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ABSTRACT 

Today, current drug discovery and lead generation efforts focus on high 

throughput screening of large chemical libraries as the primary source of lead candidates.  

A lack of investment in novel chemotype development by pharmaceutical companies 

over the last 15 years coupled with the concurrent merger of screening collections and the 

availability of generic compound libraries commercially have resulted in many discovery 

efforts that lack uniqueness and do not offer a strong patent position to operate.  The need 

for better, more diverse, and more drug-like libraries is essential in order to feed high 

throughput screening efforts with molecules that probe new dimensions of chemical 

space and allow for the discovery of untapped intellectual property.    

This dissertation details a complete structure based study to design novel 

inhibitors of B-Raf and p38α MAP Kinase.  A structural evaluation of the important and 

similar interactions necessary for DFG-out allosteric inhibitors to bind their respective 

targets was accomplished through the synthesis and evaluation of three known allosteric 

kinase inhibitors, Gleevec®, Nexavar®, and BIRB-796, and 8 additional DFG-out 

allosteric inhibitors that were developed directly from fragments of these successful 

scaffolds.  The structural insight that was gained from the evaluation of known DFG-out 

allosteric inhibitors was then utilized to design novel inhibitors that incorporated two 

unique scaffolds based on two new [3+2] cycloaddition reactions.  

A pyrrolo-3,4-dicarboximide scaffold has been developed through the utilization 

of a novel tandem [3+2] cycloaddition then elimination reaction scheme.  This scaffold, 

which contains three sites for variation, was then rationally incorporated into lead 
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molecules using structure-based methods and in silico feedback for the production of dual 

DFG-out allosteric kinase inhibitors of p38α and B-Raf kinase.  These inhibitors display 

micromolar to submicromolar enzymatic IC50’s for both p38α and B-Raf kinase and low 

micromolar inhibition of cell growth in 4 separate cancer cell lines. 

We also explored new chemistry that utilizes a key one pot, [3+2] cycloaddition 

reaction to obtain highly substituted imidazoles and their application in the design of 

specific allosteric B-Raf inhibitors.   Inhibitors based on this scaffold display 

subnanomolar potency and a favorable kinase profile. 
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CHAPTER 1. INTRODUCTION TO KINASES AND HOW KINASE 

INHIBITORS BIND 
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1A. Background 
 

Kinases form the largest enzyme gene family, encompassing 1.7% of the human 

genome, and represent the second largest gene family for drug discovery—second only to 

G-protein coupled receptors (GPCRs) 1.  It is estimated that 20% of all research efforts in 

major pharmaceutical companies are aimed at kinases.   From a strategic standpoint, 

kinases have been targeted by monoclonal antibodies (mAb), antisense oligonucleotides, 

small interfering RNA (siRNA), and small molecule inhibitors.  Even though the 

monoclonal antibodies Herceptin® and Avastin® have displayed good clinical utility, the 

majority of agents that target kinases or kinase pathways in clinical trials are small 

molecules, which are preferred because of their oral bioavailability.  Gleevec®, which 

was approved by the FDA in 2001 for the treatment of chronic myelogenous leukemia, 

was the first small molecule kinase inhibitor to reach the market.2  To date, there have 

been seven other inhibitors approved by the FDA—all of which were approved as 

treatments in oncology. (Figure 1.1) 
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Figure 1.1: Structures and names of the current FDA approved kinase inhibitors 
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Kinases are responsible for transducing signals between and within cells.  There 

exists 518 different kinases that entail a wide range of structures, functions, and locations 

within the cell, however, all utilize a conserved catalytic domain which covalently 

transfers the gamma phosphate of adenosine triphosphate (ATP) to the side-chain 

hydroxyls of tyrosine, serine, or threonine residues in substrate proteins. Tyrosine kinases 

and serine/threonine kinases represent the largest classes of kinases and comprise 478 

kinases (90 tyrosine, and 388 serine/threonine).  Protein phosphorylation is an important 

biochemical modification that regulates many transduction pathways and through this 

regulation controls many cellular processes such as metabolism, transcription, cell cycle 

progression, apoptosis, and differentiation.  Furthermore, aberrant kinase activity plays a 

pivotal role in many disease states including cancer3-13, diabetes14,15, inflammation16, 

cardiovascular diseases17, and central nervous system disorders18,19.  

 

1B. Structural Aspects of Kinases 

1B.1. Tertiary Structure of Kinases 

 The folding topology of protein kinases (Figure 1.2) is extremely well conserved.  

Protein kinases are folded into two sub domains, or lobes, that surround an ATP binding 

site that is positioned between the two lobes.  The N-terminal lobe consists of a five 

stranded beta sheet and one alpha helix (C-helix).  The C-helix forms the back wall of the 

ATP-binding site.   On top of the ATP binding site is the glycine rich loop (GRL) that is 

very flexible and allows for the opening and closing of the ATP binding site during 

catalysis. The C-terminal lobe is much larger and is predominantly helical.  The two 
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lobes are held together by the hinge region, which allows for the rotation, or opening and 

closing, of the two lobes.  The activation loop is part of the C-lobe and contains the 

serine, threonine, or tyrosine residues that, upon phosphorylation of their hydroxyls, 

activate the kinase.   
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Figure 1.2: Tertiary Structure of c-Abl bound to ATP.  

Figure was generated in Pymol (Delano Scientific) with  pdb’s 1CM8 and 2G21. 
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1B.2. Mechanism of Activation 

When residues on the activation loop are phosphorylated, the high polarity of the 

phosphate moieties destabilizes the activation loop out of a hydrophobic pocket and 

forces the loop into a more flexible state.  This change in flexibility is observed in crystal 

structures of different kinases by a change in the B-factors of the activation loop in the 

apo and activated states20.  In apo crystal structures, the B-factors are very high and 

correspond to a stable conformation.  In activated kinase structures, the B-factors of the 

activation loop are very low and in many crystal structures are so disordered that the 

conformation of the activation loop is absent from the structure.  

Comparison of the active (phosphorylated) and inactive (unphosphorylated) 

structure of p38 kinase shows a 5o closure of the N-lobe with respect to the C-lobe when 

ATP is bound.  Figure 1.3 is stereo view of the active (green) and inactive (red) 

conformation of p38 kinase.  The major difference is shown in the activation loop, which 

is depicted by the arrow.  In the inactive state, the activation loop makes contact with the 

N-terminal lobe and sterically blocks the ATP binding site while also holding the kinase 

in a more rigid state that is compatible with binding to its activating kinase.  Upon 

phosphorylation, the activation loop moves away from the N-terminal lobe, opens up the 

ATP binding site, and positions important catalytic residues.  After activation, the kinase 

exists in a more plastic state in which it can bind ATP with much greater affinity and also 

bind substrates.   
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Figure 1.3. Stereo view of the overlap of the active (green, pdb 1CM8) and inactive 
(red, pdb p38) conformations of p38 kinase.  In the inactive conformation, the N-lobe 
is rotated 5o with respect to the helical C lobe and the activation loop makes contact with 
the N-lobe and blocks the ATP binding site.  In the inactive conformation (green), the 
activation loop makes less contact with the N-lobe and leaves the ATP binding site open. 
Figure was generated in Pymol (Delano Scientific) with pdb’s 1CM8 and p38.  The arrow 
points to the activation loop.  
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1B.3. ATP binding pocket 

ATP binds between the N-terminal and C-terminal lobes in a highly conserved manner 

throughout all kinases (Figure 1.4).  The adenine ring of ATP makes two hydrogen 

bonding interactions with the hinge region.  Figure 4 shows the binding interactions of 

ATP with c-Abl kinase as an example.  The basic N3 nitrogen in the adenine ring accepts 

a hydrogen bond from the backbone N-H of Met318 in the hinge region and the free 

amine attached to the C6 position of the ring donates a hydrogen bond to the backbone 

carbonyl of Glu316 of the hinge region.  The Adenine and ribose ring pocket is 

constructed from the side chains of Val256, Val299, Leu376, and Thr315.   ATP 

terminates with a triphosphate group that is complexed to two magnesium ions.  

Positively charged Lys271 makes polar interactions with the negatively charged alpha 

and beta phosphate groups and forms an ion pair with Glu286.  Lys271 is extremely 

important for positioning the triphosphate moiety and facilitating the gamma-phosphoryl 

transfer.  Glutamate 286, Asp 381, and Asn368 complex the magnesium ions.    
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Figure 1.4: Stereo View of ATP in complex with c-Abl. Figure was generated in Pymol 
(Delano Scientific) with  pdb’s 1CM8 and 2G21. 
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1C. Druggability of Kinase Inhibitors 

Historically, there were many concerns and apprehension about the druggability of 

kinases. The most prominent concern was specificity because of the highly homologous 

nature of the protein kinase family.  All of the 518 kinases contain a highly conserved 

catalytic ATP binding site and exert the same catalytic function.  The second concern was 

potency because an inhibitor would have to compete with intracellular concentrations of 

ATP in the 2-8 millimolar range.  In 1986, staurosporine (Figure 1.5) was identified as a 

low-nanomolar ATP competitive inhibitor of protein kinase C (PKC)21.  The inhibition 

constant (Ki) of staurosporine in enzymatic assays was 3 orders of magnitude more 

potent than it’s cellular IC50, however, staurosporine could still effectively compete with 

the millimolar concentration of ATP.  In terms of specificity, Staurosporine is possibly 

the least specific kinase inhibitor identified to date, inhibiting 113 kinases with Kd’s 

ranging between 0.2 nM and 7 uM in a screen of 119 kinases22.  
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    Figure 1.5: Staurosporine  
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1C.1. The Development of Gleevec® 

The question of whether the specificity of kinase inhibitors would limit their use 

as drugs was answered in the development of Gleevec®, which was initiated when high 

throughput screening identified a “lead-like” phenyl-aminopyrimidine derivative (Figure 

1.6A) that showed activity against protein kinase C (PKC) and had a high potential for 

functionalization through simple chemistry23-25.  When an amide group was placed on the 

4-position of the phenyl ring, it provided inhibitory activity against tyrosine kinases such 

as platelet derived growth factor receptor (PDGFR) kinase and c-Abl (Figure 1.6B). This 

molecule inhibited PKCα, PKCδ, PDGFR, and c-Abl with enzymatic IC50’s of 1.2 uM, 

23 uM, 5 uM, and 0.400 uM.  A breakthrough observation in the history of kinase 

inhibitor development occurred when the 6-position of the phenyl ring was substituted 

with a simple flag methyl group (Figure 1.6C), which led to a loss in activity for 

PKCα and PKCδ (IC50’s = 72uM and 500 uM), but retained the ability to inhibit c-Abl 

and PDGFR (IC50’s= 0.100 uM and 0.400 uM).  
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Figure 1.6: Structural schematic of the progression during the discovery of 
Gleevec®. A.  Lead phenyl-pyrimidine.  B. Phenyl-pyrimidine amide second generation 
molecule that could also inhibit PDGFR and c-Abl. C. 6-methyl-phenyl-pyrimidine 
amide molecule  that was selective for PDGFR and c-Abl over PKC’s.  D. Gleevec®  
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  Even though the active sites of PKC, PDGFR, and c-Abl were highly 

homologous, a simple methyl substitution was able to select for PDGFR and c-Abl over 

PKC family members because of a difference in a single residue later termed the 

“gatekeeper residue”.  In c-Abl, a threonine is located at position 315.   The analogous 

position in PKC has a methionine that is larger and sterically prohibits inhibitor binding. 

Although compound 3C displayed good potency and selectivity, it was very 

insoluble and showed poor bioavailability.  The addition of an N-methylpiperazine 

(Figure 1.6D, blue), which is a highly polar group, with a methylene linker dramatically 

increased the bioavailability and potency.  What was unexpected in the addition of the N-

methylpiperazine (remembering it was added only as a solubilizing group) was that it was 

capable of interacting strongly with c-Abl—making two charge reinforced hydrogen 

bonds with the backbone carbonyls of Ile360 and His361. This molecule was identified in 

1992 and nine years later marked its approval by the FDA for the treatment of chronic 

myelogenous leukemia (CML).   

 

1D. Types of Kinase Inhibitors and Current Design Strategies 

Over the past 15 years, kinase inhibitor leads have been identified primarily 

through high through-put screening of large compound libraries26.  As a result of 

extensive research efforts in the kinase field, there are over 2800 crystal structures 

published in the Research Collaboratory for Structural Bioinformatics (RCSB) protein 

database with 985 different ligands bound.   As a result of this vast amount of structural 

data, many kinase inhibitor projects today focus on the rational structure based design of 
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inhibitors24,27,28.  Kinase inhibitors have been classified into 3 main types with each type 

having several subclasses.  Type 1 inhibitors competitively bind to the ATP binding site, 

Type 2 inhibitors bind to what is called the DFG-out allosteric binding site and indirectly 

compete with ATP, and Type 3 inhibitors target the kinase substrate interface.  All 8 of 

the kinase inhibitors approved by the FDA are Type 1 and Type 2 inhibitors (Table 1.1) 

and this review will focus on these two types.   
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Table 1.1: Currently approved kinase inhibitors (Data from this table can be located at 
www.fda.gov) 

Inhibitor Primary Targets Type Disease Launch Year
Gleevec®, 

Imatinib (1) Abl, Kit, PDGFR Type 2 CML, GIST 2001
Iressa®, 

Gefitinib (2) EGFR Type 1 NSCLC 2003
Tarceva®, 

Erlotinib (3) EGFR Type 1 NSCLC 2004

Nexavar®, 
Sorafenib (4)

B-Raf, VEGFR2, c-
Kit, PDGFR, Flt-3 Type 2 Advanced RCC, NRHCC 2005

Sutent®, 
Sunitinib (5)

Kit, VEGFR2, Flt3, 
PDGFR Type 1

GIST (imatinib resistant); 
Advanced RCC 2006

Sprycel®, 
Dasatinib (6) Abl, Src, PDGFRb Type 1 CML (imatinib resistant) 2006

Tykerb®, 
Lapatinib (7) EGFR Type 1 Advanced Breast Cancer 2007

Tasigna®, 
Nilotinib (8) Abl, Kit, PDGFR Type 2 ALL, CML, GIST 2008  
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1D.1. Type 1 inhibitors and the Traxler Model 

Type 1 inhibitors bind to the ATP binding site when the activation loop resides in the 

active conformation and compete directly with ATP.   Type 1 inhibitors represent the 

majority of kinase inhibitors discovered to date and can be designed using the Traxler 

binding model (Figure 1.7) for Type 1 inhibitors24,27.   The Traxler model breaks the ATP 

binding pocket into 5 distinct sub-sites that each have a distinct chemical environment 

and local sequences that medicinal chemists can utilize to gain potency and specificity 

when designing kinase inhibitors.  

 

a. Adenine-Binding Region (ABR) 

The adenine-binding region is a vastly important region in inhibitor design.  This region 

is mostly hydrophobic in character, however, as described in detail earlier, the adenine 

ring of ATP makes two important hydrogen bonding interactions with the backbone of 

the hinge region.  Analogous to ATP, all ATP competitive inhibitors make 1-3 hydrogen 

bonding interactions with the hinge region.   

 

 

b. Sugar-Binding Region (SBR) 

The ribose binding region is hydrophilic in character and is often exploited to 

accommodate solubilizing groups.   This region is not highly conserved and can be 

utilized to build in selectivity.   
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c. Hydrophobic Region 1 (HR1) 

Hydrophobic region 1 extends off of N6 of adenine when ATP is bound.  This region is 

present in all kinases, however, ATP does not utilize interactions in this region.   The size 

and depth of hydrophobic region 1 varies among different kinases and can be utilized by 

medicinal chemists to build in specificity and potency.  Access to this pocket is 

controlled by the “gatekeeper residue”.   

 

d. Hydrophobic Region 2 (HR2) 

Hydrophobic region 2 projects off of the opposite side of the adenine ring as hydrophobic 

region 1 and can more adequately be described as a hydrophobic slot, which is open to 

the solvent.  Like hydrophobic region 1, hydrophobic region 2 is not used by ATP and 

can be utilized to gain binding affinity and selectivity.  Because this site is solvent 

exposed, inhibitors oftentimes have substitutions on the hydrophobic moiety that place 

solubilising groups into the solvent exposed region.     

 

e. Phosphate-Binding Region  (PBR) 

The phosphate binding region is highly solvent exposed.  This region is not of high 

importance for building in binding affinity, however, can be utilized to build in 

specificity since it contains non-conserved amino acids.   
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Figure 1.7: Traxler’s binding model for Type 1 inhibitors 
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f. Traxler model of SB203580 

SB203580 is a Type 1 inhibitor of p38α and p38β.  This inhibitor is one of the 

first specific inhibitors known and the binding mode of SB203580 can be described by 

the Traxler model.  SB203580 is a triaryl imidazole that binds to the active conformation 

of p38 and competes directly with ATP.  In the Traxler model, a 4-pyridyl ring occupies 

the adenine ring region and accepts a hydrogen bond from the backbone N-H of a 

methionine from the hinge region.  The imidazole scaffold places a 4-fluorophenyl ring 

into hydrophobic region 1 and a phenyl-methyl sulfonyl is extended into the solvent 

exposed phosphate binding region.  
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Figure 1.8: Traxler model of SB203580 bound to p38. A) 2D Traxler model of 
SB203580;  B) 3D structure of SB203580 in complex with p38 (1A9U).  
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g. Traxler model of PD173955 

PD173955 is a Type 1 inhibitor that binds the active conformation of c-Abl.  A 

pteridinone ring occupies the adenine binding region and accepts a hydrogen bond from a 

backbone N-H of Met318 in the hinge region.  An amine extends from the 6 position of 

the pteridinone ring and accepts a hydrogen bond from backbone carbonyl of the same 

methionine residue in the hinge region.  A dichlorophenyl ring occupies hydrophobic 

region 1 and a methylphenylsulfide occupies hydrophobic region 2.    
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Figure 1.9: Traxler model of PD173955 bound to c-Abl.  A) 2D Traxler model of 
PD173955;  B) 3D structure of PD173955 in complex with c-Abl (1M52).  
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h. Traxler model of erlotinib 

Erlotinib is a Type 1 inhibitor of EGFR.  In the adenine binding region, it utilizes a 

highly popular quinazoline moiety, which accepts one hydrogen bond from the backbone 

NH of Met769 located in the hinge region.  It places a phenylacetylene moiety into 

hydrophobic region 1.  The acetylene at the meta position extends deep into the 

hydrophobic pocket.  On the opposite side of erlotinib lie two methoxyethoxy groups, 

one that is placed in hydrophobic region 2 and one that is placed into the sugar region 

where it makes specific interactions with Cys773 while also acting as a solubilizing 

group.   
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Figure 1.10: Traxler model of erlotinib bound to EGFR.  A) 2D Traxler model of 
erlotinib;  B) 3D structure of erlotinib in complex with EGFR (pdb. 1M17).  
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i. Analysis of different inhibitor binding interactions 

These three Traxler models show three examples how different ATP competitive 

inhibitors can gain selectivity within the highly conserved ATP binding site.  As depicted 

by the illustrations, SB203580, PD173955, and erlotinib all utilize a phenyl ring in 

hydrophobic region 1, however, they take advantage of the difference in the shape of the 

pocket through their substitution patterns.  In PD173955 (Fig 1.11B), the carbonyl of the 

pteridone ring sterically forces the dichlorophenyl ring to twist perpendicular to the 

planar pteridone ring, whereas SB203580 (Fig 1.11A) and erlotinib (Fig 1.11C) sit in the 

pocket more flat.  The substitution pattern of the SB203580 and erlotinib also differ.  The 

4-fluoro of SB203580 projects straight into hydrophobic region 1 and the acetylene group 

at the meta position of the phenyl ring in erlotinib projects more into the side of a deeper 

hydrophobic pocket.   
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Figure 1.11: Alignment of 3 Type 1 inhibitors. A) SB203580 boutnd to p38.  B) 
PD173955 bound to Abl. C) Erlotinib bound to EGFR.  HR1=Hydrophobic region 1, 
HR2=Hydrophobic region 2, SR=Sugar Region, PBR=Phosphate Binding Region. 
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In hydrophobic region 2, only PD173955 and erlotinib make interactions.  

