50 value of 0.62 μM 

against ATR and over 8 μM against ATM and DNA-PK. Yet, the cellular activity of this 

compound was very low. Through ATR homology modeling with PI3K p110γ and SAR 

studies, this initial hit was modified into highly potent and selective compounds VE-

821 (20) and VE-822 (21). These two compounds exhibited very high cellular ATR Ki 

with values of 26 and 19 nM and both had very favorable pharmacokinetic properties. 

VE-822, under designation VX-970, is currently entering phase II of clinical trials in 
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combination with various DNA damaging agents. It is worth noting that the crucial 

hydrogen bond with valine in the hinge region is formed by N1 pyrazine nitrogen.217–219  

 

Figure 25. Selected ATR inhibitors. 

AstraZeneca’s ATR inhibitors were perhaps surprisingly developed from mTOR inhibitor 

22. The substitution of pyridine substituent with indol-4-yl almost completely shifted 

the selectivity of the compound from mTOR to ATR. Further modifications took place 

at alkylsulfonyl moiety, which influenced mainly the pharmacokinetic properties, and 

morpholine, where methylation improved both enzyme and cellular potency. The 

introduction of 3(R)-methyl seems to be the only beneficial modification of morpholine 

cycle. Final compounds AZ20 (23)220 and furtherly optimized AZD6738 (24) are highly 

active and selective inhibitors with high permeability, stability, oral bioavailability, and 

low toxicity. AZD6738 is now entering phase II of clinical trials both alone and in 

combination with various cytotoxic agents.221 Promising clinical candidates are being 

also developed in Novartis laboratories. Modifications of an HTS hit resulted in 

tetrahydropyrazolo[1,5-α]pyrazine compound 25.222  

Although ATR inhibitors seem to be composed of various structures, we can notice the 

same pattern in the majority of compounds consisting of a protuberant nitrogen or 
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oxygen in the middle that forms the hydrogen bond with valine in the hinge region, 

additional nitrogen containing heterocycle on one side, and an alkylsulfonyl moiety on 

the other. 

1.5.6 PI3K and mTOR inhibitors 

Inhibitors of PI3K and mTOR kinases do not form the core of the thesis; however, to 

provide in-depth summary, they should be at least briefly mentioned. Their research 

greatly prevails over the other PIKK members. The proof is that the first PI3K inhibitor 

has already been used in the therapy of cancer and more than 30 other inhibitors are 

currently undergoing clinical trials, many of them are already in phase III. 

The beginnings of PI3K inhibitors are again coined with LY294002 and its SAR studies. 

Compounds prepared this way proved to be very potent especially against p110β 

isoform. One inhibitor of this series, GSK2636771 (26; Fig. 26), is currently being 

evaluated in phase I/II of clinical trials. However, the majority of them exhibited 

pronounced affinity to DNA-PK proving that DNA-PK and PI3K kinase domains are very 

similar, leaving the DNA-PK probably a little bit more accessible for inhibition. 

Afterwards, the development shifted to inhibitors containing morpholine but lacking 

the carbonyl oxygen on the core. Many structurally diverse compounds also emerged 

from HTS. The most advanced compounds besides idelalisib (27; targets p110δ) are 

duvelisib (28; p110γ and δ), copanlisib (29; p110α and δ) or buparlisib (30; p110α, β, γ 

and δ).183,223 From these data it is obvious that both isoform-specific, dual and pan-

class inhibitors are continuing in clinical trials. On the one hand, specific inhibitors are 

naturally safer, but pan-class inhibitors are more efficient in some cancer types.  

If we exclude sirolimus (rapamycin) and its derivatives, which have been successfully 

used as immunosuppressants for many years, the novel generations of small-molecule 

mTOR inhibitors are very close to PI3K inhibitors and they were developed 

simultaneously with them. Many inhibitors are dual PI3K/mTOR inhibitors. However, it 

is still unclear whether dual PI3K/mTOR is beneficial over the specific inhibition; given 

the fact that mTOR is a main downstream target of PI3Ks. The biggest concern 

regarding mTOR inhibitors is probably their effect on immune system. Rapamycin 

derivatives are very strong immunosuppressants, and novel small-molecules are 
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believed to be much stronger because they inhibit both mTOR complexes, whether 

rapamycin inhibits only one of them.182,183 More complex information regarding PI3K 

and mTOR inhibition can be found in the review in attachment II. 

 

Figure 26. Selection of the most advanced PI3K inhibitors. 
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2. Aim of the work 

The selected topic of my doctoral thesis is indeed very broad. It can comprise all kinds 

of cancer treatment we know. I have dedicated my research to compounds with radio- 

and chemosensitizing properties, solely inhibitors of ATM, ATR, and DNA-PK. 

Considering I had not had any starting point for designing new compounds, my first 

objective was to review the development and SAR of ATM, ATR and DNA-PK inhibitors. 

The second objective was to use gathered information from those reviews to design 

and synthesize series of novel kinase inhibitors of our interest. 

Prepared compounds would be then submitted to biological evaluation on cooperating 

departments: Department of Radiobiology, Faculty of Military Health and Sciences, 

University of Defence and Department of Medicinal Biochemistry, Faculty of Medicine 

in Hradec Kralove, Charles University. 

The last objective was to evaluate obtained results and establish the structure-activity 

relationship studies of the prepared compounds. Identification of key structural motifs 

responsible for biological potency enables a rational designing of new compounds with 

enhanced activity as well as physico-chemical properties. 
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3. Results 

3.1 Design 

As it was mentioned above, PIKKs are very large kinases, and we still do not possess 

high-resolution data regarding their structures to be used for further computational 

studies. Since we also do not have the capability to perform homology modeling at our 

department, the only option possible for designing novel compounds was 

a modification of known structures using SAR and structure-informed design. 

The most extensive SAR data and related structure-informed design were available for 

the modification of LY294002 and DNA-PK inhibition. Thus, the design of novel 

compound primarily this way was focused this way primarily. 

3.1.1 Caffeine derivatives 

Nevertheless, the first series of compounds designed was originated from an ATM 

inhibitor, caffeine. Caffeine itself is too weak ATM inhibitor to be considered for any 

type of in vivo application, but it has very simple structure, and it has been used in 

many studies for its effect on DDR.  

Therefore, its derivatives were designed and investigated for their potency on cancer 

cell lines, plausibly to find compounds with a highlighted antiproliferative or 

chemosensitizing effect caused by ATM or ATR inhibition. Such compounds could be 

used for further SAR studies and designing of more focused libraries. Theophylline was 

chosen as a starting compound, to which various non-polar aromatic or aliphatic 

substituents were attached via methylene linker at position 7-(Scheme 1). The 

selection of initial four substituents followed the Topliss scheme for mapping the 

structure-activity relationships.224 A higher degree of variability among the non-polar 

substituents was applied for the first series including also non-aromatic 

cyclohexylmethyl or chiral 1-phenylethyl. 

Altogether, 17 compounds were designed. Unfortunately, these compounds exhibited 

a low water solubility, which is not unusual for this type of inhibitors. Hence, further 

efforts were devoted to improving an aqueous solubility and, with the view of 

compounds KU-0060648 and KU-60019187,206, also potency by introducing substituent 
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attachments via amide linker to positions 3- and 4- of the benzyl moiety. For this 

second generation of caffeine derivatives, standard nitrogen containing aliphatic 

substituents, namely 1-methylpiperazine, morpholine, piperazine, diethylamine and 

(bishydroxyethyl)amine were chosen.225 

 

Scheme 1. Design of the caffeine derivatives. 

3.1.2 Quinazolin-4-one series 

The second series of compounds to be reported within this work was based on 

isosteric replacement of heteroatoms in the scaffold of LY294002 (Scheme 2). While 

the substitutions of aromatic substituents at position 8- of the chromone had been 

thoroughly investigated at the beginnings of DNA-PK research, diverse core 

heterocycle alterations are still more or less unexplored (Fig. 27). Morpholine 

modifications, as it was written before, are not very common because they often lead 

to deterioration of activity. There is still space for variations while preserving the 

position of a hydrogen bond acceptor. Nevertheless, derivatives of morpholine for 

synthesis are quite expensive; therefore, they are reserved for further optimization of 

the most promising compounds. 
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Figure 27. Possible modifications of LY294002 structure. 

Several isosteric replacements at the core scaffold have been already disclosed, 

namely quinolin-4-one, pyrido[1,2‐a]pyrimidin‐4‐one and 1,3-benzoxazin-4-one (Fig. 

22, Scheme 2).207–209 They mostly employed an introduction of nitrogen into 

structures. Nitrogen has a higher electronegativity than carbon increasing the overall 

polarity of the compound. Moreover, it can also participate in the formation of 

hydrogen bonds with kinase amino acids. As a result, these replacements had not any 

significant effect on the potency against DNA-PK, but slightly influenced the selectivity 

profiles of the compounds lowering the activities against PI3K isoforms. 

Based on these findings, 3,4-dihydroquinazolin-4-one was inspected as the main 

scaffold. This heterocycle is particularly interesting because within its structure it 

contains a lactam capable of a lactam-lactim tautomer, which could have a major 

influence on activity. Similarly to the caffeine series, quinazoline-4-one series was 

divided into two generations. In the first generation, there were attached various 

aromatic substituents at position 8- of the quinazolin-4-one core. Substituents were 

selected carefully according to SAR studies of already published LY294002 derivatives, 

which were complemented with additional bulky aromatic moieties. The second 

generation was designed to increase an aqueous solubility of the final compounds. 

Since the results of biological evaluation of the first generation were not available at 

that time for selection of the most appropriate derivative, the basic 8-phenyl-2-

morpholin-4-yl-3,4-dihydroquinazolin-4-one was chosen as a template for further 

structure optimization. The approach to enhance the solubility profile of this 

generation utilized the same polar substituents as in case of caffeine derivatives.  

Aromatic 
substitution 

Different core 
heterocycles 

Morpholine 
modifications 
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Scheme 2. Design of the quinazolin-4-one series. 

3.1.3 Purin-6-one and pyrrolo[2,3‐d]pyrimidin-4-one series 

The exploration of quinazolin-4-one scaffold was kind of a prelude leading to the final 

series of purin-6-ones and pyrrolo[2,3‐d]pyrimidin-4-ones. Purine and pyrrolo[2,3‐

d]pyrimidine heterocycles contain additional nitrogen in their structure presumably 

enabling additional hydrogen bonding and increasing the polarity of a molecule 

(Scheme 3). As the second base for designing these derivatives served the thieno[3,2-

b]pyran-4-one series of PI3K inhibitors which also employ a five-membered ring in the 

core.226 Despite the leading compound of this series, 3‐(2,3‐dihydro‐1,4‐benzodioxin‐6‐

yl)‐5‐(morpholin‐4‐yl)‐7H‐thieno[3,2‐b]pyran‐7‐one (31, Scheme 3) was developed as 

a selective PI3K p110α inhibitor, further screening revealed a very potent activity 

towards DNA-PK, even higher than against PI3K (IC50 values of 34 and 9 nM for p110α 

and DNA-PK, respectively).  

The final compounds have a different geometry of aromatic substituents. The classical 

LY294002 related DNA-PK inhibitors have very rigid structures, two large planar 

moieties, which cannot rotate freely around the axis. Regarding our series, one 

methylene was added to the linker between basic core and bulky substituent to i) 

ensure certain variability of the substituent position; ii) increase the number of free 

rotatable bonds to address more drug-likeness; and ultimately iii) to presumably place 

the ligand into a similar space as the original DNA-PK inhibitor (Scheme 4). Derivatives 
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with directly ligated aromatic substituent to the core heterocycle via C-N bond were 

explored as well. 

 

Scheme 3. Design of the purin-6-one and pyrrolopyrimidin-4-one series. 

Purine heterocycle has two positions for attaching substituents: 7- and 9-. While the 

substitution at position 9- was cardinal for my research, derivatives with substitution 

at the other position that have emerged as byproducts in the process of synthesis were 

isolated as well. As for pyrrolo[2,3‐d]pyrimidin-4-one series, the substituents were 

attached at position 7-, which corresponds to position 9- of purin-6-one. Different 

numbering is caused by a specific nomenclature of purine heterocycle. The selection of 

benzyl substituents was carried out the same way as in case of caffeine derivatives. 

Substituents for direct ligation of aromatic cycles corresponded with substituents that 

were used for quinazolin-4-one series. 
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Scheme 4. Overlay of NU7441 (red) and model structure of purin-6-one series (blue). 

3.2 Synthesis 

3.2.1 Caffeine derivatives 

The general synthetic pathway for caffeine derivatives is displayed in the Scheme 5. 

The initial series of 7-substituted derivatives (33a-q) was obtained in good-to-excellent 

yields (62-92%) by reaction of theophylline (32) with various benzyl bromides, 4-

methylcyclohexyl bromide or (1-bromoethyl)benzene in the presence of potassium 

carbonate in anhydrous dimethylformamide (DMF). Two nitrophenyl derivatives (33o 

and 33p) were prepared within this series. These two compounds were subsequently 

quantitatively reduced by zinc in acetic acid to the corresponding amino derivatives 

(34a and 34b). These two compounds were used as starting compounds for the 

preparation of the second generation of derivatives. The acylation of 34a and 34b with 

chloroacetyl chloride in tetrahydrofuran (THF) in the presence of triethylamine 

afforded intermediates 35 and 37, which were filtered and immediately treated with 

different secondary amines in THF to afford the final compounds 36a-e and 38. Due to 

low yields of this last reaction (25-37%), only 1-methylpiperazine was used for reaction 

with 37. Low yields were caused predominantly by troublesome purification of final 
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products and by using unstable intermediates 35 and 37 directly to the next step with 

no possibility of purification.225 

 

Scheme 5. Synthesis of the caffeine derivatives. Reagents and conditions: a) benzyl 

bromides or alternatives, K2CO3, DMF, 100 °C, 4 h; b) Zn, AcOH, 12 h; c) chloroacetyl 

chloride, Et3N, THF, 0-25 °C, 12 h; d) secondary amines (R2), THF, 50 °C, 12h. R1 

represents various substitutions, R2 represents secondary amines. 

3.2.2 Quinazolin-4-one series 

The general synthetic pathway for the quinazolin-4-one series is displayed in the 

Scheme 6. The basic core was prepared by a two-step reaction by chlorination of 2-

amino-3-bromobenzoic acid (39) using sulfonyl chloride and immediate follow-up 

reaction with ammonium thiocyanate resulting in 8‐bromo‐2‐sulfanyliden‐1,2,3,4‐

tetrahydroquinazolin‐4‐one (40, yield 62%).227 This intermediate was then treated with 

the excess of morpholine in anhydrous dioxane and heated at 105 °C degrees for three 
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days. After evaporation of dioxane and addition of dichloromethane (DCM), the 

product 8‐bromo‐2‐(morpholin‐4‐yl)‐3,4‐dihydroquinazolin‐4‐one (41) was collected 

via filtration as a white solid in a moderate yield (66%). The introduction of aromatic 

substituents (R1) affording the first generation of derivatives (42a-l) was performed by 

modified Suzuki-Miyaura coupling using arylboronic acids, Pd(OAc)2, 2-

dicyclohexylphosphino-2′,4′,6′-triisopropylbiphenyl (XPhos) and CsOH in a combination 

of n-BuOH and H2O solvents (4:1 v/v).228 Yields of these reactions were largely low to 

moderate (30-69%), mainly due to laborious purification via column chromatography 

(details are summarized in the Experimental section of the thesis). 

 

Scheme 6. Synthesis of the quinazolin-4-one series. Reagents and conditions: a) SOCl2, 

80 °C, 2 h; b) NH4SCN, acetone, 45 min; c) morpholine, dioxan, 105 °C, 72 h; d) 

arylboronic acid or its derivatives, Pd(OAc)2, XPhos, CsOH, n-BuOH/H2O 4:1, 50 °C, 2-24 

h; e) Zn, AcOH, 12 h; f) chloroacetyl chloride, Et3N, THF, 0-25 °C, 12 h; g) secondary 

amines (R2), THF, 50 °C, 12 h. R1 represents various aromatic substituents, R2 

represents secondary amines. 
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The preparation of the second generation of derivatives with enhanced aqueous 

solubility followed the quantitative reduction of the 2‐(morpholin‐4‐yl)‐8‐(4‐

nitrophenyl)‐3,4‐dihydroquinazolin‐4‐one (42l) with zinc and acetic acid. Resulting 

amino compound 43 was acylated the same way as the second generation of caffeine 

derivatives by chloroacetyl chloride. The intermediate 44 was subsequently treated 

with secondary amines in THF giving the final compounds 45a-e with moderate yields 

ranging between 42–56%. 

3.2.3 Purin-6-one and pyrrolo[2,3‐d]pyrimidin-4-one series 

The general synthetic pathways for purin-6-one and pyrrolopyrimidin-4-one series are 

displayed in the Scheme 7. The synthetic routes form a multinodal web given the fact 

these final compounds are very similar from a structural point of view, but each subset 

had to be synthesized by the slightly different approach. 

The starting compound for the purin-6-one family was 2,6-dichloro-9H-purine (46). In 

case of 7- (49a-h) and 9-benzylated (52a-h) derivatives, compound 46 was initially 

treated with appropriate benzyl bromides or (1-bromoethyl)benzene in the presence 

of potassium carbonate in anhydrous DMF. The mono 7- and 9- substituted analogues 

(47a-h and 50a-h) were separated by column chromatography, and their structures 

were confirmed by 2D nuclear magnetic resonance (NMR) experiments. The 9- 

substituted analogues were major reaction products with higher retention factor (Rf) 

value; thus they were isolated firstly during separation utilizing column 

chromatography. The yields ranged between 52-58% and 11-34% for 47a-h and 50a-h, 

respectively. In the second step, core heterocycles of 47a-h and 50a-h were hydrolyzed 

by 1M NaOH affording 48a-h and 51a-h (yields 31-92%). The substitution with the 

morpholine ring resulting in final derivatives 49a-h and 52a-h was carried out under 

microwave irradiation in tert-BuOH mostly with moderate-to-excellent yields (43-91%). 

Derivatives of purin-6-one with directly attached aromatic substituents to the core 

55a-h and 56a-h were prepared by the different sequence of reactions because of the 

problematic step to hydrolyze the 9-substituted-2,6-dichloro-9H-purine, plausibly due 

to its limited aqueous solubility. Therefore, the sequence of reactions started with the 

hydrolysis of compound 46 using 1M NaOH. The hydrolytic product 53 showed to be 
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remarkably water-soluble making crystal collection by simple filtration impossible. 

Thus the reaction mixture had to be purified via column chromatography with ethanol 

as eluent. Only such polar phase ensured reasonable yield (89%) and removal of NaCl. 

The introduction of morpholine ring was carried out the same way as previous 

compound 49a-h and 52a-h with the necessity to recrystallize the compound 54 from 

MeOH/diethylether to remove residual morpholine. 

The attachment of aromatic cycles to the purine turned out to be particularly 

complicated as well. Several ways to construct a C-N bond were attempted, out of 

which the only one proceeded successfully with a satisfactory yield. Other methods 

either failed or run with very low yields. At first, the regioselective arylation of purines 

into position 9- with 46, Cu(OAc)2, phenanthroline, activated molecular sieves (4Å) and 

appropriate arylboronic acids was tried.229 This reaction was successful with yields 

around 30%. Low yields were presumably caused by a difficulty during purification, 

since the reaction itself according to thin layer chromatography (TLC) monitoring run 

completely. Unfortunately, this reaction worked-well only for the starting 2,6-dichloro-

9H-purine 46 and not for the hydrolyzed 2-morpholino-6,9-dihydro-1H-purin-6-one 

(54). Furthermore, several other reactions with various conditions were performed.230–

234 The most convenient procedure was the reaction employing arylboronic acids, CuI, 

tetramethylethylenediamine (TMEDA) in dry MeOH under saturation with oxygen.235 

This reaction provided both 7- and 9- substituted final compounds 55a-h and 56a-h. 

Single analogues were separated via column chromatography, and their structures 

were confirmed by 2D NMR experiments. Interestingly, in this case, the 7- substituted 

analogues 56a-h were major products and washed first during the column 

chromatography separation because of a higher Rf value. This was less demanding 

product since the 9- substituted analogues 55a-h were more preferred ones. 

Moreover, this reaction afforded rather low-to-moderate yields (9-19% and 22-44% for 

55a-e and 56a-e, respectively). Due to troublesome purification and the low solubility 

profile some of the final compounds, derivatives 55e-h and 56e-h were not possible to 

prepare with purity required for further biological evaluation. 

The preparation of pyrrolo[2,3‐d]pyrimidin-4-one series was more easily attainable 

given the fact that basic scaffold contains only one center to be alkylated by aromatic 
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substituents. The starting compound for both subsets was 2,4-dichloro-7H‐pyrrolo[2,3‐

d]pyrimidine 57. In case of benzylated derivatives, 60a-j, starting compound 57 was 

firstly hydrolyzed by 1M NaOH. Resulting 2-chloro-3H,4H,7H-pyrrolo[2,3-d]pyrimidin-4-

one 58 had considerably lower aqueous solubility than purine analogue 53; thus it was 

more easily collected by filtration. The crude product 58 was submitted to the next 

step without further purification. The introduction of morpholine ring affording 59 

under microwave irradiation followed the same protocol with subsequent 

recrystallization as in case of 54. The final benzylation was carried out the same way as 

for 47a-h and 50a-h affording 53a-j in moderato-to-excellent yields (47-98%). 

For the preparation of final series of pyrrolo[2,3‐d]pyrimidin-4-ones 56a-d, the order of 

steps had to be changed, because the core heterocycle of 2-morpholin-4-yl-3H,4H,7H-

pyrrolo[2,3-d]pyrimidin-4-one was probably unstable in the presence of copper 

catalysts. Therefore, the introduction of the aryl substituents was applied initially in 

the first step. The most convenient procedure for creating a C-N bond in our hands was 

the reaction with appropriate boronic acids, Cu(OAc)2, pyridine in the presence of 

activated molecular sieves (4Å) in dichloroethane (DCE).230 Resulting compounds 61a-d 

were obtained in moderate yields (31-79%). These compounds were subsequently 

hydrolyzed with 1M NaOH providing 62a-d. Intermediates 62a-d were hardly soluble in 

any solvents; thus they were submitted into the next reaction without any spectral 

characterization. The introduction of morpholine ring was again carried out under 

microwave irradiation. The final compounds 63a-d were obtained in moderate-to-

excellent yields (56-89%). 
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Scheme 7. Synthesis of purin-6-one and pyrrolo[2,3‐d]pyrimidin-4-one series. Reagents 

and conditions: a) benzyl bromides or (1-bromoethyl)benzene, K2CO3, DMF, 24 h; b) 

1M NaOH, 100 °C, 24 h; c) morpholine, t-BuOH, microwave irradiation, 110 °C, 200 W, 

300 psi, 1 h; d) 1 M NaOH, 100 °C, 48 h; e) appropriate arylboronic acid, CuI, TMEDA, 

anhydrous MeOH, O2, 48 h; f) appropriate arylboronic acid, Cu(OAc)2, pyridine, 

molecular sieves 4Å, DCE, 24 h. R1 and R2 represent aromatic substituents. 
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3.2.4 Summary of the prepared derivatives 

All final derivatives that were prepared are listed in Table 5. Due to issues with 

solubility or purity, several compounds from this list were excluded the biological 

evaluation. Our department code numbers were assigned to all final compounds to 

make the evaluation unambiguous. 

Table 5. List of the final derivatives. 

Compound Code  Chemical name Series 

33a K966 7-benzyl-1,3-dimethyl-2,3,6,7-

tetrahydro-1H-purine-2,6-dione 

Caffeine, first 

generation 

33b K967 7-[(4-methoxyphenyl)methyl]-1,3-

dimethyl-2,3,6,7-tetrahydro-1H-purine-

2,6-dione 

Caffeine, first 

generation 

33c K968 1,3-dimethyl-7-[(4-

methylphenyl)methyl]-2,3,6,7-

tetrahydro-1H-purine-2,6-dione 

Caffeine, first 

generation 

33d K969 7-[(4-chlorophenyl)methyl]-1,3-

dimethyl-2,3,6,7-tetrahydro-1H-purine-

2,6-dione 

Caffeine, first 

generation 

33e K970 7-[(3,5-dimethylphenyl)methyl]-1,3-

dimethyl-2,3,6,7-tetrahydro-1H-purine-

2,6-dione 

Caffeine, first 

generation 

33f K971 1,3-dimethyl-7-{[4-(propan-2-

yl)phenyl]methyl}-2,3,6,7-tetrahydro-

1H-purine-2,6-dione 

Caffeine, first 

generation 

33g K972 1,3-dimethyl-7-[(2-

methylphenyl)methyl]-2,3,6,7-

tetrahydro-1H-purine-2,6-dione 

Caffeine, first 

generation 

33h K974 4-[(1,3-dimethyl-2,6-dioxo-2,3,6,7-

tetrahydro-1H-purin-7-

yl)methyl]benzonitrile 

Caffeine, first 

generation 
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33i K975 7-[(4-bromophenyl)methyl]-1,3-

dimethyl-2,3,6,7-tetrahydro-1H-purine-

2,6-dione 

Caffeine, first 

generation 

33j K976 methyl 4-[(1,3-dimethyl-2,6-dioxo-

2,3,6,7-tetrahydro-1H-purin-7-

yl)methyl]benzoate 

Caffeine, first 

generation 

33k K977 1,3-dimethyl-7-{[4-

(trifluoromethyl)phenyl]methyl}-

2,3,6,7-tetrahydro-1H-purine-2,6-dione 

Caffeine, first 

generation 

33l K978 1,3-dimethyl-7-{[4-

(methylthio)phenyl]methyl}-2,3,6,7-

tetrahydro-1H-purine-2,6-dione 

Caffeine, first 

generation 

33m K979 7-[(3-bromophenyl)methyl]-1,3-

dimethyl-2,3,6,7-tetrahydro-1H-purine-

2,6-dione 

Caffeine, first 

generation 

33n K980 7-(cyclohexylmethyl)-1,3-dimethyl-

2,3,6,7-tetrahydro-1H-purine-2,6-dione 

Caffeine, first 

generation 

33o K973 1,3-dimethyl-7-[(4-nitrophenyl)methyl]-

2,3,6,7-tetrahydro-1H-purine-2,6-dione 

Caffeine, first 

generation 

33p K981 1,3-dimethyl-7-[(3-nitrophenyl)methyl]-

2,3,6,7-tetrahydro-1H-purine-2,6-dione 

Caffeine, first 

generation 

33q K984 1,3-dimethyl-7-(1-phenylethyl)-2,3,6,9-

tetrahydro-1H-purine-2,6-dione 

Caffeine, first 

generation 

34a K982 7-[(4-aminophenyl)methyl]-1,3-

dimethyl-2,3,6,7-tetrahydro-1H-purine-

2,6-dione 

Caffeine, first 

generation 

34b K983 7-[(3-aminophenyl)methyl]-1,3-

dimethyl-2,3,6,7-tetrahydro-1H-purine-

2,6-dione 

Caffeine, first 

generation 
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36a K985 N-{4-[(1,3-dimethyl-2,6-dioxo-2,3,6,7-

tetrahydro-1H-purin-7-

yl)methyl]phenyl}-2-(4-

methylpiperazin-1-yl)acetamide 

Caffeine, second 

generation 

36b K986 N-{4-[(1,3-dimethyl-2,6-dioxo-2,3,6,7-

tetrahydro-1H-purin-7-

yl)methyl]phenyl}-2-(morpholin-4-

yl)acetamide 

Caffeine, second 

generation 

36c K987 N-{4-[(1,3-dimethyl-2,6-dioxo-2,3,6,7-

tetrahydro-1H-purin-7-

yl)methyl]phenyl}-2-(piperidin-1-

yl)acetamide 

Caffeine, second 

generation 

36d K988 2-(diethylamino)-N-{4-[(1,3-dimethyl-

2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-

7-yl)methyl]phenyl}acetamide 

Caffeine, second 

generation 

36e K989 2-[bis(2-hydroxyethyl)amino]-N-{4-

[(1,3-dimethyl-2,6-dioxo-2,3,6,7-

tetrahydro-1H-purin-7-

yl)methyl]phenyl}acetamide 

Caffeine, second 

generation 

38 K990 N-{3-[(1,3-dimethyl-2,6-dioxo-2,3,6,7-

tetrahydro-1H-purin-7-

yl)methyl]phenyl}-2-(4-

methylpiperazin-1-yl)acetamide 

Caffeine, second 

generation 

42a K993 2-(morpholin-4-yl)-8-phenyl-3,4-

dihydroquinazolin-4-one 

Quinazolin-4-one, 

first generation 

42b K994 2-(morpholin-4-yl)-8-{8-

thiatricyclo[7.4.0.0²,⁷]trideca-

1(13),2(7),3,5,9,11-hexaen-6-yl}-3,4-

dihydroquinazolin-4-on 

Quinazolin-4-one, 

first generation 

42c K995 2-(morpholin-4-yl)-8-(thiophen-3-yl)-

3,4-dihydroquinazolin-4-one 

Quinazolin-4-one, 

first generation 



81 
 

42d K996 2-(morpholin-4-yl)-8-(naphthalen-1-yl)-

3,4-dihydroquinazolin-4-one 

Quinazolin-4-one, 

first generation 

42e K997 2-(morpholin-4-yl)-8-(4-

phenoxyphenyl)-3,4-dihydroquinazolin-

4-one 

Quinazolin-4-one, 

first generation 

42f K998 2-(morpholin-4-yl)-8-{8-

oxatricyclo[7.4.0.0²,⁷]trideca-

1(13),2(7),3,5,9,11-hexaen-6-yl}-3,4-

dihydroquinazolin-4-one 

Quinazolin-4-one, 

first generation 

42g K999 8-(4-methylfenyl)-2-(morpholin-4-yl)-

3,4-dihydroquinazolin-4-one 

Quinazolin-4-one, 

first generation 

42h K1000 8-{[1,1'-biphenyl]-3-yl}-2-(morpholin-4-

yl)-3,4-dihydroquinazolin-4-one 

Quinazolin-4-one, 

first generation 

42i K1001 8-(4-tert-butylphenyl)-2-(morpholin-4-

yl)-3,4-dihydroquinazolin-4-one 

Quinazolin-4-one, 

first generation 

42j K1004 8-(7-chloroquinolin-4-yl)-2-(morpholin-

4-yl)-3,4-dihydroquinazolin-4-one 

Quinazolin-4-one, 

first generation 

42k K1003 8-(5-methyl-1H-indol-3-yl)-2-

(morpholin-4-yl)-3,4-dihydroquinazolin-

4-on 

Quinazolin-4-one, 

first generation 

42l** x 2-(morpholin-4-yl)-8-(4-nitrophenyl)-

3,4-dihydroquinazolin-4-one 

Quinazolin-4-one, 

first generation 

43 K1002 Synthesis of 8-(aminophenyl-4-yl)-2-

morpholino-3,4-dihydroquinazolin-4-

one 

Quinazolin-4-one, 

first generation 

45a K1005 2-(4-methylpiperazin-1-yl)-N-{4-[2-

(morpholin-4-yl)-4-oxo-3,4-

dihydroquinazolin-8-

yl]phenyl}acetamide 

Quinazolin-4-one, 

second generation 
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45b K1006 2-(morpholin-4-yl)-N-{4-[2-(morpholin-

