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Abstract 

Cyclin dependent kinases (CDKs) belong to a family of serine/threonine protein 

kinases that play a key role in cell cycle and transcriptional regulation. CDK9, in 

complex with its regulatory partner cyclin T1, is involved in RNA transcriptional 

regulation through phosphorylating the RNA polymerase II. Inhibition of CDK9 can 

target multiple cancer-relevant pathways by downregulating the transcriptionally 

inducible genes of cancer cells, such as cell cycle regulators and antiapoptotic factors. 

Although many CDK inhibitors have been in clinical trials, there is only one CDK9-

selective compound (BAY1143572) in trials. Therefore, it is still necessary to study 

other highly selective CDK9 inhibitors. 

Through the analysis of the cocrystal structure of lead compound 5-(2-((3-(1,4-

diazepan-1-yl)phenyl)amino)-pyrimidin-4-yl)-N,4-dimethyl-thiazol-2-amine (5) bound 

to CDK2 and CDK9, compound (5) favours the “inward” conformation in CDK9, while 

it adopts both the “inward” and “outward” conformations in CDK2. Aurora A and aurora 

B (ARKs) inhibitors are also found to adopt the similar “outward” conformation” in 

ATP binding site of ARKs. Therefore, an “inward” conformation macrocyclic structure 

was designed to improve the selectivity against CDK9 over CDK2 and ARKs. 

Three series of macrocyclic compounds were designed, synthesised and tested against 

CDK9, CDK2, and ARKs. The first series macrocyclic compounds with amide linker 
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shows poor inhibitory activity against CDK9, and the molecular docking study shows 

these macrocyclic compounds fail to reside in the ATP binding site of CDK9. 

Following that, ring closing metathesis (RCM) was exploited as an alternative 

cyclisation strategy. Although the synthesis work was unsuccessful at the first onset, 

compound 6-methyl-12-oxa-3,6-diaza-2(4,2)-pyrimidina-1,4(1,3)-dibenzenacyclodo-

decaphan-8-ene (43) with a similar structure as designed compounds was introduced as 

the model compound to optimise the RCM reaction. The thiazole group was then 

demonstrated to be the interfering factor in RCM and compound 11-oxa-3-aza-2(4,2)-

pyrimidina-5(1,4)-piperazina-1,4(1,3)-dibenzenacyclo-undecaphan-7-ene (44) with a 

replacing phenyl group was successfully synthesised and showed poor activity against 

CDK2 and ARKs (>219 nM for these three kinases). 

According to the published paper regarding lead compound (5), extensive substituents 

modification (-CH3, -CN, -F) of compound (44) afforded 11-oxa-3-aza-2(4,2)-

pyrimidina-5(1,4)-piperazina-1,4(1,3)-dibenzenacyclo-undecaphan-7-ene-1-

carbonitrile (79) as the most selective CDK9 inhibitor. It shows 60-fold selectivity for 

CDK9 over CDK2 and 90-fold selectivity for CDK9 over ARKs. A further Diversity 

Kinase Profile Screening demonstrates the high selectivity of compound (79) that only 

tyrosine-protein kinase Lyn(h) appeared as the off-target. 

To improve the inhibitory activity against CDK9, alternative macrocyclic pyrimidine 

systems were designed, and compound 1-methoxy-4-(4-methylpiperazine-1-carbonyl)-
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3,8-diaza-2(4,2)-pyrimidina-1(1,3),4(1,2)-dibenzenacyclononaphan-7-one (89) showed 

an attractive Glide score based on molecular docking studies. Because of the time limit, 

the synthetic work for compound (89) has not been finished.  
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Chapter One: Introduction 

1.1 Cancer 

In 2014, around 357,000 new cases of cancer appeared in the UK, and 163,444 deaths 

from cancer, which equates to 450 deaths every day.1 The number of new cancer 

diagnoses is increasing, and has risen by more than 25% since 2001.1 

1.1.1 The definition of cancer 

Cancer is a serious disease caused by abnormal cells that can grow and divide, or 

accumulate uncontrollably, invading normal tissues, organs and spreading throughout 

the body.2,3 Rather than responding to signals that control normal cell division, 

differentiate or die, cancer cells do not respond to these signals and develop the 

autonomy of uncontrolled proliferation or survival. Almost 90% of deaths caused by 

cancer are due to the spreading of cancer cell, namely metastasis.4 

The prevailing theory of how cancer develop this autonomy is that cancer cells with 

the mutated cell genome can result in mutated proteins to disrupt the balance between 

cell proliferation and cell death.4,5 
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1.1.2 The clonality of tumour 

 

Figure 1.1 Stages of tumour development.2 

A fundamental feature of cancer is tumour clonality.6 Cancer originates from a single 

abnormal cell (clonal origin) with genes mutated. Uncontrolled proliferation of the 

abnormal cells leads to tumour progression and accumulation of additional random 

mutations.7 Selective advantage will be conferred upon some of the cells by certain 

mutations, such as proliferative or survival advantage; the tumour cell with such 

mutation will accumulate and be dominant in the tumour population. This is called 

clonal selection.2 Clonal selection continues with continued tumour cell proliferation. 

Therefore, tumour cells become more malignant. Uncontrolled mutation and selective 

expansion of tumour cells leads to tumour growth and progression, and will erode the 

membrane barrier, escaping into the connective tissue to invade other organs, blood and 
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lymphatic vessels, and eventually metastasise throughout the body (Figure 1.1).6-8 

The clonality of tumours has been demonstrated by the analysis of X chromosome 

inactivation (Figure 1.2).2,8 In female cells, one of the X chromosome pair becomes 

inactivated during embryonic development and the inactivation occurs randomly on the 

X-chromosome pair, so the normal tissue is composed of cells with different inactive 

X chromosomes. Nevertheless, the tumour tissue shows the same heterozygous X 

chromosome gene, which indicates cells in a tumour are derived from an original cell, 

because the pattern of X chromosome inactivation has been fixed before the 

proliferation of the (initial aberrant) mutated cancerous cell.2 

 

Figure 1.2 Tumour clonality-analysis of X-chromosome inactivation.2 
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1.1.3 Types of cancer 

There are > 200 types of cancer, which result from the uncontrolled proliferation of 

any kind of abnormal cells in the body.9 These cancers can be different from the 

behaviour and response to the treatment. A tumour can be either benign or malignant, 

and they are the two main classifications of tumours.2 

1.1.3.1 Benign and malignant tumours 

A benign tumour is confined to its original location and does not invade surrounding 

normal tissue. Contrastingly, a malignant tumour, penetrates and destroys adjacent 

tissue and metastasises to distant parts of the body via the circulatory or lymphatic 

systems (Figure 1.3).10, 11 A malignant tumour, which is also referred to cancerous 

tumour, is innately dangerous because of the ability to invade and metastasise. Often, a 

benign tumour does not need any treatment, but it can be removed through surgery if 

necessary.2,11  

 

Figure 1.3. Gross appearance of benign and malignant tumours.12 
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1.1.3.2 Five main types of tumours  

Both benign and malignant tumours can also be classified depending on the type of 

cell that is initial altered. Most cancers fall into five main types of tumours: carcinomas, 

sarcomas, leukaemia, lymphoma and myelomas.13 Carcinomas, comprise 90% of 

human cancers, result from malignant epithelial cells, which cover the surface of the 

skin and internal organs. Sarcomas, which are solid tumours, result from cancerous 

change in muscle, bone, and connective tissue. Leukaemia and lymphomas, accounting 

for about 8% of human cancers, arise from malignant white blood cells and from cancer 

cells of the lymphatic system, respectively. Myelomas result from specialised white 

blood cells of the immune system that make antibodies.12 

1.1.3.3 Grading system of tumours 

Tumour cells can further be classified according to “grade” to predict the behaviour 

of the tumour and guide the treatment. The grading systems are different according to 

the type of cancer, but generally there are five grades depending on the degree of 

abnormality.14 

GX: Grade cannot be assessed (undetermined grade) 

G1: Well differentiated (low grade) 

G2: Moderately differentiated (intermediate grade) 

G3: Poorly differentiated (high grade) 

G4: Undifferentiated (high grade) 
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1.1.4 Hallmarks of cancer 

Normal cells have the intrinsic self-defenses against cancerous process, and there are 

many changes occurring when they start to grow uncontrollably to form cancer. In 2011, 

eight hallmarks of cancer and two enabling characteristics underlying the development 

of cancer were proposed by Hanahan and Weinberg (Figure 1.4).15 

 

Figure 1.4 The eight hallmarks of cancer and two enabling characteristics.15 

1.1.4.1 Sustaining proliferative signaling 

Unlike normal cells, which carefully control the production and release of growth-

promoting signals to ensure a homeostasis of cell number and maintenance of normal 

tissue architecture and function, cancer cells generate growth signals themselves to 

support the uncontrolled proliferation.16 Additionally, cancer cells become resistant to 

anti-growth signals by overexpression of the signal receptors at the cell surface to ignore 
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normal signaling that limits the growth of cells. 

1.1.4.2 Evading growth suppressors 

Growth suppressors produce signals that inhibit abnormal cell growth and 

proliferation. Cancer cells acquire the ability to circumvent the regulation of tumour 

suppressors by mutations or alterations to tumour suppressor genes. Retinoblastoma 

protein (pRb) and TP53 (p53) are two prototypical tumour suppressors that determine 

whether to proliferate or activate the apoptotic programs of cells. 

1.1.4.3 Resisting cell death 

Apoptosis serves as a natural barrier to programmed cell death when facing various 

physiological stresses, such as DNA damage and elevated level of oncogene signaling.17 

Cancer cells avoid the normal cell death cycle and accumulate in the body by increasing 

expression of anti-apoptotic proteins (Mcl-1, Bcl-2) or survival signals (lgf1/2), or by 

downregulation of proapoptotic proteins (Puma, BAX).15 

1.1.4.4 Enabling replicative immortality 

Telomeres are small portions of DNA at the ends of each chromosome to protect the 

end of chromosomal DNAs from end-to-to fusion.18-20 In normal cell division, telomeres 

are shortened each time DNA is copied (i.e. every cell division); eventually telomeres 

lose the protective function. Therefore, the replication of normal cells will only be a 
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limited number of times. However, cancer cells can activate telomerase to maintain 

telomeres and allow the uncontrolled proliferation of cancer cell.21  

1.1.4.5 Inducing angiogenesis 

Like the normal tissue in the body, a tumour mass also needs a blood supply to sustain 

the neoplastic growth and to eliminate metabolic wastes. However, solid tumours need 

greater and greater blood supply to support their growth to a clinical visible size, it must 

form its own blood vessel to extend and grows into the tumour.22 This process is called 

angiogenesis, which is encouraged by interactions between the environment and the 

tumour. Vascular endothelial growth factor-A (VEGF-A), a well-known angiogenesis 

inducer, can be upregulated by cancer cells to encourage the growth of new vessels into 

the tumour mass.23  

1.1.4.6 Activating invasion and metastasis 

Unlike normal differentiated cells, cancer cells invade normal host tissue and circulate 

to other sites in the body to form new tumours (metastasis), which ultimately kills cancer 

patients.24 Cancer cells in this process alter their shape and become detached from 

neighboring cells as well as from the extracellular matrix (ECM). E-cadherin, a key cell-

to-cell adhesion molecule, serves as an antagonist against the invasion and metastasis 

of cancer cells. The downregulation and inactivation of E-cadherin are frequently 

observed in human cancers.25,26  
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1.1.4.7 Deregulating cellular energetics 

Cancer cells have been observed to limit their energy metabolism to anaerobic 

glucose metabolism (glycolysis) even under aerobic conditions, whereas normal cells 

undergo distinct glucose metabolism pathway under aerobic and anaerobic condition. 27, 

28,29 Activated oncogenes (e.g., RAS, MYC) and mutant tumour suppressors (e.g., p53) 

are shown to be involved in this glycolytic switch in cancer cells.30,31  

1.1.4.8 Avoiding immune destruction 

Through persistent monitoring of cells and tissues, the immune system of the body 

detects and eliminates abnormal cells and nascent tumours. Evidence shows that cancer 

cells can somehow avoid the detection of the immune system and continue uncontrolled 

proliferation.32 

1.1.4.9 Two enabling characteristics underlying cancer development 

The eight hallmarks distinguish cancer cells from normal cells, which possibly result 

from two characteristics that enable the alterations underlying cancer development: 

1.1.4.9.1 Genome Instability and Mutation 

Genes provide all the instructions for cellular activity. Cancer cell often increase the 

mutation rates of genes to acquire the hallmark characteristics of cancer, transforming 

cells into malignant cells. Because the genome maintenance and repair systems can 
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detect and resolve the mistakes in DNA replication, mutation rates are very low. The 

mutation rate of genes of cancer cells can be increased by increasing the sensitivity to 

mutagenic agents or destroying the DNA repair pathways.15 

1.1.4.9.2 Tumour-promoting inflammation 

The tumour-associated inflammatory response can enhance tumourigenesis and 

progression, and it also help the incipient neoplasia to acquire hallmark capabilities. It 

is achieved by supplying bioactive molecules, such as growth factors, survival 

factors.33,34,35 Inflammatory cells can also release DNA-damaging reactive oxygen 

species to accelerate their genetic evolution toward the malignant stage.15,36 

1.1.5 Chronic lymphocytic leukaemia (CLL) 

Chronic lymphocytic leukaemia (CLL), also known as B-chronic lymphoid 

leukaemia (B-CLL), is the most common type of leukaemia in Western countries, with 

more than 3000 people diagnosed in the UK every year.37  

CLL, originating in the bone marrow, is a type of blood cancer that affects B cell 

lymphocytes. CLL is characterised by uncontrolled accumulation of B cells and 

accumulation in the bone marrow and blood.38  The co-expression of pan-T-cell marker 

CD5 and pan-B-cell marker CD19 is the phenotypic hallmark of classical CLL.39, 40 CLL 

is also characterised by a typical defect in apoptosis through overexpression of key 

antiapoptotic protein (members of the Bcl-2 and IAP families), particularly Mcl-1.41, 42 
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1.1.6 Apoptosis pathway and the related apoptotic proteins 

1.1.6.1 Apoptosis pathway 

Apoptosis is a genetically encoded cell suicide program that is essential for the 

regulation of cell death in our bodies.43 "Evading Apoptosis" defined as the third 

hallmark of cancer represents an important mechanism for cancer cells to resist the self-

therapy in the body. The role of anti-apoptosis in tumorigenesis has been reported.44, 45 

To support uncontrolled proliferation, cancer cells perturb not only the growth pathways 

of normal cell, but also the apoptotic pathways.46 Therefore, apoptosis-induction has 

been viewed as a therapy endpoint for treatment of cancer. 

There are several pathways that apoptotic signalling can exert oncogenic effects. The 

two majors well-studied are the extrinsic pathway (death receptor) and the intrinsic 

pathway (mitochondrial) (Figure 1.5).43 
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Figure 1.5 Extrinsic and intrinsic apoptotic signalling pathways.43 

The extrinsic pathway starts with the binding of death receptors (such as tumour 

necrosis factor related apoptosis-inducing ligand receptor (TRAILR) and FASL receptor 

with their cognate ligands, which can activate initiator caspases (caspase‑8, caspase‑10) 

through dimerization mediated by FADD (FAS-associated death domain protein, an 

adaptor protein). Caspase‑3 and caspase‑7 are then cleaved and activated by Caspase-8 

and caspase-10, eventually leading to apoptosis.47,48 ,49  

The intrinsic pathway of apoptosis is triggered by intrinsic lethal stimuli (such as 
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DNA damage, ER stress), which first activate BCL‑2 homology domain 3 (BH3)-only 

proteins. The BH3-only proteins then activate BAX and BAK, leading to mitochondrial 

outer membrane permeabilization (MOMP). BCL‑2, as an anti-apoptotic protein, 

counteracts this. Upon MOMP, mitochondrial intermembrane space proteins, second 

mitochondria-derived activator of caspases (SMAC) and cytochrome c, are released 

from mitochondria into the cytosol. Cytochrome c binds with apoptotic protease 

activating factor 1 (APAF1), forming a complex termed apoptosome. The apoptosome 

then activates caspase‑9, leading to the activation of caspase‑3, caspase‑7 and 

apoptosis.48,50 ,51  

X-linked inhibitor of apoptosis protein (XIAP) regulates the apoptotic pathway by 

blocking caspase-3 and caspase-7. The BH3‑only protein BH3-interacting death domain 

agonist (BID) is cleaved by caspase-8 and enables crosstalk between the intrinsic and 

extrinsic apoptotic pathways.48 

1.1.6.2 Anti-apoptotic proteins in CLL 

The leukaemic cells accumulated in the bone marrow and lymph nodes are unable to 

initiate the apoptotic program due to several factors including defects in apoptotic 

pathways and excessive survival signals.52-56 The survival signaling pathways, such as 

NF-kB, which activates the transcription of antiapoptotic proteins (such as Mcl-1 and 

IAPs) or PI3K/AKT that phosphorylates several protein targets of relevance to apoptosis, 

are activated in leukaemic cells.57 Key antiapoptotic proteins (Bcl-2 and IAP families) 



14 

 

are overexpressed, a consequence of transcription in these survival pathways. XIAP, 

which belongs to the inhibitor of apoptosis proteins (IAPs), has a significant role in 

caspase inactivation.58 Both Mcl-1 and Bcl-2 play a crucial role inhibiting apoptosis in 

CLL cells.59, 60 Through transcriptional up-regulation of antiapoptotic proteins Mcl-1 

and XIAP, survival of CLL cells are ensured.61  

1.2 Targeting cyclin dependent kinase for cancer treatment 

1.2.1 Protein kinases 

Protein kinases are kinase enzymes that transfer the terminal phosphate of ATP to 

substrates (phosphorylation). Phosphorylation of substrates (the target protein) can lead 

to a functional change, such as enzyme activity, cellular location, or association with 

other proteins.62 To date, the human genome encodes 560 protein kinase genes.63 Protein 

kinases can regulate cellular pathways through modification of the signal transduction. 

Eukaryotic protein kinases share a common catalytic fold in which the active site is 

sandwiched by an N-terminal lobe and a larger C-terminal lobe (Figure 1.6).62 The N-

terminal lobe is composed of a β-sheet and a single α-helix (the “C helix”). The N- and 

the C-terminal lobes are connected by a five- to six-residue sequence which is termed 

the hinge region. Between the strands β1 and β2, there exists the glycine-rich loop which 

is a flexible part of the molecule. It participates in the ATP conformation, contributing 

to catalysis.64-66 

According to their binding mode, kinase inhibitors can be classified into four 
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types.67,68 Typle-1 inhibitors can recognise the active conformation of the kinase and is 

ATP-competitive. Most kinase inhibitors belong to this type. CDK9 inhibitors in this 

project are type-1 inhibitors and directly compete with ATP.69 Type-2 inhibitors target 

an inactive conformation of the kinase, with access to a hydrophobic pocket adjacent to 

the ATP-binding site. The third class comprises the allosteric inhibitors, which bind to 

an allosteric site outside the ATP-binding site, and are ATP-non-competitive. Because 

of exploitation of binding sites and regulatory mechanisms, the third class tends to be 

more selective than types 1 and 2. The fourth class, covalent inhibitors, can form an 

irreversible and covalent bond with a nucleophilic cysteine residue in the kinase active 

site through an addition reaction. 

All kinases have a conserved 20-35 residues activation loop. It plays a significant 

role in regulating kinase activity and is located between a conserved DFG motif and a 

less conserved APE motif (the abbreviations of three amino acids) (Figures 1.6 and 

1.7a).70,71  

 

Figure 1.6: Architecture of a prototypical protein kinase.72 
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In the active conformation, the N-terminal lobe is packed by the C helix. Meanwhile 

the aspartate of the DFG orientates the ATP substrate by chelating a Mg2+ ion (Figures 

1.6 and 1.7b). However, this interaction cannot exist in the inactive conformation 

because of the different position of the phenylalanine in the DFG motif (Figure 1.7c).73  

Compared to inactive kinases, which are structurally diverse, active kinases do not 

have catalytic requirements to constrain the fold, so they share a common catalytic 

component.73,74 

 

Figure 1.7: Active and inactive kinases. (a) The conserved residues at the active 

catalytic site of protein kinase A. (b) The C helix and DFG motif at the activation 

segment for PKA in the active conformation. (c) The C helix and DFG motif at the 

activation segment for Abl tyrosine kinase in the inactive conformation.72 
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1.2.2 Cyclin dependent kinases 

CDKs (EC 2.7.11.22) are the members of the serine/threonine protein kinases family 

and play a key role in many physiological processes. To date, 20 types of CDKs have 

been identified in the human genome.75 CDKs are generally classified into cell cycle 

CDKs and transcriptional CDKs based on their physiological roles. 

Some CDKs, such as CDK1, CDK2, CDK3, CDK4 and CDK6, play a direct role in 

the regulation of cell cycle transitions by the monitoring and control of the major 

conformational and regulatory changes. (Tab. 1.1) CDK activity is regulated by cyclins 

as regulatory subunits. The cell cycle CDKs are usually classified as either G1 (CDK4 

and CDK6/cyclin D, CDK2/cyclin E), S (CDK2/cyclin A, CDK1/cyclin A), or G2/M 

(CDK1/cyclin B) phase specific (Figure 1.8).76,77 

 

Figure 1.8 CDKs involved in cell cycle.78 

Apart from the role in cell cycle regulation, CDKs also involve many other 
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physiological processes. Table 1.1 gives a summary of physiological functions of 

CDKs1-14 and their main binding partners.79,80 Transcriptional CDKs have attracted 

medicinal chemists, especially CDK8 and CDK9, which play key roles in the control of 

transcription by RNA polymerase II.81-84 They are only involved in transcriptional 

regulation. Others CDKs have dual or multiple roles.  

Table 1.1: The known CDKs, their main binding partners and their physiological 

functions.80 

 CDK  Main binding 

partners 

Cellular functions 

CDK1  cyclin A1; A2; B1; B2 G2-M (cell cycle) 

CDK2  cyclin A1; A2; E1; E2 G1-S (cell cycle) 

CDK3  cyclin E1; E2; A1; A2; C G0-G1(cell cycle) 

CDK4  cyclin D1; D2; D3 G1-S (cell cycle) 

CDK5  p35; p39 Senescence, post-mitotic neurons 

CDK6  cyclin D1, D2, D3 G1-S (cell cycle) 

CDK7  cyclin H and MAT CDK-activating kinase (CAK); transcription 

CDK8  cyclin C Transcription 

CDK9  cyclin T1, T2a, T2b, K Transcription 

CDK10  cyclin M Transcription; G2M (cell cycle) 

CDK11  cyclin L1; L2 Transcription, pre-mRNA splicing; M (cell cycle) 

CDK12  cyclin L1; L2; K Transcription; regulation of RNA splicing 

CDK13  cyclin L1; L2; K Transcription; regulation of RNA splicing 

CDK14  cyclin D1; D2; D3; Y G1-S (cell cycle) 

1.2.3 Introduction to CDK9 

Cyclin-dependent kinase 9 (CDK9) is a cdc2-like serine/threonine kinase which 

complexes with T and K types cyclins.85 There exist two CDK9 isoforms (CDK9-42 
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and CDK9-55) and four kinds of regulatory cyclins (T1, T2a, T2b and K). CDK9 is 

ubiquitous in almost all the human tissues.86 Whereas the CDK9-42 isoform is localised 

in the cell nucleus and cytoplasm, the CDK9-55 isoform is mainly present in the cell 

nucleus.87  

 

Figure 1.9: The CDK9/cyclinT1 complex. The yellow line shows the binding 

interface between Cdk9 and cyclin T1.80 

Both CDK9 isoforms can form heterodimers with the four kinds of cyclins, in which 

CDK9 functions as the catalytic domain and cyclins constitute the regulatory subunit 

(Figure 1.9).86,88 In contrast to monomeric CDK9, the heterodimer (CDK9/cyclinT) is 

more stable.87,89 Additionally, CDK9 and cyclinT are subunits of the positive 

transcription elongation factor (P-TEFb), which regulates RNA pol II-based 

transcription. 

The transcription cycle is triggered through phosphorylation of Ser 5 of CTD 
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heptapeptide repeats by CDK7 (a component of the TFIIH complex). Due to the 

association between RNA pol II and the two negative elongation factors (NELF, DSIF), 

non-phosphorylated RNA pol II is not able to support the full elongation of the nascent 

RNA transcript. The P-TEFb complex first phosphorylates negative elongation factors 

(NELF and DSIF), which promote release of NELF and convert DSIF to a positive 

elongation factor. Subsequently, the P-TEFb phosphorylates Ser2 residue of CTD of the 

RNA pol II, allowing the productive elongation of the nascent RNA transcript (Figure 

1.10).90-92  

 

Figure 1.10: The role of the P-TEFb in transcription cycle.93 

1.2.4 Rationale of CDK9 as an anti-cancer target 

Resistance to apoptosis is a key characteristic of cancer.15 Cancer cells need 

continuous production of antiapoptotic proteins to support survival and uncontrolled 

proliferation, which provide a therapeutic window for developing transcriptional 
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inhibitors to treat cancer. CDK9 is ubiquitously expressed and only involved in 

transcriptional elongation. Inhibition of CDK9 can downregulate the transcriptionally 

inducible genes, such as cell cycle regulators and antiapoptotic factors.94 

1.2.4.1 Inhibition of anti-apoptotic proteins and Cyclin D 

Inhibition of transcription (CDK9) can induce a rapid decrease of D-type cyclins and 

antiapoptotic proteins XIAP and Mcl-1, leading to apoptosis, which can be 

demonstrated by CLL cell death induced by flavopiridol, roscovitine and other CDK9 

inhibitors.95-97 Mc1-1 is an anti-apoptotic/pro-survival protein, which is highly 

expressed in numerous cancer cells. It is reported that downregulation of Mcl-1 alone is 

sufficient to promote apoptosis in CLL cells.61 Cyclin D1 is the regulatory partner for 

CDK4 and CDK6,98 the overexpression of which can cause hyper-phosphorylation of 

pRb and eventually lead to uncontrolled proliferation of cancer cells.99, 100  

1.2.4.2 Inhibition of transcriptional factors 

Positive transcriptional elongation factor b, which is composed of CDK9 and cyclin 

T can interact with transcriptional factors, such as the androgen receptor (AR), to 

promote transcriptional elongation. Additionally, AR is also reported to increase the 

growth of prostate cancer.101, 102 Therefore, through inhibition of CDK9, AR 

transcription can be decreased, causing inhibition of proliferation rates of cancer 

cells.102 
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1.2.4.3 Inhibition of angiogenesis 

Inhibition of CDK9 can also lead to an anti-angiogenesis in cancer cells. Some CDK 

inhibitors (such as flavopiridol, SNS-032 and roscovitine) have been shown to inhibit 

of angiogenesis due to the potent activity against CDK9.103-105 Anti-angiogenesis of 

CDK9 is reported to be ascribed to downregulation of both VEGF mRNA and protein, 

the most potent tumour angiogenic factor.106, 107 

1.2.4.4 Activation of p53 

p53 is a key tumour suppressor protein and is mutated in 50% of human cancers. It is 

reported that transcriptional inhibition of p53 by CDKs inhibitors (flavopiridol, 

roscovitine, and DRB) can induce apoptosis in cancer cells.108, 109 Through 

transcriptional regulation of related genes in the p53 network, it can also lead to DNA 

repair, cell-cycle arrest, and senescence in cancer cells.110-112 For example, Mdm-2 is a 

negative regulator of p53, its downregulation by CDK9 inhibitors can activate p53, 

resulting in cancer cell apoptosis.113-115 

1.3 CDK9 inhibitors 

1.3.1 Known CDK9 inhibitors 

CDK9 belongs to a family which comprises at least 13 closely related kinases. To 

maximise the therapeutic margin of CDK9 inhibitors, CDK9 inhibitors with high 

selectivity over other CDKs are required. Most broad-range CDK inhibitors display 
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activity against CDK9, and primary mechanistic studies show that to a large extent 

inhibition of CDK9 contributed to their anti-tumour activities. Some of these CDK 

inhibitors are in clinical trials and discussed below.116-119 To date, only few selective 

CDK9 inhibitors have been reported. 