PD173955 places a bulky methyl-phenylsulfide moiety into the pocket and erlotinib 

utilizes a floppy methoxyethoxy group.   Erlotinib is the only inhibitor of the three to 

utilize the ribose ring pocket.  The second methoxyethoxy group of Erlotinib makes van 

der Waal’s interactions with a unique cysteine in the ribose ring pocket of EGFR.  

SB203580 is the only molecule to utilize a polar interaction in the phosphate binding 

region.  Similarly, all three inhibitors use a basic ring nitrogen to accept a hydrogen bond 

from a backbone N-H in the hinge region.   PD173955 makes an additional hydrogen 

bonding interaction with the carbonyl of the same residue.  These three inhibitors display 

unique critical interactions that can be exploited by different Type 1 inhibitors to build in 

affinity and selectivity.   

 

1D.2. Type 2 Inhibitors  

Type 2 inhibitors bind the DFG-out allosteric binding pocket that is available when the 

kinase frequents an inactive conformation of the enzyme characterized by movement of 

an AspPheGly (DFG) loop.  This conformation was first identified in 1994 in the X-ray 

crystal structure of the apo structure of the kinase domain of the insulin receptor29. The 

binding site is made accessible by a rearrangement of the activation loop that results in a 

10 Angstrom movement of a phenyl ring, from the phenylalanine in the DFG loop, out of 

a hydrophobic pocket and into the ATP binding site.  This results in a conformation that 

is mutually exclusive to ATP binding and also creates a large hydrophobic pocket that 

Type 2 inhibitors bind to--essentially locking in the inactive conformation of the enzyme.  
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Type 2 inhibitors themselves are not directly competitive with ATP because they bind a 

conformation of the enzyme in which ATP cannot bind to, however, the phenyl ring from 

phenylalanine in the DFG loop is competitive with ATP.   As a result Type 2 inhibitors 

are indirectly competitive. 

Opposite of Type 1 inhibitors, Type 2 inhibitors bind a conformation of the 

enzyme where the kinase activation loop populates a conformation that resembles the 

unphosphorylated APO enzyme state.  The crystal structures of the Type 2 inhibitor 

Gleevec® (Figure 1.12A) and the Type 1 inhibitor PD173955 (Figure 1.12B) bound to c-

Abl can be used to depict this difference.  When Gleevec® is bound to c-Abl, the 

activation loop is contained in the center of the crystal structure, whereas when 

PD173955 is bound, it loops out towards the edge of the crystal structure.  In comparison 

to the crystal structure of p38 in its inactive apo form (Figure 1.12C) and active 

phosphorylated form (Figure 1.12D), the activation loop conformation when Gleevec®, a 

Type 2 inhibitor, is bound (Figure 1.12A) is similar to the active loop conformation of the 

inactive kinase (Figure 1.12C) and the activation loop when PD173955, a Type 1 

inhibitor, is bound (Figure 1.12B) matches the conformation of the active form (Figure 

1.12D).   
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Figure 1.12: Structural conformations of the activation loop when different types of 
inhibitors bind.   A) Structure of the Type 1 inhibitor Gleevec® bound to c-Abl (pdb 
1IEP).  B) Structure of the Type 1 inhibitor PD173955 bound to c-Abl.  C)  The inactive 
structure of p38 kinase (pdb p38).  D) The active structure of p38 (pdb 1CM8).  The 
activation loop is marked with an arrow.  The conformation of the activation loop when 
Gleevec® is bound (A) is similar to the conformation of inactive p38 kinase (C).   The 
conformation of the activation loop when PD173955 is bound (B) matches the 
conformation of activated p38 kinase(D).  

A B

C D
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a. Advantages of Type 2 Inhibitors 

Type 2 inhibitors offer a few advantages over Type 1 inhibitors.  In terms of 

selectivity, it is estimated approximately 50 of the 518 kinases have adopted the DFG-out 

conformation22.  In this regard, it is only necessary to achieve selectivity among 50 

kinases instead of 518.  The allosteric binding region, which is highly hydrophobic in 

nature and less conserved than the ATP binding site, offers another handle for achieving 

higher binding affinity and selectivity.  The DFG loop movement is a slow process that 

includes equilibrium between the active and inactive conformation of the kinase. The 

active state represents approximately 80% of the population30,31.  Inhibitors bind when 

the enzyme frequents the inactive conformation and stabilize the inactive state, swinging 

the equilibrium to favor the inactive state.  By stabilizing an alternate secondary 

conformation of the kinase, DFG-out allosteric inhibitors not only can inhibit the activity 

of the kinase, but have also shown they can prohibit the phosphorylation of the activation 

loop32.  Many DFG-out allosteric inhibitors display tight binding characteristics and slow 

binding kinetics, which results in them being kinetically non-competitive with respect to 

ATP30.  BIRB-796, a Type 2 inhibitor, binds the p38 kinase with a half life of 23 hours33.  

This number is astronomical when compared to the traditional Type 1 inhibitor, 

SKF86002, which shows a half life of 0.1 seconds33.  Table 1.2 highlights some of the 

differences in Type 1 and Type 2 inhibitors.      
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Table 1.2: Properties of Type 1 and Type 2 inhibitors 

Type 1 Inhibitors Type 2 Inhibitors
Activation Loop Confirmation Active Inactive
Sensitive to phosphorylation state Usually no No
Binding region ATP site Allosteric and ATP site
Hydrogen bond to hinge Yes (1-3) Not required but yes (1)
ATP competeitive? Yes Yes, indirectly
Slow binding kinetics No Yes
Selectivity Usually low, but some are selective Better, but not complete specificity
Inhibitor resistance In ATP pocket In ATP pocket and allosteric binding region
IP position Extremely crowded More chemical space to explore
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b. Traxler model of Type 2 inhibitors 

Type 2 inhibitors can also be described with a Traxler model (Figure 1.13), 

however, movement of the DFG loop creates additional binding interaction sites.  When 

phenylalanine is displaced from its hydrophobic pocket, it occupies space in the ATP 

binding region where the phosphate and ribose ring of ATP binds to and closes off a 

region called the gatekeeper region, that is similar in position to hydrophobic pocket 1 as 

depicted in the Traxler model of Type 1 inhibitors, however, the pocket is more tightly 

contained in the DFG-out conformation.  Because the phenyl ring of phenylalanine 

occupies the phosphate and sugar regions, Type 2 inhibitors do not make interactions at 

these sites.  Most inhibitors from this class place only 1 hydrogen bond acceptor in the 

adenine binding region. What is different about Type 1 inhibitors is that they make 

extensive interactions in this region (fig 1.8-1.9) whereas the portion of DFG-out 

allosteric inhibitors that occupies the adenine binding site is usually extended in with a 

floppy linker and is designed to simply place a hydrogen bond acceptor in the vicinity of 

the hinge region (Figure 1.13).  Most of the affinity of Type 2 inhibitors comes from 

placing large hydrophobic moieties into the allosteric binding and gatekeeper regions28.   

Type 2 inhibitors generally bind to the gatekeeper region with an aromatic ring.  All 

inhibitors in this class make hydrogen bonding interactions with the side chain of a 

conserved glutamate and the backbone NH of the aspartate that is involved in the DFG 

loop move.   The allosteric-binding region is depicted to the right of the glutamate and is 

highly hydrophobic in character (fig 1.13).   
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Figure 1.13:  Traxler model of Type 2 inhibitors 
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c. Traxler model of Gleevec® 

Gleevec is an example of a Type 2 inhibitor that targets c-Abl, PDGFR, and c-kit.    A 4-

pyridyl-pyrimidine ring occupies the adenine binding region and accepts the hydrogen 

bond from the backbone NH of Met318 in the hinge region.  A 4-methylbenzene-1,3-

diamine aromatic ring occupies the gatekeeper region.  The NH from a phenyl amide 

donates a hydrogen bond to Glu286, and the carboxyl accepts a hydrogen bond from the 

backbone NH of Asp381.  A phenyl ring occupies the allosteric binding region and a 

methylene linker in the 4-position projects a N-methylpiperizine through the highly 

hydrophobic pocket close to the solvent exposed region where the N-methyl amine makes 

two charge reinforced hydrogen bonds with two backbone carbonyls of Ile360 and 

His361.    
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Figure 1.14: Traxler model of Gleevec® bound to c-Abl.  A) 2D Traxler model of 
Gleevec®;  B) 3D structure of Gleevec® in complex with c-Abl (1IEP).  
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d. Traxler model of BIRB-796 

BIRB-796 targets p38α and is another example of a Type 2 inhibitor.  A morpholine ring 

occupies the adenine binding region with the oxygen in the ring accepting a hydrogen 

bond from a NH from Met109 in the hinge region.  A floppy ethoxy linker extends to a 

large aromatic naphthyl ring that spans the highly hydrophobic gatekeeper region.  A urea 

is utilized to make hydrogen bonding interactions with the two NH’s donating two 

hydrogen bonds to the side chain of glutamate and the corresponding carboxyl of the urea 

accepting a hydrogen bond from the backbone NH of aspartate.  A pyrazole scaffold 

projects a t-butyl group into the hydrophobic pocket that was voided during the DFG-

loop movement and a tolyl ring occupies another deep hydrophobic pocket at the top of 

the allosteric binding region.   
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Figure 1.15: Traxler model of BIRB-796 bound to p38.  A) 2D Traxler model of 
BIRB-796;  B) 3D structure of BIRB-796 in complex with p38 (1KV2).  
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e. Analysis of different binding interactions in type 2 inhibitors 

In comparison to Gleevec, BIRB-796 occupies a much larger area of the allosteric 

binding region.  BIRB-796 utilizes a largely hydrophobic 5-tert-butyl-2-p-tolyl-2H-

pyrazole, whereas Gleevec® utilizes a N-Methyl-N-benzylpiperazine ring with the phenyl 

ring occupying the hydrophobic pocket and the N-methyl-piperazine portion making 

specific hydrogen bonding interactions with the solvent exposed portion of the allosteric 

binding region.  The solvent exposed edge of the allosteric binding pocket varies among 

different kinases and can be utilized to build in specificity.  In c-Abl, residue 359 is a 

phenylalanine that makes van der Waal's interactions with the carbons in the N-methyl 

piperazine ring of Gleevec® (Figure 1.16).  The analogous position in B-Raf and p38α 

kinase, whose inhibition is also approachable through allosteric inhibition, contains a 

isoleucine that projects the isolated methyl group of its side chain directly into the N-

methylpiperizine binding site, eliminating binding of Gleevec® to p38α and B-Raf 

kinase.  These interactions highlight the potential to utilize differences in the allosteric 

binding region to gain selectivity. Another major difference is found at the position 

methionine 290 occupies in Abl, which in both p38α and B-Raf is substituted with a 

leucine side chain.       
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Figure 1.16: The allosteric binding pocket of Gleevec® in c-Abl (green) and p38 
(teal).  The analogous position to phenylalanine 359 in c-Abl has a isoleucine that blocks 
the analogous pocket the N-methylpiperizine would bind in p38.   
 

Phe359 
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In the gatekeeper region, BIRB-796 uses a large naphthyl ring, which in Gleevec 

is occupied by the smaller 4-methylbenzene.  The methyl of the 4-methylbenzene in 

Gleevec®, however, projects into a small hydrophobic pocket that is not well conserved 

among kinases.  As discussed earlier, this flag methyl allows Gleevec to be highly 

selective for c-Abl and PDGFR over PKC (Figure 1.6).   

In the adenine binding region, in BIRB-796 a floppy ethoxy linker extends a 

morpholino moiety into the pocket.  In Gleevec®, there is instead a more rigid, pyridyl-

pyrimidine ring system.  This difference is common among Type 2 inhibitors and 

generally depends on the initial lead molecule that was identified in the discovery 

process, (see Figure 1.17).  In Gleevec®, they first discovered the pyridyl-pyrimidine 

ring system, that bound well to the adenine binding region, as a lead and then built the 

molecule into the allosteric binding region.  As a result, they first optimized interactions 

in the ATP binding pocket.  In BIRB-796, however, Boeringer Ingelheim discovered a 

class of pyrazole ureas as their lead molecules, which bound only to the allosteric binding 

region.  In the discovery process of BIRB-796, they then added the highly hydrophobic 

and large naphthyl ring in the gatekeeper region, a large hydrophobic tolyl ring in the 

allosteric binding region, and then extended the morpholino group into the hinge region 

with an ethoxy linker.  In their case, they first optimized binding in the allosteric and 

gatekeeper regions.      
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Figure 1.17: Schematic of Lead optimization to Gleevec® and BIRB-796.  Original 
lead portions of the molecules are black.  Optimizations are depicted in blue.  
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1D.4. Second Generation Hybrid Type 2 inhibitors 

In first generation Type 2 inhibitors, most of the binding affinity comes from the 

hydrophobic interactions in the allosteric and gatekeeper binding regions.  On their own, 

the morpholine from BIRB-796 and the pyridyl-pyrimidine from Gleevec® are not 

inhibitors of their target kinase.  In this respect, the hydrophobic moieties in the allosteric 

pocket anchor the molecule and allow a hydrogen bonding acceptor to link to the NH of 

the hinge region.  Simply adding a morpholine in BIRB-796 to accept a  hydrogen bond 

in the hinge region causes a drastic 110 fold increase in binding affinity28,34 (Figure 1.17).    

Type 1 inhibitors, however, rely extensively on the affinity attained from specific binding 

to the hinge region.  The pteridone ring from PD173955, without the extra spinnage, can 

act as a non-specific kinase inhibitor.   Further, Type 2 inhibitors have not utilized 

interactions in hydrophobic region 2, which is an important interaction site in Type 1 

inhibitors.  A Type 2 inhibitor can gain even more affinity and selectivity for its desired 

kinase by utilizing more specific and stronger binding interactions within the ATP 

binding site.  

 When the crystal structures of Gleevec and PD173955 are overlapped, the 

dichlorophenyl ring from PD30588 and the methylbenzene ring in Gleevec overlap and 

bind to the same hydrophobic pocket in the gatekeeper region (Fig 1.18).    

 A second generation hybrid Type 2 inhibitor can be designed by making a 

disconnect at the site of overlap, in this case the phenyl ring that occupies the gatekeeper 

region in both inhibitors. By using the methylbenzene ring from Gleevec® as the 

scaffold, a Type 1 “head group” can be placed into the ATP binding site (Figure 1.19B, 
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blue).  This moiety would be the 3-methylsulfanephenyl-aminopteridone moiety from 

PD173955, which binds to the adenine-binding region and hydrophobic pocket 2.  On the 

opposite side of the methylbenzene ring is the allosteric binding region and the N-

methylpiperazinyl phenylamide from Gleevec® can be built in here, essentially 

interacting with the allosteric binding region as the tail group of the molecule (Fig 1.19B, 

red).   
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Figure 1.18: Overlap of Gleevec® and PD173955 bound to c-Abl. The center phenyl 
ring in each structure overlaps very well.  A disconnect at this ring could merge 
properties of each inhibitor into one inhibitor.  Gleevec® (green) and PD173955(mauve) 
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Figure 1.19: Second generation hybrid type 2 molecules.  A) Traxler model of a 
hybrid molecule.  B)  Overlap in the structure of Gleevec® and PD173955.  A disconnect 
can be made at the middle phenyl ring that binds the gatekeeper. A type 1 head group is 
then applied and a Type 2 tail group 
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This design strategy has been adapted to increase the potency and selectivity of 

Type 2 inhibitors, however, inhibitors of this type are highly hydrophobic, very large, and 

must be designed very strategically to conserve criteria that is necessary for inherent 

drug-like properties.  The hybrid molecule described here, has a high molecular weight of 

620.76 and is very hydrophobic with a Log P of 5.13.  Type 1 and Type 2 inhibitors both 

offer unique pockets to build in specificity and potency.  The best inhibitors in terms of 

specificity and potency can be developed by utilizing all of the interaction sites in both 

inhibitor types, but when this strategy is applied, the drug-like properties of the molecules 

are insufficient to be useful as a therapy.  When designing kinase inhibitors, it is instead 

essential to focus the inhibitor design on specific interactions that may be unique to the 

kinase in question and then design a Type 1 or Type 2 inhibitor that efficiently exploits 

that uniqueness.        

 

1E. Properties of Kinase Inhibitors 

 The biggest advantage in small molecule drugs is that they are often times orally 

bioavailable.  In 1997, Christopher Lipinski collected a data set of 2245 orally bio-

available molecules that progressed to phase II clinical trials and evaluated the molecular 

weight, LogP, number of hydrogen bond donors, number of hydrogen bond acceptors, 

and number of rotatable bonds35.  Evaluation of the data led to the “rule of 5” that states 

poor absorption or permeation are more likely when: the molecular weight is over 500, 

the LogP is over 5, there are more than 5 hydrogen bond donors, or there are more than 
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10 hydrogen bond acceptors.  Other criteria were added later related to the number of 

rotatable bonds (>10) and the polar surface area (>140 A2). 

Leeson et al calculated the physical properties of an extensive dataset of historical 

oral drugs developed between 1982 and 200236.  In their analysis, they found the 

approved drugs have good agreement with Lipinski’s rules with an average: MW=377 

g/mol, cLogP=2.5, HBD=1.77, HBA=3.74, Number of rotatable bonds=6.42 36 (Table 

1.3).   A similar analysis of 45 orally bioavailable kinase inhibitors was performed and 

published by Gill et al in 2007 37.  
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Table 1.3: Properties of orally available inhibitors 

Descriptor Leeson--Oral data (1983-2002)34 
Gill--Oral data for 45 orally available 

kinase inhibitors37

MW 377 457
ClogP 2.5 4.1
HBD 1.77 2.9
HBA 3.74 4.4

No. rot. Bonds 6.42 6.4  
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Kinase inhibitors are on average 80 g/mol larger and are 1.6 log units more 

lipophilic than other marketed oral drugs.  The number of hydrogen bond donors and 

acceptors is not significantly different.  Even though kinase inhibitors push the limits set 

forth by Lipinski, they on average still obey all of the rules.   The increase in molecular 

weight and lipophilicity can be attributed to the hydrophobic character and size of the 

flanking pockets.  It is imperative to use a large amount of the available hydrophobic 

binding area in order to find areas of uniqueness among the 518 different kinases and to 

increase the affinity enough that molecules can efficiently compete with the large cellular 

levels of ATP.  Type 2 inhibitors span more area when they bind and extend into the 

highly lipophilic allosteric binding region.  As expected, Type 2 inhibitors are on average 

35 g/mol larger and 1.2 log units more lipophilic than Type 1 inhibitors.   

 

1F. Kinase Profiles 

Gleevec® was able to demonstrate that selectivity among highly homologous 

kinases was possible by making minor substitutions, however, Gleevec® is not a specific 

inhibitor of c-Abl because it also shows good inhibition of c-kit and PDGFR kinase22.  