4-yl)-4-oxo-3,4-dihydroquinazolin-8-

yl]fenyl}acetamide 

Quinazolin-4-one, 

second generation 

45c K1007 N-{4-[2-(morpholin-4-yl)-4-oxo-3,4-

dihydroquinazolin-8-yl]phenyl}-2-

(piperidin-1-yl)acetamide 

Quinazolin-4-one, 

second generation 

45d K1008 2-(diethylamino)-N-{4-[2-(morpholin-4-

yl)-4-oxo-3,4-dihydroquinazolin-8-

yl]phenyl}acetamide 

Quinazolin-4-one, 

second generation 

45e K1009 2-[bis(2-hydroxyethyl)amino]-N-{4-[2-

(morpholin-4-yl)-4-oxo-3,4-

dihydroquinazolin-8-

yl]phenyl}acetamide 

Quinazolin-4-one, 

second generation 

49a K1282 9‐benzyl‐2‐(morpholin‐4‐yl)‐6,9‐

dihydro‐1H‐purin‐6‐one 

Purin-6-one, 9-

benzylated 

49b K1284 9-[(3,4-dichlorophenyl)methyl]-2-

(morpholin-4-yl)-6,9-dihydro-1H-purin-

6-one 

Purin-6-one, 9-

benzylated 

49c K1286 2-(morpholin-4-yl)-9-{[4-(propan-2-

yl)phenyl]methyl}-6,9-dihydro-1H-

purin-6-one 

Purin-6-one, 9-

benzylated 

49d K1288 9-[(4-chlorophenyl)methyl]-2-

(morpholin-4-yl)-6,9-dihydro-1H-purin-

6-one 

Purin-6-one, 9-

benzylated 

49e K1290 9-[(4-methoxyphenyl)methyl]-2-

(morpholin-4-yl)-6,9-dihydro-1H-purin-

6-one 

Purin-6-one, 9-

benzylated 

49f K1292 9-[(3-methoxyphenyl)methyl]-2-

(morpholin-4-yl)-6,9-dihydro-1H-purin-

6-one 

Purin-6-one, 9-

benzylated 
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49g K1296 2-(morpholin-4-yl)-9-[(naphthalen-2-

yl)methyl]-6,9-dihydro-1H-purin-6-one 

Purin-6-one, 9-

benzylated 

49h K1294 2‐(morpholin‐4‐yl)‐9‐(1‐phenylethyl)‐

6,9‐dihydro‐1H‐purin‐6‐one 

Purin-6-one, 9-

benzylated 

52a K1283 7‐benzyl‐2‐(morpholin‐4‐yl)‐6,9‐

dihydro‐1H‐purin‐6‐one 

Purin-6-one, 7-

benzylated 

52b K1285 7-[(3,4-dichlorophenyl)methyl]-2-

(morpholin-4-yl)-6,9-dihydro-1H-purin-

6-one 

Purin-6-one, 7-

benzylated 

52c K1287 7-(morpholin-4-yl)-9-{[4-(propan-2-

yl)phenyl]methyl}-6,9-dihydro-1H-

purin-6-one 

Purin-6-one, 7-

benzylated 

52d K1289 7-[(4-chlorophenyl)methyl]-2-

(morpholin-4-yl)-6,9-dihydro-1H-purin-

6-one 

Purin-6-one, 7-

benzylated 

52e K1291 7-[(4-methoxyphenyl)methyl]-2-

(morpholin-4-yl)-6,9-dihydro-1H-purin-

6-one 

Purin-6-one, 7-

benzylated 

52f K1293 7-[(3-methoxyphenyl)methyl]-2-

(morpholin-4-yl)-6,9-dihydro-1H-purin-

6-one 

Purin-6-one, 7-

benzylated 

52g K1297 2-(morpholin-4-yl)-7-[(naphthalen-2-

yl)methyl]-6,9-dihydro-1H-purin-6-one 

Purin-6-one, 7-

benzylated 

52h K1295 2‐(morpholin‐4‐yl)‐7‐(1‐phenylethyl)‐

6,9‐dihydro‐1H‐purin‐6‐one 

Purin-6-one, 7-

benzylated 

55a K1299 2‐(morpholin‐4‐yl)‐9‐phenyl‐6,9‐

dihydro‐1H‐purin‐6‐on 

Purin-6-one, 9-

substituted 

55b K1301 2-(morpholin-4-yl)-9-(thiophen-3-yl)-

6,9-dihydro-1H-purin-6-one 

Purin-6-one, 9-

substituted 
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55c K1338 2-(morpholin-4-yl)-9-{8-

oxatricyclo[7.4.0.0²,⁷]trideca-

1(13),2,4,6,9,11-hexaen-6-yl}-6,9-

dihydro-1H-purin-6-one 

Purin-6-one, 9-

substituted 

55d K1307 2-(morpholin-4-yl)-9-{8-

thiatricyclo[7.4.0.0²,⁷]trideca-

1(13),2,4,6,9,11-hexaen-6-yl}-6,9-

dihydro-1H-purin-6-one 

Purin-6-one, 9-

substituted 

55e* K1305 2-(morpholin-4-yl)-9-(4-nitrophenyl)-

6,9-dihydro-1H-purin-6-one 

Purin-6-one, 9-

substituted 

55f* K1303 9‐(4‐tert‐butylphenyl)‐2‐(morpholin‐4‐

yl)‐6,9‐ 

dihydro‐1H‐purin‐6‐one 

Purin-6-one, 9-

substituted 

55g* K1340 9‐(3,4‐dichlorophenyl)‐2‐(morpholin‐4‐

yl)‐6,9‐ 

dihydro‐1H‐purin‐6‐one 

Purin-6-one, 9-

substituted 

55h* K1309 9‐(7‐chloroquinolin‐4‐yl)‐2‐(morpholin‐

4‐yl)‐6,9‐ 

dihydro‐1H‐purin‐6‐one 

Purin-6-one, 9-

substituted 

56a K1298 2‐(morpholin‐4‐yl)‐7‐phenyl‐6,7‐

dihydro‐1H‐purin‐6‐on 

Purin-6-one, 7-

substituted 

56b K1300 2-(morpholin-4-yl)-7-(thiophen-3-yl)-

6,7-dihydro-1H-purin-6-one 

Purin-6-one, 7-

substituted 

56c K1337 2-(morpholin-4-yl)-7-{8-

oxatricyclo[7.4.0.0²,⁷]trideca-

1(13),2,4,6,9,11-hexaen-6-yl}-6,7-

dihydro-1H-purin-6-one 

Purin-6-one, 7-

substituted 

56d K1306 2-(morpholin-4-yl)-7-{8-

thiatricyclo[7.4.0.0²,⁷]trideca-

1(13),2,4,6,9,11-hexaen-6-yl}-6,7-

dihydro-1H-purin-6-one 

Purin-6-one, 7-

substituted 
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 56e* K1304 2-(morpholin-4-yl)-7-(4-nitrophenyl)-

6,7-dihydro-1H-purin-6-one 

Purin-6-one, 7-

substituted 

56f* K1302 7‐(4‐tert‐butylphenyl)‐2‐(morpholin‐4‐

yl)‐6,7‐ 

dihydro‐1H‐purin‐6‐one 

Purin-6-one, 7-

substituted 

56g* K1339 7‐(3,4‐dichlorophenyl)‐2‐(morpholin‐4‐

yl)‐6,7‐ 

dihydro‐1H‐purin‐6‐one 

Purin-6-one, 7-

substituted 

56h* K1308 7‐(7‐chloroquinolin‐4‐yl)‐2‐(morpholin‐

4‐yl)‐6,7‐ 

dihydro‐1H‐purin‐6‐one 

Purin-6-one, 7-

substituted 

60a K1310 
7‐benzyl‐2‐(morpholin‐4‐yl)‐3H,4H,7H‐

pyrrolo[2,3‐d]pyrimidin‐4‐on 

Pyrrolo[2,3-

d]pyrimidin-4-one, 

benzylated 

60b K1311 7-[(4-chlorophenyl)methyl]-2-

(morpholin-4-yl)-3H,4H,7H-pyrrolo[2,3-

d]pyrimidin-4-one 

Pyrrolo[2,3-

d]pyrimidin-4-one, 

benzylated 

60c K1312 2-(morpholin-4-yl)-7-{[4-(propan-2-

yl)phenyl]methyl}-3H,4H,7H-

pyrrolo[2,3-d]pyrimidin-4-one 

Pyrrolo[2,3-

d]pyrimidin-4-one, 

benzylated 

60d K1313 7-[(3-methoxyphenyl)methyl]-2-

(morpholin-4-yl)-3H,4H,7H-pyrrolo[2,3-

d]pyrimidin-4-one 

Pyrrolo[2,3-

d]pyrimidin-4-one, 

benzylated 

60e K1365 7-[(4-methoxyphenyl)methyl]-2-

(morpholin-4-yl)-3H,4H,7H-pyrrolo[2,3-

d]pyrimidin-4-one 

Pyrrolo[2,3-

d]pyrimidin-4-one, 

benzylated 

60f K1315 2-(morpholin-4-yl)-7-[(4-

nitrophenyl)methyl]-3H,4H,7H-

pyrrolo[2,3-d]pyrimidin-4-one 

Pyrrolo[2,3-

d]pyrimidin-4-one, 

benzylated 
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60g* K1364 2-(morpholin-4-yl)-7-[(3-

nitrophenyl)methyl]-3H,4H,7H-

pyrrolo[2,3-d]pyrimidin-4-one 

Pyrrolo[2,3-

d]pyrimidin-4-one, 

benzylated 

60h K1316 7-[(3,4-dichlorophenyl)methyl]-2-

(morpholin-4-yl)-3H,4H,7H-pyrrolo[2,3-

d]pyrimidin-4-one 

Pyrrolo[2,3-

d]pyrimidin-4-one, 

benzylated 

60i K1317 2-(morpholin-4-yl)-7-{[4-

(trifluoromethyl)phenyl]methyl}-

3H,4H,7H-pyrrolo[2,3-d]pyrimidin-4-

one 

Pyrrolo[2,3-

d]pyrimidin-4-one, 

benzylated 

60j K1314 2-(morpholin-4-yl)-7-(1-phenylethyl)-

3H,4H,7H-pyrrolo[2,3-d]pyrimidin-4-

one 

Pyrrolo[2,3-

d]pyrimidin-4-one, 

benzylated 

63a K1318 
2-(morpholin-4-yl)-7-phenyl-3H,4H,7H-

pyrrolo[2,3-d]pyrimidin-4-one 

Pyrrolo[2,3-

d]pyrimidin-4-one, 

substituted 

63b K1320 7-(4-tert-butylphenyl)-2-(morpholin-4-

yl)-3H,4H,7H-pyrrolo[2,3-d]pyrimidin-4-

one 

Pyrrolo[2,3-

d]pyrimidin-4-one, 

substituted 

63c K1341 7-(3,4-dichlorophenyl)-2-(morpholin-4-

yl)-3H,4H,7H-pyrrolo[2,3-d]pyrimidin-4-

one 

Pyrrolo[2,3-

d]pyrimidin-4-one, 

substituted 

63d K1359 2-(morpholin-4-yl)-7-(thiophen-3-yl)-

3H,4H,7H-pyrrolo[2,3-d]pyrimidin-4-

one 

Pyrrolo[2,3-

d]pyrimidin-4-one, 

substituted 

* Compound was not biologically tested 

** Compound was ultimately considered as an intermediate and thus not assigned with a code  
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3.3 Biological evaluation 

3.3.1 The process of biological evaluation  

The standard procedure for biological evaluation of kinase inhibitors starts with 

a biochemical determination of kinase inhibition followed by cellular kinase inhibition. 

The most potent compounds would be then selected for antiproliferative assays on 

cancer cell lines, in our case also in combinations with DNA damaging agents to assess 

the radio- and chemosensitizing properties. Unfortunately, development of a reliable 

kinase assay is arduous and expensive. Moreover, kinases to be targeted by the 

developed compounds are uncommon, and we were not able to find any nearby 

laboratory with this kind of biochemical assays. Thus, we skipped the usual scheme of 

biological evaluation going directly to the screening on cancer cells, alone at first and 

then in combination with a chemotherapy agent or IR. Later we considered an option 

to determine the kinase inhibition and selectivity by a commercial subject. However, 

this assessment is highly expensive, so we still had to perform cell screening first to 

select a few compounds, which could be used for such measurement. 

The biological evaluation was undertaken mainly at the Department of Medicinal 

Biochemistry of Faculty of Medicine in Hradec Králové, Charles University, by the prof. 

Řezáčová’s group. The common procedure was single dose testing of growth inhibition 

on selected human tumor cell lines, followed by the same testing in combination with 

doxorubicin (DOX; except caffeine derivatives). The cell proliferation was standardly 

determined after 48 hours of incubation by WST-1 proliferation assay and related to 

the proliferation of uncontrolled cells. The results are shown mainly as growth the 

percentage (GP) related to untreated cells. This value was calculated for each inhibitor 

tested, and it represents the mean of viability decrease in the percentage of all the cell 

lines treated with the same inhibitor. 

The process of biological evaluation was time-consuming and continuously optimized; 

therefore each series was tested exerting subtle differences in biochemical protocol.  

3.3.2 Caffeine derivatives 

Caffeine derivatives, the first tested series, were evaluated only as single agents, i.e. 

they were not tested in combination with a cytotoxic agent. We expected only modest 
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activity from these compounds since the caffeine itself does not have any effects on 

growth of cells in reasonable concentrations. All 25 caffeine derivatives were tested on 

the screening panel of 11 human tumor cell lines in increased concentration of 20 μM 

(standard concentration for cell screening is 10 μM). As a positive control for 

comparison, ATR inhibitor VE-821 was selected in the concentration of 10 μM (Fig. 28). 

Figure 28A shows a selected information from growth inhibition study regarding the 

most active compounds; the complete data are extensive, and they are present in the 

experimental section (Chapter 6.2.2.1). Amongst the caffeine derivatives, compound 

K971 (33f) showed the highest overall activity as it caused a drop of proliferation to 

below 50% of the control in four cell lines (A2780, MOLT-4, AGS, and HeLa) from 11 

lines tested, and its overall GP value was 63 with the range from 19 to 108. Based on 

the GP values, derivatives K978 (33l) and K981 (33p) followed with GP values 67 (range 

26-91) and 69 (range 32-84), respectively. Treatment with VE-821 at a concentration of 

10 μM led to at least 50% proliferation decrease in 6 cell lines tested (AGS, HeLa, 

COLO-201, A2780, MOLT-4, and Jurkat) and its GP value was 52 (range 33-82). As 

expected, the parent compound of the series, caffeine at the concentration 20 μM 

exhibited almost no activity on cells’ proliferation (GP 97, range 83-120). 

Focusing on the cell types, A2780 (ovarian carcinoma) seemed to be the most 

sensitive, as its proliferation dropped below 50% after treatment with 11 derivatives 

from a total 25 (Fig. 28B). On the contrary, the proliferation of MCF-7, A549, PANC-1 

and SW-480 cell lines was almost unaffected by any of the prepared derivatives 

including caffeine and VE-821. 

Additionally, for two of the most sensitive cell lines, A2780 and MOLT-4 (acute 

lymphoblastic leukemia), the cytotoxic dose dependency of compound K971 (33f) was 

evaluated and compared to VE-821 (Fig 28C). The caffeine derivative K971 (33f) 

affected the A2780 and MOLT-4 cells with IC50 values of 21 and 31 μM, respectively; 

and VE-821 with 14 and 26 μM, respectively. 
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Figure 28. The biological evaluation of caffeine derivatives. A) The decrease in cell 

proliferation after caffeine derivatives treatment. Each graph represents proliferation 

of cells cultivated with the indicated caffeine derivative and standards (K971 (33f), 

K978 (33l), K981 (33p), caffeine, and VE-821) as a mean of three independent 

experiments and are expressed as percent of the proliferation of untreated control 

cells (100%). Numbers 1-11 define the appropriate cell line (1. Jurkat; 2. MOLT-4; 3. 

A549; 4. AGS; 5. COLO-201; 6. HT-29; 7. PANC-1; 8. SW-480; 9. A2780; 10. HeLa; 11. 

MCF-7). Error bars indicate ± SD. B) The overall sensitivity of tumor cell lines to caffeine 

derivatives expressed as average GP after caffeine derivative treatment. C) Cytotoxicity 

curves obtained by WST-1 assay showing the effect of tested compound K971 and VE-

821 on the viability of A2780 and MOLT-4 cells after 48 h of exposure. X axis - 

concentration in μM; Y axis - viability as a percentage of control untreated cells. 
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The data above showed that several derivatives displayed elevated antiproliferative 

activity comparing to parent caffeine. However, from the results, we cannot determine 

the exact mechanism by which these compounds act. Thus, we performed a study how 

K971 (33f) affects the radiation-induced phosphorylation of serine 345 of Chk1 and 

threonine 68 of Chk2, the main targets of ATR and ATM, respectively.151 HL-60 

leukemia cells were treated with the standard ATR inhibitor VE-821 or K971 (33f) and 

irradiated by the dose of 6 Gy. The serine 345 phosphorylation of Chk1 was inhibited 

by standard ATR inhibitor VE-821 as well as by compound K971 (33f) at all tested 

concentrations (Fig. 29). As we expected, VE-821 did not prevent threonine 68 

phosphorylation of Chk2. The changes in Chk2 phosphorylation in the presence of 

derivative K971 (33f) were not significant. From these data, we can assume that 

derivative K971 (33f) is preferably an inhibitor of ATR in contrast to caffeine, which is 

mainly ATM inhibitor.  

 

Figure 29. Changes in serine 345 phosphorylation of Chk1 (Chk1_345) and threonine 

68 phosphorylation of Chk2 (Chk2_68) in HL-60 cells after incubation with K971 (33f) 

and VE-821. Protein changes were detected 4 h after the irradiation by a dose of 6 Gy. 

The standard ATR inhibitor VE-821 (VE; 10 μM) and derivative K971 (20, 100 and 200 

μM) were added 30 min before irradiation. A) Representative blot of one of three 

independent experiments. B) Densitometric analysis of band intensity of proteins. 

Error bars indicate the standard deviation of three independent experiments. 

*significantly different to positive control (PC); # significantly different to untreated 

control (C); P < 0.05. 
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3.3.3 Quinazolin-4-one series 

Regarding the subset containing the quinazolin-4-one core, we screened its derivatives 

on the panel of 16 human cancer lines and one normal human fibroblast cell line 

(NHDF) as the initial step. The single dose testing of growth inhibition was performed 

with 17 quinazolin-4-one derivatives in a concentration of 10 µM. The one-dose data 

of all the screened compounds for each cell line are presented in the experimental 

section (Chapter 6.2.2.2). As we expected, any of the derivatives tested did not show 

inhibition of proliferation of cells with GP value under 50%. Derivative K1003 (42k) 

seemed to be the most potent inhibitor of proliferation as its overall GP value was 56% 

ranging from 38 to 77%. K1003 (42k) caused a drop of proliferation below 50% of 

control in 4 cell lines (HL-60, HT-29, A2780, and HeLa) from 17 lines tested. As a 

positive control, we used well established antiproliferative drug doxorubicin (DOX) in 

the concentration of 1 µM. Treatment with doxorubicin led to decrease in proliferation 

of all the cell lines tested (12 lines below 50% and among them 5 below 25% of control 

cells). 

From the data obtained in this experiment, we selected the colorectal carcinoma cell 

line HT-29 for evaluation of chemosensitizing properties of our derivatives. We tested 

antiproliferative effects of quinazolin-4-one derivatives in the concentration of 10 μM 

and the standard DNA-PK inhibitor NU7441 in the concentration of 1 μM on HT-29 

cells with and without 0.5 μM of DOX. As can be seen in Figure 30, apart from DOX 

alone, which decreased the number of viable cells to 58% (black column), all single 

derivatives did not exhibit any significant effect on the proliferation (blue columns). 

The combinations with DOX (shown with red columns) demonstrate the decrease in 

the cells viability in the majority of derivatives, most significantly in case of the second 

generation compounds K1008 (45d), K1007 (45c), where the number of viable cells 

decreased to 8 and 10%, respectively. Unfortunately, we cannot compare the results 

with the standard NU7441. Due to solubility issues, it had to be used in the lower 

concentration of 1 μM. In this concentration, NU7441 in combination with DOX 

decreased the percentage of viable cells to 45%, similarly as the first generation of 

quinazolin-4-one derivatives. 



92 
 

 

Figure 30. Effects of quinazolin-4-one derivatives on the growth of HT-29 cells alone 

and in combination with DOX. Each graph represents proliferation of HT-29 after 

incubation with DOX (black), indicated derivative alone (blue) or in combination with 

DOX (red). Values were calculated as a mean of three independent experiments and 

are expressed as percent of the proliferation of untreated control cells (100%). Error 

bars indicate ±SD. 

Furthermore, we tested the phosphorylation of Chk1 and Chk2 to reveal if prepared 

derivative K1008 (45d) affects ATR and ATM kinases in the presence of a DNA-

damaging agent. This time, we used DOX instead of IR, and we also tested 

phosphorylation of p53 on serine 15 (Fig. 31). The data from western blot did not show 

any changes in Chk1, Chk2 or p53 phosphorylation which corresponds well with that 

these derivatives were designed and plausibly also acts as DNA-PK inhibitors. 
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Figure 31. Changes in threonine 68 phosphorylation of Chk2 (Chk2_68), serine 345 

phosphorylation of Chk1 (Chk1_345) and serine 15 of p53 (p53_15) in HL-60 cells after 

K1008 (45d) incubation with or without DOX. Representative blot of one of three 

independent experiments. The standard NU7441 (1 μM) and K1008 (10 μM) were 

added together with DOX (1 μM). 

3.3.4 Purin-6-one and pyrrolo[2,3‐d]pyrimidin-4-one series 

The results obtained from previous two series established the background for 

evaluation of purin-6-one and pyrrolo[2,3‐d]pyrimidin-4-one series. We agreed on 

using lesser but still representative sample of cell lines (Jurkat, A2780, A549, HT-29, 

AGS, HeLa, SAOS-2, PANC-1, and MCF-7); including one non-carcinoma cell line (MRC-

5) and on the evaluation of chemosensitization on all cell lines, not only on one 

selected. Therefore results of purin-6-one and pyrrolo[2,3‐d]pyrimidin-4-one series are 

the most credible and informative. 

At first, the inhibitory effect of each compound alone was tested. Single dose testing of 

a growth inhibition at the screening panel of 10 human cell lines was performed with 

37 inhibitors in the concentration of 10 µM (Fig. 32). After the experiences with 

quinazolin-4-ones evaluation, two additional standards NU7026 (10 µM) and also ATM 

inhibitor KU-55933 (10 µM) were included in the screening. NU7441 was used again in 

the concentration of 1 µM. Doxorubicin in concentration 1 µM was used as a positive 

control. The results have shown that 35 tested inhibitors themselves, including 

standards, had no cytotoxic effect in all 10 cell lines, the percentage of viable cells 

varied about from 73 to 121%. Only 2 of the inhibitors – K1337 (56c) and K1306 (56d), 
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caused a marked decrease in cell viability. Compound K1337 (56c) with overall GP = 33 

was the most cytotoxic, the viability decrease under 50% in 8 cell tested lines, 

including MRC-5 and the percentage of viable cells ranged from 4 to 48%. One-dose 

data of all the screened compounds for each cell line are presented in the 

experimental section (Chapter 6.2.2.3).  

 

Figure 32. Chemosensitizing effects of inhibitors in combination with DOX. GP values 

were calculated for each inhibitor as well as for the combination of inhibitors with 

doxorubicin. GP is an average of viability (expressed as percent of control) of 10 cell 

lines treated with the same inhibitor or in combination with DOX. Compounds K1337 

(56c) and K1306 (56d) were excluded from this graph. Values were calculated as 

a mean of three independent experiments and are expressed as percent of the 

proliferation of untreated control cells (100%). Error bars indicate ±SD. 

Further, the chemosensitizing effects of inhibitors were tested (Fig. 32). Due to 

cytotoxic properties of K1337 (56d) and K1306 (56e), these two compounds were 

excluded from testing. The other 35 inhibitors were tested on a panel of 10 cell lines in 

combination with appropriate doses of DOX, calculated from IC50 values for every 

single cell line (Chapter 6.2.1.1). The potent chemosensitizing effect was proved in 5 of 

tested inhibitors in 7 tested cancerous cell lines where the combination of inhibitors 

with DOX led to decrease in cell viability in comparison to DOX alone. The most 
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efficient inhibitors were K1291 (52e), K1292 (49f), K1301 (55b), K1315 (60f), and K1316 

(60h) with the overall GP values 37, 27, 29, 43, and 30, respectively (Fig. 32 and 33). 

The most sensitive cell lines were A549, HT-29, AGS, HeLa, SAOS-2, PANC-1, and MCF-

7. The most potent inhibitor from these series is K1292 (49f), which in combination 

with DOX, almost completely ablated viability of several cell lines, especially of HeLa, 

AGS, and A549. Of interest, the chemosensitizing effect was not observed in leukemic 

cell lines Jurkat, ovarian cancer cells A2780 as well as in normal human fibroblasts 

MRC-5.  

