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ABSTRACT 

 Cancer treatment was revolutionized when imatinib, a protein kinase inhibitor, was 

approved for the treatment of chronic myeloid leukemia (CML) in 2001. Imatinib increased the 

five-year survival rate of CML to over 90%. Imatinib is successful because it can selectively target 

BCR-ABL1, the mutant kinase driver to CML. Since then, there have been over 50 small molecules 

approved by the FDA to treat various cancers, which are driven by aberrantly expressed or mutated 

protein kinases. These kinase inhibitors (KIs) target kinases such as KIT (to treat gastrointestinal 

stromal tumors), EGFR (to treat lung cancer), and MEK (to treat melanoma) and often inhibit the 

kinases by binding to the ATP binding site or an allosteric site. Despite the successes seen with 

these approved KIs, responses are often transient. Most patients relapse after only a few months 

of responding to first and second generation KIs due to mutations to the kinases and/or 

upregulation of compensatory pathways. For cancer-driver kinases such as BCR-ABL1 or FLT3-

ITD, which are oncogenic due to a fusion protein (BCR fused to ABL1) or internal tandem 

duplication within the juxtamembrane domain (FLT3), relapse can also occur due to the emergence 

of additional mutations in the kinase domain (a phenomenon termed secondary mutation). For 

example, secondary mutation (T315I or E255K) in BCR-ABL1 leads to imatinib resistance 

whereas secondary mutation (F691L or D835Y/V/H) in FLT3-ITD leads to resistance to many 

first- and second-generation FLT3 inhibitors. Gilteritinib, a recently approved FLT3 inhibitor drug 

for acute myeloid leukemia (AML) is not effective against AML harboring FLT3-ITD (F691L). 

Thus, there is a clinical need for novel chemotypes that inhibit drug-resistant kinases, especially 

those containing secondary mutations. 

 Many of the FDA-approved kinase inhibitors contain common heterocycles such as 

quinolines, indazoles, quinazolines, quinazolinones, quinoxalines, and oxindole. The majority of 

KIs also contain groups that enhance aqueous solubility, such as morpholine and piperazine rings. 

Additionally, many KIs contain halogen substituents (mainly Cl and F). This thesis introduces 

novel kinase inhibitors, which contain the less explored isoquinolines, naphthyridines, and 

pyrido[3,4-b]pyrazine cores. These newly introduced kinase inhibitors potently inhibit drug-

resistant ABL1 and FLT3 kinases, harboring secondary mutations, and have the potential for 

clinical translation against relapsed leukemia. 
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 INTRODUCTION 

1.1 Protein Kinase  

Enzymes that regulate the biological activity of proteins via the phosphorylation of an amino 

acid residue from ATP are known as protein kinase1. Kinases can exist in different states (active 

or inactive) depending on environmental or cellular conditions. When the kinase switches from an 

inactive form to an active form it allows for the binding of ATP, which then allows for the signaling 

pathway to be activated2.  

 

Figure 1.1. Basic representation of kinase function  

There are currently over 500 known kinases in the human genome3. They are broken down 

into several families based on structure and function similarities (Figure 1.2)4,5. One main 

distinction among kinases is which amino acid within the active site takes part in phosphorylation. 

Kinases can either receive the γ-phosphate at either a tyrosine or at a serine/threonine4. Each kinase 

plays a role in several different cellular processes such as differentiation and proliferation. 

Disruption of these pathways has been linked to various diseases such as cancer6. 

. 
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Figure 1.25 Kinase tree of the human protein kinase families Illustration reproduced courtesy of 

Cell Signaling Technology, Inc. (www.cellsignal.com) 
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1.2 Structure  

Kinases are known to have very similar structures that is highly conserved between kinases. 

All kinases contain a SH1 or kinase domain, which is where ATP binding occurs. Some kinases, 

such as non-receptor kinases, also contain SH2 and SH3 domains as well as a unique kinase 

domain7,8.  

1.2.1 The SH1 domain (Kinase Domain)  

While different types of kinases may vary in the overall structure, such as a RTKs and  

cytoplasmic kinases, the kinase domains have a conserved structure among them regardless of 

their family. Key kinase domain features include the ATP Pocket, Hinge Region, αC-Helix, DFG 

motif, Activation Loop and Catalytic Loop (Figure 1.3).  The kinase domain contains an N-lobe, 

consisting of five β-sheets and an αC-helix, and the C-lobe which primarily consists of α-helices9. 

The αC-helix in the N-lobe plays a role in the catalysis and the transition between the active and 

inactive states of the kinase10. The DFG-motif consists of aspartic acid (D), phenylalanine (F), and 

glycine (G) residues, also plays a role in the active and inactive states of the kinase11.  

The activation loop participates in substrate binding and proper positioning of the substrate 

for phosphorylation12. It also contains one or more phosphorylation sites, which are important for 

the kinase activation process. The catalytic loop coordinates one of the necessary Mg2+ ions that 

are needed for ATP binding13.  
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Figure 1.3 Crystal structure of FLT3 (PDBID: 4RT7) to high light several key motifs within the 

kinase domain such as ATP Pocket, Hinge Region, αC-Helix, DFG motif, Activation Loop and 

Catalytic Loop 

The DFG-motif, located in the activation loop, can either be in an “in” or “out” 

conformation. When this motif is in the “in” conformation, the kinase is in its active form and 

when it is in the “out” conformation the kinase is in the inactive form14. When the kinase shifts to 

its active conformation, with the DFG- motif “in”, the aspartic acid coordinates to a magnesium 

ion15. This prepares the terminal phosphate group on ATP for transfer to the kinase. The 

phenylalanine shifts to under the C-helix which allows for proper positioning for it and the 

activation loop15. Once the phosphate group is transferred, the kinase can then move back to its 

inactive, DFG “out” form15.  

BCR-ABL1 kinase, is a fusion kinase consisting of ABL1 kinase fused to BCR to create 

the Philadelphia chromosome oncogene16. The crystal structure for both types of ABL1 kinase 

(DFG-in or DFG-out) have been solved, in complex with inhibitors17,18. Figure 1.4 shows the 

overlay of two BCR-ABL1 crystal structures (Blue: PDBID: 2GQG, and Green: PDBID: 3K5V). 
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The magenta residues show the DFG-motif “in” conformation while the yellow residues show a 

DFG “out” conformation. 

 

Figure 1.4 Over laying crystal stuctures (Blue: PDBID: 2GQG, and Green: PDBID: 3K5V) to 

show conformational changes in the DFG-motif 

1.2.2 SH2/3 Domain  

The SH2 domain binds to phosphorylated residues on other proteins, while the SH3 domain 

dictates protein-protein interactions19. The SH2 domain consists of about 100 amino acids that 

have the ability to bind pTyr residues19. This domain can selectively bind to specific kinases 

depending on the amino acid sequences around the corresponding pTyr20,21. The SH3 domain 

contains about 60 amino acids that form 5-8 β-strands22. The SH3 domain recognizes proline rich 

sequences in other kinases which allows for substrate binding22.  

 Not all kinases have both a SH2 and a SH3 domain. For example, the FES family of kinases 

only contain a SH2 domain and do not contain a SH3 domain23. The FAK family of kinases do not 

have a SH2 domain or a SH3 domain24.  

1.3 Function  

1.3.1 Receptor Kinases  

Receptor kinases are regulators in cellular processes and are located on the surface of the 

cell25. They regulate processes such as cell proliferation, differentiation, and survival as well as 

metabolism, cell migration and cell cycle control26.  

Receptor kinases also have a similar overall architecture. This includes an extracellular 

ligand binding region(s) that connects through a single transmembrane α-helix to the cytoplasmic 
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region. The cytoplasmic region can contain one or more protein tyrosine kinase domain or a pseudo 

kinase domain27. RTKs also contain additional C-terminal and juxtamembrane regulatory 

regions27.  

 

Figure 1.5. Schematic representation of how ligand binding triggers kinase activation    

Receptor kinases are activated upon extracellular ligand binding. Upon ligand binding, 

receptors dimerize and initiate the activation pathway25. This dimerization allows ATP to enter the 

binding site of the kinase and phosphorylates an amino acid residue within the active site ( tyrosine, 

serine, or threonine, depending on the kinase type)28. Substrates can then bind to the activated 

protein and allow for downstream signaling and cellular processes to occur (Figure 1.5)29. 

Table 1.1. Class, subfamilies, and kinases of tyrosine receptor kinases 

Class  Subfamily Kinases  

I EGFR EGFR, ERBB2-4 

II Insulin R INSR, IGFR 

III PDGFR PDGFRα, PDGFRβ, M-CSFR, KIT, FLT3 

IV VEGFR VEGFR1-3 

V FGFR FGFR1-4 

VI CCK CCK4 
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Table 1.1. continued 

VII NGFR TRKA, TRKB, TRKC 

VIII HGFR MET, RON 

IX EFHR EPHA1-6, EPHB1-6 

X AXL AXL, MER, TYRO3 

XI TIE TIE, TEK 

XII RYK RYK  

XIII DDR DDR1, DDR2 

XIV RET RET 

XV ROS ROS 

XVI LTK LTK, ALK 

XVII ROR ROR1, ROR2 

XVII MUSK MUSK 

XIX LMR AATYK1-3 

XX Undetermined  RTK106 

There are 58 known tyrosine receptor kinases which are separated into 20 subfamilies, 

which phosphorylate a tyrosine in the active site (Table 1.1)25. Examples of receptor tyrosine 

kinases include FLT3, FGFR1-4, and PDGFRα/β. Serine/threonine receptor kinases are less 

common than receptor tyrosine kinases. There are only 13 receptor serine/threonine kinases which 

are divided into 3 types (Table 1.2)30. One example includes TGF-β which is produced by T-cells 

and plays a role in regulating replication, differentiation, bone formation and haematopoiesis31.  

Table 1.2. Types and receptors serine/threonine receptor kinases 

Type  Receptors  

I ALK1, ALK2, BMPR1A (ALK3), ALK4, TGFBR1 (ALK5), BMPR1B 

(ALK6), ALK7 

II ActR2, ActR2B, MISR2, BMPR2, TGFBR2 

III TGFBR3 

1.3.2 Non-Receptor Kinases  

Non-receptor protein kinases are located in the cytoplasm and rely on the signaling cascade 

for activation7. Non-receptor tyrosine protein kinases can be divided into 9 subfamilies based on 

their overall structure (Table 1.3)32. These structural distinctions are based on their catalytic 

domain, pTyr binding domain (SH2 domain), and protein – protein interaction domain (SH3)7. 

They contain a similar structure to the receptor kinases however, they lack a ligand binding domain 
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and a transmembrane spanning region33. They can include both tyrosine kinases as well as 

serine/threonine protein kinases. 

Table 1.3. Examples of non-receptor tyrosine kinases 

Family  Kinase(s)  

ABL ABL1, ARG 

ACK ACK1, TNK1 

CSK CSK, MATK 

FAK FAK, PYK2 

FES FES, FER 

JAK JAK1, JAK2, JAK3, TEK 

SRC SRC, FGR, FYN, YES1, BLK, HCK, LCK, LYN 

SYK SYK, ZAP70 

TEC TEC, BMX, BTK, ITK, TXK 

Unlike receptor kinases, which are activated upon ligand binding, non-receptor protein 

kinase activation varies more depending on the kinase. Src is a kinase that has been heavily studied 

for its implication in cancer34. Like other non-receptor kinases, Src kinase consists of a SH1 

catalytic domain, a SH2 domain, a SH3 domain, a unique domain, and a myristoyl group35. The 

three components that control the activity of Src are often referred to as the latch, clamp, and 

switch36. The latch is formed when the SH2 domain binds to the pTyr530 at the C-terminus tail 

thus stabilizing the SH2 domain36. However, when the pTyr530 is displaced from the binding 

pocket the kinase can unlatch and will no longer lock the catalytic domain into the inactive 

position37. The SH3 domain binds to the N-lobe of the kinase domain with the help of a proline at 

the 249 position from the SH2 domain22. The clamp comes as a result of the SH2 and SH3 domains 

binding to the kinase domain that allows for an autoinhibition of the enzyme37. The switch is the 

activation loop in the kinase domain, which allows for the change between the active and inactive 

states of the following the autophosphorylation via partner SRC molecules38. Once the unlatching 

occurs from the SH2 domain, the tyrosine419 can go through autophosphorylation. This 

phosphorylation stabilizes the kinase into its active state36.  

1.3.3 Pseudokinases  

Pseudokinase domains lack amino acids that are usually needed to correctly align the ATP 

and metal ions needed to phosphorylate the protein substrate39. About 10 % of kinases in the 
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proteome contain intracellular pseudokinase domains that lack one or more of the conserved 

catalytically important residues40. Despite low catalytic activity, these kinases could still carry out 

their signaling roles41. Pseudokinases are believed to fall into four roles; modulator, competitor, 

anchor, and signal integrator42. Although pseudokinases lack the typical catalytic activity, they are 

still able to form homo- and hetero-dimers which could still allow these kinases to regulate cellular 

activity32. 

The JAK family consists for JAK1, JAK2, JAK3 and TYK43. The JH1 domain contains a 

traditional kinase domain (similar to a SH1), that is activated by cytokine receptors44. The JH2 

domain is a pseudokinase domain that lacks the catalytically active Asp44. This Asp is needed for 

the transfer the γ- phosphate to the alcohol on the tyrosine residue44. JH1 is negatively regulated 

by JH2. Despite the lack of Asp residue, it is still believed that JAK2 signaling is regulated via 

ATP-binding44.  

1.3.4 Atypical Kinases  

Typically, kinases have a very conserved structure. However, there is a small cluster of 

about 58 kinases that have a very low sequence similarity, known as atypical kinases45. Unlike 

typical kinases, which have a glycine rich p-loop needed for catalytic activity, atypical kinases 

lack this loop45. Typical kinases also contain an Ala-Pro-Glu motif which atypical kinases lack 

this motif. Instead they contain a Pro-Phe-X-Leu-Thr motif with the Thr being phosphorylated45.  

Lipid kinases phosphorylate lipids that are found both on the plasma membrane and on the 

membranes of the organelles46. Lipid kinases are considered atypical kinases. These kinases play 

a role in cell signaling and endocytosis and exocytosis as well as other trafficking events47. They 

also play an important role in insulin signaling and could be seen as a target for chronic pain48,49. 

Examples of lipid kinases include PI3K and SYK1/215.  

1.4 Kinase Mutations  

Kinases allow for very regulated cellular processes. Any disruption or mutation within these 

kinases can result in either attenuation of catalytic activity or enhanced and/or uncontrolled 

activity, leading to various diseases. This includes cancer, degenerative diseases and immune 

system diseases50.  
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1.4.1 Gain-of-Function/ Activating Mutation  

Gain-of-function mutations can be seen across multiple types of cancers. These mutations 

cause an enhanced activity of the kinase51. In a gain of function mutation, receptor tyrosine kinases 

are no longer subject to the typically regulated process of ligand binding in a receptor kinase that 

leads to activation52. These mutations can be in the extracellular domain, transmembrane domain, 

or the juxtamembrane domain52. Point mutations, reduplication of DNA sequences which contain 

a proto-oncogene and chromosomal translocation can all lead to a gain-of-function mutation53. 

EGFR somatic mutations are an example of gain-of-function mutations. This mutation 

within the kinase domain allows for hyperactivity, which then causes an unregulated downstream 

cascade which leads to oncogenic properties54. Other gain-of-function point mutations include 

D835 in FLT3, D816 in KIT, and V600 in BRAF55–57.  

1.4.2 Loss- of-Function/ Inactivating Mutation  

Loss of function or inactivating mutations causes kinases to have little to no function. When 

the loss of function occurs in a tumor-suppressor protein such as p53, cancer can form. Tumor 

suppressor, p53, aids in regulation of cellular processes such as DNA repair and apoptosis58. When 

DNA is damaged this protein determines if the DNA will repair itself or if it will undergo 

apoptosis59. Mutations in this protein has been linked to urinary, breast, and ovarian cancer60,61.  

There is currently no treatment that allows for the reactivation of the function of the tumor 

suppressor62.  

1.4.3 Over-Expression or Amplification  

Over-expression of a receptor tyrosine kinase leads to an increase in kinase activity due the 

presence of more receptors (Figure 1.6). While this is often due to gene amplification, 

overexpression can also occur due to transcriptional/translational enhancement63.  
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Figure 1.6. Regular expression verses over-expression of a receptor kinase leads to the over 

activation of downstream pathways  

Overexpression of kinases can be seen in several cancers such as lung cancer (MET), breast 

(FGFR3), melanoma (KIT), and GIST (KIT)64–67.  

1.4.4 Fusion  

The Philadelphia chromosome, also known as the BCR-ABL1 protein, is created by the 

translocation between the ABL1 gene of chromosome 9 and the BCR gene of chromosome 22 

(Figure 1.7)16. This BCR-ABL1 is an oncogene that is constitutively active68. BCR-ABL1 

phosphorylates SRC family kinases such as HCK and LYN and binds to activators of the RAS 

pathway69.  

 

Figure 1.7. Translocation between Chromosome 9 and Chromosome 22 create the Philadelphia 

Chromosome 
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 A translocation between RET and KIF5B allows for a ligand independent dimerization, 

which causes activation in other pathways such as the PI3K/AKT pathway and JAK/STAT 

pathway70. This fusion protein has been seen in lung cancers such as NSCLC and lung 

adenocarcinoma71.  

1.5 Treatment of Cancer with Kinase inhibitors  

Mutations in the kinases can cause activations and unregulated and uncontrolled cell 

responses, which can lead to cancer72. Imatinib was the first approved kinase inhibitor for Chronic 

Myeloid Leukemia in 200173. Since 2001, there has been a steady increase in kinase inhibitors that 

has resulted in over 50 approved kinase inhibitors to date (Figure 1.8). These inhibitors target a 

range of kinases including BCR-ABL1, EGFR, FLT3, and JAK1&2.  

There are several different types of kinase inhibitors, which are based on their binding mode 

to the kinase. Type I kinase inhibitors bind to the active conformation of the kinase at the ATP-

binding pocket with the DFG-motif in an “in” conformation74. Type I ½ binds to the inactive kinase 

with the DFG-motif in its “in” conformation. Type II inhibitors bind to the inactive DFG- “out” 

conformation74. Type III and Type IV kinase inhibitors are allosteric inhibitors. However, Type 

III binds next to the ATP site while Type IV are bound elsewhere on the kinase74. Type V kinase 

inhibitors are bivalent inhibitors that span two regions in the kinase74. Type VI kinase inhibitors 

are covalent inhibitors that react with the kinase and form a covalent bond74.It is also possible to 

target the substrate binding site on a kinase75–77. Targeting this site could allow for  more selectivity 

compared to that of targeting the ATP binding site78.  

As kinase inhibitors are developed and approved, common moieties begin to appear. 4-

(pyridin-3-yl) pyrimidine can be seen in both imatinib and nilotinib which are both approved BCR-

ABL1 inhibitors (Figure 1.9A). However, imatinib contains a 4-((4-methylpiperazin-1-yl) methyl) 

benzamide and nilotinib contains a 3-(4-methyl-1H-imidazol-1-yl)-5-(trifluoromethyl)benzamide 

(Figure 1.9A). Quinazoline are also common core structures and can be seen in gefitinib, erlotinib, 

and vandetanib (Figure 1.9A). Inhibitors such as ibrutinib also contain a covalent inhibitor moiety, 

which allows for the compound to form a bond with the kinase, leading to irreversible inhibition 

(Figure 1.9A).  

Many kinase inhibitors also take on similar binding modes. Different parts of a molecule 

interact with difference parts of the active site such as the hinge region of the kinase, hydrophobic 
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pockets, and solvent regions (Figure 1.9B). Due to the conserved active site among kinases, and 

similarities in binding modes from inhibitors, there can often be a lack a selectivity which can lead 

to off target effects and toxicities79.  
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Figure 1.8. Approved kinase inhibitors from 2001-2020
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Figure 1.9. A) Structures of all approved kinase inhibitors with similar features colored B) 

Examples of binding modes of select kinase inibitors 
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1.6 Relapse in Cancer Treatment  

1.6.1 Epithelial Growth Factor Receptor (EGFR) 

EGFR is a receptor tyrosine kinase that is part of the ErbB family80. It plays an important 

role in epithelial cell physiology as well as cell survival, proliferation, and differentiation80. Once 

the ATP phosphorylates the tyrosine and homo- or heterodimerization occurs, the protein becomes 

activated. Upon this activation is a downstream cascade allowing various cellular processes to 

occur. EGFR plays a role in the RAS/RAF/ MAPK pathways as well as the PI3K/AKT pathway81. 

Dysregulation, amplification and activations of EGFR has been linked to several cancers such as 

NSCLC, breast, and colon cancer82. Despite good initial response so treatment, over the course of 

time, resistance can be seen in patients.  

 

Figure 1.10. Current Approved EGFR inhibitors  

The first line of treatment for EGFR driven cancers are erlotinib (approved in 2004) and 

gefitinib (approved in 2015)83,84. Both compounds are reversible inhibitors of EGFR, which 

compete with ATP for the binding site. Over time, both drugs start to be less effective due to 

resistance. One possible mechanism of resistance is the T790M mutation within the binding site85. 

The T790M mutation, also known as a gatekeeper mutation, occurs when the threonine at the 790 

position of the kinase is mutated to a methionine at that position85. MET is also commonly 

expressed in several overlapping cancers that EGFR plays a role in86. 
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Second generation TKIs include dacomitinib (2018) and afatinib (2013 with expanded 

approval in 2018)87,88. Both second-generation inhibitors contain an α, β-unsaturated amide 

(Figure 1.10). This moiety is a covalent inhibitor, which allows the compounds to irreversibility 

bind in the ATP-binding pocket89. These second-generation compounds bind with the cysteine at 

the 797 position within the kinase90. However, as seen with erlotinib and gefitinib, over time 

resistance can be seen and a C797S secondary mutation occurs90. This changes the cysteine, which 

was the basis of the covalent binding with the second-generation compounds, to a serine. 

Osimertinib is a third-generation covalent EGFR inhibitor91. However, Osimertinib is still 

ineffective against the C797S mutation91.  

1.6.2 Bruton’s Tyrosine Kinase (BTK) 

BTK plays a role in B-cell maturation and mast cell activation as well as regulating cell 

differentiation and signaling92. BTK is a serine/threonine kinase that is part of the TEC family and 

is located at the cell membrane93. SYK kinase initially phosphorylate BTK at the TYR-551 

residue94. BTK can then undergo autophosphorylation at Tyr-223 to become active94. The BTK 

activation cascade in B-cells leads to proliferation and survival signaling within the cell. BTK is 

overexpressed in several cancers such as CLL, MCL, and multiple myeloma95. Due to its 

overexpression, it was seen as a possible target for future treatment.  

Approved in 2013, ibrutinib is a first generation BTK inhibitor used to treat CLL, MCL 

and other B-Cell Malignancies96. As seen in several EGFR inhibitors previously mentioned, 

ibrutinib contains an α, β- unsaturated amide to make an irreversible inhibitor (Figure 1.11)97. This 

allows ibrutinib to bind in the ATP binding pocket to the cystine at 481 and inhibits 

autophosphorylation97.   
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Figure 1.11. Approved BTK inhibitors  

 Common side effects of ibrutinib include bleeding, rash, and atrial fibrillation as well as 

off target effects due to additional inhibition of EGFR kinases76.  Resistance is also seen after 

prolonged drug use due to a point mutation. A substitution to a serine from a cysteine at the 481 

position in the kinase domain disrupts the irreversible inhibition seen in ibrutinib98. Acalabrutinib, 

tirabrutinib and zanubrutinib are irreversible second-generation inhibitors that are either approved 

or in clinical trial (Figure 1.11)99–101. Acalabrutinib is more selective compared to ibrutinib, which 

limits off target toxicities102. However, similar to ibrutinib it binds to the cysteine at the 481-

position suggesting that after prolonged treatment acalabrutinib could become ineffective98. 

Tirabrutinib also works under the same covalent inhibition mechanism and will start to see 

resistance103. Zanubrutinib is also a covalent, irreversible inhibitor to use target BTK driven 

cancers104. Vecabrutinib is a third generation, reversible inhibitor that inhibits BTK and is currently 

in clinical trial105. Due to its lack of α, β- unsaturated amide, vecabrutinib maintains it potency 

against the C481S mutation106. It also does not inhibit EGFR which is where many off target 

toxicities were from in the previous generation of inhibitors106. 

1.6.3 BCR-ABL1 

As previously mentioned, the BCR-ABL1 fusion protein is the kinase driver of chronic 

myeloid leukemia. The approval of imatinib in 2001 increase the five-year survival rate of CML 
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from about 30% to over 80%107. Although imatinib is effective as a first line treatment, resistance 

does occur over time.  

 After prolonged imatinib treatment, the protein undergoes a mutation from glutamic acid 

at the 255 position to a lysine108. This mutation renders imatinib ineffective (Table 1.4). Several 

second-generation BCR-ABL1 inhibitors This led to development of second-generation inhibitors 

dasatinib and nilotinib which are both effective against this mutation (Figure 1.12, Table 1.4)109. 