The clinical efficacy is attributed to the inhibition of all three kinases.  In CML, the 

therapeutic target of Gleevec® is the oncogenic fusion protein, BCR-Abl, that is 

constitutively active and highly overexpressed.  In the treatment of gastrointestinal 

stromal tumors (GISTs), however, the therapeutic target is C-Kit and inhibition of c-Abl 

is associated with severe cardiotoxicity38.  By this, Gleevec® demonstrates that a specific 

inhibitor is not essential to address multiple therapeutic needs and highlights that it may 
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even be more desirable and more efficacious to inhibit more than one kinase.  The recent 

profiling of both marketed and late stage development kinase inhibitors is supportive of 

the concept that a judicious or serendipitous mix of activities may offer advantages over a 

highly selective inhibitor.   

Nexavar® is another approved kinase inhibitor that demonstrates that a 

therapeutic need can be fulfilled with an inhibitor that hits more than one kinase target.   

Originally designed as a c-Raf inhibitor, Nexavar® entered the clinic as a B-Raf inhibitor 

for the treatment of oncogenic B-Raf V600E mutated melanomas.   Nexavar® was 

approved in 2005 for the treatment of renal cell carcinoma and again in 2008 for the 

treatment of hepatocellular carcinomas39.  The efficacy of Nexavar® is attributed to the 

inhibition of B-Raf, VEGFR, and PDGFR—a serendipitous mix for renal cell and 

hepatocellular carcinomas that are often times highly vascularized as a result of 

overexpression of the tyrosine receptor kinases, VEGFR and PDGFR40,41. 

In the era of the molecular targeting of kinases, there seems to be a shift away 

from selective targeting towards multiple targeting—especially in oncology.  The 

efficacy of kinase inhibitors that target more than one pathway in cancer is not surprising 

and makes sense given the multifaceted character of cancer that can only progress after 

the initiation of many events.  The malignant cell is one facet of cancer that has been 

extensively studied.  Mutations such as gene deletions42,43, gene overexpression44, p53 

defects45, signaling pathway hyperactivation46, and aberrant cell cycle regulation47 have 

been directly linked to the development of cancers.  In the 60’s, when Judah Folkman 

implanted tumors on perfused organisms that were isolated in glass chambers, the tumors 



  
 

74

stopped growing when they reached 2-3 mm in size48,49.  This arrest of growth was a 

result of the absence of blood vessels and the inability of tumors in glass jars to initiate 

angiogenesis.   Angiogenesis is important for bringing in oxygen and nutrients to the 

tumor cell but also provides a highway for which adhesion factors and metalloproteinases 

reach the site of the tumor, facilitating the advancement of a tumor out of the 

extracellular matrix50.  If the malignant cell is considered a lit match, then angiogenesis is 

the fuel for the flame.  In renal cell carcinoma, the efficacy of Nexavar® can be attributed 

to targeting kinases such as B-Raf kinase and PDGFR kinase in the malignant cell and 

also inhibiting the VEGF receptor kinase, which is a key player in angiogenesis.   

Kinase inhibitors, as a class, have never been able to demonstrate perfect 

selectivity for one kinase.  Most recently developed kinase inhibitors target multiple 

mechanisms and share a focus on both the angiogenesis process and growth factor 

signaling on the surface of cancer cells.  Additional positive therapeutic effects of some 

of the approved kinase inhibitor drugs like Nexavar® and Gleevec® may be due to off-

target activities, however, off target effects are also linked to toxicity.   Although proven 

as a great utility in oncology, kinase inhibitors may be limited to acute disease states like 

cancer in which more side effects are tolerated.  Two-thirds of kinase inhibitors in the 

clinic today target different cancers51 and the success of the other one-third should shed 

light on the application of kinase inhibitors for the treatment of other disease states.       

1G. Conclusion 

 Since the discovery of staurosporine in 1986, the kinase field has evolved into one 

of the most significant target fields for most major pharmaceutical companies.  The 
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advent of Gleevec® has paved the way in establishing kinase inhibitors as useful 

therapeutics, whether specific or not.  Today there are 8 approved kinase inhibitors on the 

market in oncology, making up approximately 7% of the oncology market and 

collectively garnering over 4 billion dollars a year.  There are reported to be more than 

130 kinase inhibitors in Phase 1 or Phase II studies (47) with an additional 11 in Phase 

III52.  The number of kinase inhibitors in clinical trials ensures that in the future many 

more kinase inhibitors will reach the market.  Although it is still uncertain whether a 

kinase inhibitor can be made specific enough to be used successfully to target chronic 

illnesses such as diabetes and rheumatoid arthritis, they have already proven a great 

utility in oncology, often times improving the prognosis of cancers that have no other 

therapy.  With the large amount of structural data that has been generated in the kinase 

field, kinase inhibitors can now be rationally designed using structural approaches to 

engineer in potency and selectivity.  With the establishment of high throughput screening 

technology and large profiling capabilities, it is expected that the specificity and potency 

of next generation kinase inhibitors will exceed the current therapies.  

 

1H. Objective of Dissertation 

 The objective of this dissertation was to utilize the plethora of available structural 

kinase data to rationally design and develop novel DFG-out allosteric (Type 2) kinase 

inhibitors.  As described in Chapter 2, hybrid allosteric inhibitors were synthesized and 

evaluated to give additional insight into the important binding interactions that are 

necessary for type 2 inhibitors to bind their respective targets.  Chapters 3 and 4 describe 
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the design and synthesis of novel B-Raf and p38α kinase inhibitors that were rationally 

developed using structure based methods and incorporated two novel scaffolds that relied 

extensively on new chemistry that was developed in our lab.   
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CHAPTER 2:  THE DESIGN, SYNTHESIS, AND EVALUATION OF 8 HYBRID 

DFG-OUT ALLOSTERIC KINASE INHIBITORS. 

A STRUCTURAL ANALYSIS OF THE BINDING INTERACTIONS OF 

GLEEVEC®, NEXAVAR®, AND BIRB-796. 
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2A. Abstract 

The majority of kinase inhibitors developed to date are competitive inhibitors that 

target the ATP binding site, however, recent crystal structures of Gleevec® (imatinib, 

STI571), Nexavar® (Sorafenib, BAY 43-9006), and BIRB-796 have revealed a 

secondary binding site adjacent to the ATP binding site known as the DFG-out allosteric 

binding site.  The recent successes of Gleevec® and Nexavar®, two type 2 kinase 

inhibitors, for the treatment of CML and Renal Cell Carcinoma has sprung great interest 

in the development of other kinase inhibitors that target this secondary binding site.  

Here, we present a structural comparison of the important and similar interactions 

necessary for Gleevec®, Nexavar®, and BIRB-796 to bind to their respective DFG-out 

allosteric binding pockets and the selectivity of each with respect to c-Abl, B-Raf, and 

p38α.  A structural analysis of their selectivity profiles has been generated from the 

synthesis and evaluation of 8 additional DFG-out allosteric inhibitors that were 

developed directly from fragments of these successful scaffolds.   

 

2B. Background 

Gleevec®, which  was developed as an inhibitor of c-Abl and the constitutively 

active fusion protein form Bcr/Abl2,53,54, was approved for the treatment of chronic 

myeloid leukemia (CML) in 2002.  Gleevec® was the first compound shown to inhibit a 

kinase by binding the DFG-out allosteric site28. This site is actually just an inactive 

conformation of the enzyme characterized by movement of an AspPheGly (DFG) loop55.  

The position of the phenyl ring of phenylalanine determines whether the kinase is in the 
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active or inactive conformation.  In the active conformation (DFG-in), which the 

phosphorylated protein frequents approximately 80% of the time, the phenyl ring is 

contained in a hydrophobic pocket30,31 (Figure 2.1a).  In this state, the triphosphate of 

ATP binds by utilizing two magnesium cofactors and aspartate from the DFG loop.  In 

the inactive conformation (DFG-out), however, rearrangement of the DFG loop allows 

the phenyl ring to void the hydrophobic pocket as it rotates around the C-N bond of 

aspartate, displacing itself >10 angstroms and into the ATP binding pocket (Figure 2.1b).  

Because the phenyl ring of phenylalanine occupies the space usually utilized to bind 

ATP, the DFG-out conformation is mutually exclusive with ATP binding and thus 

renders the kinase in an inactive state.   
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Figure 2.1: Conformation DFG-in and DFG-out.  A.) The DFG-in active state 
(magenta) of p38α with ATP bound in the ATP pocket.  The three phosphates and the 
side chain of aspartate complex to the Mg2+ cofactor.  B.)  The phenyl ring of Phe169 in 
the active state (magenta) rotates around the CN bond of Asp168 and positions the phenyl 
ring 10 Ǻ away and into the ATP pocket. This movement results in the DFG out inactive 
state shown in green 
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DFG-out inhibitors stabilize the DFG-out conformation by placing a lipophilic 

group into the voided hydrophobic pocket, resulting in an increase in the population of 

inactive kinase.  DFG-out allosteric inhibitors typically bridge from this site into the 

hinge region, the area normally occupied by ATP. Because allosteric site inhibitors bind 

an inactive conformation of the enzyme and do not compete directly with ATP or 

substrate, they can offer a significant kinetic advantage over ATP competitive 

inhibitors30. 

Nexavar® (sorafenib, Bay 43-9006) is a potent inhibitor of B-Raf, which is 

currently approved for the treatment of renal cell carcinoma and is still undergoing 

multiple clinical trials in thyroid and liver cancers56-61.  B-Raf kinase is mutated in 

approximately 7% of all human cancers with higher occurrence in 66% of human 

melanomas, 45% of sporadic papillary thyroid cancers, 33% of KRAS mutated pancreatic 

cancers, and 15% of sporadic colorectal cancers 62-67. In a manner similar to Gleevec®, 

this agent inhibits by binding the inactive conformation of B-Raf characterized by a DFG 

loop move. Interestingly, Nexavar®, like Gleevec®, is not a specific inhibitor of its 

primary target enzyme, but also displays good inhibitory activity for the kinase domain of 

the vascular endothelial growth factor receptor (VEGFR) and platelet derived growth 

factor receptor beta (PDGFRB), which allows this inhibitor to also promote anti-

angiogenic effects much like the effects seen in the antagonism of the VEGF receptor by 

Avastin®68. The promising clinical efficacy of Nexavar® is attributed to the combination 

of inhibiting VEGFRK, PDGFRβ, and B-raf.69,70. 
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BIRB-796 is a highly potent inhibitor of p38α33, a serine/threonine mitogen 

activated protein kinase (MAPK) that is usually associated with inflammation because of 

its role in T-cell proliferation and cytokine production71.  The p38 pathway, however, 

factors into many other cellular events including proliferation, apoptosis, and cell 

differentiation69,70,72-75.  BIRB-796, like Gleevec and Nexavar®, binds a highly lipophilic 

selectivity site created by movement of the DFG loop.  This inhibitor, developed as a 

treatment for rheumatoid arthritis and Crohn’s disease, was taken out of phase III clinical 

trials due to liver toxicity76, however, much structural data was collected on this very 

potent inhibitor.  It established the slow binding kinetics of DFG-out inhibitors30 and also 

highlighted that these allosteric inhibitors have the ability to induce a conformation in 

which the unphosphorylated enzyme cannot be activated32.    
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2C. Structural Requirements for Allosteric Inhibitors 

The three DFG-out allosteric kinase inhibitors described share a basic architecture 

for construction that can be defined by four key interactions (Figure 2.2).  

 

2C.1. Hydrogen-bonding Interactions with the Core Scaffold 

A critical inhibitor interacting group is the core or scaffold, which establishes a 

bridging hydrogen-bond network between a conserved glutamate side chain and the 

amide N-H from the aspartate involved in the DFG loop move (Figure 2.2).  In 

Gleevec®, this core scaffold is a benzamide (Figure 2.2a), in Nexavar® a phenyl urea 

(Figure 2.2b), and in BIRB 796 it is a pyrazole urea (Figure 2.2c).  The carbonyl from the 

urea or amide accepts a hydrogen-bond from the backbone NH of aspartate and the NH 

from the urea or amide donates a hydrogen bond to the side chain of the conserved 

glutamate.  

 

2C.2. Hydrophobic Interactions in the Allosteric Binding Region  

Hydrophobic interactions are made in the allosteric binding region.  Two 

selectivity sites are included in this region.  The lower selectivity site is created when the 

phenyl alanine of the DFG loop flips out of its lypophilic pocket during the DFG loop 

move.  The lower selectivity site is very conserved among kinases that are approachable 

through allosteric inhibition.  The upper selectivity site is less conserved and offers a 

unique position to build in selectivity.  The core scaffold usually binds between the two 

selectivity sites and projects lipophilic moieties into the large hydrophobic pockets.  
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Gleevec® has a phenyl ring as the scaffold which projects a N-methyl piperazine into the 

outer rim of the hydrophobic pockets (Figure 2.2a).  Nexavar® has a phenyl ring which is 

substituted with a trifluoromethyl group at the meta position that projects into the lower 

selectivity site (Figure 2.2b).  A para-chloro substituent also adds hydrophobicity to the 

phenyl ring and positively interacts with lower hydrophobic selectivity site when 

Nexavar® binds.  BIRB-796 has a pyrazole scaffold that places a lipophilic t-butyl group 

into the lower selectivity site and a tolyl ring into the upper selectivity site (Figure 2.2c).  

Of the three molecules, BIRB-796 is the only one to utilize the upper selectivity site.  

 

2C.3. Hydrophobic Interactions in the Gatekeeper Region 

The third interaction site is called the “gatekeeper region” which is close to a 

conserved lysine side chain that is normally involved in triphosphate binding.  As a result 

of the DFG loop movement, the phenylalanine side chain of this loop typically closes off 

the gatekeeper region forming a distinct hydrophobic binding site. An aromatic ring 

spans this region in all three inhibitors.  Gleevec® (Figure 2.2a) and Nexavar® (Figure 

2.2b) utilize a phenyl ring and BIRB-796 utilizes a larger naphthyl ring to bind the 

gatekeeper region (Figure 2.2c).   

 

2C.4. Hydrogen-bonding Interactions with the Hinge Region 

All three inhibitors bind to the hinge region where the adenine ring of ATP 

normally binds and accepts a hydrogen-bond from the hinge region.  In Gleevec® a 3-
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pyridyl ring is used (Figure 2.2a), in Nexavar® a N-methyl-4-picolinamide (Figure 2.2b), 

and in BIRB-796 a morpholino group (Figure 2.2c).  
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Figure 2.2: Crystal structures of known allosteric kinase inhibitors, a) Crystal  
structure of Gleevec® (imatinib, STI571) bound Abl kinase. b) Crystal structure of  
Sorafenib (Nexavar® , BAY 43-9006) bound to B-Raf kinase.  c) BIRB-796 bound to 
p38α kinase.  d) Overlap of Gleevec® (green), sorafenib (mauve), and BIRB-796 (teal) 
in their bound conformations.   
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Figure 2.3: Breakdown of allosteric kinase inhibitors 

Left Side      Core   Right SideLeft Side      Core   Right Side

Gleevec®

Nexavar®

BIRB-796
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The similarities found in the binding interactions of Gleevec®, Nexavar®, and 

BIRB-796 have established that the DFG-out binding sites of Abl kinase, B-Raf kinase, 

and p38α kinase are very similar.  When evaluating the crystal structure of these three 

inhibitors bound to their target enzyme, it is not obvious where selectivity can be 

achieved in these allosteric kinase inhibitors.  In this study, we report the selectivity of 

Gleevec®, Nexavar®, and BIRB-796® with respect to c-Abl, B-Raf, and p38α.  As 

described previously, each inhibitor consists of a central core that makes two hydrogen-

bonding interactions with conserved glutamate and aspartate residues. In Nexavar and 

BIRB-796 it is a urea and Gleevec® an amide (Figure 2.3).  In this study, we have broken 

the molecules down into three distinct parts (Figure 2.3).  One part consists of the left 

side of the central core which binds to the gatekeeper and hinge regions. The second part 

is the central core, and the third part is the right side of the central core that binds to the 

selectivity sites in the allosteric binding region.  In order to distinguish which part of each 

molecule contributes to the selectivity among the three kinases, we synthesized 8 hybrid 

molecules (Figure 2.4) that combine the different distinct regions of each known inhibitor 

and evaluated their inhibitory activity with respect to c-Abl, B-Raf, and p38α.   
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Figure 2.4: Parent and hybrid molecules that were synthesized and evaluated.  
Gleevec® is shown in red, Nexavar in blue, and BIRB-796 in green.  The hybrid 
molecules are depicted as a combination of colors to represent which part came from 
which parent molecule.  The naming scheme names the right side of the molecule first 
and the left side second. ie. Gleev-796 (5) has the right side of Gleevec® and the left side 
of BIRB-796.  
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2D. Chemistry 

Previously described methods were used to synthesize Nexavar®77 (scheme 2.2), 

BIRB-79634 (scheme 2.1), and Gleevec®78 (scheme 2.1)  

 
2D.1. The Synthesis of Gleevec® 

The synthesis of Gleevec® (Scheme 2.1) started from 2-methyl-5-nitroaniline, 

which was reacted with cyanamide in a solution of ethanol and concentrated nitric acid 

under reflux to yield guanidinium nitrate 15 in 46% yield.  Dimethylaminopropenone 13 

was then obtained from the reaction of 3-Acetyl pyridine (12) and N,N-

dimethylformamide dimethylacetal in refluxing ethanol.  Subsequently, guanidinium 

nitrate 15 and propenone 13  were reacted under basic conditions (NaOH) in isopropanol 

for 24 hours to afford (2-methyl-5-nitrophenyl)-(4-pyridin-3-yl-pyrimidin-2-yl)-amine in 

67% yield, which was subsequently reduced to 4-methyl-N-3-(4-pyridin-3-yl-pyrimidin-

2-yl)-benzene-1,3-diamine (16) in 98% yield by shaking in a Parr hydrogenator under 40 

psi hydrogen gas in the presence of 10% palladium on carbon.  4-[(4-Methylpiperazin-1-

yl)methyl]-benzoic acid dihydrochloride (17) was purchased from Ryan Scientific and 

was converted to the acid chloride by refluxing in thionyl chloride overnight. The acid 

chloride was isolated as the dihydrochloride salt and reacted in pyridine with amine 16 to 

yield Gleevec® in 72% yield and an overall yield of 24%.   
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Scheme 2.1. Synthesis of Gleeveca 

 
aReagents and conditions: (a) 50% Aqueous cyanamide, EtOH, reflux, overnight; (b) 

N,N-dimethylformamide dimethyl acetal, EtOH, reflux, overnight; (c) 1.3 eq NaOH, IPA, 

reflux, 24 Hr; (d) H2, 10% Pd/C, 40 psi, 4 h; (e) SOCl2 reflux, overnight; (f) 16, dry 

pyridine, 60oC, 12 h  
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2D.2. The Synthesis of Nexavar®  

Nexavar® (scheme 2.2) was generated starting from picolinic acid (18) which 

was heated to 80oC in the presence of Vilsmeier reagent for 16 h to afford 4-

chloropyridine-2-carbonyl chloride hydrochloride.  Subsequent portion-wise addition of 

acid chloride to a 2 molar solution of methylamine in THF at 3oC for 4 hours yielded N-

methyl-4-chloropicolinamide (19) in 82% overall yield.   [4-(4-Aminophenoxy)(2-

pyridyl)]-N-methylcarboxamide] (21) was obtained from the reaction of 4-aminophenol 

with potassium t-butoxide in N,N-dimethylformamide at room temperature for 2 hr, 

which formed the phenoxide.  After subsequent addition of N-methyl-4-

chloropicolinamide (19) and 1.5 equivalents of potassium carbonate, the reaction was 

heated to 80oC to form 21 in 74% yield.  Reaction of meta-trifluoromethyl-para-

chloroaniline under Schotten-Bauman conditions (NaHCO3/DCM) in the presence of 

phosgene afforded isocyanate 23 after reacting for 4 h at 0oC.  Reaction of amine 21 with 

isocyanate 23 in DCM at 0oC initially and then room temperature overnight resulted in 

the production of sorafenib (2) in 80% yield and an overall yield of 48.5%. 
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Scheme 2.2. Synthesis of Sorafeniba 