Again, we cannot reliably compare these effects with standards. The older DNA-PK 

inhibitor NU7026 showed potentiation of DOX cytotoxicity, but not as strong as the 

best five derivatives were K1291 (52e), K1292 (49f), K1301 (55b), K1315 (60f), and 

K1316 (60h). The chemosensitization effects of ATM inhibition in case of KU-55933 are, 

in general, weaker than from DNA-PK; and NU7441 did not exhibit any difference 

comparing to DOX alone. Unfortunately, we do not know what caused the low 

efficiency of these standards. 
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Figure 33. Chemosensitizing properties of five most efficient inhibitors 1291 (52e), 

K1292 (49f), K1301 (55b), K1315 (60f), and K1316 (60h). Each graph represents 

a viability of 10 cell lines after incubation with inhibitors and with their combination 

with DOX. The concentration of DOX was chosen individually for each cell line 

according to its sensitivity. Values were calculated as a mean of three independent 

experiments and are expressed as the percentage of viability of untreated control cells 

(100%). Error bars indicate ±SD. 
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4. Discussion 

4.1 Synthesis 

The synthesis has been thoroughly described in the result section. In general, the 

synthetic procedures mostly followed a few step reaction conditions; the final 

compounds were prepared mainly through three-to-six step synthesis for the second 

generation of quinazolin-4-ones. Nevertheless, the synthesis itself deserves more 

profound discussion since there were some complicated steps.  

The first problematic reaction was the Suzuki-Miyaura coupling between 8–bromo-2-

(morpholin-4-yl)-3,4-dihydroquinazolin-4-one (41) and phenylboronic acid or related 

analogues. Suzuki-Miyaura coupling is usually highly efficient, but in case of 41, it did 

not work properly. Several modifications were attempted of which the most successful 

was the one employing XPhos as a ligand for Pd(OAc)2 and CsOH as the base. According 

to published literature, this modified coupling works well even under the room 

temperature (r.t.) conditions, while the classical couplings require temperatures 

around 100 °C.228 The results of this reaction were highly dependent on the type of 

aromatic substituent. Only the phenylboronic acid reacted sufficiently under r.t.; other 

reactions had to be heated to 50 °C for 4-48 hours. The longest reaction times were 

necessary to introduce 5-methyl-1H-indol-3-yl and 7-chloroquinazolin-4-yl substituents 

which were used into reaction as their pinacol esters of boronic acids. The second 

issue can be attributed to very similar chromatography Rfs of starting compound and 

products, which made difficult reaction monitoring by TLC and purification by column 

chromatography. The solution to this problem lies in addition of triethylamine into a 

mobile phase. 

The second issue raised during the introduction of aromatic substituents on 2‐

(morpholin‐4‐yl)‐6,9‐dihydro‐1H‐purin‐6‐one 54 and 2,4‐dichloro‐7H‐pyrrolo[2,3‐

d]pyrimidine 57. Standard procedure for formation of a C-N bond like this is the usage 

of arylboronic acids or arylhalids a copper or palladium catalysts with a suitable ligand. 

Many different approaches were applied. Firstly, 46 was used as a starting compound. 

Since only the 9- substitution was preferred at the beginning, the regioselective 

arylation of purines using Cu(OAc)2, phenanthroline, 4Å molecular sieves and 
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arylboronic acids was attempted.229 Although the reaction monitored via TLC seemed 

to be almost done, the final yields were rather low (30%), probably due to high 

retention on silica gel during isolation and purification processes. Further optimization 

did not increase the final yields. Moreover, the subsequent hydrolytic reaction with 

NaOH was very problematic too because of the limited solubility of the starting 

compounds. Thus, the synthesis had to start with a hydrolysis. The reaction time was 

extended to 48 hours, probably because of the larger amount of the starting 

compound 46, but the reaction itself proceed well. A small hitch came out during the 

isolation of the product 53. This compound showed to be very soluble in water. 

Therefore, it could not be extracted or precipitated without contamination with 

inorganic salts. The only way to purify this product was through column 

chromatography with EtOH as a mobile phase. Any other phases (MeOH or various 

ratios of DCM/MeOH) proved to be inefficient. The subsequent substitution of chlorine 

with morpholine under microwave conditions was straightforward, and further 

purification by column chromatography (DCM/MeOH 9:1) disposed any remaining salts 

from 54. This compound was then recrystallized from the MeOH through an addition 

of diethylether to get rid of unreacted morpholine. 

Unfortunately, the regioselective arylation did not work well in the case of 54 (2‐

(morpholin‐4‐yl)‐6,9‐dihydro‐1H‐purin‐6‐one). Several modifications were applied, 

including using aryl halides instead of boronic acids, various catalysts (Cu(OAc)2, CuI), 

ligands (proline, phenanthroline, trimethylamine, and TMEDA). Very specific 

procedures with benzoic acid or KF.Al2O3
 were also examined. Finally, the reaction 

using arylboronic acids, CuI and TMEDA in dry MeOH in oxygen atmosphere led to 

success.230–234 The problem with this reaction was presumably caused by a decreased 

nucleophilic character of N-7 and N-9 due to the introduction of carbonyl oxygen and 

guanidine-like structure to the core. The inlet of oxygen into reaction was crucial for 

the proper formation of Cu-ligand complex. The reaction provided two isomers 55a-h 

and 56a-h, which were isolated by column chromatography. Surprisingly, 2D NMR 

experiments revealed that 7- substituted isomer (56a-h) was major with higher Rf 

value, which is in contrast with situation observed during benzylation of 46. The reason 
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for such phenomena can be probably found again in the different distribution of 

electrons in the core of 54. 

The synthetic procedures for pyrrolo[2,3‐d]pyrimidin-4-one family were easier in term 

of that reactions always provided only one isomer, obviously. The non-problematic 

hydrolysis of the starting compound led to 57, which was purified easily by column 

chromatography with a mobile phase DCM/MeOH 9:1. However, the problem 

occurred during the introduction of arylboronic acids on 2‐(morpholin‐4‐yl)‐3H,4H,7H‐

pyrrolo[2,3‐d]pyrimidin‐4‐one (59; not shown in Schemes). The reaction mixture 

turned black very quickly probably due to a decomposition of the starting compound. 

Hence, it was necessary to change the order of steps by attaching the aromatic 

substituents initially to 2,4‐dichloro‐7H‐pyrrolo[2,3‐d]pyrimidine 57. For this reaction, 

a slightly modified procedure utilizing arylboronic acids, Cu(OAc)2, pyridine and 

activated 4Å molecular sieves in DCE was applied.235 The reaction mixture was kept 

open with air access until the starting compound disappeared from TLC.  

4.2 Biological evaluation and structure-activity relationship 

Caffeine derivatives 

Altogether, 25 caffeine derivatives were prepared, and all of them were submitted to 

cell screening. While caffeine was inefficient at a concentration of 20 μM, several other 

derivatives bearing non-polar substitution at position 7- exhibited moderate 

antiproliferative effects on various cancer cell lines. The introduction of a benzyl 

moiety itself (K966) brought no activity improvement compared to caffeine, but the 

activity was noticeably affected when the benzyl moiety contained small functional 

groups. The most efficient were compounds K971 (33f) and K978 (33l) both having a 

hydrophobic substitution (isopropyl, methylthio) at position 4- of a phenyl, whereas 

the derivatives with an electron-withdrawing substituent at this position (-Cl, -Br, -CN, -

NO2) were inactive. From these data, we can assume that aliphatic substituents in this 

area enhance the antiproliferative activity. 

The hydrophobic substitution does not necessarily have to affect the inhibitory activity 

itself, but rather enable better penetration to the cells. To model partitioning of 

compounds K971 (33f) and K978 (33l), we carried out a chromatographic analysis with 
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Immobilized Artificial Membrane (IAM) column which mimics the lipid environment in 

cell membranes. Capacity factors proved that K971 (33f; k = 6.36) interacts strongly 

with IAM column, while K978 (33f; k = 2.85) exhibits significantly weaker retention. 

Comparing to K966 (k = 0.99), both compounds K971 (33f) and K978 (33l) are more 

hydrophobic, which may partially elucidate the observed enhancement of the 

biological activities by improved penetration to the cells. Electron-withdrawing 

substituents (-Cl, -Br, -CN) also increase overall hydrophobicity of the compound but 

also introduce some degree of polarity by their high electronegativity, which may 

explain their lower activities. However, the third ranked most active compound K981 

stands out of this hypothesis as it bears the nitro group at position 3- of the benzyl. 

The experiments regarding the saturation of aromatic ring in K980 (33n), as well as the 

introduction of a chiral center to explore the effect of a rotation of the aromatic ring 

relative to the core purine in K984 (33q), had a negligible effect on activity compared 

to simple benzylated derivate K966. 

The second generation of derivatives was prepared with the aim of increasing the 

solubility as well as to investigate the effects of polar substitution on the activity. 

Disappointingly, their activity was low to nil, suggesting that only non-polar 

substituents are suitable for modification of the benzyl ring. 

Although we demonstrated a moderate growth inhibition of some caffeine derivatives, 

these results are not very informative themselves. The standard ATR inhibitor VE-821 

exhibited stronger but similar effects, but it is impossible to compare them directly. 

Since we had no other option to find out if we truly increased ATM or ATR inhibition, 

we decided to evaluate the effects of the most active compound K971 (33f) on Chk1 

and Chk2 phosphorylation (Fig. 29). After irradiation, serine 345 of Chk1 and threonine 

68 of Chk2 are being phosphorylated mainly by ATR and ATM, respectively. In this 

experiment, the ATR inhibitor VE-821 clearly suppressed the phosphorylation of Chk1 

and not Chk2. Our inhibitor K971 (33f) also suppressed phosphorylation of Chk1, more 

or less clearly in all concentrations tested. The changes in the Chk2 phosphorylation 

were not significant. From this data, we can assume that derivate K971 (33f) is an ATR 

inhibitor, whereas caffeine is preferably an ATM inhibitor. The question remains 

whether this switch in activity can explain the effects on cell proliferation, or there is 
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another hidden mechanism. The ATR inhibition alone is capable of killing defective 

cancer cells as we can see from VE-821, but from data we have, we cannot exclude the 

possibility that our derivatives have additional targets. 

Quinazolin-4-one series 

Quinazolin-4-one series was divided into two generations, one represented by the 

basic scaffold and the second with enhanced solubility. The physico-chemical 

properties of final compounds were not evaluated experimentally, but the difference 

in solubility between these two generations was evident from a basic handling and 

preparation of solutions for a biological testing as well as from the prediction data 

using MarvinSketch software (data not shown). 

All 17 derivatives were initially screened on the panel of 16 human cancer cell lines and 

normal human fibroblasts. In summary, this testing was not very informative as almost 

none of the compounds significantly affected the growth of the cells. Nevertheless, we 

can expect that majority of prepared derivatives are not cytotoxic, which is positive 

because DNA-PK inhibition alone should not affect the cell proliferation. The most 

active derivative was K1003 (42k), which exhibited comparable overall GP (GP = 61) as 

the best caffeine derivative K971 (33f; GP = 63); note that caffeine derivatives were 

used in a twofold concentration. The growth of human fibroblasts was not affected at 

all as their viability was still above 75% level for any of the derivatives. 

For the chemosensitization study, we selected HT-29 colorectal adenocarcinoma cell 

line. Quinazolin-4-one derivatives and DOX (0.5 μM) were administered simultaneously 

to the cells followed by incubation for 48 h before an addition of WST-1 reagent. 

Majority of prepared quinazolin-4-one derivatives significantly lowered the number of 

viable cells in combination with DOX, compared to DOX alone (Fig. 30). Surprisingly, 

the most active derivatives were representatives of the second generation, K1008 

(45d), and K1007 (45c). Unfortunately, no comparative study cannot be outlined with 

the standard DNA-PK inhibitor NU7441 as it was necessary to use this compound in 

ten-times lower concentration due to its limited solubility. 
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When designing these inhibitors, the idea was to biologically evaluate the first 

generation initially to guide me through the design of derivatives with enhanced 

solubility. However, the testing was not possible at that moment, so the second 

generation was prepared based on our experience, supported by the literature data. 

We expected that the most active derivatives would be K994 (42b) and K998 (42f) as 

they are the most similar to one of the strongest DNA-PK inhibitors NU7441. However, 

these derivatives did not show any prominent abilities. Overall, from these results, we 

cannot draw any clear SAR pointing out any structural preferences required for the 

enhanced activity because compounds of the first generation exhibited more or less 

comparable effects on cell growth. These findings are in contrast with the conventional 

knowledge of chromone DNA-PK inhibitors, where the NU7441 with 

dibenzo[b,f]thiophene as aromatic substituent overwhelmed other derivatives. The 

reasons for these contradictory data can be found in: A) the quinazolin-4-one core is 

differently positioned in the active site of DNA-PK; B) utilizing HT-29 as cell line, each 

tumor cell line can act differently to DNA-PK inhibition; C) there can be differences in 

the penetration of single derivatives through plasma membrane; D) we cannot rule out 

the false positive error, but all experiments were carried out in triplicate with the same 

results. Therefore, we are confident in these results. However, without additional data, 

we are not able to reach any conclusion. 

Similarly, as for caffeine derivatives, we tested the phosphorylation of serine 345 of 

Chk1, threonine 68 of Chk2 and serine 15 of p53. Inhibition of DNA-PK should not 

affect phosphorylation of any of these proteins, and neither did derivative K1008 (45d; 

Fig. 31). Therefore, we assume that the chemosensitizing properties of this compound 

should be caused by a DNA-PK inhibition. ATM or ATM inhibition would affect the 

phosphorylation of Chk1 or Chk2, and we are also positive that K1008 (45d) would not 

inhibit any other DDR related kinase outside the PIKK family. However, this assumption 

needs further measurement to prove the inhibition of DNA-PK unequivocally. 

Purin-6-one and pyrrolo[2,3-d]pyrimidin-4-one series 

These two families were sub-divided into six subsets. In summary, 37 prepared 

compounds were submitted for biological evaluation in a representative panel of 
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cancer and healthy cell lines. The initial study of cell growth inhibition showed that 35 

compounds did not exhibit any antiproliferative effect (GP values were 88-105). 

Compounds K1337 (56c) and K1306 (56d) were the exceptions as they surprisingly 

caused a significant decrease in cell viability after incubation. The action of the latter 

can be only anticipated. Both these compounds are structurally very similar bearing 

large tricyclic aromatic substituent at position 7- of purin-6-one. It is possible that 

K1337 (56c) and K1306 (56d) inhibit some different target, not only from protein 

kinase families. Another explanation can be found in unspecific interaction with 

cellular structures due to their large and mostly planar structure. These derivatives 

deserve further testing to discover the true nature of their cytotoxic potential. 

Afterwards, the remaining 35 compounds advanced to evaluation with DOX. The 

concentrations of DOX were calculated specifically for each cell line, according to its 

IC50 values. Only five compounds showed a significant decrease in the number of viable 

cells comparing to DOX alone. The rest of them exhibited almost no difference 

compared to DOX (Fig. 32). K1292 (49f) and K1301 (55b) were the most potent 

derivatives; they managed to reduce the percentage of living cells of Hela, AGS, and 

A549, under 10%, while DOX itself decreased the number of living cells only to 80%. 

This difference is indeed very significant. Breast cancer line MCF-7 was also notably 

sensitive to this type of treatment. Interestingly, this cell line was influenced by 

a broader range of compounds as 8 derivatives lowered the percentage of living cells 

under 20%, note that this cell line was already highly affected (percentage of living 

cells was 43%) by given concentration of DOX (0.5 μM). It is worth noting that both 

resistant cell lines Jurkat and A2780 were exposed to the lowest concentrations DOX 

(0.05 μM). The high sensitivity to DOX alone even in a very low concentration suggests 

possible defects in DDR, probably in NHEJ making the inhibition of DNA-PK useless. On 

the other hand, very positive is that none of the compounds enhanced the cytotoxicity 

of DOX in healthy cells MRC-5 (Fig. 33). This result proves the hypothesis that healthy 

cells have multiple functional DDR pathways and switching of one target should not 

directly affect them.  

Focusing on the structures of the most active derivatives K1291 (52e), K1292 (49f), 

K1301 (55b), K1315 (60f) and K1316 (60h), the results were a little bit unexpected as 
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well. The most striking was the difference between purin-6-one and pyrrolo[2,3-

d]pyrimidin-4-one compounds. These two series differ only in one core nitrogen, yet 

the activities of their derivatives are completely different. Purin-6-one K1292 (49f) 

bears methoxy group at position 3- of benzyl, but isosteric K1365 (60e), containing 

methoxy group at position 7-, has no activity. Conversely, pyrrolo[2,3-d]pyrimidin-4-

ones K1315 (60f) and K1316 (60h) possess 4-nitro and 3,4-dichloro substitution on 

benzyl, respectively, but isosteric purin-6-ones were completely inefficient. The same 

situation was observed in case of purine-6-one derivative K1301 (55b) bearing 

thiophen-3-yl at the position 9- and isosteric pyrrolo[2,3-d]pyrimidin-4-one K1359 

(63d) exerting no activity. Any conclusions about the differences between these two 

core heterocycles are hard to establish; probably the different cores enable a slightly 

different position in the active site. The activity of K1291 (52e) with a substitution at 

position 7- of purin-6-one was unforeseen for the structural point of view. Such 

substitution is very unusual when we consider the standard model of DNA-PK 

inhibitors. Substitutions at positions 5- or 6- of chromone and 1,3-benzoxazine 

derivatives, which should occupy the similar space as K1291 (52e), usually resulted in 

almost no effects against either DNA-PK and PI3Ks.205,209 

Both K1291 (52e) and K1292 (49f) bear methoxy group on the benzyl moiety. While 

the more potent K1292 (49f) has 3-methoxybenzyl at position 9- of core purin-6-one, 

K1291 (52e) possesses 4-methoxybenzyl at position 7-. We can only speculate, 

whether this oxygen forms some interaction in the active site that could reliably 

explain the strong activities of these two compounds. Considering the fact that 4-

methoxybenzyl but not 3-methoxybenzyl is beneficial for substitution at position 9- of 

purin-6-one and conversely, 3-methoxybenzyl, but not 4- for 7-substitution is favored 

suggests that the oxygen requires certain position. Therefore, the possibility of some 

interaction between this oxygen and active site is possible. The introduction of chiral 

center into the molecule by substitution with 1‐phenylethyl (K1294; 49h) did not lead 

to any change in activity. However, we think it would be interesting to probe 1‐(3- or 4-

methoxyphenyl)ethyl as a chiral substituent. 

The second ranked compound K1301 (55b) is an only active representative of 

derivatives with aryl substituents attached to the core without methylene linker. It is 
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of interest that this compound bears small thiophen-3-yl, whereas larger substituents, 

as dibenzo[b,f]thiophene in compound K1307 (55d), are usually considered beneficial 

for DNA-PK inhibition. I have to also point out the very low solubility of all related 

compounds both in water and standard organic solvents as dimethylsulfoxide (DMSO) 

or chloroform, making them very difficult to purify and characterize via NMR and other 

techniques. Base on these precedents several compounds had to be excluded from 

biological evaluation. 

The differences between the prepared derivatives and the knowledge from SAR 

studies of the standard DNA-PK inhibitors have to be kept in mind. The attributes 

highlighting the high cellular efficiency can be the same as in the case of quinazolin-4-

one series: A) different position of the inhibitors in the active site of DNA-PK; B) 

differences in the penetration of single derivatives through plasma membrane; C) a 

possibility of the false positive error, yet all the experiments were carried out in 

triplicate as well; D) in this series, the real target was not precisely defined. The overall 

structure of compounds differs from the original DNA-PK inhibitors and quinazolin-4-

ones, and it is well established that even slight modifications can convert the inhibitory 

potential towards another kinase. No data from phosphorylation of Chk1 and Chk2 are 

available, yet, so we cannot rule out the inhibition of ATM or ATR kinases. 

In summary, derivative K1292 (49f) is the most promising compound from all the series 

including caffeine and quinazolin-4-one derivatives. It has a right combination of 

activity, simple synthesis and also possesses reasonable water solubility needed for 

further biological evaluation. The exact physico-chemical properties were not 

experimentally determined, but they were predicted using MarvinSketch software 

(data not shown), and this compound also suits the Lipinski rule of five. 

The biggest flaw of these, otherwise successful, series is the inefficiency of NU7441 as 

a standard. NU7026 and KU-55933 exhibited some level of chemosensitization, 

although they should not be stronger chemosensitizers than NU7441.236,237 NU7441 

was used in a lower concentration; however, even in 1 μM solution, it should clearly 

sensitize cells to DOX. The stock of NU7441 for biological evaluation was prepared to 

avoid any decomposition of the structure. The reason for its inefficacy remains hidden.  
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Future perspectives 

The most potent compounds from cell screenings have been already submitted to 

biochemical kinase assays against ATM, ATR, DNA-PK, mTOR and also various PI3K 

isoforms, which should confirm our hypothesis about their affinities. Furthermore, we 

will select two leading compounds which will undergo complete kinase screening to 

evaluate the overall selectivity among the plethora of protein kinases (Fig. 34). 

Considering that these inhibitors focus on atypical kinases, the overall selectivity 

should be high. That cannot be said in case of PI3K isoforms, which are the most 

probable off-targets.  

The purin-6-one and pyrrolo[2,3-d]pyrimidin-4-one series are currently being 

evaluated as sensitizers of various tumor cell lines to radiation therapy, as well. 

Additionally, it would be beneficial to probe other conventional chemotherapy agents, 

possibly etoposide or camptothecin, and observe the defects in DNA repair by 

measuring the phosphorylated histone H2AX, which can serve as a biomarker of DNA 

damage. Later, the toxicity of the most promising compounds must also be tested on 

animals.  

 

Figure 34. Overview over the process of biological evaluation. 

From the results of the biological evaluation and SAR, it would be more profitable to 

optimize one or two most promising compounds rather than constructing new series. 

The exact inhibition profiles are still unknown, but K1008 (45d) and especially K1292 
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(49f) deserve some modifications which could increase their potency, selectivity and 

also physico-chemical properties. Optimizations could be performed in selected areas 

of the molecules. As for K1292, the most reasonable modification would be on the 

aromatic ring probing various but similar substitutions. Then, the purine core would be 

modified as well, particularly by a methylation of N-1 and C-8, and lastly, an 

enantiomer-selective methylation of C-3 of morpholine, which could improve potency 

and should improve microsomal stability. 

4.3 Opinion on prepared inhibitors, drug development and targeting the 

DNA damage responses 

There are still many steps that have to be done on the long way for clinics. At the time, 

we cannot be sure about the exact targets, about the selectivity within the PI3K family 

nor the other protein kinases. The biological testing has proven the efficiency in 

combination with DOX, at least in cancer cells. However, this is only a small part of 

success. Compounds have to be efficient also in living organisms. For this, compounds 

have to possess the combination of attributes as good absorption and distribution, and 

slow metabolism and excretion, termed in summary as ADME. K1292 (49f) is slightly 

acidic and should not be at physiological pH ionized, which could increase absorption 

and penetration through cell membranes. On the other hand, the morpholine ring 

brings a certain liability because it could be easily oxidized. A solution of this could 

include the methylation of morpholine, as mentioned in the previous chapter. 

Nevertheless, the pharmacokinetic behavior of compounds is very unpredictable, and 

thus the fate of the prepared compounds after the administration into a mouse or 

human body has to be established experimentally. There are dozens of factors and 

criteria that compounds have to meet to call them drug candidates. 

The third key factor besides efficiency and pharmacokinetics in the drug development 

is the safety. It is probably the trickiest issue because it is highly unpredictable and the 

risks could be still present even after drug registration. Cancer therapy usually affects 

the elementary functions of cells; thus its safety is of particular interest. Several graphs 

in the Results chapter (Fig. 30, 32 and 33) show that final derivatives alone do not 

affect cell growth and do not potentiate the cytotoxicity of DOX in healthy cells. It is 

certainly great news, but we do not know anything about the overall selectivity of 
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these compounds, yet. The selectivity of protein kinase inhibitors is a crucial 

component of drug safety, and any off-target can cause various adverse effects, which 

can be manifested only in living organisms and even after a longer period after 

administration.  

Particular attention should also be devoted to an intrinsic mechanism of action. 

Targeting the DDR has been studied for the purpose of cancer therapy for a long time 

and still, there are concerns about the safety of such treatment. These concerns were 

partially surpassed by FDA approval of PARP inhibitor olaparib for cancer treatment. 

However, olaparib should be pointed out because it works on the basis of synthetic 

lethality, whereas DNA-PK inhibitors do not operate alone but need a presence of a 

genotoxic agent. Two DNA-PK inhibitors are already being evaluated in clinical trials, 

which is surely promising, but we are dealing with the DNA repair, after all. The effects 

of DNA-PK inhibition and possible mutations can manifest years after the treatment. 

We do not have an answer to that, yet. However, DNA damage targeted therapy, in 

general, promises a high efficacy in many cancer types, even those with bad prognosis, 

and it is definitely worth to explore it. 

With a future introduction of DDR related drugs to cancer therapy, we have to think 

also about which patients would benefit most from this treatment. Each cancer type 

contains many mutations, which may affect the sensitivity towards a targeted therapy. 

Even cells of the same cancer type or cells of one tumor can have different genotypes. 

It is a big concern because in the best scenario inappropriate treatment can be less 

efficient, it can be completely inefficient, or in the worst case, it can threaten the 

patient by making the space for the growth of resistant tumors. Therefore, it is 

necessary to develop appropriate biomarkers for accurate identification of patients 

that are the most likely to respond to a certain drug and develop them simultaneously 

with the drugs. With increasing number of drugs and their costs, the personalization of 

treatment is becoming more and more important, and soon it will be a necessity. 

Highly specific biomarkers could also help us to overcome the development of 

resistance in the first place by identifying the single mutations followed by subsequent 

adjustment the drugs combination. Naturally, the current drug development is 
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endeavoring to fight the resistance already when it comes to designing drugs. Type II 

or allosteric inhibitors are of great interest, as they suffer from resistance less often 

than ATP-competitive inhibitors. Nevertheless, this is still far away for PIKK inhibitors 

(and also many others) as we do not possess complete structural data about these 

kinases for molecular modeling of other parts than kinase domain. Right now our only 

option to fight the resistance to DNA-PK and other PIKK inhibitors is to develop 

alternative drugs available.  
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5. Conclusion 

I have devoted my research to design and synthesis of PIKK inhibitors as potential 

radio- and chemosensitization agents for various cancer cell lines. Altogether 89 final 

compounds were prepared, sub-divided into three series, out of which 79 were 

evaluated alone and, except caffeine derivatives, K1337 (56c), and K1306 (56d), in 

combination with DOX on several cancer cell lines. The results showed that seven of 

these derivatives, namely K1007 (45c), K1008 (45d), 1291 (52e), K1292 (49f), K1301 

(55b), K1315 (60f), and K1316 (60h), significantly increased DOX cytotoxicity, while 

alone they did not have any apparent effect on cell growth. The most promising 

compound K1292 can be easily prepared, and it is highly efficient in several tumor cell 

lines but not in non-cancerous fibroblasts MRC-5. Selected compounds are currently 

undergoing further evaluation including the determination of the molecular targets to 

discover the true nature of these inhibitors. 

  



111 
 

6. Experimental part 

6.1 Synthesis 

6.1.1 Materials and methods 

All commercial reagents used were purchased from Sigma-Aldrich (Czech Republic) and 

used without further purification. Solvents for synthesis were obtained from Penta 

chemicals Co. Acetonitrile, phosphate buffer saline pellets (PBS) and formic acid for LC-

MS analyses were purchased from Sigma-Aldrich in LC-MS grade purity (Czech 

Republic). The ultrapure water of ASTM I type for LC-MS analyses were prepared with 

Barnstead SmartPure 3 UV/UF apparatus (Germany). The reactions were monitored by 

TLC performed on aluminium sheets pre-coated with silica gel 60 F254 (Merck, Czech 

Republic) and detected under 254 nm UV light. Column chromatography was 

performed on silica gel 60 (230 mesh). Melting points (m.p.) were measured on a 

melting point apparatus M-565 (Büchi, Flawil, Switzerland) and are uncorrected. 