However, a gate-keeper mutation at the 315 position of BCR-ABL1 kinase frequently occurs110. 

A leucine is substituted for a threonine causing imatinib, dasatinib, and nilotinib to be ineffective110.  

 

Figure 1.12. Approved BCR-ABL1 inhibitors  

 Ponatinib is the only approved kinase inhibitor that is active against the BCR-ABL1 T315I 

mutation (Table 1.4)111. This is due to the alkyne linker which allows the molecule to bypass the 

mutation112. However, ponatinib is a very promiscuous inhibitor and is active against many kinases, 

which leads to many off target toxicities113. These off-target effects drive the need for a more 

selective inhibitor that is also potent against secondary mutations. 
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Table 1.4. Select kinase IC50 and cell line IC50 data for approved CML inhibitors  

 BCR-ABL1 Kinase IC50(nM)111 Cell Line IC50
114 

Approved 

Inhibitor  

Wild 

Type 

E255K T315I  K562 KCL22 KCL22-IR 

Imatinib 100-

500 

3174-

12,100 

76,400-

20,000 

88.6 83.7 >1 µM 

Ponatinib  0.5 14 11 0.60 0.14 0.66 

Dasatinib  0.8-1.8 5.6-13 137-1,000 - - - 

Nilotinib <10-25 118-566 697-

10,000 

- - - 

Bosutinib  41.6 394 1890 - - - 

1.6.4 FMS-like Tyrosine Kinase 3 (FLT3) 

FLT3 is a receptor kinase that is part of the receptor tyrosine kinase class III family115. 

FLT3 signaling is important for development of progenitor cells and haematopoietic stem cells116. 

It plays a role in early stage development of myeloid and lymphoid cells117. Upon ligand binding, 

FLT3 dimerizes, which leads to the exposing of phosphorylation sites in the active site115. FLT3 

has downstream pathways including the RAS/MEK/ERK pathway as well as the PI3K/AKT 

pathway (Figure 1.13)118.  

 

Figure 1.13. When FLT3 is unmutated the kinase requires ligand binding be be turned “on”. 

However, when the FLT3-ITD is present in either one or both kinases in the dimer, ligand is no 

longer needed and the receptor is constantly in its active state 
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Mutations in FLT3 can be seen in about 30% of acute myeloid leukemia cases with the 

internal tandem duplication (ITD) mutation in roughly 25% of cases119. There is also a possibility 

of a mutation in the kinase domain seen in about 7-10 % of AML cases (Figure 1.14)119. When the 

FLT3-ITD mutation is present, ligand binding is no longer necessary to activate downstream 

signaling (Figure 1.13)120.   

 

Figure 1.14. FLT3 receptor with main domains shown as well as common mutations. Image 

provided by Taylor and Francis https://doi.org/10.1080/10428194.2017.1399312 

 Midostaurin was the first FLT3-ITD inhibitor for the treatment of AML (Figure 1.15)121. 

However, as seen in many other cancers, after prolonged treatment of midostaurin, mutations can 

occur122. Although, several mutations are seen the most prevalent one is the F691L gatekeeper 

mutation123. One of the most common mutations seen in the clinic is the addition of a D835Y 

mutation124. This mutation, found at the 835 position in the activation loop of FLT3, mutates an 

https://doi.org/10.1080/10428194.2017.1399312
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aspartic acid to a tyrosine (Figure 1.14)124. Gilteritinib is currently the only approved to treat 

patients who contain the FLT3-ITD mutation and the D835Y mutation (Figure 1.15)125,126. The 

other common mutation seen in the clinic is the F691L gatekeeper mutation127. The phenylalanine 

at the 691 position is mutated to a leucine (Figure 1.14). Quizartinib, which originally showed 

promise against this mutation was recently denied FDA approval128,129. The FDA did not grant its 

approval due to factors such as possible cardiotoxicity, lack of robust data, and lack of substantial 

evidence of overall survival130. There are currently no approved drugs that are effective against the 

F691L mutation which drives a need for new inhibitors that are active against this mutation.  

 

Figure 1.15. Inhibitors that target FLT3 for AML. Midostaurin and giltertinib are both approved 

by the FDA. Other have either gone through clinical trail and failed or are currently in clinical 

trial  

Table 1.5. Examples of potency and binding affinity of select FLT3 inhibitors 

 IC50 (nM)131  Kd (nM)132  

Inhibitor  
MV4-11 
(ITD)  

MOLM-14  
(ITD) 

MOLM-14  
(ITD, D835Y) 

MOLM-14  
(ITD, F691L) FLT3 

FLT3 
(ITD)  

FLT3 
(D835Y) 

FLT3 
(ITD, F691L) 

Midostaurin  18.4 16.1 19.1 30.7 4 4.1 1.6 3.9 

Quizartinib  0.4 0.5 23 48.5 1.4 7 7.6 160 

Crenolanib  3.1 4.5 6.6 15.6 0.2 0.26 0.19 0.11 

Ponatinib  0.1 0.5 52.6 6.8 - - - - 
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1.7 Summary  

Although there are approved kinases inhibitors for several kinase driven cancers, there is 

still a drive for new and better inhibitors. In my thesis work, I focused on developing compounds 

that potently inhibit drug resistant ABL1(T315I) and FLT3(F691L or D835Y). These mutant 

kinases are responsible for CML or AML relapse and there are no potent inhibitors available to 

tackle these mutant kinases in the clinic. 
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 ALKYNYLNICOTINAMIDE-BASED COMPOUNDS AS 

ABL1 INHIBITORS WITH POTENT ACTIVITIES AGAINST DRUG-

RESISTANT CML HARBORING ABL1(T315I) MUTANT KINASE  

This chapter was reprinted with permission from John Wiley and Sons. Original article can be 

found at Larocque, E. A., Naganna, N., Opoku-Temeng, C., Lambrecht, A. M. & Sintim, H. O. 

Alkynylnicotinamide-Based Compounds as ABL1 Inhibitors with Potent Activities against Drug-

Resistant CML Harboring ABL1(T315I) Mutant Kinase. ChemMedChem 13, 1172–1180 (2018).  

2.1 Abstract  

The introduction of imatinib into the clinical scene revolutionized the treatment of chronic 

myelogenous leukemia (CML). The overall eight-year survival rate for CML has increased from 

about 6% in the 1970s to over 90% in the imatinib era. However, about 20% of CML patients 

harbor primary or acquired resistance to tyrosine kinase inhibitors. ABL1 point mutations in the 

BCR-ABL1 fusion protein, such as ABL1(T315I), typically emerge after prolonged kinase 

inhibitor treatment. Ponatinib (AP24534) is currently the only approved CML drug that is active 

against the ABL1(T315I) mutation. However, ponatinib has severe cardiovascular toxicities; 

hence, there have been efforts to find safer CML drugs that work against ABL1 secondary 

mutations. We reveal that isoquinoline- or naphthyridine-based compounds, such as HSN431, 

HSN576, HSN459, and HSN608 potently inhibit the enzymatic activities of ABL1, ABL1(T315I), 

and ABL1(E255K). These compounds inhibit the proliferation of ABL1-driven CML cell lines, 

K652 and KCL22 as well as the drug-resistant cell line, KCL22-IR, which harbors the secondary 

mutated ABL1(T315I) kinase. 

2.2 Introduction  

When a pluripotent hematopoietic stem cell acquires the Philadelphia (Ph) chromosome, 

which encodes BCR fused to the ABL1 kinase protein (designated as BCR-ABL1 fusion 

oncoprotein), the cells gain proliferative advantage over normal stem cells, and the uncontrolled 

expansion of the leukemic stem cells leads to chronic myelogenous leukemia (CML)1. The 

overactive BCR-ABL1 protein promotes the expansion of granulocytes, which are most commonly 

seen in CML2. Approved in 2001, imatinib has had tremendous success in increasing the life 

expectancy of CML patients. Before 1975, the eight-year survival rate for newly diagnosed CML 
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patient was about 6% but this has steadily increased to over 90% in the imatinib/tyrosine kinase 

era3. Imatinib binds to the inactive conformation of the BCR-ABL protein and it has a good 

selectivity profile against human kinases; hence it is relatively nontoxic4. Various kinases adopt 

similar active conformations but have very different inactive conformations. Therefore, inhibitors 

that bind to the inactive conformer of kinases, but not the active conformer, can achieve selective 

kinase binding5. Other FDA-approved kinase inhibitors that target BCR-ABL include nilotinib 

(Tasigna, Novartis), dasatinib (Sprycelm, Bristol-Myers Squibb), and bosutinib (Bosulif, Pfizer) 

(Figure 2.1)6–9. Unfortunately, ABL1(T315I) and other kinase domain mutations, which are 

resistant to imatinib, emerge upon prolonged drug treatment10. In the mutant BCR-ABL1(T315I) 

kinase, a polar uncharged threonine side chain becomes a hydrophobic and more sterically 

hindering isoleucine. The T315I mutation is the most problematic due to its altering of the three-

dimensional structure of the BCR-ABL1 kinase into the “DFG-in” A-loop conformation, causing 

a decrease in the sensitivity of most kinase inhibitor drugs that bind the inactive conformer of 

BCR-ABL1, including imatinib11,12. 

 

Figure 2.1. Current first- and second-generation CML drugs 

 Ponatinib (AP24534), a pan-kinase inhibitor, is currently the only approved CML drug that 

is able to potently inhibit the BCR-ABL1(T315I) mutant kinase13. Over the course of ponatinib’s 

clinical trials 17.1% of patients taking ponatinib reported both serious and non-serious thrombotic 

events (this is defined as cardiovascular, cerebrovascular, and peripheral vascular events)14.[14] 

Five deaths in the study (n=499) were linked to the use of ponatinib14. The accumulation of these 

adverse effects caused the trial to be put on hold and then canceled14. Due to these risks, ponatinib 
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is now used as a last resort drug15. Because of the adverse events associated with ponatinib, there 

is a motivation to develop other potent BCR-ABL1(T315I) inhibitors. Unfortunately, most 

preclinical studies use mouse models that may not adequately predict clinical success in humans 

so the search for safer BCR-ABL1(T315I) inhibitors is a non-trivial task16,17. 

 Our group has been interested in developing alkynyl aminoisoquinolines and 

alkynylaminonaphthyridine as FLT3 inhibitors for the treatment of acute myeloid leukemia18,19. 

Some of our FLT3 inhibitors, such as HSN286 and compound 1 (see Figure 2.2) contain aryl 

alkynyl benzamide moiety, which is also found in ponatinib. Because ponatinib also inhibits ABL1, 

in addition to FLT3, we wondered if our compounds were also ABL1 inhibitors. We however 

found out that the mere presence of a piperazine-containing alkynylbenzamide in a molecule did 

not make such compound an ABL1 inhibitor. For example, ponatinib shares the same piperazine-

containing alkynylbenzamide moiety with HSN285, yet 500 nM ponatinib inhibited 99% of the 

enzymatic activity of ABL1 whereas at the same concentration HSN285 only inhibited ABL1 at 

8%. Also, compounds 1, 6, and 8 each contain piperidine-containing amide, yet at 500 nM 

concentration compound 1 inhibited ABL1 at 90 %, compound 8 inhibited ABL1 at 96%, whereas 

compound 6 inhibited ABL1 at only 69 %. Based on the excellent ABL1 inhibition profile of 

compounds 1 and 8, which contain aminoisoquinoline or aminonaphthyridine moieties, and 

ponatinib, which contains a piperazine-containing alkynylbenzamide moiety, we focused on 

making more analogues of 1 and 8 or analogues of HSN356 (which combine the 

aminonaphthyridine moiety found in 8 and methyl piperazine found in ponatinib). Herein we 

report alkynyl aminoisoquinolines and aminonaphthyridines analogues that are active against the 

BCR-ABL1 enzyme, as well as ABL1 with T315I and E255K point mutations. these compounds 

also inhibit the proliferation of CML cell lines K562, KCL22, and KCL22-IR, the latter of which 

is an imatinib-resistant cell line20–22. 

2.3 Results and Discussion  

2.3.1 Structural analysis of alkynyl aminoisoquinolines and alkynylaminonaphthyridine:  

We have previously reported that alkynyl aminoisoquinoline and aminonaphthyridine 

analogues are privileged kinase inhibitors with potent activities against FLT3-driven acute myeloid 

leukemia18,19. Our success in developing alkynyl aminoisoquinolines and aminonaphthyridines as 
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FLT3 inhibitors prompted us to evaluate our compounds against other kinases and to endow the 

compounds with moieties that are commonly found in drugs (Figure 2.3). 

 

Figure 2.2. Initial Alkynyl compounds, which inspired the synthesis of new ABL1 inhibitors (see 

Figure 2.6) 

To optimize our library, we wanted to change several aspects of the first-generation 

compounds, compound 1 and compound 9 (HSN356), to make compounds that bind better to 

ABL1 and also to improve upon the drug likeness (see Figure 2.3). Docking of compound 9 

(HSN356) and ponatinib to ABL1 protein, using GOLD software, indicated that both compounds 

bound in the same mode (see Figure 2.4)23. Importantly, the docking of ponatinib to ABL1 

recapitulated the bound pose in the crystallized structure, thereby giving confidence to the docking 

pose. The imidazo[1,2b] pyridazine moiety found in ponatinib interacts with the hinge region at 

the back of the binding pocket of ABL1 (Figure 2.4A). Similarly, according to the docking results, 

the aminonaphthyridine core found in compound 9 (HSN356) also binds to this hinge region 

(Figure 2.4B). the 4-methyl benzamide ring in our first-generation compounds and also in 

ponatinib could pose a possible metabolic liability, whereby the benzylic hydrogens are oxidized. 

Ponatinib was found to be hydroxylated by liver enzymes, and some of this hydroxylation could 

occur at the 4-methyl position on the benzamide ring24. We therefore explored the possibility of 

removing this potential metabolic liability with a halogen of a bulkier alkyl group such as ethyl 
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(compounds 9-16, Figure 2.6). In addition, to improve upon the aqueous solubility of the 

compounds we added nitrogen to the benzamide ring.  

 

Figure 2.3. Optimization stragety to improve drug-like properties and potency of first-generation 

compounds HSN356 and HSN286 

 The linker (either the CF3-bearing aromatic or the aliphatic chain) can interact with the 

hydrophobic residues in the active site of ABL1 (Figure 2.5). The CF3 group however adds 69 

gmol-1
 to the molecular weight of the compounds. We therefore investigated if other groups, such 

as CH3 (compound 20), Cl (compound 21), or F (compound 22) could replace the CF3 group 

without a great penalty to binding (see Figure 2.6). Due to the lack of activity of the compounds 

with an aliphatic chain to mutated ABLl(T315I), these analogues were no longer pursued (see 

below). The N-methylpiperazine group in ponatinib and our compounds mainly acts as an aqueous 

solubilizing moiety but adds significant mass unit to the molecule. We explored if this group could 

be replaced by lower mass unit groups, such as morpholine (compound 17), pyrrolidine (compound 

18) and a dimethylamine (compound 19). These units also contain basic nitrogen and could also 

improve upon the aqueous solubility of the compounds. 
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Figure 2.4. Ponatinib and compound 9 bound to the ABL kinase domain. A) docked ponatinib 

bound to the ABL kinase domain. B) Docked compound 9 bound to the ABL kinase domain. All 

compounds were docked against PDBID: 3OXZ using GOLD software [23]. The hinge region is 

shown in green, the key T315 is colored red 
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 Compounds were readily synthesized via an established Sonogashira coupling protocol18. 

With a vast library of compounds that contain various aromatic and aliphatic side chains, initial 

screening was done at compound concentration of 500 nM against ABL1, ABL1(T315I), and 

ABL1(E255K). 

 

Figure 2.5. ABL residues within 6 Å of the bound ponatinib (blue). Key hydrophobic residues are 

labeled. T315 is colored red, while residues that are part of the hinge region are green 

Analogs that contained an aliphatic side chain (1-8) showed similar inhibition against aBL1 

to that of their aromatic side chain counterparts. However, these compounds were poor inhibitors 

of ABL1(T315I) and ABL1 (E255K) (Figure 2.7A). compounds contain 1-amino- or 3-

aminoisoquinoline or aminonaphthyridine rings were generally good inhibitors of ABL1 (Figure 

2.7A). Compound which contained the 4-((4-methylpiperazin-1-yl)methyl)-3-

trifluoromethylphenylamine moiety displayed potent enzymatic inhibition  against ABL1 kinase 

(at 500 nM, these compounds inhibited over 90% of the enzymatic activity of the ABL1 enzyme). 

The 4-((4-methylpiperazin-1-yl)methyl)-3-trifluoromethylphenylamine-containing compounds 

were also potent inhibitors of ABL1(T315I) and ABL1(E255K) mutant kinases (Figure 2.7).  
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Figure 2.6. Alkynyl aminoisoquinolines and aminonaphthyridines tested in study 

Substituting the 4-position of the benzamide ring with various groups (H, F, Cl, Me, Et and 

CN) did not affect ABL1 inhibition. However, the ethyl (compound 13) and cyano (compound 14) 

analogues were poor inhibitors of ABL1(T315I) while inhibition of ABL1(E255K) was 

maintained. This decrease in ABL1(T315I) inhibition could be due to steric clash between the 

larger R group and the isoleucine at position 315 of the mutant enzyme. Substitution of the 

piperazine moiety with a morpholine (compound 17) or pyrrolidine (compound 18) decreased 

ABL1 inhibition. However, when substituted with a dimethylamine (compound 19), the ABL1 

inhibition remained the same (Figure 2.7B). Compounds 17–19 were poor inhibitors of the mutant 

ABL1 forms, ABL1(T315I) and ABL1(E255K). Compounds 19–22 were designed to investigate 



 

 

55 

the importance of the trifluoromethyl group. All of the compounds in this series, 19–22, 

significantly inhibited wild-type ABL1. However, with regard to ABL1(E255K), compounds 19 

(trifluoro methyl) and 21 (chloro), but not 20 or 22, were able to moderately inhibit this mutant 

version of ABL1. All four compounds 19–22 were found to be poor inhibitors of ABL1(T315I). 

Interestingly, the only difference between compound 19 and 15 is that 19 contains a dimethyl 

amine, which we originally thought functioned as a mere aqueous solubilizing group whereas 15 

contains a dimethyl piperazine group, which we also thought functioned as a mere solubilizing 

group. It appears that these groups, which were put into the molecules to increase aqueous 

solubility also affect binding to mutant ABL1 kinase, providing a cautionary tale that moieties 

added to potential drugs could have unintended functions. 

 

 

Figure 2.7. Enzymatic inhibition against ABL1 wild-type and common mutations T315I and 

E255K. Screening of compounds was done as a service at Reaction Biology Corporation 
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2.3.2 IC50 determination of select analogues against ABL1 and ABL1(T315I):  

Compounds 16 (HSN608), 15 (HSN459), 28 (HSN431), and 29 (HSN576) were chosen as 

representative isoquinoline or naphthyridine compounds for further characterization. These 

compounds were chosen due to their good activities against the wild-type and mutant ABL1 

enzymes. Secondly, these compounds contain the water-soluble nicotinamide moiety (and not the 

benzamide moiety that is found in ponatinib), which made them more appealing for possible 

translation. All four compounds and ponatinib inhibit ABL1 wild type with IC50 values less than 5 

nM (Figure 2.8A). For mutant ABL1(T315I), however, only ponatinib and compound 15 

(HSN459) potently inhibited with IC50 less than 10 nM (1.6 nM and 4.7 nM, respectively). 

Compound 29 (HSN576) and compound 16 (HSN608) inhibited ABL1(T315I) with IC50 values 

of 32.8 nM and 40.7 nM, respectively. Compound 28 (HSN431) was the least sensitive of the four 

analogues toward ABL1(T315I), with an IC50 value of 507 nM (Figure 2.8B). 

 

Figure 2.8. Compounds 16 (HSN608), 15 (HSN459), 28 (HSN431), and 29 (HSN576) inhibit 

A)ABL1 and B) ABL1(t315I) at nanomolar IC50 values 
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2.3.3 Aminoisoquinolines and aminonaphthyridines potently inhibit the proliferation of 

ABL1-driven CML cell lines: 

Having established that the compounds were good ABL1 inhibitors, we proceeded to test 

the activities of our library against three CML cell lines, K562, KCL22 and KCL22-IR. K562 is a 

CML line which is positive for the Bcr-Abl1 fusion gene. KCL22 is an imatinib-sensitive CML 

cell line and KCL22-IR is an imatinib-resistant cell line, containing the T315I mutation22. 

In general, there is a positive correlation between the percent inhibition of ABL1 enzymatic 

activity and BCR-ABL-driven CML cell line proliferation inhibition. The 4-((4-methylpiperazin- 

1-yl)methyl)-3-trifluoromethylphenylamine-containing compounds are all potent inhibitors of 

CML cell lines with IC50 values in the sub-nanomolar or single-digit nanomolar range. Excitingly, 

many compounds (9–13, 15, 16, 19, 23, 25, 27–29) maintained good potency (IC50<10 nM) against 

the KCL22-IR cell line, which contains the T315I mutation (Table 2.1). A few compounds did not 

display potent inhibition against ABL1(T315I) in vitro yet inhibited the proliferation of KCL22-

IR cell line with reasonably low IC50 values. For example, in vitro, the IC50 value of compound 28 

against ABL1(T315I) enzyme is 507 nM (Figure 2.8B) and thus did not appear to be a potent 

inhibitor of ABL1(T315I). However, compound 28 inhibited the fusion kinase BCR-ABL(T315I) 

in cells with an IC50 of 54.7 nM, (see below), which is an order of magnitude less than the IC50 

against ABL1(T315I) kinase domain in vitro. Caution must be taken in directly assuming that IC50 

values obtained in vitro will translate directly into cellular assays. The in vitro IC50 value will 

depend on the enzyme and ATP concentrations used in the in vitro assay, which may be different 

in the cellular context. IC50 values should therefore really be used in ranking order. Also, the ABL1 

kinase, which is used in the in vitro experiment, does not contain the fusion BCR partner whereas 

ABL1 is fused to BCR to form BCR-ABL1 fusion protein in CML cells. Therefore, conformational 

differences between the isolated ABL1 kinase domain and the BCR-ABL fusion protein that is 

found in the cell could give rise to differences in compound sensitivities. In fact, others have also 

noted differences in sensitivities between ABL1 and the fusion protein against other inhibitors25–

27. There are also BCR-ABL1-independent mechanisms that makes KCL22-IR and other imatinib-

resistant CML cell lines resistant to imatinib and it is possible that some of our compounds are 

also affecting these pathways. Unfortunately, the BCR-ABL1-independent mechanisms of 

resistance in CML have been poorly characterized28–31. Finally the activity of a compound against 

a cell line does not depend only on the isolated activity against an enzyme target but also depends 
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on cellular permeation, cellular compartment localization, stability of the compound in cells and 

promiscuity of compound toward binding to other cellular proteins (both kinase and non-kinase 

targets). A compound that potently inhibits ABL1 but also binds to other cellular macromolecules 

and/or localizes into compartments that BCR-ABL1 does not reside will not display the same 

potency against the target protein as was seen in an in vitro assay. Compounds 16 (HSN608) and 

15 (HSN459) are of interest because in addition to potent activity against drug-resistant CML cell 

line, KCL22-IR, they have lower logP values (2.3 and 2.7, respectively) than the rest of the active 

compounds and therefore are more drug-like in comparison.  
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Table 2.1. Calculated logP and antiproliferative activities of alkynyl analogs 
 

IC50 (mean ±SD, nM) 
 

IC50 (mean ±SD, nM) 

Compound LogP[a] K562 KCL22 KCL22-IR Compound LogP[a] K562 KCL22 KCL22-IR 

1 (HSN248) 4.4 7.01 ± 0.07 6.45 ± 0.13 > 1 µm 19 (HSN534) 2.8 0.388 ± 0.001 0.459 ± 0.016 3.8 ± 0.1 

2 4.2 25.7 ± 1.7 35.5 ± 1.69 > 1 µm 20 2.4 56.9 ± 0.6 16.6 ±0.4 > 1 µm  

3 5.3 30.05 ± 1.9 ND  ND  21 2.6 11.4 ± 0.1 3.79 ± 0.07 > 1 µm 

4 4.3 10.1 ± 0.8 111 ± 1.35 > 1 µm 22 2.1 75.5 ± 0.4 29.09 ± 0.82 > 1 µm 

5 4.4 161 ± 10.8 ND ND 23 4.9 0.234 ± 0.004 2.19 ± 0.11 3.2 ± 0.2 

6 3 43.5 ± 1.4 ND ND 24 3.6 1.44 ± 0.06 1.45 ± 0.02 13.3 ± 0.5 

7 4.9 94.5 ± 0.8 ND ND 25 5 0.216 ± 0.002 0.426 ± 0.001 0.25 ± 0.07 

8 (HSL45) 3.9 25.3 ± 0.5 17.16 ± 0.3 > 1 µm 26 5.2 8.44 ± 0.05 2.25 ± 0.03 50.1 ± 2.23 

9 (HSN356) 3.9 1.85 ± 0.03 0.18 ± 0.004 0.74 ± 0.004 27 4.2 1.75 ± 0.02 0.652 ± 0.002 7.3 ± 0.07 

10 4.2 0.587 ± 0.004 0.606 ± 0.606 3.27 ± 0.09 28 (HSN431) 2.9 0.485 ± 0.002 0.325 ± 0.007 4.4 ± 0.05 

11 4.5 0.856 ± 0.006 0.699 ± 0.003 2.12 ± 0.09 29 (HSN576) 2.6 0.688 ± 0.003 0.444 ± 0.008 4.1 ± 0.03 

12 4.7 0.292 ± 0.005 1.05 ± 0.02 1.52 ± 0.08 30 5.7 6.59 ± 0.01 2.59 ± 0.04 23.3 ± 0.6 

13 4.8 1.18 ±0.05 1.85 ± 0.04 5.49 ± 0.14 31 3.4 6.8 ± 0.08 60.6 ± 0.9 > 1 µm   

14 3.9 0.833 ± 0.005 1.48 ± 0.05 16.3 ± 0.7 32 2.5 > 1 µm > 1 µm > 1 µm 

15 (HSN459) 2.7 1.75 ± 0.04 0.303 ± 0.002 2.67 ± 0.07 33 2.3 > 1 µm 731 ± 0.09 > 1 µm 

16 (HSN608) 2.3 0.765 ± 0.005 1.02 ± 0.04 4.14 ± 0.11 Ponatinib 4.2 0.6003 ± 0.0023 0.142 ± 0.003 0.66 ± 0.005 

17 2.6 20.4 ± 0.3 5.71 ± 0.04 198 ± 11.8 Imatinib 4.36 88.6 ± 0.6 83.7 ± 0.7 > 1 µm   

18 3.2 6.26 ± 0.02 1.6 ± 0.4 ND 
     

[a] Calculated using online software at www.molinspiration.com. [b] Values are the mean ± SD of n=3 technical replicates; ND: not 

determined; see Experimental Section for procedural details 

http://www.molinspiration.com/
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Compound series 19–22 allowed investigation into the role of the CF3 group in the 

inhibition of ABL1 and CML cell proliferation. Compound 19 (contains CF3 group) inhibited 

imatinib sensitive K562 and KCL22 with IC50 values of 0.388 nM and 0.459 nM respectively. 