 

aReagents and conditions: (a) SOCl2 reflux, 16 h, DMF; (b) 5 Eq 2M MeNH2 in THF, 0-

5oC, 5 h; (c) t-BuOK, K2CO3, DMF 80oC, 6 h; (d) 1.5 Eq Phosgene, NaHCO3/DCM, 

50oC, 4h; (e) 21 was added directly to DCM layer, rt, 12 h 

 

 

 

 

 

 

 



  
 

94

 

 

 

 

2D.3. The Synthesis of BIRB-796 

The synthesis of BIRB-796 (scheme 2.3) utilized N-Boc protected 4-amino-1-

naphthol (24) as the starting material that was reacted in acetonitrile with 5 equivalents of 

potassium carbonate and N-chloro-ethylmorpholine hydrochloride to yield (morpholin-4-

yl-ethoxy-naphthalen-1-yl) carbamic acid tert-butyl ester, which was purified through 

flash chromatography and subsequently deprotected by reacting in refluxing 4M dioxane 

for 12 h to afford (morpholin-4-yl-ethoxy)-naphthalen-1-ylamine dihydrochloride (25) in 

52% overall yield.  5-tert-butyl-2-p-tolyl-2H-pyrazol-3-yl-amine (28) was obtained in 

82% yield from the reaction of p-tolylhydrazine hydrochloride and pivaloylacetonitrile 

under reflux for 8 h in 2% concentrated hydrochloric acid in ethanol.  28 was then reacted 

under Schotten-Bauman conditions at 0oC with phosgene for 4 hours to form -tert-butyl-

2-p-tolyl-2H-pyrazol-3-yl-isocyanate in situ which was followed by the addition of 1.2 

equivalents of amine 25 and reacted overnight at room temperature to yield BIRB-796 (3) 

in 86% yield and 36.6% overall yield.  
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Scheme 2.3 Synthesis of BIRB-796a 

 
aReagents and Conditions: (a) 5 Eq K2CO3, MeCN, 80oC, 3h;  (b) 4M HCl/Dioxane 

reflux, 8  h; (c) 2% Conc HCl/EtOH, reflux 12 h; (d) 1.5 Eq. Phosgene, 4 h, then 28, 12 

Hr.   
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2D.4. The Synthesis of Hybrid Molecules (compounds 4-11) 

Major intermediates from the three previous synthetic routes (schemes 2.1-2.3) 

were utilized in the synthesis of 6 of the 8 hybrid molecules (scheme 2.4).  Important 

gatekeeper and hinge region binding amine intermediates include compound 16, 21, and 

25 (scheme 2.4).  The right sides of hybrid molecules were derived from isocyanate 23 

from sorafenib,  5-tert-butyl-2-p-tolyl-2H-pyrazol-3-yl-amine (28) from BIRB-796, and 

4-[(4-methylpiperazin-1-yl)methyl]benzoyl chloride dihydrochloride (29) from 

Gleevec®.  Urea and amide linkages were made using the same standard methods as 

described previously in schemes 1, 2, and 3.    
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Scheme 2.4: Synthesis of hybrid molecules 

 
aReagents and conditions: (a) pyridine, 50oC, 12 h;  (b) DCM, 2 eq TEA, 12 Hr; (c) 1.5 

Eq. Phosgene, 4 h, then 21 or 16, 12 h; 
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Scheme 2.5: Synthesis of compound 10  

  

aReagents and conditions: (a) 5 eq K2CO3, MeCN, reflux, 18 h;  (b) 30 psi H2 gas, 10% 

Pd/C, EtOH; (c) DCM, rt, 24 h.; 
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The synthesis of compound 10 (scheme 2.5) started with 1-bromomethyl-4-

nitrobenzene (34) which was reacted with 4-N-methylpiperazine and 5 equivalents of 

potassium carbonate in refluxing acetonitrile for 18 hours to yield 1-methyl-4-(4-

nitrobenzyl)piperazine (36) in 45 % yield.  The nitro benzene was then cautiously 

hydrogenated under 30 psi hydrogen gas in the prescence of 10% palladium on carbon for 

a half hour to yield  4-((4-methylpiperazin-1-yl)methyl)aniline (37) in 98% yield.  37 was 

then reacted with N-imidazole carboxamide 38 in DCM at room temperature for 24 hours 

to yield 10 in 78% yield.  
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Scheme 2.6: Synthesis of compound 11 
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aReagents and conditions: (a) KOH, EtOH, rt, 2 h, 90% yield; (b) 4-(2-

chloroethyl)morpholine, toluene, reflux, 24 h, 54% yield; (c) 50 psi H2, 10% Pd/C/, 

EtOH, 1 h, 99% yield; (a) DCM, rt, 18 h, 65% yield. 
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In the synthesis of compound 11 (scheme 2.6), nitrophenol was first reacted in 

ethanol in the prescence of potassium hydroxide to form the potassium 4-nitro-phenoxide 

(31) which was isolated and then reacted with  N-chloro-ethylmorpholine in refluxing 

acetonitrile to yield the 4-(2-(4-nitrophenoxy)ethyl)morpholine (32) in 54% yield79.  The 

nitro group was then reduced through hydrogenation with 10% palladium on carbon to 

yield amine 33.   Isocyanate 22 was then reacted with amine 33 in dichloromethane for 

18 hours to yield compound 11 in 65% yield.  

 

2E. Results and Discussion 

All of the molecules that were synthesized for this study were evaluated in three 

radiometric kinase assays: one for p38α, one for B-Raf, and one for Abl kinase.  The 

p38α and B-Raf assays utilized human recombinant GST tagged enzymes purchased 

from invitrogen, 100 uM ATP, and full length recombinant inactive substrate kinase since 

these kinases have the ability to form ternary structures with their substrate kinase.  The 

Abl kinase assays utilized mouse GST-tagged c-Abl, the peptide substrate Abltide, and 

100 uM ATP.   

The initial enzymatic inhibition results from Gleevec®, Nexavar®, and BIRB-796 

(table 2.1) showed that among the three allosteric kinase inhibitors, Gleevec® was the 

most specific for its target enzyme c-Abl, exhibiting an IC50 of 10.8 nM and showing no 

inhibitory activity against either p38α or B-Raf at a 100 uM concentration.  BIRB-796 

showed the most potency for its target enzyme p38α with an IC50 of 4.0 nM, but also 

inhibited B-Raf with an IC50 of 83 nM and Abl with an IC50 of 14.6 uM.  Nexavar® was 



  
 

102

the least selective and showed strong inhibition in all three kinase assays, inhibiting its 

target enzyme B-Raf with an IC50 of 76.2 nM, p38α with an IC50 of 84.8 nM, and Abl 

with an IC50 of 225.9 nM. 
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Table 2.1: Enzymatic inhibition results for Gleevec®, Nexavar®, and BIRB-796   

IC50 Abl IC50 B-Raf IC50 p38a
M.W. cLogP nM nM nM

Gleevec®    
1

493.26 3.83 10.8 >100000 >100000

Nexavar®     
 2 464.09 3.76 225.9 76.2 84.8

BIRB-796     
 3 527.29 5.79 14600.0 83.4 4.0
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Although the data in table 2.1 clearly shows that these three inhibitors have very 

different selectivity profiles, there is not enough data and too many variables to ascertain 

what moieties in the molecules are responsible for the selectivity profile of each inhibitor.  

The enzymatic inhibition profiles of the hybrid molecules (tables 2.2-2.7), however, can 

more clearly decipher where the selectivity is coming from.  It is possible to ascertain 

which portion of the molecule is responsible for the selectivity by making modifications 

to each region of the molecule and evaluating which modification results in a loss of 

selectivity. 
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Table 2.2:  Enzymatic inhibition results for hybrid molecules that utilize moieties 
from Gleevec® 
 

IC50 Abl IC50 B-Raf IC50 p38a
M.W. cLogP nM nM nM

Gleevec®    
1

493.26 3.83 10.8 >100000 >100000

GleevAvar   
4

459.23 2.30 >30000 >100000 >100000

Gleev-796   
5

488.28 3.01 >30000 >100000 >100000

NexaVec     
6

498.12 5.28 <1 180.1 18.4

BIRBvec     
8

532.27 6.61 8.6 413.9 189.3

Gleevavar-
Urea            

10
474.23 3.61 572.4 >100000 >100000
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Since Gleevec® is the most selective of the three compounds, hybrid molecules 

that contain a moiety from Gleevec® were evaluated first (table 2.2).  When Gleevec® 

(1) or hybrid molecules such as compounds 4, 5, and 10 utilized the 1-benzyl-4-

methylpiperazine from the right side of Gleevec®, they could not inhibit the enzymatic 

activity of p38α or B-Raf at a 100 uM concentration—even when the 4-(2-

morpholinoethoxy)naphthyl group from the potent p38 inhibitor BIRB-796 was 

incorporated (compound 5) or the N-methyl-phenoxypicolinamide group from Nexavar® 

was used (compound 4).   

On the other hand, when the left side of Gleevec® was used, as seen in compound 

6 and compound 8, then the molecules were able to inhibit p38α and B-Raf.  Compound 

6 has a urea linkage and the meta-trifluoromethyl-para-chlorophenyl ring from Nexavar® 

and inhibits 50% of the activity of c-Abl at less than 1 nM, p38α at 18.4 nM, and B-Raf 

at 180 nM.  Compound 8 has a urea linkage and the 5-tert-butyl-2-p-tolyl-2H-pyrazol-3-

yl ring from BIRB-796 and inhibits c-Abl with an IC50 of 8.6 nM, p38α with an IC50 of 

183.9 nM, and B-Raf with an IC50 of 413.9 nM.  From this data, it is apparent that the 

selectivity of Gleevec® to only inhibit c-Abl and not B-Raf or p38α comes from the 1-

benzyl-4-methylpiperazine moiety that binds in the allosteric binding region of c-Abl.   

If this hypothesis is true, it is expected to find a structural difference in the crystal 

structures of c-Abl, p38, and B-Raf that can explain the molecular reason for this 

selectivity.  In Gleevec®, the methyl piperazine sits deeply into the selectivity site and in 

its biologically prevalent protonated form makes two hydrogen-bonds with the backbone 

carbonyls of isoleucine 360 and histidine 361 (Figure 2.5).  Two methylene carbons in 



  
 

107

the piperazine ring make van der Waal’s interactions with the side chain benzyl 

methylene of phenylalanine 359.  As depicted by the overlay of B-Raf with c-Abl (Figure 

2.5), the selectivity site residues are highly homologous.  In B-Raf and p38α, the 

analogous position of phenylalanine 359 in c-Abl, however, is instead an isoleucine (p38 

ILE146, B-Raf ILE571), which directs the isolated methyl group into the analogous space 

piperazine occupies in c-Abl and blocks the binding pocket.  This finding is further 

supported by the resistance profiles of patients that are prescribed Gleevec®. A rare but 

very serious single nucleotide substitution at codon 359 that replaces phenylalanine with 

an isoleucine can occur in patients that receive Gleevec® therapy and this single mutation 

results in complete resistance to Gleevec®.80  The same residue that is responsible for the 

selectivity of Gleevec® over p38 and B-Raf is an Achilles heal, that if mutated, will also 

knock out inhibition of c-Abl.    
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Figure 2.5: Overlap of c-Abl (1IEP) with B-Raf kinase (pdb 1uwj).  c-Abl and 
Gleevec are shown in green.  B-Raf kinase is shown in teal.  Isoleucine 571 is not 
compatible with Gleevec® binding to B-Raf.  A single residue difference at this position 
is responsible for the ability of Gleevec® to select c-Abl over p38α and B-Raf kinase. 
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Table 2.3: Enzymatic inhibition results for compounds that utilize the 5-tert-butyl-
2-p-tolyl-2H-pyrazol-3-yl moiety from BIRB-796 

IC50 Abl IC50 B-Raf IC50 p38a
M.W. cLogP nM nM nM

BIRB-796     
 3 527.29 5.79 14600.0 83.4 4.0

BIRBvec     
8

532.27 6.61 8.6 413.9 189.3

BIRBavar      
 9 498.24 5.08 62.6 236.7 0.5
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The same type of analysis can be performed with BIRB-796 if the right side of 

BIRB-796 is held constant with the 5-tert-butyl-2-p-tolyl-2H-pyrazol-3-yl group from 

BIRB-796 (table 2.3, compounds 3, 8 and 9) and the left side is modified.  Compounds 8 

and 9 display potent inhibitory activity for c-Abl with IC50’s of 8.6 nM and 62.6 nM.  The 

inhibitory activity of these molecules is much lower for B-Raf.  Compound 8 inhibits B-

Raf with an IC50 of 413.9 nM and compound 9 inhibits B-Raf with an IC50 of 236.7 nM.  

These results suggest that the large 5-tert-butyl-2-p-tolyl-2H-pyrazol-3-yl moiety from 

BIRB-796 binds unfavorably to the allosteric binding region of B-Raf and a large 

hydrophobic moiety engineered into molecules to bind this region can be used to make a 

p38α inhibitor selective over B-Raf because the hydrophobic pocket in B-Raf is smaller.  
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Table 2.4: Enzymatic inhibition results for compounds that utilize the 4-(2-
morpholinoethoxy)naphthyl group from BIRB-796 

IC50 Abl IC50 B-Raf IC50 p38a
M.W. cLogP nM nM nM

BIRB-796  
    3 527.29 5.79 14600.0 83.4 4.0

Gleev-796  
  5 488.28 3.01 >30000 >100000 >100000

Nexa-796   
  7 493.14 4.46 12930.0 <1 <1

Nexa-796-
Phe             

  11
443.12 5.10 244.0 92.3 105.5
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When the left side of molecules utilized the 4-(2-morpholinoethoxy)naphthyl 

group from BIRB-796 (table 2.4, compounds 3, 5, and 7) and the right side of the 

molecules were changed, it was apparent that the 4-(2-morpholinoethoxy)naphthyl group 

does not bind favorably with c-Abl.   In compounds 3, 5, and 7 (table 4), the IC50’s for c-

Abl are all in the micromolar range (table 2.4).  When comparing the p38 and B-Raf 

enzymatic inhibition data, the 4-(2-morpholinoethoxy)naphthyl group can make 

favorable interactions in both p38 and B-Raf.  Compound 7 is a very potent inhibitor of 

both p38 and B-Raf with IC50’s for each enzyme below 1 nM.      

 To structurally evaluate the differences in the three kinases at the gatekeeper 

region, we superimposed the three crystal structures on top of each other and evaluated 

this portion of the molecule and found that the naphthyl ring from BIRB-796 pushes very 

deep into the gate keeper region.  At the deepest part of this region in p38α and B-Raf, 

there is a leucine that makes hydrophobic interactions with the naphthyl ring (Figure 6).  

In c-Abl, however, this position is instead an isoleucine which decreases the size of the 

hydrophobic pocket by projecting the isolated methyl group into the hydrophobic pocket.  

Consequentially, the gatekeeper region of c-Abl is responsible for the unfavorable 

binding of BIRB-796 to c-Abl.    
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Figure 2.6: Overlap in the gatekeeper region of cAbl and p38α.  Gleevec®  and c-
Abl is shown in green and BIRB-796 and p38 is shown in teal.   

 



  
 

114

To further investigate this hypothesis, compound 11 (table 2.4) was synthesized, 

which contained a morpholinoethoxy phenyl group instead of the morpholinoethoxy 

naphthyl group.  Compound 11 is identical to compound 7 except for the naphthyl ring in 

compound 7 is changed to a smaller phenyl ring  Compound 11 was able to rescue c-Abl 

activity (IC50=244.0 nM) and provided evidence that the naphthyl ring was too large to fit 

into the gatekeeper region of c-Abl.  Compound 7 (table 2.4) displayed subnanomolar 

potency for both p38α and B-Raf and has a naphthyl ring in the gatekeeper region, 

however, when the smaller phenyl ring was used in compound 11, the potency decreased 

(IC50BRaf=92.3 nM, IC50p38=105.5 nM) indicating that there are favorable hydrophobic 

binding interactions when a naphthyl ring is utilized to bind to the gatekeeper region of 

B-Raf and p38α.  
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Table 2.5: Enzymatic inhibition results for compounds that utilize the meta-
trifluoromethyl-para-chlorophenyl group from Nexavar®  

IC50 Abl IC50 B-Raf IC50 p38a
M.W. cLogP nM nM nM

Nexavar®  
    2 464.09 3.76 225.9 76.2 84.8

NexaVec    
  6 498.12 5.28 <1 180.1 18.4

Nexa-796   
  7 493.14 4.46 12930.0 <1 <1

Nexa-796-
Phe             

   11
443.12 5.10 244.0 92.3 105.5
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Nexavar® is the least selective inhibitor of the three.  When the meta-

trifluoromethyl-para-chlorophenyl ring is utilized to make inhibitors and the left side is 

modified, it is possible to make subnanomolar inhibitors for all three kinases (table 2.5).  

Compound 6 is a subnanomolar inhibitor of c-Abl and compound 7 is a subnanomolar 

inhibitor of both p38α and B-Raf.  Because this moiety can be used to make potent 

inhibitors for all three target kinases, it is prudent to conclude that this moiety binds well 

to the allosteric binding region of all three kinases.  As discussed previously, the data 

from table 2.3 indicates that B-Raf has a smaller allosteric binding region than p38 and c-

Abl.  As a result of this, a B-Raf inhibitor must have a smaller moiety in this region and 

consequentially cannot select B-Raf kinase over p38 or c-Abl.   
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Table 2.6: Enzymatic inhibition results for compounds that utilize the N-methyl-(4-
phenoxy)picolinamide moiety from Nexavar® 

IC50 Abl IC50 B-Raf IC50 p38a
M.W. cLogP nM nM nM

Nexavar®  
    2 464.09 3.76 225.9 76.2 84.8

GleevAvar  
  4 459.23 2.30 >30000 >100000 >100000

BIRBavar   
    9 498.24 5.08 62.6 236.7 0.5

Gleevavar-
Urea           

  10
474.23 3.61 572.4 >100000 >100000
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When the left side of hybrid molecules utilized the N-methyl-4-phenoxy-

picolinamide moiety from Nexavar® and the right side is modified, it is possible to make 

potent inhibitors for all three targets as well (table 2.6).  Nexavar® (table 2.6, compound 

2) itself is a potent inhibitor of both B-Raf (IC50=76.2 nM) and p38 (IC50=84.8 nM) and a 

slightly less potent inhibitor of c-Abl (IC50=225.9).  Compound 9 is also a potent 

inhibitor of all three kinases.  The broad spectrum inhibition of Nexavar® can be 

attributed to the ability of both the right side and left side of Nexavar® to make positive 

interactions with all three kinases.  