The 1H NMR and 13C NMR spectra of new compounds were recorded in CDCl3, DMSO-

d6, CD3OD or D2O solution at ambient temperature on a Varian S500 spectrometer 

(499.87 MHz for 1H, and 125.71 MHz for 13C) and Varian Mercury VX BB 300 (300 MHz 

for 1H and 75 MHz for 13C). For 1H δ are given in parts per million (ppm) relative to 

CDCl3 (δ = 7.26), DMSO-d6 (δ = 2.50), CD3OD (δ = 3.31) or D2O (δ = 4.79) and for 13C 

relative to CDCl3 (δ = 77.16), DMSO-d6 (δ = 39.52) or CD3OD (δ = 49.00). The coupling 

constants (J) are expressed in Hertz. Spin multiplicities are given as s (singlet), bs 

(broad singlet), d (doublet), dd (doublet of doublets), t (triplet), q (quartet), or m 

(multiplet). The assignment of chemical shifts was based on standard NMR 

experiments (1H, 13C, 1H–1H COSY, 1H–13C HSQC, HMBC). The measurements were 

performed at Faculty of Pharmacy in Hradec Králové by assoc. prof. Jiří Kuneš and his 

group. 

High-resolution mass spectra (HRMS) and uncalibrated purity of the compounds were 

measured by a Dionex UltiMate 3000 analytical LC-MS system coupled with a Q 

Exactive Plus hybrid quadrupole-orbitrap spectrometer (both produced by 

ThermoFisher Scientific, Bremen, Germany). The LC-MS system consisted of a binary 

pump HPG-3400RS connected to a vacuum degasser, a heated column compartment 
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TCC-3000, an autosampler WTS-3000 equipped with a 100μL loop and a VWD-3000 

ultraviolet detector. A Waters Atlantis dC18 (2.1 x 100mm/3µm) column was used as 

the stationary phase. Acetonitrile and water used in the analyses were acidified with 

0.1% (v) of formic acid. Ions for mass spectrometry (MS) were generated by heated 

electro-spray ionization (HESI) working in positive mode, with the following settings: 

sheath gas flow rate 40, aux gas flow rate 10, sweep gas flow rate 2, spray voltage 3.2 

kV, capillary temperature 350°C, aux gas temperature 300°C, S-lens RF level 50. The 

full-scan MS analyses monitored ions within m/z range 100 – 1500, operating on a 

resolution level of 70 000. Compounds were dissolved in methanol and injected into 

the LC-MS system in the volume of 1 µL. Elution was carried out by a linear gradient 

method mixing acetonitrile (with 0.1% (v/v) of formic acid) and water (with 0.1% (v/v) 

of formic acid): 0 – 1 min: 10% acetonitrile, 1 – 4 min: 10% – 100% acetonitrile, 4 – 5 

min: 100% acetonitrile, 5 – 7.5 min: 10% acetonitrile. The flow-rate in the gradient 

elution was set to 0.4 mL/min. The chromatograms and mass spectra were processed 

on Chromeleon 6.80 and Xcalibur 3.0.63 software, respectively. For prediction of 

compounds’ partitioning, a chromatographic column with IAM - Rexchrom 

IAM.PC.DD.2 (150 x 4.6 x 12um 300Å) was used. Elution was carried out isocratically by 

phosphate-buffer-saline (PBS, 10mM, pH = 7.4) and acetonitrile (4:1). The flow-rate 

was 1.1mL/min and detection performed by UV-detector operating at 210nm. The 

measurements were performed at University Hospital in Hradec Králové by Dr. Rafael 

Doležal and his group. 

6.1.2 Synthetic procedures for caffeine derivatives (Scheme 5) 

 Synthesis of 7-benzyl-1,3-dimethyl-2,3,6,7-tetrahydro-1H-purine-2,6-dione and 

analogues (33a-q) 

To a suspension of theophylline (32; 1.0 g, 5.55 mmol) and potassium carbonate (0.86 

g) in DMF (15 mL), the appropriate benzyl bromide, cyclohexylmethyl bromide or (1-

bromoethyl)benzene (6.11 mmol) was added dropwise. The reaction mixture was 

heated at 100 °C for 4 hours. After cooling down, 30 mL of water was added. The 

resulting solid was filtered and washed with water (2 × 30 mL) and diethylether (2 × 30 

mL) and dried under vacuum. 
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33a; 7-benzyl-1,3-dimethyl-2,3,6,7-tetrahydro-1H-purine-2,6-dione (K966). White solid, 

yield 92%. 1H NMR (300 MHz, CDCl3) δ 7.56 (s, 1H), 7.38–7.30 (m, 5H), 5,49 (s, 2H), 3.57 

(s, 3H), 3.40 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 155.22, 151.62, 148.82, 140.81, 135.28, 

129.06, 126.61, 127.92, 106.95, 50.27, 29.74, 27.98. HRMS: m/z [M+H]+ 271.1184 

(calculated for: [C14H15N4O2]+ 271.1189); m.p. 158–159 °C. 

33b; 7-[(4-methoxyphenyl)methyl]-1,3-dimethyl-2,3,6,7-tetrahydro-1H-purine-2,6-

dione (K967). White solid, yield 62%. 1H NMR (500 MHz, CDCl3) δ 7.52 (s, 1H), 7.28 (dd, 

J = 8.8 Hz, J = 2.2 Hz, 2H), 6.87 (dd, J = 8.8 Hz, J = 2.2 Hz, 2H), 5.41 (s, 2H), 3.78 (s, 3H), 

3.59 (s, 3H), 3.39 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 159.77, 155.23, 151.61, 148.84, 

140.57, 129.57, 127.24, 114.38, 106.90, 55.25, 49.87, 29.71, 27.96. HRMS: m/z [M+H]+ 

301.1290 (calculated for: [C15H17N4O3]+ 301.1293); m.p. 155–156 °C. 

33c; 1,3-dimethyl-7-[(4-methylphenyl)methyl]-2,3,6,7-tetrahydro-1H-purine-2,6-dione 

(968). White solid, yield 92%. 1H NMR (500 MHz, CDCl3) δ 7.53 (s, 1H), 7.21 (d, J = 8.1 

Hz, 2H), 7.15 (d, J = 8.0 Hz, 2H), 5.43 (s, 2H), 3.56 (s, 3H), 3.38 (s, 3H), 2.32 (s, 3H). 13C 

NMR (125 MHz, CDCl3) δ 155.35, 151.75, 148.96, 140.87, 138.63, 132.39, 129.83, 

128.11, 107.07, 50.22, 29.84, 28.09, 21.25. HRMS: m/z [M]+ 285.1340 (calculated for: 

[C15H17N4O2]+ 285.1346); m.p. 214–218 °C. 

33d; 7-[(4-chlorophenyl)methyl]-1,3-dimethyl-2,3,6,7-tetrahydro-1H-purine-2,6-dione 

(K969). White solid, yield 64%. 1H NMR (500 MHz, CDCl3) δ 7.59 (s, 1H), 7.35–7.24 (m, 

4H), 5.46 (s, 2H), 3.58 (s, 3H), 3.39 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 155.19, 151.58, 

148.93, 140.70, 134.63, 133,88, 129.26, 106.83, 49.56, 29.753, 27.98. HRMS: m/z 

[M+H]+ 305.0796 (calculated for: [C14H14ClN4O2]+ 305.0800); m.p. 227–231 °C. 

25e; 7-[(3,5-dimethylphenyl)methyl]-1,3-dimethyl-2,3,6,7-tetrahydro-1H-purine-2,6-

dione (K970). White solid, yield 69%. 1H NMR (300 MHz, CDCl3) δ 7.53 (s, 1H), 6.94 (s, 

1H), 6.89 (s, 2H), 5.41 (s, 2H), 3.57 (s, 3H), 3.39 (s, 3H), 2.28 (s, 6H). 13C NMR (75 MHz, 

CDCl3) δ 155.36, 151.79, 148.85, 141.04, 138.86, 135.20, 130.36, 125.75, 107.13, 50.31, 

29.88, 28.12, 21.35. HRMS: m/z [M+H]+ 299.1499 (calculated for: [C16H19N4O2]+ 

299.1503); m.p. 136–138 °C. 
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33f; 1,3-dimethyl-7-{[4-(propan-2-yl)phenyl]methyl}-2,3,6,7-tetrahydro-1H-purine-2,6-

dione (K971). White solid, yield 67%. 1H NMR (300 MHz, CDCl3) δ 7.55 (s, 1H), 7.27–

7.18 (m, 4H), 5.45 (s, 2H), 3.57 (s, 3H), 3.40 (s, 3H), 2.93–2.83 (m, 1H), 1.21 (d, J = 6.9 

Hz, 6H). 13C NMR (75 MHz, CDCl3) δ 155.36, 151.79, 148.85, 141.03, 138.86, 135.20, 

130.36, 125.75, 107.12, 50.31, 33.76, 29.88, 28.12, 21.35. HRMS: m/z [M+H]+ 313.1660 

(calculated for: [C17H21N4O2]+ 313.1659); m.p. 129–131 °C. 

33g; 1,3-dimethyl-7-[(2-methylphenyl)methyl]-2,3,6,7-tetrahydro-1H-purine-2,6-dione 

(K972). White solid, yield 86%. 1H NMR (300 MHz, CDCl3) δ 7.32 (s, 1H), 7.29–7.16 (m, 

3H), 7.06 (d, J = 7.3 Hz, 1H), 5.52 (s, 2H), 3.58 (s, 3H), 3.40 (s, 3H), 2.31 (s, 3H). 13C NMR 

(75 MHz, CDCl3) δ 155.47, 151.76, 148.87, 140.97, 136.55, 132.84, 131.08, 129.08, 

128.73, 126.80, 107.40, 48.65, 29.90, 28.11, 19.10. HRMS: m/z [M+H]+ 285.1346 

(calculated for: [C15H17N4O2]+ 285.1346); m.p. 156–158 °C. 

33h; 4-[(1,3-dimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-7-yl)methyl]benzonitrile 

(K974). White solid, yield 84%. 1H NMR (300 MHz, CDCl3) δ 7.66–7.61 (m, 3H), 7.39 (d, J 

= 8.3 Hz, 2H), 5.54 (s, 2H), 3.57 (s, 3H), 3.35 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 155.22, 

151.63, 149.11, 141.08, 140.77, 132.95, 128.35, 118.30, 112.64, 106.86, 49.74, 29.94, 

28.12. HRMS: m/z [M+H]+ 296.1151 (calculated for: [C15H14N5O2]+ 296.1142); m.p. 250–

252 °C. 

33i; 7-[(4-bromophenyl)methyl]-1,3-dimethyl-2,3,6,7-tetrahydro-1H-purine-2,6-dione 

(K975). White solid, yield 86%. 1H NMR (300 MHz, CDCl3) δ 7.58 (s, 1H), 7.47 (dd, J = 

8.5, 2.1 Hz, 2H), 7.19 (dd, 8.5, 2.1 Hz, 2H), 5.43 (s, 2H), 3.57 (s, 3H), 3.38 (s, 3H). 13C 

NMR (75 MHz, CDCl3) δ 155.31, 151.71, 149.05, 140.85, 134.52, 132.36, 129.68, 

122.88, 106.96, 49.76, 29.92, 28.14. HRMS: m/z [M+H]+ 349.0304 (calculated for: 

[C14H14BrN4O2]+ 349.0295); m.p. 200–204 °C. 

33j; methyl 4-[(1,3-dimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-7-

yl)methyl]benzoate (K976). White solid, yield 81%. 1H NMR (300 MHz, CDCl3) δ 8.00 

(dd, J = 8.3, 1.8 Hz, 2H), 7.61 (s, 1H), 7.34 (d, J = 8.3 Hz, 2H), 5.54 (s, 2H), 3.89 (s, 3H), 

3.57 (s, 3H), 3.37 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 166.50, 155.27, 151.70, 148.99, 

141.03, 140.37, 130.50, 130.45, 127.73, 107.00, 52.36, 49.96, 29.93, 28.12. HRMS: m/z 

[M+H]+ 329.1238 (calculated for: [C16H17N4O4]+ 329.1244); m.p. 190–193 °C. 
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33k; 1,3-dimethyl-7-{[4-(trifluoromethyl)phenyl]methyl}-2,3,6,7-tetrahydro-1H-purine-

2,6-dione (K977). White solid, yield 69%. 1H NMR (300 MHz, CDCl3) δ 7.63 (s, 1H), 7.60 

(d, J = 8.2 Hz, 2H), 7.41 (d, J = 8.1 Hz, 2H), 5.54 (s, 2H), 3.58 (s, 3H), 3.37 (s, 3H). 13C 

NMR (75 MHz, CDCl3) δ 155.29, 151.69, 149.05, 141.00, 139.49, 130.77 (q, J = 32.7 Hz), 

127.97, 126.02 (q, J = 3.7 Hz), 123.72 (q, J = 272.3 Hz), 155.29, 151.69, 149.05, 141.00, 

139.49. HRMS: m/z [M+H]+ 339.1060 (calculated for: [C15H14F3N4O2]+ 339.1063); m.p. 

199–201 °C. 

33l; 1,3-dimethyl-7-{[4-(methylthio)phenyl]methyl}-2,3,6,7-tetrahydro-1H-purine-2,6-

dione (K978). White solid, yield 66%. 1H NMR (300 MHz, CDCl3) δ 7.56 (s, 1H), 7.27–

7.18 (m, 4H), 5.43 (s, 2H), 3.56 (s, 3H), 3.38 (s, 3H), 2.44 (s, 3H). 13C NMR (75 MHz, 

CDCl3) δ 155.32, 151.71, 148.92, 140.77, 139.61, 131.92, 128.64, 126.84, 107.01, 50.03, 

29.91, 28.12, 15.62. HRMS: m/z [M+H]+ 317.1064 (calculated for: [C15H17N4O2S]+ 

317.1067); m.p. 123–125 °C. 

33m 7-[(3-bromophenyl)methyl]-1,3-dimethyl-2,3,6,7-tetrahydro-1H-purine-2,6-dione 

(K979). White solid, yield 64%. 1H NMR (300 MHz, CDCl3) δ 7.59 (s, 1H), 7.47-7.41 (m, 

2H), 7.27–7.19 (m, 2H), 5.46 (s, 2H), 3.58 (s, 3H), 3.39 (s, 3H). 13C NMR (75 MHz, CDCl3) 

δ 155.32, 151.74, 149.01, 140.97, 137.74, 131.91, 130.82, 130.77, 126.61, 123.18, 

106.98, 49.62, 29.94, 28.16. HRMS: m/z [M+H]+ 349.0295 (calculated for: 

[C14H14BrN4O2]+ 349.0295); m.p. 150–151 °C. 

33n; 7-(cyclohexylmethyl)-1,3-dimethyl-2,3,6,7-tetrahydro-1H-purine-2,6-dione (K980). 

White solid, yield 16%. 1H NMR (300 MHz, CDCl3) δ 7.47 (s, 1H), 4.09 (d, J = 7.3 Hz, 2H), 

3.57 (s, 3H), 3.39 (s, 3H), 1.93–1.77 (m, 1H), 1.77–1.55 (m, 4H), 1.30–0.85 (m, 6H). 13C 

NMR (75 MHz, CDCl3) δ 155.29, 151.78, 148.88, 141.40, 107.23, 53.33, 38.74, 30.40, 

29.88, 28.10, 26.24, 25.57. HRMS: m/z [M+H]+ 277.1658 (calculated for: [C14H21N4O2]+ 

277.1659); m.p. 104–105 °C. 

33o; 1,3-dimethyl-7-[(4-nitrophenyl)methyl]-2,3,6,7-tetrahydro-1H-purine-2,6-dione 

(K973). Yellow solid, yield 85%. 1H NMR (300 MHz, CDCl3) δ 8.21 (d, J = 8.7 Hz, 2H), 7.68 

(s, 1H), 7.45 (d, J = 8.7 Hz, 2H), 5.59 (s, 2H), 3.59 (s, 3H), 3.37 (s, 3H). 13C NMR (75 MHz, 

CDCl3) δ 155.26, 151.66, 149.19, 148.07, 142.62, 141.05, 128.54, 124.43, 106.89, 49.55, 
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30.00, 28.16. HRMS: m/z [M+H]+ 316.1038 (calculated for: [C14H14N5O4]+ 316.1040); 

m.p. 232–235 °C. 

33p; 1,3-dimethyl-7-[(3-nitrophenyl)methyl]-2,3,6,7-tetrahydro-1H-purine-2,6-dione 

(K981). White solid, yield 74%. 1H NMR (500 MHz, DMSO) δ 8.34 (s, 1H), 8.24 (t, J = 1.9 

Hz, 1H), 8.17–8.12 (m, 1H), 7.79–7.74 (m, 1H), 7.67–7.61 (m, 1H), 5.61 (s, 2H), 3.40 (s, 

3H), 3.18 (s, 3H). 13C NMR (126 MHz, DMSO) δ 154.59, 151.14, 148.77, 148.02, 142.85, 

139.15, 134.54, 130.47, 123.10, 122.69, 105.94, 48.48, 29.64, 27.74. HRMS: m/z 

316.1037 [M+H]+ (calculated for: [C14H14N5O4]+ 316.1040); m.p. 186–188 °C. 

33q; 1,3-dimethyl-7-(1-phenylethyl)-2,3,6,9-tetrahydro-1H-purine-2,6-dione (K984). 

White solid, yield 60%. 1H NMR (500 MHz, CDCl3) δ 7.61 (s, 1H), 7.41–7.29 (m, 5H), 

6.22 (q, J = 7.1 Hz, 1H), 3.58 (s, 3H), 3.39 (s, 3H), 1.92 (d, J = 7.1 Hz, 3H). 13C NMR (126 

MHz, CDCl3) δ 155.10, 151.55, 148.94, 139.71, 138.79, 128.97, 128.45, 126.53, 106.90, 

56.18, 29.69, 27.98, 21.42. HRMS: m/z 285.1346 [M+H]+ (calculated for: [C15H17N4O2]+ 

285.1346); m.p. 96–100 °C. 

 Synthesis of 7-[(4-aminophenyl)methyl]-1,3-dimethyl-2,3,6,7-tetrahydro-1H-

purine-2,6-dione (34a) and 7-[(3-aminophenyl)methyl]-1,3-dimethyl-2,3,6,7-tetrahydro-

1H-purine-2,6-dione (34b). 

Zinc powder (1.03 g, 15.7 mmol) was added to a solution of 33o or 33p (0.5 g, 1.57 

mmol) in AcOH (20 mL) and stirred at r.t. overnight. The reaction mixture was 

extracted with DCM and water. The combined organic layers were dried over sodium 

sulfate, filtered, and evaporated under reduced pressure. The residue was purified by 

column chromatography using EtOAc/MeOH/Et3N (60:1:0.2) as eluent. 

34a; 7-[(4-aminophenyl)methyl]-1,3-dimethyl-2,3,6,7-tetrahydro-1H-purine-2,6-dione 

(K982). White solid, yield 91%. 1H NMR (500 MHz, DMSO) δ 8.14 (s, 1H), 7.07 (d, J = 8.4 

Hz, 2H), 6.49 (d, J = 8.4 Hz, 2H), 5.25 (s, 2H), 5.09 (s, 2H), 3.39 (s, 3H), 3.21 (s, 3H). 13C 

NMR (126 MHz, DMSO) δ 154.59, 151.14, 148.77, 148.52, 142.16, 129.13, 123.75, 

113.83, 105.88, 49.11, 29.55, 27.71. HRMS: m/z 286.1300 [M+H]+ (calculated for: 

[C14H16N5O2]+ 286.1299); m.p. 180–185 °C. 
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34b; 7-[(3-aminophenyl)methyl]-1,3-dimethyl-2,3,6,7-tetrahydro-1H-purine-2,6-dione 

(K983). White solid, yield 90%. 1H NMR (500 MHz, DMSO) δ 8.17 (s, 1H), 6.94 (t, J = 7.7 

Hz, 1H), 6.42 (m, 3H), 5.32 (s, 2H), 5.07 (bs, 2H), 3.41 (s, 3H), 3.20 (s, 3H). 13C NMR (126 

MHz, DMSO) δ 154.49, 151.16, 149.09, 148.43, 142.72, 137.69, 129.28, 114.63, 113.49, 

112.40, 106.11, 49.32, 29.59, 27.69. HRMS: m/z 286.1296 [M+H]+ (calculated for: 

[C14H16N5O2]+ 286.1299); m.p. 188–192 °C. 

 Synthesis of 2-chloro-N-{4-[(1,3-dimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-

7-yl)methyl]phenyl}acetamide (35). 

To a solution of 34a (2 g, 7.01 mmol) and triethylamine (2.15 mL, 15.4 mmol) in THF 

(10 mL), chloroacetyl chloride (0.61 mL, 7.7 mmol) was added dropwise at 0 °C, and 

the mixture was stirred at r.t. for 12 h. The solvent was then removed under reduced 

pressure, and the solid residue was triturated with a saturated aqueous solution of 

NaHCO3 (30 mL) and filtered. The solid was washed successively with water and dried 

to yield 2.63 g of crude 35. The intermediate of gray color was used for subsequent 

reactions without further purification. 

 Synthesis of N-{4-[(1,3-dimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-7-

yl)methyl]phenyl}-2-(4-methylpiperazin-1-yl)acetamide and analogues (36a-e). 

To a stirred solution of 35 (0.5 g, 1.38 mmol) in THF (10 mL) appropriate secondary 

amine (4.15 mmol) was added dropwise at r.t. The reaction mixture was then heated 

up-to 50 °C and stirred overnight followed by solvent removal. The crude product was 

purified by column chromatography using EtOAc/MeOH/Et3N 60:1:0.2 as eluent. Oily 

residues were then recrystallized from MEOH/diethylether to give beige solids. 

36a; N-{4-[(1,3-dimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-7-yl)methyl]phenyl}-2-

(4-methylpiperazin-1-yl)acetamide (K985). Beige solid, yield 43%. 1H NMR (500 MHz, 

DMSO) δ 9.68 (s, 1H), 8.23 (s, 1H), 7.58–7.55 (m, 2H), 7.30–7.27 (m, 2H), 5.41 (s, 2H), 

3.40 (s, 3H), 3.20 (s, 3H), 3.07 (s, 2H), 2.49 (s, 4H), 2.35 (s, 4H), 2.16 (s, 3H). 13C NMR 

(126 MHz, DMSO) δ 168.72, 154.84, 151.44, 148.91, 142.83, 138.73, 132.21, 128.60, 

119.99, 106.23, 62.18, 54.93, 53.05, 49.14, 46.11, 29.88, 28.00. HRMS: m/z 426.2246 

[M+H]+ (calculated for: [C21H28N7O3]+ 426.2248); m.p. 180–181 °C. 
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36b; N-{4-[(1,3-dimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-7-yl)methyl]phenyl}-2-

(morpholin-4-yl)acetamide (K986). Beige solid, yield 32%. 1H NMR (500 MHz, CDCl3) δ 

7.57 (d, J = 8.6 Hz, 3H), 7.32 (d, J = 8.5 Hz, 2H), 5.45 (d, J = 5.4 Hz, 2H), 3.78–3.75 (m, 

4H), 3.58 (s, 3H), 3.40 (s, 3H), 3.13 (s, 2H), 2.64–2.57 (m, 4H). 13C NMR (126 MHz, 

CDCl3) δ 167.99, 155.19, 151.59, 148.88, 140.67, 137.75, 131.04, 128.90, 119.87, 

106.87, 66.96, 62.37, 53.74, 49.87, 29.72, 27.96. HRMS: m/z 413.1928 [M+H]+ 

(calculated for: [C20H25N6O4]+ 413.1932); m.p. 228–231 °C. 

36c; N-{4-[(1,3-dimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-7-yl)methyl]phenyl}-2-

(piperidin-1-yl)acetamide (K987). Beige solid, yield 26%. 1H NMR (500 MHz, CDCl3) δ 

9.30 (s, 1H), 7.58–7.55 (m, 2H), 7.54 (s, 1H), 7.32–7.29 (m, 2H), 5.44 (s, 2H), 3.56 (s, 

3H), 3.39 (s, 3H), 3.05 (s, 2H), 2.55–2.48 (m, 4H), 1.62 (p, J = 5.6 Hz, 4H), 1.47 (p, J = 5.8 

Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 169.07, 155.19, 151.60, 148.86, 140.67, 138.04, 

130.68, 128.88, 119.79, 106.88, 62.67, 54.85, 49.91, 29.71, 27.95, 26.23, 23.52. HRMS: 

m/z 411.2144 [M+H]+ (calculated for: [C21H27N6O3]+ 411.2139); m.p. 183–186 °C. 

36d; 2-(diethylamino)-N-{4-[(1,3-dimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-7-

yl)methyl]phenyl}acetamide (K988). Beige solid, yield 29%. 1H NMR (500 MHz, CDCl3) δ 

9.46 (s, 1H), 7.60–7.57 (m, 2H), 7.56 (s, 1H), 7.34–7.30 (m, 2H), 5.46 (s, 2H), 3.58 (s, 

3H), 3.41 (s, 3H), 3.14 (s, 2H), 2.64 (q, J = 7.1 Hz, 4H), 1.08 (t, J = 7.1 Hz, 6H). 13C NMR 

(126 MHz, CDCl3) δ 170.25, 155.22, 151.62, 148.88, 140.68, 138.04, 130.67, 128.92, 

119.73, 106.90, 58.01, 49.94, 48.87, 29.73, 27.97, 12.41. HRMS: m/z 399.2139 [M+H]+ 

(calculated for: [C20H27N6O3]+ 399.2139); m.p. 167–172 °C. 

36e; 2-[bis(2-hydroxyethyl)amino]-N-{4-[(1,3-dimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-

purin-7-yl)methyl]phenyl}acetamide (K989). Beige solid, yield 37%. 1H NMR (500 MHz, 

CDCl3) δ 7.75–7.72 (m, 2H), 7.54 (s, 1H), 7.25–7.22 (m, 2H), 5.41 (s, 2H), 3.68–3.64 (m, 

4H), 3.55 (s, 3H), 3.37 (s, 3H), 3.34–3.32 (m, 2H), 2.73 (t, J = 4.9 Hz, 4H). HRMS: m/z 

431.2037 [M+H]+ (calculated for: [C20H27N6O5]+ 431.2037); m.p. 110–112 °C. 
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 Synthesis of 2-chloro-N-{3-[(1,3-dimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-

7-yl)methyl]phenyl}acetamide (37). 

To a solution of 34b (2 g, 7.01 mmol) and triethylamine (2.15 mL, 15.4 mmol) in THF 

(10 mL), chloroacetyl chloride (0.61 mL, 7.7 mmol) was added dropwise at 0 °C, and 

the resulting mixture was stirred at r.t. for 12 h. The solvent was then removed under 

reduced pressure, and the solid residue was triturated with a saturated aqueous 

solution of NaHCO3 (30 mL) and filtered. The solid was washed successively with water 

and dried to yield 2.32 g of crude 37. The intermediate of brown color was used for 

subsequent reactions without further purification. 

 Synthesis of N-{3-[(1,3-dimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-7-

yl)methyl]phenyl}-2-(4-methylpiperazin-1-yl)acetamide (38; K990) 

To a stirred solution of 37 (0.63 g, 1.75 mmol) in THF (10 mL) appropriate secondary 

amine (5.25 mmol) was added dropwise at r.t. The reaction mixture was then heated 

to 50 °C and stirred overnight followed by solvent removal. The crude product was 

purified by column chromatography using EtOAc/MeOH/Et3N 60:1:0.2 as eluent. Oily 

residues were then recrystallized from MeOH/diethylether to give white solid, yield 

25%. 1H NMR (500 MHz, CD3OD) δ 8.04 (s, 1H), 7.60 (s, 1H), 7.54 – 7.48 (m, 1H), 7.30 (t, 

J = 7.9 Hz, 1H), 7.13 – 7.09 (m, 1H), 5.52 (s, 2H), 3.52 (s, 3H), 3.32 (s, 3H), 3.17 (s, 2H), 

2.69 – 2.52 (m, 8H), 2.32 (s, 3H).13C NMR (126 MHz, CD3OD) δ 170.76, 156.43, 153.17, 

150.08, 143.56, 139.73, 138.62, 130.40, 124.60, 120.94, 120.30, 108.03, 62.65, 55.69, 

53.76, 50.79, 45.91, 30.16, 28.29. HRMS: m/z 426.2245 [M+H]+ (calculated for: 

[C21H27N7O3]+ 425.2175); m.p. 162–165 °C. 