Compound 19 also inhibited KCL22-IR with a respectable IC50 of 3.8 nM. Replacing the CF3 

group with Cl, Me or F decreased the sensitivity of both K562 and KCL22 by two orders of 

magnitude. For the ABL1(T315I) harboring cell line, compounds 20–22 were inactive against this 

cell line (IC50>1000 nM). It therefore appears that the trifluoromethyl group is critical for the 

potency of these new alkynyl isoquinoline or naphthyridine compounds.  

Compound 25 has an impressive potency against all three CML cell lines tested (sub-

nanomolar IC50 values for all cell lines). The logP value for compound 25 is 5, and therefore is not 

as ideal as other tested compounds.  

Changing the 6-methylnicotinamide moiety found in compound 15 (HSN459) or 24 

(HSN461) into 1 methyl-1H-pyrazole- 3-carboxamide (compounds 23 and 24) decreased affinity 

for the tested ABL1 enzymes. In line with the lower inhibition of ABL1 wild-type and mutant 

forms, both compounds 31 and 32 were & 50 to 100 times less potent than the 6-

methylnicotinamide analogues at inhibiting the ABL1-driven CML cell lines.  

When the N-(3-(trifluoromethyl)phenyl) group was replaced with aliphatic side chains 

(compounds 1–8), there was a dramatic decrease in activity against the drug-resistant CML cell 

line KCL22-IR (IC50>1000 nM). The low activity of the aforementioned compounds against 

KCL22-IR is not surprising because these compounds are poor inhibitors of ABL1(T315I) enzyme 

(Figure 2.7A).  

Compound 15 (HSN459), compound 16 (HSN608), compound 28 (HSN431) and 

compound 29 (HSN576) inhibit ABL1 and ABL1(T315I) activities in KCL22 and KCL22-IR cell 

lines, respectively.  
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Figure 2.9. Dose-response curves for inhibition of ABL1 and ABL1(T315I) in KCL22 and 

KCL22-IR, respectively, by imatinib, ponatinib, HSN431, HSN459, HSN576, and HSN608. IC50 

values were determined by KinaSense (West Lafayette, IN, USA) 

We proceeded to investigate the effects of approved drugs, imatinib and ponatinib, and 

four of the compounds in this study (HSN431, HSN459, HSN576 and HSN608) on ABL1 activity 

in imatinib-sensitive (KCL22-WT) and imatinib-resistant (KCL22- T315I) cell lines. For this 

investigation, KinaSense (West Lafayette, IN, USA) performed the cellular ABL1 kinase 

phosphorylation assay, using their novel phosphorylation detection platform. All tested 

compounds were able to inhibit the phosphorylation of ABL1 in KCL22-WT but imatinib was the 

least potent, followed by ponatinib (see Figure 2.9 and Table 2.2). For the drug resistant CML cell 

line, KCL22-IR (harboring ABL1(T315I)), imatinib was ineffective whereas ponatinib inhibited 

ABL1 phosphorylation inside KCL22-IR cells with IC50 of 50 nM. Impressively three of our 
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compounds, HSN459, HSN576, and HSN608 inhibited KCL22-IR better than ponatinib (Table 

2.2; compare IC50 of HSN459 (19 nM) with ponatinib (50 nM)). These compounds are therefore 

good candidates to evaluate further for possible clinical translation against drug-resistant CML. 

Table 2.2: Inhibition of cellular ABL1 activity by imatinib, ponatinib, and HSN compounds 

 IC50 (nM) [a]
 

Compound KCL22 KCL22-IR 

ponatinib 19.3 ± 1.1 49.7 ± 1.1 

imatinib 574 ± 1.2 ND 

15: HSN459 10.9 ± 1.1 18.9 ± 1.1 

16: HSN608 9.9 ± 1.1 26.0 ± 1.1 

28: HSN431 14.6 ± 1.0 54.7 ± 1.0 

29: HSN576 11.1 ± 1.1 36.4 ± 1.1 

[a] Values are the mean±SD of n=3 technical replicates; ND: not determined. 

2.4 Conclusion  

Here we have reported a new library of compounds that are potent against the ABL1, 

ABL1(T315I) and ABL1(E255K) enzymes. These compounds also inhibit the proliferation of 

CML cell lines K562, KCL22, and KCL22-IR with IC50 values that are competitive with the FDA-

approved ponatinib, the only inhibitor currently approved for CML harboring ABL1(T315I) 

mutation. Because ponatinib has some toxicity liability and hence not appropriate for patients who 

have a history of cardiovascular disease, new compounds that are as potent as ponatinib but with 

less toxic profile are welcomed. Unfortunately, due to the nature of drug development, whereby 

preclinical studies are done on animal models, which may not be accurate models for humans, 

many of these side effects cannot be predicted until a drug reaches clinical trials16,17. Therefore, 

one has to be cognizant of the fact that until such new inhibitors pass the muster of clinical testing, 

one would never be certain if they are indeed less toxic than ponatinib but the importance of finding 

a less toxic compound than ponatinib should provide the impetus to persevere in the endeavor of 

finding new BCR-ABL1(T315I) inhibitors. Future work, beyond the scope of this report, will 

investigate the safety profiles and in vivo efficacies of the reported compounds to ascertain their 

translational potential. These future studies will be reported in due course. 
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2.5 Experimental Section:  

2.5.1 Molecular docking with GOLD software:  

For docking, PDB ID: 3OXZ was obtained from RCSB Protein Data Bank (www.rcsb.org). 

Ponatinib and HSN356 were drawn using ChemDraw Professional software version 16.0 and 

Chem3D software version 16.0 (PerkinElmer Informatics) to minimize the energy; then saved as 

a mol2 file. The Hermes visualizer was used for protein preparation and docking, the wizard option 

added hydrogens, deleted waters and crystalized the ligand. Ponatinib and HSN356 were then 

docked to the binding site using the default 10 genetic algorithm and the ChemPLP scoring 

function. PyMOL visualization software (The PyMOL Molecular Graphics System, Version 2.0 

Schrçdinger, LLC) was then used to form images. 

2.5.2 General aromatic amide coupling procedure: 

A solution of benzoic acid (1 equiv) and HATU (1.1 equiv) in DMF (5 mL) was cooled to 

0°C. DIPEA (3 equiv) was then added followed by the amine compound (1 equiv). The temperature 

was increased to 50°C and allowed to stir 12 h. The reaction was diluted with EtOAc (50 mL) and 

washed with water (3x20 mL). and brine solution (20 mL). Combined organic layers were dried 

over anhydrous sodium sulfate, filtered and concentrated in vacuo. The pure product was then 

obtained via flash column chromatography. 

2.5.3 General aliphatic amide coupling procedure:  

A solution of benzoic acid (1 equiv) and HCTU (1.1 equiv) in dry CH2Cl2 (5 mL) was 

cooled to 0°C. DIPEA (3 equiv) was then added followed by the amine compound (1 equiv). The 

temperature was increased to room temperature and allowed to stir 12 h. The reaction was diluted 

with CH2Cl2 (50 mL) and washed with water (3x20 mL). and brine solution (20 mL). Combined 

organic layers were dried over anhydrous sodium sulfate, filtered and concentrated in vacuo. The 

pure product was then obtained via flash column chromatography. 

http://www.rcsb.org/
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2.5.4 General Sonogashira Coupling: 

A solution of aromatic halogen compound (1 equiv), Pd(PPh3)2Cl2 (10 mol%), CuI (5 

mol%) and triphenylphosphine (5 mg) in triethylamine (30 equiv) was de-oxygenated with argon 

gas. A de-oxygenated solution of alkyne (1.2 equiv) in DMF (3 mL) was added slowly over a 

period of 10 minutes to the triethylamine solution. After the addition, the reaction temperature was 

increased to 55°C and allowed to stir for 12 h. The reaction was quenched by addition of NH4Cl 

(5 mL) at room temperature. The crude compound was extracted using EtOAc (3x30 mL). 

Combined organic layers were dried over anhydrous sodium sulfate, filtered and concentrated in 

vacuo. The final compound was purified via flash column chromatography. 

2.5.5 Cell Culture  

KCL22-WT and KCL22-T315I cells were cultured in Roswell Park Memorial Institute 

(RPMI) 1640 medium. K562 was routinely cultured in Iscove’s modified Dulbecco’s medium 

(IMDM). Media were supplemented with 10% fetal bovine serum and 1X penicillin-streptomycin 

solution. 

2.5.6 Cellular proliferation assays:  

Cells were seeded into 96-well tissue culture-treated plates for up to 24 h. After seeding, 

DMSO stock solutions of compounds were serially diluted in a 1:3 ratio, first in DMSO. Then, 

subsequently into appropriate cell culture medium before being added to the cultures, with 10 mM 

being the highest tested concentration. The plates were incubated for 72 h as above. The CellTitre 

Blue assay (Promega, Madison, WI, USA) was then added to the cultures and incubated an 

additional 4 h before the fluorescence measured following the manufacturers recommendations. 

The fluorescence data from compounds were normalized to that DMSO and the resulting data 

fitted to a nonlinear regression equation to obtain IC50 using GraphPad Prism 5.0 Software. Data 

was done with either duplicate or triplicate. 
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2.5.7 Evaluation of compounds activity against ABL1 and ABL1(T315I) in CML cell lines 

KCL22 and KCL22-IR (by KinaSense, West Lafayette, IN, USA)   

To evaluate cellular ABL activity, KCL22-WT or KCL22-T315I cells were seeded at 

600000 cells per well and final volume of 750 mL of media into 1 mL per well (AcroPrep Advance 

96 Filter Plates, Pall Corporation). Cells were dosed with the indicated kinase inhibitor or vehicle 

control (0.001% v/v DMSO) and incubated for 2 h at 378C in a 5% CO2 humidified atmosphere. 

Following incubation with TKI, ABL substrate was added and incubated for 10 minutes at 37 8C 

in a 5% CO2 humidified atmosphere. Following incubation with substrate, cell media were 

removed from the filter plate using a vacuum manifold, and the filter plate was stacked on top of 

a NeutravidinQ coated 96-well capture plate (Thermo Fisher Scientific) containing 100 mL 

blocking buffer per well (TBST+1% BSA). In the upper filter plate, 50 mL of modified RIPA 

buffer containing protease inhibitor cocktail (Roche), phosphatase inhibitors, and 4 mm EDTA 

was added to each well. The plate stack was incubated on a short orbital plate shaker at room 

temperature for 5 min. Following lysis buffer incubation, the plate stack was centrifuged at 1500 

rcf for 5 min to collect lysate in the NeutravidinQ capture plate. After lysate collection, the filter 

plate was removed, and the capture plate was incubated with shaking for 1 h at room temperature. 

The plate was then washed with TBST. 100 mL of mouse 4G10 antibody (Millipore, 1:5000 in 

wash buffer) was added to each well and the plate incubated for 1 h at room temperature with 

shaking as described above. Following incubation with 4G10 antibody, the plate was washed with 

TBST and 100 mL of anti-mouse IgG conjugated to HRP (1:10000 in wash buffer) was added to 

each well and incubated for 1 h at room temperature with shaking. The plate was washed three 

times with TBST followed by two washes with phosphate buffer (50 mm Na2PO4, pH 7.5). 100 

mL of developing reagent (50 mm Na2HPO4, 2.3 mm H2O2, 98 mm Amplex RedQ reagent, pH 

7.4) was added to each well and incubated for 30 min with shaking as described above. The plate 

was read using a Biotek Synergy H1 plate reader using 532 nm excitation and 590 nm emission 

wavelengths. Each concentration was normalized to vehicle control and were plotted in GraphPad 

Prism software. IC50 values were calculated by fitting an unconstrained log(inhibitor) vs. response 

with variable slope (four parameters) curve. Each cell line was treated using 10 concentrations of 

control (imatinib and ponatinib) and experimental compounds, ranging from 0.001–10000 nM in 

four technical replicates. As expected, BCR-ABL activity in the KCL22-WT cell line responded 

to all inhibitors. The IC50 values derived for ponatinib (IC50: 19.3 nM) and imatinib (IC50: 574 nM) 
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are in line with known potencies for both in vitro biochemical activity assays as well as growth 

inhibition phenotypic assays. Biochemical IC50 values of ponatinib for the wild-type ABL protein 

was reported as 0.37 nM and growth inhibition assay at 6 nM in the K562 CML model after a 42-

h exposure. Biochemical IC50 values of imatinib for the wild-type ABL protein was reported as 

600 nM and growth inhibition assay at 1 mm in K562 cells following 72-h imatinib exposure. 

Agreement between the ABL activity assay results and reported IC50 values indicate reliable assay 

performance. 
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 NICOTINAMIDE-PONATINIB ANALOGS AS POTENT 

ANTI-CML AND ANIT-AML COMPOUNDS 

Reproduced with permission from ACS Omega 2020, 5,6,2690-2698 Copyright 2020 American 

Chemical Society. Publication can be found at 

https://pubs.acs.org/doi/abs/10.1021/acsomega.9b03223. Further permission related to publication 

should be directed to the ACS 

3.1 Abstract  

Ponatinib is a multikinase inhibitor that is used to treat chronic myeloid leukemia patients 

harboring mutated ABL1(T315I) kinase. Due to the potent inhibition of FLT3, RET and FGFRs, 

it is also being evaluated against AML, biliary, and lung cancers. The multikinase inhibition profile 

of ponatinib may also account for its toxicity, thus, analogs with improved kinase selectivity or 

different kinase inhibition profile could be better tolerated. The introduction of nitrogen into drug 

compounds can enhance efficacy and drug properties (a concept called “necessary nitrogen”). Here 

we introduce additional nitrogen into the benzamide moiety of ponatinib to arrive at nicotinamide 

analogs. A nicotinamide analog of ponatinib, HSN748, retains activity against FLT3, ABL1, RET 

and PDGFRα/β but loses activity against c-Src and P38α. MNK1 and 2 are key kinases that 

phosphorylate eIF4E to regulate the protein translation complex. MNK also modulates mTORC1 

signaling and contributes to rapamycin resistance. Inhibitors of MNK1 and 2 are being evaluated 

for anticancer therapy. Ponatinib is not a potent inhibitor of MNK1 or 2 but the nicotinamide 

analogs are potent inhibitors of MNKs. This illustrates a powerful demonstration of the “necessary 

nitrogen” concept to alter both the potency and selectivity of drugs.  

3.2 Introduction  

Ponatinib, developed by Ariad pharmaceuticals as a multikinase inhibitor, was approved by 

the Food and Drug Administration (FDA) in 20121. It targets many of the various cancer-driver 

kinases. These include kinases such as ABL1, FLT3, FGFR1-4, and RET. Due to its impressive 

kinase inhibition profile it has been shown to potently inhibit various cancers, including CML, 

AML, various FGFR and RET-driven cancers (such as non-small cell lung cancer2 and thyroid 

cancer3). Currently, ponatinib is the only FDA approved drug for imatinib-resistant CML that 

https://pubs.acs.org/doi/abs/10.1021/acsomega.9b03223
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harbors the T315I mutation4. It is also undergoing various clinical trials for AML, lung and other 

cancers (NCT02428543; Ponatinib for FLT3-ITD Acute Myelogenous Leukemia (PONATINIB-

AML)5, NCT02265341; Advanced Biliary Cancer with FGFR2 Fusions6, NCT01813734; 

Ponatinib in advanced NSCLC with RET Translocations7). 

Despite these impressive arrays of cancer types that ponatinib is currently being evaluated 

against, the drug is relatively toxic and is associated with cardiovascular adverse events8. Patients 

taking Ponatinib have also shown side effects of hypertension, platelet dysfunction and peripheral 

arterial occlusive disease9. Other more serious side effects such as myocardial infraction, stroke, 

and liver failure have occurred in patients taking ponatinib10. The unfavorable toxicity profile 

associated with ponatinib could be due to the simultaneous inhibition of cardiovascular-related 

kinases11. Herein we disclose that a nicotinamide analog of ponatinib (HSN748), whereby the 

benzamide moiety in ponatinib is replaced with a nicotinamide analog, shows a different kinase 

inhibition profile to ponatinib. Additionally, the nicotinamide analog of ponatinib is a better 

inhibitor of AML cell lines harboring secondary mutations, such as FLT3-ITD, D835Y and FLT3-

ITD, F691L, which appear upon prolonged treatment with other FLT3 inhibitors and lead to drug 

resistance12. 

 

 

Figure 3.1. Examples of the necessary nitrogen concept. Introduction of nitrogen into initial hits 

led to remarkable activity enhancement as seen in A) cell division cycle 7 (Cdc7) kinase inhibitors; 

B) 5-HT3AR inhibitors; C) PLK1 inhibitors. 

3.3 Results and Discussion  

3.3.1 The necessary nitrogen, a high-level medicinal chemistry design strategy:  

The substitution of a -CH group in a hit compound with a N atom in aromatic and 

heteroaromatic ring systems is a small modification but has potentially large effects on 

pharmacological profiles. This is due to large changes in molecular and physicochemical 

properties and intra- and intermolecular interactions. The methyl group scanning is also a high-

level medicinal chemistry design strategy, and this has been extensively reviewed13. Whereas the 
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-CH to -Me or -Me to -CH switch is not accompanied by a big desolvation penalty, a -CH to N 

switch is accompanied by a large desolvation penalty14. Despite this penalty, the strategic 

placement of nitrogen into compounds can lead to dramatic improvement in both potency and drug 

properties and this has been extensively documented (Figure 3.1)15–17. A ring nitrogen can form 

new and stabilizing hydrogen bonding interactions with protein residues, backbone or even form 

network interactions with water molecules that interact with the protein’s residues or backbone. 

For a few illustrative examples, Vanotti et al. revealed that a strategic replacement of a phenyl 

group with a 4-pyridyl group in a cell division cycle 7 (Cdc7) kinase inhibitor improved 

biochemical activity by > 500-fold (compound 1 to 2, Figure 3.1). This large effect was attributed 

to “necessary nitrogen” in the 4-pyridyl substitution making a key hydrogen bonding interaction 

with the protein backbone (Figure 3.1A)15.  

Esch et al. performed a N-scan on the isoquinoline 5-HT3AR inhibitor 3 (Figure 1.1B), with 

pKi = 6.7, and arrived at the quinazoline 4 (Figure 3.1B) with pKi = 10 against 5-HT3AR (4300-

fold enhancement)16. The newly installed N atom was not predicted to engage in any favorable 

electrostatic interactions for the ligand docking pose in a homology model of the 5-HT3AR 

binding site (acetylcholine binding protein (AChBP)] yet compound 4 is greater than two orders 

of magnitude more potent than 3. Recently Remillard et al. showed that the replacement of CH in 

compound 5 to N in compound 6 increased PLK1 binding (Figure 3.1C)17.  

These examples and others prompted us to perform a “nitrogen scan” on ponatinib as well 

as remove the methyl group on the benzamide core of ponatinib and test the analogs (Figure 3.2) 

for inhibition against various kinases and cancers. 
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Figure 3.2. A) nitrogen and methyl scan of ponatinib B) other ponatinib analogs. 

3.3.2 Synthesis of Ponatinib Analogs:  

HSN748 and other analogs (Figure 3.2) were synthesized in two linear steps from 5-

ethynylnicotinic acid (Figure 3.3)18–22. By introducing a nitrogen into the benzamide ring (to make 

a nicotinamide), the calculated LogP changed from 4.29 (ponatinib) to 3.62 (HSN420). Removing 

the methyl group on HSN420 reduced the cLogP even further to 3.23 (HSN748)23. The ranking of 
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LogP values can be derived from retention times of compounds on C18 columns24. In concordance 

with the calculated LogP values, the HPLC retention times of the analogs showed corresponding 

trends (Table 3.1).  

 

Figure 3.3. Representative synthesis of analogs (HSN748). Conditions: i: HATU, DIPEA, DMF, 

45°C, overnight. Yield = 85%; ii: Pd(PPh3)2Cl2, PPh3, CuI, DMF, TEA, 45 °C, overnight. Yield 

= 53%. See SI for details about other analogs. 

Table 3.1. Calculated LogP values and HPLC retention times 

  Calculated LogPa  HPLC Retention Time (min)b  

HSN748 3.28 10.86 

HSL331 3.98 11.56 

HSN338 3.32 11.63 

HSN382 3.22 12.33 

HSN385 3.13 12.70 

HSN407 3.14 12.73 

HSN412 3.24 12.96 

HSN381 3.82 13.31 

HSN420 3.62 13.46 

Ponatinib  4.29 13.90  

aUsing SWISSADME for calculations; bHPLC details: Agilent Eclipse instrument; C18 column (3 

μm, 4.6x100 mm); method: 0 →15 min, 50% B → 100% B, (A: 0.1%NH4OH in H2O, B: MeOH), 

25 °C. Compound concentration is 100 μM in MeOH 
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3.3.3 Anticancer activities of nicotinamide analogs and ponatinib:  

With compounds in hand, we proceeded to evaluate the effects of compounds on CML cell 

lines as well as FLT3, ABL1 and c-Src kinases, which are known to be targets of ponatinib25. 

Although ponatinib is not an effective inhibitor of MAPK-interacting kinases (MNK1 and 2), we 

also evaluated the inhibition of the compounds on MNK1 and MNK2.  An unrelated project, using 

alkynyl nicotinamide compounds, had taught us that alkynyl nicotinamide-containing compounds 

were MNK2 inhibitors (unpublished work), prompting us to also evaluate the inhibition of 

ponatinib analogs against MNK enzymes. The mechanistic Target Of Rapamycin (mTOR) is an 

important drug target as mTOR integrates many stimuli and coordinates the adaptive response of 

many cellular processes26. Rapamycin is an inhibitor of mTOR. MNK contributes to rapamycin 

resistance by sustaining mTORC1 activity upon rapamycin treatment in cancer cells26. MNKs 

modulate mTORC1 but not mTORC2 (which includes Rictor, rapamycin-insensitive companion 

of mTOR) signaling27,28. Thus, concurrent inhibition of MNK1 and/or MNK2 and any of cancer-

driver kinases, such as FLT3, ABL1, RET, BRAF, c-Kit, PDGFRα, and PDGFRβ could lead to 

more sustained inhibition of cancer growth. MNK1 and 2 modulate the function of eIF4E (a key 

player in translational control), which is elevated in human cancers. MNK1 and 2 phosphorylate a 

conserved serine (Ser209) of eIF4E to modulate function. The inhibition of both MNK1 and 2 has 

been shown to lead to growth inhibition in cancers26. 