1.3.1.1 BAY 1143572 and BAY 1251152 

 

Figure 1.11 Chemical structures of potent and selective CDK9 inhibitors BAY 

1143572 and BAY 1251152. 

BAY 1143572 is reported as a potent and highly selective CDK9 inhibitor, which 

currently is being investigated in a Phase I clinical trial to determine the safety, 

tolerability and recommended Phase II dose in patients with advanced cancer or acute 

leukemia.120, 121 It shows IC50 value for CDK9 of 25 nM, and more than 50-fold 

selectivity over other CDKs in enzymatic assays. Treatment with BAY 1143572 results 

in a transient inhibition of MYC (short-lived anti-apoptotic survival proteins) levels and 

an induction of apoptosis. BAY 1143572 also exhibits significant antitumour activity 

against primary adult T-cell leukaemia/lymphoma cells in vitro.122 

Extensive structural optimisation of BAY 1143572 led to the identification of BAY 

1251152. BAY 1251152 shows increased enzymatic activity (IC50 value for CDK9 of 3 

nM) and cellular potency ((IC50 value for MOLM13 of 29 nM), and increased selectivity 
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against CDK2 (more than 100-fold) as well as high permeability and no efflux. BAY 

1251152 is currently in a Phase I clinical trial to determine the safety, tolerability, 

pharmacokinetics and initial pharmacodynamic biomarker response in patients with 

advanced cancer.123 

1.3.1.2 Flavopiridol 

Flavopiridol and roscovitine (Figure 1.12), as two pan-selective CDK inhibitors, are 

the most studied CDK inhibitors. Flavopiridol has a preferred inhibition of CDK9 (Ki < 

3 nM) over other CDKs (Ki values of 40 to 70 nM).124 

Flavopiridol as a single agent in a phase-I clinical study for treatment of CLL has 

achieved high response rates.125, 126 According to mechanism studies, flavopiridol can 

reduce the levels of anti-apoptotic proteins, especially MCL-1 and XIAP, in CLL and 

induce CLL cell death through transcriptional inhibition of CDK9.97 Thus, providing 

proof of concept for the use of CDK9 inhibitors in the treatment of CLL. 
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Figure 1.12 Chemical structures of representative CDK9 inhibitors 

1.3.1.3 (R)-Roscovitine and its analogue CR-8 

Roscovitine inhibits CDK1, 2, 5, 7 and 9 within the low micromolar range.127 It has 

been reported that (R)-roscovitine can be used to treat distinct types of cancer, such as 

non-small cell lung cancer,128 CLL,95 and breast cancer.129 Because of its short half-life 

and low potency against cancer cell lines, the large quantities which are needed to treat 

patients may limit its development as an anti-cancer drug.130-132 Subsequently, a second-

generation analog CR-8 (Figure 1.12) has been reported to exhibit 2- to 4-fold more 

activity than roscovitine against CDK1/2/3/5/7/9. (S)-CR8 also shows 102-fold more 

potency than (R)-roscovitine in the NCI 60 cell line panel.133 Transcriptional inhibition 

by (R)-roscovitine can trigger the down-regulation of anti-apoptotic protein Mcl-1 in 

cancer cell, and thus lead to apoptosis, which has been demonstrated by ex vivo 
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treatment of patient CLL cells.134 

1.3.1.4 DRB and SNS-032 

DRB (Figure 1.12), a nucleoside analog, is an inhibitor of the transcriptional CDKs 

(CDK7 and CDK9). Although the half maximal inhibitory concentration (IC50) of DRB 

for CDK9 is only 0.34 μM, it shows more than 28-fold selectivity for CDK9 over both 

CDK2 and CDK7.135, 136 Due to the poor physicochemical properties and low potency 

against cancer cell lines, DRB is generally used as a chemical tool for chemical biology 

studies. 

SNS-032 was designed as a CDK2 inhibitor, but it turned out to be potent against 

CDK9/cyclin T (IC50 = 4 nM). In a panel of 208 kinases, SNS-032 is highly selective 

for CDKs, and only four non-CDK proteins were inhibited. SNS-032 has been 

demonstrated to have a potential for antitumour activity in both solid and 

haematological cancers.137 It was studied in Phase I clinical trial for treatment of CLL, 

multiple myeloma and metastatic refractory solid tumours.138 

1.3.1.5 Pyrimidine derivatives 

2-aminopyrimidine core is widely used as a pharmacophore in lots of CDK inhibitors, 

which commonly has different substitutions on 4-pyrimidine position. AstraZeneca 

reported two 4-imidazole ring substituted analogues, 1 and 2.139, 140 Both compound 1 

(CDK1 IC50 = 16 nM, CDK2 IC50 = 6 nM, CDK5 IC50 = 14 nM, CDK9 IC50 = 20 nM) 
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and compound 2 (CDK1 IC50 = 2 nM, CDK2 IC50 = 2 nM) exhibited potent inhibitory 

activity against CDKs. Nevertheless, the clinical development of compound 1 has been 

stopped because of its short half-life and low tolerability.141 Further study of compound 

1 showed it can be employed as a potent radiosensitizer in non-small-cell lung cancer 

(NSCLZ) model.142 

 

Figure 1.13 The development of a potent pyrimidine lead compound 5. 

A series of 2-aniline-4-(thiazol-5-yl)pyrimidine derivatives were reported as the 

highly potent and selective CDK9 inhibitors.143-145 Through introducing electron-

withdrawing substituents to the meta- position of the aniline and H-bond acceptor 

groups such as primary amino to 2-thiazole position, it can increase the inhibitory 

potency against CDK2. Compound 3 was reported as a potent CDK2 inhibitor (Ki = 2 

nM). Further structural optimization of compound 3 led to another potent CDK inhibitor 

4 (CDK1 Ki = 12 nM, CDK2 Ki = 4 nM, CDK9 Ki = 6 nM) by replacing the nitro group 

with the sulphonamide group and add a cyano group to the pyrimidine ring. Compound 
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5 was achieved by introducing a bulky diazepane group instead of the sulphonamide 

group and it shows > 80-fold selectivity for CDK9 (Ki = 7 nM) over CDK2 (Ki = 568 

nM), and demonstrates potent anticancer activity against primary chronic lymphocytic 

leukaemia cells.144 Compound 5 is adopted as the lead compound in this project. 

1.3.2 The introduction to ATP binding site 

Although the ATP-binding site of protein kinases is highly conserved, there are still 

some key areas of diversity within the architecture of the ATP-binding site. It can be 

divided into the following five regions.146-148 

 

Figure 1.14: The ATP binding site of CDK9 complexed with ATP (PDB code 

3BLQ). Hydrogen bonds are shown in yellow dash.149 
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1.3.2.1 Adenine binding site 

The adenine binding site is mostly hydrophobic in character. According to the binding 

pose of CDK9 with ATP in Figure 1.14, N1 and N6 nitrogen of the adenine ring of ATP 

are engaged in two hydrogen bond donor-acceptor systems by interactions with the 

backbone NH and carbonyl groups of the hinge region. The hydrogen bonds formed 

with hinge region are common in most potent kinase inhibitors. The adenine ring of ATP 

is typically replaced by a heterocyclic ring system in CDKs inhibitors, and the 

substituents of the heterocyclic ring can extend to the adjacent hydrophobic pockets I 

and II.67 

1.3.2.2 Hydrophobic pocket I 

The hydrophobic pocket I locates at the extending direction of N7 nitrogen of adenine. 

It is not used by ATP in most of the protein kinases, but it can be exploited to gain 

binding affinity and improve selectivity. The size of this pocket varies in different 

kinases and is determined by the gatekeeper residue. The gatekeeper residue partially or 

fully blocks the hydrophobic region I and contributes to the selectivity of kinases for 

small molecule inhibitors.150 Kinase inhibitors have been reported to gain affinity or 

selectivity by exploiting the difference in gatekeeper residues.151-153 

1.3.2.3 Hydrophobic pocket II 

This region is a hydrophobic slot which is opened to solvent. It is not occupied by 
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ATP and can be used to gain binding affinity. It has been reported a selective CDK4 

inhibitor was designed based on the differences of hydrophobic II between CDK2 and 

CDK4.154 

1.3.2.4 Ribose region 

It is also called the sugar region, which is hydrophilic in most protein kinases, except 

EGFR. This peculiarity has been exploited to design potent and selective EGFR 

inhibitors.155  

1.3.2.5 Phosphate binding site 

Due to high solvent exposure, the phosphate binding site is less important in terms of 

binding affinity. But it can also be exploited to gain some additional affinity or to 

improve selectivity by taking advantage of the less conserved amino acids in this 

region.148 
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1.3.3 The binding mode of CDK9 with known inhibitors 

1.3.3.1 Flavopiridol 

 

Figure 1.15: (A) Flavopiridol binding mode in CDK9 (PDB ID: 3BLQ). (B) Details 

of interactions of flavopiridol with CDK9. (C) A schematic representation of 

flavopiridol with related amino acid residues.156 

Several known CDK inhibitors were co-crystallised with CDK9 and will be discussed 

here. To date almost all CDK inhibitors compete with ATP in the ATP-binding pocket,157 

and flavopiridol is the most studied inhibitor. 

The co-crystallisation of flavopiridol with CDK9/cycin T1 was reported by Baumli 

et al. in 2008 (Figure 1.15).156 Hydrogen bonds are formed between the O4 oxygen, O5 
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hydroxyl of flavopiridol and Cys106 NH and Asp 104 O of hinge region. The protonated 

piperidinyl group N1 and the O3 hydroxyl also form hydrogen bonds with the Asp167 

(Asp145 in CDK2) side chain. 

Analysis of the superposition of CDK2 and CDK9 with flavopiridol (Figure 1.16) 

shows that the CDK9-flavopiridol complex shows more intermolecular hydrogen bonds. 

The benzopyran ring is at the same position in both complexes.158 There are two strong 

salt bridges existing between Glu92-Lys20 and Glu92-Lys29 in the CDK9-flavopiridol 

structure. This strong electrostatic interaction, involving residues from two different 

lobes in CDK9, makes the two lobes closer and leads to more contact area for the ligand 

and protein kinase. 

 

Figure 1.16 Details of superposition of the complexes of deschloroflavopiridol with 

CDK2 and flavopiridol with CDK9.158 
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1.3.3.2 DRB 

DRB shows 30-fold more selectivity against CDK9 over CDK2. DRB adopts 

different orientations when binding to the ATP-binding site of CDK9 and CDK2 (Figure 

1.17).159 In CDK9/cycin T, the planar benzimidazole moiety is sandwiched between 

residues Ile25 and Leu156. The two chlorine atoms of the DRB benzimidazole, Cl1 and 

Cl2, form halogen bonds with Asp104 and Cys106 in the CDK9 hinge region. There 

still exists polar contact between DRB and CDK9, which is mediated by a water 

molecule between the benzimidazole N2 and the backbone NH group of Asp167. 

 

Figure 1.17 DRB binding to CDK9 and CDK2 (A) Details of the CDK9/cyclin T 

(B) Details of the CDK2/cyclin A inhibitor; carbon atoms, yellow; Contacting 
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residues, stick models; Halogen and hydrogen bonds, dotted lines; Waters, crosses. (C 

and D) Detailed views of the halogen bonds of DRB bound to CDK9 and CDK2, 

respectively.160 

DRB binds to CDK2 in a different orientation (Figure 1.17 B and D).160 Cl1 contacts 

the carbonyl group of Glu81 in the hinge region, and forms a hydrogen bond. Cl2 

contacts the π-electrons of the phenylalanine ring of gatekeeper residue Phe80. The 

ribofuranoside adopts a similar orientation in the CDK2-bound structure as that in 

CDK9 except a hydrogen bond forms between the ribofuranoside to the main chain 

nitrogen of Gly13. Several water-mediated interactions of DRB are also observed with 

CDK2, which is formed by N2 of benzimidazole with the carbonyls of Leu83 and His84, 

and the O of ribofuranoside with the carbonyls of Asp86 and Asn132, Figure 1.17, 

B).160 



35 

 

1.3.3.3 (S)-CR8 

 

Figure 1.18 The co-crystal structure of (S)-CR8 with CDK9/cyclin T.37 

(S)-CR-8 is a potent CDK9 inhibitor (IC50 = 110 nM).37 Figure 1.18 is cocrystal 

structure of (S)-CR8 bound to the ATP binding pocket of CDK9/cyclin T. The purine 

ring of (S)-CR8 occupies the adenine binding site and is sandwiched between residues 

Ile25 and Leu156. 

Two hydrogen bonds are formed by N7 of the purine ring and the 6-amino group with 

Cys106 of the hinge region. This orientation of (S)-CR8 makes the phenyl-pyridine ring 

out of the ATP binding site and forms a favorable interaction with Phe105, Ile25, and 

Ala23. The Phenyl-pyridine moiety shows a weaker electron density than the purine 

ring, which indicates the flexibility of the phenyl-pyridine ring within the crystal.37 
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1.3.4 Flexible elements in CDK9/cyclin T 

 

Figure 1.19 A: Ribbon model of ATP bound to CDK9/cyclin T (PDB ID: 3BLQ). B: 

Overlay of CDK9/cyclin T ATP (grey, PDB code: 3BLQ) and DRB (lime green, PDB 

code: 3MY1) bound structures. C: Structures of (S)-CR8 (PDB code: 3LQ5) and 

flavopiridol (PDB code: 3BLR) bound to CDK9. All proteins are represented as ribbon 

models, inhibitors as stick models.161  

Compared to other CDK inhibitors, CDK9 inhibitors are more specific as they are 

able to exploit the conformation flexibility of the glycine-rich loop and the β3-αC 

loop.156 Although DRB makes more polar contacts with CDK2 than it does with CDK9, 

it is able to exploit the greater flexibility of CDK9/cyclin T by a downward movement 

of the glycine-rich loop.156, 160 Meanwhile, the β3-αC loop moves to the original position 

of the glycine-rich loop and further stabilises this conformation. The same downward 

movement of the glycine-rich loop is observed in the crystal structure of CDK9/cyclin 

T with flavopiridol. Nevertheless, this conformational change is not present in the 

crystal structure of deschloroflavopiridol and DRB with CDK2/cyclin A, which 
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indicates this conformational change is specific for CDK9.160, 162 The flexible glycine-

rich loop as a specific structure of CDK9, can be exploited to design potent and selective 

CDK9 inhibitors.146 

1.4 The rationale of the design for macrocyclic ligands 

1.4.1 The binding mode of lead compounds with CDK9 and CDK2 

 

Figure 1.20 Cocrystal structures of lead compound 5 bound to (A) CDK9/cyclin T (PDB 

code 4BCG) and (B) CDK2/cyclin A (PDB code 4BCP).144 

Lead compound 5 was reported as a potent and selective CDK9 inhibitor (over 80 

fold selectivity for CDK9 versus CDK2) in the previous CDK9 project.144 It was 

optimised from another small pyrimidine derivative 4 through introducing a bulky 

diazepane to the meta- aniline (Figure 1.13). Through inhibiting cellular RNAPII 
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transcriptional activity, lead compound 5 can down-regulate the antiapoptotic protein 

Mcl-1 and triggers apoptosis of cancer cells. Notably, lead compound 5 shows excellent 

antitumor activity in primary CLL cells, and it only shows little toxicity in healthy 

normal B- and T-cells.144 The disadvantage of lead compound 5 is the lack of selectivity 

over Aurora kinases (ARKs) (8-fold selectivity for CDK9 over ARKs). 

Lead compound 5 was co-crystallised with CDK9/cyclin T (left) and CDK2/cyclin A 

(right) in Figure 1.20 to explain the difference of two binding poses.144 From the co-

crystal structures, 5 adopts the similar binding poses within the ATP binding sites of 

these two CDKs. In the kinase hinge regions, the N1-pyrimidine and C2-NH of the 

pyrimidine ring form two hydrogen bonds with the NH of Cys106 (Leu83 in CDK2) 

and the carbonyl of Cys106 (Leu 83 in CDK2). A favourable lone pair-π-interaction is 

formed by the C5-carbonitrile group with the gatekeeper residue Phe103 (Phe80 in 

CDK2) in the hydrophobic pocket I. Notably, an extra water molecule is trapped near 

the C5-carbonitrile in the CDK2, and a water-mediated hydrogen-bonds network is 

formed with residue Asp145 and Glu51. The N-H of 2-thiazole methylamine can also 

form a hydrogen bond with Asp167 in (Asp145 in CDK2) in both binding poses. 

Within the cocrystal structures in Figure 1.20, the bulky substituent, 1,4-diazepane, 

adopts two distinct orientations. One has the position toward the thiazole group and is 

close to the ribose region in the ATP binding pocket, which is termed the “inward” 

conformation. The other orientation of 1,4-diazepane termed the “outward” 

conformation” has a 180o rotation and is away from the thiazole group. 
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1.4.2 Aurora kinases (ARKs) as the off-target proteins 

ARKs belong to a small family of serine/threonine kinases, which play key functions 

in mitotic events.163 Mammalian cells express three classes of aurora kinases, namely 

aurora A, aurora B, and aurora C. Aurora A, which positions to the centrosome and 

spindle poles, promotes centrosome maturation and spindle assembly.164, 165 Aurora B 

as the component of the chromosomal passenger complex (CPC) is required for 

phosphorylation of histone-H3, the spindle assembly checkpoint, and cytokinesis.163,164 

Aurora C is reported as a chromosome messager, but its functional role is still 

unknown.165 Auroras A and B have been demonstrated to be over-expressed in primary 

breast166 and colon tumour cells.167 

According to the Diversity Kinase Panel screening, lead compound 5 is a potent and 

selective CDK9 inhibitor, except ARKs as the main off-target.168 
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Figure 1.21 Cocrystal structures of known ARKs inhibitors bound to Aurora A and 

Aurora B. (A) VX680 with Aurora A (PDB code 3E5A),169 (B) VX680 with Aurora B 

(PDB code 4B8M),169 (C) Hesperadin with Aurora B (PDB code 2BFY),164 (D) 

ZM447439 with Aurora B (PDB code 2VRX).170 

Figure 1.21 shows the cocrystal structures of the known ARKs inhibitors, ZM447439, 

Hesperadin and VX-680, bound to the ARKs with the “outward” conformation.163, 164, 

169, 170 It is similar as the docking pose of lead compound 5 bound to CDK2. 

1.4.3 The design strategies for macrocyclic compounds 

1.4.3.1 Macrocyclic structure 

Figure 1.20 shows that lead compound 5 adopts two alternative conformations, 

“inward” and “outward”, in the CDK2/cyclin A complex. However, the 1, 4-diazepane 

ring in the CDK9 complex clearly only adopts an “inward” conformation, suggesting 

the ATP binding pocket of CDK2 is too crowded for the “inward” conformation of 5. 

Meanwhile, in Figure 1.21, ARKs inhibitors all adopt the same “outward” conformation 

binding poses in the ATP binding site of ARKs. Therefore, a locked “inward” 

conformation, macrocyclic structure, has the potential to improve the selectivity of 

CDK9 inhibitors over CDK2, ARKs. 

Amide linkers and alkene linkers are two common used strategies in cyclisation 

reaction. Therefore, macrocyclic compounds in this project were synthesised using the 

amide coupling and ring closing metathesis (RCM). 

https://en.wikipedia.org/wiki/ZM447439
https://en.wikipedia.org/wiki/Hesperadin
https://en.wikipedia.org/wiki/VX-680


41 

 

 

Figure 1.22 The design strategies for macrocyclic compounds. 

1.4.3.2 R1 and R2 substituents 

The gatekeeper residue in hydrophobic pocket I is crucial for the kinase inhibitor to 

improve the binding affinity. This pocket in CDK9 is relatively small because of the 

small gatekeeper residue Phe103. Therefore, through exploring the interaction between 

R1, R2
 and gatekeeper residue Phe103, it should be possible to gain binding affinity and 

improve the selectivity for CDK9 over other kinases, such as CDK2 and ARKs. 

1.4.3.3 Bulky R3 substituent 

Because of the flexible glycine-rich loop in CDK9, CDK9 inhibitors favour an “in-

conformation” in the ATP binding site, and a bulky R3 substituent (heteroatom 
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substituted ring) can generate a polar contact with Thr29 in the glycine-rich loop. 

However, this interaction cannot be observed in the “out-conformation” in other CDKs. 

Thus, a bulky R3 substituent, like piperazine, has the potential to improve the selectivity 

of CDK9 inhibitors.  
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1.5 Aims and objectives 

This project aims to:  

1) Design and synthesise macrocyclic pyrimidine analogues using structure-based 

design strategies, and improve the selectivity of the designed compounds against CDK9 

over other kinases, like CDK2 and ARKs. 

2) Analyse the observed SAR data and give a rational guide for the compound design 

with molecular docking.
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Chapter Two: Macrocyclic compounds containing 

amide linkers 

2.1 Overview of synthetic route  

The first series of macrocyclic compounds was synthesised using the amide linker in 

Scheme 2.1. The pyrimidine ring of compound 14 was formed by treating enaminone 6 

with N-phenyl-guanidine 10 under microwave condition. After deacetylation, the 

resulting precursor 15 was converted to macrocyclic compounds 17a-c in a two-step 

process using two successive amide coupling reactions. 
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Scheme 2.1 Synthetic route towards macrocyclic pyrimidine analogues 17a-c. 

Reagents and conditions: (a) 1-methylthiourea, pyridine, MeOH, 4 h, 90%; (b) Boc2O, 

DMAP, DCM, RT, 2 h, 95%; (c) DMF-DMA, 120 oC, 12 h, 55%; (d) 1-acetylpiperazine, 

DMSO, 100 oC, 72 h, 70%; (e) H2, 10% Pd/C, MeOH/ H2O, RT, overnight, 95%; (f) 

cyanamide, TMSCl, MeCN, reflux, 6h, 70%; (g) 2-methoxyethanol, microwave 299W, 

140 oC, 45 min, 60%; (h) 2 M HCl, MeOH, reflux, 90%; (i) adipic acid for 16c (glutaric 

acid for 16b and succinic acid for 16a), 2-chloro-4,6-dimethoxy-1,3,5-triazine, N-

methyl-morpholine, DCM, RT, overnight; (j) DMAP, Et3N, HATU, DMF, 50 o C, 20 h. 

2.1.1 Synthesis of enaminone 9 as the precursor for pyrimidine 14 

The synthetic route for 1-thiazole substituted enaminone 9 is shown in Scheme 2.1. 

Treatment of 1-methylthiourea with 3-chloropentane-2,4-dione 6 resulted in thiazole 7. 

The N-methylamine group was protected, followed by alkylation reaction with excess 

DMF-DMA overnight to afford enaminone 9. 

DMF-DMA can react with compound 8 in two different reaction pathways, one 

leading to the methylation product following the reaction with acetyl group and the other 

leading to the condensation product following the reaction with N-methyl amine 

group.171 Therefore, the N-methylamine group of 7 was Boc-protected to avoid the 

methylated by-product. Scheme 2.2 gives the condensation reaction mechanism of 

compound 8 to enaminone 9. 
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Scheme 2.2 Reaction mechanism of the enaminone 9. From ref.171 

2.1.2 Synthesis of guanidine 13 as the precursor for pyrimidine 14 

 

Scheme 2.3 Synthesis of compound 13. 

The meta-nitrobenzene compound 11 was synthesised by heating 1-fluoro-3-

nitrobenzene 10 and 2 equivalents of 1-acetylpiperazine in DMSO in the presence of 

potassium carbonate, as shown in Scheme 2.1.172 This method is optimised from the 

reaction for para-nitrobenzene as below (Scheme 2.4). 
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Scheme 2.4 Synthesis of para-nitrobenzene derivative. Reagents and conditions: (a) 

K2CO3/DMF, 100 oC, overnight. 99%. 

When this condition was applied to the meta-nitrobenzene compound, only a modest 

yield of 10% was achieved. Comparing to the para-substituted compound, the meta-

substituted compound 11 is much more difficult to synthesise, which can be explained 

by the extra resonance stabilisation of the intermediate anion by the para-nitro-group.172  

Pd/C was chosen as the catalyst to synthesise compound 12, after which compound 

12 was refluxed with cyanamide and TMSCl in acetonitrile. Unfortunately, neither 

crystallisation nor chromatography column was able to purify guanidine 13 because of 

its strong basicity. Therefore, it was used in the next step directly without purification. 

2.1.3 Formation of 2,4-disubstituted pyrimidine 15 

2,4-Disubstituted pyrimidine 14 was synthesised from enaminone 9 and 

phenylguanidine 13 in the microwave at 140 oC for 1 h in Scheme 2.1. Reflux conditions 

were also used in this reaction, but it took > 12 h. Microwave-assisted conditions seemed 

to be more effective for this condensation. 

Under the employed pyrimidine formation step, the Boc group was cleaved. 