6.1.3 Synthetic procedures for quinazolin-4-one series (Scheme 6) 

 Synthesis of 8‐bromo‐2‐sulfanyliden‐1,2,3,4‐tetrahydroquinazolin‐4‐one (40) 

A suspension of 2-amino-3-bromobenzoic acid (39; 1.0 g, 4.63 mmol) and thionyl 

chloride (2.68 mL, 37.0 mmol) was heated at 80 °C. After 2 hours, thionyl chloride was 

evaporated; DCM (20 mL) was added to the residue and also removed (repeated three 

times). Crude acid chloride was subsequently suspended in acetone (10 mL) and added 

dropwise (exothermic reaction, consider cooling when using larger volumes) to a 
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suspension of NH4SCN (0.39 g, 5.1 mmol) in acetone (2 mL). The reaction mixture was 

stirred at r.t. for 45 min, and the solid was collected by filtration over a Büchner funnel. 

This solid was then suspended in an aqueous solution of NaOH (10% w/w; 15 mL) and 

filtered over a Büchner funnel. The alkaline solution was then acidified to pH 2 with 

aqueous 2N HCl, and the resulting solid was again collected via filtration over a 

Büchner funnel. After washing with an H2O/MeOH (50:50 v/v) solution (20 mL) and 

subsequent drying under vacuum at 35 °C, the product was obtained as beige solid 

with yield 62%. 1H NMR (300 MHz, DMSO-d6) δ 12.87 (bs, 1H), 10.76 (bs, 1H), 8.05–

7.93 (m, 2H), 7.23 (t, J = 7.8Hz, 1H). 13C NMR (75 MHz, DMSO-d6) δ 175.10, 159.00, 

138.98, 138.24, 126.86, 125.72, 118.38, 108.14. HRMS: m/z [M+H]+ 256.9375 

(calculated for: [C8H6BrN2OS]+ 256.9379); m.p. > 330 °C. 

 Synthesis of 8-bromo-2-morpholin-4-yl-3,4-dihydroquinazolin-4-one (41). 

To a suspension of 33 (0.65 g, 2.53 mmol) in dioxane (10 mL), morpholine was added 

dropwise (2.2 mL, 25.3 mmol). The mixture was then heated at 105 °C for 3 days. 

Dioxan was evaporated, and DCM (10 mL) was added. The resulting white solid (yield 

66%) was collected via filtration over Büchner funnel and washed with methanol 20 

mL. 1H NMR (300 MHz, DMSO-d6) δ 11.12 (bs, 1H), 7.93–7.87 (m, 2H), 7.02 (t, J = 7.8 

Hz, 1H), 3.70–3.65 (m, 8H). 13C NMR (75 MHz, DMSO-d6) δ 162.95, 151.10, 147.89, 

137.71, 125.87, 122.81, 119.32, 118.56, 65.80, 45.14. HRMS: m/z [M+H]+ 310.0180 

(calculated for: [C12H13BrN3O2S]+ 310.0186); m.p. 303–310 °C. 

 Synthesis of 8-phenyl-2-morpholin-4-yl-3,4-dihydroquinazolin-4-one and 

analogues (42a-l) 

Under argon or nitrogen atmosphere, a 100 mL Schlenk flask containing a magnetic 

stirrer bar was sequentially charged with Pd(OAc)2 (6 mg, 0.016 mmol), XPhos (15 mg, 

0.1 mmol), 41 (0.4 g, 1.29 mmol), arylboronic acid (1.55 mmol), and degassed n-

butanol (20 mL). The mixture was stirred at 25 °C for 15 min, and then a solution of 

a CsOH in water (4.0 mL, 2.19 mmol) was added in one portion to initiate the Suzuki 

reaction. The Schlenk flask was sealed with a septum, and the reaction mixture was 

stirred vigorously at r.t. (50 °C for boronic acid pinacol ester derivatives) for 4-48 h, 

until the equilibrium between the starting compound and products is reached and the 
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reaction is no longer running. After routine work-up (DCM 20mL and H2O 20mL, three 

times) the product was purified via column chromatography with EtOAc/MeOH/Et3N 

(20:1:4) as eluent. Remains of starting material (41) in the product, if any, were 

eliminated through precipitation from MeOH/diethylether. 

42a; 2-(morpholin-4-yl)-8-phenyl-3,4-dihydroquinazolin-4-one (K993). Beige solid, yield 

50%. 1H NMR (500 MHz, CDCl3) δ 8.06 (t, J = 6.8 Hz, 1H), 7.69 (dd, J = 13.9, 7.4 Hz, 3H), 

7.46–7.41 (m, 2H), 7.35 (t, J = 7.3 Hz, 1H), 7.26 (t, J = 7.6 Hz, 1H), 3.85–3.79 (m, 4H), 

3.75–3.68 (m, 4H). 13C NMR (126 MHz, CDCl3) δ 165.75, 149.44, 148.16, 139.05, 

136.79, 135.79, 130.20, 127.59, 126.94, 125.67, 122.66, 117.36, 66.49, 45.28. HRMS: 

m/z [M+H]+ 308.1390 (calculated for: [C18H18N3O2]+ 308.1394); m.p. 243–250 °C. 

42b; 2-(morpholin-4-yl)-8-{8-thiatricyclo[7.4.0.0²,⁷]trideca-1(13),2(7),3,5,9,11-hexaen-

6-yl}-3,4-dihydroquinazolin-4-on (K994). Beige solid, yield 30%. 1H NMR (500 MHz, 

DMSO-d6) δ 11.49 (bs, 1H), 8.38–8.30 (m, 2H), 8.06 (dd, J = 7.9, 1.6 Hz, 1H), 7.95–7.90 

(m, 1H), 7.81 (dd, J = 7.3, 1.6 Hz, 1H), 7.59–7.55 (m, 2H), 7.49–7.47 (m, 2H), 7.28 (t, J = 

7.6 Hz, 1H), 3.50–3.44 (m, 4H), 3.38–3.34 (m, 4H). 13C NMR (126 MHz, DMSO-d6) δ 

163.27, 150.25, 147.77, 139.25, 138.77, 135.42, 135.20, 135.12, 134.72, 134.61, 

129.13, 127.11, 126.57, 124.69, 124.54, 122.82, 122.21, 122.07, 120.85, 117.99, 65.64, 

45.09. HRMS: m/z [M+H]+ 414.1269 (calculated for: [C24H20N3O2S]+ 414.1271); m.p. 

293–300 °C. 

42c; 2-(morpholin-4-yl)-8-(thiophen-3-yl)-3,4-dihydroquinazolin-4-one (K995). Beige 

solid, yield 40%. 1H NMR (500 MHz, DMSO-d6) δ 11.50 (s, 1H), 8.04–8.01 (m, 1H), 7.91 

(dd, J = 7.8, 1.4 Hz, 1H), 7.85 (dd, J = 7.5, 1.4 Hz, 1H), 7.66 (dd, J = 5.0, 0.8 Hz, 1H), 7.54 

(dd, J = 5.0, 3.0 Hz, 1H), 7.19 (t, J = 7.7 Hz, 1H), 3.69–3.64 (m, 4H), 3.61–3.54 (m, 4H). 

13C NMR (126 MHz, DMSO-d6) δ 163.30, 150.65, 147.18, 139.10, 134.17, 130.35, 

129.25, 125.27, 124.73, 124.30, 122.36, 118.21, 65.82, 45.46. HRMS: m/z [M+H]+ 

314.0955 (calculated for: [C16H16N3O2S]+ 314.0958); m.p. 301–304 °C. 

42d; 2-(morpholin-4-yl)-8-(naphthalen-1-yl)-3,4-dihydroquinazolin-4-one (K996). Beige 

solid, yield 60%. 1H NMR (500 MHz, DMSO-d6) δ 11.43 (s, 1H), 8.06 (dd, J = 7.9, 1.5 Hz, 

1H), 7.91 (dd, J = 11.5, 8.3 Hz, 2H), 7.62 (dd, J = 7.2, 1.5 Hz, 1H), 7.56–7.50 (m, 1H), 

7.49–7.41 (m, 2H), 7.41–7.31 (m, 2H), 7.28 (t, J = 7.6 Hz, 1H), 3.40–3.34 (m, 4H), 3.22–
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3.06 (m, 4H). 13C NMR (126 MHz, DMSO-d6) δ 163.41, 150.01, 148.56, 137.85, 136.12, 

135.47, 133.01, 131.86, 128.07, 127.74, 127.53, 126.81, 125.96, 125.52, 125.46, 

125.36, 122.13, 117.64, 65.53, 44.97. HRMS: m/z [M+H]+ 358.1551 (calculated for: 

[C22H20N3O2]+ 358.1550); m.p. 308–315 °C. 

42e; 2-(morpholin-4-yl)-8-(4-phenoxyphenyl)-3,4-dihydroquinazolin-4-one (K997). Beige 

solid, yield 43%. 1H NMR (500 MHz, CDCl3) δ 7.93 (d, J = 7.8 Hz, 1H), 7.67–7.53 (m, 3H), 

7.33 (t, J = 7.8 Hz, 2H), 7.19–7.05 (m, 2H), 6.99 (dd, J = 14.2, 8.1 Hz, 4H), 3.69–3.58 (m, 

4H), 3.58–3.48 (m, 4H). 13C NMR (126 MHz, CDCl3) δ 168.59, 161.83, 160.84, 155.19, 

152.40, 140.22, 139.54, 139.13, 136.46, 134.80, 130.40, 128.30, 127.10, 123.76, 

123.12, 122.58, 70.98, 50.31. HRMS: m/z [M+H]+ 400.1652 (calculated for: 

[C24H22N3O3]+ 400.1656); m.p. 269–273 °C. 

42f; 2-(morpholin-4-yl)-8-{8-oxatricyclo[7.4.0.0²,⁷]trideca-1(13),2(7),3,5,9,11-hexaen-6-

yl}-3,4-dihydroquinazolin-4-one (K998). Beige solid, yield 47%. 1H NMR (500 MHz, 

DMSO-d6) δ 11.43 (s, 1H), 8.13 (dd, J = 18.3, 7.5 Hz, 2H), 8.05 (d, J = 7.8 Hz, 1H), 7.84 (d, 

J = 7.1 Hz, 1H), 7.66–7.58 (m, 2H), 7.51–7.41 (m, 2H), 7.38 (t, J = 7.3 Hz, 1H), 7.30 (t, J = 

7.4 Hz, 1H), 3.49–3.37 (m, 4H), 3.37–3.24 (m, 4H). 13C NMR (126 MHz, DMSO-d6) δ 

163.64, 155.75, 153.89, 150.45, 148.43, 136.20, 131.60, 129.94, 127.84, 126.59, 

124.19, 124.12, 123.92, 123.37, 122.95, 122.41, 121.52, 120.45, 118.15, 111.96, 65.90, 

45.37. HRMS: m/z [M+H]+ 398.1492 (calculated for: [C24H20N3O3]+ 398.1499); m.p. 301–

307 °C. 

42g; 8-(4-methylfenyl)-2-(morpholin-4-yl)-3,4-dihydroquinazolin-4-one (K999). Beige 

solid, yield 40%. 1H NMR (500 MHz, CDCl3) δ 11.93 (s, 1H), 8.12 (dd, J = 7.9, 1.6 Hz, 1H), 

7.77 (dd, J = 7.3, 1.6 Hz, 1H), 7.69–7.64 (m, 2H), 7.35–7.29 (m, 3H), 3.94–3.89 (m, 4H), 

3.84–3.78 (m, 4H), 2.50 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 165.83, 149.41, 148.18, 

136.73, 136.60, 136.07, 135.66, 130.06, 128.35, 125.37, 122.64, 117.35, 66.52, 45.31, 

21.21. HRMS: m/z [M+H]+ 322.1549 (calculated for: [C19H20N3O2]+ 322.1550); m.p. 271–

280 °C. 

42h; 8-{[1,1'-biphenyl]-3-yl}-2-(morpholin-4-yl)-3,4-dihydroquinazolin-4-one (K1000). 

Beige solid, yield 69%. 1H NMR (500 MHz, CDCl3) δ 11.82 (s, 1H), 8.10 (dd, J = 7.9, 1.5 

Hz, 1H), 7.98 (t, J = 1.7 Hz, 1H), 7.79 (dd, J = 7.3, 1.5 Hz, 1H), 7.67 (dd, J = 8.0, 6.8 Hz, 
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3H), 7.62 (d, J = 7.8 Hz, 1H), 7.52 (t, J = 7.7 Hz, 1H), 7.47 (dd, J = 10.6, 4.8 Hz, 2H), 7.37 

(t, J = 7.4 Hz, 1H), 7.29 (dd, J = 12.5, 4.9 Hz, 1H), 3.82–3.78 (m, 4H), 3.78–3.73 (m, 4H). 

13C NMR (126 MHz, CDCl3) δ 165.77, 149.39, 148.25, 141.22, 140.43, 139.39, 136.54, 

135.78, 129.36, 129.08, 128.70, 128.08, 127.20, 127.00, 125.81, 125.66, 122.65, 

117.35, 66.47, 45.25. HRMS: m/z [M+H]+ 384.1700 (calculated for: [C24H22N3O2]+ 

384.1707); m.p. 249–252 °C. 

42i; 8-(4-tert-butylphenyl)-2-(morpholin-4-yl)-3,4-dihydroquinazolin-4-one (K1001). 

Beige solid, yield 56%. 1H NMR (500 MHz, CDCl3) δ 11.82 (bs, 1H), 8.06 (dd, J = 7.8, 1.4 

Hz, 1H), 7.73 (dd, J = 7.3, 1.4 Hz, 1H), 7.68 (d, J = 8.2 Hz, 2H), 7.47 (d, J = 8.3 Hz, 2H), 

7.26 (t, J = 7.6 Hz, 1H), 3.89–3.84 (m, 4H), 3.78–3.74 (m, 4H), 1.40 (s, 9H). 13C NMR (126 

MHz, CDCl3) δ 165.81, 149.89, 149.42, 148.17, 136.49, 135.95, 135.80, 129.86, 125.40, 

124.57, 122.69, 117.38, 66.55, 45.34, 34.55, 31.40. HRMS: m/z [M+H]+ 364.2017 

(calculated for: [C22H26N3O2]+ 364.2020); m.p. 262–270 °C. 

42j; 8-(7-chloroquinolin-4-yl)-2-(morpholin-4-yl)-3,4-dihydroquinazolin-4-one (K1004). 

Beige solid, yield 33%. 1H NMR (500 MHz, DMSO-d6) δ 11.49 (s, 1H), 8.96 (d, J = 4.4 Hz, 

1H), 8.12–8.09 (m, 2H), 7.68 (dd, J = 7.3, 1.6 Hz, 1H), 7.53 (s, 1H), 7.51 (d, J = 2.2 Hz, 

1H), 7.47 (d, J = 4.4 Hz, 1H), 7.32 (t, J = 7.6 Hz, 1H), 3.43–3.39 (m, 4H), 3.25–3.10 (m, 

4H). 13C NMR (126 MHz, DMSO-d6) δ 163.40, 151.71, 148.47, 148.44, 146.94, 136.09, 

133.94, 132.36, 129.80, 129.63, 128.07, 127.47, 126.96, 126.01, 123.34, 122.47, 

115.66, 65.81, 45.23. HRMS: m/z [M+H]+ 393.1111 (calculated for: [C21H18ClN4O2]+ 

393.1113); m.p. > 330 °C. 

42k; 8-(5-methyl-1H-indol-3-yl)-2-(morpholin-4-yl)-3,4-dihydroquinazolin-4-on (K1003). 

Beige solid, 62%. 1H NMR (500 MHz, DMSO-d6) δ 11.47 (s, 1H), 11.16 (s, 1H), 7.88 (dd, J 

= 7.4, 1.7 Hz, 1H), 7.85 (dd, J = 7.9, 1.6 Hz, 1H), 7.81 (d, J = 2.6 Hz, 1H), 7.50 (s, 1H), 7.31 

(d, J = 8.2 Hz, 1H), 7.25 (t, J = 7.6 Hz, 1H), 6.94 (dd, J = 8.3, 1.6 Hz, 1H), 3.65–3.62 (m, 

4H), 3.56–3.52 (m, 4H), 2.38 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 149.50, 141.33, 

138.40, 135.77, 133.72, 131.70, 125.79, 124.97, 124.51, 122.96, 122.74, 122.64, 

120.38, 118.42, 117.47, 116.49, 66.49, 45.30, 24.86. HRMS: m/z [M+H]+ 361.1657 

(calculated for: [C21H21N4O2]+ 361.1659); m.p. 298–306 °C. 
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42l; 2-(morpholin-4-yl)-8-(4-nitrophenyl)-3,4-dihydroquinazolin-4-one. The yellow 

product was used for subsequent reaction without purification and spectral 

characterization. 

 Synthesis of 8-(aminophenyl-4-yl)-2-morpholino-3,4-dihydroquinazolin-4-one 

(43; K1002).  

Zinc powder (1.69 g, 25.8 mmol) was added to 42l (0.9 g, 2.58 mmol) in AcOH (20 mL) 

and stirred at r.t. overnight. The reaction mixture was then extracted with DCM and 

water. The combined organic layers were dried over sodium sulfate, filtered, and 

evaporated under reduced pressure. The residue was purified by column 

chromatography using DCM/MeOH (9:1) as eluent. After evaporation, the product 

(yield 95%) was obtained as a white solid. 1H NMR (500 MHz, DMSO-d6) δ 11.42 (bs, 

1H), 7.84 (dd, J = 7.8, 1.6 Hz, 1H), 7.55 (dd, J = 7.4, 1.6 Hz, 1H), 7.37 (d, J = 8.5 Hz, 2H), 

7.15 (dd, J = 13.6, 6.0 Hz, 1H), 6.58 (dd, J = 6.4, 4.6 Hz, 2H), 3.66–3.61 (m, 4H), 3.56–

3.50 (m, 4H). 13C NMR (126 MHz, DMSO-d6) δ 163.55, 150.05, 147.76, 147.16, 136.55, 

134.00, 130.79, 126.42, 124.08, 122.43, 118.03, 113.27, 65.81, 45.37. HRMS: m/z 

[M+H]+ 323.1500 (calculated for: [C18H19N4O2]+ 323.1503); m.p. 213–220 °C. 

 Synthesis of 2-chloro-N-{4-[2-(morpholin-4-yl)-4-oxo-3,4-dihydroquinazolin-8-

yl]phenyl}acetamide (44).  

To a suspension of 43 (0.8 g, 2.48 mmol) and triethylamine (0.83 mL, 5.95 mmol) in 

THF (15 mL) at 0 °C chloroacetyl chloride (0.24 mL, 2.98 mmol) was added dropwise for 

30 min. The reaction mixture was allowed to reach r.t. and stirred overnight. The 

solvent was evaporated, and the mixture was charged with a saturated aqueous 

solution of NaHCO3. Resulting solid was filtered, washed by H2O/MeOH (50:50 v/v) 

solution (20 mL) and diethylether (20 mL) and dried under reduced pressure. Brown 

solid was used for subsequent reaction without further purification or detailed 

characterization. 1H NMR (500 MHz, DMSO-d6) δ 11.47 (s, 1H), 10.36 (s, 1H), 7.93 (dd, J 

= 7.9, 1.6 Hz, 1H), 7.66 – 7.63 (m, 5H), 7.22 (t, J = 7.6 Hz, 1H), 4.26 (d, J = 2.5 Hz, 2H), 

3.67 – 3.60 (m, 4H), 3.54 – 3.51 (m, 4H). 13C NMR (126 MHz, DMSO-d6) δ 164.74, 

163.33, 150.33, 147.28, 137.40, 135.29, 134.81, 134.56, 130.55, 125.43, 122.40, 

118.62, 118.05, 65.78, 45.31, 43.78. 
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 Synthesis of 2-(4-methylpiperazin-1-yl)-N-{4-[2-(morpholin-4-yl)-4-oxo-3,4-

dihydroquinazolin-8-yl]phenyl}acetamide and analogues (45a-e). 

Appropriate secondary amines (2.25 mmol) were added slowly to a suspension of 37 

(0.3 g, 0.75 mmol) in THF (10 mL). After the addition, a reaction mixture was stirred at 

50 °C for 48 hours. The solvent was evaporated, and mixture was purified by column 

chromatography with EtOAc/petrolether (3:1) as eluent. Pure products were obtained 

by subsequent precipitation from MeOH/diethylether. 

45a 2-(4-methylpiperazin-1-yl)-N-{4-[2-(morpholin-4-yl)-4-oxo-3,4-dihydroquinazolin-8-

yl]phenyl}acetamide (K1005). White solid, yield 43%. 1H NMR (500 MHz, CDCl3) δ 11.71 

(s, 1H), 9.22 (s, 1H), 8.05 (dd, J = 8.2, 1.5 Hz, 1H), 7.71 – 7.64 (m, 5H), 7.25 (d, J = 7.6 Hz, 

1H), 3.88 – 3.81 (m, 4H), 3.76 – 3.71 (m, 4H), 3.19 (s, 2H), 2.70 (s, 4H), 2.49 (s, 4H), 2.36 

(s, 3H). 13C NMR (126 MHz, CDCl3) δ 168.33, 165.62, 149.44, 148.11, 136.52, 136.09, 

135.60, 134.98, 130.80, 125.56, 122.67, 118.48, 117.41, 66.50, 61.92, 55.25, 53.43, 

45.97, 45.29. HRMS: m/z [M+H]+ 463.2448 (calculated for: [C25H31N6O3]+ 463.2452); 

m.p. 237–241 °C. 

45b; 2-(morpholin-4-yl)-N-{4-[2-(morpholin-4-yl)-4-oxo-3,4-dihydroquinazolin-8-

yl]fenyl}acetamide (K1006). Beige solid, yield 42%. 1H NMR (500 MHz, CDCl3) δ 11.73 

(s, 1H), 9.15 (s, 1H), 8.06 (dd, J = 8.0, 1.6 Hz, 1H), 7.71 – 7.63 (m, 5H), 7.26 (t, J = 7.5 Hz, 

1H), 3.88 – 3.78 (m, 8H), 3.77 – 3.69 (m, 4H), 3.20 (s, 2H), 2.71 – 2.63 (m, 4H). 13C NMR 

(126 MHz, CDCl3) δ 167.93, 165.65, 149.46, 148.10, 136.36, 136.01, 135.59, 135.11, 

130.82, 125.58, 122.66, 118.54, 117.40, 67.03, 66.48, 62.51, 53.80, 45.28. HRMS: m/z 

[M+H]+ 450.2134 (calculated for: [C24H28N5O4]+ 450.2136); m.p. 270–274 °C. 

45c; N-{4-[2-(morpholin-4-yl)-4-oxo-3,4-dihydroquinazolin-8-yl]phenyl}-2-(piperidin-1-

yl)acetamide (K1007). Beige solid, yield 56%. 1H NMR (500 MHz, CDCl3) δ 11.47 (bs, 

1H), 9.70 (s, 1H), 7.93 (dd, J = 7.9, 1.6 Hz, 1H), 7.71–7.58 (m, 5H), 7.22 (t, J = 7.6 Hz, 

1H), 3.67–3.59 (m, 4H), 3.54–3.50 (m, 4H), 3.08 (s, 2H), 2.49–2.45 (m, 4H), 1.62–1.55 

(m, 4H), 1.45–1.37 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 170.21, 163.15, 136.77, 

135.90, 135.87, 131.24, 131.13, 126.19, 123.35, 123.30, 119.95, 119.88, 118.32, 66.89, 

66.43, 45.87, 44.87, 21.94, 21.23. HRMS: m/z [M+H]+ 448.2339 (calculated for: 

[C25H30N5O3]+ 488.2343); m.p. 237–241 °C. 
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45d; 2-(diethylamino)-N-{4-[2-(morpholin-4-yl)-4-oxo-3,4-dihydroquinazolin-8-

yl]phenyl}acetamide (K1008). Beige solid, yield 50%. 1H NMR (500 MHz, CDCl3) δ 12.85 

(s, 1H), 8.05 (dd, J = 8.0, 1.7 Hz, 1H), 7.73–7.64 (m, 5H), 7.24 (t, J = 7.7 Hz, 1H), 3.97 (s, 

2H), 3.86–3.80 (m, 4H), 3.74–3.68 (m, 4H), 3.51–3.43 (m, 4H), 1.40 (t, J = 7.2 Hz, 6H). 

13C NMR (126 MHz, CDCl3) δ 165.61, 162.26, 149.46, 148.07, 136.57, 136.14, 135.53, 

135.07, 130.71, 125.53, 122.67, 119.25, 117.44, 66.49, 61.25, 45.29, 8.83. HRMS: m/z 

[M+H]+ 436.2342 (calculated for: [C24H30N5O3]+ 436.2343); m.p. 225–229 °C. 

45e; 2-[bis(2-hydroxyethyl)amino]-N-{4-[2-(morpholin-4-yl)-4-oxo-3,4-

dihydroquinazolin-8-yl]phenyl}acetamide (K1009). Beige solid, yield 51%. 1H NMR (500 

MHz, CDCl3/Methanol-d) δ 8.05 (dd, J = 8.0, 1.6 Hz, 1H), 7.73 – 7.60 (m, 5H), 7.21 (t, J = 

7.6 Hz, 1H), 3.79 – 3.75 (m, 4H), 3.75 – 3.71 (m, 4H), 3.58 – 3.49 (m, 6H), 2.88 – 2.84 

(m, 4H). 13C NMR (126 MHz, CDCl3) δ 165.40, 150.28, 148.36, 137.05, 136.69, 136.15, 

135.89, 131.17, 126.14, 123.27, 119.78, 118.31, 66.84, 59.58, 59.25, 57.54, 45.86. 

HRMS: m/z [M+H]+ 468.2242 (calculated for: [C24H30N5O5]+ 468.2241); m.p. 202–208 

°C. 

6.1.4 Synthetic procedures for purin-6-one and pyrrolo[2,3‐d]pyrimidin-4-one 

series (Scheme 7) 

 Synthesis of 9‐benzyl‐2,6‐dichloro‐9H‐purine and analogues (47a-h) a 7‐benzyl‐

2,6‐dichloro‐9H‐purine and analogues (50a-h) 

A suspension of 2,6-dichloro-9H-purine (46; 1 g, 5.29 mmol), K2CO3 (0.88 g, 6.35 mmol) 

in DMF (10 mL) was under inert atmosphere stirred at r.t. After 30 min, appropriate 

benzyl bromide or (1-bromoethyl)benzene (both 5.82 mmol) was added and the 

reaction mixture was kept stirring overnight. Next day, 100 mL of water was added to 

the reaction mixture, and the suspension was three times extracted with 100 mL of 

ethyl acetate, dried over sodium sulfate, filtered and evaporated. The single analogues 

47a-h and 50a-h were separated via column chromatography with petrolether/EtOAc 

4:1 as eluent. The 9- substituted derivatives were major products with higher Rf. 

47a; 9‐benzyl‐2,6‐dichloro‐9H‐purine. White solid, yield 58%. 1H NMR (500 MHz, CDCl3) 

δ 8.06 (s, 1H), 7.40–7.37 (m, 3H), 7.33–7.30 (m, 2H), 5.42 (s, 2H).13C NMR (126 MHz, 
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CDCl3) δ 153.15, 153.12, 151.83, 145.49, 133.95, 130.61, 129.33, 129.03, 128.04, 48.00. 

HRMS: m/z [M+H]+ 279.0197 (calculated for: [C12H9Cl2N4]+ 279.0199); m.p. 141–147 °C. 

50a; 7‐benzyl‐2,6‐dichloro‐9H‐purine. White solid, yield 20%. 1H NMR (500 MHz, CDCl3) 

δ 8.25 (s, 1H), 7.43–7.37 (m, 3H), 7.20–7.16 (m, 2H), 5.67 (s, 2H).13C NMR (126 MHz, 

CDCl3) δ 163.60, 153.30, 150.35, 143.91, 134.09, 129.43, 129.06, 127.04, 121.73, 50.88. 

HRMS: m/z [M+H]+ 279.0198 (calculated for: [C12H9Cl2N4]+ 279.0199); m.p. 144–146 °C. 