Table 3.2. IC50 of library against CML cell lines 

 IC50 (nM)a 

K562 KCL22 KCL22-IR 

HSN748 0.80 ± 0.003 1.32 ± 0.05 0.23 ± 0.013 

HSL420 0.06 ± 0.002 0.06 ± 0.002 0.46 ± 0.01 

HSL381 0.57 ± 0.003 0.89 ± 0.005 4.24 ± 0.05 

HSL382 NDb  > 100 nM > 100 nM 

HSL385 0.94 ± 0.002 2.62 ± 0.06 17.2 ± 0.86 

HSL338 0.45 ± 0.002 1.40 ± 0.02 4.24 ± 0.05 

HSL331 0.26 ± 0.002 0.63 ± 0.002 2.86 ± 0.04 

HSL412 28.13 ± 0.60 28.06 ± 0.37 > 100 nM 

HSL407 1.83 ± 0.02 2.93 ± 0.04 49.7 ± 2.5 

Ponatinib  0.60 ± 0.002 0.14 ± 0.003 0.66 ± 0.005 
aExperiments done in triplicate. bNot determined.  
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With ponatinib as the standard of care for imatinib-resistant CML harboring ABL1(T315I), 

we were initially interested in how our compounds compared in the imatinib resistant CML line, 

KCL22-IR. The compounds were active against the BCR-ABL1 cell lines, K562 and KCL22, with 

varying activity against KCL22-IR. Removing the methyl and substituting CH with N on the 

benzamide ring (ponatinib to HSN748) did not affect anticancer properties against the tested CML 

cell lines. In addition, reversing the amide bond in HSN748 (HSL338) did not result in a change 

in anti-cancer activity. Modification of the imidazo[1,2-b] pyridazine moiety resulted in 

attenuation of CML growth inhibition. Ponatinib, HSN748, HSL338, and HSL420 all share the 

imidazo[1,2-b] pyridazine ring system and they all inhibited the CML cell lines K562, KCL22 and 

KCL22-IR with similar efficacies (Table 3.2). However, when the imidazo[1,2-b] pyridazine was 

changed into imidazo[1,2-a] pyridine (HSL381) or imidazo[1,2-a] pyrazine (HSL385), there was 

a decrease in potency against the CML cell lines with the biggest difference seen in KCL22-IR. 

The imidazo[1,2-a] pyrimidine-containing compound (HSL382), was inactive against all of the 

three tested cell lines. Interestingly, when the ring system was changed to imidazol[1,2-a] pyrazine 

(HSL407), activity against K562 and KCL22 were maintained but a decrease in activity against 

KCL22-IR was seen.  

3.3.4 Compounds exhibited potent inhibition against key kinases  

Similar trends that were present against the cell lines were also seen when the compounds 

were profiled against several kinases. Ponatinib had less than 40% inhibition against FLT3(ITD) 

at 4 nM. However, several of the nicotinamide compounds had inhibition at over 80% such as 

HSN748 (86%), HSL381 (91%) and HSL338 (84%) at the same concentration. There was also an 

increase in FLT3(D835Y) inhibition in compounds containing the nicotinamide. Ponatinib had a 

39% inhibition against FLT3(D835Y). When the nitrogen was added to make a nicotinamide ring 

(HSL420), there was no significant change in inhibition. When the methyl was then removed 

(HSN748), FLT3(D835Y) inhibition increased to 87%. This shows that even small modifications 

to a kinase inhibitor can result in drastic changes in kinase profiling. Inhibition of c-Src saw the 

opposite effect. At 111 nM, ponatinib had a 98% inhibition against c-Src. The methyl nicotinamide 

analog (HSL420), inhibited c-Src at 32%, whereas HSN748 had less than 10% inhibition. For 

ABL1(T315I) inhibition, it appears that a benzamide to nicotinamide switch had no effect on 

inhibition. At 123 nM, both HSL420 and ponatinib had similar inhibition against ABL1 (T315I) 
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at 83% and 90% respectively. Analogs that contained the imidazo[1,2-b]pyridazine (ponatinib, 

HSN748, HSL338, HSL420) system were generally more potent than analogs that did not against 

ABL1(T315I).  Interestingly, when the imidazo[1,2-b]pyridazine was substituted with 

imidazo[1,2-a] pyridine (HSL381) potency against ABL1(T315I) was maintained at 73%. The 

compounds had differential activities against MNKs. At 123 nM, ponatinib inhibited MNK2 at 32% 

whereas HSN420 and HSN748 inhibited MNK2 at 51% and 85% respectively. MNK2 inhibition 

could tolerate minimal changes to the imidazo[1,2-a] pyridine as seen in HSL381 (imidazo[1,2-a] 

pyridine, 84% inhibition) and HSL385 (imidazo[1,2 – a] pyrazine, 72% inhibition).  

 

Figure 3.4. Kinase inhibition against key kinases. Compounds were screened at the following 

concentrations; FLT3(ITD) – 4 nM, FLT3(D835Y) and c-Src - 111 nM, ABL1(T315I), MNK1&2 

at 123 nM. Percent inhibition is with respect to DMSO control, which is 0% inhibition. Data 

provided by Reaction Biology Corp. 

3.3.5 Ponatinib is a more promiscuous kinase inhibitor than HSN748 

The initial work with ponatinib analogs indicated that HSN748 and HSN381 had the best 

combined ABL1, FLT3 and MNK2 inhibitions. HSN748 was chosen for further studies because it 

had a lower cLogP and HPLC retention time than HSN381 (see Table 3.1). Therefore, we obtained 

IC50 for ponatinib and HSN748 against various cancer-associated kinases (Table 3.3). Interestingly, 

as already established in the single concentration assay (Figure 3.4), the inhibition profile of 
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HSN748 against ABL1 (T315I) and FLT3-ITD were similar to ponatinib but there were some 

notable differences with other kinases (Table 3.3).  

Table 3.3. IC50 of ponatinib and HSN748 against several kinases 
 

IC50 (nM)a 

Kinase HSN748 Ponatinib Staurosporine 

ABL1 1.1 ± 0.38 0.87 ± 0.05 379 ± 36.8 

ABL1 (T315I) 11.1 ± 3.83 2.5 ± 0.13 310 ± 29.5 

c-Kit 96 ± 4.21 30 ± 7.5 70.31 ± 39.42 

c-SRC >1000 4.6 ± 0.57 7.06 ± 1.16 

FGFR1 24.4 ± 3.75 6.9 ± 0.29 20.1 ± 6.09 

FGFR2 11.7 ± 0.97 6.0 ± 0.61 8.54 ± 2.97 

FGFR3 96.4 ± 3.03 25.0 ± 1.68 35.4 ± 5.86 

FGFR4 125.1 ± 0.92 46.8 ± 8.64 217 ± 63.1 

FLT3 (D835Y) 13.8 ± 1.64 176 ± 3.11 0.06 ± 0.02 

FLT3 (ITD) 1.5 ± 0.02 10.03 ± 0.11 1.81 ± 0.34 

P38α/MAPK14 382.7 ± 17.4 86.6 ± 6.31 -b 

p70S6K/RPS6KB1 273.1 ± 8.5 200.1 ± 17.5 0.80 ± 0.14 

PDGFRα 10.7 ± 5.8 3.8 ± 0.29 3.88 ± 0.79 

PDGFRβ 10.2 ± 1.02 7.01 ± 0.57 3.33 ± 0.67 

RET 0.65 ± 0.05 0.88 ± 0.07 5.54 ± 0.09 

MNK1 202 ± 13.4 3930 ± 707 108 ± 2.95 

MNK2 9.36 ± 0.69 268 ± 84.1 27.88 ± 11.05 
aIC50 was determined at Reaction Biology (Malvern, PA). [ATP] = 100 µM, experiments done in 

duplicates. bSB202190 (IC50 = 55.5 ± 47.3) was used as the control for P38a/MAPK14.  

HSN748 was inactive against c-Src kinase (IC50 > 1 µM) while ponatinib potently inhibited 

c-Src (IC50 of 4.6 nM), Table 3.3. Src has been shown to play various roles in heart function. For 

example, Src plays critical roles in maintaining the structure of myocyte29. Despite the oncogenic 

role played by Src in various cancers, its inhibition could also come with the dysregulation of 

normal cells and platelets30. It is therefore noteworthy that HSN748 does not inhibit Src whiles 

ponatinib does. c-Kit is an important player in hematopoiesis and substantial inhibition of c-kit 

causes myeolosuppression31. The IC50 for ponatinib against c-Kit is three times lower than 

HSN748. 

Ponatinib has been shown to inhibit FGFRs and it is currently undergoing clinical trials for 

the treatment of biliary cancer with FGFR2 fusion7. Although many drugs that target FGFRs are 

currently undergoing clinical trials, FGFRs have important cardiac and liver functions and so their 
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inhibitions could lead to adverse events. Hyperphosphatemia is one major complication that is 

associated with FGFR inhibition due to interruption to FGF23 signaling32. Pan-FGFR inhibition 

has been linked to cardiovascular dysfunction33. On the other hand, FGFR signaling also promotes 

AML resistance to drugs34. Thus, some inhibition of FGFR signaling might enhance the efficacy 

of AML therapeutics. Ponatinib is slightly more active against FGFR1-4 than HSN748.  

ABL1 and FLT3 are mutated in CML and AML respectively. Ponatinib and HSN748 have 

similar activities against ABL1, ABL1 (T315I) and FLT3-ITD. Interestingly HSN748 has a 

significantly lower IC50 against FLT3 (D835Y) kinase than ponatinib (compare IC50 of 14 nM for 

HSN748 versus 173 nM for ponatinib, see Table 3.1 and Figure 3.3). Most FLT3 inhibitors used 

in the clinic show initial efficacy but within months some patients relapse due to kinase mutation, 

which reduces the efficacy of treatment35. The D835Y mutation is one of the most frequent 

mutations observed at in a study using the TKI quizartinib36. Thus, for drug-resistant AML (due 

to kinase mutation), HSN748 could be a better treatment option than ponatinib. 

 

Figure 3.5. Dose response curves of ponatinib and HSN748 against Src and FLT3 (D835Y). 

It is interesting that a -CH to -N switch in the benzamide of ponatinib can lead to such 

dramatic kinase selectivity’s and potencies. Analyses of the crystal structures of ponatinib bound 

to several kinases (Figure 3.6) did not reveal an obvious hydrogen bonding interaction between 

the introduced nitrogen and active site residue, which would enhance binding. We however do not 

discount a role for an uncharacterized active site water molecule to mediate such interactions. In a 

beautiful work by Boxer at al. it was shown that the cyano moiety in bosutinib engaged in water-

mediated hydrogen network37. Future work, which solves the crystal structures of target kinases 

bound to HSN748, will help clarify how the nicotinamide nitrogen enhances binding. 
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Figure 3.6: Active sites of various kinases with bound ponatinib (orange). Gatekeeper residues of 

each kinase are shown in red, DGF- motifs are shown in purple, amino acid residues within 4 Å 

of ponatinib are shown in green. A) KIT, PDBID: 4V0I; B) ABL1 with the T315I mutation PDBID: 

3IK3; C) FGFR1, PDBID: 4V01; D) FGFR4, PDBID: 4UXQ  
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Table 3.4: Activities of HSN748 and ponatinib against FLT3, ABL1, FGFR and RET-driven 

cancers. 

 
IC50 (nM) 

Cell Line  HSN748 Ponatinib 

MV-4-11 0.07  0.09  

MOLM13-res 1.73  24.1  

MOLM14 0.25 0.45  

MOLM14-D835Y 0.69  52.6  

MOLM14-F691L 0.18  6.8  

K562 0.8  0.6  

KCL22 1.32  0.14 

KCL22-IR 0.23 0.66  

LC2/Ad 41  35.1  

H520 838.6  128.2  

We proceeded to test whether the degree of inhibition of FLT3, ABL1, RET and FGFR-

driven cancers by ponatinib and HSN748 mirrored the order of kinase inhibition. The IC50 for 

growth inhibition by both compounds against MV4-11 (FLT3), K562 (ABL1) and LC2/ad (RET) 

were similar. HSN748 was better at inhibiting quizartinib-resistant AML (MOLM14-D835Y cell 

line) than ponatinib (compare IC50 of 0.69 nM for HSN748 and 52.6 nM for ponatinib). For 

gilteritinib-resistant AML cell line, Molm14 (ITD, F691L), HSN748 was also more potent than 

ponatinib (IC50 of 0.18 nM for HSN748 and 6.8 nM for ponatinib).  

3.4 Conclusion:  

We have shown that the replacement of the benzamide moiety of ponatinib with 

nicotinamide results in enhanced activity against drug-resistant AML whiles reducing the 

inhibition of off-target kinases, such as Src, Kit and FGFRs. HSN748 is a lead compound that 

warrants further consideration as an antileukemia compound, with potentially less toxic profile 

than ponatinib. We are aware that idiosyncratic toxicities in real patient populations cannot be 

predicted based on in vitro kinase selectivity alone. Nonetheless, the fact that some level of kinase 

selectivity has been achieved is in the right direction towards a safer ponatinib analog. Ongoing 
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work will conduct further preclinical toxicity experiments on this new ponatinib analog, with an 

eye towards clinical translation. 

3.5 Experimental Section:  

Solvents and starting materials were purchased from commercial sources and used without further 

purifications.  

3.5.1 General Cell Culture Procedure:  

The human cell lines were cultured using RPMI-1640 (Gibco) supplemented with 10 % 

fetal bovine serum (FBS) (Atlanta Biologicals), 1% glutaMAX, and 1 % penicillin/streptomycin.  

Cells were seeded with 2 x 103 cells in each well of a 96 well plate and incubated for 24 h. Cells 

were then treated for 72 h with serial dilutions of the desired compound. After the 72 h, cells were 

treated with CellTiter- Blue Cell Viability Assay. The cells were then incubated for 3 h and 

absorbance at 570 nm was measured using a microplate reader. IC50 values were then determined 

with GraphPad Prism.  

3.5.2 General Kinase Assay Procedure (provided by Reaction Biology): 

Reaction buffer: 20 mM Hepes (pH 7.5) 10 mM MgCl2, 1 mM EGTA, 0.02% Brij35, 0.02 

mg/mL BSA, 0.1 mM Na3VO4, 2 mM DTT, 1 % DMSO.  

Reaction Procedure: To the kinase and corresponding substrate (see SI, Table S1 for details) 

in reaction buffer was added compounds (100% DMSO stock solution) via Acoustic technology 

(Echo500; nanoliter range). The mixture was incubated at room temperature for 20 min, after 

which 33P-ATP was added to the mixture (final ATP concentration of 100 µM) to start the reaction. 

The reaction mixture was incubated at room temperature for 2 h and the degree of substrate 

phosphorylation was measured via the P81 filter-binding method.  

3.5.3 General Sonogashira Coupling:  

5-(imidazo[1,2-b]pyridazin-3-ylethynyl)-6-methyl-N-(4-((4-methylpiperazin-1-yl)methyl)-3-

(trifluoromethyl)phenyl)nicotinamide, HSL420: Reaction was preformed using standard 
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sonagashira coupling procedure. Pd(PPh3)2Cl2 (10 mol%) was used as catalyst. Yield = 38%. 1H 

NMR (500 MHz, DMSO-d6) δ 10.69 (s, 1H), 8.99 (d, J = 2.2 Hz, 1H), 8.73 (dd, J = 4.3, 2.2 Hz, 

1H), 8.49 (d, J = 2.3 Hz, 1H), 8.28 – 8.24 (m, 2H), 8.19 (d, J = 2.5 Hz, 1H), 8.04 (d, J = 8.4 Hz, 

1H), 7.70 (d, J = 8.5 Hz, 1H), 7.40 (ddd, J = 9.1, 4.5, 1.9 Hz, 1H), 3.56 (s, 2H), 2.80 (s, 3H), 2.41 

(s, 8H), 2.21 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 163.8, 162.7, 148.4, 145.6, 140.3, 139.1, 

138.4, 137.7, 132.8, 131.8, 127.8, 126.7, 124.0, 119.8, 117.8, 111.8, 95.2, 83.7, 57.8, 55.0, 52.8, 

45.8, 24.0. HRMS (ESI+): calcd. for C28H27F3N7O (M + H+) 534.2224, found 534.2219. 

5-(imidazo[1,2-a]pyridin-3-ylethynyl)-N-(4-((4-methylpiperazin-1-yl)methyl)-3-

(trifluoromethyl)phenyl)nicotinamide, HSL381 Reaction was preformed using standard 

sonagashira coupling procedure. Pd(PPh3)2Cl2 (10 mol%) was used as catalyst. Yield = 24%. 1H 

NMR (500 MHz, DMSO-d6) δ 10.81 (s, 1H), 9.11 – 9.02 (m, 2H), 8.80 (d, J = 6.7 Hz, 1H), 8.62 

(d, J = 2.2 Hz, 1H), 8.21 (d, J = 2.2 Hz, 1H), 8.09 (s, 1H), 8.05 (dd, J = 8.5, 2.2 Hz, 1H), 7.73 (t, 

J = 9.4 Hz, 2H), 7.46 (dd, J = 9.0, 6.7 Hz, 1H), 7.17 (t, J = 6.7 Hz, 1H), 3.58 (s, 2H), 2.48 (s, J = 

1.7 Hz, 8H), 2.25 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 164.0, 153.9, 148.4, 139.5, 138.3, 

137.4, 132.8, 131.8, 130.3, 128.1, 127.8, 127.5, 126.7, 125.8, 124.0, 123.6, 119.4, 118.0, 117.7, 

114.5, 96.0, 81.4, 57.7, 54.8, 52.5, 45.5; HRMS (ESI+): calcd. for C28H26F3N6O (M + H+) 

519.2115, found 519.2111. 

5-(imidazo[1,2-a]pyrimidin-3-ylethynyl)-N-(4-((4-methylpiperazin-1-yl)methyl)-3-

(trifluoromethyl)phenyl)nicotinamide, HSL382: Reaction was preformed using standard 

sonagashira coupling procedure. Pd(PPh3)2Cl2 (10 mol%) was used as catalyst. Yield = 29%. 1H 

NMR (500 MHz, DMSO-d6) δ 10.92 (s, 1H), 9.28 (dd, J = 6.8, 2.0 Hz, 1H), 9.12 (d, J = 2.2 Hz, 

1H), 9.06 (d, J = 2.0 Hz, 1H), 8.71 (dt, J = 4.2, 2.4 Hz, 2H), 8.24 (d, J = 2.2 Hz, 2H), 8.08 (dd, J 

= 8.5, 2.2 Hz, 1H), 7.72 (d, J = 8.5 Hz, 1H), 7.30 (dd, J = 6.7, 4.2 Hz, 1H), 3.57 (s, 2H), 2.42 (s, 

8H), 2.22 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 163.9, 153.9, 152.6, 149.0, 148.7, 140.4, 

138.4, 137.8, 135.3, 132.8, 131.8, 130.2, 128.0, 124.1, 123.6, 119.1, 117.8, 110.8, 106.4, 95.7, 

80.6, 57.8, 54.9, 52.7, 45.7. HRMS (ESI+): calcd. for C27H25F3N7O (M + H+) 520.2067, found 

520.2063. 

5-(imidazo[1,2-a]pyrazin-3-ylethynyl)-N-(4-((4-methylpiperazin-1-yl)methyl)-3-

(trifluoromethyl)phenyl)nicotinamide, HSL385: Reaction was preformed using standard 
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sonagashira coupling procedure. Pd(PPh3)2Cl2 (10 mol%) was used as catalyst. Yield = 39%. 1H 

NMR (500 MHz, DMSO-d6) δ 10.85 (s, 1H), 9.21 (d, J = 1.5 Hz, 1H), 9.11 (dd, J = 18.4, 2.1 Hz, 

2H), 8.88 (dd, J = 4.5, 1.5 Hz, 1H), 8.69 (d, J = 2.2 Hz, 1H), 8.28 (s, 1H), 8.21 (d, J = 2.2 Hz, 1H), 

8.14 (d, J = 4.5 Hz, 1H), 8.05 (dd, J = 8.4, 2.2 Hz, 1H), 7.72 (d, J = 8.5 Hz, 1H), 3.57 (s, 2H), 2.48 

– 2.28 (m, 8H), 2.23 (s, 3H).  13C NMR (126 MHz, DMSO-d6) δ 163.9, 154.1, 148.9, 143.7, 140.9, 

140.4, 138.3, 137.9, 132.9, 131.8, 131.3, 130.3, 127.8, 124.0, 123.6, 119.9, 118.8, 117.8, 108.9, 

96.7, 79.8, 57.8, 54.9, 52.7, 45.7. HRMS (ESI+): calcd. for C27H25F3N7O (M + H+) 520.2067, found 

520.2072. 

N-(5-(imidazo[1,2-b]pyridazin-3-ylethynyl)pyridin-3-yl)-4-((4-methylpiperazin-1-yl)methyl)-3-

(trifluoromethyl)benzamide, HSL338: Reaction was preformed using standard sonagashira 

coupling procedure. Pd(PPh3)2Cl2 (10 mol%) was used as catalyst. Yield = 29%. 1H NMR (500 

MHz, DMSO-d6) δ 10.76 (s, 1H), 8.97 – 8.90 (m, 1H), 8.71 (dd, J = 4.4, 1.5 Hz, 1H), 8.57 – 8.51 

(m, 1H), 8.45 (t, J = 2.2 Hz, 1H), 8.28 (d, J = 1.8 Hz, 1H), 8.25 (ddd, J = 8.4, 5.4, 1.7 Hz, 3H), 

7.95 (d, J = 8.1 Hz, 1H), 7.40 (dd, J = 9.2, 4.4 Hz, 1H), 3.69 (s, 2H), 2.50 – 2.37 (m, 8H), 2.26 (s, 

3H). 13C NMR (126 MHz, DMSO) δ 165.1, 146.5, 145.5, 142.0, 139.2, 135.9, 133.5, 132.2, 131.3, 

129.2, 128.0, 127.7, 126.6, 125.6, 123.5, 119.8, 119.0, 111.8, 95.3, 80.2, 57.8, 54.8, 52.7, 45.6. 

HRMS (ESI+): calcd. for C28H25F3N7O (M + H+) 520.2067, found 520.2067. 

3-(imidazo[1,2-b]pyridazin-3-ylethynyl)-N-(4-((4-methylpiperazin-1-yl)methyl)-3-

(trifluoromethyl)phenyl)benzamide, HSL331: Reaction was preformed using standard sonagashira 

coupling procedure. Pd(PPh3)2Cl2 (10 mol%) was used as catalyst. Yield = 36%. 1H NMR (500 

MHz, DMSO-d6) δ 10.64 (s, 1H), 8.71 (dd, J = 4.4, 1.6 Hz, 1H), 8.25 (dd, J = 9.2, 1.6 Hz, 1H), 

8.23 – 8.20 (m, 3H), 8.07 – 8.00 (m, 2H), 7.82 (dt, J = 7.7, 1.4 Hz, 1H), 7.70 (d, J = 8.5 Hz, 1H), 

7.64 (t, J = 7.8 Hz, 1H), 7.39 (dd, J = 9.2, 4.4 Hz, 1H), 3.56 (s, 2H), 2.39 (s, 8H), 2.18 (s, 3H). 13C 

NMR (126 MHz, DMSO-d6) δ 165.2, 145.4, 139.0, 138.6, 135.4, 134.6, 132.6, 131.7, 130.5, 129.8, 

129.1, 127.8, 126.6, 125.9, 124.0, 123.7, 122.4, 119.6, 117.8, 97.9, 78.0, 57.8, 55.0, 52.8, 45.8. 

HRMS (ESI+): calcd. for C28H26F3N6O (M + H+) 519.2113, found 519.2114. 

N-(4-((4-methylpiperazin-1-yl)methyl)-3-(trifluoromethyl)phenyl)-5-(pyrazolo[1,5-a]pyrimidin-

6-ylethynyl)nicotinamide, HSL412: Reaction was preformed using standard sonagashira coupling 

procedure. Pd(PPh3)2Cl2 (10 mol%) was used as catalyst. Yield = 32%. 1H NMR (500 MHz, 
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DMSO-d6) δ 10.86 (s, 1H), 9.58 (d, J = 2.0 Hz, 1H), 9.13 (d, J = 2.2 Hz, 1H), 8.97 (d, J = 2.0 Hz, 

1H), 8.71 (d, J = 2.1 Hz, 1H), 8.55 (t, J = 2.2 Hz, 1H), 8.34 (d, J = 2.3 Hz, 1H), 8.21 (d, J = 2.2 

Hz, 1H), 8.05 (dd, J = 8.5, 2.2 Hz, 1H), 7.72 (d, J = 8.5 Hz, 1H), 6.84 (d, J = 2.2 Hz, 1H), 3.58 (s, 

2H) 2.50 – 2.34 (m, 8H), 2.28 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 163.8, 154.4, 151.3, 

149.0, 147.1, 147.0, 139.2, 138.3, 138.1, 132.8, 131.9, 130.3, 127.8, 125.8, 124.0, 119.0, 117.8, 

104.5, 98.0, 89.2, 87.6, 57.7, 54.7, 52.4, 45.3. HRMS (ESI+): calcd. for C28H26F3N6O (M + H+) 

520.2067, found 520.2063. 