Compound 14 was deacetylated to afford the piperazine analogue 15, which was 

achieved by heating the compound 14 in 2 M aqueous HCl solution at 100 oC overnight 

(Scheme 2.1). 
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2.1.4 Cyclisation of the precursor 15 using amide coupling chemistry 

As is shown in Scheme 2.1, carboxylic acids are coupled with two terminal amines 

of compound 15 to afford the product 17a-c. The amide couplings are divided into two 

separate steps. A selective amide coupling reaction was reported to convert carboxylic 

acid and piperazine into mono-amidated piperazine derivatives 16a-c using 2-chloro-

4,6-dimethoxy-1,3,5-triazine (Scheme 2.5).173 

 

Scheme 2.5 A rapid and mild condition for amide formation. From ref.173 Reagents 

and conditions: (a) N-methyl-morpholine, DCM, RT, 30 min; (b) DCM, RT, 1 h; (c) 

DCM, RT, overnight. 

By introducing the 4,6-dimethoxy-1,3,5-triazine group, the reactivity of the carbonyl 

group was enhanced, and the piperazine was easily acylated to afford the mono-

amidated product. Following that, typical amide coupling reagent HATU was employed 

to form the other amide bond and give the macrocyclic products 16a-c.174, 175 
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2.2 Results and discussion 

2.2.1 Kinase assay result  

Kinase assays were carried out by Eurofins Kinase Screening & Profiling service 

using the radiometric assay. The inhibition of kinase activity was tested on three 

macrocyclic compounds 17a-c against aurora-A, aurora-B, CDK2 and CDK9 at two 

concentrations (0.1 μM and 1 μΜ). Table 2.1 shows the kinases activity inhibition (%). 

Table 2.1. CDK2, CDK9, and aurora kinase inhibition activity of compounds 17a-c. 

Compound Kinase inhibition (%)a 

No. 
concentration 

(μM) 

aurora 

A 

aurora 

B 

CDK2–

cyclin A 

CDK9–

cyclin T1 

17a 
0.1 58 74 5 7 

1 93 98 22 35 

17b 
0.1 51 33 0 8 

1 44 70 0 23 

17c 
0.1 41 27 11 10 

1 85 53 26 36 

aData are mean values derived from two replicates. 

All three compounds 17a-c inhibit CDK9 activity by 7 - 10% at 0.1 mM concentration, 

which represents a poor activity against CDK9. A possible explanation is that the 

macrocycles might be too large and rigid to reside inside the ATP binding site of CDK9 

from the structure difference between 17a-c and lead compound 5, and it will be 

discussed in the molecular docking part later. Interestingly, compound 17a inhibits 
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aurora-A and aurora-B activity by 58% and 74% at 0.1 μM, but it shows < 10 % 

inhibition against CDK2 and CDK9. It could be further studied as an aurora-B inhibitor.  

2.2.2 Molecular docking 

The molecular docking work described in the following section can be used to predict 

the binding mode of the macrocyclic compounds with CDK2, CDK9, aurora-A and 

aurora-B kinases. It also can help better understand the SAR analysis to further optimise 

the designed compounds. 

Lead compound 5, and test compounds 17a, 17b and 17c were docked into the CDK9 

protein (PDB code 4BCG). The binding poses with the lowest Glide scores are shown 

in Figure 2.1. 

 

Figure 2.1: Superposition of the binding poses of compounds 5 (green), 17a (blue), 

17b (brown) and 17c (pink) with CDK9 (PDB code 4BCG). (A) CDK9 shown in sticks 

(B) CDK9 shown in surface. 

Figure 2.1 shows the superposition of the binding modes of ATP binding site of 

CDK9 with four ligands, lead compound 5 and 17a-c. Compound 5 in (A) occupies the 

ATP binding site, and shows a tightly binding with the hinge region (as it is discussed 
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in section 1.4.1). Compounds 17a-c in (A) are all away from the hinge region and no 

interaction is found, resulting the poor inhibitory activity against CDK9 (7 - 10% 

inhibition at 0.1 μM concentration). 

(B) shows a surface view of the ATP binding pocket of CDK9 and four ligands. 

Compound 2 (in green carbon) fully resides in the ATP binding pocket, while 17a-c (in 

blue, brown and pink carbon) fail to go inside the pocket. The macrocyclic structures of 

17a-c are too large for the ATP binding pocket of CDK9. 
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2.3 Conclusion 

The first series of macrocyclic compounds (17a, 17b, 17c) containing an amide linker 

was synthesised. Although the kinases activity assay showed these compounds exhibited 

poor inhibitory activity against CDK9, molecular docking was employed to explore the 

cause of the poor activity. The docking poses of the macrocycles bound to CDK9 

confirmed all these three macrocyclic compounds are too large to reside into the ATP 

binding pocket. The alkene linker as another cyclisation strategy was adopted to 

synthesise a new series of macrocyclic compounds. 
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Chapter Three: Optimised macrocyclic compounds 

with an alkene linker 

3.1 The optimisation of the synthesis for macrocyclic 

compounds with an alkene linker 

Ring closing metathesis (RCM) is widely used to synthesise unsaturated rings in 

organic chemistry.176-180 It was employed to synthesise macrocyclic compounds in the 

following synthetic routes. 

 

Scheme 3.1 The intended synthetic route for macrocyclic pyrimidine analogue 34. 
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Reagents and conditions: (a) 1-allylthiourea, MeOH, RT, 4-6 h; (b) Boc2O, DMAP, 

CH2Cl2, RT, 2 h; (c) DMF-DMA reflux overnight; (d) piperazine, DMSO, 100 oC, 72 h; 

(e) allyl bromide, K2CO3, DMF, 100 oC, 24 h; (f) SnCl2, MeOH/H2O, RT, overnight; (g) 

cyanamide, TMSCl, MeCN, reflux, overnight; (h) DMA, microwave, 200 o C, 299W, 

60 min. (i) different reaction conditions (see Table 3.1). 

The second-generation Grubbs catalyst (Grubbs II) and the second-generation 

Hoveyda-Grubbs catalyst (Hoveyda-Grubbs II) are a series of ruthenium carbene 

complexes used as catalysts for olefin metathesis. Grubbs II is not only stable against 

moisture and air, but also functional group-tolerant.179 It has been demonstrated to be 

highly efficient in the RCM of sterically demanding dienes.181 Compared to Grubbs II, 

Hoveyda-Grubbs II shows improved thermal stability and air-, moisture-tolerance. 

However, it is more expensive and slower to initiate than Grubbs II.179 

 

Figure 3.1 The chemical structure of Grubbs II and Hoveyda-Grubbs II catalysts. 

Scheme 3.1 shows an intended synthetic route for macrocyclic compound 34. The 

allyl groups were introduced into the two intermediate compounds 26 and 30, and the 

key intermediate 33 was synthesised through the condensation of compounds 28 and 32 

under microwave conditions. However, precursor 33 failed to be cyclised. Table 3.1 
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shows different RCM reaction conditions which were explored to synthesise compound 

34. 

 

Table 3.1 The reaction conditions of ring closing metathesis 

Entry Catalyst Reagent  

and Solvent 

Temperature  

and time 

Result (From TLC 

 and LC-MS) 

1 20 % 

Hoveyda-

Grubbs II 

DCM reflux, 24 h No desired product 

and only starting 

material observed 

2 20 % 

Hoveyda-

Grubbs II 

1,2-DCB 200 oC, 5 min 

(Microwave) 

Many by-products 

and no desired 

product observed 

3 20 % 

Grubbs II 

DCM reflux, 24 h No desired product 

and only starting 

material observed 

4 20 % 

Grubbs II 

1,2-DCB 200 oC, 10 min 

(Microwave) 

Many by-products 

and no desired 

product observed 

5 20 % 

Grubbs II 

HCl  

(4.0 M) 

in DCM 

reflux, 24 h No desired product 

and only starting 

material observed 

6 20 % 

Grubbs II 

HCl  

(4.0 M) 

in dioxane 

50-100 oC, 24 h No desired product 

and only starting 

material observed 

Catalysts (Grubbs II and Hoveyda-Grubbs II) and different boiling point solvents 1,4-

dioxane, DCM and DCB were employed in Table 3.1,178-180 but none of them succeeded 
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in cyclising compound 33. 

The yield of RCM is often highly dependent on the nature of the N-substituent. It is 

reported that a steric bulk substituent around the nitrogen leads to a favorable transition 

state for ring closure.178, 182, 183 Therefore, compounds 35 and 36 with different N-

substituted groups were designed, and the conditions in Table 3.1 were employed. 

 

Scheme 3.2 The synthetic route for compound 35 and 36. Reagents and conditions: 

(a) 1-methylthiourea, MeOH, RT, 4-6 h; (b) 4-bromo-butene, K2CO3, DMF, 120 oC, 24 
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h; (c) DMF-DMA, reflux overnight; (d) DMA, microwave, 200 oC, 299W, 60 min. (e) 

2M HCl, MeOH, reflux, overnight; (f) different RCM reaction conditions (see Table 

3.1), (g) Boc2O, DMAP, CH2Cl2, RT, 2 h. 

For compound 35, 1-methylthiourea was used as the starting material to synthesise 

N-methyl substituted thiazole intermediate 7. Instead of 1-allylbromide, 1-bromo-

butene was added to two terminal amine to afford precursor 41. Compound 33 was Boc-

protected to yield precursor 42 by using Boc anhydride. However, both precursors 41 

and 42 failed to be cyclised and only starting materials were recovered. Other factors, 

like ring size, functional groups were then considered as the possible reasons which 

might interfere with the formation of the macrocycle. 

Compound 43 (shown in Scheme 3.3), a novel pyrimidine-based macrocycle, was 

reported as a potent inhibitor of CDK 1, 2, 3, 5, 9, JAK2 and FLT3.184, 185 It most potently 

inhibits CDK isoforms, with IC50 values of 3 - 9 nM for CDK 1, 2, 3, 5, 9. Compound 

43 also potently inhibits the Janus Kinase 2 (JAK2) and Fms-like tyrosine kinase 3 

(FLT3) with IC50 value both of 19 nM. Comparing the reference inhibitor that only block 

one of the kinase targets (CDK or JAK2), compound 43 shows the benefit of combined 

CDK and JAK2 targeting and is more consistently anti-proliferative in human tumour 

cell lines. Compound 43 is currently being evaluated in Phase I clinical trial in patients 

with advanced haematological malignancies.185  

Compound 43 shows a similar ring size (18-membered) and structure to the designed 

compound 34 (19 membered), thus it can be used as a model compound to optimise our 
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RCM reaction. From the structure difference between compound 34 and model 

compound 43, the functional groups, thiazole and piperazine, are the major difference 

and could be the factor that interferes with the RCM reaction. As the design idea shown 

in Scheme 3.3, the phenyl and tert-amino groups of compound 43 will be replaced by 

the thiazole and piperazine groups of compound 34 to afford compounds 44 and 45 to 

verify which group underlies failure of RCM. 

 

Scheme 3.3. The design idea of compound 44 and 45. 

 

Scheme 3.4 Synthetic route for designed compounds 44 and 45. Reagents and 

conditions: (a) 4 M HCl, n-BuOH, reflux, overnight; (b) Grubbs II, TFA, DCM, reflux, 
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12 h; (c) DMA, microwave, 200 oC, 299 W, 60 min; (d) different RCM reaction 

conditions (see Table 3.1). 

 

Scheme 3.5 Synthetic route for model compound 43. Reagents and conditions: (a) 3-

hydroxy-phenylboronic acid, Pd(PPh3)4, aqueous NaHCO3, 1,2-dimethoxy-ethane, 

reflux, 12 h; (b) 4-bromo-1-butene, Cs2CO3, DMF, 100 oC, overnight; (c) N-

allylmethylamine, NaBH(OAc)3, DCM, RT, overnight; (d) SnCl2·2H2O, MeOH, H2O, 

RT, 12 h; (e) 4 M HCl, n-BuOH, reflux, overnight; (f) Grubbs II, TFA, DCM, reflux, 12 

h. 

Scheme 3.4 and 3.5 show the synthetic route for model compound 43 and designed 

compounds 44 and 45. Suzuki coupling of 2,4-dichloro-pyrimidine 46 and 3-

hydroxyphenylboronic acid afforded the biaryl 47. Alkylation of 47 with 4-bromo-

butene and caesium carbonate furnished ether 48. Compound 50 was constructed by 
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reductive amination of benzaldehyde 49 and N-allylmethylamine. Following selective 

reduction of the nitro-group of 50, the two fragments 48 and 51 were coupled in hot 

butanol to afford the diene precursor 52. RCM of 52 proceeded in the present of Grubbs 

II and TFA to obtain macrocyclic compound 43. The two precursors 53 and 55 in 

Scheme 3.4 were obtained by coupling of intermediates 48, 31 and 38, 54. 

It was found that compounds 43, 44 with phenyl, tert-amine and piperazine groups 

succeeded to be synthesised, but compounds 34 and 45 with the thiazole group failed to 

be obtained from RCM. Although macrocyclic compounds containing a thiazole group 

can be synthesised from a RCM reaction in the reference,186-188 it was the problem that 

cause the failure of RCM reactions in this project. Therefore, the thiazole group was 

replaced by a phenyl group in the further optimisation. 

3.2 Overview of the synthetic route towards macrocyclic 

compounds containing alkene linkers 

3.2.1 Formation of allyl-substituted pyrimidine derivatives 
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Scheme 3.6 Reagent and conditions: DMA, microwave, 200 oC, 299W, 60 min. yield: 

45% for 33, 40% for 55. 

Following the synthetic conditions set up for the formation of pyrimidine 14 in 

Scheme 2.1, 2-methoxyethanol was employed as the solvent and the reaction was heated 

under microwave (140 oC, 45 min). These conditions were applied to the allyl-

substituted pyrimidines 33 and 55 (Scheme 3.1 and 3.4), but only 10% yield was 

achieved with 90% starting material recovered. Through optimising the reaction 

condition, it was found that high boiling point solvent DMA was necessary to raise the 

reaction temperature to facilitate the formation of the pyrimidine ring. The yield was 

raised to 45% for 33 and 40% for 55. 

3.2.2 Optimisation of Suzuki reaction for 4-phenol-substituted 

pyrimidine 47 

 

Scheme 3.7 Optimisation of suzuki reaction. Reagents and conditions: (Before 

optimisation) 3-hydroxyphenyl boronic acid, aqueous Na2CO3, Pd(PPh3)4, 1,2-

dimethoxyethane, 80 oC, 10%. (After optimisation) 3-hydroxyphenyl boronic acid, 

KF·2H2O, Pd(PPh3)4, 1,4-dioxane, reflux, 72%. 

It was reported that 2,4-dichloropyrimidine 46 was coupled with 3-hydroxyphenyl 

boronic acid to give the compound 47 at 88% yield in the condition of aqueous Na2CO3 
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and Pd(PPh3)4 in 1,2-dimethoxyethane.184 However, only 10% yield was achieved when 

the reaction was repeated. It was then optimised using different bases and reaction 

solvents. According to the results, the best reaction conditions were KF·2H2O and 

Pd(PPh3)4 in 1,4-dioxane, achieving a 72% yield. 

3.2.3 Optimisation of RCM reaction condition for compound 44 

In Scheme 3.5, an optimised reaction was reported for model compound 43.184 It 

adopted TFA to weaken ruthenium-phosphine chelation and facilitate the initiation of 

the catalytic cycle.189 But the yield (10%) for compound 44 was much lower than the 

yield (86%) for model compound 43. Therefore, we optimised the acid to HCl for 

compound 53, improving the yield to 35%. Additionally, the concentration of the 

substrate was a key factor that affected the reaction yield, because the intermolecular 

olefin metathesis became competitive with intramolecular ring closure at a high 

concentration of substrate. Parallel experiments of substrate concentration from 5 to 40 

mM were carried out. It was found that 10 mM compound 53 achieved the highest yield 

of 35%. 
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Figure 3.2 The structure of catalyst Grubbs II, and the general mechanism of RCM 

reaction with Grubbs II.176, 190 

Figure 3.2 shows the structure of Grubbs II catalyst and the general mechanism of 

RCM reaction.176, 190 The catalyst activation requires the tricyclohexyl phosphine to 

dissociate from the precatalyst complex to release a vacant site for the olefin substrate. 

One of the terminal alkenes of the substrate is coordinated with the active catalyst to 

form the Ruthena-cyclobutane. The cycloreversion is then involved and followed by 

another cycloaddition with the other terminal alkene to give the second Ruthena-
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cyclobutane. A common side reaction happens through an intermolecular cycloaddition 

to form a polymerized byproduct. Cycloreversion of the second Ruthena-cyclobutane 

affords the desired RCM product and the alkylidene, Ru=CH2, reenters the catalytic 

cycle. 

3.2.4 The confirmation of the configuration of macrocyclic compounds 

43 

Figure 3.3 shows the COSY NMR for compound 43. The chemical shift of alkene 

proton should be at 4.8-6.8 ppm. Alkene CH 2 couples with CH2 1 and alkene CH 3, 

and alkene CH 3 couples with alkene CH 2 and CH2 4. Meanwhile, compared to CH2 1, 

CH2 4 is deshielded by N and moves to downfield. Therefore, in Figure 3.3, CH2 4 is 

localised and leads to the position of CH2 1, alkene CH 2 and CH 3. 

 

Figure 3.3 COSY NMR for compound 43. 
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Figure 3.4 The coupling constants of the alkene protons. 

The coupling constant for a (Z) isomer (6-14 Hz) is smaller than that for a (E) 

isomer (11-18 Hz). In Figure 3.4, 1H NMR spectrum shows the double of triplets (dt) 

peaks for the two alkene protons, and the coupling constant is 15.4 Hz for both alkene 

protons, which indicates the trans configuration isomers for the alkene. A NOESY 

NMR experiment was also conducted to determine the isomer configuration, but the 

spectrum was not clear enough to allow conclusions to be drawn. 
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3.3 Results and discussions 

3.3.1 Kinase assay results 

The kinase inhibitory activity of two macrocyclic compounds 43 and 44 against 

Aurora-A, Aurora-B, CDK2 and CDK9 was examined. Table 3.2 shows the Ki assay 

results. 

Table 3.2 The kinases assay result (Ki) of two macrocyclic compounds 43, 44. 

Kinase Kinase inhibition Ki (nM)a 

 43 44 

Aurora-A 4455 284 

Aurora-B 2340 219 

CDK2/cyclin A 19 346 

CDK9/cyclin T1 1 18 

aData are mean values derived from two replicates. Apparent inhibition constants (Ki) 

were calculated from IC50 values and the appropriate KM (ATP) values for each kinase. 

In Table 3.2, the two designed compounds 43 and 44 exhibited potent inhibitory 

activity against CDK9 at 18 nM and 1 nM respectively. Although compound 43 

demonstrates 1000-fold selectivity for CDK9 over Aurora-A and Aurora-B, it only 

shows 20-fold selectivity for CDK9 over CDK2. Notably, compound 44 shows poor 

inhibitory activity against CDK2, Aurora A and Aurora B. The disadvantage associated 

with compound 44 (compared to compound 43) is its reduced potency (18 nM and 1 nM 

respectively) against CDK9. Therefore, optimisation of compound 44 was undertaken 

to raise its inhibitory activity against CDK9 and thus enhance selectivity for CDK9 over 



67 

 

CDK2 and aurora kinases. 

3.3.2 Molecular docking 
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Figure 3.5: Docking poses for complexes of 43 and 44 with different kinases. (A) 43 

with CDK9, (B) 44 with CDK9, (C) 43 with CDK2, (D) 44 with CDK2, (E) 43 with 

aurora-A, (F) 44 with aurora-A, (G) 43 with aurora-B, (H) 44 with aurora-B. 

Compounds 43 and 44 were docked into proteins aurora-A, aurora-B, CDK2 and 

CDK9; the binding poses with the top Glide score are shown in Figure 3.5. 

In Figure 3.5, the key residues of the hinge region are shown in distinct color sticks 

(sky blue for CDK9, yellow for CDK2, brown for aurora-A, dark blue for aurora-B). 

The ligands 43 and 44 are both depicted as green stick. 

Compounds 43 and 44 in (A), (B) occupy the ATP binding site and form two strong 

hydrogen bonds with the hinge region of CDK9, which generate a stable binding mode. 

The docking results for the two poses are consistent with the related Ki result (1 nM for 

A, 18 nM for B) in Table 3.2. 

(C) and (D) reveal the differences in the binding modes of compounds 43 and 44 with 

CDK2. Compound 43 in (C) has a tight binding with the hinge region and forms an extra 

hydrogen bond with Lys89, while 44 in (D) is away from the hinge region. This 

observation is in line with their distinct inhibitory activity against CDK2 (19 nM for A, 

346 nM for B). 

The remaining four binding poses of E, F, G, H show the ligands do not occupy the 

ATP binding site and only one hydrogen bond is observed in each pose. The docking 

result is consistent with the Ki result against ARKs (from 219 nM to 4455 nM) in Table 

3.2. 
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Based on the poor inhibitory activity of compound 44 against CDK2 and ARKs (> 

200 nM), the further optimisation is required to improve the inhibitory activity of 44 

against CDK9 by developing the interaction between the ligand and CDK9. Since no 

interaction is observed near the hydrophobic pocket I in (B), extensive structure 

modification needs to be put in place to gain more interactions with gatekeeper residue 

Phe103. 
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3.4 Conclusion 

The optimisation of the cyclisation reactions towards macrocyclic CDK9 inhibitors 

was described in this chapter. The key model compound 43 with a similar structure as 

lead compound 5 was introduced to synthesise the new designed macrocyclic compound 

44. Although compound 43 showed high selectivity against CDK9 over ARKs, no 

selectivity over CDK2 was observed. The new designed compound 44 showed a better 

selectivity profile against CDK9 over both CDK2 and ARKs than 43. Therefore, further 

structural modification of compound 44 was the focus of Chapter 4 to increase the 

inhibitory activity against CDK9 and improve the selectivity for CDK9 over CDK2 and 

ARKs. 
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Chapter Four: Highly selective macrocyclic CDK9 

inhibitors 

The third series of macrocyclic compounds was synthesised based on compound 44; 

structure optimisation was focused on R1 and R2 according to previously published SAR 

studies.144 

 

Cyano-, fluorine- and methyl-groups were reported to form hydrophobic interactions 

with the gatekeeper residue Phe103 in the hydrophobic pocket I and contribute to the 

high potency of inhibitors against CDK9.144 The synthetic routes for the designed 

macrocyclic compounds are shown in Scheme 4.1-4.5. Because some of the starting 

materials were not commercially available, different routes were developed for these 

final compounds. 
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4.1 Three synthetic routes toward new modified macrocyclic 

compounds 

 

Scheme 4.1 Synthetic routes for compound 60. Reagents and conditions: (a) Et3N, 

ZnCl2 in Et2O, 1,2-dichloroethane and N-butanol, 50 oC, 18 h, 65%; (b) 3-

hydroxyphenylboronic acid, Pd(PPh3)4, Na2CO3, toluene and ethanol, reflux, 4 h, 70%; 

(c) 4-bromo-1-butene, K2CO3, DMF, 100 oC, 24 h, 95%; (d) Grubbs II, 4 M HCl in 

dioxane, CH2Cl2, 45 oC, 12 h, 20%. 
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Scheme 4.2 Synthetic routes for compound 65. Reagents and conditions: (a) 3-

hydroxyphenylboronic acid, Pd(PPh3)4, Na2CO3, toluene and ethanol, reflux, 4 h, 70%; 

(b) 4-bromo-1-butene, K2CO3, DMF, 100 oC, 24 h, 95%; (c) 4 M HCl, N-butanol, 100 

oC, overnight, 45%; (d) Grubbs II, 4 M HCl in dioxane, CH2Cl2, 45 oC, 12 h, 20%. 

Compounds 60 and 65 were synthesised using two similar routes. 2,4-Dichloro-5-

fluoro-pyrimidine 56 was coupled with aniline derivative 31 to afford intermediate 57, 

which was coupled with 3-hydroxyphenylboronic acid via Pd-mediated Suzuki-Miyaura 

coupling reaction. Alkylation of the resulting phenol 58 gave the precursor 59, followed 

by the RCM reaction to afford the macrocycle 60. Compound 62 was prepared via 

Suzuki-Miyaura reaction of 2,4-dichloro-5-methyl-pyrimidine and 3-

hydroxyphenylboronic acid, followed by alkylation with 4-bromo-1-butene to afford the 

intermediate 63. Compound 63 was then coupled with compound 31 to give precursor 

64. The macrocyclic compound 65 was obtained by RCM of precursor 64. 
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Scheme 4.3 Synthetic route for compounds 72. Reagents and conditions: (a) Cs2CO3, 

4-bromo-1-butene, CH3CN, reflux, overnight, 90%; (b) t-BuOK, CH3CN, THF, RT, 4 h, 

55%; (c) DMF-DMA, reflux, overnight, 75%; (d) 2-methoxyethanol, microwave 299W, 

140 oC, 45 min, 35%; (e) Grubbs II, 4 M HCl in dioxane, CH2Cl2, 45 oC, 12 h. 

Alkylation of compound 66 with 4-bromo-1-butene afforded 67, and the alkylation 

product was then treated with potassium tert-butoxide and acetonitrile in THF. 

Converting the resulting compound 68 to enaminone 69 was achieved by refluxing in 

DMF-DMA. Precursor 71 was prepared by condensation of compounds 70 and 32, 

followed by RCM of 71 to give the desired macrocyclic compound 72. 

 

Scheme 4.4 Synthetic route for compound 79. Reagents and conditions: (a) TEA, 
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ZnCl2 in Et2O, 1,2-dichloroethane and N-butanol, 50 oC, 18 h, 45%; (b) NaH, 2-

methylsulfonylethanol, HCl, DMF, RT, overnight, 90%; (c) 4-bromo-1butene, Cs2CO3, 

DMF, 120 oC, 24 h, 83%; (d) n-BuLi, triisopropyl borate, 2 M HCl, THF, -78 oC, 78%; 

(e) 2 M sodium carbonate, Pd(PPh3)4, 1,2-dimethoxyethane, reflux, overnight, 55%; (f) 

Grubbs II, 4 M HCl in dioxane, CH2Cl2, 45 oC, 12 h, 20%. 

 

Scheme 4.5 Synthetic route for compound 84. Reagents and conditions: (a) 4-bromo-

1butene, Cs2CO3, DMF, 120 oC, 24 h, 83%; (b) KOAc, Pd(dppf)Cl2, 

bis(pinacolato)diboron, dioxane, reflux, overnight, 60%; (c) Pd2(dba)3, SPhos, 5 M 

K3PO4, dioxane, microwave 299W, 150 oC, 20 min, 45%; (d) Grubbs II, 4 M HCl in 

dioxane, CH2Cl2, 45 oC, 12 h, 20%. 