47b; 2,6-Dichloro-9-(3,4-dichlorophenylmethyl)-9H-purine. White solid, yield 61%. 1H 

NMR (500 MHz, CDCl3) δ 8.10 (s, 1H), 7.48 (d, J = 8.2 Hz, 1H), 7.42 (d, J = 2.2 Hz, 1H), 

7.17 (dd, J = 8.3, 2.2 Hz, 1H), 5.39 (s, 2H).13C NMR (126 MHz, CDCl3) δ 153.47, 152.97, 

152.22, 145.08, 134.07, 133.63, 133.57, 131.37, 130.63, 129.89, 127.18, 46.78. HRMS: 

m/z [M+H]+ 348.9385 (calculated for: [C12H7Cl4N4]+ 346.9419); m.p. 170–177 °C. 

50b; 2,6-Dichloro-7-(3,4-dichlorophenylmethyl)-9H-purine. White solid, yield 17%. 1H 

NMR (500 MHz, CDCl3) δ 8.30 (s, 1H), 7.48 (d, J = 8.3 Hz, 1H), 7.27 (s, 1H), 6.98 (dd, J = 

8.3, 2.2 Hz, 1H), 5.64 (s, 2H).13C NMR (126 MHz, CDCl3) δ 163.65, 153.74, 150.20, 

143.82, 134.47, 133.89, 133.58, 131.49, 128.78, 125.95, 121.52, 49.62. HRMS: m/z 

[M+H]+ 348.9303 (calculated for: [C12H7Cl4N4]+ 346.9419); m.p. 176–184 °C. 

47c; 2,6-Dichloro-9-(4-isopropylphenylmethyl)-9H-purine. White solid, yield 54%. 1H 

NMR (500 MHz, CDCl3) δ 8.06 (s, 1H), 7.25–7.24 (m, 4H), 5.38 (s, 2H), 2.91 (p, J = 6.9 

Hz, 1H), 1.24 (d, J = 6.9 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 153.07, 151.74, 149.97, 

145.57, 131.26, 130.62, 128.17, 127.92, 127.38, 47.81, 33.81, 23.80. HRMS: m/z 

[M+H]+ 321.0665 (calculated for: [C15H15Cl2N4]+ 321.0668); m.p. 81–84 °C. 

50c; 2,6-Dichloro-7-(4-isopropylphenylmethyl)-7H-purine. White solid, yield 25%. 1H 

NMR (500 MHz, CDCl3) δ 8.22 (s, 1H), 7.28–7.23 (m, 2H), 7.14–7.10 (m, 2H), 5.63 (s, 

2H), 2.92 (p, J = 6.9 Hz, 1H), 1.24 (d, J = 6.9 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 

163.61, 153.21, 150.31, 150.08, 143.91, 131.27, 127.49, 127.31, 121.74, 50.75, 33.80, 

23.80. HRMS: m/z [M+H]+ 321.0665 (calculated for: [C15H15Cl2N4]+ 321.0668); m.p. 

111–120 °C. 

47d; 2,6-Dichloro-9-(4-chlorophenylmethyl)-9H-purine. White solid, yield 52%. 1H NMR 

(500 MHz, CDCl3) δ 8.07 (s, 1H), 7.39–7.35 (m, 2H), 7.29–7.25 (m, 2H), 5.40 (s, 2H). 13C 
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NMR (126 MHz, CDCl3) δ 153.30, 153.03, 152.03, 145.23, 135.18, 132.45, 130.63, 

129.57, 129.40, 47.32. HRMS: m/z [M+H]+ 312.9805 (calculated for: [C12H8Cl3N4]+ 

312.9809); m.p. 155–159 °C. 

50d; 2,6-Dichloro-7-(4-chlorophenylmethyl)-7H-purine. White solid, yield 20%. 1H NMR 

(500 MHz, CDCl3) δ 8.27 (s, 1H), 7.41–7.34 (m, 2H), 7.14–7.08 (m, 2H), 5.66 (s, 2H). 13C 

NMR (126 MHz, CDCl3) δ 163.60, 153.45, 150.26, 143.84, 135.13, 132.71, 129.65, 

128.28, 121.60, 50.18. HRMS: m/z [M+H]+ 312.9803 (calculated for: [C12H8Cl3N4]+ 

312.9809); m.p. 188–190 °C. 

47e; 2,6-dichloro-9-(4-methoxybenzyl)-9H-purine. White solid, yield 54%. 1H NMR (500 

MHz, CDCl3) δ 8.03 (s, 1H), 7.30–7.26 (m, 2H), 6.92–6.88 (m, 2H), 5.34 (s, 2H), 3.81 (s, 

3H). 13C NMR (126 MHz, CDCl3) δ 160.07, 153.04, 151.72, 145.43, 129.70, 129.41, 

125.83, 114.66, 114.32, 55.32, 47.64. HRMS: m/z [M+H]+ 309.0304 (calculated for: 

[C13H11Cl2N4O]+ 309.0304); m.p. 124–128 °C. 

50e; 2,6-dichloro-7-(4-methoxybenzyl)-7H-purine. White solid, yield 34%. 1H NMR (500 

MHz, CDCl3) δ 8.19 (s, 1H), 7.18–7.13 (m, 2H), 6.94–6.89 (m, 2H), 5.60 (s, 2H), 3.81 (s, 

3H). 13C NMR (126 MHz, CDCl3) δ 163.63, 160.11, 153.17, 150.15, 143.86, 128.89, 

125.66, 121.70, 114.79, 55.35, 50.59. HRMS: m/z [M+H]+ 309.0299 (calculated for: 

[C13H11Cl2N4O]+ 309.0304); m.p. 143–145 °C. 

47f; 2,6-dichloro-9-(3-methoxybenzyl)-9H-purine. White solid, yield 52%. 1H NMR (500 

MHz, CDCl3) δ 8.06 (s, 1H), 7.30 (t, J = 7.9 Hz, 1H), 6.91–6.83 (m, 3H), 5.38 (s, 2H), 3.79 

(s, 3H). 13C NMR (126 MHz, CDCl3) δ 160.17, 153.10, 151.81, 145.53, 138.33, 135.34, 

130.60, 130.44, 120.12, 114.16, 113.96, 55.29, 47.93. HRMS: m/z [M+H]+ 309.0298 

(calculated for: [C13H11Cl2N4O]+ 309.0304); m.p. 121–128 °C. 

50f; 2,6-dichloro-7-(3-methoxybenzyl)-7H-purine. White solid, yield 20%. 1H NMR (500 

MHz, CDCl3) δ 8.24 (s, 1H), 7.32 (t, J = 7.9 Hz, 1H), 6.91 (dd, 1H), 6.76–6.71 (m, 1H), 

6.70 (t, J = 2.1 Hz, 1H), 5.63 (s, 2H), 3.79 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 163.62, 

160.34, 153.35, 150.33, 143.93, 135.57, 130.62, 121.75, 119.12, 113.93, 113.20, 55.32, 

50.80. HRMS: m/z [M+H]+ 309.0299 (calculated for: [C13H11Cl2N4O]+ 309.0304); m.p. 

111–117 °C. 
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47g; 2,6-dichloro-9-(naphthalen-2-ylmethyl)-9H-purine. White solid, yield 60%. 1H NMR 

(500 MHz, CDCl3) δ 8.10 (s, 1H), 7.89–7.81 (m, 3H), 7.78 (s, 1H), 7.56–7.52 (m, 2H), 7.38 

(dd, J = 8.5, 1.9 Hz, 1H), 5.58 (s, 2H). 13C NMR (126 MHz, CDCl3) δ 153.26, 153.22, 

151.95, 145.59, 133.22, 133.19, 131.27, 130.69, 129.53, 127.90, 127.83, 127.45, 

126.98, 126.96, 125.10, 48.21. HRMS: m/z [M+H]+ 329.0346 (calculated for: 

[C16H11Cl2N4]+ 329.0355); m.p. 138–142 °C. 

50g; 2,6-dichloro-7-(naphthalen-2-ylmethyl)-7H-purine. White solid, yield 11%. 1H NMR 

(500 MHz, CDCl3) δ 8.30 (s, 1H), 7.90–7.83 (m, 2H), 7.80–7.75 (m, 1H), 7.58–7.50 (m, 

3H), 7.29 (dd, J = 8.5, 1.9 Hz, 1H), 5.82 (s, 2H). 13C NMR (126 MHz, CDCl3) δ 163.68, 

153.38, 150.48, 143.98, 133.20, 131.48, 129.60, 127.88, 127.84, 127.08, 127.02, 

126.42, 126.37, 124.13, 121.83, 51.07. HRMS: m/z [M+H]+ 329.0347 (calculated for: 

[C16H11Cl2N4]+ 329.0355); m.p. 139–145 °C. 

47h; 2,6-dichloro-9-(1-phenylethyl)-9H-purine. White amorphous compound, yield 

58%. 1H NMR (500 MHz, CDCl3) δ 8.06 (s, 1H), 7.43–7.33 (m, 5H), 6.03–5.89 (m, 1H), 

2.02 (d, J = 7.2 Hz, 3H). Due to the low solubility of this compound, there was only 1H 

spectrum measured. HRMS: not measured, the compound probably decomposed 

during the process; m.p. – compound is amorphous. 

50h; 2,6-dichloro-7-(1-phenylethyl)-7H-purine. White amorphous compound, yield 

19%. 1H NMR (500 MHz, CDCl3) δ 8.33 (s, 1H), 7.44–7.34 (m, 3H), 7.21–7.18 (m, 2H), 

6.25 (q, J = 7.1 Hz, 1H), 2.04 (d, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 163.68, 

153.16, 148.14, 143.83, 139.00, 129.38, 128.94, 126.05, 121.53, 57.03, 22.28. Due to 

the low solubility of this compound, there was only 1H spectrum measured. HRMS: not 

measured, the compound probably decomposed during the process; m.p. – compound 

is amorphous. 

 Synthesis of 9‐benzyl‐2‐chloro‐6,9‐dihydro‐1H‐purin‐6‐one and analogues (48a-

h) and 7‐benzyl‐2‐chloro‐6,7‐dihydro‐1H‐purin‐6‐one and analogues (51a-h) 

A suspension of 9‐benzyl‐2,6‐dichloro‐9H‐purine (47a; 0.20 g, 0.716 mmol) or its 

analogues was heated at 100 °C in 20 mL of a 1M solution of NaOH. After 24 hours the 
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solution was neutralized with 2N HCl to pH 3-4, resulting in the precipitation of a white 

solid. This solid was filtered, washed with water (20 mL) and dried. 

48a; 9‐benzyl‐2‐chloro‐6,9‐dihydro‐1H‐purin‐6‐one. White solid, yield 59%. 1H NMR 

(500 MHz, DMSO-d6) δ 13.30 (bs, 1H), 8.21 (s, 1H), 7.37–7.32 (m, 2H), 7.31–7.25 (m, 

3H), 5.34 (s, 2H). 13C NMR (126 MHz, DMSO-d6) δ 157.20, 148.17, 143.84, 141.02, 

136.60, 128.94, 128.07, 127.57, 122.78, 46.75. HRMS: m/z [M+H]+ 261.0534 

(calculated for: [C12H10ClN4O]+ 261.0538); m.p. 230–240 °C. 

51a; 7-benzyl-2-chloro-6,7-dihydro-1H-purin-6-one. White solid, yield 92%. 1H NMR 

(500 MHz, DMSO-d6) δ 13.32 (bs, 1H), 8.42 (s, 1H), 7.34–7.32 (m, 5H), 5.53 (s, 2H). 13C 

NMR (126 MHz, DMSO-d6) δ 156.76, 154.78, 144.68, 142.32, 137.23, 128.88, 128.10, 

127.69, 113.73, 49.43. HRMS: m/z [M+H]+ 261.0535 (calculated for: [C12H10ClN4O]+ 

261.0538); m.p. 255–262 °C. 

48b; 2-chloro-9-[(3,4-dichlorophenyl)methyl]-6,9-dihydro-1H-purin-6-one. White solid, 

yield 43%. 1H NMR (500 MHz, DMSO-d6) δ 13.27 (bs, 1H), 8.21 (s, 1H), 7.64–7.58 (m, 

2H), 7.23 (dd, J = 8.3, 2.1 Hz, 1H), 5.35 (s, 2H). 13C NMR (126 MHz, DMSO-d6) δ 157.68, 

148.48, 144.56, 141.18, 137.87, 131.74, 131.43, 131.11, 130.15, 128.35, 123.16, 45.86. 

HRMS: m/z [M+H]+ 328.9755 (calculated for: [C12H8Cl3N4O]+ 328.9758); m.p. 228–233 

°C. 

51b; 2-chloro-7-[(3,4-dichlorophenyl)methyl]-6,7-dihydro-1H-purin-6-one. White solid, 

yield 90%. 1H NMR (500 MHz, DMSO-d6) δ 8.46 (s, 1H), 7.67 (d, J = 2.0 Hz, 1H), 7.61 (d, 

J = 8.3 Hz, 1H), 7.31 (dd, J = 8.4, 2.1 Hz, 1H), 5.52 (s, 2H). 13C NMR (126 MHz, DMSO-d6) 

δ 156.87, 154.78, 144.73, 142.48, 138.15, 131.35, 131.12, 130.87, 130.07, 128.25, 

113.68, 48.29. HRMS: m/z [M+H]+ 328.9752 (calculated for: [C12H8Cl3N4O]+ 328.9758); 

m.p. 248–256 °C. 

48c; 2-chloro-9-{[4-(propan-2-yl)phenyl]methyl}-6,9-dihydro-1H-purin-6-one. White 

solid, yield 54%. 1H NMR (500 MHz, DMSO-d6) δ 8.00 (s, 1H), 7.23–7.15 (m, 4H), 5.22 

(s, 2H), 2.83 (p, J = 6.9 Hz, 1H), 1.15 (d, J = 6.8 Hz, 6H). 13C NMR (126 MHz, DMSO-d6) δ 

149.20, 148.11, 139.38, 134.57, 127.97, 127.55, 126.77, 126.46, 123.01, 46.15, 33.28, 
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23.98. HRMS: m/z [M+H]+ 303.1002 (calculated for: [C15H16ClN4O]+ 303.1007); m.p. 

224–228 °C. 

51c; 2-chloro-7-{[4-(propan-2-yl)phenyl]methyl}-6,7-dihydro-1H-purin-6-one. White 

solid, yield 95%. 1H NMR (500 MHz, DMSO-d6) δ 13.30 (bs, 1H), 8.40 (s, 1H), 7.29–7.15 

(m, 4H), 5.48 (s, 2H), 2.82 (p, J = 6.9 Hz, 1H), 1.13 (d, J = 6.9 Hz, 6H). 13C NMR (126 MHz, 

DMSO-d6) δ 156.78, 154.82, 148.35, 144.60, 142.30, 134.68, 127.79, 126.79, 113.69, 

49.19, 33.28, 23.94. HRMS: m/z [M+H]+ 303.1002 (calculated for: [C15H16ClN4O]+ 

303.1007); m.p. 237–243 °C. 

48d; 2-chloro-9-[(4-chlorophenyl)methyl]-6,9-dihydro-1H-purin-6-one. White solid, 

yield 84%. 1H NMR (500 MHz, DMSO-d6) δ 8.07 (s, 1H), 7.40 (d, J = 8.4 Hz, 2H), 7.28 (d, 

J = 8.2 Hz, 2H), 5.29 (s, 2H). 13C NMR (126 MHz, DMSO-d6) δ 160.09, 148.94, 139.79, 

135.98, 132.60, 129.57, 129.46, 128.85, 123.00, 45.80. HRMS: m/z [M+H]+ 295.0147 

(calculated for: [C12H9Cl2N4O]+ 295.0148); m.p. 207–213 °C. 

51d; 2-chloro-7-[(4-chlorophenyl)methyl]-6,7-dihydro-1H-purin-6-one. White solid, 

yield 95%. 1H NMR (500 MHz, DMSO-d6) δ 13.32 (bs, 1H), 8.42 (s, 1H), 7.42–7.38 (m, 

2H), 7.37–7.32 (m, 2H), 5.52 (s, 2H). 13C NMR (126 MHz, DMSO-d6) δ 156.85, 154.75, 

144.67, 142.38, 136.19, 132.79, 129.66, 128.86, 113.70, 48.75. HRMS: m/z [M+H]+ 

295.0147 (calculated for: [C12H9Cl2N4O]+ 295.0148); m.p. 265–270 °C. 

48e; 2-chloro-9-(4-methoxybenzyl)-6,9-dihydro-1H-purin-6-one. White solid, yield 85%. 

1H NMR (500 MHz, DMSO-d6) δ 8.14 (s, 1H), 7.25 (d, J = 8.2 Hz, 2H), 6.90 (d, J = 8.3 Hz, 

2H), 5.23 (s, 2H), 3.71 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 159.10, 158.23, 148.37, 

144.98, 140.50, 129.28, 128.67, 122.84, 114.29, 55.30, 46.24. HRMS not measured, the 

compound probably decomposed during process; m.p. 222–227 °C. 

51e; 2-chloro-7-(4-methoxybenzyl)-6,7-dihydro-1H-purin-6-one. White solid, yield 83%. 

1H NMR (500 MHz, DMSO-d6) δ 13.31 (bs, 1H), 8.40 (s, 1H), 7.32 (d, J = 8.6 Hz, 2H), 

6.88 (d, J = 8.7 Hz, 2H), 5.44 (s, 2H), 3.70 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 

159.17, 156.81, 154.82, 144.46, 142.26, 129.45, 129.21, 114.25, 113.60, 55.28, 48.97. 

HRMS not measured, the compound probably decomposed during process; m.p. 240–

243 °C. 
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48f; 2-chloro-9-(3-methoxybenzyl)-6,9-dihydro-1H-purin-6-one. White solid, yield 74%. 

1H NMR (500 MHz, DMSO-d6) δ 13.29 (bs, 1H), 8.21 (s, 1H), 7.26 (t, J = 7.9 Hz, 1H), 

6.90–6.79 (m, 3H), 5.30 (s, 2H), 3.72 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 159.65, 

159.61, 141.03, 138.07, 130.19, 130.12, 119.63, 119.45, 113.49, 113.46, 113.39, 55.23, 

46.69. HRMS: m/z [M+H]+ 291.0637 (calculated for: [C13H12ClN4O2]+ 291.0643); m.p. 

213–217 °C. 

51f; 2-chloro-7-(3-methoxybenzyl)-6,7-dihydro-1H-purin-6-one. White solid, yield 79%. 

1H NMR (500 MHz, DMSO-d6) δ 13.28 (bs, 1H), 8.42 (s, 1H), 7.25 (t, J = 7.9 Hz, 1H), 6.96 

(t, J = 2.1 Hz, 1H), 6.90–6.83 (m, 2H), 5.49 (s, 2H), 3.71 (s, 3H). 13C NMR (126 MHz, 

DMSO-d6) δ 159.57, 156.76, 154.80, 144.69, 142.31, 138.68, 130.05, 119.78, 113.70, 

113.64, 113.41, 55.21, 49.35. HRMS: m/z [M+H]+ 291.0636 (calculated for: 

[C13H12ClN4O2]+ 291.0643); m.p. 247–253 °C. 

51g; 2-chloro-9-(naphthalen-2-ylmethyl)-6,9-dihydro-1H-purin-6-one. White solid, yield 

63%. 1H NMR (500 MHz, DMSO-d6) δ 8.02 (s, 1H), 7.92–7.83 (m, 3H), 7.71 (s, 1H), 

7.52–7.47 (m, 2H), 7.42 (dd, J = 8.5, 1.8 Hz, 1H), 5.43 (s, 2H). Due to the low solubility, 

only 1H spectrum was measured. HRMS: m/z [M+H]+ 311.0687 (calculated for: 

[C16H12ClN4O]+ 311.0694); m.p. 209–214 °C. 

44g; 2-chloro-7-(naphthalen-2-ylmethyl)-6,7-dihydro-1H-purin-6-one. White solid, yield 

51%. 1H NMR (500 MHz, DMSO-d6) δ 8.40 (s, 1H), 7.91–7.83 (m, 3H), 7.79 (s, 1H), 

7.53–7.46 (m, 3H), 5.70 (s, 2H). Due to the low solubility, only 1H spectrum was 

measured. HRMS: m/z [M+H]+ 311.0687 (calculated for: [C16H12ClN4O]+ 311.0694); m.p. 

> 330 °C. 

48h; 2-chloro-9-(1-phenylethyl)-6,9-dihydro-1H-purin-6-one. White solid, yield 31%. 1H 

NMR (500 MHz, DMSO-d6) δ 13.28 (bs, 1H), 8.38 (s, 1H), 7.38–7.25 (m, 5H), 5.76 (q, J = 

7.2 Hz, 1H), 1.90 (d, J = 7.2 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 157.25, 147.84, 

143.56, 141.19, 139.32, 128.93, 128.02, 126.32, 122.92, 53.86, 20.86. HRMS: m/z 

[M+H]+ 275.0686 (calculated for: [C13H12ClN4O]+ 275.0694); m.p. > 330 °C. 

51h; 2-chloro-7-(1-phenylethyl)-6,7-dihydro-1H-purin-6-one. White solid, yield 77%. 1H 

NMR (500 MHz, DMSO-d6) δ 13.26 (bs, 1H), 8.58 (s, 1H), 7.37–7.23 (m, 5H), 6.13 (q, J = 
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7.2 Hz, 1H), 1.92 (d, J = 7.3 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 156.81, 154.70, 

142.67, 142.29, 141.56, 128.85, 128.01, 126.35, 113.64, 56.05, 20.93. HRMS: m/z 

[M+H]+ 275.0688 (calculated for: [C13H12ClN4O]+ 275.0694); m.p. > 330 °C. 

 Synthesis of 9‐benzyl‐2‐(morpholin‐4‐yl)‐6,9‐dihydro‐1H‐purin‐6‐one and 

analogues (49a-h and 52a-h) 

9‐benzyl‐2‐chloro‐6,9‐dihydro‐1H‐purin‐6‐one (48a; 0.10 g, 0.384 mmol) and 

morpholine (0.10 mL, 1.15 mmol) were added into a sealed reaction tube with tert-

butanol (5 mL). The reaction was carried out under microwave irradiation at 110 °C 

with power 200 W and maximum pressure 300 psi for 1 hour. After this time tert-

butanol was evaporated, and the reaction mixture was purified by column 

chromatography with CHCl3/MeOH 30:1 as eluent. 

49a; 9‐benzyl‐2‐(morpholin‐4‐yl)‐6,9‐dihydro‐1H‐purin‐6‐one (K1282). White solid, yield 

91%. 1H NMR (500 MHz, DMSO-d6) δ 11.00 (bs, 1H), 7.87 (s, 1H), 7.34–7.30 (m, 5H), 

5.19 (s, 2H), 3.66–3.63 (m, 4H), 3.57–3.53 (m, 4H). 13C NMR (126 MHz, DMSO-d6) δ 

157.58, 152.93, 150.31, 138.30, 137.27, 128.81, 127.99, 127.89, 116.91, 65.71, 46.19, 

45.63. HRMS: m/z [M+H]+ 312.1453 (calculated for: [C16H18N5O2]+ 312.1455); m.p. 281–

286 °C. 

52a; 7‐benzyl‐2‐(morpholin‐4‐yl)‐6,7‐dihydro‐1H‐purin‐6‐one (K1283). White solid, yield 

61%. 1H NMR (500 MHz, DMSO-d6) δ 11.17 (bs, 1H), 8.16 (s, 1H), 7.34–7.29 (m, 5H), 

5.45 (s, 2H), 3.65–3.62 (m, 4H), 3.48–3.45 (m, 4H). 13C NMR (126 MHz, DMSO-d6) δ 

159.02, 155.44, 152.75, 143.86, 137.85, 128.77, 127.88, 127.57, 108.62, 65.79, 49.16, 

46.13. HRMS: m/z [M+H]+ 312.1451 (calculated for: [C16H18N5O2]+ 312.1455); m.p. 286–

290 °C. 

49b; 9-[(3,4-dichlorophenyl)methyl]-2-(morpholin-4-yl)-6,9-dihydro-1H-purin-6-one 

(K1284). White solid, yield 82%. 1H NMR (500 MHz, DMSO-d6) δ 11.01 (s, 1H), 7.90 (s, 

1H), 7.68 (s, 1H), 7.61 (d, J = 8.4 Hz, 1H), 7.31 (d, J = 8.4 Hz, 1H), 5.20 (s, 2H), 3.67 – 

3.60 (m, 4H), 3.59 – 3.51 (m, 4H). Due to the low solubility, only 1H spectrum was 

measured. HRMS: m/z [M+H]+ 380.0673 (calculated for: [C16H16Cl2N5O2]+ 380.0676); 

m.p. 321–324 °C. 
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52b; 7-[(3,4-dichlorophenyl)methyl]-2-(morpholin-4-yl)-6,7-dihydro-1H-purin-6-one 

(K1285). White solid, yield 64%. 1H NMR (500 MHz, DMSO-d6) δ 11.19 (bs, 1H), 8.20 (s, 

1H), 7.65 (d, J = 2.1 Hz, 1H), 7.60 (d, J = 8.3 Hz, 1H), 7.29 (dd, J = 8.3, 2.1 Hz, 1H), 5.43 

(s, 2H), 3.66–3.61 (m, 4H), 3.50–3.45 (m, 4H). 13C NMR (126 MHz, DMSO-d6) δ 159.30, 

155.35, 152.79, 143.97, 138.78, 131.24, 131.05, 130.64, 129.96, 128.12, 108.36, 65.78, 

48.06, 46.07. HRMS: m/z [M+H]+ 380.0669 (calculated for: [C16H16Cl2N5O2]+ 380.0676); 

m.p. 308–313 °C. 

49c; 2-(morpholin-4-yl)-9-{[4-(propan-2-yl)phenyl]methyl}-6,9-dihydro-1H-purin-6-one 

(K1286). White solid, yield 74%. 1H NMR (500 MHz, DMSO-d6) δ 11.00 (bs, 1H), 7.86 (s, 

1H), 7.26 (d, J = 8.2 Hz, 2H), 7.20 (d, J = 8.2 Hz, 2H), 5.14 (s, 2H), 3.67–3.63 (m, 4H), 

3.58–3.54 (m, 4H), 2.83 (p, J = 6.9 Hz, 1H), 1.15 (d, J = 7.0 Hz, 6H). 13C NMR (126 MHz, 

DMSO-d6) δ 157.58, 152.92, 150.26, 148.11, 138.28, 134.73, 128.06, 126.70, 116.91, 

65.73, 45.92, 45.64, 33.28, 23.98. HRMS: m/z [M+H]+ 354.1917 (calculated for: 

[C19H24N5O2]+ 354.1925); m.p. 284–290 °C. 

52c; 2-(morpholin-4-yl)-7-{[4-(propan-2-yl)phenyl]methyl}-6,7-dihydro-1H-purin-6-one 

(K1287). White solid, yield 86%. 1H NMR (500 MHz, DMSO-d6) δ 11.18 (bs, 1H), 8.15 (s, 

1H), 7.24 (d, J = 7.8 Hz, 2H), 7.18 (d, J = 7.9 Hz, 2H), 5.40 (s, 2H), 3.66–3.60 (m, 4H), 

3.48–3.43 (m, 4H), 2.83 (p, J = 6.9 Hz, 1H), 1.14 (d, J = 6.9 Hz, 6H). 13C NMR (126 MHz, 

DMSO-d6) δ 159.08, 155.41, 152.74, 148.13, 143.82, 135.31, 127.68, 126.68, 108.60, 

65.80, 48.93, 46.15, 33.30, 23.99. HRMS: m/z [M+H]+ 354.1919 (calculated for: 

[C19H24N5O2]+ 354.1925); m.p. 263–268 °C. 

49d; 9-[(4-chlorophenyl)methyl]-2-(morpholin-4-yl)-6,9-dihydro-1H-purin-6-one 

(K1288). White solid, yield 66%. 1H NMR (500 MHz, DMSO-d6) δ 10.97 (s, 1H), 7.88 (s, 

1H), 7.43 – 7.38 (m, 2H), 7.37 – 7.33 (m, 2H), 5.19 (s, 2H), 3.66 – 3.62 (m, 4H), 3.57 – 

3.53 (m, 4H). 13C NMR (126 MHz, DMSO-d6) δ 157.55, 152.94, 150.28, 138.23, 136.22, 

132.55, 129.95, 128.77, 116.92, 65.70, 45.61, 45.51. HRMS: m/z [M+H]+ 346.1064 

(calculated for: [C16H17ClN5O2]+ 346.1065); m.p. 315–320 °C. 