5-(imidazo[1,2-a]pyrazin-5-ylethynyl)-N-(4-((4-methylpiperazin-1-yl)methyl)-3-

(trifluoromethyl)phenyl)nicotinamide, HSL407: Reaction was preformed using standard 

sonagashira coupling procedure. Pd(PPh3)2Cl2 (10 mol%) was used as catalyst.  Yield = 86%. 1H 

NMR (500 MHz, DMSO-d6) δ 10.87 (s, 1H), 9.17 (d, J = 2.0 Hz, 3H), 8.76 (q, J = 2.5 Hz, 1H), 

8.57 (s, 1H), 8.32 (s, 1H), 8.21 (d, J = 2.2 Hz, 1H), 8.07 – 8.00 (m, 2H), 7.72 (d, J = 8.5 Hz, 1H), 

3.57 (s, 2H), 2.47 – 2.27 (m, 8H), 2.22 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 163.8, 154.8, 

149.7, 143.7, 140.0, 138.7, 138.3, 136.8, 134.2, 133.0, 131.8, 130.4, 128.1, 125.8, 124.0, 117.9, 

117.7, 115.4, 114.9, 96.8, 82.9, 57.8, 54.9, 52.7, 45.7, 40.5, 40.3, 40.1, 40.0, 39.8, 39.6. 13C NMR 

(126 MHz, DMSO-d6) δ 163.7, 154.8, 149.7, 143.7, 140.0, 138.7, 138.3, 136.7, 134.2, 132.9, 

131.8, 130.4, 128.1, 124.0, 123.6, 117.9, 117.7, 115.4, 114.9, 96.8, 82.9, 57.8, 54.9, 52.7, 45.7. 

HRMS (ESI+): calcd. for C27H25F3N7O (M + H+) 520.2067, found 520.2062. 
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 PYRIDO[3,4-b]PYRAZINE BASED COMPOUNDS AS 

POTENTIAL ANTICANCER AGENTS 

4.1 Abstract  

Many cancers are driven by aberrantly expressed or mutated kinases. Therefore, driving drug 

discovery efforts to focus on the development of kinase inhibitors for the potential treatments of 

cancers. Since 2001, when imatinib (one of the first kinase inhibitors, KIs, to be approved for 

human use) entered the market for the treatment of BCR-ABL1 driven chronic myeloid leukemia, 

an additional 54 kinase inhibitors have been approved by the FDA for the treatment of cancer. 

However, despite the availability of many kinase inhibitor treatment options, it is now well 

observed that after prolonged use, many KIs become ineffective. This is commonly due to 

secondary mutations and/or the upregulations of other compensatory pathways. Thus, the 

development of novel chemotypes, which could inhibit secondary mutated kinases that are 

commonly found in relapsed cancer patients, is hotly pursued by both academia and industry. 

Previously, we reported that alkynylisoquinolines or naphthyridines are potent inhibitors of drug 

resistant FLT3, ABL1 and RET kinases. Here we disclose that the analogous pyrido[3,4-

b]pyrazine, containing additional nitrogen’s, are also potent inhibitors of cancers driven by drug-

resistant FLT3 and ABL1 

4.2 Introduction  

Imatinib was approved in 2001 to treat chronic myeloid leukemia harboring the BCR-ABL1 

fusion protein1. Since this approval, kinases have been the target of many new treatment options 

against several different types of cancer. However, it has become clear that many of the developed 

kinase inhibitors become ineffective after prolonged use, most after only a few years, due to tumor 

resistance. Although many classic resistance mechanisms, such as drug efflux, drug degradation 

or modification account for a significant fraction of resistance mechanisms, kinase target 

modification(s) and/or upregulation of other kinase signaling pathways are often at play to reduce 

drug’s efficacy2.  For example, gefitinib is used for treatment of EGFR-driven lung cancer but 

after prolonged use a T790M mutation occurs, which abrogates binding of gefitinib to EGFR3. 
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Another example is idelalisib, a PI3K inhibitor, which loses potency via an ill understood 

mechanism4.  

 

Figure 4.1. Approved kinase inhibitors that contained isoquinolines, quinolines, indazoles, 

quinazolines, quinazolinones, quinoxalines, and oxindole 

Many kinase inhibitors contain privileged nitrogen-containing bicycle such as quinoline 

(bosutinib and neratinib), isoquinoline (fasudil and netarsudil), indazole (axitinib), quinazolines 

(vandetanib and gefitinib), quinazolinone (idelalisib), quinoxaline (erdafitinib), and oxindole 

(nintefanib), Figure 4.1. We recently reported that alkynyl isoquinolines or naphthyridines are 

excellent kinase inhibitors, displaying subnanomolar activities against various cancer-driver 

kinases, such as FLT3, ABL1 and RET5–10. Nitrogen is considered an essential atom in drug 

discovery and many reports have demonstrated that the addition of nitrogen into lead compounds 

can improve drug potency by enhancing both target engagement and drugness (typically via 

solubility enhancement)11. The introduction of methyl group into lead compounds is also 

considered a “high value” medicinal chemistry strategy. Often the introduction of a methyl group 

(and to some extent an ethyl or isopropyl groups) to lead molecules improves compound potency 

and drugness (Figure 4.2)12,13.  
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Figure 4.2. Examples of increased potency with the addition of a strategic methyl group (additional 

methyl groups shown in red). Increase in potency can be seen in inhibition of A) p38α B) OX1R 

and C)S1P1  

Schonherr et al. demonstrated that by strategically placing methyl groups on lead compounds 

the activity can significantly improve13. For example, against p38α, compound 1 has an IC50 of 

over 2500 nM (Figure 4.2A)13. When a methyl is introduced there is an increase in potency to an 

IC50 12 nM (Figure 4.2A). There is also an increase in potency shown with methyl addition against 

OX1R and S1P1 (Figure 4.2B and Figure 4.2C)13. The approach to activity cliffs via methyl group 

introduction is poorly understood. Thus, we decided to prepare analogs of our previously reported 

alkynyl isoquinolines or naphthyridines, whereby an additional nitrogen has been introduced into 

the bicyclic moiety to arrive at the analogous pyrido[3,4-b]pyrazines (see Figure 4.3). 

 

Figure 4.3. Previous analogs synthesized by the Sintim Lab that feature fused six-membered ring 

systems. HSN608 was reported as a potent inhibitor of ABL17.  
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4.3 Results and Discussion  

4.3.1 Synthesis of pyrido[3,4-b]pyrazine based analogs  

The synthesis of pyrido[3,4-b]pyrazine motifs bearing a bromo- or iodo- unit, essential for 

the subsequent Sonogashira coupling, involves one to three steps depending on the presence and/or 

location of the amine (see Figure 4.4). For the synthesis of bromopyrido[3,4-b]pyrazine analogs, 

the requisite haloarene starting material (8-bromopyrido[3,4-b]pyrazine analogs) for the 

Sonogashira reaction, was synthesized via the reaction of 5-bromopyridine-3,4-diamine with a 

diketone in ethanol (see Figure 4.4A). 8-Iodopyrido[3,4-b]pyrazin-7-amine analogs were 

synthesized in a similar manner starting with the reaction of pyridine-2,4,5-triamine with the 

desired diketone in ethanol (Figure 4.4B). The reaction gave rise to pyrido[3,4-b]pyrazin-7-amine 

derivatives. These were then transformed into the desired 8-iodopyrido[3,4-b]pyrazin-7-amine 

after iodine addition, using NIS as reagent in methanol at 0°C (Figure 4.4B). The synthesis of the 

8-bromopyrido[3,4-b]pyrazin-5-amine was a three-step process (see Figure 4.4C). The first step 

was the reaction of 2,5-dibromopyridine-3,4-diamine with the desired diketone to give rise to 5,8-

dibromopyrido[3,4-b]pyrazine analogs. 5,8-Dibromopyrido[3,4-b]pyrazine analogs were then 

heated with tertbutylamine in ethanol at 110°C to afford 8-bromo-N-(tert-butyl)pyrido[3,4-

b]pyrazin-5-amines. Cleavage of the t-butyl group with HCl at 80°C resulted in the final 8-

bromopyrido[3,4-b]pyrazin-5-amine analogs (Figure 4.4C). 
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Figure 4.4. Synthetic pathways for pyrido[3,4-b]pyrazine analogs  

Once the pyrido[3,4-b]pyrazine analogs were synthesized they then underwent Sonagashira 

coupling to afford the compound library (Figure 4.4D and Figure 4.5). 

 

Figure 4.5. pyrido[3,4-b]pyrazine compound library  
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4.3.2 Compounds potently inhibit AML and CML cell lines  

With compounds in hand they were then screened against several AML and CML cell lines. 

MOLM14 is an AML cell line that contains the FLT3-ITD mutation. All pyrido[3,4-b]pyrazine 

analogs showed subnanomolar inhibition. The most potent pyrido[3,4-b]pyrazine analog, HSL476, 

contained an 2,3-dimethylpyrido[3,4-b]pyrazin-7-amine and had an IC50 of 0.08 nM against 

MOLM14. This is comparable to previously synthesized analogs, HSN632 which contains a 1,7-

naphthyridine and HSN608 which contains a 1,7-naphthyridin-8-amine (Table 4.1).  

Compounds were also then screened against cell lines that contained both the FLT3-ITD 

mutation as well as common point mutations seen in the clinic (D835Y and F691L). Against 

MOLM14-D835Y compounds lost potency but were still able to inhibit cell growth at a low IC50. 

For example, HSL211 and HSL476, which both contain the 2,3-dimethylpyrido[3,4-b]pyrazine 

moiety, had IC50’s of 1.17 nM and 2 nM respectively against MOLM14-D835Y. HSN700 and 

HSN608, which contain different heterocycles (isoquinoline and naphthyridine cores respectively) 

inhibited the same cell line (MOLM14-D835Y) with IC50 values of 7.4 nM and 6.96 nM 

respectively. These values are similar to the IC50 values of the 3-dimethylpyrido[3,4-b]pyrazine-

containing HSL211 and HSL476.  However, HSL212, which contains the pyrido[3,4-b]pyrazine 

and hence more similar to HSL211 than HSN608 or 700, inhibited MOLM14-D835Y with IC50 

value of 19 nM (a fold less than HSL211). HSN632, which is similar to HSL212 but lacks an 

additional heterocyclic nitrogen, inhibited MOLM14-D835Y with IC50 value of 21 nM. It appears 

that the introduction of an additional nitrogen into a naphthyridine to arrive at pyrido[3,4-

b]pyrazine did not drastically affect the inhibition potential of MOLM14-D835Y. HSL517 and 

HSL507 containing 2,3-diethylpyrido[3,4-b]pyrazine and amino 2,3-diethylpyrido[3,4-b]pyrazine 

respectively, had IC50’s of 8.64 nM and 5 nM respectively against the MOLM14-D835Y (Table 

4.1), indicating that an additional exocyclic NH2 group did not impact antileukemia activity.  

Against MOLM14-F691L, all compounds were potent inhibitors (IC50’s less than 10 nM), 

in contrast to the trends against MOLM14-D835Y. The 2,3-dimethylpyrido[3,4-b]pyrazine, 

HSL211 and HSL476 displayed subnanomolar IC50’s against this cell line (Table 4.1).  
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Table 4.1. Antiproliferation activty of compound library against AML and CML cell lines 

 IC50 (nM)a 

Compound  

 

LogPb MOLM14 

MOLM14-

D835Y 

MOLM14-

F691L K562 KCL22 

KCL22-

IR 

HSN632 3.88 0.04 21.3 1.38 nd 1.26 nd 

HSL212 3.19 0.54 19.12 nd nd 3.13 > 100 nM 

HSL211 3.87 0.13 1.17 0.64 1.07 0.55 7.95 

HSL517 4.49 0.89 8.64 3.78 30.2 11.03 > 100 nM 

HSN700 4.13 0.33 7.4 0.96 nd 1.5 2.6 

HSL476 3.53 0.08 2.13 0.53 0.25 0.16 1.3 

HSL507 4.11 0.28 5.03 2.15 8.76 4.46 37 

HSN608 3.43 0.07 6.96 0.4 0.76 1 4.14 
aIC50’s were determined in triplicate bLogP are consensus LogP calculated by SwissADME nd= 

not determined  

K562 and KCL22 are both imatinib sensitive cell lines, which only contain the BCR-ABL1 

mutation while KCL22-IR is an imatinib resistant cell line which contains the T315I mutation14–

16. When screened against the imatinib sensitive cell lines, compounds maintained potency but 

were not as potent compared to the AML lines. HSL211 and HSL476 were most efficacious at 

subnanomolar or subnanomolar concentrations. HSL517 and HSL507 (2,3-diethylpyrido[3,4-

b]pyrazine) were less potent with IC50’s of 30.2 nM and 8.76 nM respectively against K562. 

HSN608 maintains its potency against K562 with and IC50 of 0.76 nM (Table 4.1). Similar trends 

were observed in KCL22 and KCL22-IR. HSL211 and HSL476 remained the most potent with 

subnanomolar IC50’s against KCL22. HSL507 and HSL517 did not have as drastic decrease in 

potency compared to K562 but were still less potent compared to rest of the compound library. 

HSL212 and HSL517 had IC50’s greater than 100 nM against KCL22-IR and HSL507 increased to 

37 nM (Table 4.1). HSL211 and HSL476 did have a decrease in potency against KCL22-IR to 

7.95 nM and 1.3 nM respectively.  

The 2,3-dimethylpyrido[3,4-b]pyrazine analogs (HSL211 and HSL476) maintained their 

potency more effectively compared to the other pyrido[3,4-b]pyrazine analogs. As previously 

mentioned, the addition of methyl groups is a common medicinal chemistry strategy that can 

drastically improve compound efficacy12.  This trend was observed in the pyrido[3,4-b]pyrazine 
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analogs. While both HSL211 and HSL476 are more potent, HSL476 contains exocyclic amine 

(NH2), which could allow for better binging in the active site as it is both a proton acceptor and 

donor (Figure 4.6). 

 

Figure 4.6. Docking of HSL211 (left) and HSL476 (right) with FLT3 (PDBID: 4RT7). Both 

compounds have nitrogen that binds to the cystine at the 694 position in the hinge region (red). 

The free amine allows for an extra polar contact with the glutamic acid in the hinge region.  

4.4 Conclusion  

Herein we report the synthesis and biological activity of novel pyrido[3,4-b]pyrazine 

compounds. These compounds potently inhibit AML and CML driven cell lines at subnanomolar 

concentrations. These compounds are also active against cell lines that include secondary point 

mutations that are often seen in the clinic.  
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APPENDIX A. CHAPTER 2 SUPPORTIVE INFORMATION 

This appendix was reprinted with permission from John Wiley and Sons. Original article can be 

found at Larocque, E. A., Naganna, N., Opoku-Temeng, C., Lambrecht, A. M. & Sintim, H. O. 

Alkynylnicotinamide-Based Compounds as ABL1 Inhibitors with Potent Activities against Drug-

Resistant CML Harboring ABL1(T315I) Mutant Kinase. ChemMedChem 13, 1172–1180 (2018).  

 

Compound 1,2, and 9 and Compounds 15-33 were synthesized by N. Naganna and for 

experimental details and characterization see Larocque, E. A., Naganna, N., Opoku-Temeng, C., 

Lambrecht, A. M. & Sintim, H. O. Alkynylnicotinamide-Based Compounds as ABL1 Inhibitors 

with Potent Activities against Drug-Resistant CML Harboring ABL1(T315I) Mutant Kinase. 

ChemMedChem 13, 1172–1180 (2018). 

 

General Methods  

Unless stated otherwise, all Sonogashira reactions were performed with anhydrous and 

deoxygenated solvents. Commercially available chemicals were used without further purification. 

All the reactions were monitored by thin-layer chromatography (TLC). TLC was performed using 

Merck silica gel 60 F254 precoated plastic plates and visualized by UV fluorescence quenching. 

Normal phase prepacked Silica gel columns (Cat. No: 69-2203-312) was used for flash 

chromatography. 1H NMR spectra were recorded on Brukar AV 500 MHz spectrometer. Data for 

1H NMR are reported as follows: chemical shift (δ ppm) (multiplicity, coupling constant (Hz), 

integration). Multiplicities are reported as follows: s = singlet, d = doublet, t = triplet, q = quartet, 

p = pentet, sept = septuplet, m = multiplet, br s = broad singlet, 13C NMR spectra were recorded 

on a Brukar AV 500 MHz spectrometer (125 MHz) Highresolution mass spectra (HRMS) were 

obtained on Agilent high resolution 6550 quadrupole time–of-flight (Q-TOF). Analytical RP-

HPLC was carried out on a Agilent Eclipse system using water (0.1% NH4OH) and Methanol as 

the mobile phase and a Agilent Eclipse plus C18 column, 3.5 μm, 4.6×100 mm column as the 

stationary phase. The compounds were injected at a concentration of 500 μM solution. The 

following compounds were purchased from commercial sources and used without purification: 

Sigma, US: 8a (3-ethynylbenzoic acid), 26a (4-ethynylbenzaldehyde) 26b (2-methylpropane- 1,2-

diamine) Enamine LLC, US: 14a (5-ethynylnicotinic acid), 15 (4-(morpholinomethyl)-3-

(trifluoromethyl)aniline), 7a (5-bromo-1,7-naphthyridin-8-amine), 16b (4-(pyrrolidin-1- 

ylmethyl)-3-(trifluoromethyl)aniline), 17b (4-((dimethylamino)methyl)-3- 

(trifluoromethyl)aniline), 18b (4-((dimethylamino)methyl)-3-methylaniline), 19b (3-chloro-4-
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((dimethylamino)methyl)aniline), 20b (4-((dimethylamino)methyl)-3-fluoroaniline), 4b (2-(4-

methylpiperazin-1-yl)ethan-1-amine), 1b (2-(piperidin-1-yl)ethan-1-amine) Oxchem Corporation, 

US: 22a (1-methylisoquinolin-3-amine), 23a (6-fluoroisoquinoline-3-amine), 9a (3-bromo-4-

fluorobenzoic acid), 5a (3-bromoimidazo[1,2-b]pyridazine) Ark Pham, Inc., US: 8b (4-((4-

methylpiperazin-1-yl)methyl)-3-(trifluoromethyl)aniline), 6a (4- bromoisoquinolin-1-amine), 24b 

(3-(4-methyl-1H-imidazol-1-yl)-5-(trifluoromethyl)aniline) 10a (3-bromo-4-chlorobenzoic acid), 

11a (3-bromo-4-ethylbenzoic acid), 3b (2-morpholinoethan-1-amine), 2d (6-chloroisoquinolin-3-

amine) Asta Tech Inc., US: 13a (5-bromo-6-methylnicotinic acid), 25a (5-bromo-1-methyl-1H-

pyrrole-3-carboxylic acid), 26d (4-chloro-6,7-dimethoxyquinazolin-2-amine), 12a (3-bromo-4-

cyanobenzoic acid) Aurum Pharmatech, US: 1a (3-ethynyl-4-methylbenzoic acid) 

 

Synthesis and analytical data of compounds 

 

3-ethynyl-4-methyl-N-(2-(piperidin-1-yl)ethyl)benzamide (1c): Compound 1a (200mg, 1.25 mol, 

1 eq) and HCTU (240 mg, 1.5 mol, 1.2 eq) were added to a round bottom flask, air vacuumed out 

and protected with a balloon of argon. Dry DCM (10 mL) was then added and allowed to dissolve 

compound 1a. The round bottom was then placed on ice and temperature allowed to reach 0°C. 

DIPEA (0.68 mL, 3.75 mol, 3 eq) was then added to the DCM solution. Compound 1b (240 mg, 

1.9 mol, 1.5 eq) was then added to the flask. Temperature was then raised to room temperature and 

allowed to run over night. The crude compound was extracted using water (3 × 40 mL). Combined 

organic layers were dried over anhydrous sodium sulphate, filtered and concentrated in vacuo. The 

pure product 1c was then obtained via flash column chromatography. Yield = 70%   

1H NMR (500 MHz, DMSO-d6) δ 8.87 (s, 1H), 8.70 (s, 1H), 7.93 (d, J = 1.9 Hz, 1H), 7.77 (dd, J 

= 8.0, 2.0 Hz, 1H), 7.41 (d, J = 8.0 Hz, 1H), 4.48 (s, 1H), 3.64 – 3.46 (m, 4H), 3.20 (s, 2H), 2.91 
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(d, J = 11.3 Hz, 2H), 2.42 (s, 3H), 1.82 (d, J = 14.4 Hz, 2H), 1.73 – 1.54 (m, 3H), 1.37 (s, 1H); 13C 

NMR (126 MHz, DMSO) δ 166.28, 144.12, 132.02, 131.17, 130.24, 128.29, 122.08, 85.82, 82.02, 

55.51, 52.76, 34.64, 22.99, 21.66, 20.64 HRMS (ESI+) calculated for C17H22N2O 271.1805 found 

462.2058 

Compound 1: Synthesis and characterization of this compound can be found at Larocque, E. et al. 

Aminoisoquinoline benzamides, FLT3 and Src-family kinase inhibitors, potently inhibit 

proliferation of acute myeloid leukemia cell lines. Future Med. Chem. 9, 1213–1225 (2017). 

Compound 2: Synthesis and characterization of this compound can be found at Larocque, E. et al. 

Aminoisoquinoline benzamides, FLT3 and Src-family kinase inhibitors, potently inhibit 

proliferation of acute myeloid leukemia cell lines. Future Med. Chem. 9, 1213–1225 (2017). 

 

3-ethynyl-4-methyl-N-(2-(pyrrolidin-1-yl)ethyl)benzamide (2c): Compound 1a (250 mg, 1.56 mol, 

1 eq) and HCTU (709 mg, 1.72 mol, 1.1 eq) were added to a round bottom flask, air vacuumed out 

and protected with a balloon of argon. Dry DCM was then added and allowed to dissolve 

compound 8a. The round bottom was then placed on ice and temperature allowed to reach 0°C. 

DIPEA (815 mg, 4.68 mol, 3 eq) was then added to the DCM solution. Compound 2b (178 mg, 

1.56 mol, 1 eq) was then added to the flask. Temperature was then raised to room temperature and 

allowed to run over night. The crude compound was extracted using water (3 × 40 mL). Combined 

organic layers were dried over anhydrous sodium sulphate, filtered and concentrated in vacuo. The 

pure product 2c was then obtained via flash column chromatography. Yield = 62.74 % (10 % 

MeOH/DCM) 1H NMR (500 MHz, DMSO-d6) δ 8.48 (t, J = 5.7 Hz, 1H), 7.91 (d, J = 2.0 Hz, 1H), 

7.75 (dd, J = 8.0, 2.0 Hz, 1H), 7.36 (d, J = 8.0 Hz, 1H), 4.45 (s, 1H), 3.36 (q, J = 6.7 Hz, 2H), 2.60 

(t, J = 7.0 Hz, 2H), 2.40 (s, 3H), 1.67 (t, J = 3.6 Hz, 4H); 13C NMR (126 MHz, DMSO) δ 165.47, 

143.57, 132.63, 131.10, 130.08, 128.16, 121.97, 85.55, 82.15, 55.21, 54.09, 38.89, 23.56, 20.59 

HRMS (ESI+): calc [M+H]: 257.1648 found: 257.1650 
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6-chloro-4-iodoisoquinolin-3-amine (2e): To a solution of 6-chloroisoquinolin-3-amine2d (1g, 5.6 

mmol, 1 equiv) in MeOH (45 mL) at 0 ºC was added N-Iodo succenamide (1.38g, 6.5 mmol, 1.2 

equiv) slowly over a period of 10 min. The reaction was allowed to stir 15 min., concentrated. The 

product 2e was purified by flash column chromatography. Yield 71% (1:1 EtOAc:Hexane) 

1H NMR (500 MHz, DMSO-d6) δ 8.80 (s, 1H), 7.89 (d, J = 8.6 Hz, 1H), 7.61 (d, J = 2.0 Hz, 1H), 

7.26 (dd, J = 8.6, 2.0 Hz, 1H), 6.40 (s, 2H); 13C NMR (126 MHz, DMSO) δ 157.40, 152.78, 140.70, 

137.85, 131.58, 126.78, 123.48, 122.12; HRMS (ESI+): calcd. for C9H7ClIN2 (MH+) 304.9337, 

found 304.9339 

 

Compound 3: 3-((3-amino-6-chloroisoquinolin-4-yl)ethynyl)-4-methyl-N-(2-(pyrrolidin-1-

yl)ethyl)benzamide: A solution of Iodo compound 2e (60 mg, 0.198 mmol, 1 equiv), Pd(PPh3)2 

Cl2 (5 mol%), CuI (5 mol%) and Triphenylphosphine (10 mg, 0.04 mmol, 0.1 equiv) in 

Triethylamine (1 mL, 7.2 mmol, 22 equiv) was de-oxygenated using steam of Argon gas. A de-

oxygenated solution of alkyne 2c (61 mg, 0.237 mmol, 1.2 equiv) in DMF (3 mL) was added 

slowly over a period of 10 min to the solution and the reaction temperature was increased to 50 ºC 

and allowed to stir 12 h. The reaction was quenched by addition of NH4Cl (5 mL) at room 

temperature. The crude compound was extracted using EtOAc (3 × 40 mL). Combined organic 

layers were dried over anhydrous sodium sulphate, filtered and concentrated in vacuo. The pure 

product 3 was then obtained via flash column chromatography. Yield = 43% TLC Rf = 0.2 (10 % 
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MeOH/CH2Cl2)
1H NMR (500 MHz, DMSO-d6) δ 8.91 (s, 1H), 8.45 (t, J = 5.7 Hz, 1H), 8.20 (d, J 

= 1.9 Hz, 1H), 7.96 (d, J = 8.6 Hz, 1H), 7.86 (d, J = 2.0 Hz, 1H), 7.75 (dt, J = 7.9, 1.8 Hz, 1H), 

7.42 (d, J = 8.0 Hz, 1H), 7.28 (dd, J = 8.6, 2.0 Hz, 1H), 6.74 (s, 2H), 3.40 – 3.36 (m, 2H), 3.36 – 

3.31 (m, 2H), 2.59 (s, 3H), 2.59 – 2.52 (m, 4H), 1.67 – 1.64 (m, 4H); 13C NMR (126 MHz, DMSO) 

δ 165.85, 158.48, 153.11, 142.40, 138.71, 137.35, 132.90, 131.64, 131.02, 130.01, 128.15, 127.57, 

123.50, 123.22, 121.32, 120.68, 98.35, 88.91, 88.18, 85.55, 55.39, 54.15, 23.61, 21.16, 20.59; 

HRMS (ESI+) calculated for C25H25ClN4O: 433.1795 found: 433.1786 

 

3-ethynyl-4-methyl-N-(2-morpholinoethyl)benzamide (3c): Compound 1a (100 mg, 0.684 mol, 1 

eq) and HCTU (311 mg, 0.752 mol, 1.1 eq) were added to a round bottom flask, air vacuumed out 

and protected with a balloon of argon. Dry DCM was then added and allowed to dissolve 

compound 1a. The round bottom was then placed on ice and temperature allowed to reach 0°C. 