The key intermediate 73 was prepared by the coupling of 2,4-dichloropyrimidine 46 

and aniline 31. 2-bromo-4-fluorobenzonitrile 74 was hydrolysed to phenol 75 in the 

presence of sodium hydride and 2-methylsulfonylethanol, followed by alkylation of 

compound 75 with 4-bromo-1-butene to afford 76. Converting 76 to phenylboronic acid 
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77 was achieved using n-BuLi and triisopropyl borate in THF at -78 oC. Intermediate 

73 was treated with compound 77 to form the precursor 78 under Suzuki-Miyaura 

reaction, which was then cyclised to the target compound 79. 

Alkylation of compound 80 and 4-bromo-1-butene afforded intermediate 81, which 

was converted to boronate ester 82 using K2CO3, Pd(dppf)Cl2 and 

bis(pinacolato)diboron in dioxane. Precursor 83 was obtained by Suzuki-Miyaura 

reaction of 73 and 83 in the presence of Pd2(dba)3, SPhos and K3PO4, followed by RCM 

to afford macrocycle 84. 

4.2 Overview of synthesis 

4.2.1 Selective nucleophilic aromatic substitution of 2,4-

dichloropyrimidine 46 

2,4-Dichloropyrimidine 46 proceeded nucleophilic aromatic substitution to afford the 

key intermediate 73 (Scheme 4.4). For compound 46, the amine addition occurs 

preferentially at the more reactive C-4 position of pyrimidine. Lewis acid ZnCl2 was 

reported as an additive to improve the reaction selectivity for C-2 position over C-4 

position.191 Therefore, a selective method (triethylamine and ZnCl2 in diethyl ether in 

1,2-dichloroethane and N-butanol (1:1), 50 oC) was employed,192 giving a ratio of 4:1 

of C-2 substituted product 73 and C-4 substituted products. 
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4.2.2 Mild conversion of aryl fluoride to phenol 

 

Scheme 4.6 Mechanism of hydrolysation reaction to convert aryl fluoride to phenol. 

Reagents and conditions: (a) NaH, 2-methylsulfonylethanol, DMF, RT, overnight (b) 

HCl. 

In Scheme 4.6, aryl fluoride 74 was used to synthesise phenol 75. A mild conversion 

was reported to convert aryl fluoride to phenol.193 2-Methylsulfonylethanol was first 

deprotonated by sodium hydride to form alkoxide, and then the alkoxide substituted the 

fluoro group of 74 to yield the ether intermediate. In the presence of another equivalent 

of sodium hydride, the ether intermediate was quickly decomposed to generate the 

product 75. 

4.2.3 Optimisation of Suzuki-Miyaura reaction 

Phenyl borate derivatives 77 and 82 underwent Suzuki-Miyaura reactions to afford 

precursors 78 and 83 in Scheme 4.3. It was found that the commonly used Suzuki-

Miyaura reaction condition (sodium carbonate and Pd(PPh3)4 in 1,2-dimethoxyethane) 

failed to react successfully with compound 82. According to the structure difference 

between 77 and 82, the boronic ester 82 is less active than boronic acid 77, which makes 

the reaction rate very slow. Pd2(dba)3/ XPhos was reported to be a highly effective 
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catalyst for the Suzuki-Miyaura reactions, especially with the substrate phenyl boronic 

ester.194 The yield of compound 83 was raised to 45%. 
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4.3 Results and discussion 

4.3.1 Kinase assay results 

Table 4.1. Kinase inhibitory activity of macrocyclic compounds 60, 65, 72, 79 and 

84 against CDK2, CDK9, aurora A and aurora B. 

compound kinase inhibition (%) 

No. 
concentration 

(μM) 

aurora 

A 

aurora 

B 

CDK2–

cyclin A 

CDK9–

cyclin T1 

60 
0.1 6 0 5 0 

1 3 46 0 0 

65 
0.1 1 11 1 30 

1 50 16 25 86 

72 
0.1 0 1 8 12 

1 10 16 11 40 

79 
0.1 4 7 4 52 

1 28 18 26 93 

84 
0.1 5 0 10 25 

1 23 13 15 79 

The kinases activity assays of macrocyclic compounds 60, 65, 72, 79 and 84 were 

carried out against aurora-A, aurora-B, CDK2 and CDK9. Table 4.1 and Table 4.2 show 

the kinase activity inhibition (%) and inhibitory potency. 

Table 4.2 The Ki test result of compound 79 

Kinase Kinase inhibition Ki (nM)a 

 79 5 

Aurora-A 2728 61 

Aurora-B 2899 54 

CDK2/cyclin A 1821 568 

CDK9/cyclin T1 36 7 

aThe data given are mean values derived from two replicates. Apparent inhibition 

constants (Ki) were calculated from IC50 values and the appropriate KM (ATP) values for 
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each kinase. 

In Table 4.1, all compounds exhibit poor inhibitory activity against CDK2, aurora-A 

and aurora-B (0 - 11% inhibition at 0.1 μM); only compound 79 shows 52% inhibition 

against CDK9, demonstrating that compound 79 is highly selective for CDK9 over the 

other three kinases. Therefore, the Ki assay was carried out for compound 79 against 

four kinases to support this conclusion. In Table 4.2, compound 79 is shown to exhibit 

60-fold selectivity for CDK9 over CDK2 and 90-fold selectivity for CDK9 over ARKs. 

Although compound 79 is less active than lead compound 5 against CDK9, it is still the 

most selective compound.  

Compound 79 shows good selectivity for CDK9 over CDK2 and ARKs, but the 

selectivity of 79 over other kinases in the human genome is still unknown. Figure 4.1 is 

a Diversity kinase panel for compound 79 and it shows inhibition of kinase activity (%) 

with the substrate at a concentration of 0.2 uM. 
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Figure 4.1: Diversity kinase profile screening of compound 79. 

Compound 79 exhibits a high selectivity in the kinase profile screen in Figure 4.1. 

Excluding inhibition against CDK9 (74%), only tyrosine-protein kinase Lyn(h) 

revealed > 30% inhibition after treatment with compound 79 at a concentration of 0.2 

µM. In addition, there are three Serine/Threonine protein kinase, aurora-A(h), 

CK2α2(h), and LOK(h), showing > 20% inhibition. Lyn(h) could be the only off-target 

kinase markedly inhibited by compound 79, but further Ki tests against Lyn(h) are 

necessary for future work. 

4.3.2 Molecular docking 

Table 4.3. The Glide score (kcal/mol) of docking poses for compounds 79 with 

aurora-A, aurora-B, CDK2 and CDK9. 
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 Protein/Ligand 79 

Aurora-A -3.84 

Aurora-B -4.67 

CDK2/cyclin A -4.38 

CDK9/cyclin T1 -7.86 

 

Figure 4.2: Docking poses for complexes of 79 with (A) CDK9, (B) CDK2, (C) 

Aurora-A, (D) Aurora-B. 

Compound 79 was docked into proteins aurora-A, aurora-B, CDK2 and CDK9, and 

the top Glide scores of the best binding poses are listed in Table 4.3. In Figure 4.2, the 

key residues of the hinge region are shown in distinct color sticks (sky blue for CDK9, 

yellow for CDK2, brown for aurora-A, dark blue for aurora-B). The ligand 79 is shown 

in green.  
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Compound 79 in (A) occupies the ATP binding site and forms two strong hydrogen 

bonds with Cys106 of hinge region of CDK9 and a favourable lone pair-π-interaction is 

formed by cyano group and the gatekeeper residue Phe103 in the hydrophobic pocket I. 

This stable docking pose produced a relative low Glide score (-7.86) in Table 4.3 and 

potent inhibition activity against CDK9 (36 nM) in Table 4.2.  

Ligands in (B), (C), (D) are away from the hinge region and no hydrogen bond is 

observed. That could explain the poor affinity of compound 79 binding with CDK2 and 

ARKs. The generated docking Glide scores (-4.38 for CDK2, -3.84 for aurora A, -4.67 

for aurora B) are at the same level as the Ki value in Table 4.2 (1821 nM for CDK2, 

2728 nM for aurora A, 2899 nM for aurora B). 

It was found that compound 79 only forms two hydrogen bonds with Cys106 of hinge 

region in (A), and no other hydrogen bond is observed to stabilise the binding mode in 

CDK9. Therefore, a flexible alkyl linker and alternative macrocyclic compounds are to 

be adopted as other optimisation strategies to explore more interactions of the ligands 

with the ATP binding site of CDK9 in the next chapter.  
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4.4 Conclusion 

The third series of macrocyclic compounds was synthesised through four different 

synthetic routes. The optimisation work focused on the 5-position of the pyrimidine and 

the adjacent phenyl group. Compound 79 is the most selective CDK9 inhibitor over 

Aurora kinases and CDK2 among all the designed compounds. The diversity kinase 

profile screening of compound 79 also corroborated this conclusion, and only tyrosine-

protein kinase Lyn revealed > 30% inhibition. Compound 79 exhibits 60-fold selectivity 

for CDK9 over CDK2 and 90-fold selectivity for CDK9 over aurora-A and aurora-B, 

although it is less active against CDK9 than lead compound 5. In the next chapter, two 

different optimisation strategies were adopted to improve the activity against CDK9.
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Chapter Five: Design and initial synthesis of 

alternative macrocyclic pyrimidine derivatives 

Compound 79 in chapter four is the most selective CDK9 inhibitor among all 

designed macrocyclic compounds, but exhibits 5-fold less activity against CDK9 than 

lead compound 5. In this chapter, two strategies were employed to improve the 

inhibitory activity of compound 79 against CDK9. Unfortunately, only part of the 

synthesis work has been finished. 

5.1 Strategy one: flexible alkyl linker 

5.1.1 Design and synthesis of flexible alkyl linker macrocyclic 

compound 

Compound 43 was employed as the model compound in this section, because of its 

affordability and synthetic accessibility in gram scales. The docking study of compound 

43 bound to CDK9 shows the ligand fails to reside in the ATP binding site of CDK9. 

Therefore, introducing a flexible alkyl linker instead of alkene to 43 can be an effective 

way to improve the affinity of the ligand with the ATP binding site. 
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Reactions with different hydrogenation catalysts were carried out to reduce the alkene 

linker. It was found that commonly used catalysts, Pd/C, Pt2O, ruthenium/C, rhodium/C, 

failed to give the desired product 85, and only multiple reductive byproducts were 

observed in these experiments. Optimised reaction condition of Pd(OH)2 in THF/tert-

butanol at H2 atmosphere was then employed, and the mono-reductive product 85 was 

achieved as the main product, giving a 25% yield. 

5.1.2 Kinase assay results 

Table 5.1 The kinase assay (Ki) of macrocyclic compounds 43 and 85. 

Kinases Kinase inhibtion Ki (nM)a 

43 85 

Aurora-A 4455 >482 

Aurora-B 2340 >473 

CDK2/cyclin A 19 99 

CDK9/cyclin T1 1 2 

Table 5.1 shows the Ki value of compound 43 and 85 against four protein kinases. 

Compared to compound 43, the reductive macrocyclic compound 85 maintains high 

affinity for CDK9, and the selectivity for CDK9 over CDK2 is raised from 20-fold to 
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50-fold. Therefore, for the CDK9 inhibitors, the flexible alkyl linker can be an effective 

way to improve the selectivity for CDK9 over CDK2. 

5.2 Strategy two: alternative macrocyclic compounds 

5.2.1 Design of the alternative macrocyclic compounds with molecular 

docking 

It turned out that the flexible alkyl linker with the same size cycle failed to improve 

the inhibitory activity against CDK9. Therefore, the second optimisation idea was to 

adopt an alternative macrocycle. Molecular docking was employed in this part to predict 

the affinity of different ligands with CDK9. 

 

Figure 5.1 Chemical structure of compound 86 and docking pose of ligand 86 

binding with (A) CDK9 (PDB code 4BCG) and (B) CDK2 (PDB code 4BCP) 
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Firstly, we broke the cycle of compound 43 and docked the opening structure 

compound 86 into the ATP binding site of CDK9 and CDK2 (Figure 5.1). The Glide 

score for compound 86 binding with CDK9 is raised to -9, and a tight binding pose of 

compound 86 with hinge region is shown in (A). However, the Glide score for 

compound 86 with CDK2 is also raised to -8. As is shown in (B), ligand 86 adopts an 

out-conformation and forms two hydrogen bonds with hinge region. Therefore, the 

structure must be cyclised to improve the selectivity for CDK9 over CDK2. 

Following this idea, 39 compounds were designed and docked into CDK9, CDK2, 

aurora-A and aurora-B. The result shows only three compounds 87, 88 and 89 exhibited 

good Glide scores for CDK9 and poor scores for the other three kinases. 

Table 5.2 The Glide score (kcal/mol) of three designed compounds 87, 88, 89 and 

compound 43 as the control. 

         

 Glide score Glide score Glide score Glide score 

Aurora-A -5.09 -6.21 -4.72 -5.58 

Aurora-B -6.59 -6.59 -6.84 -4.10 

CDK2/cyclin A -6.20 -6.48 -4.83 -6.46 

CDK9/cyclin T1  -9.23 -9.57 -8.80 -6.89 

The Glide scores for three designed compounds 87, 88, and 89 against CDK9 are 

raised to -8.8, -9.2 and -9.6. Meanwhile, compounds 87 and 88 show the same level of 

selectivity for CDK9 over CDK2, aurora-A and aurora-B. Compound 89 with a bulky 
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N-methyl piperazine terminal group achieves a better selectivity against CDK9 over 

CDK2 and aurora-A than compounds 87 and 88. Therefore, it is necessary to synthesise 

compound 89 and conduct a kinase assay. 

 

Figure 5.2: Docking pose of compound 89 with four different proteins, (A) CDK9 

(PDB cdoe 4BCG), (B) CDK2 (PDB code 4BCP), (C) Aurora-A (PDB code 3UO5), 

(D) Aurora-B (PDB code 2BFY). 

In Figure 5.2, the key residues of the hinge region are displayed in various color 

sticks (sky blue for CDK9, yellow for CDK2, brown for aurora-A, and dark blue for 

aurora-B), and compound 89 is shown in green. The docking pose in (A) shows that 

compound 89 has a tight binding with hinge region and three hydrogen bonds formed 

with residues Lys48 and Ala133 (shown in black dash). The NH of the amide liker also 

forms a hydrogen bond with Thr29 of glycine rich loop, which contributes to the low 
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Glide score -8.8. Compound 89 in (B), (C), (D) are away from the hinge region and only 

several hydrogen bonds are formed with the residues nearby (shown in black dash). It 

is consistent with their Glide scores (-4.83, -4.72, -6.84). 

5.2.2 Initial synthesis of compound 89 

 

Scheme 5.1 Designed synthetic route for compound 89. Reagents and conditions: (a) 

P(OEt)3, I2, TEA, methylpiperazine, CH2Cl2, RT, 2 h, 71%; (b) Methylacrylate, 

Pd(OAc)2, PPh3, K2CO3, DMF, 110 oC, 64%; (c) 10% NaOH, EtOH, 99%; (d) 46, 
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Na2CO3, Pd(PPh3)4, 80 oC, 53%; (e) NH4OAc, NH4OH, NaBH3CN, THF, reflux, 

overnight, 36%; (f) HATU, TEA, DMF, 50 oC, 12 h, 30%; 

2-Bromo-3-nitrobenzoic acid was treated with methylpiperazine to afford amide 

intermediate 91, followed by Heck reaction at 2-bromo position. The resulting 

compound 92 was hydrolysed to acrylic acid 93. 3-Formyl-4-methoxyphenyl boronic 

acid was coupled with 2,4-dichloropyrimidine to give the intermediate 95, benzaldehyde 

of which was then converted to phenylmethanamine by reductive amination to afford 

96. Amidation of compound 93 and 96 was achieved by heating at 50 oC with HATU 

and triethylamine to furnish compound 97. The rest of the synthesis has not been 

finished by the end of the project. 
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5.3 Conclusion 

Because the most selective compound 79 shows 5-fold reduced inhibitory activity 

than lead compound 2 against CDK9, two strategies were employed to improve the 

activity against CDK9. According to the kinase assay result, the flexible alkyl linker of 

compound 85 which was synthesised from the alkene linker of compound 43 raised the 

selectivity for CDK9 over CDK2 to 50-fold, but it failed to increase the inhibitory 

activity against CDK9. Therefore, guided by molecular docking, synthesis of the 

alternative macrocyclic pyrimidine compound was adopted as the second strategy. 

Compound 89 shows a good Glide score -8.8 against CDK9 and -4.72, -6.84, -4.83 

against Aurora-A, Aurora-B and CDK2, which is the most attractive compound so far, 

but this still needs to be confirmed by the kinase assay.
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Chapter Six: Conclusion and Future work 

6.1 Conclusion 

The project aimed to develop highly selective CDK9 inhibitors based on the lead 

compound 5 shown in Figure 6.1. Because of the highly conserved ATP binding site, 

synthesis of a highly selective CDK9 inhibitor is still a big challenge. Through 

comparison of the cocrystal structures of lead compound 5 bound to CDK2 and CDK9, 

two alternative conformations, “inward” and “outward”, can be adopted in CDK2/cyclin 

A, and only “inward” conformation is adopted by CDK9. Therefore, the hypothesis of 

a macrocycle to lock the compounds into “in-conformation” was proposed to improve 

the selectivity for CDK9. 

 

Figure 6.1 The design strategies for macrocyclic compounds. 

Compounds 43 and 44 (Table 6.1), synthesised through RCM reactions, were 

selective for CDK9 over CDK2 and ARKs. Extensive structural modification identified 
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optimal R1 and R2 substituents for the lead compound. The combination of the 

hypothesis of a macrocycle and the optimal substituents produced a synergistic effect to 

afford the most selective compound 79 (Table 6.1). 

Table 6.1 The Ki test result of key compounds 43, 44, 79 and lead compound 5 as 

the control. 

 

Kinases Kinase inhibtion Ki (nM)a 

43 44 79 5 

Aurora-A 4455 284 2728 61 

Aurora-B 2340 219 2899 54 

CDK2/cyclin A 19 346 1821 568 

CDK9/cyclin T1 1 18 36 7 

aThe data given are mean values derived from two replicates. Apparent inhibition 

constants (Ki) were calculated from IC50 values and the appropriate KM (ATP) values 

for each kinase. 

Three series of macrocyclic compounds were designed and synthesised, and kinase 

assay results of the key compounds are shown in Table 6.1. The first series of 

macrocyclic compounds were synthesised through a two-step amide coupling. The 

kinase assay result showed no inhibition against CDK9 by these compounds, which can 

be explained by molecular docking study: the structures of these compounds were too 

big to fit the ATP binding pocket. Therefore, in Chapter 3, model compound 43 was 

introduced to the structure optimisation to accomplish the RCM reaction. Compound 44 
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was found to be a selective CDK9 inhibitor over CDK2 and Aurora kinases, but it 

exhibited less activity against CDK9. Extensive substituents modification of compound 

44 afforded compound 79 as the most selective CDK9 inhibitor. It showed 60-fold 

selectivity for CDK9 over CDK2 and 90-fold selectivity for CDK9 over Aurora-A and 

Aurora-B. A further diversity kinase profile screening demonstrated the high selectivity 

of compound 79, and only tyrosine-protein kinase Lyn(h) appeared as an off-target hit. 

The alternative macrocycle pyrimidine compounds were virtual designed and 

optimised in a molecular docking view, affording an attractive compound 89. 

Table 6.2 The Glide score (kcal/mol) of the designed compound 89 and compound 

43 as the control. 

                

Kinase Glide score Glide score 

Aurora-A -4.72 -5.58 

Aurora-B -6.84 -4.10 

CDK2/cyclin A -4.83 -6.46 

CDK9/cyclin T1  -8.80 -6.89 

Compound 89 exhibits a potent Glide score of -8.8 against CDK9, and it achieves 

better selectivity against CDK9 over CDK2 and aurora-A than the model compound 43 

(Table 6.2). Although compound 79 is less active than lead compound 5 against CDK9, 

it is the most selective CDK9 inhibitor (over CDK2 and Aurora kinases) among all the 

designed compounds. It provides a valuable chemical tool to yield a better 
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understanding of the role of CDK9 in cancer-relevant pathways. 

Table 6.3 The physical properties of all synthesised macrocyclic compounds. 

Compounds Molar Mass 

(g/mol) 

cLogP H-bond 

acceptor 

H-bond 

donor 

PSA 

(Å,) 

17a 463.18 2.33 7 1 92.97 

17b 477.19 2.07 7 1 92.97 

17c 491.21 2.63 7 1 92.97 

43 372.20 5.27 5 1 49.22 

44 413.22 5.28 6 1 52.46 

60 431.21 5.47 6 1 52.46 

65 427.24 5.78 6 1 52.46 

72 438.22 4.82 7 1 76.25 

79 438.22 4.96 7 1 76.25 

84 427.24 5.77 6 1 52.46 

85 374,21 5.55 5 1 49.22 

To determine whether a compound is “druglike” or bioavailable, a common used 

method is to check the compliance of Lipinski’s rule of five. All the macrocyclic 

compounds in this project show < 500 molar mass, < 5 H-bond donors and <10 H-bond 

acceptors. Except compounds 17a-c, 72, and 79, the other compounds all exhibits a 

cLogP > 5 and PSA < 75, which are associated with an increased risk of adverse 

events.195 The most selective compound 68 shows a cLogP of 4.96, which is the baseline 

of Lipinski’ rule. Therefore, the hydrophilicity of compound 79 should be improved in 

https://en.wikipedia.org/wiki/%C3%85
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the future. 

6.2 Future work 

Complex of compound 79 and CDK9/cyclinT is undergoing X-ray crystallisation 

experiment; in vitro biochemical assay and cellular assays will also be carried out in the 

future. 

According to the diversity kinase panel screening, compound 79 has shown a good 

selectivity profile for CDK9 over most of the other kinases in the human genome except 

tyrosine-protein kinase Lyn(h). Further confirmation of the inhibition activity of 79 

against Lyn(h) is required. Compound 89 is the most potent and selective compound 

among all the virtual designed compounds guided by molecular docking studies. It will 

be synthesised and its activity in the kinase screen will be assessed in the future. 
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Chapter Seven: Materials, methods, experimental 

section 

7.1 Chemistry 

Chemical reagents and solvents were obtained from Sigma-Aldrich, VWR 

International Ltd., Fisher Scientific UK Ltd., and Scientific Glass Laboratories Limited. 

Anhydrous solvents such as DMF, THF, and DCM were used when necessary.1H-NMR 

and 13C-NMR spectra were obtained using Bruker AV400, AV(III)5000 Ultrashield™ 

spectrometer at 400 MHz and 100 MHz respectively. All the NMR spectra were 

processed by Bruker TOPSPIN 2.1 and MestReNova 11.0 programme. Chemical shifts 

are given in parts per million (ppm) and expressed as δ values relative to 

tetramethylsilane as an internal standard. Coupling constants (J) are quoted to the 

nearest 0.1 Hz. The following abbreviations are used: s, singlet; d, doublet; t, triplet; q, 

quartet; m, multiplet and br, broad. 

Mass spectra were obtained using a Waters 2759 spectrometer with positive 

electrospray ionisation (ESI+). High resolution mass spectra (HRMS) were obtained on 

a BrukerTM microTOF, an orthogonal Time of Flight instrument with electrospray 

ionisation (ESI, both positive and negative ion) sources as indicated.  

Flash chromatography was performed using either glass column packed with silica 

gel (200-400 mesh, Aldrich Chemical) or pre-packed silica gel cartridges (FlashMaster 
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systems, Biotage). 

Analytical HPLC was performed on a Shimadzu UFLCXR system coupled to an 

Applied Biosystems API2000 (a mass spectrometer). Purity was calculated by 

integrating the area under the curve and is quoted at 254 nm for all compounds. 

Retention times are quoted in minutes. The following method using gradients of solvent 

A (0.1% Formic Acid in water) plus solvent B (0.1% Formic Acid in MeCN) were 

employed: 

 

Melting points (m.p.) were determined with an electrothermal melting point 

apparatus.  

Chemical names were generated from ChemBioDraw 13.0 and ChemBioDraw 14.0.  
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7.2 Experiment data 

7.2.1 General synthetic procedure (1) for nitrobenzene derivatives 

(compounds 29, 11) 

To a round-bottommed flask was added 1-fluoro-3-nitrobenzene and piperazine in 

DMSO, and the reaction was heated at 100 oC for 24 h. Once TLC showed the reaction 

was finished, the reaction mixture was poured onto ice and stirred for another 30 min. 

The orange precipitate was collected through Buchner funnel. 

 

1-(3-Nitrophenyl) piperazine (29)168 

The title compound was synthesised following general procedure (1) using 1-fluoro-

3-nitrobenzene 10 (141mg, 1.0 mmol, 1 eq) and piperazine (430 mg, 5.0 mmol, 5 eq) in 

10 mL DMSO to afford an orange solid. (145 mg, 70%). 1H-NMR (CDCl3): δ 7.73 (t, 

1H, J = 2.0 Hz, Ph-H), 7.67 (dd, 1H, J = 2.8, 8.0 Hz, Ph-H), 7.39 (t, 1H, J = 8.0 Hz, Ph-

H), 7.20 (dd, 1H, J = 2.8, 8.0 Hz, Ph-H), 3.26 (br t, 4H, J = 5.2 Hz, 2×CH2), 3.07 (br t, 

4H, J = 5.2 Hz, 2×CH2). MS (ESI+): m/z [M + H]+ calcd for C10H14N3O2, 208.10, found 

208.06. 

 

1-(4-(3-Nitrophenyl)-piperazine-1-yl)ethanone (11)168 



101 

 

The title compound was synthesised following general procedure (1) using 10 (141 

mg, 1.0 mmol, 1 eq) and 1-acetylpiperazine (640 mg, 5.0 mmol, 5 eq) in 10 mL DMSO 

to yield an orange solid (175 mg, 70%). 1H-NMR (DMSO-d6): δ 7.65 (t, 1H, J = 2.2 Hz, 

Ph-H), 7.61 (ddd, 1H, J = 0.7, 2.0, 8.0 Hz, Ph-H), 7.50 (t, 1H, J = 8.0 Hz, Ph-H), 7.40 

(ddd, 1H, J = 0.7, 2.5, 8.3 Hz, Ph-H), 3.60 (br t, 4H, J = 4.4 Hz, 2×CH2), 3.31 (br t, 2H, 

J = 5.2 Hz, CH2), 3.24 (br t, 2H, J = 5.2 Hz, CH2), 2.05 (s, 3H, CH3). MS (ESI+): m/z 

[M + H]+ calcd for C12H16N3O3, 250.12, found 250.13. 