52d; 7-[(4-chlorophenyl)methyl]-2-(morpholin-4-yl)-6,7-dihydro-1H-purin-6-one 

(K1289). White solid, yield 43%. 1H NMR (500 MHz, DMSO-d6) δ 11.12 (bs, 1H), 8.17 (s, 

1H), 7.43–7.37 (m, 2H), 7.36–7.29 (m, 2H), 5.44 (s, 2H), 3.65–3.61 (m, 4H), 3.48–3.44 
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(m, 4H). 13C NMR (126 MHz, DMSO-d6) δ 159.45, 153.07, 144.19, 144.18, 137.12, 

132.85, 129.81, 129.05, 109.99, 66.07, 48.78, 46.40. HRMS: m/z [M+H]+ 346.1064 

(calculated for: [C16H17ClN5O2]+ 346.1065); m.p. 315–320 °C. 

49e; 9-[(4-methoxyphenyl)methyl]-2-(morpholin-4-yl)-6,9-dihydro-1H-purin-6-one 

(K1290). White solid, yield 73%. 1H NMR (500 MHz, DMSO-d6) δ 11.00 (bs, 1H), 7.85 (s, 

1H), 7.30 (d, J = 8.6 Hz, 2H), 6.89 (d, J = 8.7 Hz, 2H), 5.10 (s, 2H), 3.71 (s, 3H), 3.67–3.64 

(m, 4H), 3.59–3.55 (m, 4H). 13C NMR (126 MHz, DMSO-d6) δ 158.99, 157.58, 152.90, 

150.19, 138.19, 129.62, 129.26, 116.98, 114.17, 65.74, 55.27, 45.73, 45.67. HRMS: m/z 

[M+H]+ 342.1561 (calculated for: [C17H20N5O3]+ 342.1561); m.p. 285–287 °C. 

52e; 7-[(4-methoxyphenyl)methyl]-2-(morpholin-4-yl)-6,7-dihydro-1H-purin-6-one 

(K1291). White solid, yield 75%. 1H NMR (500 MHz, DMSO-d6) δ 11.19 (bs, 1H), 8.14 (s, 

1H), 7.32–7.29 (m, 2H), 6.89–6.86 (m, 2H), 5.36 (s, 2H), 3.70 (s, 3H), 3.65–3.61 (m, 4H), 

3.48–3.44 (m, 4H). 13C NMR (126 MHz, DMSO-d6) δ 159.14, 159.04, 155.45, 152.75, 

143.67, 129.85, 129.30, 114.15, 108.53, 65.82, 55.27, 48.70, 46.17. HRMS: m/z [M+H]+ 

342.1560 (calculated for: [C17H20N5O3]+ 342.1561); m.p. 270–274 °C. 

49f; 9-[(3-methoxyphenyl)methyl]-2-(morpholin-4-yl)-6,9-dihydro-1H-purin-6-one 

(K1292). White solid, yield 72%. 1H NMR (500 MHz, DMSO-d6) δ 11.00 (bs, 1H), 7.87 (s, 

1H), 7.25 (t, J = 7.9 Hz, 1H), 6.96–6.93 (m, 1H), 6.90–6.79 (m, 2H), 5.15 (s, 2H), 3.72 (s, 

3H), 3.67–3.61 (m, 4H), 3.60–3.54 (m, 4H). 13C NMR (126 MHz, DMSO-d6) δ 159.52, 

157.57, 152.90, 150.28, 138.75, 138.31, 129.96, 120.08, 116.88, 113.82, 113.23, 65.71, 

55.20, 46.11, 45.61. HRMS: m/z [M+H]+ 342.1560 (calculated for: [C17H20N5O3]+ 

342.1561); m.p. 271–274 °C. 

52f; 7-[(3-methoxyphenyl)methyl]-2-(morpholin-4-yl)-6,7-dihydro-1H-purin-6-one 

(K1293). White solid, yield 81%. 1H NMR (500 MHz, DMSO-d6) δ 11.19 (bs, 1H), 8.16 (s, 

1H), 7.26–7.19 (m, 1H), 6.98–6.91 (m, 1H), 6.91–6.81 (m, 2H), 5.41 (s, 2H), 3.71 (s, 3H), 

3.67–3.60 (m, 4H), 3.52–3.43 (m, 4H). 13C NMR (126 MHz, DMSO-d6) δ 159.81, 159.38, 

155.70, 153.03, 144.21, 139.60, 130.22, 119.99, 113.88, 113.43, 108.88, 66.08, 55.47, 

49.38, 46.41. HRMS: m/z [M+H]+ 342.1558 (calculated for: [C17H20N5O3]+ 342.1561); 

m.p. 226–229 °C. 
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49g; 2-(morpholin-4-yl)-9-[(naphthalen-2-yl)methyl]-6,9-dihydro-1H-purin-6-one 

(K1296). White solid, yield 81%. 1H NMR (500 MHz, DMSO-d6) δ 11.00 (bs, 1H), 8.01–

7.74 (m, 5H), 7.62–7.40 (m, 3H), 5.36 (s, 2H), 3.68–3.60 (m, 4H), 3.60–3.53 (m, 4H). 13C 

NMR (126 MHz, DMSO-d6) δ 157.89, 153.19, 150.68, 138.67, 135.02, 133.20, 132.80, 

128.80, 128.20, 128.03, 127.08, 126.91, 126.66, 126.36, 117.26, 66.00, 46.72, 45.93. 

HRMS: m/z [M+H]+ 362.1603 (calculated for: [C20H20N5O2]+ 362.1612); m.p. 305–309 

°C. 

52g; 2-(morpholin-4-yl)-7-[(naphthalen-2-yl)methyl]-6,7-dihydro-1H-purin-6-one 

(K1297). White solid, yield 61%. 1H NMR (500 MHz, DMSO-d6) δ 11.17 (bs, 1H), 8.23 (s, 

1H), 7.88 (d, J = 7.8 Hz, 2H), 7.86–7.82 (m, 1H), 7.79 (s, 1H), 7.52–7.46 (m, 3H), 5.62 (s, 

2H), 3.65–3.61 (m, 4H), 3.49–3.44 (m, 4H). 13C NMR (126 MHz, DMSO-d6) δ 159.42, 

155.70, 153.04, 144.30, 135.68, 133.22, 132.83, 128.75, 128.19, 128.02, 126.87, 

126.64, 126.52, 125.89, 108.98, 66.08, 49.64, 46.41. HRMS: m/z [M+H]+ 362.1603 

(calculated for: [C20H20N5O2]+ 362.1612); m.p. 296–302 °C. 

49h; 2‐(morpholin‐4‐yl)‐9‐(1‐phenylethyl)‐6,9‐dihydro‐1H‐purin‐6‐one (K1294). White 

solid, yield 77%. 1H NMR (500 MHz, DMSO-d6) δ 10.98 (bs, 1H), 8.02 (s, 1H), 7.39–7.22 

(m, 5H), 5.64 (q, J = 7.2 Hz, 1H), 3.63 (t, J = 4.8 Hz, 4H), 3.58–3.48 (m, 4H), 1.87 (d, J = 

7.2 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 157.87, 152.94, 150.26, 142.00, 136.88, 

129.04, 128.08, 126.89, 117.43, 65.99, 53.36, 45.91, 20.75. HRMS: m/z [M+H]+ 

326.1603 (calculated for: [C17H20N5O2]+ 326.1612); m.p. 286–290 °C. 

52h; 2‐(morpholin‐4‐yl)‐7‐(1‐phenylethyl)‐6,7‐dihydro‐1H‐purin‐6‐one (K1295). White 

solid, yield 45%. 1H NMR (500 MHz, DMSO-d6) δ 11.12 (bs, 1H), 8.31 (d, J = 1.7 Hz, 1H), 

7.35–7.22 (m, 5H), 6.05 (q, J = 7.2 Hz, 1H), 3.66 – 3.60 (m, 4H), 3.48 – 3.43 (m, 4H), 1.89 

(d, J = 7.3 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 159.39, 155.56, 152.94, 142.43, 

142.08, 128.99, 128.06, 126.55, 108.91, 66.07, 55.81, 46.41, 21.09. HRMS: m/z [M+H]+ 

326.1603 (calculated for: [C17H20N5O2]+ 326.1612); m.p. 223 – 229 °C. 

 Synthesis of 2-chloro-6,9-dihydro-1H-purin-6-one (53) 

2,6‐dichloro‐9H‐purine (46; 2 g, 10.58 mmol) was heated at 100 °C in 20 mL of a 1M 

solution of NaOH. After 48 hours the solution was neutralized with 2N HCl to pH 3-4, 
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water was evaporated, and the crude product was purified by column chromatography 

with ethanol as a mobile phase to affording white solid, yield 89%. 1H NMR (500 MHz, 

DMSO-d6) δ 13.18 (bs, 1H), 8.18 (s, 1H). 13C NMR (126 MHz, DMSO-d6) δ 155.88, 

153.95, 142.71, 141.62, 117.45. HRMS: m/z [M+H]+ 171.0067 (calculated for: 

[C5H4ClN4O]+ 171.0068); m.p. > 330 °C. 

 Synthesis of 2‐(morpholin‐4‐yl)‐6,9‐dihydro‐1H‐purin‐6‐one (54) 

2-chloro-6,9-dihydro-1H-purin-6-one (53; 1.0 g, 5.88 mmol) and morpholine (1.54 mL, 

17.64 mmol) were added into a sealed reaction tube with tert-butanol (10 mL). The 

reaction was carried out under microwave irradiation at 110 °C with power 200 W and 

maximum pressure 300 psi for 1 hour. After this time tert-butanol was evaporated, 

and the reaction mixture was purified by column chromatography with CHCl3/MeOH 

9:1 as eluent. The product was recrystallized from MeOH/diethylether to eliminate 

unreacted morpholine. White solid, yield 91%. 1H NMR (500 MHz, D2O) δ 7.88 (s, 1H), 

3.83–3.79 (m, 4H), 3.62–3.58 (m, 4H). 13C NMR (126 MHz, CD3OD) δ 154.47, 145.79, 

135.72, 120.45, 104.27, 67.35, 47.18. HRMS: m/z [M+H]+ 222.0985 (calculated for: 

[C9H12N5O2]+ 222.0986); m.p. > 330 °C. 

 Synthesis of 2‐(morpholin‐4‐yl)‐9‐phenyl‐6,9‐dihydro‐1H‐purin‐6‐one and 

analogues (55a-h) and 2‐(morpholin‐4‐yl)‐7‐phenyl‐6,7‐dihydro‐1H‐purin‐6‐one and 

analogues (56a-h) 

Under inert atmosphere, CuI (86 mg, 0.452 mmol) and TMEDA (68 μL, 0.452) were 

stirred in dry MeOH. After 15 minutes (meanwhile, the solution turned blue), 2‐

(morpholin‐4‐yl)‐6,9‐dihydro‐1H‐purin‐6‐one (54; 0.20 g, 0.904 mmol) and 

phenylboronic acid (0.22 g, 1.808 mmol) were added into reaction and mixture was 

heated to 60 °C until the complete reaction of 54 (monitored by TLC). The reaction 

mixture was then evaporated and 7- and 9- substituted analogues were separated via 

column chromatography with CHCl3/MeOH 40:1 as eluent. The 7- substituted 

derivative was major product with higher Rf. 

55a; 2‐(morpholin‐4‐yl)‐9‐phenyl‐6,9‐dihydro‐1H‐purin‐6‐one (K1299). Beige solid, yield 

19%. 1H NMR (500 MHz, DMSO-d6) δ 11.18 (bs, 1H), 8.19 (s, 1H), 7.78 (d, J = 7.9 Hz, 
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2H), 7.55 (t, J = 7.7 Hz, 2H), 7.41 (t, J = 7.4 Hz, 1H), 3.73–3.59 (m, 4H), 3.58–3.46 (m, 

4H). 13C NMR (126 MHz, DMSO-d6) δ 157.99, 153.41, 150.08, 137.62, 135.57, 129.92, 

127.75, 123.35, 118.01, 66.01, 45.85. HRMS: m/z [M+H]+ 298.1294 (calculated for: 

[C15H15N5O2]+ 298.1299); m.p. > 330 °C. 

56a; 2‐(morpholin‐4‐yl)‐7‐phenyl‐6,7‐dihydro‐1H‐purin‐6‐one (K1298). Beige solid, yield 

41%. 1H NMR (500 MHz, DMSO-d6) δ 11.25 (bs, 1H), 8.34 (s, 1H), 7.62–7.57 (m, 2H), 

7.51 (dd, J = 8.6, 7.0 Hz, 2H), 7.46–7.39 (m, 1H), 3.69–3.65 (m, 4H), 3.58–3.52 (m, 4H). 

Due to the low solubility, only 1H spectrum was measured. HRMS: m/z [M+H]+ 

298.1299 (calculated for: [C15H15N5O2]+ 298.1299); m.p. > 330 °C. 

55b; 2-(morpholin-4-yl)-9-(thiophen-3-yl)-6,9-dihydro-1H-purin-6-one (K1301). Beige 

solid, yield 13%. 1H NMR (500 MHz, DMSO-d6) δ 11.17 (bs, 1H), 8.29 (s, 1H), 8.06–8.00 

(m, 1H), 7.77–7.66 (m, 2H), 3.70–3.64 (m, 4H), 3.64–3.56 (m, 4H). Due to the low 

solubility, only 1H spectrum was measured. HRMS: m/z [M+H]+ 304.0862 (calculated 

for: [C13H14N5O2S]+ 304.0863); m.p. > 330 °C. 

56b; 2-(morpholin-4-yl)-7-(thiophen-3-yl)-6,7-dihydro-1H-purin-6-one (K1300). Beige 

solid, yield 31%. 1H NMR (500 MHz, DMSO-d6) δ 11.28 (s, 1H), 8.42 (s, 1H), 7.94 (dd, J = 

3.3, 1.5 Hz, 1H), 7.67 (dd, J = 5.2, 3.2 Hz, 1H), 7.50 (dd, J = 5.2, 1.5 Hz, 1H), 3.70 – 3.63 

(m, 4H), 3.57 – 3.49 (m, 4H). 13C NMR (126 MHz, DMSO-d6) δ 160.24, 155.03, 153.20, 

144.11, 134.57, 126.81, 124.32, 117.18, 108.61, 66.09, 46.31. HRMS: m/z [M+H]+ 

304.0863 (calculated for: [C13H14N5O2S]+ 304.0863); m.p. > 330 °C. 

55c; 2-(morpholin-4-yl)-9-{8-oxatricyclo[7.4.0.0²,⁷]trideca-1(13),2(7),3,5,9,11-hexaen-6-

yl}-6,9-dihydro-1H-purin-6-one (K1338). Beige solid, yield 14%. 1H NMR (500 MHz, 

DMSO-d6) δ 11.21 (bs, 1H), 8.28 (s, 1H), 8.27–8.22 (m, 2H), 7.85 (dd, J = 7.9, 1.2 Hz, 

1H), 7.76 (d, J = 8.3 Hz, 1H), 7.58 (t, J = 7.8 Hz, 2H), 7.50–7.44 (m, 1H), 3.61–3.57 (m, 

4H), 3.49–3.45 (m, 4H). 13C NMR (126 MHz, DMSO-d6) δ 157.96, 156.05, 153.43, 

150.91, 149.04, 138.61, 128.79, 126.06, 124.53, 124.16, 124.13, 123.65, 122.01, 

121.42, 119.95, 117.33, 112.45, 65.94, 45.79. HRMS: m/z [M+H]+ 388.1396 (calculated 

for: [C21H18N5O3]+ 388.1404); m.p. > 330 °C.  



139 
 

56c; 2-(morpholin-4-yl)-7-{8-oxatricyclo[7.4.0.0²,⁷]trideca-1(13),2(7),3,5,9,11-hexaen-6-

yl}-6,7-dihydro-1H-purin-6-one (K1337). Beige solid, yield 29%. 1H NMR (500 MHz, 

DMSO-d6) δ 11.26 (bs, 1H), 8.45 (s, 1H), 8.28–8.22 (m, 2H), 7.73–7.68 (m, 2H), 7.58–

7.52 (m, 2H), 7.48–7.43 (m, 1H), 3.70–3.66 (m, 4H), 3.58–3.53 (m, 4H). 13C NMR (126 

MHz, DMSO-d6) δ 159.87, 156.06, 154.85, 153.36, 149.69, 144.92, 128.64, 125.65, 

125.32, 124.10, 123.79, 123.75, 121.98, 121.66, 121.24, 112.45, 109.75, 66.12, 46.37. 

HRMS: m/z [M+H]+ 388.1404 (calculated for: [C21H18N5O3]+ 388.1404); m.p. > 330 °C. 

55d; 2-(morpholin-4-yl)-9-{8-thiatricyclo[7.4.0.0²,⁷]trideca-1(13),2(7),3,5,9,11-hexaen-

6-yl}-6,9-dihydro-1H-purin-6-one (K1307). Beige solid, yield 9%. 1H NMR (500 MHz, 

DMSO-d6) δ 8.52 (dd, J = 7.3, 1.7 Hz, 1H), 8.49–8.44 (m, 1H), 8.15 (s, 1H), 8.08–8.02 (m, 

1H), 7.74–7.67 (m, 2H), 7.60–7.55 (m, 2H), 3.59–3.54 (m, 4H), 3.46–3.41 (m, 4H). Due 

to the low solubility, only 1H spectrum was measured. HRMS: m/z [M+H]+ 404.1171 

(calculated for: [C21H18N5O2S]+ 404.1176); m.p. > 330 °C. 

56d; 2-(morpholin-4-yl)-7-{8-thiatricyclo[7.4.0.0²,⁷]trideca-1(13),2(7),3,5,9,11-hexaen-

6-yl}-6,7-dihydro-1H-purin-6-one (K1306). Beige solid, yield 44%. 1H NMR (500 MHz, 

DMSO-d6) δ 11.24 (bs, 1H), 8.51 (dd, J = 7.1, 1.9 Hz, 1H), 8.48–8.45 (m, 1H), 8.41 (s, 

1H), 8.04–8.01 (m, 1H), 7.71–7.65 (m, 2H), 7.60–7.54 (m, 2H), 3.70–3.66 (m, 4H), 3.57–

3.53 (m, 4H). Due to the low solubility, only 1H spectrum was measured. HRMS: m/z 

[M+H]+ 404.1169 (calculated for: [C21H18N5O2S]+ 404.1176); m.p. > 330 °C. 

55e; 2-(morpholin-4-yl)-9-(4-nitrophenyl)-6,9-dihydro-1H-purin-6-one (K1305). Yellow 

solid, yield 10%. 1H NMR (500 MHz, DMSO-d6) δ 11.36 (bs, 1H), 8.52 (s, 1H), 8.39–8.34 

(m, 2H), 7.95–7.90 (m, 2H), 3.69–3.64 (m, 4H), 3.58–3.53 (m, 4H). 13C NMR (126 MHz, 

DMSO-d6) δ 164.38, 161.00, 154.69, 153.17, 146.10, 144.56, 140.65, 121.97, 107.82, 

65.79, 45.96. HRMS: m/z [M+H]+ 343.1147 (calculated for: [C15H15N6O4]+ 343.1149); 

m.p. > 330 °C. This compound was excluded from a biological evaluation. 

56e; 2-(morpholin-4-yl)-7-(4-nitrophenyl)-6,7-dihydro-1H-purin-6-one (K1304). Yellow 

solid, yield 22%. 1H NMR (300 MHz, DMSO-d6) δ 11.38 (bs, 1H), 8.53 (s, 1H), 8.36 (dd, J 

= 8.9, 1.4 Hz, 2H), 7.91 (dd, J = 8.7, 2.0 Hz, 2H), 3.69–3.61 (m, 4H), 3.60–3.51 (m, 4H). 

Due to the low solubility, only 1H spectrum was measured. HRMS: m/z [M+H]+ 
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343.1147 (calculated for: [C15H15N6O4]+ 343.1149); m.p. > 330 °C. This compound was 

excluded from a biological evaluation. 

55f; 9‐(4‐tert‐butylphenyl)‐2‐(morpholin‐4‐yl)‐6,9‐dihydro‐1H‐purin‐6‐one (K1303). 

White solid. The extremely low solubility of this compound in organic solvents 

prevented reproducible NMR characterization. HRMS: m/z [M+H]+ 354.1926 

(calculated for: [C19H23N5O2]+ 353.1852); m.p. > 330 °C. This compound was excluded 

from a biological evaluation. 

56f; 7‐(4‐tert‐butylphenyl)‐2‐(morpholin‐4‐yl)‐6,7‐dihydro‐1H‐purin‐6‐one (K1302). 

White solid. 1H NMR (500 MHz, DMSO-d6) δ 11.16 (s, 1H), 8.18 (s, 1H), 7.69 (d, J = 8.1 

Hz, 2H), 7.55 (d, J = 8.2 Hz, 2H), 3.71–3.60 (m, 4H), 3.58–3.52 (m, 4H), 1.36–1.28 (m, 

9H). Due to the low solubility, only 1H spectrum was measured. HRMS: m/z [M+H]+ 

354.1926 (calculated for: [C19H23N5O2]+ 353.1852); m.p. > 330 °C. This compound was 

excluded from a biological evaluation. 

55g; 9‐(3,4‐dichlorophenyl)‐2‐(morpholin‐4‐yl)‐6,9‐dihydro‐1H‐purin‐6‐one (K1340). I 

was unable to isolate this isomer from column chromatography in required purity. This 

compound was excluded from a biological evaluation. 

56g; 7‐(3,4‐dichlorophenyl)‐2‐(morpholin‐4‐yl)‐6,7‐dihydro‐1H‐purin‐6‐one (K1339). 

White solid. The extremely low solubility of this compound in organic solvents 

prevented reproducible NMR characterization. HRMS: m/z [M+H]+ 366.0523 

(calculated for: [C15H14Cl2N5O2]+ 366.0519); m.p. > 330 °C. This compound was 

excluded from a biological evaluation. 

55h; 9‐(7‐chloroquinolin‐4‐yl)‐2‐(morpholin‐4‐yl)‐6,9‐dihydro‐1H‐purin‐6‐one (K1309). I 

was unable to isolate this isomer from column chromatography in required purity. This 

compound was excluded from a biological evaluation. 

56h; 7‐(7‐chloroquinolin‐4‐yl)‐2‐(morpholin‐4‐yl)‐6,7‐dihydro‐1H‐purin‐6‐one (K1308). 

White solid, yield 31%. 1H NMR (500 MHz, DMSO-d6) δ 11.29 (s, 1H), 9.09 (d, J = 4.6 Hz, 

1H), 8.40 (s, 1H), 8.24 (d, J = 1.9 Hz, 1H), 7.73 (d, J = 4.6 Hz, 1H), 7.69–7.66 (m, 2H), 

3.69–3.66 (m, 4H), 3.58–3.53 (m, 4H). 13C NMR (126 MHz, DMSO-d6) δ 160.19, 154.75, 

153.48, 152.60, 149.37, 145.23, 140.86, 135.40, 128.81, 128.23, 125.78, 123.39, 



141 
 

119.83, 110.54, 66.11, 46.35. HRMS: m/z [M+H]+ 383.1012 (calculated for: 

[C18H15ClN6O2]+ 383.1018); m.p. > 330 °C. This compound was excluded from 

a biological evaluation. 

 Synthesis of 2‐chloro‐3H,4H,7H‐pyrrolo[2,3‐d]pyrimidin‐4‐one (58) 

A suspension of 2,4‐dichloro‐7H‐pyrrolo[2,3‐d]pyrimidine (57; 1.0 g, 5.30 mmol) was 

heated at 100 °C in 20 mL of a 1M solution of NaOH. After 48 hours the solution was 

neutralized with 2N HCl to pH 3-4, resulting in the precipitation of white solid. This 

solid was filtered, washed with water, dried and used for following reaction without 

further purification. 1H NMR (500 MHz, DMSO-d6) δ 12.76 (bs, 1H), 12.01 (bs, 1H), 7.05 

(dd, J = 3.3, 2.4 Hz, 1H), 6.44 (dd, J = 3.4, 2.1 Hz, 1H). Due to the low solubility, only 1H 

spectrum was measured. HRMS: m/z [M+H]+ 170.0113 (calculated for: [C6H5ClN3O]+ 

170.0116); m.p. 286–290 °C. 

 Synthesis of 2‐(morpholin‐4‐yl)‐3H,4H,7H‐pyrrolo[2,3‐d]pyrimidin‐4‐one (59) 

2‐chloro‐3H,4H,7H‐pyrrolo[2,3‐d]pyrimidin‐4‐one (58; 0.5 g, 2.94 mmol) and 

morpholine (0.77 mL, 8.80 mmol) were added into a sealed reaction tube with tert-

butanol (10 mL). The reaction was carried out under microwave irradiation at 110 °C 

with power 200 W and maximum pressure 300 psi for 1 hour. After this time tert-

butanol was evaporated and the reaction mixture was purified by column 

chromatography with CHCl3/MeOH 20:1 as eluent. Beige solid. 1H NMR (500 MHz, 

DMSO-d6) δ 11.22 (bs, 1H), 10.78 (s, 1H), 6.71 (dd, J = 3.4, 2.2 Hz, 1H), 6.24 (dd, J = 3.4, 

2.1 Hz, 1H), 3.67–3.63 (m, 4H), 3.48–3.43 (m, 4H). 13C NMR (126 MHz, DMSO-d6) δ 

159.96, 152.61, 150.39, 118.23, 102.03, 101.04, 66.09, 46.30. HRMS: m/z [M+H]+ 

221.1028 (calculated for: [C10H13N4O2]+ 221.1033); m.p. 286–292 °C. 

 Synthesis of 7‐benzyl‐2‐(morpholin‐4‐yl)‐3H,4H,7H‐pyrrolo[2,3‐d]pyrimidin‐4‐

one and analogues (60a-j) 

A suspension of 2‐(morpholin‐4‐yl)‐3H,4H,7H‐pyrrolo[2,3‐d]pyrimidin‐4‐one (59; 0.20 

g, 0.91 mmol), K2CO3 (0.15 g, 1.09 mmol) in DMF (5 mL) was under inert atmosphere 

stirred at r.t. After 30 min, appropriate benzyl bromide or (1-bromoethyl)benzene 

(both 0.99 mmol) were added, and the reaction mixture was kept stirring overnight. 



142 
 

Next day, 30 mL of water was added into the reaction mixture. The resulting white 

precipitate was filtered, washed with water (30 mL) and a mixture of water/MeOH 

(50:50 v/v, 30 mL) and dried. 

60a; 7‐benzyl‐2‐(morpholin‐4‐yl)‐3H,4H,7H‐pyrrolo[2,3‐d]pyrimidin‐4‐one (K1310). 

White solid, yield 82%. 1H NMR (500 MHz, CDCl3) δ 9.55 (bs, 1H), 7.54–7.47 (m, 2H), 

7.45–7.32 (m, 2H), 6.80 (dd, J = 3.6, 2.1 Hz, 1H), 6.43 (dd, J = 3.5, 2.0 Hz, 1H), 5.54 (s, 

2H), 3.87–3.75 (m, 8H). 13C NMR (126 MHz, CDCl3) δ 162.78, 158.77, 155.07, 137.23, 

128.44, 127.87, 118.92, 99.54, 98.09, 67.30, 66.87, 45.21. HRMS: m/z [M+H]+ 311.1495 

(calculated for: [C17H19N4O2]+ 311.1503); m.p. 160–163 °C. 

60b; 7-[(4-chlorophenyl)methyl]-2-(morpholin-4-yl)-3H,4H,7H-pyrrolo[2,3-d]pyrimidin-

4-one (K1311). White solid, yield 83%. 1H NMR (300 MHz, DMSO-d6) δ 11.31 (bs, 1H), 

7.54–7.33 (m, 4H), 6.92 (dd, J = 3.5, 2.2 Hz, 1H), 6.25 (dd, J = 3.5, 1.9 Hz, 1H), 5.47 (s, 

2H), 3.72–3.54 (m, 8H). 13C NMR (75 MHz, DMSO-d6) δ 162.07, 158.36, 155.35, 136.81, 

132.81, 130.21, 128.83, 120.98, 98.38, 97.66, 66.45, 66.07, 45.27. HRMS: m/z [M+H]+ 

345.1157 (calculated for: [C17H18ClN4O2]+ 345.1113); m.p. 176–182 °C. 