DIPEA (264 mg, 2.05 mol, 3 eq) was then added to the DCM solution. Compound 3b (89.05 mg, 

0.684 mol, 1 eq) was then added to the flask. Temperature was then raised to room temperature 

and allowed to run over night. The crude compound was extracted using water (3 × 40 mL). 

Combined organic layers were dried over anhydrous sodium sulphate, filtered and concentrated in 

vacuo. The pure product 3c was then obtained via flash column chromatography. Yield = 71 % 

TLC (10 % MeOH: DCM) 1H NMR (500 MHz, Chloroform-d) δ 7.84 (d, J = 2.0 Hz, 1H), 7.67 

(dd, J = 7.9, 2.0 Hz, 1H), 7.28 (dt, J = 8.0, 0.7 Hz, 1H), 6.74 (s, 1H), 3.74 (t, J = 4.7 Hz, 4H), 3.58 

– 3.51 (m, 2H), 3.33 (s, 1H), 2.60 (t, J = 6.0 Hz, 2H), 2.51 (t, J = 4.5 Hz, 7H). 13C NMR (126 MHz, 

CDCl3) δ 166.51, 144.36, 132.17, 130.90, 129.80, 127.33, 122.32, 81.87, 81.66, 66.93, 56.93, 

53.34, 36.03, 20.66; HRMS (ESI+): calc [M+H]: 273.1597 found: 273.1597 
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Compound 4 : 3-((3-amino-6-chloroisoquinolin-4-yl)ethynyl)-4-methyl-N-(2-

morpholinoethyl)benzamide: A solution of Iodo compound 2e (60 mg, 0.198 mmol, 1 equiv), 

Pd(PPh3)2Cl2 (5 mol%), CuI (5 mol%) and Triphenylphosphine (10 mg, 0.04 mmol, 0.1 equiv) in 

Triethylamine (1 mL, 7.2 mmol, 22 equiv) was de-oxygenated using steam of Argon gas. A de-

oxygenated solution of alkyne 3c (64.55mg, 0.237 mmol, 1.2 equiv) in DMF (3 mL) was added 

slowly over a period of 10 min to the solution and the reaction temperature was increased to 50 ºC 

and allowed to stir 12 h. The reaction was quenched by addition of NH4Cl (5 mL) at room 

temperature. The crude compound was extracted using EtOAc (3 × 40 mL). Combined organic 

layers were dried over anhydrous sodium sulphate, filtered and concentrated in vacuo. The pure 

product 4 was then obtained via flash column chromatography. Yield: 38 % TLC Rf = 0.1 (5 % 

MeOH/CH2Cl2) 
1H NMR (500 MHz, DMSO-d6) δ 8.92 (s, 1H), 8.44 (t, J = 5.8 Hz, 1H), 8.20 (s, 

1H), 7.96 (d, J = 8.6 Hz, 1H), 7.86 (d, J = 2.0 Hz, 1H), 7.74 (dd, J = 8.0, 2.0 Hz, 1H), 7.43 (d, J = 

8.0 Hz, 1H), 7.28 (dd, J = 8.6, 2.0 Hz, 1H), 6.74 (s, 2H), 3.57 (d, J = 9.5 Hz, 4H), 3.40 (q, J = 6.6 

Hz, 2H), 2.59 (s,3H), 2.50 (s, 6H), 2.43 (s, 4H); 13C NMR (126 MHz, DMSO) δ 165.94, 158.48, 

153.11, 142.44, 138.71, 137.35, 132.90, 131.64, 131.01, 130.03, 127.55, 123.50, 123.24, 121.31, 

120.68, 98.34, 88.90, 88.20, 66.62, 57.82, 53.75, 37.01, 21.16; HRMS (ESI+) calculated for 

C25H25ClN4O2 found 449.1740 

 



 

 

104 

3-ethynyl-4-methyl-N-(2-(4-methylpiperazin-1-yl)ethyl)benzamide (4c): Compound 1a (500 mg, 

3.13 mol, 1 eq) and HCTU (1.4 g, 3.44 mmol, 1.1 eq) were added to a round bottom flask, air 

vacuumed out and protected with a balloon of argon. Dry DCM was then added and allowed to 

dissolve compound 1a. The round bottom was then placed on ice and temperature allowed to reach 

0°C. DIPEA (1.2 g, 9.4 mol, 3 eq) was then added to the DCM solution. Compound 4b (447.55 

mg, 3.13 mol, 1 eq) was then added to the flask. Temperature was then raised to room temperature 

and allowed to run over night. The crude compound was extracted using water (3 × 40 mL). 

Combined organic layers were dried over anhydrous sodium sulphate, filtered and concentrated in 

vacuo. The pure product 4c was then obtained via flash column chromatography. Yield = 50 % 

(10 % MeOH: DCM) 1H NMR (500 MHz, Chloroform-d) δ 7.85 (d, J = 2.0 Hz, 1H), 7.66 (dd, J = 

7.9, 2.0 Hz, 1H), 7.25 (d, J = 8.0 Hz, 1H), 6.94 (d, J = 5.1 Hz, 1H), 3.70 – 3.46 (m, 2H), 3.31 (s, 

1H), 2.68 – 2.52 (m, 10H), 2.46 (s, 3H), 2.34 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 166.56, 

144.30, 132.10, 131.01, 129.74, 127.33, 122.27, 81.83, 81.67, 56.38, 54.63, 52.31, 45.59, 36.27, 

20.64; HRMS (ESI+): calc [M+H]: 286.1914 found: 286.1913 

 

Compound 5: 3-((3-amino-6-chloroisoquinolin-4-yl)ethynyl)-4-methyl-N-(2-(4-methylpiperazin-

1-yl)ethyl)benzamide: A solution of Iodo compound 5e (60 mg, 0.198 mmol, 1 equiv), Pd(PPh3)2 

Cl2 (5 mol%), CuI (5 mol%) and Triphenylphosphine (10 mg, 0.04 mmol, 0.1 equiv) in 

Triethylamine (1 mL, 7.2 mmol, 22 equiv) was de-oxygenated using steam of Argon gas. A de-

oxygenated solution of alkyne 4c (61 mg, 0.237 mmol, 1.2 equiv) in DMF (3 mL) was added 

slowly over a period of 10 min to the solution and the reaction temperature was increased to 50 ºC 

and allowed to stir 12 h. The reaction was quenched by addition of NH4Cl (5 mL) at room 

temperature. The crude compound was extracted using EtOAc (3 × 40 mL). Combined organic 

layers were dried over anhydrous sodium sulphate, filtered and concentrated in vacuo. The pure 
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product 5 was then obtained via flash column chromatography. Yield = 10 % TLC Rf = 0.1 (10 % 

MeOH/CH2Cl2)
1H NMR (500 MHz, DMSO-d6) δ 8.92 (s, 1H), 8.41 (t, J = 5.7 Hz, 1H), 8.19 (d, J 

= 1.8 Hz, 1H), 7.96 (d, J = 8.6 Hz, 1H), 7.86 (d, J = 2.0 Hz, 1H), 7.73 (dd, J = 8.0, 1.9 Hz, 1H), 

7.42 (d, J = 8.0 Hz, 1H), 7.28 (dd, J = 8.6, 2.0 Hz, 1H), 6.74 (s, 2H), 3.37 (q, J = 6.6 Hz, 2H), 3.31 

(s, 2H), 2.59 (s, 3H), 2.31 (s, 8H), 2.13 (s, 3H); 13C NMR (126 MHz, DMSO) δ 165.92, 158.46, 

153.11, 142.42, 138.70, 137.37, 132.91, 131.64, 130.98, 130.04, 127.54, 123.51, 123.22, 121.30, 

120.68, 98.34, 88.91, 88.17, 57.36, 55.11, 53.05, 46.09, 39.78, 37.36, 21.15; HRMS (ESI+) 

calculated for C26H28ClN5O 462.2061 found 462.2058 

 

Compound 6: 3-(imidazo[1,2-b]pyridazin-3-ylethynyl)-4-methyl-N-(2-(piperidin-1-

yl)ethyl)benzamide:  A solution of Bromo compound 5a (60 mg, 0.303 mmol, 1 equiv), Pd(PPh3)2 

Cl2 (5 mol%), CuI (5 mol%) and Triphenylphosphine (10 mg, 0.04 mmol, 0.1 equiv) in 

Triethylamine (1 mL, 7.2 mmol, 22 equiv) was de-oxygenated using steam of Argon gas. A de-

oxygenated solution of alkyne 1c (98 mg, 0.363 mmol, 1.2 equiv) in DMF (3 mL) was added 

slowly over a period of 10 min to the solution and the reaction temperature was increased to 50 ºC 

and allowed to stir 12 h. The reaction was quenched by addition of NH4Cl (5 mL) at room 

temperature. The crude compound was extracted using EtOAc (3 × 40 mL). Combined organic 

layers were dried over anhydrous sodium sulphate, filtered and concentrated in vacuo. The pure 

product 6 was then obtained via flash column chromatography. Yield = 83 % TLC Rf = 0.2 (10 % 

MeOH/CH2Cl2) 
1H NMR (500 MHz, DMSO-d6) δ 8.70 (dd, J = 4.5, 1.5 Hz, 1H), 8.49 (t, J = 5.6 

Hz, 1H), 8.24 (dd, J = 9.2, 1.6 Hz, 1H), 8.20 (s, 1H), 8.02 (d, J = 1.8 Hz, 1H), 7.79 (dd, J = 8.0, 

1.9 Hz, 1H), 7.44 (d, J = 8.1 Hz, 1H), 7.37 (dd, J = 9.2, 4.4 Hz, 1H), 3.36 (q, J = 6.6 Hz, 2H), 2.55 

(s, 3H), 2.42 (m, 2H), 2.41 – 2.32 (m, 4H), 1.47 (q, J = 5.6 Hz, 4H), 1.36 (t, J = 5.9 Hz, 2H);13C 

NMR (126 MHz, DMSO) δ 13C NMR (126 MHz, DMSO) δ 165.45, 145.50, 142.99, 140.08, 
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138.63, 132.89, 130.32, 130.22, 128.37, 126.56, 122.03, 119.50, 112.22, 97.02, 81.27, 58.09, 54.53, 

37.43, 26.00, 24.45, 20.75; HRMS (ESI+) calculated for C23H25N5O 388.2137 found: 388.2134 

 

Compound 7: 3-((1-aminoisoquinolin-4-yl)ethynyl)-4-methyl-N-(2-(piperidin-1-

yl)ethyl)benzamide: A solution of Bromo compound 6a (60 mg, 0.198 mmol, 1 equiv), Pd(PPh3)2 

Cl2 (5 mol%), CuI (5 mol%) and Triphenylphosphine (10 mg, 0.04 mmol, 0.1 equiv) in 

Triethylamine (1 mL, 7.2 mmol, 22 equiv) was de-oxygenated using steam of Argon gas. A de-

oxygenated solution of alkyne 1c (61 mg, 0.49 mmol, 1.5 equiv) in DMF (3 mL) was added slowly 

over a period of 10 min to the solution and the reaction temperature was increased to 50 ºC and 

allowed to stir 12 h. The reaction was quenched by addition of NH4Cl (5 mL) at room temperature. 

The crude compound was extracted using EtOAc (3 × 40 mL). Combined organic layers were 

dried over anhydrous sodium sulphate, filtered and concentrated in vacuo. The pure product 7 was 

then obtained via flash column chromatography. Yield = 11 %; TLC Rf = 0.1 (10 % MeOH/CH2Cl2) 

1H NMR (500 MHz, DMSO-d6) δ 8.44 (t, J = 5.6 Hz, 1H), 8.33 – 8.24 (m, 1H), 8.16 (s, 1H), 8.08 

(dd, J = 8.2, 1.1 Hz, 1H), 8.01 (d, J = 1.9 Hz, 1H), 7.79 (ddd, J = 8.2, 6.9, 1.2 Hz, 1H), 7.72 (dd, J 

= 7.9, 2.0 Hz, 1H), 7.57 (ddd, J = 8.3, 6.9, 1.3 Hz, 1H), 7.41 (d, J = 8.1 Hz, 1H), 7.36 (s, 2H),2.56 

(s, 3H) 2.44 – 2.41 (m, 3H), 2.37 (s, 4H), 1.47 (q, J = 5.5 Hz, 4H), 1.36 (s, 2H); 13C NMR (126 

MHz, DMSO) δ 13C NMR (126 MHz, DMSO) δ 165.78, 158.08, 147.52, 142.38, 136.35, 132.80, 

131.59, 130.13, 127.31, 126.79, 124.97, 124.74, 123.46, 103.27, 91.84, 91.49, 58.09, 54.52, 40.41, 

40.24, 40.08, 39.91, 39.74, 39.57, 39.41, 37.38, 29.45, 25.97, 24.44, 21.06; HRMS (ESI+) 

calculated for C26H28N4O 413.2342 found 413.2339 
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Compound 8: 3-((8-amino-1,7-naphthyridin-5-yl)ethynyl)-4-methyl-N-(2-(piperidin-1-

yl)ethyl)benzamide: A solution of Bromo compound 7a (60 mg, 0.267 mmol, 1 equiv), Pd(PPh3)2 

Cl2 (5 mol%), CuI (5 mol%) and Triphenylphosphine (10 mg, 0.04 mmol, 0.1 equiv) in 

Triethylamine (1 mL, 7.2 mmol, 22 equiv) was de-oxygenated using steam of Argon gas. A de-

oxygenated solution of alkyne 1c (86.78 mg, 0.321 mmol, 1.2 equiv) in DMF (3 mL) was added 

slowly over a period of 10 min to the solution and the reaction temperature was increased to 50 ºC 

and allowed to stir 12 h. The reaction was quenched by addition of NH4Cl (5 mL) at room 

temperature. The crude compound was extracted using EtOAc (3 × 40 mL). Combined organic 

layers were dried over anhydrous sodium sulphate, filtered and concentrated in vacuo. The pure 

product 8 was then obtained via flash column chromatography. Yield = 22%; TLC Rf = 0.2 (10 % 

MeOH/CH2Cl2)
1H NMR (500 MHz, DMSO-d6) δ 8.88 (dd, J = 4.2, 1.6 Hz, 1H), 8.44 (dd, J = 8.4, 

1.6 Hz, 1H), 8.06 (s, 1H), 7.84 (dd, J = 8.3, 4.2 Hz, 1H), 7.75 (dd, J = 8.0, 2.0 Hz, 1H), 7.52 (s, 

2H), 7.42 (d, J = 8.0 Hz, 1H), 3.41 (s, 4H), 2.56 (s, 3H), 1.53 (s, 6H), 1.39 (s, 4H);13C NMR (126 

MHz, DMSO) δ 165.84, 158.52, 149.71, 148.08, 142.58, 133.10, 132.69, 131.35, 130.42, 130.15, 

127.52, 127.05, 123.22, 102.21, 91.87, 90.17, 21.07; HRMS (ESI+) calculated for C25H27N5O 

414.2294 found 4114.2290 

 

 



 

 

108 

Compound 8c: 3-ethynyl-N-(4-((4-methylpiperazin-1-yl)methyl)-3-

(trifluoromethyl)phenyl)benzamide: Compound 8a (150 mg, 1.02 mmol, 1 eq.) and HATU (468.33 

mg, 1.23 mmol, 1.2 eq.) were added to a round bottom flask, air vacuumed out and protected with 

a balloon of argon. DMF was then added and allowed to dissolve compound 1a. The round bottom 

was then placed on ice and temperature allowed to reach 0°C. DIPEA (476.93 mg, 3.69 mol, 3 eq.) 

was then added to the DMF solution. Compound 8b (278.76 mg, 1.02 mmol, 1 eq.) was then added 

to the flask. Temperature was then raised to 55 °C and allowed to run over night. The crude 

compound was extracted using EtOAc (3 × 40 mL). Combined organic layers were dried over 

anhydrous sodium sulphate, filtered and concentrated in vacuo. The pure product 8c was then 

obtained via flash column chromatography. Yield = 74 %1H NMR (500 MHz, DMSO-d6) δ 10.55 

(s, 1H), 8.18 (d, J = 2.3 Hz, 1H), 8.08 (t, J = 1.8 Hz, 1H), 8.02 (dd, J = 8.5, 2.3 Hz, 1H), 7.97 (dt, 

J = 7.9, 1.4 Hz, 1H), 7.69 (ddd, J = 8.3, 3.2, 1.8 Hz, 2H), 7.55 (t, J = 7.7 Hz, 1H), 4.32 (s, 1H), 

3.54 (s, 3H), 2.36 (s, 10H); 13C NMR (126 MHz, DMSO) δ 165.18, 138.52, 135.29, 135.25, 132.67, 

131.67, 131.09, 129.51, 128.83, 123.96, 122.38, 117.72, 117.67, 83.19, 82.20, 57.90, 55.19, 53.16, 

46.18; HRMS (ESI+): calc [M+H]: 402.1787 found: 402.1787 

 

Compound 10: 3-((8-amino-1,7-naphthyridin-5-yl)ethynyl)-N-(4-((4-methylpiperazin-1-

yl)methyl)-3-(trifluoromethyl)phenyl)benzamide: A solution of bromo compound 7a (60 mg, 

0.267 mmol, 1 equiv), Pd(PPh3)2Cl2 (5 mol%), CuI (5 mol%) and Triphenylphosphine (6.8 mg, 

0.026 mmol, 0.1 equiv) in Triethylamine (1 mL, 7.2 mmol, 26.9 equiv) was de-oxygenated using 

steam of Argon gas. A de-oxygenated solution of alkyne 8c (127.92 mg, 0.321 mmol, 1.2 equiv) 

in DMF (3 mL) was added slowly over a period of 10 min to the solution and the reaction 

temperature was increased to 50 ºC and allowed to stir 12 h. The reaction was quenched by addition 

of NH4Cl (5 mL) at room temperature. The crude compound was extracted using EtOAc (3 × 40 
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mL). Combined organic layers were dried over anhydrous sodium sulphate, filtered and 

concentrated in vacuo. The pure product 10 was then obtained via flash column chromatography. 

Yield = 16%, TLC Rf = 0.4 (10 % MeOH/CH2Cl2) 
1H NMR (500 MHz, DMSO-d6) δ 10.62 (s, 

1H), 8.88 (dd, J = 4.3, 1.6 Hz, 1H), 8.50 (dd, J = 8.3, 1.6 Hz, 1H), 8.22 (d, J = 1.9 Hz, 3H), 8.06 

(dd, J = 8.5, 2.2 Hz, 1H), 7.95 (dt, J = 7.8, 1.4 Hz, 1H), 7.86 – 7.81 (m, 2H), 7.70 (d, J = 8.5 Hz, 

1H), 7.60 (t, J = 7.8 Hz, 1H), 7.52 (s, 2H), 3.56 (s, 2H), 2.37 (s, 8H), 2.15 (s, 3H); 13C NMR (126 

MHz, DMSO) δ 165.46, 158.58, 149.72, 148.13, 138.61, 135.40, 134.59, 133.31, 132.59, 132.51, 

131.72, 131.46, 130.42, 129.52, 128.07, 127.00, 124.01, 123.70, 123.60, 117.77, 101.87, 92.97, 

86.69, 57.87, 55.08, 52.98, 45.99; HRMS (ESI+): calcd. for C30H27F3N6O (MH+) 545.2271, 

found 545.2275 

 

3-bromo-4-fluoro-N-(4-((4-methylpiperazin-1-yl)methyl)-3-(trifluoromethyl)phenyl)benzamide 

(9c): Compound 9a (250 mg, 1.15 mmol, 1 eq.) and HATU (524 mg, 1.38 mmol, 1.2 eq.) were 

added to a round bottom flask, air vacuumed out and protected with a balloon of argon. DMF was 

then added and allowed to dissolve compound 3a. The round bottom was then placed on ice and 

temperature allowed to reach 0°C. DIPEA (445 mg, 3.45 mmol, 3 eq.) was then added to the DMF 

solution. Compound 8b (314 mg, 1.15 mmol, 1 eq.) was then added to the flask. Temperature was 

then raised to 55 °C and allowed to run over night. The crude compound was extracted using 

EtOAc (3 × 40 mL). Combined organic layers were dried over anhydrous sodium sulphate, filtered 

and concentrated in vacuo. The pure product 9c was then obtained via flash column 

chromatography. Yield = 71 (10 % MeOH:DCM)  1H NMR (500 MHz, DMSO-d6) δ 10.55 (s, 

1H), 8.32 (dd, J = 6.7, 2.3 Hz, 1H), 8.14 (d, J = 2.3 Hz, 1H), 8.03 – 7.96 (m, 2H), 7.69 (d, J = 8.5 

Hz, 1H), 7.54 (t, J = 8.6 Hz, 1H), 3.54 (s, 3H), 2.37 (s, 8H); 13C NMR (126 MHz, DMSO) δ 163.75, 

161.77, 159.78, 138.37, 133.46, 132.76, 132.73, 131.70, 130.31, 130.25, 124.00, 117.45, 117.27, 
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108.74, 108.56, 57.88, 55.15, 53.09, 46.11; HRMS (ESI+): calc [M+H] 474.0798/476.0780 found: 

474.0798/476.0778 

 

5-ethynyl-1,7-naphthyridin-8-amine (9b): A solution of 5-bromo-1,7-naphthyridin-8-amine 7a 

(640 mg, 2.9 mmol, 1 equiv), Pd(PPh3)2Cl2 (10 mol%), CuI (5 mol%) and Triphenylphosphine (10 

mg), triethylamine (5 mL) and DMF (10 mL) was de-oxygenated using steam of Argon gas. A de-

oxygenated solution of ethynyltrimethylsilane (5 mL) was added slowly over a period of 10 min. 

to the solution and the reaction temperature was increased to 90 ºC and allowed to stir 12 h. The 

reaction was quenched by addition of NH4Cl (10 mL) at room temperature and diluted with ethyl 

acetate (300 mL). The organic layer was washed with water (5 × 100 mL) and washed with brine 

(1 × 50 mL). Combined organic layers were filtered using celite, dried over anhydrous sodium 

sulphate, filtered and concentrated in vacuo. 