7.2.2 General synthetic procedures (2) for N- and O- substituted 

derivatives (compounds 30, 48, 63, 67, 81, 76, 59, 41) 

To a mixture of the following compounds (29, 47, 62, 66, 80, 75, 58, 40) and allyl 

bromide (or 4-bromo-1-butene) in DMF at RT was added potassium carbonate, and the 

resulting mixture was stirred at 90 oC overnight. The mixture was cooled to RT and 

quenched with water. The reaction mixture was extracted with CH2Cl2 twice, and the 

combined organic extracts were concentrated and purified by flash column 

chromatography on silica gel, with (EtOAc/PE) as eluting solvent. The pure fractions 

were collected and evaporated to afford the target compound. 

 

Allyl-4-(3-nitrophenyl) piperazine guanidine (30) 

The title compound was synthesised following general procedure (2) using 29 (207 
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mg, 1.0 mmol, 1 eq), allyl bromide (180 mg, 1.5 mmol, 1.5 eq) and potassium carbonate 

(276 mg, 2 mmol, 2 eq) in 10 mL DMF to furnish a yellow solid (149 mg, 60%). 1H-

NMR (CDCl3): δ 7.73 (t, 1H, J = 2.3 Hz, Ph-H), 7.66 (dd, 1H, J = 2.1, 8.1 Hz, Ph-H), 

7.39 (t, 1H, J = 8.3 Hz, Ph-H), 7.20 (dd, 1H, J = 2.5, 8.4 Hz, Ph-H), 5.91 (ddt, 1H, J = 

6.6, 10.2, 17.0 Hz, CH), 5.21-5.24 (m, 2H, 2×CH), 3.32 (br t, 4H, J = 5.1 Hz, 2×CH2), 

3.09 (dt, 2H, J = 1.2, 6.6 Hz, CH2), 2.64 (br t, 4H, J = 5.1 Hz, 2×CH2). MS (ESI+): m/z 

[M + H]+ calcd for C13H18N3O2, 248.14, found 248.14. 

 

4-(3-(But-3-en-1-yloxy) phenyl)-2-chloropyrimidine (48)184 

The title compound was synthesised following general procedure (2) using 3-(2-

chloropyrimidin-4-yl)phenol 47 (412 mg, 2 mmol, 1 eq), 4-bromo-1-butene (405 mg, 3 

mmol, 1.5 eq) and aqueous sodium carbonate (975 mg, 3 mmol, 1.5 eq) in DMF (10 mL) 

to yield a white solid (256 mg, 49 %). RP-HPLC tR = 3.55 min (Method 1, 70+ %), m/z 

[M+H]+ calcd for C14H14N2ClO, 261.1, found 261.2. 

 

4-(3-(But-3-en-1-yloxy)phenyl)-2-chloro-5-methylpyrimidine (63)184 

The title compound was synthesised following general procedure (2) using 3-(2-
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chloro-5-methylpyrimidin-4-yl)phenol 62 (620 mg, 2.82 mmol, 1 eq), 4-bromo-1-

butene (429 μL, 4.23 mmol, 1.5 eq) and cesium carbonate (1373 mg, 4.23 mmol, 1.5 eq) 

in DMF (10 mL) to yield a brown solid (539 mg, 70 %). 1H-NMR (CDCl3) δ 8.48 (d, 

1H, J = 0.7 Hz, Ph-H), 7.43-7.36 (m, 2H, Ph-H), 7.16 (s, 2H, Ph-2H), 7.05-7.00 (m, 1H, 

Ph-H), 5.92 (ddt, 1H, J = 17.0, 10.3, 6.7 Hz, CH), 5.21-5.11 (m, 2H, 2×CH), 4.07 (t, 2H, 

J = 6.7 Hz, CH2), 2.60-2.54 (m, 2H, CH2), 2.38 (s, 3H, CH3). RP-HPLC tR = 3.13 min 

(Method 1, 95+ %) m/z [M + H]+ calcd C15H16N2OCl, 275.1, found 275.1. 

 

Ethyl-3-(but-3-en-1-yloxy)benzoate (67)196 

The title compound was synthesised following general procedure (2) using 3-

hydroxybenzoate 66 (680 mg, 5 mmol, 1 eq), 4-bromo-1-butene (755 μL, 7.5 mmol, 1.5 

eq) and caesium carbonate (2438 mg, 7.5 mmol, 1.5 eq) in DMF (10 mL) to yield brown 

solid (995 mg, 90 %). 1H-NMR (CDCl3) δ 7.70 (dt, 1H, J = 7.6, 1.3 Hz, Ph-H), 7.61 

(dd,1H, J = 2.7, 1.5 Hz, Ph-H), 7.36 (t, 1H, J = 8.0 Hz, Ph-H), 7.14 (ddd, 1H, J = 8.3, 

2.7, 1.0 Hz, Ph-H), 5.85-5.95 (m, 1H, CH), 5.15-5.21 (dm, 1H, CH), 5.10-5.11 (dm, 1H, 

CH), 4.11 (q, 2H, J = 7.1 Hz, CH2), 4.06 (t, 2H, J = 8.4 Hz, CH2), 2.53-2.58 (m, 2H, 

CH2), 1.25 (t, 3H, J = 7.1 Hz, CH3). 

 

2-Bromo-4-(but-3-en-1-yloxy)-1-methylbenzene (81) 
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The title compound was synthesised following general procedure (2) using 3-bromo-

4-methyl-phenyl 80 (372 mg, 2 mmol, 1 eq), 4-bromo-1-butene (304 μL, 3 mmol, 1.5 

eq) and caesium carbonate (975 mg, 3 mmol, 1.5 eq) in DMF (10 mL) to yield a pale 

yellow solid (434 mg, 90 %). 1H-NMR (CDCl3) δ 7.18-7.12 (m, 2H, 2×Ph-H), 6.81 (dd, 

1H, J = 8.4, 2.6 Hz, Ph-H), 5.94 (ddt, 1H, J = 17.2, 10.4, 6.7 Hz, Ph-H), 5.22 (ddt, 2H, 

J = 1.6, 3.6, 17.2 Hz, CH), 5.16 (ddt, 1H, J = 1.5, 2.8, 10.4 Hz, CH), 4.01 (t, 2H, J = 6.7 

Hz, CH2), 2.57 (dddt, 2H, J = 13.4, 6.5, 1.3 Hz, CH2), 2.37 (s, 3H, CH3). 

 

2-Bromo-4-(but-3-en-1-yloxy)benzonitrile (76)197 

The title compound was synthesised following general procedure (2) using 2-bromo-

4-hydroxybenzonitrile 75 (392 mg, 2 mmol, 1 eq), 4-bromo-1-butene (304 μL, 3 mmol, 

1.5 eq) and cesium carbonate (975 mg, 3 mmol, 1.5 eq) in DMF (10 mL) to yield pale 

orange solid (420 mg, 83%). 1H-NMR (CDCl3) δ 7.49 (d, 1H, J = 8.7 Hz, Ph-H), 7.13 

(d, 1H, J = 2.4 Hz, Ph-H), 6.86 (dd, 1H, J = 8.8, 2.5 Hz, Ph-H), 5.82 (ddt, 1H, J = 17.0, 

10.3, 6.7 Hz, CH), 5.23-4.97 (m, 2H, CH2), 4.02 (t, 2H, J = 6.6 Hz, CH2), 2.52 (dddt, 

2H, J = 13.6, 6.6, 1.4 Hz, CH2). 
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N-(3-(4-Allylpiperazin-1-yl)phenyl)-4-(3-(but-3-en-1-yloxy)phenyl)-5-

fluoropyrimidin-2-amine (59) 

The title compound was synthesised following general procedure (2) using 3-(2-((3-

(4-allylpiperazin-1-yl)phenyl)amino)-5-fluoropyrimidin-4-yl)phenol 58 (606 mg, 1.5 

mmol, 1 eq), 4-bromo-1-butene (228 μL, 2.25 mmol, 1.5 eq) and cesium carbonate (731 

mg, 2.25 mmol, 1.5 eq) in DMF (10 mL) to yield white solid (481 mg, 70 %). 1H-NMR 

(CDCl3) δ 8.28 (d, 1H, J = 3.1 Hz, Ph-H), 8.00-7.94 (m, 1H, Ph-H), 7.64 (t, 1H, J = 2.3 

Hz, Ph-H), 7.36 (t, 1H, J = 7.9 Hz, Ph-H), 7.29 (d, 1H, J = 16.3 Hz, Ph-H), 7.12 (dd, 

1H, J = 7.8, 2.0 Hz, Ph-H), 7.03 (ddd, 1H, J = 8.3, 2.8, 1.0 Hz, Ph-H), 6.94 (d, 1H, J = 

3.3 Hz, Ph-H), 6.74 (dd, 1H, J = 8.3, 2.3 Hz, Ph-H), 6.02-5.88 (m, 2H, 2×CH), 5.30-

5.12 (m, 4H, 2×CH2), 4.13 (t, 2H, J = 6.8 Hz, CH2), 3.37-3.30 (m, 4H, 2×CH2), 3.11 (dt, 

2H, J = 6.6, 1.4 Hz, CH2), 2.69-2.64 (m, 4H, 2×CH2), 2.60 (dddt, 2H, J = 13.6, 6.8, 1.4 

Hz, CH2). 13C NMR (CDCl3) δ 159.2, 152.1, 149.66, 146.2, 143.6, 139.8, 139.6, 138.9, 

134.8, 134.5, 129.5, 129.3, 120.7, 118.3, 117.1, 116.9, 113.9, 111.4, 111.2, 107.8, 67.3, 

61.8, 53.1, 48.9, 33.7. RP-HPLC tR = 2.37 min (Method 1, 95+ %) m/z [M + H]+, calcd 

C27H30N5OF, 460.3, found 460.3. 
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N-(But-3-en-1-yl)-5-(2-((3-(4-(but-3-en-1-yl)piperazin-1-

yl)phenyl)amino)-pyrimidin-4-yl)-N,4-dimethylthiazol-2-amine (41) 

 The title compound was synthesised following general procedure (2) using 40 (109 mg, 

0.25 mmol, 1 eq) and 4-bromo-1-butene (52 mg, 0.375 mmol, 1.5 eq) in 5 mL DMF to 

yield the yellow solid (68 mg, 56%). 1H-NMR (CDCl3): δ 8.25 (d, 1H, J = 5.4 Hz, PH-

H), 7.89 (s, 1H, NH), 7.32 (s, 1H, Ph-H), 7.15 (t, 1H, J = 8.0, Ph-H), 7.04 (dd, 1H, J = 

1.2, 7.9 Hz, Ph-H), 6.76 (dd, 1H, J = 1.3, 3.5 Hz, Ph-H), 6.56 (d, 1H, J = 8.0 Hz, PH-

H), 5.72-5.84 (m, 2H, 2×CH), 4.97-5.23 (m, 4H, 2×CH2), 3.52 (t, 2H, J = 5.8 Hz, CH2), 

3.21 (br s, 4H, 2×CH2), 3.06 (s, 3H, CH3), 2.56 (br s, 4H, 2×CH2), 2.51 (s, 3H, CH3), 

2.41 (dd, 2H, J = 7.5, 16.70 Hz, 2×CH2), 2.24 (dd, 2H, J = 6.5, 13.8 Hz, CH2). 13C-NMR 

(CDCl3): δ 19.0, 19.1, 31.4, 31.5, 36.4, 38.2, 49.2, 52.4, 53.2, 53.5, 57.9, 107.4, 110.2, 

110.9, 115.7, 117.4, 119.7, 129.2, 134.8, 136.5, 140.8, 151.9, 152.9, 157.2, 159.6, 159.8, 

162.5, 169.7. RP-HPLC tR = 3.52 min (Method 2, 95+ %) m/z [M + H]+ calcd C27H36N7S, 

490.2, found 490.2. 

7.2.3 Synthetic procedure for N-methyl-N-(3-nitrobenzyl)-prop-2-en-1-

amine (50) 

 

To a solution of 3-nitrobenzaldehyde 49 (151 mg, 1 mmol, 1eq) in CH2Cl2 was added 
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N-methyl allyl amine (85 mg, 1.2 mmol, 1.2 eq). The reaction mixture was stirred for 2 

h, and Na(OAc)3BH (216 mg, 2 mmol, 2 eq) was added portionwise over 5 mins. The 

mixture was stirred at RT overnight and then quenched with saturated NH4Cl. The 

product was extracted with CH2Cl2 and the combined organic extracts were washed with 

brine. The crude mixture was concentrated and purified by column chromatography 

(EtOAc/Hexane) to furnish a white solid (146 mg, 71 %). 1H-NMR (CDCl3): δ 8.21 (s, 

1H, Ph-H), 8.11 (ddd, 1H, J = 8.1, 2.4, 1.1 Hz, Ph-H), 7.68 (dt, 1H, J = 7.8, 1.4 Hz, Ph-

H), 7.49 (t, 1H, J = 7.9 Hz, Ph-H), 5.91 (ddt, 1H, J = 17.1, 10.2, 6.4 Hz, CH), 5.30-5.17 

(m, 2H, CH2), 3.59 (s, 2H, CH2), 3.06 (d, 2H, J = 6.4 Hz, CH2), 2.21 (s, 3H, CH3). 13C-

NMR (CDCl3): δ 42.1, 60.6, 117.9, 122.1, 123.6. 129.1, 134.9, 135.4, 141.7, 148.4. MS 

(ESI+): m/z [M + H]+ calcd for C11H15N2O2, 206.11, found 206.51. 

7.2.4 Synthetic procedure for 3-(3-(but-3-en-1-yloxy)phenyl)-3-

oxopropanenitrile (68) 

 

To a solution of acetonitrile (128 μL, 2.45 mmol, 1 eq) in 6 mL of anhydrous THF 

was added potassium butoxide (552 mg, 4.9 mmol, 2 eq). After stirring for 1 h, ethyl 3-

(but-3-en-1-yloxy)benzoate 67 (539 mg, 2.45 mmol, 1 eq) was added to the solution. 

The reaction was stirred at RT for 2 h. After TLC indicated the completion of 67, the 

mixture was acidified with diluted HCl solution and extracted with CHCl3 (3×50 mL). 
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The resulting crude was then concentrated and purified by column chromatography 

(PE/EtOAc) to furnish a pale brown solid (223 mg, 45%). 1H-NMR (CDCl3) δ 7.43-

7.33 (m, 3H, 3×Ph-H), 7.14 (ddd, 1H, J = 8.0, 2.7, 1.2 Hz, Ph-H), 5.87 (ddt, J = 17.0, 

10.3, 6.7 Hz, CH2), 5.15 (ddt, 1H, J = 17.2, 3.3, 1.2 Hz, CH), 5.09 (ddt, 1H, J =10.2, 

2.8, 1.2 Hz, CH), 4.11 (s, 2H, CH2), 4.02 (t, 2H, J = 6.7 Hz, CH2), 2.52 (dddt, 2H, J = 

13.3, 6.6, 1.3 Hz, CH2). 

7.2.5 General synthetic procedure (3) for aniline derivatives 

(compounds 12, 99) 

A solution of the nitrophenyl-derivative in aqueous methanol was degassed three 

times and palladium on carbon (10%) was added. The flask was flushed three times with 

hydrogen, and the reaction was stirred under a hydrogen balloon for 24 h. The reaction 

mixture was filtered through Celite and concentrated to yield a grey solid. 

 

1-(4-(3-Aminophenyl) piperazine-1-yl)ethan-1-one (12)168 

The title compound was synthesised following general procedure (3) using 1-(4-(3-

nitrophenyl)piperazin-1-yl)ethan-1-one 11 (2.49 g, 10 mmol, 1eq) and 10% palladium 

on carbon (250 mg) in 50 mL methanol and water to afford a grey solid 7 (2.09 g, 95%). 

1H-NMR (DMSO-d6): δ 6.87 (t, 1H, J = 7.9 Hz, Ph-H), 6.17 (br d, 1H, J = 1.8 Hz, Ph-

H), 6.15 (dd, 1H, J = 1.6 , 8.1 Hz, Ph-H), 6.08 (dd, 1H, J = 1.1, 7.7 Hz, Ph-H), 4.89 (br 
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s, 2H, NH2), 3.52-3.57 (br m, 4H, 2×CH2), 3.05 (br t, 2H, J = 4.8 Hz, CH2), 2.98 (br t, 

2H, J = 5.0 Hz, CH2), 2.04 (s, 3H, CH3). 

 

3-(4-Methylpiperazin-1-yl)aniline (99)168 

The title compound was synthesised following general procedure (3) using 1-methyl-

4-(3-nitrophenyl)piperazine (2330 mg, 11 mmol, 1eq) and 10% palladium on carbon 

(230 mg) in 50 mL methanol and water to afford a grey solid 99 (1.91 g, 83%).  1H-

NMR (DMSO-d6) δ 6.83 (t, 1H, J = 7.9 Hz, Ph-H), 6.14 (t, 1H, J = 2.2 Hz, Ph-H), 6.11 

(dd, 1H, J = 7.8, 2.3 Hz, Ph-H), 6.02 (dd, 1H, J = 7.6, 1.8 Hz, Ph-H), 4.82 (s, 2H, NH2), 

3.05-2.97 (m, 4H, 2×CH2), 2.41 (dd, 4H, J = 6.2, 3.8 Hz, 2×CH2), 2.20 (s, 3H, CH3). 

7.2.6 Synthetic procedure for 3-(4-allylpiperazine-1-yl) aniline (31)198 

 

To a solution of 30 (2.47 g, 10 mmol, 1 eq) in methanol and water was added tin 

chloride dehydrate (6.75 g, 30 mmol, 3eq), and the reaction mixture was stirred at RT 

for 12 h. After completion of the reaction, the solvent from the reaction mixture was 

removed under reduced pressure, and the residue was taken into aqueous sodium 

carbonate and dichloromethane. The reaction mixture was filtered through filter paper. 

The organic layer was separated out from the filtrate, and the aqueous layer was 

extracted with dichloromethane. The combined organic extracts were dried with sodium 
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sulfate and concentrated under reduced pressure to afford a grey solid (2158 mg, 99%). 

1H-NMR (CDCl3): δ 7. 07 (t, 1H, J = 8.1 Hz, Ph-H), 6.39 (dd, 1H, J = 8.1, 2.4 Hz, Ph-

H), 6.28 (t, 1H, J = 2.3 Hz, Ph-H), 6.23 (dd, 1H, J = 7.8, 2.1 Hz, Ph-H), 5.93 (ddt, 1H, 

J = 16.9, 10.1, 6.6 Hz, CH), 5.34-5.18 (m, 2H, CH2), 3.63 (br s, 2H, NH2), 2.61 (br t, 

4H, J = 5.1 Hz, 2×CH2), 3.07(d, 2H, J = 6.6 Hz, CH2), 3.21 (br t, 4H, J = 4.8 Hz, 

2×CH2). HR-MS (ESI+): m/z [M + H]+ calcd for C27H36N7S, 218.1657, found 218.1649. 

RP-HPLC tR = 0.32 min (Method 1, 95+ %), m/z [M + H]+ calcd for C27H36N7S, 218.2, 

found 218.3. 

7.2.7 General synthetic procedure (4) for guanidine derivatives 

(compounds 13, 32) 

Cyanamide and TMSCl were added sequentially to a solution of different amines in 

acetonitrile and the reaction was heated under reflux overnight. The reaction mixture 

was concentrated and purified by column chromatography (gradient DCM and MeOH 

as eluting solvent) to afford the desired compounds. 

 

1-(3-Acetylpiperazin-1-yl)phenyl)guanidine (13)168 

 The title compound was synthesised following general procedure (4) using 
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cyanamide (284 mg, 2.0 mmol, 2 eq), TMSCl (109 mg, 1 mmol, 1 eq) and amine 12 

(219 mg, 1.0 mmol, 1 eq) in acetonitrile to give a brown solid (176 mg, 71%). 1H-NMR 

(DMSO-d6): δ 7.02 (t, 1H, J = 8.0 Hz, Ph-H), 6.49 (dd, 1H, J = 1.6, 8.1 Hz, Ph-H), 6.39 

(br s, 1H, Ph-H), 6.30 (d, 1H, J = 7.6 Hz, Ph-H), 5.34 (br s, 4H, 2×NH&NH2), 3.59-3.51 

(m, 4H, 2×CH2), 3.09 (br t, 2H, J = 5.2 Hz, CH2), 3.03 (br t, 2H, J = 5.2 Hz, CH2), 2.04 

(s, 3H, CH3). RP-HPLC tR = 0.43 min (Method 1, 95+ %), m/z [M + H]+ calcd for 

C13H20N5O, 262.3, found 262.3. 

 

1-(3-(4-Allylpiperazin-1-yl)phenyl)guanidine (32) 

The title compound was synthesised following general procedure (4) using 31 (217 

mg, 1.0 mmol, 1 eq), cyanamide (284 mg, 2.0 mmol, 2 eq) and TMSCl (109 mg, 1 mmol, 

1 eq) in 10 mL acetonitrile to yield the grey solid (130 mg, 60%). 1H-NMR (CDCl3): δ  

7.17 (t, 1H, J = 8.1 Hz, Ph-H), 6.67 (dd, 1H, J = 8.4 Hz, Ph-H), 6.58 (br t, 1H, J = 2.0 

Hz, Ph-H), 6.50 (dd, 1H, J = 1.1, 7.7 Hz, Ph-H), 5.88 (ddt, 1H, J = 16.8, 10.1, 6.6 Hz, 

CH), 5.27-5.17 (m, 2H, CH2), 4.58 (br s, 4H, 2×NH&NH2), 3.17 (br t, 4H, J = 6.8 Hz, 

2×CH2), 3.04 (d, 2H, J = 6.6 Hz, CH2), 2.57 (br t, 4H, J = 6.8 Hz, 2×CH2). MS (ESI+): 

m/z [M + H]+ calcd for C14H22N5, 260.18, found 260.18. 
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7.2.8 General synthetic procedure (5) for thiazole derivatives 

(compounds 7, 26) 

To a solution of 3-chloropentane-2, 4-dione in methanol was added thiourea 

derivatives and pyridine. The reaction was stirring at RT for 4 h. After concentrated, the 

precipitate was washed with saturated NaHCO3 solution and concentrated to offer the 

desired compounds. 

 

1-(4-Methyl-2-(methylamino) thiazol-5-yl) ethanone (7)168 

The title compound was synthesised following general procedure (5) using 3-

chloropentane-2, 4-dione 6 (13.4 g, 100 mmol, 1 eq), 1-methylthiourea (9.0 g, 100 mmol, 

1 eq), (1.1 eq) and pyridine (8.1 mL, 100 mmol, 1 eq) to offer the target white solid 

(15.3 g, 90%). 1H-NMR (DMSO-d6): δ 8.37 (s, 1H, NH), 2.84 (s, 3H, CH3), 2.44 (s, 3H, 

CH3), 2.34 (s, 3H, CH3). MS (ESI+): m/z [M + H]+ calcd for C7H12N2OS, 171.06, found 

171.06. 

 

1-(2-(Allylamino)-4-methylthiazol-5-yl)ethanone (26)69 

The title compound was synthesised following general procedure (5) using 1-

allylthiourea (1.16 g, 10 mmol, 1 eq), 3-chloropentane-2,4-dione 6 (1.34 g, 10 mmol, 1 

eq) and pyridine (0.81 mL, 10 mmol, 1 eq) in 30 mL methanol to yield white solid (1764 
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mg, 90%). 1H-NMR (DMSO-d6): δ 7.35 (br s 1H, NH), 5.85-5.94 (m, 1H, CH), 5.35 

(ddt, 1H, J = 1.7, 3.5, 17.1, CH), 5.26 (ddt, 1H, J = 1.3, 3.3, 10.2 Hz, CH), 3.92 (d, 2H, 

J = 5.4 Hz, CH2), 2.54 (s, 3H, CH3), 2.43 (s, 3H, CH3). 13C-NMR (CDCl3) δ 188.3, 

169.2, 143.2, 128.6, 121.4, 120.9, 49.6, 29.0, 14.9. 

7.2.9 General synthetic procedure (6) for Boc-protection of amine 

derivatives (compounds 27, 8) 

To a solution of thiazole derivatives in DCM were added 4-dimethyl-aminopyridine 

and di-tertbutyl-dicarbonate, and the reaction was stirred for 2 h at room temperature. 

The resulting reaction mixture was washed with diluted HCl solution and washed with 

saturated NaHCO3 solution, brine. The organic extract was concentrated to dryness to 

yield the desired compounds. 

 

tert-Butyl-(5-acetyl-4-methylthiazol-2-yl)-allylcarbamate (27) 

The title compound was synthesised following general procedure (6) using 26 (196 

mg, 1 mmol, 1 eq), 4-dimethyl-aminopyridine (122 mg, 1 mmol, 1 eq) and di-tertbutyl-

dicarbonate (436 mg, 2 mmol, 2 eq) in DCM to furnish a white solid (280 mg, 95%). 

1H-NMR (DMSO-d6): δ 5.86-5.96 (m, 1H, CH), 5.16 (dd, 1H, J = 1.3, 10.3, CH), 5.08 

(dd, 1H, J = 1.5, 17.2 Hz, CH), 4.65 (br d, 2H, J = 5.2 Hz, CH2), 2.55 (s, 3H, CH3), 2.47 

(s, 3H, CH3), 1.52 (s, 9H, 3×CH3). 13C-NMR (DMSO-d6) δ 190.8, 161.4, 155.7, 152.9, 



114 

 

132.4, 125.8, 117.2, 84.0, 48.9, 30.5, 28.1, 18.5. 

 

tert-Butyl (5-acetyl-4-methylthiazol-2-yl)(methyl)carbamate (8)168 

The title compound was synthesised following general procedure (6) using 7 (170 

mg, 1 mmol, 1 eq), di-tert-butyl dicarbonate (436 mg, 2 mmol, 2 eq) and DMAP (122 

mg, 1 mmol, 1 eq) in 10 mL dichloromethane to yield white solid (255 mg, 95%). 1H-

NMR (CDCl3): δ 2.83 (s. 3H, CH3), 2.65 (s, 3H, CH3), 2.48 (s, 3H, CH3), 1.45 (s, 9H, 

3×CH3). 13C NMR (CDCl3) δ 191.3, 177.8, 161.2, 154.7, 125.7, 40.2, 36.5, 30.5, 27.9, 

18.4. 