It was surprising that compound 4 (table 2.6) did not show any inhibition of c-Abl 

at 30 uM.  We hypothesized that this was due to having an amide in the core instead of a 

urea.  Compound 10 (table 2.6), which is identical to compound 4 except for that it has a 

urea in the core instead of an amide, was synthesized to explore this hypothesis.  When 

this compound was tested, it expectedly showed no inhibition of p38α and B-Raf at 100 

uM, but modestly inhibited c-Abl with an IC50 of 572.4 nM.  When the urea scaffold is 

used with the N-methyl-4-phenoxypicolinamide moiety on the left, it can make favorable 

binding interactions in the hinge region, but as a consequence of the longer linkage, the 

interactions in the allosteric binding region by the 1-benzyl-4-methylpiperazine from 

Gleevec® are then aberrantly modified.  As discussed earlier and depicted in Figure 2.5, 

the N-methylpiperazine ring sits in a very tight pocket and any modification at this region 

can result in a steric interaction that is not favorable for binding.  
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Table 2.7: Complete Enzymatic Results 
IC50 Abl IC50 B-Raf IC50 p38a

M.W. cLogP nM nM nM

Gleevec®    
1

493.26 3.83 10.8 >100000 >100000

Nexavar®     
 2 464.09 3.76 225.9 76.2 84.8

BIRB-796     
 3 527.29 5.79 14600.0 83.4 4.0

GleevAvar   
4

459.23 2.30 >30000 >100000 >100000

Gleev-796   
5

488.28 3.01 >30000 >100000 >100000

NexaVec     
6

498.12 5.28 <1 180.1 18.4

Nexa-796    
7

493.14 4.46 12930.0 <1 <1

BIRBvec     
8

532.27 6.61 8.6 413.9 189.3

BIRBavar      
 9 498.24 5.08 62.6 236.7 0.5

Gleevavar-
Urea            

10
474.23 3.61 572.4 >100000 >100000

Nexa-796-
Phe              

11
443.12 5.10 244.0 92.3 105.5
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2F. Summary and Conclusions 

The research presented here evaluates the structural overlap of three DFG-out allosteric 

kinase inhibitors, Gleevec®, Nexavar®, and BIRB-796, bound to their primary target, C-

Abl, B-Raf, and p38α.   These known molecules were broken down into three distinct 

regions and 8 hybrid molecules were synthesized that were derived directly from the 

scaffolds of these successful inhibitors (Figures 3 and 4).  Enzymatic inhibition results 

from the known drug molecules and the 8 hybrid DFG-out inhibitors gave insight into the 

regions of these molecules and kinases that promote selectivity or broad range inhibition 

(Figure 2.7).   

In the selectivity site, which is available upon the DFG rearrangement, the 3-

trifluoromethyl-4-chlorophenyl ring found in Nexavar® can make favorable interactions 

in all three kinases.  When this moiety is changed to a larger moiety such as the 5-tert-

butyl-2-p-tolyl-2H-pyrazole as found in BIRB-796, this tends to alleviate B-Raf binding 

and favors binding to p38α and Gleevec®.   

When Gleevec® binds to C-Abl, the selectivity site is occupied by a 1-benzyl-4-

methylpiperazine.  In this system, the N-methyl-piperazine ring binds to the outer edge of 

the selectivity sites and donates two hydrogen bonds to carbonyls from the backbone of 

the protein.  The carbons of the piperazine ring make a positive and unique van der 

Waal’s interaction with Phe369.  In p38α and B-Raf, this interaction is not possible 

because the analogous position contains an isoleucine that blocks the pocket in which the 

N-methylpiperazine ring of Gleevec® binds c-Abl.   
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Placing a large naphthyl ring in the gatekeeper region makes favorable 

interactions with p38α and B-Raf, however, Abl contains a smaller hydrophobic pocket.  

The naphthyl ring in BIRB-796 is responsible for the selectivity of p38α over c-Abl.   
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Figure 2.7: Schematic of specific binding interactions in Gleevec®, Nexavar®, and 
BIRB-796.  Red represents atoms from Gleevec®, blue represents atoms from 
Nexavar®, and green represents atoms from BIRB-796 
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Aside from the structural data that was gathered from synthesizing and evaluating 

these molecules, we’ve also created 8 new chemical entities that have varying attributes 

such as novel selectivity profiles, increased potency, and/or favorable drug-like 

properties.   Compounds 6, 8, and 9 are all potent inhibitors of c-Abl and structurally 

represent novel compounds that could predictably inhibit mutated forms of BCR-Abl that 

are resistant to Gleevec® inhibition.  Compound 7 (table 7) is a novel, subnanomolar 

inhibitor of p38 and B-Raf kinase and could be explored for its utility in targeting B-Raf 

mutated cancers.   

This research highlights that selectivity in kinase inhibitors is a reachable goal if 

inhibitors are engineered to exploit minor differences among kinases.  A very simple one 

residue difference in the allosteric binding region of c-Abl allows Gleevec® to be 

selective for c-Abl over p38 and B-Raf.  Another one residue difference in the gatekeeper 

region of p38 allows BIRB-796 to be selective for p38α over c-Abl.  Finding unique 

differences among kinases and kinase inhibitors that render selectivity is only the first 

battle.  As it becomes more possible to design molecules with a desired kinase profile, the 

next stage will have to address which profile is the most desirable. 

  

2G. Experimental Procedures 

2G.1 Chemistry General 

All NMR analyses were performed on a Bruker Avance 300 MHz system using CDCl3 or 

DMSO as solvent.  Chemical shifts are reported as parts per million relative to TMS.  

Mass spectra and high resolution mass spectra were obtained using an ESI method by the 
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Mass Spectroscopy Facility in the Chemistry Department at the University of Arizona.  

Retention GF254 TLC plates and flash chromatography was performed on a Biotage SP1 

system.  All solvents and reagents were purchased from Aldrich, TCI America, Matrix 

Scientific, and Ryan Scientific and used without further purification or drying.   

 

2G.2. Synthesis of Gleevec® 

 

a. N-(2-methyl-5-nitrophenyl)-guanidinium nitrate (15).  

 To a stirred solution of 10g 2-methyl-5-nitro aniline (65.7 mmol) in 30 mL ethanol, was 

added 5.0 mL concentrated nitric acid dropwise over the course of 20 minutes.  This was 

followed by the addition of 11.05 mL of a 50% aqueous solution of cyanamide (131 

mmol).  The reaction was refluxed for 8 hours and then cooled to room temperature.  

5.87g methyl-5-nitro-phenyl)-guanidinium nitrate (15, 30.2 mmol, 46% yield) was 

filtered off and washed with ethyl acetate and dried under high vacuum. 1H NMR (300 

MHz, D6 DMSO): δ 9.54(s, 1H), 8.15 (dd, 1H, J=2.4 Hz, J=8.4 Hz), 8.10 (d, 1H, J=2.4 

Hz), 7.64 (d, 1H, J=8.4 Hz), 7.47 (s, 4H).  13C NMR (75 MHz, D6 DMSO):  δ 156.99, 

147.22, 144.57, 135.38, 133.07, 123.65, 123.38, 18.48.  ESMS: m/z 177.2 [MH]+ 

 

b. (E)-3-(dimethylamino)-1-(pyridin-3-yl)prop-2-en-1-one (13).   

A solution of 3-acetylpyridine (155.05 mmol) and 25 mL N,N-dimethyl-formamide 

dimethyl acetal in ethanol was refluxed for 14 hours.  The reaction mixture was 

concentrated to near dryness and taken up in 75 mL diethyl ether.  20.1g Dimethylamino-
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1-pyridin-3-ylpropenone (17, 139 mmol, 74% yield) was collected by suction filtration 

and dried overnight in a vacuum oven at 60oC.  1H NMR (300 MHz, D6 DMSO): δ 9.09 

(d, 1H, J=0.7 Hz), 8.65 (dd, 1H, J=4.8, J=1.7 Hz), 8.21 (dt, 1H, 3J= 1.85, 2J=7.9 Hz), 7.77 

(d, 1H, J=12.2 Hz), 7.45 (ddd, 1H, J=0.7 Hz, J=4.8 Hz, J=7.9 Hz), 5.86 (d, 1H, 12.2 Hz), 

3.14 (s, 3H), 2.92 (s, 3H). 13C NMR (75 MHz, D6 DMSO):  δ 155.44, 152.15, 149.42, 

136.00, 135.48, 124.26, 91.76, 45.42, 38.05.  ESMS: m/z 195.2 [MH]+ 

 

c. (2-methyl-5-nitrophenyl)-(4-pyridin-3-yl-pyrimidin-2-yl)-amine.   

5.0 g N-(2-Methyl-5-nitro-phenyl)-guanidinium nitrate (15, 25.7 mmol), 4.51 g 3-

Dimethylamino-1-pyridin-3-ylpropenone (17, 25.7 mmol), and 1.24 g NaOH (30.9 

mmol) were suspended in 50 mL isopropanol and then refluxed for 24 hours.  The 

reaction was then allowed to cool to room temperature.  The precipitate was collected by 

vacuum filtration and then washed with water, isopropanol, and ether to give 5.30 g of 

product (67% yield).  1H NMR (300 MHz, D6 DMSO): δ 9.33 (d, 1H, J=0.5 Hz), 9.26 (s, 

1H), 8.81 (d, 1H, J= 2.1 Hz), 8.72 (dd, 1H, J=1.4 Hz, J=4.7 Hz), 8.63 (d, 1H, J=5.2 Hz), 

8.49 (d, 1H, 8.0 Hz), 7.90 (dd, 1H, J=2.2 Hz, J=8.3 Hz), 7.49-7.60 (m, 3H), 2.43 (s, 3H). 

13C NMR (75 MHz, D6 DMSO):  δ 162.46, 161.16, 160.57, 152.51, 149.04, 146.67, 

139.75, 139.60, 135.17, 132.74, 132.11, 124.75, 118.81, 118.34, 109.76, 19.26.  

 

d. 4-Methyl-N-3-(4-pyridin-3-yl-pyrimidin-2-yl)-benzene-1,3-diamine (16).   

5.0 g (2-methyl-5-nitrophenyl)-(4-pyridin-3-yl-pyrimidin-2-yl)-amine was dissolved in 

50 mL methanol with 500 mg 10% palladium on Carbon.  The mixture was shaken on a 
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Parr hydrogenator under 40 psi hydrogen gas for 4 hours.  The organics were then filtered 

through celite and concentrated to dryness to yield 4.90 g of 18 (15.94 mmol, 98% yield).  

ESMS: m/z 278.0 [MH]+ 

 

e. N-(4-methyl-3-(4-(pyridin-3-yl)pyrimidin-2-ylamino)phenyl)-4-((4-

methylpiperazin-1-yl)methyl)benzamide (Gleevec®, 1). 

0.500 g of 4-[(4-methylpiperazin-1-yl)methyl]benzoic acid 2HCl (17) was placed in a 25 

mL round bottom flask that contained 10 mL thionyl chloride.  The reaction was refluxed 

for 8 hours and the excess thionyl chloride was then removed in vacuo.  10 mL toluene 

was added to the flask and subsequently rotovapped off to yield 0.504 mg of the acid 

chloride.  117 mg acid chloride (0.361 mmol, 1 eq) and 100 mg 18 (0.361 mmol, 1eq) 

were reacted in 5 mL pyridine for 14 hours and then poured onto 50g ice.  The mixture 

was allowed to cool and a precipitate formed that was collected by vacuum filtration and 

purified by flash chromatography through a silica gel column on a Biotage Sp1 system 

(3-10% MeOH/DCM) to yield 118 mg Gleevec® (0.239 mmol, 66.3% yield). 1H NMR 

(300 MHz, D6 DMSO): δ 10.17 (s, 1H), 9.28 (d, 1H, J=1.7 Hz), 8.96 (s, 1H), 8.69 (dd, 

1H, J=1.6 Hz, J=4.8 Hz), 8.51 (d, 1H, J=5.1 Hz), 8.48 (dt, 1H, J=1.9 Hz, J=8.2 Hz), 8.09 

(d, 1H, J=2.0), 7.91 (d, 2H, J=8.3 Hz), 7.40-7.60 (m, 3H), 7.21 (d, 1H, J=8.4 Hz), 3.52 (s, 

2H), 2.2-2.6 (brd, 8 H), 2.23 (s, 3H), 2.06 (s, 3H). 13C NMR (75 MHz, D6 DMSO):  δ 

166.09, 162.44, 162.01, 160.35, 152.26, 149.05, 142.73, 138.64, 138.04, 135.29, 134.66, 

133.05, 130.90, 129.54, 128.47, 124.67, 118.03, 117.56, 108.37, 62.24, 55.18, 52.85, 

45.97, 18.54.  HRMS (ESI) (M+1): 494.2663 calc. for C29H31N7O (M+1)= 494.2590.  
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2G.3. Preparation of Nexavar® 

a. N-methyl-4-chloropicolinamide (19).  

In a 250 mL round bottom flask equipped with a magnetic stirrer and containing 75 mL 

thionyl chloride under argon atmosphere was added 2.5 mL dry DMF at 50oC.   After 10 

minutes, 25 g of picolinic acid (203 mmol) was added portion wise over the course of 45 

minutes.  The solution was heated to reflux overnight and after 14 hours produced a 

yellow precipitate.  Thionyl chloride was concentrated to 25 mL and then diluted with 

125 mL of toluene and concentrated again to 25 mL.  After this process was repeated 5 

times, the contents were concentrated to near dryness, filtered by suction filtration, 

washed with toluene (50 mL), and then dried in a vacuum oven at 60oC overnight to yield 

37.1 g ( 161.44 mmol) 4-chloro-picolinoyl chloride HCl in 86% yield.  1H NMR (300 

MHz, D6 DMSO): δ 8.69 (d, 1H, J=5.5 Hz), 8.08 (d, 1H, J=1.8 Hz), 7.84 (dd, 1H, J=5.5 

Hz, 1.8 Hz).  13C NMR (75 MHz, D6 DMSO):  δ 165.25, 151.05, 150.07, 145.97, 128.20, 

125.86.   10 g of acid chloride was subsequently added portion wise to a 2M solution of 

methylamine in THF at 0oC.  This reaction was allowed to proceed for 4 hr and was then 

concentrated to near dryness under reduced pressure.  The oily material was then 

dissolved in EtOAc (100 mL), washed with brine (2x100mL), dried over MgSO4 and 

concentrated to dryness to yield a yellow oil, which was dried in a vacuum oven for 4 

hours at 60oC and placed in a -20o freezer overnight to yield 7.63 g (44.7 mmol, 95% 

yield, 82% overall yield) 19 as a yellow crystalline solid (needles).  1H NMR (300 MHz, 

D6 DMSO): δ 8.81 (D, 1H, NH, J=4.4 Hz), 8.56 (d, 1H, J=5.3 Hz), 7.98 (d, 1H, J=2.1 
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Hz), 7.68 (dd, 1H, J=5.3 Hz, 2.1 Hz), 2.82 (d, 3H, J=5.1 Hz).  13C NMR (75 MHz, D6 

DMSO):  δ 163.93, 152.61, 150.72, 145.28, 127.00, 122.604, 26.885.  ESMS: m/z 271.2 

[MH]+ 

 

b. 4-(4-aminophenoxy)-N-methylpicolinamide (21).  

A solution of 4.48g (41.0 mmol) 4-aminophenol in dry DMF (150 mL) was treated with 

4.83 g (43.1 mmol) potassium t-butoxide at room temperature for 2 h to form the 

phenoxide followed by treatment with 7.0 g (41.0 mmol) 19 and 2.85 g (20.52 mmol) 

potassium carbonate.  This mixture was heated to 80oC under argon for 7 h and then 

cooled to room temperature.  The contents were poured into a 1 L separatory funnel that 

contained ethyl acetate (300 mL) and brine (300 mL). The layers were separated, and the 

aqueous phase was back-extracted with ethyl acetate (150 mL). The combined organics 

were washed with brine (4x400 mL), dried over MgSO4, and concentrated to afford a 

brown oily residue that was triturated with diethyl ether and collected by suction filtration 

to yield 7.39 g of 21 (30.4 mmol, 74% yield) as a light-brown solid after drying under 

high vacuum overnight.  1H NMR (300 MHz, D6 DMSO): δ 8.76 (Q, 1H, NH, J=4.4 Hz), 

8.44 (d, 1H, J=5.6 Hz), 7.35 (d, 1H, J=2.5 Hz), 7.06 (dd, 1H, J=5.6 Hz, 2.6 Hz), 6.87 (d, 

2H, J=8.8 Hz), 6.66 (d, 2H, J=8.8 Hz), 5.20 (s, 2H, NH2),  2.79 (d, 3H, J=4.9 Hz).  13C 

NMR (75 MHz, D6 DMSO):  δ 167.64, 164.77, 153.12, 150.96, 147.93, 143.68, 122.45 

(2C), 115.744 (2C), 114.51, 109.20, 26.85.  ESMS: m/z 244.02 [MH]+ 
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c. N-[4-Chloro-3-(trifluoromethyl)phenyl]-({4-[2-(N-methyl-carbamoyl)(4-

pyridyloxy)]phenyl}amino)-carboxamide (2, Nexavar®, Sorafenib).  

To a stirred solution of 100 mg (.514 mmol) 4-chloro-3-trifluoromethylaniline in 5 mL 

DCM was added 5 mL NaHCO3 and the mixture was cooled to 0oC in an ice bath.  

Stirring was stopped and 384 uL (.617 mmol) of a 20% solution of phosgene in toluene 

was added directly to the DCM layer via syringe.  Stirring was then continued for 4 

hours.  100 mg amine 21 (.361 mmol) was then added and the reaction was allowed to 

proceed for 14 h.  The product precipitated from the reaction as an off white solid that 

was collected by suction filtration and washed with water and DCM.  The off white 

material was then dried in a vacuum oven at 60oC for 6 hr to yield 153 mg of 2 (88%  

yield).  1H NMR (300 MHz, D6 DMSO): δ 9.21 (s, 1H), 8.99 (s, 1H), 8.76 (Q, 1H, NH, 

J=4.9 Hz), 8.51 (d, 1H, J=5.6 Hz), 8.12 (d, 1H, J=2.3 Hz), 7.5-7.8 (m, 4H), 7.19(d, 2H, 

J=8.8 Hz), 7.13 (dd, 1H, J=5.4 Hz, 2.4 Hz), 2.79 (d, 3H, J=4.9 Hz).  13C NMR (75 MHz, 

D6 DMSO):  δ 166.80, 164.69, 153.30, 153.19, 151.19, 148.64, 140.11, 137.88, 132.79, 

127.55 (q, J=30.6 Hz), 123.89,123.64 (q, J=273.0 Hz), 123.22, 122.29 (2C), 121.35 (2C), 

118.21, 117.68, 117.60, 114.82, 109.49, 26.83.  HRMS (ESI) (M+1): 465.0936 calc. for 

C21H16ClF3N4O3 (M+1)= 465.0863.   