To the crude product obtained was added TBAF (3 mL) at 0 ºC. The reaction was allowed to stir 

30 min., concentrated. The reaction crude was diluted with EtOAc (200 mL) and was washed with 

water (5 × 50 mL) and washed with brine (1 × 50 mL). The product 9b was purified by flash 

column chromatography. Yield 61 % (5% MeOH/DCM) 1H NMR (500 MHz, DMSO-d6) δ 8.84 

(dd, J = 4.2, 1.6 Hz, 1H), 8.27 (dd, J = 8.4, 1.7 Hz, 1H), 8.09 (s, 1H), 7.78 (dd, J = 8.4, 4.2 Hz, 

1H), 7.43 (s, 2H), 4.37 (s, 1H); 13C NMR (126 MHz, DMSO) δ 158.49, 149.60, 148.25, 132.94, 

132.42, 131.70, 126.93, 101.61, 84.72, 79.69; HRMS (ESI+): calcd. for C10H8N3 (MH+) 170.0713, 

found 170.0713 
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Compound 11: 3-((8-amino-1,7-naphthyridin-5-yl)ethynyl)-4-fluoro-N-(4-((4-methylpiperazin-1-

yl)methyl)-3-(trifluoromethyl)phenyl)benzamide: A solution of bromo compound 9c (139.5 mg, 

0.295 mmol, 1 equiv), Pd(PPh3)2Cl2 (5 mol%), CuI (5 mol%) and Triphenylphosphine (7.6 mg, 

0.029 mmol, 0.1 equiv) in triethylamine (1 mL, 7.2 mmol, 24.4 equiv) was de-oxygenated using a 

stream of argon gas. A de-oxygenated solution of alkyne 9b (55 mg, 0.325 mmol, 1.2 equiv) in 

DMF (3 mL) was added slowly over 10 minutes to the solution and the reaction temperature was 

increased to 50 ºC and allowed to run for 12 h. The reaction was then quenched by the addition of 

NH4Cl (5 mL) at room temperature. The crude compound was extracted using EtOAc (3 × 40 mL). 

Combined organic layers were dried over anhydrous sodium sulphate, filtered and concentrated in 

vacuo. The pure product 11 was then obtained via flash column chromatography. Yield = 12 % 

TLC Rf = 0.2 (10 % MeOH/CH2Cl2) 
1H NMR (500 MHz, DMSO-d6) δ 10.60 (s, 1H), 8.88 (dd, J 

= 4.3, 1.6 Hz, 1H), 8.43 (dd, J = 8.3, 1.7 Hz, 1H), 8.33 (dd, J = 6.8, 2.4 Hz, 1H), 8.23 (s, 1H), 8.20 

(d, J = 2.2 Hz, 1H), 8.03 (tdd, J = 7.4, 5.8, 2.3 Hz, 2H), 7.86 (dd, J = 8.4, 4.2 Hz, 1H), 7.70 (d, J = 

8.5 Hz, 1H), 7.61 (s, 2H), 7.53 (t, J = 8.9 Hz, 1H), 3.55 (s, 2H), 2.37 (s, 8H), 2.15 (s, 3H); 13C 

NMR (126 MHz, DMSO) δ 164.45, 158.83, 149.81, 148.42, 138.51, 132.92, 132.87, 132.65, 

132.47, 131.74, 131.61, 131.38, 127.15, 124.01, 117.73, 116.60, 116.43, 111.97, 111.84, 101.36, 

91.93, 86.25, 57.86, 55.07, 52.97, 45.99; HRMS (ESI+): calcd. for C30H26F4N6O (MH+) 563.2176 

found: 562.2177 
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3-bromo-4-chloro-N-(4-((4-methylpiperazin-1-yl)methyl)-3-(trifluoromethyl)phenyl)benzamide 

(10c): Compound 10a (200 mg, 0.849 mmol, 1 eq.) and HATU (387.3 mg, 1.02 mmol, 1.2 eq.) 

were added to a round bottom flask, air vacuumed out and protected with a balloon of argon. DMF 

was then added and allowed to dissolve compound 10a. The round bottom was then placed on ice 

and temperature allowed to reach 0°C. DIPEA (328.5 mg, 2.5 mol, 3 equiv.) was then added to the 

DMF solution. Compound 8b (231 mg, 0.849 mmol, 1 eq.) was then added to the flask. 

Temperature was then raised to 55 °C and allowed to run over night. The crude compound was 

extracted using EtOAc (3 × 40 mL). Combined organic layers were dried over anhydrous sodium 

sulphate, filtered and concentrated in vacuo. The pure product 10c was then obtained via flash 

column chromatography. Yield = 86 % (10 % MeOH:DCM) 1H NMR (500 MHz, Chloroform-d) 

δ 8.34 (s, 1H), 8.10 (d, J = 2.1 Hz, 1H), 7.85 – 7.80 (m, 2H), 7.73 (dd, J = 8.4, 1.9 Hz, 2H), 7.51 

(d, J = 8.3 Hz, 1H), 3.61 (s, 2H), 2.51 (s, 8H), 2.33 (s, 3H); 13C NMR (126 MHz, MeOD) δ 164.65, 

137.72, 137.61, 134.67, 132.84, 132.77, 131.18, 130.27, 127.71, 123.58, 122.05, 117.74, 57.47, 

54.56, 52.21, 44.51; HRMS (ESI+):  calc [M+H]: 490.0503/492.0482 found: 490.0504/492.0484 

 

Compound 12: 3-((8-amino-1,7-naphthyridin-5-yl)ethynyl)-4-chloro-N-(4-((4-methylpiperazin-

1-yl)methyl)-3-(trifluoromethyl)phenyl)benzamide: A solution of bromo compound 10c (132.5 
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mg, 0.271 mmol, 1 equiv), Pd(PPh3)2Cl2 (5 mol%), CuI (5 mol%) and Triphenylphosphine (7.1 

mg, 0.027 mmol, 0.1 equiv) in triethylamine (1 mL, 7.2 mmol, 26.56 equiv) was de-oxygenated 

using a stream of argon gas. A de-oxygenated solution of alkyne 9b (55 mg, 0.325 mmol, 1.2 equiv) 

in DMF (3 mL) was added slowly over 10 minutes to the solution and the reaction temperature 

was increased to 50 ºC and allowed to run for 12 h. The reaction was then quenched by the addition 

of NH4Cl (5 mL) at room temperature. The crude compound was extracted using EtOAc (3 × 40 

mL). Combined organic layers were dried over anhydrous sodium sulphate, filtered and 

concentrated in vacuo. The pure product 12 was then obtained via flash column chromatography. 

Yield = 5 %; TLC Rf = 0.2 (5 % MeOH/CH2Cl2) 
1H NMR (500 MHz, DMSO-d6) δ 10.64 (s, 1H), 

8.89 (dd, J = 4.2, 1.6 Hz, 1H), 8.51 (dd, J = 8.3, 1.7 Hz, 1H), 8.32 (d, J = 2.2 Hz, 1H), 8.25 (s, 1H), 

8.19 (d, J = 2.2 Hz, 1H), 8.04 (dd, J = 8.5, 2.2 Hz, 1H), 7.94 (dd, J = 8.4, 2.2 Hz, 1H), 7.87 (dd, J 

= 8.4, 4.2 Hz, 1H), 7.79 (d, J = 8.4 Hz, 1H), 7.71 (d, J = 8.5 Hz, 1H), 7.63 (s, 2H), 3.56 (s, 2H), 

2.38 (s, 8H), 2.17 (s, 3H); 13C NMR (126 MHz, DMSO) δ 164.66, 158.70, 149.97, 148.41, 138.28, 

137.68, 133.80, 133.01, 132.71, 132.41, 132.08, 131.81, 131.41, 130.10, 129.29, 127.28, 124.13, 

123.16, 117.86, 101.61, 92.03, 89.97, 57.72, 54.80, 52.57, 45.58; HRMS (ESI+): calcd. for 

C30H26ClF3N6O (MH+) 579.1881 found 579.1885 

 

3-bromo-4-ethyl-N-(4-((4-methylpiperazin-1-yl)methyl)-3-(trifluoromethyl)phenyl)benzamide 

(11c): Compound 11a (110 mg, 0.48 mmol, 1 eq.) and HATU (218.8 mg, 0.576 mmol, 1.2 eq.) 

were added to a round bottom flask, air vacuumed out and protected with a balloon of argon. DMF 

was then added and allowed to dissolve compound. The round bottom was then placed on ice and 

temperature allowed to reach 0°C. DIPEA (185.76 mg, 1.44 mol, 3 equiv) was then added to the 

DMF solution. Compound 8b (131.04 mg, 0.0.480 mmol, 1 eq.) was then added to the flask. 

Temperature was then raised to 55 °C and allowed to run over night. The crude compound was 

extracted using EtOAc (3 × 40 mL). Combined organic layers were dried over anhydrous sodium 
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sulphate, filtered and concentrated in vacuo. The pure product 11c was then obtained via flash 

column chromatography. Yield= 82% (10 % MeOH/DCM)  

1H NMR (500 MHz, Chloroform-d) δ 8.04 (d, J = 1.9 Hz, 1H), 7.91 (s, 1H), 7.90 – 7.82 (m, 3H), 

7.81 – 7.72 (m, 2H), 7.35 (d, J = 7.9 Hz, 1H), 3.64 (d, J = 1.6 Hz, 2H), 2.82 (q, J = 7.6 Hz, 2H), 

2.33 (s, 3H), 1.26 (t, J = 7.5 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 164.30, 147.83, 136.46, 

133.79, 133.58, 131.45, 131.37, 129.77, 126.17, 124.72, 123.28, 117.66, 57.77, 55.13, 52.85, 45.87, 

29.46, 13.90, 1.03; HRMS (ESI+): calc [M+H]: 484.1206, found: 484.1207 

 

Compound 13: 3-((8-amino-1,7-naphthyridin-5-yl)ethynyl)-4-ethyl-N-(4-((4-methylpiperazin-1-

yl)methyl)-3-(trifluoromethyl)phenyl)benzamide: A solution of bromo compound 11c (142.8 mg, 

0.295 mmol, 1 equiv) ), Pd(PPh3)2Cl2 (5 mol%), CuI (5 mol%) and Triphenylphosphine (7.6 mg, 

0.029 mmol, 0.1 equiv) in triethylamine (1 mL, 7.2 mmol, 24.4 equiv) was de-oxygenated using a 

stream of argon gas. A de-oxygenated solution of alkyne 9b (60 mg, 0.354 mmol, 1.2 equiv) in 

DMF (3 mL) was added slowly over 10 minutes to the solution and the reaction temperature was 

increased to 50 ºC and allowed to run for 12 h. The reaction was then quenched by the addition of 

NH4Cl (5 mL) at room temperature. The crude compound was extracted using EtOAc (3 × 40 mL). 

Combined organic layers were dried over anhydrous sodium sulphate, filtered and concentrated in 

vacuo. The pure product 13 was then obtained via flash column chromatography. Yield = 4 %; 

TLC Rf = 0.3 (10 % MeOH/CH2Cl2) 
1H NMR (500 MHz, DMSO-d6) δ 10.53 (s, 1H), 8.88 (dd, J 

= 4.2, 1.6 Hz, 1H), 8.43 (dd, J = 8.3, 1.7 Hz, 1H), 8.24 – 8.18 (m, 3H), 8.05 (dd, J = 8.5, 2.2 Hz, 

1H), 7.90 (dd, J = 8.0, 2.0 Hz, 1H), 7.86 (dd, J = 8.4, 4.2 Hz, 1H), 7.70 (d, J = 8.5 Hz, 1H), 7.55 – 

7.48 (m, 3H), 3.55 (s, 2H), 2.97 (q, J = 7.5 Hz, 2H), 2.37 (s, 8H), 2.15 (s, 3H), 1.31 (t, J = 7.5 Hz, 

3H); 13C NMR (126 MHz, DMSO) δ 165.40, 158.56, 149.74, 149.22, 148.17, 138.67, 133.00, 

132.82, 132.52, 131.73, 131.38, 131.16, 128.94, 128.32, 127.09, 123.98, 122.70, 117.72, 102.13, 
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91.41, 90.01, 57.88, 55.10, 53.00, 46.01, 27.83, 15.10; HRMS (ESI+): calcd. for C32H31F3N6O 

(MH+) 573.2584 found 573.2584 

 

3-bromo-4-cyano-N-(4-((4-methylpiperazin-1-yl)methyl)-3-(trifluoromethyl)phenyl)benzamide 

(12c): Compound 12a (750 mg, 3.32 mmol, 1 eq.) and HATU (1.5 g, 3.98 mmol, 1.2 eq.) were 

added to a round bottom flask, air vacuumed out and protected with a balloon of argon. DMF was 

then added and allowed to dissolve compound. The round bottom was then placed on ice and 

temperature allowed to reach 0°C. DIPEA (1.2 mL, 9.96 mmol, 3 eq.) was then added to the DMF 

solution. Compound 8b (906 mg, 3.32 mmol, 1 eq.) was then added to the flask. Temperature was 

then raised to 55 °C and allowed to run over night. The crude compound was extracted using 

EtOAc (3 × 40 mL). Combined organic layers were dried over anhydrous sodium sulphate, filtered 

and concentrated in vacuo. The pure product 12c was then obtained via flash column 

chromatography. Yield= 7.26 % (10 % MeOH/DCM)  1H NMR (500 MHz, DMSO-d6) δ 10.75 (s, 

1H), 8.39 (d, J = 1.6 Hz, 1H), 8.15 (d, J = 2.3 Hz, 1H), 8.13 (d, J = 8.1 Hz, 1H), 8.08 (dd, J = 8.0, 

1.6 Hz, 1H), 8.00 (dd, J = 8.5, 2.2 Hz, 1H), 7.71 (d, J = 8.5 Hz, 1H), 3.55 (s, 2H), 2.36 (s, 8H), 

2.15 (s, 3H); 13C NMR (126 MHz, DMSO) δ 163.45, 140.31, 138.07, 135.60, 133.20, 132.29, 

131.79, 128.04, 127.79, 125.15, 124.10, 117.82, 117.48, 117.30, 57.87, 55.14, 53.09, 46.11; 

HRMS (ESI+): calc [M+H]: 481.0845/483.0827 found: 481.0847/483.0830 
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Compound 14: 3-((8-amino-1,7-naphthyridin-5-yl)ethynyl)-4-cyano-N-(4-((4-methylpiperazin-1-

yl)methyl)-3-(trifluoromethyl)phenyl)benzamide: A solution of bromo compound 12c (115 mg, 

0.239 mmol, 1 equiv), Pd(PPh3)2Cl2 (5 mol%), CuI (5 mol%) and Triphenylphosphine (6.3 mg, 

0.024 mmol, 0.1 equiv) in triethylamine (1 mL, 7.2 mmol, 30.1 equiv) was de-oxygenated using a 

stream of argon gas. A de-oxygenated solution of alkyne 9b (48.6 mg, 0.287 mmol, 1.2 equiv) in 

DMF (3 mL) was added slowly over 10 minutes to the solution and the reaction temperature was 

increased to 50 ºC and allowed to run for 12 h. The reaction was then quenched by the addition of 

NH4Cl (5 mL) at room temperature. The crude compound was extracted using EtOAc (3 × 40 mL). 

Combined organic layers were dried over anhydrous sodium sulphate, filtered and concentrated in 

vacuo. The pure product 14 was then obtained via flash column chromatography. Yield = 21 %; 

TLC Rf = 0.2 (10 % MeOH/CH2Cl2) 
1H NMR (500 MHz, DMSO-d6) δ 10.78 (s, 1H), 8.89 (dd, J 

= 4.2, 1.6 Hz, 1H), 8.59 (dd, J = 8.4, 1.6 Hz, 1H), 8.35 (d, J = 1.7 Hz, 1H), 8.28 (s, 1H), 8.19 (d, J 

= 2.2 Hz, 1H), 8.13 (d, J = 8.1 Hz, 1H), 8.04 (ddd, J = 8.2, 4.0, 1.9 Hz, 2H), 7.84 (dd, J = 8.4, 4.2 

Hz, 1H), 7.73 (d, J = 2.1 Hz, 2H), 3.56 (s, 2H), 2.37 (s, 8H), 2.14 (s, 3H); 13C NMR (126 MHz, 

DMSO) δ 164.23, 159.19, 149.92, 149.48, 139.04, 138.20, 133.85, 133.10, 132.94, 132.43, 131.79, 

131.38, 130.81, 128.00, 127.36, 127.14, 124.09, 118.08, 117.80, 115.82, 100.70, 93.53, 90.07, 

57.88, 55.14, 53.09, 46.12; HRMS (ESI+): calcd. for C31H26F3N7O (MH+) 570.2224 found 

570.2224 
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HPLC trances of compounds  

Conditions: Agilent Eclipse plus C18 column, 3,5 µm, 4.6×100 mm, 0→15 min, 50% B→100% 

B(A: 0.1% NH4OH in H
2
O, B: MeOH), 50 

o

C. Compound concentrations are 500µM in DMSO 

HPLC of the compounds 1, 2, 23, and 25 can be found at Larocque, E. et al. Aminoisoquinoline 

benzamides, FLT3 and Src-family kinase inhibitors, potently inhibit proliferation of acute myeloid 

leukemia cell lines. Future Med. Chem. 9, 1213–1225 (2017). 
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NMR spectra of compounds 
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APPENDIX B. CHAPTER 3 SUPPORTIVE INFORMATION 

Reproduced with permission from ACS Omega 2020, 5,6,2690-2698 Copyright 2020 American 

Chemical Society. Publication can be found at 

https://pubs.acs.org/doi/abs/10.1021/acsomega.9b03223. Further permission related to publication 

should be directed to the ACS 

 

HSN748 and 5-ethynyl-N-(4-((4-methylpiperazin-1-yl)methyl)-3-(trifluoromethyl) 

phenyl)nicotinamide WERE synthesized by N. Naganna for experimental details and 

characterization see Larocque, E., Chu, E. F. Y., Naganna, N. & Sintim, H. O. Nicotinamide–

Ponatinib Analogues as Potent Anti-CML and Anti-AML Compounds. ACS Omega 5, 2690–2698 

(2020). 

  

NMR spectra  

 

https://pubs.acs.org/doi/abs/10.1021/acsomega.9b03223
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HPLC traces of compounds 

Conditions: Agilent Eclipse plus C18, 3 μm, 4.6x100 mm, 0 →15 min, 50% B → 100% B, (A: 

0.1%NH4OH in H2O, B: MeOH), 25 °C. Compound concentration are 100 μM in MeOH.  

 

HPLC trace of HSL420 

 

HPLC trace of HSL381 

 

HPLC trace of HSL382 
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HPLC trace of HSL385 

 

HPLC trace of HSL338 

 

HPLC trace of HSL331 
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HPLC trace of HSL412 

 

HPLC trace of HSL407 

 

HPLC trace of Ponatinib 
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HPLC analysis conditions  

 

  



 

 

 

1
5
5
 

Kinases       Kinase Cat# Kinase Provider 

Kinase in RXN 

(nM) ATP (uM) Substrate  

Sub in RXN 

(uM) Sub Cat# Sub Provider 

ABL1 PR4348B Invitrogen 0.1 100 ABLtide 20 94851_7 GenScript 

ABL1 (T315I) PV3866 Invitrogen 4 100 ABLtide 20 94851_7 GenScript 

c-Kit PV3589 Invitrogen 200 100 pEY + Mn 0.2 P7244-250MG Sigma 

c-Src PR4336E Invitrogen 0.6 100 pEY 0.2 P7244-250MG Sigma 

FGFR1 PV3146 Invitrogen 1.75 100 pEY + Mn 0.2 P7244-250MG Sigma 

FGFR2 
PV3368 Invitrogen 0.45 100 pEY + Mn 0.2 P7244-250MG Sigma 

FGFR3 
PV3145 Invitrogen 5 100 pEY + Mn 0.2 P7244-250MG Sigma 

FGFR4 P3054 Invitrogen 2.5 100 pEY + Mn 0.2 P7244-250MG Sigma 

FLT3 (D835Y) 
PV3967 Invitrogen 0.5 100 ABLtide 20 94851_7 GenScript 

FLT3 (ITD) 
0778-0000-1 ProQinase 100 100 ABLtide 20 94851_7 GenScript 

P38a/MAPK14 
PV3304 Invitrogen 20 100 MBP 20 102641 Active Motif 

p70S6K/RPS6

KB1 PV3815 Invitrogen 3 100 

S6K/Rsk2 

peptide 2 20 36009_7 GenScript 

PDGFRa 
PV3811 Invitrogen 2 100 pEY + Mn 0.2 P7244-250MG Sigma 

PDGFRb 
P3082 Invitrogen 15 100 pEY + Mn 0.2 P7244-250MG Sigma 

RET PV3819 Invitrogen 3 100 CHKtide 20 

U6834CD140_

1 GenScript 

MNK1 
PR8046A Invitrogen 30 100 MBP 20 102641 Active Motif 

MNK2 
PR9138A Invitrogen 200 100 MBP 20 102641 Active Motif 
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APPENDEX C. CHAPTER 4 SUPPLEMENTAL INFORMATION  

Synthesis and analytical data of compounds 

Full characterization of some compounds was not done because of shutdown of laboratory from 

March 25th due to the COVID-19 pandemics. Future students who proceed with this project are 

encouraged to complete the characterization 

 

HSL215: 8-bromopyrido[3,4-b]pyrazine 

To a reaction vial, 5-bromopyridine-3,4-diamine (250 mg, 1.33 mmol, 1 equiv.) and ethanol (10 

mL) were added. Oxalaldehyde (77 mg, 1.33 mmol, 1 equiv.) was then added. The reaction was 

then allowed to stir at room temperature for 6 hours. Upon reaction completion, crude mixture was 

concentrated under reduced pressure. Pure compound was obtained via column chromatography 

(10 % MeOH/CH2Cl2). Yield = 85 % TLC Rf = 0.76 (10 % MeOH/CH2Cl2) 
1H NMR (500 MHz, 

DMSO-d6) δ 9.48 (s, 1H), 9.27 (d, J = 1.8 Hz, 1H), 9.17 (d, J = 1.7 Hz, 1H), 9.12 (s, 1H). 13C 

NMR (126 MHz, DMSO) δ 154.2, 151.6, 149.1, 148.9, 143.0, 138.9, 120.2. 

 

HSL176: 8-bromo-2,3-dimethylpyrido[3,4-b]pyrazine 

To a reaction vial, 5-bromopyridine-3,4-diamine (100 mg, 0.532 mmol, 1 equiv.) and ethanol (10 

mL) were added. Biacetyl (45.8 mg, 0.532 mmol, 1 equiv.) was then added. The reaction was then 

allowed to stir at room temperature for 2 hours. Upon reaction completion, crude mixture was 

concentrated under reduced pressure. Pure compound was obtained via column chromatography 

(10 % MeOH/CH2Cl2). Yield = quantitative TLC Rf = 0.4 (CH2Cl2) 
1H NMR (500 MHz, DMSO-

d6) δ 9.21 (s, 1H), 8.90 (s, 1H), 2.73 (s, 3H), 2.71 (s, 3H). 13C NMR (126 MHz, DMSO) δ 161.3, 

158.3, 152.4, 147.8, 141.4, 137.2, 119.3, 23.9, 23.2. 
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HSL452: 8-bromo-2,3-diethylpyrido[3,4-b]pyrazine 

To a reaction vial, 5-bromopyridine-3,4-diamine (100 mg, 0.531 mmol, 1 equiv.) and MeOH (10 

mL) were added. Hexane-3,4-dione (60.6 mg, 0.531 mmol, 1 equiv.) was then added. The reaction 

was then allowed to stir at room temperature for 2.5 hours. Upon reaction completion, crude 

mixture was concentrated under reduced pressure. Pure compound was obtained via column 

chromatography (10 % MeOH/CH2Cl2). Yield = 61 % TLC Rf = 0.8 (10 % MeOH/CH2Cl2) 
1H 

NMR (500 MHz, DMSO-d6) δ 9.30 (s, 1H), 8.96 (s, 1H), 3.11 (dq, J = 11.1, 7.3 Hz, 4H), 1.36 (dt, 

J = 11.0, 7.3 Hz, 6H). 

 

HSL404: pyrido[3,4-b]pyrazin-7-amine 

To a reaction vial, pyridine-2,4,5-triamine (80 mg, 0.645 mmol, 1 equiv.) and ethanol (5 mL) were 

added. Oxalaldehyde (37.41 mg, 0.645 mmol, 1 equiv.) was then added. The reaction was then 

allowed to stir at room temperature for 6 hours. Upon reaction completion, crude mixture was 

concentrated under reduced pressure. Pure compound was obtained via column chromatography 

(DMC). Yield = 60 % TLC Rf = 0.3 (10 % MeOH/CH2Cl2)
 1H NMR (500 MHz, DMSO-d6) δ 8.94 

(d, J = 0.8 Hz, 1H), 8.75 (d, J = 1.8 Hz, 1H), 8.49 (d, J = 1.8 Hz, 1H), 6.69 (d, J = 0.8 Hz, 1H), 

6.58 (s, 2H). 13C NMR (126 MHz, DMSO) δ 160.1, 154.0, 150.5, 147.7, 142.1, 132.3, 97.3. 
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HSL405: 2,3-dimethylpyrido[3,4-b]pyrazin-7-amine 

To a reaction vial, pyridine-2,4,5-triamine (80 mg, 0.645 mmol, 1 equiv.) and ethanol (5 mL) were 

added. Biacetyl (55.54 mg, 0.645 mmol, 1 equiv.) was then added. The reaction was then allowed 

to stir at room temperature for 2 hours. Upon reaction completion, crude mixture was concentrated 

under reduced pressure. Pure compound was obtained via column chromatography (DCM). Yield 

= 89 % TLC Rf = 0.45 (10 % MeOH/CH2Cl2). 
1H NMR (500 MHz, DMSO-d6) δ 8.75 (s, 1H), 

6.60 (d, J = 0.8 Hz, 1H), 6.28 (s, 2H), 2.56 (s, 3H), 2.53 (s, 3H). 13C NMR (126 MHz, DMSO) δ 

159.4, 159.2, 151.9, 150.3, 146.2, 130.6, 97.5, 23.7, 22.8. 