60c; 2-(morpholin-4-yl)-7-{[4-(propan-2-yl)phenyl]methyl}-3H,4H,7H-pyrrolo[2,3-

d]pyrimidin-4-one (K1312). White solid, yield 47%. 1H NMR (500 MHz, CDCl3) δ 9.27 (bs, 

1H), 7.49–7.38 (m, 2H), 7.36–7.20 (m, 2H), 6.79 (dd, J = 3.6, 2.1 Hz, 1H), 6.41 (dd, J = 

3.6, 2.1 Hz, 1H), 5.50 (s, 2H), 3.87–3.76 (m, 8H), 2.96–2.90 (m, 1H), 1.27 (dd, J = 6.9, 2.1 

Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 162.86, 158.78, 155.00, 148.67, 134.53, 128.14, 

126.51, 118.81, 99.59, 98.08, 67.26, 66.88, 45.21, 33.89, 23.99. HRMS: m/z [M+H]+ 

353.1963 (calculated for: [C20H25N4O2]+ 353.1972); m.p. 167–171 °C. 

60d; 7-[(3-methoxyphenyl)methyl]-2-(morpholin-4-yl)-3H,4H,7H-pyrrolo[2,3-

d]pyrimidin-4-one (K1313). White solid, yield 98%. 1H NMR (500 MHz, CDCl3) δ 9.54 (bs, 

1H), 7.33–7.28 (m, 1H), 7.09–7.04 (m, 2H), 6.90–6.86 (m, 1H), 6.79 (dd, J = 3.5, 2.1 Hz, 

1H), 6.43 (dd, J = 3.6, 2.1 Hz, 1H), 5.51 (s, 2H), 3.83 (s, 3H), 3.81–3.79 (m, 8H). 13C NMR 

(126 MHz, CDCl3) δ 162.74, 159.70, 158.76, 155.09, 138.81, 129.47, 120.10, 118.93, 

113.47, 113.26, 99.54, 98.08, 67.17, 66.86, 55.23, 45.21. HRMS: m/z [M+H]+ 341.1602 

(calculated for: [C18H21N4O3]+ 341.1608); m.p. 158–163 °C. 
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60e; 7-[(4-methoxyphenyl)methyl]-2-(morpholin-4-yl)-3H,4H,7H-pyrrolo[2,3-

d]pyrimidin-4-one (K1365). White solid, yield 78%. 1H NMR (500 MHz, DMSO-d6) δ 

11.28 (bs, 1H), 7.43–7.38 (m, 2H), 6.95–6.91 (m, 2H), 6.90 (dd, J = 3.5, 2.2 Hz, 1H), 6.21 

(dd, J = 3.5, 1.9 Hz, 1H), 5.41 (s, 2H), 3.74 (s, 3H), 3.70–3.63 (m, 8H). 13C NMR (126 

MHz, DMSO-d6) δ 162.34, 159.48, 158.43, 155.28, 130.41, 129.53, 120.80, 114.24, 

98.43, 97.75, 66.72, 66.50, 55.54, 45.32. HRMS: m/z [M+H]+ 341.1607 (calculated for: 

[C18H21N4O3]+ 341.1608); m.p. 187–191 °C. 

60f; 2-(morpholin-4-yl)-7-[(4-nitrophenyl)methyl]-3H,4H,7H-pyrrolo[2,3-d]pyrimidin-4-

one (K1315). Yellow solid, yield 84%. 1H NMR (500 MHz, DMSO-d6) δ 11.34 (bs, 1H), 

8.23 (d, J = 8.3 Hz, 2H), 7.72 (d, J = 8.3 Hz, 2H), 6.95 (s, 1H), 6.31 (s, 1H), 5.64 (s, 2H), 

3.66–3.55 (m, 8H). Due to the low solubility, only 1H spectrum was measured. HRMS: 

m/z [M+H]+ 356.1344 (calculated for: [C17H18N5O4]+ 356.1353); m.p. 242–247 °C. 

60g; 2-(morpholin-4-yl)-7-[(3-nitrophenyl)methyl]-3H,4H,7H-pyrrolo[2,3-d]pyrimidin-4-

one (K1364). Yellow solid, yield 75%. 1H NMR (500 MHz, DMSO-d6) δ 11.32 (s, 1H), 8.34 

(t, J = 2.0 Hz, 1H), 8.20 – 8.14 (m, 1H), 7.93 (d, J = 7.7, 1.3 Hz, 1H), 7.67 (t, J = 7.9 Hz, 

1H), 6.94 (dd, J = 3.5, 2.2 Hz, 1H), 6.28 (dd, J = 3.5, 1.9 Hz, 1H), 5.63 (s, 2H), 3.68 – 3.60 

(m, 8H). 13C NMR (126 MHz, DMSO-d6) δ 161.89, 158.32, 155.44, 148.20, 140.19, 

134.86, 130.48, 123.12, 122.90, 121.13, 98.36, 97.63, 66.44, 65.76, 45.28. HRMS: m/z 

[M+H]+ 356.1351 (calculated for: [C17H18N5O4]+ 356.1353); m.p. 221–224 °C. This 

compound was excluded from a biological evaluation. 

60h; 7-[(3,4-dichlorophenyl)methyl]-2-(morpholin-4-yl)-3H,4H,7H-pyrrolo[2,3-

d]pyrimidin-4-one (K1316). White solid, yield 88%. 1H NMR (500 MHz, DMSO-d6) δ 

11.32 (bs, 1H), 7.74 (d, J = 2.0 Hz, 1H), 7.63 (d, J = 8.3 Hz, 1H), 7.45 (dd, J = 8.3, 2.0 Hz, 

1H), 6.93 (dd, J = 3.5, 2.2 Hz, 1H), 6.27 (dd, J = 3.5, 1.9 Hz, 1H), 5.49 (s, 2H), 3.69–3.59 

(m, 8H). 13C NMR (126 MHz, DMSO-d6) δ 161.90, 158.31, 155.42, 139.05, 131.41, 

131.10, 130.76, 130.32, 128.55, 121.08, 98.39, 97.64, 66.45, 65.48, 45.29. HRMS: m/z 

[M+H]+ 379.0717 (calculated for: [C17H17Cl2N4O2]+ 379.0723); m.p. 200–205 °C. 

60i; 2-(morpholin-4-yl)-7-{[4-(trifluoromethyl)phenyl]methyl}-3H,4H,7H-pyrrolo[2,3-

d]pyrimidin-4-one (K1317). White solid, yield 88%. 1H NMR (500 MHz, CDCl3) δ 9.35 (bs, 

1H), 7.64 (d, J = 8.2 Hz, 2H), 7.59 (d, J = 8.1 Hz, 2H), 6.82 (dd, J = 3.6, 2.1 Hz, 1H), 6.44 
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(dd, J = 3.6, 2.1 Hz, 1H), 5.59 (s, 2H), 3.83–3.74 (m, 8H). 13C NMR (126 MHz, CDCl3) δ 

162.38, 158.67, 155.17, 141.35, 129.98 (q), 127.65, 125.38 (q), 124.09 (q), 119.10, 

99.40, 97.91, 66.80, 66.32, 45.13. HRMS: m/z [M+H]+ 379.1365 (calculated for: 

[C18H18F3N4O2]+ 379.1376); m.p. 183–187 °C. 

60j; 2-(morpholin-4-yl)-7-(1-phenylethyl)-3H,4H,7H-pyrrolo[2,3-d]pyrimidin-4-one 

(K1314). White solid, yield 58%. 1H NMR (500 MHz, CDCl3) δ 9.60 (bs, 1H), 7.50–7.42 

(m, 2H), 7.38–7.32 (m, 2H), 7.30–7.24 (m, 1H), 6.78 (dd, J = 3.6, 2.1 Hz, 1H), 6.46 (dd, J 

= 3.5, 2.1 Hz, 1H), 6.33 (q, J = 6.6 Hz, 1H), 3.80–3.65 (m, 8H), 1.72 (d, J = 6.6 Hz, 3H). 13C 

NMR (126 MHz, CDCl3) δ 162.32, 158.71, 155.05, 143.27, 128.32, 127.33, 125.80, 

118.77, 99.53, 98.32, 73.29, 66.81, 45.18, 22.98. HRMS: m/z [M+H]+ 325.1652 

(calculated for: [C18H21N4O2]+ 325.1659); m.p. 134–138 °C. 

 Synthesis of 2,4‐dichloro‐7‐phenyl‐7H‐pyrrolo[2,3‐d]pyrimidine and 

analogues (61a-d) 

2,4‐dichloro‐7H‐pyrrolo[2,3‐d]pyrimidine (57; 0.30 g, 1.595 mmol), phenylboronic acid 

(0.23 g, 1.914 mmol), Cu(OAc)2 (0.29 g, 1.595 mmol) and pyridine (0.26 mL, 3.19 mmol) 

were added into a dry flask containing 0.5 g of activated molecular sieves (4Å) and 20 

mL of DCE. The reaction mixture was stirred at r.t. with a condenser opened to air. 

When the reaction was complete (12-48 h), the mixture was filtered and washed 

excessively with DCM. The organic layer was evaporated and purified by column 

chromatography with petrolether/EtOAc 20:1 as eluent. 

61a; 2,4‐dichloro‐7‐phenyl‐7H‐pyrrolo[2,3‐d]pyrimidine. Beige solid, yield 36%. 1H NMR 

(500 MHz, CDCl3) δ 7.69–7.65 (m, 2H), 7.59–7.55 (m, 2H), 7.54 (d, J = 3.7 Hz, 1H), 7.47–

7.42 (m, 1H), 6.79 (d, J = 3.7 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 153.13, 152.65, 

151.52, 136.46, 129.80, 129.68, 127.89, 123.96, 117.24, 101.28. HRMS: m/z [M+H]+ 

264.0092 (calculated for: [C12H8Cl2N4]+ 264.0090); m.p. 161–163 °C. 

61b; 7-(4-tert-butylphenyl)-2,4-dichloro-7H-pyrrolo[2,3-d]pyrimidine. Beige amorphous 

compound, yield 35%. 1H NMR (500 MHz, CDCl3) δ 7.57 (d, J = 0.6 Hz, 4H), 7.52 (d, J = 

3.7 Hz, 1H), 6.77 (d, J = 3.7 Hz, 1H), 1.39 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 153.07, 

152.57, 151.52, 151.12, 133.88, 129.99, 126.30, 120.83, 117.19, 101.05, 34.74, 31.30. 
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HRMS: m/z [M+H]+ 320.0707 (calculated for: [C16H16Cl2N3]+ 320.0716); m.p. – 

compound is amorphous. 

61c; 2,4-dichloro-7-(3,4-dichlorophenyl)-7H-pyrrolo[2,3-d]pyrimidine. Beige solid, yield 

79%. 1H NMR (500 MHz, DMSO-d6) δ 8.21 (d, J = 3.9 Hz, 1H), 8.16 (s, 1H), 7.92–7.84 (m, 

2H), 6.98 (d, J = 3.9 Hz, 1H). Due to the low solubility, only 1H spectrum was measured. 

HRMS: m/z [M+H]+ 332.3313 (calculated for: [C12H6Cl4N3]+ 331.9310); m.p. 209–214 °C. 

61d; 2,4-dichloro-7-(thiophen-3-yl)-7H-pyrrolo[2,3-d]pyrimidine. Beige solid, yield 31%. 

1H NMR (500 MHz, CDCl3) δ 7.77–7.74 (m, 1H), 7.56 (dd, J = 3.8, 1.2 Hz, 1H), 7.54–7.51 

(m, 1H), 7.50–7.45 (m, 1H), 6.75 (dd, J = 3.7, 1.4 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 

153.08, 152.73, 151.14, 134.57, 129.15, 126.46, 121.90, 117.02, 115.33, 101.23. HRMS: 

m/z [M+H]+ 269.9656 (calculated for: [C10H16Cl2N3S]+ 269.9654); m.p. 185–188 °C. 

 Synthesis of 2‐chloro‐7‐phenyl‐3H,4H,7H‐pyrrolo[2,3‐d]pyrimidin‐4‐one 

and analogues (62a-d) 

A suspension of 2,4‐dichloro‐7‐phenyl‐7H‐pyrrolo[2,3‐d]pyrimidine (61a; 0.19 g, 7.22 

mmol) was heated at 100 °C in 20 mL of a 1M solution of NaOH. After 48 hours, the 

solution was neutralized with 2N HCl to pH 3-4, followed by precipitation of white 

solid. This solid was filtered, washed with water, dried and used for following reaction 

without further purification or characterization. 

62a; 2‐chloro‐7‐phenyl‐3H,4H,7H‐pyrrolo[2,3‐d]pyrimidin‐4‐one 

62b; 7-(4-tert-butylphenyl)-2-chloro-3H,4H,7H-pyrrolo[2,3-d]pyrimidin-4-one 

62c; 2-chloro-7-(3,4-dichlorophenyl)-3H,4H,7H-pyrrolo[2,3-d]pyrimidin-4-one 

62d; 2-chloro-7-(thiophen-3-yl)-3H,4H,7H-pyrrolo[2,3-d]pyrimidin-4-one 

 Synthesis of 2‐(morpholin‐4‐yl)‐7‐phenyl‐3H,4H,7H‐pyrrolo[2,3‐

d]pyrimidin‐4‐one and analogues (63a-d) 

2‐chloro‐7‐phenyl‐3H,4H,7H‐pyrrolo[2,3‐d]pyrimidin‐4‐one (62a; 0.1 g, 0.41 mmol) and 

morpholine (0.11 mL, 1.22 mmol) were added into a sealed reaction tube with tert-

butanol (3 mL). The reaction was carried out under microwave irradiation at 110 °C 
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with power 200 W and maximum pressure 300 psi for 1 hour. After this time tert-

butanol was evaporated, and the reaction mixture was purified by column 

chromatography with CDCl3/MeOH 40:1 as eluent. 

63a; 2‐(morpholin‐4‐yl)‐7‐phenyl‐3H,4H,7H‐pyrrolo[2,3‐d]pyrimidin‐4‐one (K1318). 

Beige solid, yield 89%. 1H NMR (500 MHz, CDCl3) δ 11.64 (bs, 1H), 7.71–7.64 (m, 2H), 

7.52–7.45 (m, 2H), 7.37–7.30 (m, 1H), 6.96 (d, J = 3.6 Hz, 1H), 6.64 (d, J = 3.6 Hz, 1H), 

3.90–3.79 (m, 4H), 3.76–3.69 (m, 4H). 13C NMR (126 MHz, CDCl3) δ 161.65, 151.91, 

150.16, 138.25, 129.02, 126.31, 123.71, 121.12, 103.13, 101.89, 66.49, 45.67. HRMS: 

m/z [M+H]+ 297.1346 (calculated for: [C16H17N4O2]+ 297.1341); m.p. 233–238 °C. 

63b; 7-(4-tert-butylphenyl)-2-(morpholin-4-yl)-3H,4H,7H-pyrrolo[2,3-d]pyrimidin-4-one 

(K1320). Beige solid, yield 80%. 1H NMR (500 MHz, CDCl3) δ 11.32 (bs, 1H), 7.62–7.57 

(m, 2H), 7.51–7.47 (m, 2H), 6.94 (d, J = 3.6 Hz, 1H), 6.62 (d, J = 3.5 Hz, 1H), 3.87–3.82 

(m, 4H), 3.73–3.70 (m, 4H), 1.39 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 161.46, 151.85, 

150.14, 149.32, 135.81, 125.91, 123.14, 121.17, 102.99, 101.96, 66.51, 45.75, 34.59, 

31.38. HRMS: m/z [M+H]+ 353.1968 (calculated for: [C20H25N4O2]+ 353.1972); m.p. > 

330 °C. 

63c; 7-(3,4-dichlorophenyl)-2-(morpholin-4-yl)-3H,4H,7H-pyrrolo[2,3-d]pyrimidin-4-one 

(K1341). Beige solid, yield 56%. 1H NMR (500 MHz, DMSO-d6/CDCl3 1/1) δ 8.08 (s, 1H), 

7.88 (d, J = 2.4 Hz, 1H), 7.58–7.51 (m, 1H), 6.91 (d, J = 3.8 Hz, 1H), 6.67 (d, J = 3.6 Hz, 

1H), 3.87–3.79 (m, 4H), 3.64–3.57 (m, 4H). Due to the low solubility, only 1H spectrum 

was measured. HRMS: m/z [M+H]+ 365.0570 (calculated for: [C16H15Cl2N4O2]+ 

365.0567); m.p. 292–298 °C. 

63d; 2-(morpholin-4-yl)-7-(thiophen-3-yl)-3H,4H,7H-pyrrolo[2,3-d]pyrimidin-4-one 

(1359). Beige solid, yield 79%. 1H NMR (500 MHz, CDCl3) δ 11.49 (bs, 1H), 7.60 (dd, J = 

3.3, 1.4 Hz, 1H), 7.51 (dd, J = 5.2, 1.4 Hz, 1H), 7.39 (dd, J = 5.2, 3.2 Hz, 1H), 6.99 (d, J = 

3.6 Hz, 1H), 6.61 (d, J = 3.6 Hz, 1H), 3.91–3.82 (m, 4H), 3.80–3.70 (m, 4H). 13C NMR (126 

MHz, CDCl3) δ 161.37, 152.02, 149.88, 136.65, 125.27, 122.27, 120.53, 113.09, 103.13, 

101.64, 66.43, 45.69. HRMS: m/z [M+H]+ 303.0910 (calculated for: [C14H15N4O2S]+ 

303.9010); m.p. 266–271 °C. 
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6.2 Biological evaluation 

6.2.1 Materials and methods 

 Cell cultivation and treatment 

Selected 17 human cell lines – HL-60 (acute promyelocytic leukemia), Jurkat (acute T-

cell leukemia), MOLT-4 (acute lymphoblastic leukemia), A549 (lung carcinoma), H1299 

(non-small cell lung cancer), COLO-201 (colorectal adenocarcinoma), HT-29 (colorectal 

adenocarcinoma, p53 mutant), SW-480 (colorectal adenocarcinoma), AGS (gastric 

adenocarcinoma), PANC-1 (pancreas epithelioid carcinoma), A2780 (ovarian 

carcinoma), HeLa (cervix adenocarcinoma), BT-549 (breast ductal carcinoma, triple 

negative), MCF-7 (breast adenocarcinoma), MDA-MB-231 (breast adenocarcinoma, 

triple negative) SAOS-2 (osteosarcoma) and MRC-5 (lung fibroblast) were purchased 

from Sigma-Aldrich (St. Louis, USA) and cultivated according to provider´s culture 

method guidelines. Normal human dermal fibroblasts (NHDF) were isolated from 

human skin removed during plastic surgery. The donor gave written informed consent 

according to the guidelines of the Ethics Committee of the Medical Faculty in Hradec 

Králové. Starting experiments, each cell line was seeded at the previously established 

optimal density (500 to 30 x 103 cells per well) in a 96-well plate, and the cells were 

allowed to settle overnight. The derivatives to be tested were dissolved in DMSO to 

stock solutions (10 mM). For the experiments, the stock solution was diluted with the 

appropriate complete culture medium to reach the final concentrations of 20 or 10 

μM.  

Cells were exposed to 20 μM of caffeine derivatives or 10 µM of quinazolin-4-one, 

purin-6-one or pyrrolo[2,3-d]pyrimidin-4-one inhibitors alone or in combination with 

DOX for 48 hours. The concentration of DOX (Sigma-Aldrich, USA) was 1 μM in case of 

quinazolin-4-one series but in case of purin-6-one and pyrrolo[2,3-d]pyrimidin-4-one it 

was chosen by determining the IC50 values for each of the cell lines. DOX was for these 

series used in the concentration range from 0.05 to 1 µM. Jurkat, A2780 were exposed 

to 0.05 µM DOX, A549, AGS, HeLa to 0.1 µM, HT-29, SAOS-2, MCF-7, MRC-5 to 0.5 µM 

and PANC-1 to 1 µM DOX. Cells were also exposed to standard DNA-PK inhibitors 

NU7441 or NU7026 in concentrations of 1 µM and 10 µM, respectively, standard ATM 
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inhibitor KU-55933 in a concentration of 10 µM, and ATR inhibitor VE-821 in a 

concentration of 1 µM. The maximal concentration of DMSO in cultivation media was 

0.1%. 

 Cell proliferation assay and growth percent calculation 

The WST-1 (Roche, Mannheim, Germany) reagent was used to determine the cytotoxic 

effect of tested compounds. At the end of cultivation period, WST-1 test was 

performed according to manufacturer´s protocol. The absorbance was measured using 

Tecan Infinite M200 spectrometer (Tecan Group, Männedorf, Switzerland). Each value 

is the mean of three independent experiments and represents the percentage of 

proliferation of control, non-treated cells (100%).  

The GP value was calculated for each inhibitor tested. GP represents the mean of 

viability decrease in the percentage of all the cell lines treated with the same inhibitor. 

 Determination of the half maximal inhibitory concentration (IC50) 

The cells were seeded at a concentration 5 x 103 cells/well in 200 µl culture medium 

containing various concentration (0.1; 1; 5; 10; 20; 50; 100; 200 μM) of compound 

K971 (33f) and VE-821 and incubated in 5% CO2 at 37 °C for 48 h. Cytotoxicity was 

evaluated as 50% inhibition concentration (IC50) value using the statistic software 

GraphPad Prism (GraphPad Software, Inc., USA). Experiments were performed at least 

three times at each drug concentration per experiment (Tab. 6). 

Table 6. IC50 values of K971 (33f) and VE-821 in A2780 and MOLT-4 cell lines. 

 Verification of inhibitory effect on ATM/ATR 

Exponentially growing HL-60 cells were suspended in a culture medium at a maximal 

concentration of 1 × 105/mL. The standard ATR inhibitor VE-821 (10 µM) and caffeine 

derivative K971 (33f; 20, 100 and 200 µM) were added 30 min before irradiation. 

  A2780, K971 A2780, VE-821 MOLT-4, K971 MOLT-4, VE-821 

IC50 (μM) 21 14 31 26 

95% Confidence Intervals 16 to 29 9 to 22 24 to 41 16 to 40 

Goodnes of fit (R2) 0,9342 0,876 0,9294 0,8674 
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Aliquots of cell suspension were plated into 25 cm2 flasks (TPP, Trasadingen, 

Switzerland or NUNC, Roskilde, Denmark) and were irradiated at r.t. with a dose of 6 

Gy using a 60Co γ-ray source (Chisotron Chirana, Prague, Czech Republic). After 

irradiation, flasks were incubated in 5% CO2 atmosphere at 37 °C. Non irradiated 

control cells were handled in the same way, except that irradiation was omitted. In 

case of quinazolin-4-one series, derivative K1008 (45d; 10 μM) and DNA-PK inhibitor 

NU7441 (1 μM) were added to cells alone or simultaneously with DOX (1 μM).  

Whole-cell lysates (Cell Lysis Buffer, Cell Signaling Technology, Danvers, MA, USA) were 

prepared 4 or 24 hours after the irradiation or addition of DOX, and quantification of 

the protein content was performed using BCA assay (Sigma-Aldrich, St. Louis, MO, 

USA). The lysates were loaded into each lane of a polyacrylamide gel. After 

electrophoretic separation, the proteins were transferred to a PVDF membrane (Bio-

Rad, Hercules, CA, USA). Non-specific binding of the membranes was blocked for 1 

hour in a Tris-buffered saline containing 0.05% Tween 20 and 5% non-fat dry milk. The 

membranes were washed twice with TBST, each time for 5 minutes, and once with 

TBS, again for 5 minutes. Incubation with a primary antibody (β-actin – Sigma-Aldrich, 

St. Louis, MO, USA; Chk1_serine 345, Chk2_ threonine 68 – Cell, p53_serine 15 – 

Signaling, Danvers, MA, USA) was performed at 4 °C overnight. The following day the 

membranes were washed five-times with TBST, each time for 5 minutes, and once with 

TBS, for 10 minutes, and then incubated with an appropriate secondary antibody 

(DakoCytomation, Glostrup, Denmark) for one hour at room temperature. Band 

detection was performed using a chemiluminescence detection kit (Roche, Basel, 

Switzerland). To ensure equal protein loading, each membrane was reprobed, and β-

actin was detected. Band density was quantified using a GeneTools image analysis 

system (Syngene, Cambridge, UK) and normalized to β-actin. 
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6.2.2 Complete biological data from cell screenings 

 Screening of the caffeine derivatives 
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 Screening of the quinazolin-4-one series 
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 Screening of the purin-6-one and pyrrolo[2,3-d]pyrimidin-4-one series 
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8. Summary in English 

Radiation and genotoxic drugs after more than 70 years since their discovery still 

belong to the cornerstones of cancer treatment. However, these types of therapy 

often suffer from severe adverse effects and resistance caused by DNA repair 

mechanisms. The basic feature of cancer cells is genome instability, leading to various 

mutations and upregulated or otherwise defective DNA repair, making the cancer cells 

vulnerable to additional interference with the DNA damage response (DDR) 

mechanisms. This is the fundamental idea behind the DDR targeted therapy, which has 

been thoroughly studied for almost two decades. The main goals of this therapy is an 

improvement of the efficacy of DNA damaging treatments leading to lesser doses and 

adverse effects but also enabling selective targeting of defective cancer cells. The 

development of this area of research was very slow at the onset, but last few years it 

finally brought the first compound into therapy and several others into clinical trials. 

Among the plethora of signal and effector proteins involved in DDR, three related 

kinases ATM (ataxia telangiectasia mutated), ATR (ATM and Rad3-related) and DNA-PK 

(DNA-dependent protein kinase) play the principal roles in initiation and regulation of 

signaling pathways in response to DNA double and single strand breaks (DSB and SSB). 

I have focused my research on these three kinases, and during my studies, I have 

designed and synthesized three sets of compounds, which were then tested as chemo- 

and radio- sensitizers. Several compounds proved to be very potent in different cancer 

cell lines and will be submitted to more advanced biological testing. 
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9. Shrnutí v českém jazyce 

Radioterapie a klasická chemoterapeutika patří i po 70 letech od jejich objevu stále 

mezi základní kameny léčby rakoviny. Bohužel, tento typ léčby není vždy dostatečně 

účinný a často s sebou přináší závažné nežádoucí účinky. Jednou z hlavních příčin 

rezistence k této cytotoxické terapii je přirozená schopnost buněk opravovat svou 

DNA. Signální dráhy i samotné mechanismy oprav DNA jsou u rakovinných buněk díky 

četným mutacím velmi nevyrovnané, což dělá tyto buňky náchylné k dalším zásahům 

do ještě funkčních signálních drah. Mechanismy oprav DNA jsou pro léčebný účel 

studovány již přes dvě dekády. Hlavním cílem pro tento typ léčby je zvýšení účinnosti 

stávající léčby, snížení nežádoucích účinků a v poslední době především selektivní cílení 

defektních nádorových buněk. Vývoj inhibitorů pro tento účel byl zprvu pomalý, 

nicméně první takto působící sloučenina již byla schválena pro terapii rakoviny a 

mnoho dalších právě podstupuje klinické testování. 

Mezi velkým množstvím různých signálních a efektorových proteinů účastnících se 

oprav DNA vyčnívají tři příbuzné kinasy ATM (ataxia telangiectasia mutated), ATR 

(ataxia telangiectasia and Rad3-related) a DNA-PK (DNA-dependentní protein kinasa). 

Tyto atypické protein kinasy hrají jednu z hlavních rolí při signalizaci a opravách dvou- a 

jednořetězcových zlomů DNA, které jsou často způsobeny cytotoxickou léčbou. V rámci 

mého výzkumu jsem se zaměřil právě na tyto tři kinasy. Navrhnul a připravil jsem tři 

série potenciálních inhibitorů, které byly následně testovány jako chemo- a 

radiosensibilizátory nádorových buněk. Několik sloučenin vykázalo velmi silnou 

potenciaci účinku cytotoxických agens na nádorové buňky. Tyto deriváty jsou 

předmětem dalšího studia. 
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