2G.4. Preparation of BIRB-796 

a. tert-butyl 4-(2-morpholinoethoxy)naphthalen-1-ylcarbamate  

In a 250 mL round bottom flask equipped with a magnetic stirrer was added a mixture of 

4-t-Boc-amino-1-naphthol (3g, 11.57 mmol), chloroethylmorpholine (2.58g, 13.88 

mmol), and potassium carbonate (6.4g, 46.3 mmol) in 50 mL acetonitrile.  The reaction 
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was refluxed overnight for 8 h and then cooled to room temperature.  The reaction was 

transferred to a 1L separatory funnel containing 200 mL water and 300 mL EtOAc.  The 

organic layer was separated and washed with additional water (150 mL), brine (2x150), 

dried over MgSO4, and then concentrated to dryness in vacuo to yield a brown residue 

that was purified by flash chromatography on a biotage Sp1 system (Rf=.3, 10% 

DCM/MeOH) to yield 2.67 g (62% yield, 7.17 mmol) of the desired product.   1H NMR 

(300 MHz, D6 DMSO): δ 8.95 (s, 1H, NH), 8.16 (dd, 1H, J=2.0 Hz, 7.5 Hz), 7.92 (dd, 

1H, J=2.3 Hz, 7.5 Hz), 7.45-7.60 (m, 2H), 7.42 (d, 1H, J=8.2 Hz), 6.95 (d, 1H, J=8.3 Hz), 

4.26 (t, 2H, J=5.7 Hz), 3.59(m, 4H), 2.85 (t, 2H, J=4.6 Hz), 2.50-2.60 (m, 4H),  1.471(s, 

9H).  13C NMR (75 MHz, D6 DMSO):  δ 155.38, 152.49, 130.66, 127.53, 126.13, 126.04, 

123.81, 122.57, 105.70, 79.37, 67.11 (2C), 57.84, 54.53 (2C), 29.06 (3C).  ESMS: m/z 

373.2 [MH]+ 

  

b. (morpholin-4-yl-ethoxy)-naphthalen-1-ylamine 2HCl (24).   

2.5 g of (Morpholin-4-yl-ethoxy-naphthalen-1-yl) carbamic acid tert-butyl ester was 

stirred in a 4M solution of HCl in dioxane (150 mL) overnight and concentrated in vacuo 

to yield 1.95 g (84% yield, 5.64 mmol) 24 as an off white solid 1H NMR (300 MHz, D6 

DMSO): δ 12.0 (br s, 1H), 10.9 (br s, 3H),  8.42 (d, 1H, J=8.1 Hz), 8.05 (d, 1H, J=8.3 

Hz), 7.5-7.8 (m, 3H), 7.07 (d, 1H, J=8.3 Hz), 4.65 (m, 2H), 3.2-4.0 (m, 10H).  13C NMR 

(75 MHz, D6 DMSO):  δ 153.81, 128.45, 128.41, 127.50, 125.95, 123.47, 122.93, 121.95, 

121.87, 105.41, 64.03 (2C), 63.71, 55.52 (2C), 52.33. ESMS: m/z 273.2 [MH]+ 
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c. 5-tert-butyl-2-p-tolyl-2H-pyrazol-3-yl-amine (28).   

A solution of p-tolylhydrazine HCl (26, 5g, 31.5 mmol) and pivaloylacetonitrile (27, 

4.34g, 34.7 mmol) in 2% 12M HCl in ethanol (150 mL) was refluxed for 12 hours and 

then cooled to room temperature.  The contents were then basified to pH=12 with 1M 

NaOH and then extracted with ethyl acetate (3x50 mL).  The organics were dried over 

MgSO4, concentrated in vacuo, and placed in a vacuum oven at 60oC for 4 h to yield 28 

(5.93 g, 25.8 mmol, 82% yield) as a yellow solid.  1H NMR (300 MHz, D6 DMSO): δ 

7.45 (d, 2H, J=7.9 Hz), 7.25 (d, 2H, J=8.0 Hz), 5.37 (s, 1H), 5.14 (s, 1H), 2.33 (s, 3H), 

1.22(s, 9H). 13C NMR (75 MHz, D6 DMSO):  δ 161.29, 147.72, 138.05, 135.63, 130.21 

(2C), 123.36, 87.54, 32.66, 31.09 (3C), 21.39.  ESMS: m/z 230.0 [MH]+ 

 

 

d. 1-(3-tert-butyl-1-p-tolyl-1H-pyrazol-5-yl)-3-(4-(2-morpholinoethoxy)-naphthalen-

1-yl)urea (BIRB-796 (3). 

To a stirred solution of 100 mg (.409 mmol) 28 in 5 mL DCM was added 5 mL NaHCO3 

and the mixture was cooled to 0oC in an ice bath.  Stirring was stopped and 230 uL (.617 

mmol) of a 20% solution of phosgene in toluene was added directly to the DCM layer via 

syringe.  Stirring was then continued for 4 hours.  113 mg amine 25 (.327 mmol) was 

then added and the reaction was allowed to proceed for 14 h.  The reaction was added to 

a 250 mL separatory funnel containing water (20 ml) and DCM (100 mL).  The organic 

layer was separated, dried over MgSO4, and then concentrated in vacuo to yield a brown 

residue that was purified by flash column chromatography (Rf=0.5, 10% CHCl3/MeOH) 
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to yield 143 mg  of BIRB-796 (0.281 mmol, 86% yield) as a light pink solid, which was 

dried in a vacuum oven at 60oC for 6 hr. 

1H NMR (300 MHz, D6 DMSO): 8.77 (s, 1H), 8.58 (s, 1H), 8.19 (dd, 1H, J=1.9 Hz, J=7.7 

Hz), 7.43-7.63 (m, 3H), 7.36 (d, 2H, J=8.4 Hz), 7.97 (d, 2H, J=8.4 Hz), 6.36 (s, 1H), 4.27 

(t, 2H, J=5.7 Hz), 3.60 (m, 4H), 2.88 (m, 2H), 2.51 (m, 4H), 2.39 (s, 3H), 1.26 (s, 9H). 

HRMS (ESI) (M+1): 528.2969 calc. for C31H37N5O3 (M+1)= 528.2896.  

 

2G.5. Preparation of Hybrid Molecules 

a. N-methyl-4-(4-(4-((4-methylpiperazin-1-yl)methyl)-

benzamido)phenoxy)picolinamide.  (Gleevavar-Amide, 4). 

117 mg 4-((4-methylpiperazin-1-yl)methyl)benzoyl chloride dihydrochloride (0.357 

mmol, 1 eq) and 100 mg 21 (0.357 mmol, 1eq) were reacted in 5 mL pyridine for 14 

hours and then poured onto 50g ice.  The mixture was allowed to cool and a precipitate 

formed that was collected by vacuum filtration and purified by flash chromatography 

through a silica gel column on a Biotage Sp1 system (3-8% MeOH/DCM) to yield 106 

mg 4 (0.231 mmol, 64.5% yield).  1H NMR (300 MHz, D6 DMSO): δ 10.57 (s, 1H), 8.83 

(q, 1H, J=4.8 Hz), 8.52 (d, 1H, J=5.5 Hz), 8.05 (d, 2H, J=8.2 Hz), 7.95 (d, 2H, J=9.0 Hz), 

7.82 (d, 2H, J=7.1 Hz), 7.41 (d, 1H, J=2.5 Hz), 7.26 (d, 2H, J=8.5 Hz), 7.19 (q, 1H, J=1.5 

Hz), 4.44 (s, 2H), 3.61 (br, 8H), 2.81 (s, 3H), 2.78 (d, 3H, J=4.6 Hz). 13C NMR (75 MHz, 

D6 DMSO):  δ 166.86, 165.83, 164.47, 153.08, 151.15, 149.66, 137.78, 136.33, 132.14, 

128.96, 125.26, 123.11 (2c), 122.17 (2C), 115.02, 109.64, 65.87, 58.40 (2C), 51.29 (2C), 

48.74, 26.90.  HRMS (ESI) (M+1): 460.2343 calc. for C26H29N5O3 (M+1)= 460.2270.  
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b. 4-((4-methylpiperazin-1-yl)methyl)-N-(4-(2-morpholinoethoxy)-naphthalen-1-

yl)benzamide (Gleev-796, 5). 

141 mg 4-((4-methylpiperazin-1-yl)methyl)benzoyl chloride dihydrochloride (0.434 

mmol, 1.5 eq) and 100 mg 25 (0.290 mmol, 1eq) were reacted in 5 mL THF for 14 hours 

and then poured into a separatory funnel that contained 50 mL sodium carbonate and 50 

mL EtOAc.  The organic layer was removed and the water layer was then extracted with 

another 50 mL of EtOAc.  The combined organic layer was dried over MgSO4 and 

concentrated to near dryness as a white solid.  The hexane was added to the white solid 

and was then stored in hexane.  The estimated weight of this product is 100 mg and it is 

very hygroscopic and very readily decomposes if dried in the presence of air.   1H NMR 

(300 MHz, D6 DMSO): δ 10.17 (s, 1H), 8.19 (dd, 1H, J=1.9 Hz, J=7.7 Hz), 7.43-7.63 (m, 

3H), 7.36 (d, 2H, J=8.4 Hz), 7.97 (d, 2H, J=8.4 Hz),  4.27 (t, 2H, J=5.7 Hz), 3.41-3.60 

(m, 6H), 2.88 (m, 2H), 2.2-2.6 (brd, 12 H), 2.23 (s, 3H), 2.06 (s, 3H).  HRMS (ESI) 

(M+1): 489.2860 calc. for C29H36N4O3 (M+1)= 489.2787.  

 

 

c. 1-(4-chloro-3-(trifluoromethyl)phenyl)-3-(4-methyl-3-(4-(pyridin-3-yl)pyrimidin-

2-ylamino)phenyl)urea  (Nexavec, 6). 

To a stirred solution of 100 mg (.514 mmol, 1.25 eq) 4-chloro-3-trifluoromethylaniline in 

5 mL DCM was added 5 mL NaHCO3 and the mixture was cooled to 0oC in an ice bath.  

Stirring was stopped and 384 uL (.617 mmol, 1.5 eq) of a 20% solution of phosgene in 
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toluene was added directly to the DCM layer via syringe.  Stirring was then continued for 

4 hours.  113 mg amine 16 (0.409 mmol, 1 eq) was then added and the reaction was 

allowed to proceed for 14 h.  The reaction was then dissolved in 50 mL EtOAc and 

subsequently washed with a saturated solution of sodium bicarbonate and then water.  

The crude material was dried onto silica, which was then loaded onto a silica gel column.  

The column was run on a Biotage Sp1 system (1-6%, MeOH, CDCl3) to yield 158 mg  6 

(0.317 mmol, 77% yield) as a light yellow solid.  

1H NMR (300 MHz, D6 DMSO): δ 9.29 (d, 1H, 1.6 Hz), 9.10 (s, 1H), 8.90 (s, 1H), 8.77 

(s, 1H), 8.69(dd, 1H, J=1.5 Hz, J=4.7 Hz), 8.47-8.52 (m, 2H), 8.11 (d, 1H, J=2.0 Hz), 

7.83 (s, 1H), 7.58-7.65 (m, 2H), 7.51 (dd, 1H, J=4.8 Hz, J=7.9 Hz), 7.43 (d, 1H, J=5.2 

Hz), 7.15 (s, 1H), 2.21 (s, 3H). 13C NMR (75 MHz, D6 DMSO):  δ 162.24, 161.86, 

160.37, 153.26, 151.75, 148.61, 140.32, 138.78, 137.97, 135.85, 133.25, 132.81, 131.14, 

127.51 (d, J=30.7 Hz), 126.70, 124.84, 123.81, 123.67 (q, J=273.3), 122.96, 117.49 (q, 

J=5.9 Hz), 115.97, 115.75, 108.49, 18.38. HRMS (ESI) (M+1): 499.1295 calc. for 

C24H18ClF3N6O (M+1) = 498.1183.  

 

d. 1-(4-chloro-3-(trifluoromethyl)phenyl)-3-(4-(2-morpholinoethoxy)-naphthalen-1-

yl)urea (Nexa-796-Naph. 7). 

To a stirred solution of 100 mg (.514 mmol, 1.25 eq) 4-chloro-3-trifluoromethylaniline in 

5 mL DCM was added 5 mL NaHCO3 and the mixture was cooled to 0oC in an ice bath.  

Stirring was stopped and 384 uL (.617 mmol, 1.5 eq) of a 20% solution of phosgene in 

toluene was added directly to the DCM layer via syringe.  Stirring was then continued for 
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4 hours.  141 mg amine 25 (0.409 mmol, 1 eq) was then added and the reaction was 

allowed to proceed for 14 h.  The product precipitated from the reaction as a pink solid 

and was collected by suction filtration and subsequently washed with water and DCM.  

The light pink material was then dried in a vacuum oven at 60oC for 6 hr to yield 123 mg 

of 7 (60.9 %  yield).  ). 1H NMR (300 MHz, D6 DMSO): δ 9.34 (s, 1H), 8.62(s, 1H), 8.20 

(dd, 1H, J=1.3 Hz, J=8.3 Hz), 8.14 (d, 1H, J=2.5 Hz), 7.99(d, 1H, J=7.9 Hz), 4.28 (t, 2H, 

J=5.7 Hz), 3.60 (m, 4H), 2.86 (t, 2H, J=5.7 Hz), 2.56 (m, 4H).  13C NMR (75 MHz, D6 

DMSO): 13C NMR (75 MHz, D6 DMSO):  δ 154.40, 152.11, 140.59, 132.83, 129.76, 

127.35, 127.32 (q, J=30.7 Hz), 127.20, 126.26, 126.09, 123.71 (q, J=272.8), 123.67, 

122.91, 122.86, 122.79, 122.25, 117.41 (q, J=5.5 Hz), 67.10, 67.05, 57.87, 54.52.  HRMS 

(ESI) (M+1): 494.1453 calc. for C24H23ClF3N3O3 (M+1) = 494.1380.  

 

e. 1-(3-tert-butyl-1-p-tolyl-1H-pyrazol-5-yl)-3-(4-methyl-3-(4-(pyridin-3-

yl)pyrimidin-2-ylamino)phenyl)urea (BIRBvec, 8). 

To a stirred solution of 100 mg (.436 mmol, 1.5 eq) 28 in 5 mL DCM was added 5 mL 

NaHCO3 and the mixture was cooled to 0oC in an ice bath.  Stirring was stopped and 277 

uL (0.523 mmol, 1.5 eq) of a 20% solution of phosgene in toluene was added directly to 

the DCM layer via syringe.  Stirring was then continued for 4 hours.  97 mg amine 16 

(0.349 mmol) was then added and the reaction was allowed to proceed for 14 h.  The 

reaction was added to a 250 mL separatory funnel containing water (20 ml) and DCM 

(100 mL).  The organic layer was separated, dried over MgSO4, and then concentrated in 

vacuo to yield a brown residue that was purified by flash column chromatography on a 
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Biotage Sp1 system (3-8% MeOH/DCM) to yield 143 mg of 8 (0.231 mmol, 66.2% 

yield) of white solid, which was dried in a vacuum oven at 60oC for 6 hr. 

1H NMR (300 MHz, D6 DMSO): δ 9.29 (d, 1H, J=1.6 Hz), 8.95 (s, 1H), 8.90 (s, 1H), 

8.85 (s, 1H), 8.69(dd, 1H, J=1.6 Hz, J=4.8 Hz), 8.47-8.52 (m, 2H), 8.31 (s, 1H), 8.29 (s, 

1H),  7.82 (d, 1H, J=1.9 Hz), 7,52 (m, 1H), 7.43 (d, 1H, J=5.2 Hz), 7.39 (dd, 2H, J=2.0 

Hz, J=6.5 Hz), 7.35 (d, 2H, J=6.5 Hz), , 6.38 (s, 1H), 2.37 (s, 3H), 2.19 (s, 3H), 1.26 (s, 

9H).  13C NMR (75 MHz, D6 DMSO):  δ 162.39, 161.83, 161.41, 160.33, 152.30, 152.16, 

149.02, 138.80, 138.15, 137.70, 136.83, 135.41, 133.05, 131.14, 130.59 (2C), 126.18, 

125.30 (2C), 124.70, 115.23, 115.05, 108.48, 79.93, 32.86, 31.06, 21.46, 18.34.  HRMS 

(ESI) (M+1): 533.2772 calc. for C31H32N8O (M+1) = 533.2699.  

 

f. 4-(4-(3-(3-tert-butyl-1-p-tolyl-1H-pyrazol-5-yl)ureido)phenoxy)-N-

methylpicolinamide (BIRBavar, 9). 

To a stirred solution of 100 mg (.436 mmol, 1.5 eq) 28 in 5 mL DCM was added 5 mL 

NaHCO3 and the mixture was cooled to 0oC in an ice bath.  Stirring was stopped and 277 

uL (0.523 mmol, 1.5 eq) of a 20% solution of phosgene in toluene was added directly to 

the DCM layer via syringe.  Stirring was then continued for 4 hours.  98 mg amine 21 

(0.349 mmol) was then added and the reaction was allowed to proceed for 14 h.  The 

reaction was added to a 250 mL separatory funnel containing water (20 ml) and DCM 

(100 mL).  The organic layer was separated, dried over MgSO4, and then concentrated in 

vacuo to yield a yellow solid that was purified by flash column chromatography on a 
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Biotage Sp1 system (1-5% MeOH/DCM) to yield 120 mg of 8 (0.241 mmol, 69.0% 

yield) of an off white solid, which was dried in a vacuum oven at 60oC for 6 hr. 

1H NMR (300 MHz, D6 DMSO): δ 9.16 (s, 1H), 8.85 (q, 1H, J=4.8 Hz), 8.52 (d, 1H, 

J=5.5 Hz), 8.37 (s, 1H), 7.53 (d, 2H, J=5.6 Hz), 7.33-7.43 (m, 5H), 7.12-7.16 (m, 3H), 

6.37 (s, 1H), 2.79 (d, 3H, J=4.8 Hz), 2.38 (s, 3H), 1.28 (s, 9H).  13C NMR (75 MHz, D6 

DMSO):  δ 166.85, 164.63, 161.39, 153.28, 152.47, 151.21, 148.45, 138.17, 137.94, 

137.67, 136.93, 130.57 (2C), 125.24 (2C), 122.35, 120.71, 114.85, 109.52, 96.00, 32.88, 

31.08 (3C), 26.86, 21.47.  HRMS (ESI) (M+1): 499.2452 calc. for C28H30N6O3 (M+1) = 

499.2379.  

 

g. N-methyl-4-(4-(3-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-

ureido)phenoxy)picolinamide (Gleevavar-Urea, 10) 

A solution of 300 mg (1.072 mmol, 1 eq) 21 in DCM was stirred under argon at room 

temperature followed by the addition of 174 mg (1.072 mmol, 1 eq) CDI.  The reaction 

was stirred for 16 hours and then a solution of 176 mg of 37 ( 0.858 mmol, 0.8 eq) in 5 

mL DCM was added dropwise.  The reaction was stirred for an additional 24 hours upon 

which time it was poured into 100 mL DCM and then washed with water and brine.  The 

crude material was purified on an Biotage Sp1 system with a silica gel column that was 

neutralized with a 1% solution of triethylamine in CHCl3.  The column was run with a 1-

6% MeOH/CHCl3 gradient that also contained 1% triethylamine and provided 176 mg of 

10 (0.371 mmol, 34.6% yield) which was dried in a vacuum oven at 60oC.   
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1H NMR (300 MHz, CDCl3): δ 8.39 (d, 1H, J=5.6 Hz), 8.25 (q, 1H, J=2.2 Hz), 8.17 (s, 

1H), 8.07 (s, 1H), 7.60 (d, 1H, J=2.5 Hz), 7.19-7.37 (m, 7H), 7.03 (dd, 1H, J=2.5 Hz, 

J=5.6 Hz), 6.94 (d, 2H, J=7.9 Hz), 3.43 (s, 2H), 3.03 (d, 3H, J=5.1 Hz), 2.30-2.70 (brm, 

8H), 2.29 (s, 3H).   13C NMR (75 MHz, D6 CDCl3):  δ 167.21, 165.67, 153.87, 151.90, 

150.34, 148.54, 138.16, 137.50, 132.96 (2C), 130.30, 121.73 (2C), 121.36 (2C), 120.04 

(2C), 115.21, 109.35, 62.87, 55.40 (2C), 53.29 (2C), 46.34, 26.85. HRMS (ESI) (M+1): 

475.2452 calc. for C26H30N6O3 (M+1) = 475.2379.  