7.2.10 General synthetic procedure (7) for enaminones derivatives 

(compounds 9, 38, 88) 

The thiazole derivatives were treated with dimethoxymethyl-dimethylamine (DMF-

DMA). After heating at 120 °C for 6 h, the mixture was evaporated to dryness. Target 

compounds were obtained after crystallisation from EtOAc/PE to desired compounds. 

 

(E)-1-(2-(Allylamino)-4-methylthiazol-5-yl)-3-(dimethylamino)prop-2-

en-1-one (100)69 

The title compound was synthesised following general procedure (7) using 1-(2-
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(allylamino)-4-methylthiazol-5-yl)ethan-1-one (182 mg, 1 mmol, 1 eq) in 

dimethoxymethyl-dimethylamine (DMF-DMA, 5 mL) to yield yellow solid (148 mg, 

62%). 1H-NMR (CHCl3): δ 7.67 (d, 1H, J = 12.2 Hz, CH), 6.94(s, 1H, NH), 5.86-5.95 

(m, 1H, CH), 5.28-5.35 (m, 2H, CH2), 5.22 (dd, 1H, J = 1.1, 5.2 Hz, CH), 3.89 (br d, 

2H, J = 5.1 Hz, CH2), 3.00 (br s, 6H, 2×CH3), 2.56 (s, 3H, CH3). 

 

tert-Butyl-(5-(3-(dimethylamino) acryloyl)-4-methylthiazol-2-yl) 

(methyl)-carbamate (9)168 

The title compound was synthesised following general procedure (7) using 8 (270 

mg, 1 mmol, 1 eq) in DMF-DMA (5 mL) to yield yellow solid (211 mg, 65%). 1H-NMR 

(DMSO-d6): δ 7.63 (d, 1H, J = 12.2 Hz, CH), 5.33 (d, 1H, J = 12.2 Hz, CH), 3.44 (s, 

3H, CH3), 3.13 (br s, 3H, CH3), 2.86 (br s, 3H, CH3), 2.53 (s, 3H, CH3), 1.53 (s, 9H, 

3×CH3). 

 

1-(2-(But-3-en-1-yl(methyl)-amino)-4-methylthiazol-5-yl)-3-(dimethyl-

amino)prop-2-en-1-one (38) 

The title compound was synthesised following general procedure (7) using 37 (224 

mg, 1 mmol, 1 eq) in DMF-DMA (5 mL) to yield pale yellow solid (140 mg, 50%). 1H-

NMR (CDCl3): δ 7.55 (d, 1H, J = 12.2 Hz, CH), 5.66-5.76 (m, 1H, CH), 5.22 (d, 1H, J 
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= 12.2 Hz, CH), 4.95-5.04 (m, 2H, CH2), 3.44 (t, 2H, J = 7.1 Hz, CH2), 3.00 (s, 3H, 

CH3), 2.87 (br s, 6H, 2×CH3), 2.50 (s, 3H, CH3), 2.32 (dt, 2H, J = 14.5, 7.2 Hz, CH2). 

MS (ESI+): m/z [M + H]+ calcd for C14H22N3OS, 280.15, found 280.18. 

7.2.11 Synthetic procedure for methyl 3-(2-(4-methyl-piperazine-1-

carbonyl)-6-nitrophenyl)acrylate (92) 

 

An oven dried rounded flask was charged with Pd(OAc)2, PPh3, K2CO3, 91 and 

methyl acrylate. DMF as the solvent was added in the flask and the mixture was heated 

at 100 oC until TLC analysis indicated full consumption of the starting material. The 

reaction mixture was diluted with EtOAc and the organic layer washed with NH4Cl, 

water, and brine. The concentrated organic extract was then purified by flash column 

chromatography (gradient DCM and MeOH as the eluting solvent) to afford the desired 

product. 1H-NMR (CDCl3) δ 7.99 (dd, 1H, J = 6.7, 2.8 Hz, CH), 7.79 (d, 1H, J = 16.1 

Hz, Ph-H), 7.54-7.50 (m, 2H, Ph-2H), 6.13 (d, 1H, J = 16.1 Hz, CH), 3.32 (s, 3H, CH3), 

3.10 (t, 2H, J = 5.1 Hz, CH2), 2.87-2.71 (m, 2H, CH2), 2.33 (d, 4H, J = 57.9 Hz, 2×CH2), 

2.21 (s, 3H, CH3). 
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7.2.12 Synthetic procedure for (5-(2-chloro-pyrimidin-4-yl)-2 

methoxyphenyl)methanamine (96) 

 

To a solution of 95 (248 mg, 1 mmol, 1 eq) in a saturated solution of NH4OAc in 

EtOH (5 mL) were added NaCNBH3 (192 mg, 3 mmol, 3 eq) and 30% aq NH3 (3 mL). 

The mixture was stirred at reflux for 18 h, cooled to room temperature, and concentrated 

under reduced pressure. The resulting reaction crude was then purified by flash column 

chromatography (PE and EtOAc) to afford the desired product (90 mg, 36%). 1H NMR 

(DMSO-d6) δ 8.78 (d, J = 5.2 Hz, Ph-H), 8.36 (d, J = 2.4 Hz, Ph-H), 8.25 (dd, J = 8.7, 

2.4 Hz, Ph-H), 8.12 (d, J = 5.4 Hz, Ph-H), 7.26-7.23 (m, Ph-H), 4.02 (d, J = 1.3 Hz, 

CH2), 3.93 (s, 3H, CH3). 13C-NMR (CDCl3) δ 166.6, 161.8, 160.5, 159.5, 130.0, 128.7, 

127.7, 127.4, 114.3, 110.6, 61.4, 55.7. 

7.2.13 Synthetic procedure for phenyl borate derivatives 

 

2-(5-(But-3-en-1-yloxy)-2-methylphenyl)-4,4,5,5-tetramethyl-1,3,2-
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dioxaborolane (82) 

Bis(pinacolato)diboran (128 mg, 2.2 mmol, 2 eq), Pd(dppf)Cl2 (20 mg, 0.1 mmol, 

0.05 eq), KOAc (134 mg, 6 mmol, 3 eq) were placed in a flask under argon. Then 2-

bromo-4-(but-3-en-1-yloxy)-1-methylbenzene 81 (480 mg, 2 mmol, 1 eq) and dioxane 

(20 mL) were added. The reaction mixture was stirred under argon at 90°C overnight. 

The reaction mixture was filtered through a pad of Celite and washed with EtOAc. The 

solvent was evaporated to dryness to give the oil which was purified on a silica gel 

column to give the cream solid (230 mg, 40%). 1H-NMR (CDCl3) δ 7.37 (d, 1H, J = 2.9 

Hz, Ph-H), 7.13 (d, 1H, J = 8.3 Hz, Ph-H), 6.93 (dd, 1H, J = 8.3, 2.9 Hz, Ph-H), 5.97 

(ddt, 1H, J = 17.1, 10.3, 6.7 Hz, CH), 5.22 (ddt, 1H, J = 17.2, 3.4, 1.6 Hz, CH), 5.15 

(ddt, 1H, J = 10.3, 3.0, 1.2 Hz, CH), 4.07 (t, 2H, J = 6.7 Hz, CH2), 2.58 (dddt, 2H, J = 

13.4, 6.7, 1.4 Hz, CH2), 2.53 (s, 3H, CH3), 1.39 (s, 12H, 4×CH3). 

 

(5-(But-3-en-1-yloxy)-2-cyanophenyl)boronic acid (77) 

n-BuLi (1.2 mL, 2 mmol, 2 eq) was added dropwise to a solution of compound 2-

bromo-4-(but-3-en-1-yloxy)benzonitrile 76 (254 mg, 1 mmol, 1 eq) in anhydrous THF 

(5 mL) at -78°C. The mixture was stirred at this temperature for 30 min, then triisopropyl 

borate (350 ul, 1.5 mmol, 1.5 eq) was added and the mixture was stirred for 16 h while 

allowing the temperature to rise to 20°C. The HCl (24 mL, 2 M) was added, the organic 

layer separated, the aqueous layer extracted with diethyl ether (50 mL) three times, the 
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combined organic layer dried over MgSO4, and concentrated under reduce pressure. The 

product was obtained as white solid by flash column chromatography (98 mg, 45%). 1H 

NMR (Methanol-d4) δ 7.66 (d, 1H, J = 8.6 Hz, Ph-H), 7.17 (s, 1H, Ph-H), 7.06 (dd, 1H, 

J = 8.6, 2.7 Hz, Ph-H), 6.02-5.90 (m, 1H, CH), 5.25-5.08 (m, 2H, CH2), 4.13 (t, 2H, J = 

6.6 Hz, CH2), 2.57 (ddd, 2H, J = 6.6, 3.5, 2.0 Hz, CH2). 13C NMR (Methanol-d4) δ 163.8, 

161.5, 134.3, 134.2, 125.1, 116.1, 116.1, 114.8, 113.7, 67.2, 33.3. 

7.2.14 General synthetic procedure (8) for Suzuki coupling 

(compounds 47, 62, 78, 95) 

To a degassed solution of pyrimidine derivatives and phenylboronic acid in 1, 4-

dioxane was added sequentially, potassium fluoride dihydrate and Pd(PPh3)4. The 

resulting mixture was stirred at 100 oC overnight, cooled to room temperature and 

quenched with saturated NH4Cl solution. The crude mixture was extracted with CH2Cl2 

thrice, washed with brine, dried over Na2SO4. The concentrated organic extract was then 

purified by flash column chromatography (EtOAc/ Hexane) to furnish the desired 

product. 

 

3-(2-Chloropyrimidin-4-yl) phenol (47)184 

The title compound was synthesised following general procedure (8) using 2, 4-
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dichloropyrimidine 46 (1480 mg, 10 mmol, 1 eq), 3-hydroxyphenylboronic acid (1650 

mg, 12 mmol, 1.2 eq), potassium fluoride dihydrate (4240 mg, 40 mmol, 4 eq) and 

Pd(PPh3)4 (577.5 mg, 0.5 mmol, 0.05 eq) to furnish the white solid (1483 mg, 72%). 1H-

NMR (CDCl3): δ 7.89 (d, 1H, J = 5.5 Hz, Ph-H), 7.26(s, 1H, Ph-H), 7.63 (t, 1H, J = 1.9 

Hz, Ph-H), 7.65 (d, 1H, J = 5.2 Hz, Ph-H), 7.94 (t, 1H, J = 2.0 Hz, Ph-H), 7.98 (dd, 1H, 

J = 1.1, 1.6 Hz, Ph-H). RP-HPLC tR = 2.44 min (Method 1, 95+ %), m/z [M + H]+ calcd 

for C27H36N7S, 207.1, found 207.1. 

 

3-(2-Chloro-5-methylpyrimidin-4-yl)phenol (62)184, 199 

The title compound was synthesised following general procedure (8) using 2,4-

dichloro-5-methylpyrimidine 61 (160 mg, 1 mmol, 1 eq), 3-hydroxyphenyl-boronic acid 

(166 mg, 1.2 mmol, 1.2eq), potassium fluoride dihydrate (424 mg, 4 mmol, 4 eq) and 

Pd(PPh3)4 (100 mg, 0.1 mmol, 0.1 eq) in 1,4-dioxane (5 mL) to yield white solid (88 

mg, 40%). RP-HPLC tR = 2.57 min (Method 1, 95+ %), m/z [M + H]+, calcd for 

C11H10N2OCl, 221.0, found 221.0. 
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2-(2-((3-(4-Allylpiperazin-1-yl)phenyl)amino)pyrimidin-4-yl)-4-(but-

3-en-1-yloxy)benzonitrile (78) 

The title compound was synthesised following general procedure (8) using 73 (60 mg, 

0.18 mmol, 1 eq), (5-(but-3-en-1-yloxy)-2-cyanophenyl)boronic acid 77 (45 mg, 0.21 

mmol, 1.1 eq), sodium carbonate (40 mg, 0.36 mmol, 2 eq) and Pd(PPh3)4 (25 mg, 0.02 

mmol, 0.1 eq) in toluene and ethane (1:1, 10 mL) to yield yellow solid (34 mg, 40%). 

1H-NMR (CDCl3) δ 8.57 (d, 1H, J = 5.1 Hz, Ph-H), 7.75 (d, 1H, J = 8.6 Hz, Ph-H), 7.46 

(d, 1H, J = 2.6 Hz, Ph-H), 7.42 (t, 1H, J = 2.2 Hz, Ph-H), 7.38 (s, 1H, NH), 7.27-7.21 

(m, 2H, Ph-2H), 7.14 (dd, 1H, J = 7.8, 1.9 Hz, Ph-H), 7.06 (dd, 1H, J = 8.6, 2.6 Hz, Ph-

H), 6.67 (dd, 1H, J = 8.1, 2.3 Hz, Ph-H), 5.99-5.85 (m, 2H, 2×CH), 5.29-5.14 (m, 4H, 

2×CH2), 4.14 (t, 2H, J = 6.7 Hz, CH2), 3.31-3.25 (m, 4H, 2×CH2), 3.09 (dt, 2H, J = 6.6, 

1.3 Hz, CH2), 2.67-2.58 (m, 6H, 3×CH2). 13C NMR (CDCl3) δ 162.8, 162.2, 160.3, 159.1, 

152.1, 143.2, 140.1, 136.2, 134.8, 133.6, 129.4, 118.7, 118.3, 117.7, 116.0, 115.9, 111.0, 

110.8, 110.7, 107.4, 102.5, 67.8, 61.8, 53.1, 49.0, 33.3. RP-HPLC tR = 2.40 min (Method 

1, 95+ %), m/z [M + H]+ calcd for C28H30N6O, 467.3, found 467.4. 

 

5-(2-Chloropyrimidin-4-yl)-2-methoxybenzaldehyde (95)199 

The title compound was synthesised following general procedure (8) using 

phenylboronic acid 94 (360 mg, 2.0 mmol, 1 eq), 2,4-dichloropyrimidine (300 mg, 2 
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mmol, 1 eq), aqueous Na2CO3 (5 mL) and Pd(PPh3)4 (100 mg, 0.1 mmol, 0.05 eq) in 

toluene and ethane (1:1, 10 mL) to yield pale yellow solid (220 mg, 44%). 1H-NMR 

(CDCl3) δ 10.49 (s, 1H, CHO-H), 8.61 (d, 1H, J = 5.3 Hz, Ph-H), 8.48-8.44 (m, 2H, 

2×Ph-H), 7.66 (d, 1H, J = 5.3 Hz, Ph-H), 7.14 (d, 1H, J = 9.2 Hz, Ph-H), 4.03 (s, 3H, 

CH3). 

7.2.15 Synthetic procedure for N-(3-(4-allylpiperazin-1-yl)phenyl)-4-

(5-(but-3-en-1-yloxy)-2-methyl-phenyl)pyrimidin-2-amine (83) 

 

Dicyclohexyl(2,6-dimethoxy-[1,1-biphenyl]-2-yl)phosphine(SPhos) (22 mg, 0.05 

mmol, 0.25 eq) and tris(dibenzylideneacetone)dipalladium(0) (20 mg, 0.02 mmol, 0.1 

eq) were combined in a pressure vessel. To this was added dry 1,4-dioxane (1 mL), and 

the mixture was stirred for 20 min. In a separate flask were dissolved 73 (70 mg, 0.21 

mmol, 1 eq) and 2-(5-(but-3-en-1-yloxy)-2-methylphenyl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane 82 (66 mg, 0.23 mmol, 1.1 eq) in dioxane (1 mL). The starting materials 

were then added to the preformed catalyst, followed by potassium phoshate tribasic (4 

mL). The vessel was sealed and heated with microwave irradiation to 150 oC for 20 min. 

The reaction was concentrated and purified by column chromatography (DCM/MeOH) 
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to afford pale yellow solid (52 mg, 55%). 1H-NMR (CDCl3) δ 8.47 (d, 1H, J = 5.0 Hz, 

Ph-H), 7.89 (ddd, 1H, J = 11.0, 7.8, 1.5 Hz, Ph-H), 7.53 (ddt, 1H, J = 8.9, 7.4, 1.6 Hz, 

Ph-H), 7.46 (s, 1H, NH), 7.33 (t, 1H, J = 8.4 Hz, Ph-H), 7.21 (dd, 1H, J = 8.2, 3.4 Hz, 

Ph-H), 7.11 (dd, 1H, J = 7.9, 2.0 Hz, Ph-H), 7.06 (d, 1H, J = 2.7 Hz, Ph-H), 6.92 (dd, 

1H, J = 8.4, 2.7 Hz, Ph-H), 6.85 (d, 1H, J = 5.0 Hz, Ph-H), 5.99-5.87 (m, 2H, 2×CH), 

5.25-5.09 (m, 4H, 2×CH2), 4.06 (t, 2H, J = 6.7 Hz, CH2), 3.29-3.23 (m, 4H, 2×CH2), 

3.09 (dt, 2H, J = 6.6, 1.3 Hz, CH2), 2.63 (t, 4H, J = 5.0 Hz, 2×CH2), 2.57 (qt, 2H, J = 

6.8, 1.4 Hz, CH2), 2.38 (s, 3H, CH3). 13C NMR (CDCl3) δ 167.9, 159.9, 157.8, 157.1, 

152.0, 140.4, 134.4, 132.0, 129.4, 129.2, 127.8, 118.2, 117.0, 115.6, 115.3, 112.4, 110.7, 

110.3, 107.0, 103.4, 67.4, 61.8, 55.6, 53.4, 53.1, 49.0, 33.7, 19.6. RP-HPLC tR = 2.42 

min (Method 1, 90+ %), m/z [M + H]+, calcd for C28H33N5O, 456.3, found 456.5. 

7.2.16 General synthetic procedure (9) for 2, 4-di-substituted 

pyrimidine derivatives (compounds 73, 57) 

2,4-Dichloroethane derivative was stirred in t-BuOH and 1, 2-dichloroethane at 0 oC 

and 1.0 M ZnCl2 solution in diethyl ether was added cautiously over 20 minutes. The 

reaction was left stirring at 0 oC for 30 mins. A solution of amine in t-BuOH and 1,2-

dichloroethane (1:1) was added drop-wise over 15 mins at 0 oC followed by a solution 

of trimethylamine in t-BuOH and 1,2-dichloroethane (1:1) and the reaction was warm 

at RT for 18 h. The resulting mixture was quenched with water and extracted with 

CH2Cl2 thrice. Then the combined organic extracts were washed with saturated NaHCO3 
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followed by brine, dried over Na2SO4, and concentrated under reduced pressure to 

furnish the oil, which was purified by column chromatography (gradient DCM and 

MeOH as the eluting solvent) to afford the desired product. 

 

N-(3-(4-Allylpiperazin-1-yl)phenyl)-4-chloropyrimidin-2-amine (62) 

The title compound was synthesised following general procedure (9) using 2,4-

dichloroethane 46 (30 mg, 0.2 mmol, 1 eq), 1.0 M ZnCl2 solution in diethyl ether (200 

μL), 31 (43 mg, 0.2 mmol, 1 eq) and trimethylamine (100 μL) in t-BuOH and 1,2-

dichloroethane (1:1, 4 mL) to afford yellow solid (23 mg, 35%). 1H-NMR (CDCl3) δ 

8.26 (d, 1H, J = 5.2 Hz, Ph-H), 7.45 (s, 1H, Ph-H), 7.29 (t, 1H, J = 2.3 Hz, Ph-H), 7.21 

(t, 1H, J = 8.1 Hz, Ph-H), 7.00 (dd, 1H, J = 7.9, 2.0 Hz, Ph-H), 6.71 (d, 1H, J = 5.2 Hz, 

Ph-H), 6.65 (dd, 1H, J = 8.3, 2.3 Hz, Ph-H), 5.90 (ddt, 1H, J = 16.8, 10.1, 6.6 Hz, CH), 

5.28-5.16 (m, 2H, CH2), 3.28-3.21 (m, 4H, 2×CH2), 3.06 (dd, 2H, J = 6.6, 1.5 Hz, CH2), 

2.65-2.58 (m, 4H, 2×CH2). 13C NMR (CDCl3) δ 161.2, 159.9, 159.0, 152.1, 139.4, 134.9, 

129.5, 118.2, 111.9, 111.2, 111.1, 107.5, 61.8, 53.0, 48.9. RP-HPLC tR = 2.03 min 

(Method 1, 90+ %), m/z [M + H]+, calcd for C17H21N5Cl, 330.2, found 330.3. 
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N-(3-(4-Allylpiperazin-1-yl)phenyl)-4-chloro-5-fluoropyrimidin-2-

amine (57) 

The title compound was synthesised following general procedure (9) using 2,4-

dichloro-5-fluoropyrimidine 56 (148 mg, 1 mmol, 1 eq), 1.0 M ZnCl2 solution in diethyl 

ether (1 mL), 31 (217 mg, 1 mmol, 1 eq) and triethylamine (0.5 mL) in butanol and 1,2-

dichloroethane (10 mL) to afford pale yellow solid (270 mg, 78 %). 1H-NMR (CDCl3) 

δ 8.02 (d, 1H, J = 2.8 Hz, Ph-H), 7.34 (t, 1H, J = 2.3 Hz, Ph-H), 7.23 (t, 1H, J = 8.1 Hz, 

Ph-H), 7.04-6.98 (m, 2H, 2×Ph-H), 6.72 (dd, 1H, J = 8.3, 2.4 Hz, Ph-H), 5.90 (ddt, 1H, 

J = 16.8, 10.1, 6.6 Hz, CH), 5.27-5.16 (m, 2H, CH2), 3.25 (dd, 4H, J = 6.2, 3.9 Hz, 

2×CH2), 3.06 (dd, 2H, J = 6.6, 1.5 Hz, CH2), 2.65-2.57 (m, 4H, 2×CH2). 13C-NMR 

(CDCl3) δ 152.0, 146.3, 143.8, 140.9, 140.7, 137.7, 134.8, 129.7, 118.3, 112.4, 111.5, 

108.1, 61.8, 52.9, 48.8. RP-HPLC tR = 1.92 min (Method 1, 90+ %), m/z [M + H]+ calcd 

for C17H20N5ClF, 348.1, found 348.1. 
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7.2.17 Synthetic procedure for N-(3-(4-allylpiperazin-1-yl)phenyl)-2-

chloropyrimidin-4-amine (101) 

 

To a solution of 2, 4-dichloropyrimidine 46 (148 mg, 1 mmol, 1 eq) and triethylamine 

(284 mg, 2 mmol, 2 eq) in ethanol (10 mL) at 0 oC, 31 (217 mg, 1 mmol, 1 eq) was 

added. The reaction mixture was stirred at RT for 2 h. After completion of the reaction 

as observed by TLC, excess ethanol was evaporated and the reaction mixture was diluted 

with water. The solid thus obtained was filtered and washed with excess water. The 

crude product was purified by column chromatography using EtOAc/Hexane as eluent 

to afford yellow solid (230 mg, 70%). 1H-NMR (CDCl3) δ 8.05 (d, 1H, J = 5.9 Hz, Ph-

H), 7.69 (d, 1H, J = 7.5 Hz, Ph-H), 7.24 (t, 1H, J = 8.9 Hz, Ph-H), 6.83 (s, 1H, NH), 

6.80-6.68 (m, 2H, 2×Ph-H), 6.57 (d, 1H, J = 6.0 Hz, Ph-H), 5.92-5.83 (m, 1H, CH), 

5.23-5.16 (m, 2H, CH2), 3.20 (t, 4H, J = 4.9 Hz, 2×CH2), 3.04 (d, 2H, J = 6.4 Hz, CH2), 

2.61-2.57 (m, 4H, 2×CH2). RP-HPLC tR = 1.94 min (Method 1, 95+ %), m/z [M + H]+ 

calcd for C17H21N5Cl, 330.2, found 330.3. 
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7.2.18 General synthetic procedure (10) for pyrimidine derivatives 

(compounds 53, 52, 64) 

To a mixture of 2-chloro-pyrimidine derivatives, aniline derivatives in n-butanol at 

ambient temperature was added 4M HCl and the resulting mixture was stirred at 100 oC 

overnight. The reaction mixture was cooled to 0 oC and quenched with water. The 

product was extracted with CH2Cl2 thrice, and the combined organic extracts were 

washed with saturated NaHCO3 followed by brine, dried over Na2SO4, and concentrated 

under reduced pressure to furnish the oil, which was purified by flash column 

chromatography to afford the desired product. 

 

N-(3-(4-Allylpiperazin-1-yl)-phenyl)-4-(3-(but-3-en-1-yloxy)phenyl)-

pyrimidin-2-amine (53) 

The title compound was synthesised following general procedure (10) using 31 (100 

mg, 0.41 mmol, 1 eq), 48 (133 mg, 0.62 mmol, 1.5 eq) and 4M HCl (2 mL) in n-butanol 

(6 mL) to afford pale brown solid (67 mg, 37%). 1H-NMR (CDCl3): δ 2.58 (dt, 2H, J = 

1.3, 6.7 Hz, CH2), 2.63 (br t, 4H, J = 5.2 Hz, 2×CH2), 3.07 (d, 2H, J = 6.5 Hz, CH2), 

3.28 (br t, 4H, J = 4.9 Hz, 2×CH2), 4.10 (t, 2H, J = 6.8 Hz, CH2), 5.11-5.26 (m, 4H, 
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2×CH2), 5.88-5.96 (m, 2H, 2×CH), 6.63 (dd, 1H, J = 1.8, 8.3 Hz, Ph-H), 7.03 (ddd, 1H, 

J = 0.8, 2.5, 8.2 Hz, PH-H), 7.10 (dd, 1H, J = 1.3, 8.0 Hz, Ph-H), 7.12 (d, 1H, J = 5.2, 

Ph-H), 7.22 (t, 1H, J = 8.1Hz, Ph-H), 7.27 (s, 1H, NH), 7.38 (t, 1H, J = 8.0 Hz, Ph-H), 

7.50 (t, 1H, J = 2.1 Hz, Ph-H), 7.64 (br d, 1H, J = 7.7 Hz, Ph-H), 7.66 (br t, 1H, J = 2.4 

Hz, Ph-H), 8.45 (d, 1H, J = 5.2 Hz, Ph-H). RP-HPLC tR = 2.38 min (Method 1, 95+ %), 

m/z [M + H]+ calcd for C27H32N5O, 442.2, found 442.2. 