 

HSL498: 2,3-diethylpyrido[3,4-b]pyrazin-7-amine 

To a reaction vial, pyridine-2,4,5-triamine (150 mg, 0.797 mmol, 1 equiv.) and ethanol (10 mL) 

were added.  Hexane-3,4-dione (90 mg, 0.645 mmol, 1 equiv.) was then added. The reaction was 

then allowed to stir for 2.5 hours at room temperature. An additional equivalent of hexane-3,4-

dione was added 2.5 hours later. The reaction was then allowed to stir for an additional 1.5 hours. 

Upon reaction completion, crude mixture was concentrated under reduced pressure. Pure 

compound was obtained via column chromatography (DCM). Yield = 80 % TLC Rf = 0.8 (10 % 

MeOH/CH2Cl2). 
1H NMR (500 MHz, DMSO-d6) δ 8.78 (d, J = 0.8 Hz, 1H), 6.63 (d, J = 0.8 Hz, 

1H), 6.27 (s, 2H), 2.89 (dq, J = 14.7, 7.4 Hz, 4H), 1.25 (td, J = 7.4, 0.9 Hz, 6H). 13C NMR (126 

MHz, DMSO) δ 162.2, 159.5, 153.6, 152.1, 145.9, 130.4, 97.7, 39.3, 39.1, 28.1, 27.3, 12.0, 11.7. 
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HSL415: 8-iodo-2,3-dimethylpyrido[3,4-b]pyrazin-7-amine 

2,3-dimethylpyrido[3,4-b]pyrazin-7-amine (94.1 mg, 0.540 mmol, 1 equiv) were added to a 

reaction vial with methanol (10 mL). The reaction was then cooled to 0°C and NIS (133.8 mg, 

0.594 mol, 1.1 equiv) was slowly added over 10 minutes.  The reaction was then allowed to run at 

0°C for 15 minutes. Crude mixed was concentrated down under reduced pressure. Pure product 

was obtained via column chromatography (1:1 EA/HEX). Yield = 90.2 % TLC Rf = 0.9 (10 % 

MeOH/CH2Cl2). 
1H NMR (500 MHz, DMSO-d6) δ 8.71 (s, 1H), 2.64 (s, 3H), 2.58 (s, 3H). 

 

HSL501: 2,3-diethyl-8-iodopyrido[3,4-b]pyrazin-7-amine 

2,3-diethylpyrido[3,4-b]pyrazin-7-amine (100 mg, 0.500 mmol, 1 equiv) were added to a reaction 

vial with methanol (5 mL). The reaction was then cooled to 0°C and NIS (112 mg, 0.500 mol, 1.1 

equiv) was slowly added over 10 minutes.  The reaction was then allowed to run at 0°C for 10 

minutes. Crude mixed was concentrated down under reduced pressure. Pure product was obtained 

via column chromatography (1:1 EA/HEX). Yield = 64 % TLC Rf = 0.6 (1:1 EA/HEX). 1H NMR 

(500 MHz, DMSO-d6) δ 8.73 (s, 1H), 6.49 (s, 2H), 2.99 (q, J = 7.3 Hz, 2H), 2.93 (q, J = 7.4 Hz, 

2H), 1.34 (t, J = 7.2 Hz, 3H), 1.28 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, DMSO) δ 163.0, 159.1, 

154.7, 151.8, 145.4, 131.1, 74.4, 27.9, 26.9, 11.9, 11.3. 
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HSL212:N-(4-((4-methylpiperazin-1-yl)methyl)-3-(trifluoromethyl)phenyl)-5-(pyrido[3,4-

b]pyrazin-8-ylethynyl)nicotinamide 

A solution of 8-bromopyrido[3,4-b]pyrazine (100 mg, 0.476 mmol, 1 equiv), Pd(PPh3)2 Cl2 (10 

mol%), CuI (5 mol%) and Triphenylphosphine (10 mg) in Triethylamine (1 mL) was de-

oxygenated using argon gas for 10 minutes. A de-oxygenated solution of alkyne (101 mg, 0.252 

mmol, 0.53 equiv) in DMF (4 mL) was added slowly over a period of 10 min to the TEA solution. 

The reaction temperature was increased to 55ºC and allowed to stir for 7 hours. The crude 

compound was extracted using EtOAc (3 × 40 mL) and washed with brine (1 x 100 mL). Combined 

organic layers were dried over anhydrous sodium sulphate, filtered and concentrated under reduced 

pressure. The pure product obtained via flash column chromatography (10 % MeOH/CH2Cl2). 

Yield = 16.49 % TLC Rf = 0.2 (10 % MeOH + 1 %NH4OH/CH2Cl2). 
1H NMR (500 MHz, DMSO-

d6) δ 10.80 (s, 1H), 9.55 (s, 1H), 9.30 (d, J = 1.7 Hz, 1H), 9.20 (d, J = 1.7 Hz, 1H), 9.16 (s, 1H), 

9.14 (d, J = 2.0 Hz, 1H), 9.04 (s, 1H), 8.61 (t, J = 2.1 Hz, 1H), 8.19 (d, J = 2.0 Hz, 1H), 8.04 (dd, 

J = 8.5, 1.7 Hz, 1H), 7.72 (d, J = 8.5 Hz, 1H), 3.56 (s, 2H), 2.39 (s, 8H), 2.17 (s, 3H). 

 

HSL211:5-((2,3-dimethylpyrido[3,4-b]pyrazin-8-yl)ethynyl)-N-(4-((4-methylpiperazin-1-

yl)methyl)-3-(trifluoromethyl)phenyl)nicotinamide 

A solution of 8-bromo-2,3-dimethylpyrido[3,4-b]pyrazine (100 mg, 0.420 mmol, 1 equiv), 

Pd(PPh3)2 Cl2 (10 mol%), CuI (5 mol%) and Triphenylphosphine (10 mg) in Triethylamine (1 mL) 

was de-oxygenated using argon gas for 10 minutes. A de-oxygenated solution of alkyne (115 mg, 
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0.286 mmol, 0.68 equiv) in DMF (4 mL) was added slowly over a period of 10 min to the TEA 

solution. The reaction temperature was increased to 55ºC and allowed to stir for 7 hours. The crude 

compound was extracted using EtOAc (3 × 40 mL) and washed with brine (1 x 100 mL). Combined 

organic layers were dried over anhydrous sodium sulphate, filtered and concentrated under reduced 

pressure. The pure product obtained via flash column chromatography (10 % MeOH/CH2Cl2). 

Yield = 22.4 % TLC Rf = 0.2 (10 % MeOH + 1 %NH4OH/CH2Cl2). 
1H NMR (500 MHz, DMSO-

d6) δ 10.80 (s, 1H), 9.37 (s, 1H), 9.13 (s, 1H), 9.02 (d, J = 7.8 Hz, 2H), 8.59 (t, J = 2.0 Hz, 1H), 

8.20 (d, J = 1.9 Hz, 1H), 8.07 – 8.00 (m, 1H), 7.72 (d, J = 8.5 Hz, 1H), 3.56 (s, 2H), 2.80 (s, 3H), 

2.75 (s, 3H), 2.38 (s, 8H), 2.16 (s, 3H). 13C NMR (126 MHz, DMSO) δ 163.8, 161.1, 158.1, 154.6, 

153.6, 150.2, 149.1, 143.5, 138.3, 138.0, 135.8, 133.0, 131.8, 130.4, 124.0, 119.3, 117.7, 116.1, 

93.2, 88.3, 57.9, 55.1, 53.1, 46.1, 40.5, 24.2, 23.5. 

 

HSL517:5-((2,3-diethylpyrido[3,4-b]pyrazin-8-yl)ethynyl)-N-(4-((4-methylpiperazin-1-

yl)methyl)-3-(trifluoromethyl)phenyl)nicotinamide 

A solution of 8-bromo-2,3-diethylpyrido[3,4-b]pyrazine (104 mg, 0.393 mmol, 1 equiv), 

Pd(PPh3)2 Cl2 (10 mol%), CuI (5 mol%) and Triphenylphosphine (10 mg) in Triethylamine (1.5 

mL) was de-oxygenated using argon gas for 10 minutes. A de-oxygenated solution of alkyne (190 

mg, 0.476 mmol, 1.2 equiv) in DMF (4 mL) was added slowly over a period of 10 min to the TEA 

solution. The reaction temperature was increased to 55ºC and allowed to stir overnight. The crude 

compound was concentrated under reduced pressure. The pure product obtained via flash column 

chromatography (10 % MeOH/CH2Cl2). Yield = 52 % TLC Rf = 0.3 (10 % MeOH /CH2Cl2). 
1H 

NMR (500 MHz, DMSO-d6) δ 10.80 (s, 1H), 9.38 (s, 1H), 9.13 (d, J = 2.2 Hz, 1H), 9.00 (d, J = 

2.0 Hz, 2H), 8.55 (t, J = 2.1 Hz, 1H), 8.20 (d, J = 2.2 Hz, 1H), 8.04 (dd, J = 8.5, 2.2 Hz, 1H), 7.72 

(d, J = 8.5 Hz, 1H), 3.59 (s, 2H), 3.15 (q, J = 7.3 Hz, 2H), 3.10 (q, J = 7.3 Hz, 2H), 2.62 (s, 8H), 

2.37 (s, 3H), 1.42 (t, J = 7.2 Hz, 3H), 1.36 (t, J = 7.3 Hz, 3H).  
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HSL476:5-((7-amino-2,3-dimethylpyrido[3,4-b]pyrazin-8-yl)ethynyl)-N-(4-((4-methylpiperazin-

1-yl)methyl)-3-(trifluoromethyl)phenyl)nicotinamide 

A solution of 8-iodo-2,3-dimethylpyrido[3,4-b]pyrazin-7-amine (78.1 mg, 0.261 mmol, 1 equiv), 

Pd(PPh3)2Cl2 (10 mol%), CuI (5 mol%) and Triphenylphosphine (10 mg) in Triethylamine (1.5 

mL) was de-oxygenated using argon gas for 10 minutes. A de-oxygenated solution of alkyne (126 

mg, 0.313 mmol, 1.2 equiv) in DMF (4 mL) was added slowly over a period of 10 min to the TEA 

solution. The reaction temperature was increased to 55ºC and allowed to stir overnight. The crude 

compound concentrated under reduced pressure. The pure product obtained via flash column 

chromatography (10 % MeOH/CH2Cl2). Yield = 40.7 % TLC Rf = 0.12 (10 % MeOH/CH2Cl2). 

1H NMR (500 MHz, DMSO-d6) δ 10.84 (s, 1H), 9.06 (s, 2H), 8.86 (s, 1H), 8.62 (s, 1H), 8.22 (s, 

1H), 8.05 (d, J = 8.6 Hz, 1H), 7.72 (d, J = 8.5 Hz, 1H), 7.04 (s, 2H), 3.57 (s, 2H), 2.67 (s, 3H), 

2.58 (s, 3H), 2.42 (s, 8H), 2.21 (s, 3H). 13C NMR (126 MHz, DMSO) δ 164.2, 160.4, 159.9, 154.5, 

153.3, 151.1, 147.9, 146.0, 138.4, 137.7, 132.8, 131.8, 130.3, 128.1, 125.8, 124.0, 120.6, 117.8, 

117.7, 95.3, 90.4, 88.5, 57.8, 54.9, 52.7, 45.7, 40.5, 24.0, 22.7.  

 

HSL507: 5-((7-amino-2,3-diethylpyrido[3,4-b]pyrazin-8-yl)ethynyl)-N-(4-((4-methylpiperazin-

1-yl)methyl)-3-(trifluoromethyl)phenyl)nicotinamide 

A solution of 8-iodo-2,3-diethylpyrido[3,4-b]pyrazin-7-amine (80 mg, 0.243 mmol, 1 equiv), 

Pd(PPh3)2 Cl2 (10 mol%), CuI (5 mol%) and Triphenylphosphine (10 mg) in Triethylamine (1.5 

mL) was de-oxygenated using argon gas for 10 minutes. A de-oxygenated solution of alkyne (117 
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mg, 0.292 mmol, 1.2 equiv) in DMF (4 mL) was added slowly over a period of 10 min to the TEA 

solution. The reaction temperature was increased to 55ºC and allowed to stir overnight. The crude 

compound concentrated under reduced pressure. The pure product obtained via flash column 

chromatography (10 % MeOH/CH2Cl2). Yield = 63.1 % TLC Rf = 0.13 (10 % MeOH/CH2Cl2). 

1H NMR (500 MHz, DMSO-d6) δ 10.84 (s, 1H), 9.05 (d, J = 2.2 Hz, 1H), 9.00 (d, J = 2.0 Hz, 1H), 

8.88 (s, 1H), 8.58 (t, J = 2.1 Hz, 1H), 8.20 (d, J = 2.2 Hz, 1H), 8.04 (dd, J = 8.6, 2.2 Hz, 1H), 7.72 

(d, J = 8.5 Hz, 1H), 7.04 (s, 2H), 3.58 (s, 2H), 3.02 (q, J = 7.3 Hz, 2H), 2.94 (q, J = 7.4 Hz, 2H), 

2.54 (s, 8H), 2.31 (s, 3H), 1.38 (t, J = 7.3 Hz, 3H), 1.29 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, 

DMSO) δ 164.3, 162.6, 160.3, 154.4, 154.2, 153.4, 147.7, 145.8, 138.4, 137.7, 132.7, 131.9, 130.4, 

130.1, 127.9, 125.8, 124.0, 120.8, 117.7, 95.4, 90.6, 88.6, 57.7, 54.6, 52.2, 45.2, 28.2, 27.2, 11.9, 

11.3. 

 

HSL521: 5,8-dibromopyrido[3,4-b]pyrazine 

To a reaction vial, 2,5-dibromopyridine-3,4-diamine (300 mg, 0.123 mmol, 1 equiv.) and ethanol 

(10 mL) were added. Oxalaldehyde (130 mg, 2.25 mmol, 2 equiv.) was then added. The reaction 

was then allowed to stir at room temperature for 4 hours. After 4 hours 2 more equivalents of 

oxalaldehyde was added. The reaction was then allowed to stir for 3 days. Upon reaction 

completion, crude mixture was concentrated under reduced pressure. Pure compound was obtained 

via column chromatography (1:1 EA/Hex). Yield = 31 % TLC Rf = 0.2 (100 % Hexanes). 1H NMR 

(500 MHz, DMSO-d6) δ 9.32 (d, J = 1.8 Hz, 1H), 9.23 (d, J = 1.8 Hz, 1H), 8.93 (s, 1H). 13C NMR 

(126 MHz, DMSO) δ 152.1, 149.7, 147.7, 146.7, 144.5, 137.8, 120.8. 

 



 

 

164 

 

HSL522: 5,8-dibromo-2,3-dimethylpyrido[3,4-b]pyrazine 

To a reaction vial, 2,5-dibromopyridine-3,4-diamine (300 mg, 0.123 mmol, 1 equiv.) and ethanol 

(10 mL) were added. Biacetyl (130 mg, 2.25 mmol, 2 equiv.) was then added. The reaction was 

then allowed to stir at room temperature for 4 hours. After 4 hours 2 more equivalents of biacetyl 

was added. The reaction was then allowed to stir for 3 days. Upon reaction completion, crude 

mixture was concentrated under reduced pressure. Pure compound was obtained via column 

chromatography (1:1 EA/Hex). Yield = 82 % TLC Rf = 0.7 (1:1 EA/Hex) 1H NMR (500 MHz, 

DMSO-d6) δ 8.78 (s, 1H), 2.79 (s, 3H), 2.77 (s, 3H). 13C NMR (126 MHz, DMSO) δ 162.0, 159.3, 

146.8, 145.1, 142.7, 135.9, 119.9, 23.7, 23.5. 

 

HSL523: 5,8-dibromo-2,3-diethylpyrido[3,4-b]pyrazine 

To a reaction vial, 2,5-dibromopyridine-3,4-diamine (300 mg, 0.123 mmol, 1 equiv.) and ethanol 

(10 mL) were added. Hexane-3,4-dione (256 mg, 2.25 mmol, 2 equiv.) was then added. The 

reaction was then allowed to stir at room temperature for 4 hours. After 4 hours, 2 more equivalents 

of hexane-3,4-dione was added. The reaction was then allowed to stir for 3 days. Upon reaction 

completion, crude mixture was concentrated under reduced pressure. Pure compound was obtained 

via column chromatography (1:1 EA/Hex). Yield = 82 % TLC Rf = 0.85 (1:1 EA/Hex) 1H NMR 

(500 MHz, DMSO-d6) δ 8.79 (s, 1H), 3.13 (p, J = 7.4 Hz, 4H), 1.37 (td, J = 7.2, 2.7 Hz, 6H). 13C 

NMR (126 MHz, DMSO) δ 164.7, 162.1, 146.8, 145.4, 142.4, 135.7, 120.3, 28.0, 27.7, 11.1, 11.0. 



 

 

165 

 

HSL524: 8-bromo-N-(tert-butyl)pyrido[3,4-b]pyrazin-5-amine 

To a pressure tube fitted with a magnetic stir bar, 5,8-dibromopyrido[3,4-b]pyrazine (83 mg, 0.290 

mmol, 1 eq) in ethanol (2 mL) were added. Tert-butylamine (63.5 mg, 0.870 mmol, 3 eq) was then 

added and reaction was capped and moved to 110 ºC. The reaction was then allowed to run for 16 

hours. Following 16 hours, 3 additional equivalents of tert-butylamine was then added. The 

reaction then 3 days. Crude product was then cooled to room temperature and concentrated under 

reduced pressure. Pure product was obtained via column chromatography (1:1 Hex/DCM). Yield 

= 57 % TLC Rf = 0.3 (1:1 Hex/DCM) 1H NMR (500 MHz, DMSO-d6) δ 9.12 (d, J = 2.0 Hz, 1H), 

8.84 (d, J = 1.9 Hz, 1H), 8.35 (s, 1H), 7.08 (s, 1H), 1.50 (s, 9H). 13C NMR (126 MHz, DMSO) δ 

155.7, 150.4, 147.6, 144.3, 143.8, 130.1, 103.7, 52.0, 28.7. 

 

HSL525: 8-bromo-N-(tert-butyl)-2,3-dimethylpyrido[3,4-b]pyrazin-5-amine 

To a pressure tube fitted with a magnetic stir bar, 5,8-dibromo-2,3-dimethylpyrido[3,4-b]pyrazine 

(147 mg, 0.468 mmol, 1 eq) in ethanol (3 mL) was added. Tert-butylamine (106 mg, 1.4 mmol, 3 

eq) were then added and reaction was capped and moved to 110 ºC. The reaction was then allowed 

to run for 16 hours. Following 16 hours, 3 additional equivalents of tert-butylamine was then added. 

The reaction then run for 3 days. Crude product was then cooled to room temperature and 

concentrated under reduced pressure. Pure product was obtained via column chromatography (1:1 

Hex/DCM). Yield = 16.6 % TLC Rf = 0.5 (25% EA/Hex) 1H NMR (500 MHz, DMSO-d6) δ 8.23 

(s, 1H), 6.83 (s, 1H), 2.68 (s, 3H), 2.66 (s, 3H), 1.50 (s, 9H). 13C NMR (126 MHz, DMSO) δ 159.4, 

155.1, 153.3, 146.2, 141.6, 127.5, 103.6, 51.7, 28.8, 23.4, 22.8. 
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HSL526: 8-bromo-N-(tert-butyl)-2,3-diethylpyrido[3,4-b]pyrazin-5-amine 

To a pressure tube fitted with a magnetic stir bar, 5,8-dibromo-2,3-diethylpyrido[3,4-b]pyrazine 

(153 mg, 0.443 mmol, 1 eq) in ethanol (3 mL) were added. Tert-butylamine (97.1 mg, 1.433mmol, 

3 eq) was then added and reaction was capped and moved to 110 ºC. The reaction was then allowed 

to run for 16 hours. Following 16 hours, 3 additional equivalents of tert-butylamine was then added. 

The reaction then run for 3 days. Crude product was then cooled to room temperature and 

concentrated under reduced pressure. Pure product was obtained via column chromatography (1:1 

Hex/DCM). Yield = 14 % TLC Rf = 0.7 (25% EA/Hex) 1H NMR (500 MHz, DMSO-d6) δ 8.25 (s, 

1H), 6.82 (s, 1H), 3.02 (dq, J = 12.9, 7.3 Hz, 4H), 1.51 (s, 9H), 1.34 – 1.30 (m, 6H). 

 

HSL544: 8-bromo-2,3-dimethylpyrido[3,4-b]pyrazin-5-amine 

To a pressure tube fitted with a magnetic stir bar, 8-bromo-N-(tert-butyl)-2,3-dimethylpyrido[3,4-

b]pyrazin-5-amine (88 mg, 0.285 mmol) in concentrated HCl (1.0 mL) were added. The reaction 

was capped and moved to 80ºC and run for 2 hours. The reaction was then diluted with water (50 

mL) and neutralized using saturated sodium bicarbonate solution. Product was then extracted with 

ethyl acetate (3x 100 mL). Organic layers were dried over anhydrous sodium sulfate, filtered, and 

concentrated under reduced pressure. Pure product was obtained via column chromatography (1:1 

EA/Hex). Yield = 62.6%; TLC Rf = 0.5 (1:1 EA/Hex). 1H NMR (500 MHz, DMSO-d6) δ 8.14 (s, 

1H), 7.16 (s, 2H), 2.68 (s, 3H), 2.67 (s, 3H). 13C NMR (126 MHz, DMSO) δ 164.6, 163.1, 158.4, 

151.4, 147.1, 132.0, 108.4, 28.5, 27.8. 
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HSL545: 8-bromo-2,3-diethylpyrido[3,4-b]pyrazin-5-amine  

To a pressure tube fitted with a magnetic stir bar, 8-bromo-2,3-diethylpyrido[3,4-b]pyrazin-5-

amine (163 mg, 0.445 mmol) in concentrated HCl (1.5 mL) were added. The reaction was capped 

and moved to 80ºC and run for 2 hours. The reaction was then diluted with water (50 mL) and 

neutralized using saturated sodium bicarbonate solution. Product was then extracted with ethyl 

acetate (3x 100 mL). Organic layers were dried over anhydrous sodium sulfate, filtered, and 

concentrated under reduced pressure. Pure product was obtained via column chromatography (1:1 

EA/Hex). Yield = 68.2%; TLC Rf = 0.45 (1:1 EA/Hex). 1H NMR (500 MHz, DMSO-d6) δ 8.16 (s, 

1H), 7.14 (s, 2H), 3.01 (dq, J = 16.0, 7.3 Hz, 4H), 1.33 (q, J = 7.3 Hz, 6H).  13C NMR (126 MHz, 

DMSO) δ 162.5, 158.2, 156.6, 146.7, 141.7, 126.7, 103.8, 27.9, 27.2, 11.8, 11.7. 

 

5-ethynyl-N-(4-((4-methylpiperazin-1-yl)methyl)-3-(trifluoromethyl)phenyl)nicotinamide 

5-Ethynylnicotinic acid ( 1 g, 6.8 mmol, 1 equiv) and HATU (1.8 g, 8.2 mmol, 1.2 equiv) were 

added to a round bottom. Air was vacuumed out and vessel was then protected with a balloon of 

argon gas. DMF (8 mL) was then added and the reaction was cooled to 0°C. DIPEA (2.6 g, 2.4 

mmol, 3 equiv) was then added. Upon addition of 4-((4-methylpiperazin-1-yl)methyl)-3-

(trifluoromethyl)aniline (1.8 g, 6.8 mmol, 1 equiv), the reaction was then moved to 55°C and 

allowed to run over night. Reaction was then concentrated under reduced pressure and purified via 

column chromatography (10 % MeOH/DCM). Yield: 94.5 %  
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1H NMR (500 MHz, DMSO-d6) δ 10.70 (s, 1H), 9.07 (d, J = 2.1 Hz, 1H), 8.86 (d, J = 2.0 Hz, 1H), 

8.41 (t, J = 2.1 Hz, 1H), 8.17 (d, J = 2.3 Hz, 1H), 8.00 (dd, J = 8.5, 2.2 Hz, 1H), 7.71 (d, J = 8.5 

Hz, 1H), 4.58 (s, 1H), 3.56 (s, 2H), 2.41 (s, 8H), 2.22 (s, 3H). 13C NMR (126 MHz, DMSO) δ 

163.8, 154.8, 148.9, 138.4, 138.3, 132.9, 131.8, 130.2, 128.1, 127.8, 125.8, 124.0, 123.6, 118.9, 

117.7, 85.6, 80.2, 57.8, 54.9, 52.7, 45.7. 
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NMR Spectra  
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