 

h. 1-(4-chloro-3-(trifluoromethyl)phenyl)-3-(4-(2-morpholinoethoxy)-phenyl)urea 

(Nexa-796-Phe, 11). 

150 mg isocyanate 23 (0.677 mmol, 1.0 eq) was dissolved in 5 mL DCM.  A solution of 

149 mg amine 33 in DCM was added dropwise to the stirred reaction and was allowed to 

react for 12 hours.  The reaction was dissolved in 100 mL DCM and washed with water, 

washed with brine, and then was dried over MgSO4 and concentrated to yield a crude 

yellow oil.  The yellow oil was purified through flash chromatography on a Biotage Sp1 

(2-8% MeOH/DCM) to yield 165 mg of 11 (0.373 mmol, 55.2% yield) 

1H NMR (300 MHz, D6 DMSO): δ 9.01 (s, 1H), 8.65 (s, 1H), 8.10 (d, 1H, J=2.0 Hz), 

7.57-7.61 (m, 2H), 7.35 (d, 2H, J=9.0 Hz), 6.88 (d, 2H, J=9.0 Hz), 4.03 (t, 2H, J=5.7 Hz), 

3.57 (m, 4H), 2.66 (t, 2H, J=5.7 Hz), 2.47 (m, 4H). δ 154.84, 153.41, 140.44, 133.04, 

132.79, 127.52 (q, J=30.5 Hz), 123.73, 123.69 (q, J=273.0),122.84, 121.36 (2C), 117.44 

(q, J=6.0 Hz), 115.50 (2C), 67.032 (2C), 66.33, 57.94, 54.51 (2C).  HRMS (ESI) (M+1): 

444.1296 calc. for C20H21ClF3N3O3 (M+1) = 444.1224.  
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2G.6. Molecular Overlap 

Three dimensional crystal structures of Gleevec® bound to C-Abl (2HYY), Nexavar® 

bound to B-Raf (1UWH), and BIRB-796 bound to p38α (1KV2) were downloaded from 

Protein Data Bank.  Water molecules were removed from each crystal structure and 

monomers of 1KV2 and 1UWH were aligned with 2HYY using Pymol v1.1 from Delano 

Scientific.  

 

2G.7.Biological Evaluation 

a. General 

 All assays utilized assay dilution buffer and Mg/ATP cocktail purchased from Millipore.  

The assay Dilution buffer contained 20mM MOPS, pH 7.2, 25mM β−glycerophosphate, 

5mM EGTA, 1mM Na3VO4, and 1mM dithiothreitol (Millipore Catalog #20-108).  The 

Mg/ATP cocktail contained 75mM MgCl2, and 0.5mM cold ATP in Assay Dilution 

Buffer (Millipore Catalog #20-113).  [gamma-32P) Adenosine-5’-triphosphate (10 

uCi/uL) was purchased from Perkin-Elmer and used at 0.8 uCi/rxn.  Stock 10 mM drug 

solutions were made up in DMSO and from that were diluted in a half-log manner in 

ddH2O.   

 

b. p38α Enzymatic Assay 

 7.5 ng recombinant human full length N-terminal GST-tagged p38α (Invitrogen, 

PV3304), E.coli expression)  was preincubated at room temperature for 1 hour with 1 uL 



  
 

140

drug and 4 uL  assay dilution buffer.  The kinase assay was initiated when 5 uL of a 

solution containing 200 ng recombinant human full length, N-terminal His-tagged 

MAPKAP-K2 (sPV3316), 200 uM ATP (.8 uCi hot ATP), and 30 mM MgCl2 in assay 

dilution buffer was added.  The kinase reaction was allowed to continue at room 

temperature for 25 minutes and was then quenched with 5 µL 5X protein denaturing 

buffer (LDS) solution.   Protein was further denatured by heating for 5 min at 70oC.  10 

uL of each reaction was loaded into a 15 well, 4-12% precast NuPage gel (invitrogen) 

and run at 200V and upon completion, the front which contained excess hot ATP was cut 

from the gel and discarded.  The gel was then dried and developed onto a phosphor 

screen which was scanned on a Storm 820 scanner and quantitated from optical 

densitometry using image quant v5.0.   A negative control which contained no active 

enzyme was used as a negative control and a reaction without inhibitor was used as the 

positive control.  Final compound concentrations were 100 uM, 31.6 uM, 10 uM, 3.16 

uM, 1 uM, 316 nM, 100 nM, 31.6 nM, 10 nM, 3.16 nM, 1 nM, 316 pM, and 100 pM. 

 

c. B-Raf Enzymatic Assay 

 The B-Raf biological assay used the same protocol as p38 except it utilized recombinant 

Human Full-Length GST-tagged B-Raf (invitrogen, pv3848) and recombinant human full 

length, N-terminal His-tagged MEK1 (invitrogen, pv3093). 

 

d. Abl Enzymatic Assay 
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The Abl kinase assay utilized 1 ng/rxn active recombinant mouse Abl, residues 27-1123, 

containing an N-terminal His6 tag (Millipore, 14-459) and the 100 uM synthetic peptide 

substrate Abltide (EAIYAAPFAKKK, Millipore, 12-493).  Kinase reactions were set up 

as previously described, however, reactions were quenched with 5 uL 3% phosphoric 

acid.  10 uL of each reaction was then applied to 2x2cm p81 phosphocellulose squares 

(Whatmann) and washed a minimum of 5 times for 5 minutes with 75 mM phosphoric 

acid.  Squares were then washed with methanol for 2 minutes and placed in a 24 well 

Perkin Elmer plate with 1 mL of scintillation fluid and counted on a Perkin Elmer Top 

Count scintillation counter.   
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CHAPTER 3. THE SYNTHESIS OF NOVEL 2,5-DISUBSTITUTED PYRROLO-

3,4-DICARBOXIMIDES THROUGH THE USE OF A TANDEM [3+2] 

AZOMETHINE CYCLOADDITION THEN ELIMINATION SEQUENCE TO 

DEVELOP DUAL ALLOSTERIC INHIBITORS OF B-RAF AND P38α MAP 

KINASE 
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3A. Abstract 

This chapter details the design of a new pyrrolo-3,4-dicarboximide scaffold that 

has been developed through the utilization of a novel tandem [3+2] cycloaddition then 

elimination reaction scheme.  This scaffold, which contains three sites for variation, was 

then rationally incorporated into lead molecules using structure-based methods and in 

silico feedback for the production of dual DFG-out allosteric kinase inhibitors of p38α 

and B-Raf kinase.  These inhibitors, that were developed to target B-Raf mutated cancers, 

display micromolar to submicromolar enzymatic IC50’s for both p38α and B-Raf kinase 

and low micromolar inhibition of cell growth in 4 separate cancer cell lines.          

 

3B. Introduction 

In the era of the molecular targeting of kinases, there seems to be a shift away 

from selective targeting towards multiple targeting—especially in oncology. Most 

recently developed kinase inhibitors target multiple mechanisms and share a focus on 

both the angiogenesis process and growth factor signaling on the surface of cancer cells.  

Additional positive therapeutic effects of the approved kinase inhibitor drugs Nexavar® 

and Gleevec® are due to off-target activities13,22.  Because of this, the field of oncology 

welcomes novel kinase inhibitors that display new kinase inhibition profiles that target 

more than one pathway implicated in cancer13,81.  By investing in new chemical 

strategies, new scaffolds can be developed to enrich libraries with molecules that probe 

new dimensions of chemical space.  Kinase inhibitors that incorporate new scaffolds have 
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the potential to uncover unique interactions that can be exploited to make a kinase 

inhibitor more specific or to develop inhibitors that have a novel kinase inhibition profile.   

In our chemocentric approach, we first invested in the development of a robust 

chemistry that yielded molecules that contained a unique 2,5-disubstituted pyrrolo-3,4-

dicarboximide with three sites for variation and then applied this chemistry to design dual 

inhibitors of p38 and B-Raf kinase using a rational design method that was based on 

utilizing binding interactions identified in the crystal structures of known DFG-out 

allosteric kinase inhibitors bound to B-Raf and p38α mitogen activated protein kinase 

(MAPK).  

 

3C. Background 

3C.1. Biological Rationale 

B-Raf is a serine/threonine kinase that is a member of the Ras-Raf-MEK-ERK 

pathway (Figure 3.1) and leads to activation of the downstream transcription factors Elk-

1 and p85rsk 82,83. B-Raf kinase is mutated in approximately 7% of all human cancers 

with higher occurrence in 66% of human melanomas, 45% of sporadic papillary thyroid 

cancers, 33% of KRAS mutated pancreatic cancers, and 15% of sporadic colorectal 

cancers 62-67.  The most common B-Raf oncogenic mutation is a single-base missense 

substitution (T to A at nucleotide 1,799) that is found in 90% of all B-Raf mutated 

cancers and involves a valine to glutamic acid substitution at codon 600 (V600E) 84.   

This mutation is found adjacent to serine 599 which is phosphorylated during activation 

of the kinase 85.  The polarity of glutamic acid in the V600E mutation mimics the polarity 
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of serine phosphorylation in the kinase activation loop, resulting in an irreversible 

conformational change, constitutive activation of the MAPK pathway, and a 500-fold 

increase in B-Raf activity exclusive of extracellular growth factor signaling. 

Another key kinase involved in tumor growth is p38α kinase (Figure 3.1).  P38α 

is a serine/threonine mitogen activated protein kinase (MAPK) that is usually associated 

with inflammation because of its role in T-cell proliferation and cytokine production71, 

however, the role of p38 in would healing has been proposed as a link between 

inflammation and cancer86.  The link between cancer and inflammatory pathways is 

acknowledged less than oncogenic pathways, such as B-Raf, that target the malignant cell 

directly, however, the role of p38 in different cancers is becoming of increased interest in 

the literature87-99.  One implicated role for p38 in cancer is to mediate the production of 

macrophage chemo-attractant protein-1 (MCP-1)100.   

 

 

 

 

 

 

 

 

 

 



  
 

146

 

 

 

 

 

 Figure 3.1:  Ras/Raf and p38α MAPK signaling pathways.   
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The malignant cell has the ability to secrete MCP-1 through the increased 

activation of the p38 pathway, which results in the recruitment of macrophages to the site 

of the tumor100.  Because macrophages have the ability to produce and secrete angiogenic 

factors (VEGF, bFGF, TNF-a, IL-1b, IL-8, EGF, IGF1, HGF, etc), proteolytic enzymes 

(MMPs 1,2,3,7,8,13, etc), and adhesion factors (VCAM-1, ICAM-1, selectins), their 

attraction by cancer cells may facilitate tissue invasion and metastasis71 (Figure 3.2).   To 

summarize, the tumor, much like a parasite uses the p38 mediated wound healing process 

to recruit macrophages and create an environment around the tumor that is conducive for 

tumor growth, angiogenesis, and metastasis.  The rational for the design of a dual 

inhibitor of B-Raf and p38 kinase is to inhibit a proliferative pathway and a tumor 

enabling pathway in an attempt to sensitize tumors to cancer therapy.   
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       Figure 3.2:  Proposed role of p38α MAP kinase in tumor progression 
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3D. Inhibitor Design and Molecular Modeling 

3D.1. Chemocentric Design strategy  

When utilizing a chemocentric approach to design inhibitors, the entirety of the 

project focuses on the identification of novel chemistry that is yet unknown and under-

exploited as a scaffold for the target class of interest.  The scaffold must be easily 

substituted with at least 3 sites for diversification and have good potential for library 

production.  Once the scaffold is identified, it must have a high probability of establishing 

critical interactions that are important to gain binding affinity to the desired target.   This 

example utilizes a tandem [3+2] cycloaddition-then elimination sequence to obtain a 

novel 2,5-disubstituted pyrrolo-3,4-dicarboximide scaffold containing 3 sites for variation 

that is capable of binding to the DFG-out allosteric binding site in p38 and B-Raf kinase.   

 

3D.2. Identification of Novel Chemistry 

1,3-Dipolar cycloaddition is a versatile synthetic strategy for the construction of 

five-member ring heterocycles and extensive work has been reported by Grigg et. al. to 

develop the 1,3-dipolar cycloadditon of azomethine ylides with maleimides to form 2,5-

substituted pyrrolidino-3,4- dicarboximides101-105.  Here, we report a novel tandem 1,3 

dipolar cycloaddition-elimination sequence (scheme 3.1) for the production of a 2,5-

disubstituted pyrrolo-3,4-dicarboximide that involves a similar mechanism as employed 

by Grigg, however, our route utilizes a 3,4-dichloromaleimide as the dipolarophile, which 

upon formation of a pyrrolidino-3,4-dichloro-3,4-dicarboximide intermediate can then 
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undergo elimination under basic conditions to yield a fused ring system with the pyrrolo-

3,4-dicarboximide oxidation state.   

Metalloazomethine ylides were generated from the corresponding Schiff base (1a-

b) in the presence of 0.15 eq of silver acetate and 1 equivalent of DBU base in dry 

acetonitrile.  These metallo-azomethine ylides were then allowed to react with 1 

equivalent of 3,4-dichloromaleimides (2a-c).  One equivalent of DBU base was titrated in 

0.1 equivalents as the reaction proceeded over the course of 10 hours.  The reaction 

proceeded non-stereospecifically through a [3+2] azomethine cycloaddition reaction in 

which an endo and exo transition state resulted in the corresponding pyrrolidine 

intermediates (3a-d).  Without isolation, the corresponding pyrrolidine intermediates 

were converted to the pyrrole oxidation state (10-13) in 45-58% overall yield through the 

base catalyzed elimination of HCl by addition of 4 equivalents of DBU base.  It was 

expected that only two additional equivalents of DBU base should be required, but when 

only two equivalents of DBU base was utilized, it resulted in low conversion.  This could 

be a result of the difference in the elimination route between the endo and exo 

pyrrolidino-3,4-dichloro-3,4-dicarboximide intermediates (3a-d).  Whereas the exo 

intermediate can undergo a concerted E2 elimination, the endo transition state must  

undergo an energetically less favorable two step E1cb mechanism.  
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Scheme 3.1: Route to 2,5-disubstituted-pyrrolo-3,4-dicarboximides 
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It was found that the stability of Schiff base (1a-b) was a significant factor in 

optimizing the overall yield.  Schiff bases are formed by condensing glycine benzyl ester 

with the corresponding aldehyde under dehydrating conditions, either by reacting in 

benzene with a Dean Stark trap106, or by reacting in dichloromethane in the presence of 

triethylamine and MgSO4
107.  The Schiff base must be prepared directly before the 

reaction and kept in a dry environment to avoid the hydrolysis from the presence of 

water.  Dry acetonitrile was utilized in the reaction and an excess of Schiff base was 

introduced to the reaction portion wise to assure the presence of ylide in the reaction.  

The stability of the Schiff base was affected by the R1 group.   Schiff base derived from 

the aromatic benzaldehyde was much more stable than Schiff base derived from 

isobutyraldehyde.   Attempts to form the Schiff base in situ by reacting glycine benzyl 

ester, benzaldehyde, base and a 3,4-dichloromaleimide under dehydrating conditions 

resulted only in addition of glycine to the 3,4-dichloromaleimide.  

 

3D.3. Molecule design 

The overlap of important binding interactions that allosteric kinase inhibitors use 

to bind (described earlier in Chapter 2, section 2C, Figure 2.2) and the novel chemistry to 

obtain 2,5-disubstituted-3,4-dicarboximides formed the basis for our scaffold design 

efforts.  We rationally applied the 2,5-disubstituted-pyrrolo-3,4-dicarboximide as an 

alternate core scaffold that could present the adjacent functionalities appropriately, was 

easily accessed synthetically, and defined new patent space for drug development. A 

schematic of this design can be found in Figure 3.3.  The pyrrolo-3,4-dicarboximide 
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scaffold was substituted with an amide linkage at the 2-position and this amide NH and 

the pyrrole NH were designed to act as a urea mimetic and hydrogen bond with the side 

chain of the conserved glutamate in p38α and B-Raf (Figure 3.3, magenta).  The carbonyl 

of the amide could then make hydrogen bonding interactions with the backbone NH of 

the aspartate involved in the DFG-loop move (Figure 3.3, magenta).  The scaffold itself 

occupies space between the two selectivity sites (Figure 3.3, blue). The 4-position of the 

scaffold could be substituted with a hydrophobic group to make interactions in the upper 

selectivity site (Figure 3.3, green) and the imide nitrogen of the maleimide ring can be 

substituted with either a methyl, cyclopropyl, or t-butyl group to fill the lower selectivity 

site (Figure 3.3, red).  Every molecule designed incorporated the pyrrolo-3,4-

dicarboximide scaffold into the selectivity sites and the amide extending from the 2-

position of the scaffold was substituted with an aromatic ring.  An oxygen linker from the 

aromatic ring in the gatekeeper region then allowed for the positioning of a hydrogen 

bond acceptor (HBA) in the hinge region ( Figure 3.3, orange).   
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Figure 3.3:  Schematic model of inhibitor design.  The pyrrolo-3,4-dicarboximide 
scaffold sits between the two selectivity sites.  The portion of the molecule in blue and 
magenta is incorporated into all of the molecules.  The red moiety is designed to bind the 
lower selectivity site and is substituted with a t-butyl, cyclopropyl, or methyl group.  The 
green moiety is designed to bind the upper selectivity site and is substituted with a phenyl 
ring, isopropyl group, or amide and ester groups.  From the phenyl ring that binds the 
gatekeeper region, an oxy linker extends a moiety into the hinge region that contains a 
hydrogen-bond acceptor.      
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3D.4. In silico Modeling 

Initially, a series of 17 compounds that contained the pyrrolo-3,4-dicarboximide 

scaffold were designed.   These molecules were modeled with B-Raf kinase (crystal 

structure coordinates with Nexavar®, pdb 1UWH) and p38α (crystal structure 

coordinates with BIRB-796, pdb1KV2) using the FlexX – Flexidock protocol (as 

described in Experimental section).  Each molecule was initially docked using the FlexX 

program and the best docking pose was then refined with Flexidock (both flexible ligand 

and flexible protein side chains). Docking orientations from Flexidock were analyzed 

using two criteria - docking score and interactions in the binding pocket. Nexavar® and 

BIRB-796 were also docked as described above and their scores were used as a reference 

for comparison.  A complete list of compounds and scores can be found in Figure 3.4.    
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Figure 3.4: Docking results for 17 initial designed molecules.  FD is the flexi-dock 
score.  More favorable interactions are depicted by larger negative values.  Compounds in 
red were chosen as model first generation compounds to be synthesized. 
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3E. First Generation Inhibitors 

3E.1. Identification of First Generation Inhibitors to be Synthesized 

Of the 17 molecules docked, PYR015-PYR017 (Figure 3.4, red, later termed 

KIN006-KIN008) were chosen as model compounds to be synthesized because of their 

balanced docking score for p38 and B-Raf, low molecular weight, acceptable cLog P, and 

flexible chemistry with three sites for variation.  These first generation compounds were 

designed to only occupy the allosteric binding site and not bridge to the hinge region, 

even though literature from BIRB-79634 and Nexavar®108 describes a >100 fold decrease 

in kd by accepting just one hydrogen bond from a hinge region residue.   In our design 

strategy, we decided to first evaluate inhibition when compounds could only bind to the 

allosteric binding region and then build in that important interaction later.   