 

N-(3-((Allyl(methyl)amino)-methyl)phenyl)-4-(3-(but-3-en-1-yloxy)-

phenyl)-pyrimidin-2-amine (52) 

The title compound was synthesised following general procedure (10) using 48 (260 

mg, 1 mmol, 1 eq), 51 (264 mg, 1.5 mmol, 1.5 eq) and 4 M HCl (4 mL) in 12 mL n-

Butanol to afford a pale brown solid (84 mg, 21%). 1H-NMR (CDCl3): δ 2.26 (s, 3H, 

CH3), 2.60 (q, 2H, J = 6.9 Hz, CH2), 3.11 (d, 2H, J = 6.4 Hz, CH2), 3.57 (s, 2H, CH2), 

4.11 (t, 2H, J = 6.6 Hz, CH2), 5.12-5.25 (m, 4H, 2×CH2), 5.89-6.00 (m, 2H, 2×CH), 7.04 

(dd, 1H, J = 2.9, 8.0 Hz, Ph-H), 7.03 (ddd, 1H, J = 0.8, 2.5, 8.2 Hz, PH-H), 7.10 (dd, 

1H, J = 1.3, 8.0 Hz, Ph-H), 7.14 (d, 1H, J = 5.2 Hz, Ph-H), 7.31 (t, 1H, J = 7.8 Hz, Ph-

H), 7.39 (t, 1H, J = 8.0 Hz, Ph-H), 7.65 (br d, 2H, J = 7.1, 2×Ph-H), 7.68 (br t, 1H, J = 

2.4 Hz, Ph-H), 7.71 (d, 1H, J = 7.7 Hz, Ph-H), 8.46 (d, 1H, J = 8.5 Hz, Ph-H). 13C-NMR 

(CDCl3): δ 14.2, 20.9, 33.6, 41.9, 60.4, 61.5, 67.3, 108.4, 113.0, 117.1, 117.2, 117.9, 
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118.1, 119.5, 119.9, 123.2, 128.7, 129.8, 134.3, 135.4, 138.5, 139.2, 139.8, 158.5, 159.4, 

160.3, 164.7, 171.1. RP-HPLC tR = 2.32 min (Method 1, 95+ %), m/z [M + H]+ calcd 

for C25H29N4O, 401.2, found 401.1. 

 

N-(3-(4-Allylpiperazin-1-yl)phenyl)-4-(3-(but-3-en-1-yloxy)phenyl)-5-

methylpyrimidin-2-amine (64) 

The title compound was synthesised following general procedure (10) using 4-(3-

(but-3-en-1-yloxy)phenyl)-2-chloro-5-methylpyrimidine 63 (120 mg, 0.44 mmol, 1 

eq), 3-(4-allylpiperazin-1-yl)aniline 31 (142 mg, 0.65 mmol, 1.5 eq) and 4 M HCl (6 

mL) in 12 mL butanol to afford pale brown solid (70 mg, 35 %). 1H-NMR (CDCl3) δ 

8.30 (s, 1H, Ph-H), 7.60 (s, 1H, NH), 7.37 (t, 1H, J = 8.0 Hz, Ph-H), 7.20 (dd, 1H, J = 

2.7, 1.5 Hz, 1H), 7.18 (tt, 1H, J = 4.8, 2.1 Hz, 3H), 6.99 (ddd, 1H, J = 6.9, 2.7, 1.4 Hz, 

2H), 6.56 (dd, 1H, J = 8.2, 2.4 Hz, 1H), 5.98-5.88 (m, 2H, 2×CH), 5.22-5.09 (m, 4H, 

2×CH2), 4.07 (t, 2H, J = 6.7 Hz, CH2), 3.36 (br s, 4H, 2×CH2), 2.79 (br s, 4H, 2×CH2), 

2.61-2.54 (m, 4H, 2×CH2), 2.27 (s, 3H, CH3). RP-HPLC tR = 2.43 min (Method 1, 

95+ %), m/z [M + H]+ calcd for C28H34N5O, 456.3, found 456.6. 
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7.2.19 General synthetic procedure (11) for pyrimidine derivatives 

(compounds 14, 33, 39, 55, 71) 

The mixture of guanidine and enaminone in 2-methoxyethanol were heated under 

microwave condition at 140 °C for 60 mins. The reaction mixture was concentrated to 

dryness and purified by flash column chromatography to give the desired product. 

 

1-(4-(3-((4-(4-Methyl-2-(methylamino) thiazol-5-yl) pyrimidin-2-yl) 

amino) phenyl) piperazin-1-yl) ethanone (14) 

The title compound was synthesised following general procedure (11) using 

guanidine 13 (522 mg, 2mmol, 1 eq) and enaminone 9 (450 mg, 2 mmol, 1 eq) in 2-

methoxyethanol (3 mL) to give pale yellow solid (507 mg, 60%). 1H-NMR (DMSO-d6): 

δ 2.04 (s, 3H, CH3), 2.43 (s, 3H, CH3), 2.81 (s, 3H, CH3), 3.10 (br t, 2H, J = 5.1 Hz, 

CH2), 3.16 (br t, 2H, J = 6.8 Hz, CH2), 3.59 (br q, 4H, J = 5.6 Hz, 2×CH2), 5.22 (d, 1H, 

J = 11.8 Hz, NH), 6.56 (dd, 1H, J = 1.9, 6.2 Hz, Ph-H), 6.89 (d, 1H, J = 5.7 Hz, PH-H), 

7.12 (t, 1H, J = 8.1, Ph-H), 7.23 (dd, 1H, J = 1.0, 7.1 Hz, Ph-H), 7.51 (d, 1H, J = 12.15 

Hz, Ph-H), 8.32 (d, 1H, J = 5.2 Hz, Ph-H), 9.29 (s, 1H, NH). 13C-NMR (DMSO-d6): δ 

18.5, 21.4, 31.1, 41.2, 45.9, 49.1, 49.6, 94.0, 107.1, 109.9, 111.0, 118.4, 121.9, 129.2, 

141.8, 151.7, 152.8, 153.7, 157.9, 160.0, 168.9, 179.9. MS (ESI+): m/z [M + H] + calcd 
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for C21H26N7OS, 424.19, found 424.19. RP-HPLC tR = 2.13 min (Method 1, 90+ %), 

m/z [M + H]+ calcd for C25H29N4O, 424.2, found 424.3. 

 

N-Allyl-5-(2-((3-(4-allylpiperazin-1-yl)phenyl)amino)pyrimidin-4-yl)-

4-methylthiazol-2-amine (33) 

The title compound was synthesised following general procedure (11) using 28 (518 

mg, 2 mmol, 1 eq) and guanidine 32 (502 mg, 2 mmol, 1 eq) in DMA (3 mL) at 200 oC 

to yield yellow solid (384 mg, 45%). 1H-NMR (CDCl3): δ 2.53 (s, 3H, CH3), 2.62 (br t, 

4H, J = 4.8 Hz, 2×CH2), 3.64 (d, 2H, J = 6.8 Hz, CH2), 3.28 (br t, 4H, J = 4.8 Hz, 

2×CH2), 3.93 (br d, 2H, J = 5.5 Hz, CH2), 5.26 (s, 1H, NH), 5.18-5.38 (m, 4H, 2×CH2), 

5.86-5.98 (m, 2H, 2×CH), 6.30 (dd, 1H, J = 1.9, 8.2 Hz, Ph-H), 6.82 (d, 1H, J = 5.5 Hz, 

PH-H), 7.05 (dd, 1H, J = 1.3, 7.9 Hz, Ph-H), 7.21 (t, 1H, J = 8.0, Ph-H), 7.37 (br t, 1H, 

J = 2.0, Ph-H), 7.60 (s, 1H, NH), 8.29 (d, 1H, J = 5.4 Hz, Ph-H). 13C-NMR (CDCl3): δ 

18.7, 48.4, 49.2, 53.2, 61.8, 107.2, 107.3, 110.4, 111.1, 117.5, 118.2, 119.7, 129.2, 133.0, 

134.9, 140.6, 151.8, 152.0, 157.3, 159.4, 159.7, 170.3. RP-HPLC tR = 2.29 min (Method 

1, 90+ %), m/z [M + H]+ calcd for C26H29N5O, 428.2, found 428.2. 
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1-(4-(3-((4-(2-(But-3-en-1-yl(methyl-)amino)-4-methylthiazol-5-yl)-

pyrimidin-2-yl)amino)phenyl)piperazin-1-yl)ethanone (39) 

The title compound was synthesised following general procedure (11) using 38 (558 

mg, 2 mmol, 1 eq) and guanidine 13 (574 mg, 2.2 mmol, 1.1 eq) in 2-methoxyethanol 

(15 mL) to yield pale brown solid (391 mg, 41%). 1H-NMR (CDCl3): δ 2.11 (s, 3H, 

CH3), 2.41 (q, 2H, J = 7.2, 2H), 2.54 (s, 3H, CH3), 3.10 (s, 3H, CH3), 3.19 (br t, 4H, J = 

4.9 Hz, 2×CH2), 3.55 (br t, 4H, J = 4.9 Hz, 2×CH2), 3.75 (t, 2H, J = 5.3 Hz, CH2), 5.04-

5.13 (m, 2H, CH2), 5.74-5.84 (m, 1H, CH), 6.60 (dd, 1H, J = 3.9, 8.4 Hz, Ph-H), 6.81 

(d, 1H, J = 5.6 Hz, PH-H), 7.05 (dd, 1H, J = 3.9, 8.1 Hz, Ph-H), 7.19 (t, 1H, J = 8.1, Ph-

H), 7.42 (br t, 1H, J = 2.0, Ph-H), 7.74 (s, 1H, NH), 8.27 (d, 1H, J = 5.6 Hz, Ph-H). 13C-

NMR (CDCl3): δ 19.0, 21.3, 31.5, 38.2, 41.4, 46.2, 49.4, 49.8, 52.4, 107.3, 107.5, 110.7, 

111.6, 117.4, 119.5, 129.3, 134.8, 140.9, 151.6, 153.2, 157.2, 159.6, 159.7, 168.9, 169.6. 

RP-HPLC tR = 2.52 min (Method 1, 80+ %), m/z [M + H]+ calcd for C25H32N7OS, 478.2, 

found 478.2. 
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5-(2-((3-((Allyl(methyl)amino)methyl)-phenyl)amino)-pyrimidin-4-

yl)-N-(but-3-en-1-yl)-N,4-dimethylthiazol-2-amine (55) 

The title compound was synthesised following general procedure (11) using 38 (279 

mg, 1 mmol, 1 eq) and guanidine 54 (218 mg, 1 mmol, 1 eq) in DMA (5 mL) at 200 oC 

to yield yellow solid (170 mg, 40%). 1H-NMR (CDCl3): δ 2.21 (s, 3H, CH3), 2.45 (q, 

2H, J = 7.2, CH2), 2.56 (s, 3H, CH3), 3.05 (d, 2H, J = 6.4, CH2), 3.14 (s, 3H, CH3), 3.52 

(s, 2H, CH2), 3.58 (t, 2H, J = 7.5 Hz, CH2), 5.07-5.22 (m, 4H, 2×CH2), 5.78-5.96 (m, 

2H, 2×CH), 6.82 (d, 1H, J = 5.6 Hz, Ph-H), 7.00 (d, 1H, J = 7.5 Hz, PH-H), 7.16 (s, 1H, 

Ph-H), 7.28 (t, 1H, J = 7.7 Hz, Ph-H), 7.57 (dd, 1H, J = 1.4, 8.0 Hz, Ph-H), 7.60 (s, 1H, 

NH), 8.27 (d, 1H, J = 5.5 Hz, Ph-H). RP-HPLC tR = 2.14 min (Method 1, 95+ %), m/z 

[M + H]+ calcd for C24H31N6S, 435.2, found 435.2. 

 

2-((3-(4-Allylpiperazin-1-yl)phenyl)amino)-4-(3-(but-3-en-1-

yloxy)phenyl)-pyrimidine-5-carbonitrile (71) 
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The title compound was synthesised following general procedure (11) using 

enaminone 70 and guanidine 32 (280 mg, 1.1 mmol, 1 eq) in 2-methoxyethanol (2 mL) 

at 140 oC to yield yellow solid (163 mg, 35%). 1H-NMR (CDCl3) δ 8.68 (s, 1H, NH), 

7.66 (d, 1H, J = 7.8 Hz, Ph-H), 7.59 (d, 2H, J = 6.8 Hz, 2×Ph-H), 7.42 (t, 2H, J = 8.0 

Hz, 2×Ph-H), 7.25 (d, 1H, J = 8.9 Hz, Ph-H), 7.10 (ddd, 1H, J = 8.2, 2.5, 0.9 Hz, Ph-H), 

7.01 (dd, 1H, J = 7.9, 2.1 Hz, Ph-H), 6.71 (dd, 1H, J = 8.3, 2.3 Hz, Ph-H), 5.96-5.86 (m, 

2H, 2×CH), 5.23-5.09 (m, 4H, 2×CH2), 4.10 (t, 2H, J = 6.7 Hz, CH2), 3.28-3.22 (m, 4H, 

2×CH2), 3.07 (dd, 2H, J = 6.6, 1.4 Hz, CH2), 2.61 (dd, 4H, J = 5.9, 4.2 Hz, 2×CH2), 2.58 

(dt, 2H, J = 6.7, 1.5 Hz, CH2). 13C NMR (CDCl3) δ 168.2, 163.3, 159.8, 159.2, 152.1, 

138.7, 136.8, 134.7, 134.3, 129.9, 129.6, 121.1, 118.5, 118.4, 117.4, 117.3, 114.4, 111.8, 

107.9, 95.9, 67.5, 61.8, 52.9, 48.9, 33.6. HPLC tR = 2.46 min (Method 1, 95+ %), m/z 

[M + H]+ calcd for C28H31N6O, 467.3, found 467.3. 

7.2.20 Synthetic procedure for 2-bromo-4-hydroxybenzonitrile (75)200 

 

To a stirring solution of 2-bromo-4-fluoro-benzonitrile 74 (198 mg, 1 mmol, 1 eq) in 

DMF (5 mL) was added 2-(methylsulfonyl-ethanol) (186 mg, 1.5 mmol, 1.5 eq) and the 

solution cooled to 0 °C. Sodium hydride (120 mg, 3 mmol, 3 equiv.) was added and the 

reaction mixture allowed to be stirred at RT. The mixture was quenched with a 1 M HCl 

solution and partitioned between ethyl acetate and brine. The organic layer was 
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concentrated to dryness and the crude organics purified by flash column 

chromatography to afford pale orange solid (176 mg, 90%). 1H NMR (DMSO-d6) δ 

11.10 (s, 1H, OH), 7.72 (d, 1H, J = 8.6 Hz, Ph-H), 7.18 (d, 1H, J = 2.3 Hz, Ph-H), 6.91 

(dd, 1H, J = 8.6, 2.4 Hz, Ph-H). 

7.2.21 General synthetic procedure (12) for acetamide derivatives 

(compounds 15 and 40) 

A mixture of acetamide derivative and 2 M HCl in methanol was heated and 

refluxed overnight. Upon completion, the reaction mixture was neutralised by Na2CO3 

solution and extracted with CHCl3 to afford the desired product. 

  

N, 4-Dimethyl-5-(2-((3-(piperazin-1-yl)phenyl)amino)-pyrimidin-4-

yl)thiazol-2-amine (15)168 

 The title compound was synthesised following general procedure (13) using 14 (423 

mg, 1 mmol) and 2 M HCl (4 mL) in methanol (10 mL) to afford a yellow solid (342 

mg, 90%). 1H-NMR (DMSO-d6): δ 2.46 (s, 3H, CH3), 2.86 (br d, 7H, CH3 & 2×CH2), 

3.06 (br t, 4H, J = 4.5 Hz, 2×CH2), 6.52 (d, 1H, J = 7.7 Hz, Ph-H), 6.88 (d, 1H, J = 5.5 

Hz, Ph-H), 7.08 (t, 1H, J = 8.0, Ph-H), 7.19 (d, 1H, J = 8.2 Hz, Ph-H), 7.42 (s, 1H, Ph-

H), 8.05 (br d, 1H, J = 4.5 Hz, NH), 8.31 (d, 1H, J = 5.4 Hz, Ph-H), 9.23 (s, 1H, NH). 



136 

 

13C-NMR (DMSO-d6): δ 19.1, 31.3, 45.9, 50.1, 106.6, 107.1, 109.4, 110.4, 118.4, 129.2, 

141.7, 152.5, 152.7, 158.1, 159.0, 160.0, 169.8. MS (ESI+): m/z [M + H]+ calcd for 

C19H24N7S 382.18, found 382.13. RP-HPLC tR = 1.79 min (Method 1, 95+ %), m/z [M 

+ H]+ calcd for C19H24N7S, 382.2, found 382.2. 

 

N-(But-3-en-1-yl)-N,4-dimethyl-5-(2-((3-(piperazin-1-yl)phenyl)-

amino)-pyrimidin-4-yl)thiazol-2-amine (40) 

The title compound was synthesised following general procedure (13) using 39 (2.05 

g, 4.3 mmol) and 2 M HCl (10 mL) in methanol (30 mL) to afford a brown solid (1833 

mg, 98 %). 13C-NMR (CDCl3): δ 18.9, 31.5, 38.2, 46.2, 50.5, 52.5, 107.1, 107.3, 111.0, 

117.4, 119.6, 129.3, 134.8, 140.6, 152.5, 152.9, 157.2, 159.6, 159.7, 169.7. RP-HPLC 

tR = 2.10 min (Method 1, 95+ %), m/z [M + H]+ calcd for C23H30N7S, 436.2, found 436.1. 

7.2.22 General synthetic procedure (13) for amide coupling 

(compounds 16c, 16b, 16a) 

To a solution of 2-chloro-4, 6-dimethoxy-1, 3, 5-triazine in CH2Cl2, N-methyl-

morpholine was added at 0-5 °C under continuous stirring. A white suspension was 
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formed after 30-40 min and to this mixture carboxylic acid in CH2Cl2 (10 mL) was 

added resulting in the formation of a clear solution. After stirring the mixture for 1 h, 

amines were added at RT. After completion of the reaction, the mixture was washed with 

diluted HCl solution and the aqueous extract was concentrated to furnish the desired 

product. 

 

6-(4-(3-((4-(4-Methyl-2-(methylamino) thiazol-5-yl) pyrimidin-2-yl) 

amino) phenyl) piperazin-1-yl)-6-oxohexanoic acid (16c) 

The title compound was synthesised following general procedure (13) using 2-

chloro-4, 6-dimethoxy-1, 3, 5-triazine (88 mg, 0.5 mmol), N-methyl-morpholine (152 

mg, 1.5 mmol), adipic acid (73 mg, 0.5 eq) and compound 15 (190 mg, 0.5 mmol) in 

CH2Cl2 (10 mL) to afford a pale green solid (249 mg, 98%). 1H-NMR (DMSO-d6): δ 

1.75 (br s, 4H, J = 7.6, 2×CH2), 2.42 (br d, 4H, J = 7.6, 2×CH2), 2.50 (s, 3H, CH3), 2.99 

(s, 3H, CH3), 3.24 (br s, 4H, 2×CH2), 3.64 (br t, 2H, J = 3.2 Hz, CH2), 3.79 (br t, 2H, J 

= 4.8 Hz, CH2), 4.07 (s, 1H, NH), 6.30 (dd, 1H, J = 1.9, 8.1 Hz, Ph-H), 6.78 (d, 1H, J = 

5.6 Hz, PH-H), 7.03 (dd, 1H, J = 1.4, 7.9 Hz, Ph-H), 7.23 (t, 1H, J = 8.0, Ph-H), 7.55 

(br t, 1H, J = 1.6, Ph-H), 8.17 (d, 1H, J = 5.2 Hz, Ph-H), 8.67 (s, 1H, NH). MS (ESI+): 

m/z [M + H]+ calcd for C25H32N7O3S, 510.22, found 510.15. 
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5-(4-(3-((4-(4-Methyl-2-(methylamino)thiazol-5-yl)pyrimidin-2-

yl)amino)-phenyl)piperazin-1-yl)-5-oxopentanoic acid (16b) 

The title compound was synthesised following general procedure (13) using 15 (380 

mg, 1 mmol, 1 eq) and glutaric acid (132 mg, 1 mmol, 1 eq) to yield pale green solid 

(445 mg, 90%). MS (ESI+): m/z [M + H]+ calcd for C24H30N7O3S 496.21, found 496.16. 

RP-HPLC tR = 2.22 min (Method 1, 90 %), m/z [M + H]+ calcd for C24H30N7O3S, 496.2, 

found 496.1. 

 

3-(4-(3-((4-(4-Methyl-2-(methylamino)thiazol-5-yl)pyrimidin-2-

yl)amino)-phenyl)piperazin-1-yl)-3-oxopropanoic acid (16a) 

The title compound was synthesised following general procedure (13) using 15 (380 

mg, 1 mmol, 1 eq) and succinic acid (118 mg, 1 mmol, 1 eq) to yield pale green solid 

(457 mg, 95%). MS (ESI+): m/z [M + H]+ calcd for C23H28N7O3S 482.19, found 482.12. 
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RP-HPLC tR = 2.19 min (Method 1, 90 %), m/z [M + H]+ calcd for C23H28N7O3S, 482.2, 

found 482.2. 

7.2.23 General synthetic procedure (14) for macrocyclic compounds 

with amide linker (compounds 17a, 17b, 17c, 97) 

To a round-bottomed flask was added following compounds (96, 16a, 16b, 16c), 

HATU and TEA in DMF. The solution was heated to 50 oC for 16 h. After completion 

of reaction, the reaction mixture was extracted with DCM and washed with brine thrice. 

The organic layers were combined and purified by flash column chromatography 

(gradient DCM and MeOH as the eluting solvent) to yield the desired product. 

 

14, 12-Dimethyl-3, 12-diaza-1(5, 2)-thiazola-2(4, 2)-pyrimidina-5 (1, 4)-

piperazina-4(1, 3)-benzenacyclododecaphane-6, 11- dione (17c) 

The title compound was synthesised following general procedure (14) using 16c (102 

mg, 0.2 mmol), HATU (114 mg, 0.3 mmol) and TEA (20 mg, 0.2 mmol) in DMF to 

yield yellow solid (15 mg, 16%). mp: >300 oC. 1H-NMR (CDCl3) δ 8.38 (d, 1H, J = 5.2 

Hz, Ph-H), 8.12 (t, 1H, J = 2.2 Hz, Ph-H), 7.77 (s, 1H, NH), 7.18 (t, 1H, J = 8.1 Hz, Ph-

H), 6.97 (d, 1H, J = 5.3 Hz, Ph-H), 6.71 (dd, 1H, J = 7.8, 2.3 Hz, Ph-H), 6.49 (dd, 1H, 
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J = 7.9, 2.0 Hz, Ph-H), 3.84 (t, 2H, J = 5.2 Hz, CH2), 3.80 (t, 2H, J = 5.3 Hz, CH2), 3.74 

(s, 3H, CH3), 3.52 (t, 2H, J = 5.2 Hz, CH2), 3.32 (t, 2H, J = 5.2 Hz, CH2), 2.78 (t, 2H, J 

= 5.2 Hz, CH2), 2.62 (s, 3H, CH3), 2.52 (t, 2H, J = 8.0 Hz, CH2), 1.89 (t, 2H, J = 7.8 Hz, 

CH2), 1.78 (t, 2H, J = 7.8 Hz, CH2). 13C-NMR (CDCl3): δ 32.5, 49.3, 50.6, 57.9, 67.6, 

106.9, 108.7, 109.0, 109.2, 113.2, 115.8, 119.8, 125.8, 129.1, 129.7, 133.1, 139.5, 140.8, 

152.3, 158.4, 160.0, 160.4, 165.1. HR-MS (ESI+): m/z [M + H]+ calcd for C25H30N7O2S 

492.2182, found 492.2172. RP-HPLC tR = 5.08 min (Method 2, 95+ %), m/z [M + H]+ 

calcd for C25H30N7O2S, 492.2, found 492.3. RP-HPLC tR = 6.00 min (Method 3, 95 %), 

m/z [M + H]+ calcd for C25H30N7O2S, 492.2, found 492.3. 

 

14,10-Dimethyl-3,10-diaza-1(5,2)-thiazola-2(4,2)-pyrimidina-5(1,4)-

piperazina-4(1,3)-benzenacyclodecaphane-6,9-dione (17a) 

The title compound was synthesised following general procedure (14) using 16a (480 

mg, 1 mmol, 1 eq), HATU (380 mg, 1 mmol, 1 eq) and TEA (1 mL, 2 mmol, 2 eq) in 

DMF to yield pale yellow solid (28 mg, 6%). mp: >300 oC. 1H-NMR (DMSO-d6): δ 

9.30 (s, 1H, NH), 8.45 (d, 1H, J = 5.2, Ph-H), 7.92 (t, 1H, J = 2.1 Hz, Ph-H),  7.15 (t, 

1H, J = 8.0 Hz, PH-H),  7.10 (d, 1H, J = 5.3 Hz, Ph-H),  6.76-6.81 (m, 2H, J = 1.0, 

2×Ph-H),  3.79-3.95 (br s, 2H, CH2), 3.57-3.76 (br s, 5H, CH3&CH2),  3.44-3.52 (br s, 
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2H, CH2),  3.04-3.09 (br s, 2H, CH2),  2.95 (t, 2H, J = 4.9 Hz, CH2), 2.60 (s, 3H, CH3), 

2.55-2.72 (br s, 2H, CH2). 13C NMR (DMSO-d6) δ 174.3, 171.5, 160.1, 159.9, 159.6, 

158.5, 154.1, 147.7, 141.4, 128.7, 126.1, 117.6, 113.9, 110.3, 107.7, 52.9, 49.2, 47.4, 

43.1, 33.9, 31.3, 26.9, 18.6. HR-MS (ESI+): m/z [M + H]+ calcd for C23H26N7O2S 

464.1869, found 464.1862. RP-HPLC tR = 3.94 min (Method 2, 95+ %), m/z [M + H]+ 

calcd for C23H26N7O2S, 464.2, found 464.1. RP-HPLC tR = 4.10 min (Method 3, 95 %), 

m/z [M + H]+ calcd for C23H26N7O2S, 464.2, found 464.1. 

 

14,11-Dimethyl-3,11-diaza-1(5,2)-thiazola-2(4,2)-pyrimidina-5(1,4)-

piperazina-4(1,3)-benzenacycloundecaphane-6,10-dione (17b) 

The title compound was synthesised following general procedure (14) using 17b (495 

mg, 1 mmol, 1 eq), HATU (380 mg, 1 mmol, 1 eq) and Et3N (1 mL, 2 mmol, 2 eq) in 

DMF to yield pale yellow solid (48 mg, 10%). mp: >300 oC. 1H-NMR (DMSO-d6): δ 

9.57 (s, 1H, NH), 8.46 (d, 1H, J = 5.3, Ph-H), 7.95 (s, 1H, Ph-H), 7.13 (t, 1H, J = 7.9 

Hz, PH-H), 7.09 (d, 1H, J = 5.3 Hz, Ph-H), 6.77 (dd, 1H, J = 1.5, 8.3 Hz, Ph-H), 6.68 

(dd, 1H, J = 1.0, 7.9 Hz, Ph-H), 3.65 (s, 5H, CH3&CH2), 3.40-3.44 (m, 2H, CH2), 3.11 

(t, 2H, J = 4.7 Hz, CH2), 2.85 (br t, 2H, J = 4.1 Hz, CH2),  2.60 (s, 3H, CH3), 2.31-2.42 

(br, 4H, 2×CH2),  1.98-2.06 (br, 2H, CH2). 13C NMR (DMSO-d6) δ 173.2, 170.3, 159.9, 
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159.8, 159.6, 158.6, 153.3, 147.7, 141.4, 132.1, 128.7, 126.4, 114.8, 112.1, 108.2, 107.6, 

51.5, 48.6, 46.4, 41.8, 33.8, 33.1, 31.5, 18.6, 11.23. HR-MS (ESI+): m/z [M + H]+ calcd 

for C24H28N7O2S 478.2025, found 478.2042. RP-HPLC tR = 4.41 min (Method 2, 

95+ %), m/z [M + H]+ calcd for C24H28N7O2S, 478.2, found 478.2. RP-HPLC tR = 4.46 

min (Method 3, 95 %), m/z [M + H]+ calcd for C24H28N7O2S, 478.2, found 478.2. 

 

N-(5-(2-Chloropyrimidin-4-yl)-2-methoxybenzyl)-3-(2-(4-methyl-

piperazine-1-carbonyl)-6-nitrophenyl)acrylamide (97) 

The title compound was synthesised following general procedure (14) using 96 (249 

mg, 1 mmol, 1 eq), 93 (320 mg, 1 mmol, 1 eq), HATU (380 mg, 1 mmol, 1 eq) and Et3N 

(0.5 mL, 2 mmol, 2 eq) in DMF to yield a yellow solid (48 mg, 10%). 1H-NMR (CDCl3) 

δ 8.68 (dd, 1H, J = 4.5, 1.4 Hz, Ph-H), 8.47 (dd, 1H, J = 8.4, 1.4 Hz, Ph-H), 8.41 (d, J 

= 5.2 Hz, CH), 8.02-8.00 (m, 1H, Ph-H), 7.81 (d, 1H, J = 2.3 Hz, Ph-H), 7.74 (dd, 1H, 

J = 8.6, 2.4 Hz, Ph-H), 7.54-7.51 (m, 2H, 2×Ph-H), 7.47-7.44 (m, 1H, Ph-H), 6.84 (d, 

1H, J = 8.8 Hz, Ph-H), 6.26 (d, 1H, J = 15.8 Hz, CH), 4.46 (d, 2H, J = 6.0 Hz, CH2), 

3.86 (s, CH3), 3.03-3.09 (m, 4H, 2×CH2), 2.17-2.27 (m, 4H, 2×CH2), 2.09 (s, 3H, CH3). 

13C NMR (CDCl3) δ 167.1 , 164.4, 160.7, 160.1, 151.7, 148.2, 140.6, 137.7, 134.5, 133.7, 

131.7, 128.7, 128.6, 128.4, 126.8, 125.9, 125.2, 120.9, 113.7, 110.7, 55.7, 46.4, 45.6, 
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41.5, 39.0, 37.4, 35.8. RP-HPLC tR = 2.21 min (Method 3, 95 %), m/z [M + H]+ calcd 

for C27H28N6O5Cl, 551.1, found 551.1. 

7.2.24 Synthetic procedure for (2-bromo-3-nitrophenyl)(4-

methylpiperazin-1-yl)methanone (91)201 

 

A solution of P(OEt)3 (332 mg, 2.0 mmol, 1 eq) in CH2Cl2 (5 mL) was added 

successively I2 (508 mg, 2.0 mmol, 1 eq), 2-bromo-3-nitrobenzonic acid 90 (490 mg, 

2.0 mmol, 1 eq) and Et3N (1 mL) at 0 oC and then stirred at RT for 30 mins. After 

addition of methylpiperazine (240 mg, 2.4 mmol, 1.2 eq), the reaction mixture was 

allowed to be stirred for another 12 h. The resulting reaction mixture was diluted with 

CH2Cl2 (60 mL) and washed with aqueous NH4Cl, 5% NaOH and brine, and evaporated 

to afford a white solid. (465 mg, 71%). 1H-NMR (CDCl3) δ 7.56 (dd, 1H, J = 8.0, 1.6 

Hz, Ph-H), 7.35 (t, 1H, J = 7.8 Hz, Ph-H), 7.24 (dd, 1H, J = 8.0, 1.6 Hz, Ph-H), 3.64-

3.51 (m, 2H, CH2), 3.02 (m, 2H, CH2), 2.34-2.09 (m, 4H, 2×CH2), 2.07 (s, 3H). 

7.2.25 General synthetic procedure (15) for macrocyclic compounds 

with alkene linker (compounds 43, 44, 60, 65, 72, 79, 84) 

Solution of diene derivative in dichloromethane was taken in a flask equipped with a 

reflux condenser and nitrogen inlet. The solution was degassed with nitrogen for 1 h and 
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then Grubbs II catalyst and 4 M HCl in dioxane was added. The mixture was warmed at 

50 oC overnight under nitrogen while monitoring by TLC. After completion of the 

reaction, DCM was evaporated under reduced pressure and then purified by column 

(DCM/MeOH) to furnish the desired product. 

 

(E)-6-Methyl-12-oxa-3,6-diaza-2(4,2)-pyrimidina-1,4(1,3)-dibenzen-

acyclodo-decaphan-8-ene (43) 

The title compound was synthesised following general procedure (15) using 52 (100 

mg, 0.23 mmol, 10 mM, 1 eq), Grubbs II (20 mg, 0.023 mmol, 0.1 eq) and 4 M HCl in 

dioxane (1.25 mL, 0.22 M) in dichloromethane (23 mL) to furnish a brown solid (34 

mg, 40%). mp: 128-129 oC. 1H-NMR (DMSO-d6): δ 8.93 (s, 1H, NH), 8.46 (d, 1H, J = 

5.2 Hz, Ph-H), 8.03 (s, 1H, Ph-H), 7.55 (d, 1H, J = 7.1 Hz, Ph-H), 7.37-7.49 (m, 2H, 

2×Ph-H), 7.29-7.32 (m, 2H, 2×Ph-H), 7.15 (dd, 1H, J = 2.3, 8.0 Hz, Ph-H), 7.09 (dd, 

1H, J = 1.5, 8.0 Hz, Ph-H), 7.03 (d, 1H, J = 7.5 Hz, Ph-H), 5.93 (dt, 1H, J = 15.4, 6.4 

Hz, CH), 5.76 (dt, 1H, J = 15.4, 7.2 Hz, CH), 4.22 (t, 2H, J = 5.1 Hz, CH2), 3.81 (s, 2H, 

CH2), 3.41 (d, 2H, J = 7.2 Hz, CH2), 2.56 (q, 2H, J = 5.6 Hz, CH2), 2.28 (s, 3H, CH3). 

13C-NMR (DMSO-d6): δ 31.7, 39.1, 59.2, 59.8, 65.1, 107.4, 114.3, 116.9, 118.2, 118.8, 

120.3, 122.9, 124.5, 128.4, 129.3, 129.7, 135.2, 138.4, 140.9, 158.9, 159.1, 160.0, 163.6. 

HR-MS (ESI+): m/z [M + H]+ calcd for C23H25N4O 373.2028, found 373.2031. RP-
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HPLC tR = 3.48 min (Method 2, 95+ %), m/z [M + H]+ calcd for C23H25N4O, 373.2, 

found 373.3. RP-HPLC tR = 4.09 min (Method 3, 95 %), m/z [M + H]+ calcd for 

C23H25N4O, 373.2, found 373.2. 

 

11-Oxa-3-aza-2(4,2)-pyrimidina-5(1,4)-piperazina-1,4(1,3)-dibenzena-

cycloundecaphan-7-ene (44) 

The title compound was synthesised following general procedure (15) using 53 (100 

mg, 0.23 mmol, 10 mM, 1 eq), Grubbs II (20 mg, 0.023 mmol, 0.1 eq) and 4 M HCl in 

dioxane (1.25 mL, 0.22 M) in 23 mL dichloromethane at 50 oC to afford pale yellow 

solid (15 mg, 15 %), mp: 96-98 oC. 1H-NMR (CDCl3): δ 8.62 (t, 1H, J = 2.2 Hz, Ph-H), 

8.41 (d, 1H, J = 5.2, Ph-H), 7.86 (br t, 1H, J = 1.5 Hz, Ph-H), 7.41-7.42 (m, 2H, 2×PH-

H), 7.27 (s, 1H, Ph-H), 7.14 (t, 1H, J = 5.13 Hz, 2×PH-H), 7.01-7.04 (m, 1H, Ph-H), 

6.53 (dd, 1H, J = 2.1, 7.6 Hz, Ph-H), 6.36 (dd, 1H, J = 1.5, 7.9 Hz, Ph-H), 5.65-5.81 (m, 

2H, 2×CH), 4.08 (t, 2H, J = 5.3 Hz, CH2), 3.33 (br t, 4H, J = 4.9 Hz, 2×CH2), 3.25 (d, 

2H, J = 6.5 Hz, CH2), 2.79 (br t, 4H, J = 5.2 Hz, 2×CH2), 2.59 (q, 2H, J = 5.6 Hz, CH2). 

13C-NMR (CDCl3): δ 32.5, 49.3, 50.6, 57.9, 67.6, 106.9, 108.7, 109.0, 109.2, 113.2, 

115.8, 119.8, 125.8, 129.1, 129.7, 133.1, 139.5, 140.8, 152.3, 158.4, 160.0, 160.4, 165.1. 

HR-MS (ESI+): m/z [M + H]+ calcd for C25H28N5O, 414.2294, found 414.2279. RP-
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HPLC tR = 3.78 min (Method 2, 95+ %), m/z [M + H]+ calcd for C25H28N5O, 414.2, 

found 414.2. RP-HPLC tR = 4.38 min (Method 3, 95 %), m/z [M + H]+ calcd for 

C25H28N5O, 414.2, found 414.2. 

 

2-Fluoro-11-oxa-3-aza-2(4,2)-pyrimidina-5(1,4)-piperazina-1,4(1,3)-

dibenzenacycloundecaphan-7-ene (60) 

The title compound was synthesised following general procedure (15) using 59 (10 

mg, 0.023 mmol, 10 mM, 1 eq), Grubbs II (2 mg, 0.0023 mmol, 0.1 eq) and 4 M HCl in 

dioxane (0.125 mL, 0.22 M) in 2 mL dichloromethane at 50 oC to afford dark yellow 

solid (3 mg, 30%), mp: 82-83 oC. 1H-NMR (CDCl3) δ 8.59 (s, 1H, NH), 8.27 (d, 1H, J 

= 2.9 Hz, Ph-H), 8.02 (d, 1H, J = 8.0 Hz, Ph-H), 7.84 (t, 1H, J = 2.2 Hz, Ph-H), 7.40 (t, 

1H, J = 8.1 Hz, Ph-H), 7.19 (t, 1H, J = 8.0 Hz, Ph-H), 6.99 (dd, 1H, J = 8.3, 2.6 Hz, Ph-

H), 6.90 (d, 1H, J = 3.8 Hz, Ph-H), 6.57 (dd, 1H, J = 8.3, 2.3 Hz, Ph-H), 6.41 dd, 1H, J 

= 7.9, 2.1 Hz, Ph-H), 5.68-5.80 (m, 2H, 2×CH), 4.08 (t, 2H, J = 5.4 Hz, CH2), 3.48 (s, 

2H, CH2), 3.36-3.40 (m, 4H, 2×CH2), 2.98-2.75 (m, 4H, 2×CH2), 2.61 (q, 2H, J = 5.3 

Hz, CH2). 13C-NMR (CDCl3) δ 159.5, 151.8, 149.9, 146.3, 143.7, 139.5, 139.4, 139.3, 

139.2, 129.5, 129.5, 121.2, 116.3, 112.7, 109.7, 109.6, 108.3, 67.0, 67.0, 57.9, 50.3, 48.8, 

32.7, 21.1. HR-MS (ESI+): m/z [M + H]+ calcd for C25H27N5OF 432.2200, found 
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432.2186. RP-HPLC tR = 3.83 min (Method 2, 95+ %), m/z [M + H]+ calcd for 

C25H27N5OF, 432.2, found 432.2. RP-HPLC tR = 4.47 min (Method 3, 95 %), m/z [M + 

H]+ calcd for C25H27N5OF, 432.2, found 432.2. 

 

(E)-2-Methyl-11-oxa-3-aza-2(4,2)-pyrimidina-5(1,4)-piperazina-

1,4(1,3)-dibenzenacycloundecaphan-7-ene (65) 

The title compound was synthesised following general procedure (15) using 64 (10 

mg, 0.023 mmol, 10 mM, 1 eq), Grubbs II (2 mg, 0.0023 mmol, 0.1 eq) and 4 M HCl in 

dioxane (0.125 mL, 0.22 M) in 2 mL dichloromethane at 50 oC to afford brown solid 

(2.5 mg, 25%), mp: 130-132 oC. 1H-NMR (CDCl3) δ 8.59 (t, 1H, J = 2.2 Hz, Ph-H), 

8.28 (s, 1H, Ph-H), 7.36 (t, 1H, J = 8.0 Hz, Ph-H), 7.31 (dd,1H, J = 2.5, 1.6 Hz, Ph-H), 

7.21 (s, 1H, NH), 7.13 (t, 1H, J = 8.1 Hz, Ph-H), 7.07 (dt, 1H, J = 7.9, 1.0 Hz, Ph-H), 

6.95 (dd, 1H, J = 8.1, 2.6 Hz, Ph-H), 6.54 (dd, 1H, J = 8.1, 2.4 Hz, Ph-H), 6.34 (dd, 1H, 

J = 7.8, 2.0 Hz, Ph-H), 5.95 (dt, 1H, J = 15.4, 7.2 Hz, CH), 5.63 (dt, 1H, J = 15.4, 6.0 

Hz, CH), 4.10 (t, 2H, J = 5.4 Hz, CH2), 3.30 (t, 4H, J = 4.9 Hz, 2×CH2), 3.16 (d, 2H, J 

= 6.1 Hz, CH2), 2.71 (t, 4H, J = 4.9 Hz, 2×CH2), 2.56 (q, 2H, J = 5.9 Hz, CH2), 2.23 (s, 

3H, CH3). 13C NMR (CDCl3) δ 165.2, 160.0, 159.7, 158.6, 151.8, 141.4, 140.5, 129.1, 

128.7, 121.5, 118.6, 117.2, 112.1, 109.4, 108.6, 105.9, 68.7, 57.8, 53.5, 50.8, 50.7, 48.7, 
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31.9, 16.5. HR-MS (ESI+): m/z [M + H]+ calcd for C26H30N5O 428.2450, found 

428.2444. RP-HPLC tR = 3.77 min (Method 2, 95+ %), m/z [M + H]+ calcd for 

C26H30N5O, 428.2, found 428.3. RP-HPLC tR = 4.40 min (Method 3, 95 %), m/z [M + 

H]+ calcd for C26H30N5O, 428.2, found 428.3. 

 

(E)-11-Oxa-3-aza-2(4,2)-pyrimidina-5(1,4)-piperazina-1,4(1,3)-

dibenzen-acycloundecaphan-7-ene-25-carbonitrile (72) 

The title compound was synthesised following general procedure (15) using 71 (20 

mg, 0.046 mmol, 10 mM, 1 eq), Grubbs II (4 mg, 0.0046 mmol, 0.1 eq) and 4 M HCl in 

dioxane (0.25 mL, 0.22 M) in 4 mL dichloromethane at 50 oC to afford brown solid (4 

mg, 20%), mp: 114-115 oC. 1H-NMR (CDCl3) δ 8.66 (s, 1H, Ph-H), 8.44 (s, 1H, Ph-H), 

7.68 (d, 1H, J = 7.8 Hz, Ph-H), 7.59 (s, 1H, NH), 7.52-7.48 (m, 2H, 2×Ph-H), 7.21 (t, 

1H, J = 8.0 Hz, Ph-H), 7.12 (dd, 1H, J = 8.4, 2.7 Hz, Ph-H), 6.62 (dd, 1H, J = 2.0, 8.0 

Hz, Ph-H), 6.47 (d, 1H, J = 7.9 Hz, Ph-H), 5.96 (dt, 1H, J = 15.4, 6.4 Hz, CH), 5.70 (dt, 

1H, J = 15.4, 6.2 Hz, CH), 4.13 (t, 2H, J = 5.5 Hz, CH2), 3.42 (br s, 6H, 3×CH2), 2.95 

(br s, 4H, 2×CH2), 2.63 (q, 2H, J = 6.3 Hz, CH2). HR-MS (ESI+): m/z [M + H]+ calcd 

for C26H27N6O 439.2246, found 439.2245. RP-HPLC tR = 3.73 min (Method 2, 95+ %), 

m/z [M + H]+ calcd for C26H27N6O, 439.2, found 439.4. RP-HPLC tR = 4.20 min 
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(Method 3, 95 %), m/z [M + H]+ calcd for C26H27N6O, 439.2, found 439.4. 

 

(E)-11-Oxa-3-aza-2(4,2)-pyrimidina-5(1,4)-piperazina-1,4(1,3)-

dibenzena-cycloundecaphan-7-ene-16-carbonitrile (79) 

The title compound was synthesised following general procedure (15) using 78 (100 

mg, 0.23 mmol, 10 mM, 1 eq), Grubbs II (20 mg, 0.023 mmol, 0.1 eq) and 4 M HCl in 

dioxane (1.25 mL, 0.22 M) in 20 mL dichloromethane at 50 oC to afford dark yellow 

(37 mg, 37%), Decomp. 110-113 oC. 1H-NMR (CDCl3) δ 8.55-8.48 (m, 2H, 2×Ph-H), 

7.77 (d, 1H, J = 8.6 Hz, Ph-H), 7.62-7.54 (m, 2H, NH&Ph-H), 7.30 (d, 1H, J = 5.0 Hz, 

Ph-H), 7.16 (t, 1H, J = 8.0 Hz, Ph-H), 7.02 (dd, 1H, J = 8.7, 2.7 Hz, Ph-H), 6.57 (dd, 

1H, J = 8.1, 2.5 Hz, Ph-H), 6.40 (dd, 1H, J = 7.9, 2.0 Hz, Ph-H), 5.91 (dt, 1H, J = 15.4, 

7.2 Hz, CH), 5.65 (dt, 1H, J = 15.4, 7.2 Hz, CH), 4.13 (t, 2H, J = 5.5 Hz, CH2), 3.29 (t, 

4H, J = 4.9 Hz, 2×CH2), 3.20 (d, 2H, J = 5.9 Hz, CH2), 2.73 (t, 4H, J = 4.9 Hz, 2×CH2), 

2.59 (q, 2H, J = 6.0 Hz, CH2). 13C NMR (CDCl3) δ 162.7, 162.3, 160.5, 158.9, 152.2, 

143.8, 140.7, 136.6, 129.2, 126.4, 118.7, 118.5, 112.5, 112.1, 109.9, 109.3, 106.6, 102.8, 

69.1, 57.5, 50.7, 49.1, 31.6. HR-MS (ESI+): m/z [M + H]+ calcd for C26H27N6O 439.2246, 

found 439.2241. RP-HPLC tR = 3.61 min (Method 2, 95+ %), m/z [M + H]+calcd for 

C26H27N6, 439.2, found 439.4. RP-HPLC tR = 4.21 min (Method 3, 95 %), m/z [M + 
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H]+calcd for C26H27N6O, 439.2, found 439.4. 

 

(E)-16-Methyl-11-oxa-3-aza-2(4,2)-pyrimidina-5(1,4)-piperazina-

1,4(1,3)-dibenzenacycloundecaphan-7-ene (84) 

The title compound was synthesised following general procedure (15) using 83 (100 

mg, 0.23 mmol, 10 mM, 1 eq), Grubbs II (20 mg, 0.023 mmol, 0.1 eq) and 4 M HCl in 

dioxane (1.25 mL, 0.22 M) in 20 mL dichloromethane at 50 oC to afford brown solid 

(49 mg, 50%), Decomp. 125-127 oC. 1H-NMR (CDCl3) δ 8.61 (s, 1H, Ph-H), 8.39 (d, 

1H, J = 5.0 Hz, Ph-H), 7.47 (s, 1H, NH), 7.24 (d, 1H, J = 2.7 Hz, Ph-H), 7.21 (d, 1H, J 

= 8.4 Hz, Ph-H), 7.14 (t, 1H, J = 8.0 Hz, Ph-H), 6.87 (dd, 1H, J = 8.3, 2.9 Hz, Ph-H), 

6.82 (d, 1H, J = 5.0 Hz, Ph-H), 6.55 (dd, 1H, J = 8.3, 2.3 Hz, Ph-H), 6.37 (dd, 1H, J = 

7.9, 2.1 Hz, Ph-H), 5.94 (dt, 1H, J = 15.4, 7.2 Hz, CH), 5.61 (dt, 1H, J = 15.4, 6.2 Hz, 

CH), 4.06 (t, 2H, J = 5.5 Hz, CH2), 3.33 (t, 4H, J = 4.7 Hz, 2×CH2), 3.16 (d, 2H, J = 6.0 

Hz, CH2), 2.74-2.69 (m, 4H, 2×CH2), 2.53 (q, 2H, J = 6.1 Hz, CH2), 2.33 (s, 3H, CH3). 

13C NMR (CDCl3) δ 166.6, 160.5, 157.5, 157.3, 151.7, 141.1, 140.3, 131.9, 129.2, 127.4, 

117.6, 113.2, 112.6, 109.7, 108.8, 106.3, 68.8, 57.9, 50.7, 50.6, 48.6, 31.9, 19.9, 11.0. 

HR-MS (ESI+): m/z [M + H]+ calcd for C26H30N5O 428.2450, found 428.2440. RP-

HPLC tR = 3.64 min (Method 2, 95+ %), m/z [M + H]+ calcd for C26H30N5O, 428.2, 
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found 428.3. RP-HPLC tR = 4.34 min (Method 3, 95 %), m/z [M + H]+ calcd for 

C26H30N5O, 428.2, found 428.3. 

7.2.26 Synthetic procedure for 6-methyl-12-oxa-3,6-diaza-2(4,2)-

pyrimidina-1,4(1,3)-dibenzenacyclodo-decaphane (86) 

 

A solution of 43 (100 mg, 0.27 mmol, 1 eq) in THF/tert-butanol (1:1, 10 mL) was 

treated with palladium hydroxide (40 mg, 0.27 mmol, 1 eq) and the mixture was 

saturated under a hydrogen balloon. The reaction was stirred at RT overnight. The 

reaction mixture was filtered on Celite filter and washed with dichloromethane. The 

resulting crude was concentrated and purified by column (gradient DCM/MeOH) to 

afford the title compound as a pale orange solid (25 mg, 25%). Decomp. 118-120 oC. 

1H-NMR (CDCl3) δ 8.82 (s, 1H, Ph-H), 8.43 (d, 1H, J = 5.2 Hz, Ph-H), 8.06 (s, 1H, 

NH), 7.43 (d, 1H, J = 8.0 Hz, Ph-H), 7.38 (t, 1H, J = 7.7 Hz, Ph-H), 7.33 (br s, 1H, Ph-

H), 7.22 (t, 1H, J = 7.7 Hz, Ph-H), 7.17 (d, 1H, J = 5.2 Hz, Ph-H), 7.06 (dd, 1H, J = 7.9, 

2.8 Hz, Ph-H), 6.98 (br s, 1H, Ph-H), 6.82 (dd, 1H, J = 8.1, 2.3 Hz, Ph-H), 4.21 (t, 2H, 

J = 5.6 Hz, CH2), 3.61 (br s, 2H, CH2), 2.61 (br s, 2H, CH2), 2.19 (s, 3H, CH3), 1.94-

1.84 (m, 4H, 2×CH2), 1.63 (q, 2H, J = 6.7 Hz, CH2). 13C NMR (CDCl3) δ 164.6, 160.2, 
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159.5, 158.6, 140.3, 138.7, 129.6, 128.3, 123.6, 119.2, 119.2, 117.7, 116.1, 116.0, 108.5, 

69.5, 62.4, 57.8, 41.5, 27.2, 26.7, 24.9. HR-MS (ESI+): m/z [M + H]+ calcd for 

C25H28N5O 375.2185, found 375.2186.
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7.3 Molecular docking  

Schrodinger Glide and PyMOL were used in molecular docking. 

Glide is designed for ligand screening based on the binding mode and affinity with a 

given protein receptor. Glide is characteristic by a systematic search of the 

conformational, orientational, and positional space of a ligand in the binding mode. The 

docking mode prediction of Glide is more robust than the reported docking methods, 

such as GOLD, FlexX.202 

PyMOL is used to view, share, and analyse the molecular docking data. In addition 

to being lightweight and fast, PyMOL can create images of peerless visualization quality, 

while offering the flexibility of Python-based development and scalability. 

All the ligand structures were formed by Glide-ligand preparation, converting 2D (. 

mol format) to 3D ligand(.sdf format), with all other settings on default. PDB files of 

protein receptors, 4BCG, 4BCP, 3UO5 and 2BFY were generated using the Glide-protein 

preparation wizard, with default settings. Then receptor grid generation was obtained 

through a series of procedures involving identifying the ligand, defining the size of 

docking box and setting up the constraints of H-bond, with other setting on default. 

Hydrogen bond constraints between the ligand and residue Cys106 (in CDK9) were 

enforced. Dockings were performed using Glide-ligand docking programme, including 

the setting of SP standard precision, flexible ligand sampling and 5 poses per ligand 

imported. All other setting in the docking were on default. The docking results were 
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viewed and analysed using PyMOL software. 

PDB files of protein receptors were downloaded from protein data bank, code 4BCG 

for CDK9; 4BCP for CDK2; 3UO5 for Aurora-A, 2BFY for Aurora-B. 
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7.4 Kinase assays  

Kinase assays were carried out by Eurofins Kinase Screening & Profiling service 

using the radiometric assay.203, 204 Half-maximal inhibition (IC50) values were 

calculated from 10-point dose-response curves and were mean values derived from 

two replicates. The apparent inhibition constants (Ki) were calculated from the IC50 

values and appropriate Km (ATP) values using the Cheng-Prusoff equation.
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