In the docked model of PYR016 (KIN006) docked with p38α (Figure 3.5), the 

core urea interaction of BIRB-796 is mimicked by the pyrrole NH and the amide 

carboxamide functionality.  These NH protons have the ability to hydrogen bond with the 

side chain of Glu-71 and the carbonyl group of the amide accepts a hydrogen bond from 

the backbone amide of Asp-168 from the DFG loop.  A t-Butyl group fills the lower 

selectivity site vacated by the DFG loop move and a phenyl ring fills the upper selectivity 

site.  A naphthyl group fills the gatekeeper region.  (Figure 3.5).  
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e  
Figure 3.5: Docked model of KIN006 in p38α.  The docked molecule is depicted in teal 
sticks and the protein is shown in lines. The amide and pyrrole NH hydrogen bond to the 
side chain of Glu-71.  Another hydrogen bonding interaction is made with Asp-168.  A t-
butyl group fills the lower selectivity site and a phenyl ring fills the upper one.  A 
naphthyl ring binds in the gatekeeper region.  The conformation of the phenyl ring from 
the DFG loop move is shown in green.   
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Scheme 3.2: Synthesis of pyrrolo-3,4-dicarboximide inhibitorsa 

 

aReagents and conditions: (a) AcOH, 80oC, 2hr; (b) 2 eq Et3N, MgSO4, DCM, 12 h, rt, 

85% yield; (c) 3 eq DBU, 15 mol % AgOAc, MeCN, rt; (d) 4 eq DBU, DCM, overall 

yield 48%-59%; (e) H2 10% Pd/C, MeOH, 98% yield;  (f) 1.5 eq EDCI, 1.1 eq HOAt, 4 

eq DIPEA, 55-66% yield.   
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3E.2. Chemistry  

The synthetic route to obtain inhibitors that incorporated the pyrrolo-3,4-

dicarboximide scaffold can be found in scheme 3.2 and is as follows.  In this process 3,4-

dichloromalieimides 2a, 2b or 2c  are formed from the reaction of 3,4-dichloromaleic 

anhydride with either t-butyl amine, cyclopropyl amine or methylamine in glacial acetic 

acid at 80oC.  Imine intermediate 5 is obtained from the condensation of benzaldehyde 

(4) with glycine benzyl ester under dehydrating conditions and then directly reacted with 

3,4-dichloromaleimide 2a, 2b, or 2c in the presence of silver acetate and DBU base.   The 

dichloro cycloaddition products 6 are then eliminated with excess strong base to yield the 

pyrrole-3,4-dicarboximide benzyl ester in 48-59% yield which is subsequently reduced 

by catalytic hydrogenation of the benzyl protecting group to form the 2-5-disubstituted-

pyrollo-3,4-dicarboximide carboxylic acid 7.  Carboxylic acid 7 is then reacted with 1-

naphthyl amine by an EDC coupling to yield model compounds KIN006, KIN007, and 

KIN008.   

3E.3. Biological Feedback  

KIN006, KIN007, KIN008, BIRB-796, and Nexavar® were tested in two in vitro 

32P SDS page gel kinase assays, one for wild type B-Raf and one for p38α (Figures 9 and 

10).  These assays utilized a high concentration of ATP (200 uM) and a full length 

substrate kinase because p38 and B-Raf kinases are able to form a ternary complex with 

their substrates32,109,110.  As expected, these inhibitors exhibited slow binding kinetics, 

requiring a long pre-incubation (1 Hr) to allow the equilibrium of the DFG loop to favor 

the inactive state in which allosteric inhibitors bind.  By competing with a full protein 
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substrate and keeping the ATP concentration at 200 µΜ (>5 times the Km of ATP), this 

assay is indeed a high hurdle for any inhibitor.  Therefore, it was necessary to compare 

our inhibitors with results from BIRB-796 and Nexavar®, two standard inhibitors of 

p38α and B-Raf.      

In addition to evaluating compounds in enzyme inhibition assays, compounds also 

underwent a standard MTS assay to assess cell proliferation after 96 hours.  The MTS 

assay was performed in 4 different cancer cell lines: Hela (cervical cancer), MCF7 (breast 

cancer), HCT116 (colorectal), and Panc1 (pancreatic cancer). (See table 3.1 for results). 
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Table 3.1:  Assay results for KIN006-KIN008, Nexavar®, and BIRB-796 (ND=Not 
Determined) 

IC50 p38 IC50 B-raf MTS IC50 uM
M.W. cLogP uM uM Hela MCF7 Panc1 HCT116

KIN006 437.47 3.94 3.6 3.2 20.8 23.5 107.9 23.1

KIN007 421.45 3.36 10.35 7.86 9.91 15.9 27.4 16.6

KIN008 395.13 3.07 52.72 15.27 ND ND ND ND

Nexavar® 464.82 3.76 0.085 0.076 6.23 4.39 1.36 1.29

BIRB 796 527.66 4.78 0.004 0.083   >100 for all
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Figure 3.6: 32P gel kinase assay results for KIN006, BIRB-796, and Nexavar®. a.) B-
Raf kinase assay results for KIN006 and Nexavar®.  b.)  P38α kinase assay results for 
KIN006 and BIRB-796.  
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KIN006, KIN007, and KIN008 exhibited promising in vitro activity for first 

generation inhibitors, see table 1.  KIN006 was the most promising inhibitor and 

displayed an enzymatic IC50 for both B-Raf and p38 at 3 uM.  KIN007 was slightly less 

potent with an IC50 for p38 of 10.35 uM and an IC50 for B-Raf of 7.86 uM (table 3.1). 

These three inhibitors varied only by the size of the lipophilic moiety that bound to the 

lower selectivity site.  KIN006 has the largest t-butyl group and is the most potent, 

KIN007 has a smaller cyclopropyl group and is less potent, and KIN008 has the smallest 

methyl group and is the least potent.   When compared to Nexavar® and BIRB-796, 

KIN006 was 42-fold less potent than Nexavar® in the B-Raf (IC50=76.2 nM) enzymatic 

assay (Figure 3.6a) and 900 fold less potent than BIRB-796 in the p38α (IC50=4.0 nM) 

enzymatic assay (Figure 3.6b).   KIN006 and KIN007 inhibited cell growth in the MTS 

assays at concentrations as low as 9 uM (table 1).  KIN007 was the best compound in the 

pyrrolo-3,4-dicarboximide series across all cell lines with GI50’s between 9 and 26 µM, 

but was still 2-30 fold less potent  than Nexavar® (table 3.1), which showed MTS IC50 

values between 1 and 7 uM depending on the cell line used.  The potent p38 inhibitor 

BIRB-796 showed no growth inhibition suggesting that p38α inhibition does not lead to 

inhibition of cell growth. The in vitro kinase activity trend was not mirrored by the 

activity of compounds in cells.  For instance, in the in vitro assay, KIN006 was more 

potent than closely related KIN007 (cyclopropyl substituted for t-butyl), but in the MTS 

assay KIN007 was more active.  This is common as a cell based assay also takes into 

account factors surrounding transport into the cell and off target effects.  
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3F. Second Generation Inhibitors 

3F.1. Second Generation Design Strategy 

As previously mentioned, KIN006, KIN007, and KIN008 were designed to be 

completely allosteric kinase inhibitors and did not include any moiety that had the ability 

to link into the hinge region and accept a hydrogen bond from a backbone NH (one of the 

four major interactions addressed previously, see Figure 3.3).  SAR studies in the 

literature for BIRB 796 and Nexavar®, however, show an approximate 100-fold decrease 

in the dissociation constant, kd, when an inhibitor makes this critical interaction.  To 

follow up our original molecules, we synthesized known hinge region amines and 

coupled them to the (2-pyrrolo-3,4-dicarboximide carboxylic acid intermediate (7, 

Scheme 3.2) in an attempt to increase the binding affinity and potency of our molecules.  

These hinge-region amines are shown in scheme 3 and comprise of the  4-(2-

morpholinoethoxy)naphthalen-1-amine31, as found in BIRB-796 (10); [4-(4-

aminophenoxy)(2-pyridyl)]-N-methylcarboxamide, as found in Nexavar® (14)111  ; [4-(4-

aminophenoxy)pyridyl, as found in broad kinase patent literature (17)108; and a 6-[(5-

amino-2-methylphenyl)aminol-3-methylquinazolin-4(3H)-one (22), found in B-Raf 

patent literature112.   
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Scheme 3.3: Synthesis of second generation pyrrolo-3,4-dicarboximide inhibitorsa 

 
aReagents and conditions: (a) 5 Eq K2CO3, MeCN, 80oC, 3h;  (b) 4M HCl/Dioxane 

reflux, 8  h; (c) SOCl2 reflux, 16 h, DMF; (d) 5 Eq 2M MeNH2 in THF, 0-5oC, 5 h; (e) t-

BuOK, K2CO3, DMF 80oC, 6 h; (f) 160oC, neat, 3 h,  58% yield;  (g) 10% pd/C, 30 psi 

H2, EtOAc, 4 h, 98% yield. (h) Boc2O, THF, 65oC, overnight, 83% yield;  (i) 40 psi H2, 

10% Pd/C, EtOH, 15 h, 92% yield; (j) 160oC, 8 h, 65% yield; (k) 1.4 Eq. t-BuONa, 3% 

Pd2(dba)3, 5% dbbp, 8 h, 82% yield; (l) 10% TFA/DCM, 1 h, 94% yield;  (m) 1.5 eq 

EDCI, 1.1 eq HOAt, 4 eq DIPEA, 55-66% yield.   
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3F.2. Chemistry  

Scheme 3.3A shows the synthesis of the (2-morpholinoethoxy)naphthalen-1-

amine from BIRB-796 (10).  N-Boc protected 4-amino-1-naphthol (8) was the starting 

material that was reacted in acetonitrile with 5 equivalents of potassium carbonate and N-

chloro-ethylmorpholine HCl to yield (morpholin-4-yl-ethoxy-naphthalen-1-yl) carbamic 

acid tert-butyl ester, which was purified through flash chromatography and subsequently 

deprotected by reacting in refluxing 4M dioxane for 12 h to afford (morpholin-4-yl-

ethoxy)-naphthalen-1-ylamine dihydrochloride (10) in 52% overall yield. 

Scheme 3.3B shows the synthesis of N-methyl-[4-(4-aminophenoxy)picolinamide 

(14) from  Nexavar®.  Picolinic acid (11) was heated to 80oC in the prescence of 

Vilsmeier reagent for 16 h to afford 4-chloropyridine-2-carbonyl chloride hydrochloride.  

Subsequent portion-wise addition of acid chloride to a 2M solution of methylamine in 

THF at 3oC for 4 hours yielded N-methyl-4-chloropicolinamide (12) in 82% overall 

yield.   [4-(4-Aminophenoxy)(2-pyridyl)]-N-methylcarboxamide] (14) was obtained from 

the reaction of 4-aminophenol with potassium t-butoxide in N,N-dimethylformamide at 

room temperature for 2 hr, which formed the phenoxide.  After subsequent addition of N-

methyl-4-chloropicolinamide (12) and 1.5 equivalents of potassium carbonate, the 

reaction was heated to 80oC to form 14 in 74% yield.   

Scheme 3.3C shows the synthesis of [4-(4-aminophenoxy)pyridyl (17), which was 

previously utilized in the development of Nexavar®.  To synthesize this amine, 1-(4-

pyridyl)pyridinium chloride HCl and nitrophenol (16) were reacted under neat conditions 

for 3 hours at 160oC to obtain 4-(4-nitrophenoxy)pyridine.  Subsequently, the nitro group 
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was reduced through hydrogenolysis with 10% palladium on carbon to form 4-(pyridine-

4-yloxy)aniline (17). 

The synthesis of 6-[(5-amino-2-methylphenyl)aminol-3-methylquinazolin-4(3H)-

one (22), which was utilized in a series of B-Raf inhibitors developed by Astra Zeneca is 

shown in scheme 3.3D.  The 6-chloroquinazoline 21 was obtained through a neat reaction 

of 5-chloroanthranilic acid 20 with methyl formamide, which was heated to 160oC for 8 

hours.  21 was then reacted in a Buchwald aromatic amination reaction with tert-butyl 3-

amino-4-methylphenylcarbamate 19.  Subsequent deprotection in 10% trifluoroacetic 

acid in dichloromethane produced amine 22.  

Each amine that was synthesized for second generation molecules was then 

reacted with a 2-pyrrolo-3,4-dicarboximide carboxylic acid (7a-7c, scheme 3.3E) that 

contained either a methyl, cyclopropyl or t-butyl group at the R1 position through the use 

of a standard EDC coupling reaction.  This is shown in scheme 3E.   

 

3F.3. Biological feedback 

In this study, we made twelve additional compounds (table 3.2) and assayed them 

against the same p38α and B-Raf enzymatic assays and also in the MTS assays.  There 

was no significant increase in potency when the amines from BIRB-796 (10, KIN24-26), 

Nexavar® (14, KIN014, KIN022, KIN024), or the [4-(4-aminophenoxy)pyridyl (17, 

KIN027-29) moiety was incorporated into the molecules (table 3.2).  When the 6-[(5-

amino-2-methylphenyl)aminol-3-methylquinazolin-4(3H)-one (22) (QUIN) moiety was 

coupled to form KIN030, we observed a 91-fold decrease in the IC50 for B-Raf (167.3 
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nM) and a 53-fold decrease in the IC50 for p38α (985.1) in direct comparison to KIN008 

(table 3.2).  As a result of this study, QUIN was identified to have the highest affinity for 

the hinge region and, when coupled to the pyrrolo-3,4-dicarboximide scaffold, is capable 

of bridging over to the hinge region and accepting a hydrogen bond from a backbone NH 

in B-Raf and p38α kinase.  
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Table 3.2: Enzymatic and MTS data for pyrrolo-3,4-dicarboximide inhibitors 
IC50 p38 IC50 B-raf MTS IC50 uM

M.W. cLogP uM uM Hela MCF7 Panc1 HCT116

KIN006 437.47 3.94 3.6 3.2 20.8 23.5 107.9 23.1

KIN007 421.45 3.36 10.35 7.86 9.91 15.9 27.4 16.6

KIN008 395.13 3.07 52.72 15.27 ND ND ND ND

KIN021 537.30 2.85 ND 3.402   >100 for all

KIN014 521.17 2.71 ND 1.068 ND ND ND ND

KIN022 495.15 2.13 21.83 13.6 32.5 7.78 >100 >100

KIN024 566.25 3.41 >100 >100   >100 for all

KIN026 550.22 2.83 >100 >100   >100 for all

KIN025 524.21 2.54 >100 >100 6.99 26.4 16.87 >100

KIN020 387.16 2.85 >100 >100   >100 for all

KIN019 487.19 1.62 36.83 4.41   >100 for all

KIN027 480.18 5.53 10.46 4.65 ND ND ND ND

KIN028 464.15 4.79 15.84 16.21 ND ND ND ND

KIN029 430.68 4.3 32.66 21.54 ND ND ND ND

KIN030 532.54 4.94 0.985 0.167 21.2 55.2 31.62 41.7

BAY 43-
9006 464.82 3.76 0.085 0.076 6.23 4.39 1.36 1.29

BIRB 
796 527.66 4.78 0.004 0.083   >100 for all
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Second generation inhibitors also underwent evaluation in the same MTS assays.  

KIN025 (table 2, Figure 3.7) exhibited low micromolar GI50s in Hela and Panc1 cell 

lines at 6.99 and 16.87 uM respectively.  Nexavar® inhibits these cell lines with GI50s of 

6.23 and 1.36 uM.  KIN022 shows significant growth inhibition of MCF7 cells and Hela 

cells with GI50s of 7.78 uM and 32.5 uM.  KIN025 and KIN022, however, did not show 

potent enzymatic inhibition of p38 or B-Raf and their effects on cell growth are most 

likely due to off target effects.  KIN030, which was the most potent inhibitor in both 

enzymatic assays showed modest GI50’s between 21 and 60 uM in the different cell lines 

(table 2).    
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Figure 3.7: MTS assay results recorded after 96 hr incubation with compound.  A. 
Hela cervical cancer cell line B.  MCF7 breast cancer cell line.  C. HCT116 colorectal 
cancer cell line.  D. Panc1 pancreatic cancer cell line.  
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3F.4. Kinase Profiling of KIN030 

 KIN030 was the most potent inhibitor that incorporated the pyrrolo-3,4-

dicarboximide scaffold in both p38 (IC50=985 nM) and B-Raf (IC50=167 nM) and 

because of this, it was selected to be evaluated for kinase profiling in 96 different kinases 

at Ambit Bioscience Corporation.  KIN030 was evaluated in duplicate at a 1 uM 

concentration of compound.   



  
 

174

 

 

Figure 3.8: Kinase profiling results for KIN030 
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Results from the kinase profiling are shown in Figure 3.8.  KIN030 inhibited B-

Raf (63% activity), B-Raf v600e (52% activity), and Raf1 (36% activity) the most, 

however, it also inhibited a large number of other kinases with slightly less potency.  

Overall, this inhibitor is still not potent enough and displays an unacceptable level of 

broad spectrum inhibition.  As a result of this, it is not possible to distinguish whether the 

inhibition of cell growth is due to the inhibition of B-Raf and p38α or due to off target 

effects.   

 

3G. Summary and Conclusion  

We have utilized structure-based design methods to develop a new pyrrolo-3,4-

dicarboximide scaffold and showed proof of concept that this scaffold can be utilized in 

the production allosteric inhibitors of B-Raf and p38α MAP kinase.  A novel tandem 

[3+2] azomethine cycloaddition-elimination sequence has been utilized for the 

preparation of 15 unique compounds based on the pyrrolo-3,4-dicarboximide scaffold. 

Initial biochemical feedback (table 3.2) that displays low micromolar to nanomolar levels 

of enzymatic IC50 values in a stringent in vitro kinase assay is promising.   

KIN030 is the most potent inhibitor in the enzymatic phosphorylation assays, 

however, this inhibitor is very insoluble and is not active in cells.  Although, KIN030, did 

not offer superior potency or a selective inhibition profile, the next generation of 

molecules may surpass that hurdle.   There is still potential to gain better potency and 

selectivity within this scaffold by optimizing interactions in the upper selectivity site by 

making modifications through substitution of the phenyl ring that is located at the 5 
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position of the pyrrole ring (Figure 3.9, green).  It is also expected that placing a larger 

lipophilic group into the lower selectivity site may also increase the potency of these 

molecules (Figure 3.9, red).  The hinge region offers the best place to build in better 

drug-like properties (Figure 3.9, orange).  A morpholino group is a good solubilising 

moiety and has the ability to also offer a hydrogen bond acceptor in the hinge region.     
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Figure 3.9: Schematic model of KIN030 bound to B-Raf kinase. The pyrrolo-3,4-
dicarboximide scaffold sits between the two selectivity sites.  The portion of the molecule 
in blue and magenta is represents the core scaffold.  Further optimization can be made in 
the upper selectivity site through substitution on the phenyl ring (green).  The red moiety 
binds the lower selectivity site and a larger moiety here may result in higher binding 
affinity.  The quinazolinone ring (orange) binds the hinge region and modification of this 
moiety can be used to build better properties into the molecule.  
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Some compounds that utilized the pyrrolo-3,4-dicarboximide scaffold (KIN006, 

KIN007, KIN022, and KIN025, table 2) are active in cells and have the ability to inhibit 

cancer cell growth with IC50 values below 10 µM (table 3.2).  Collectively, this work 

provides a proof of concept that utilization of this novel scaffold represents a valid 

approach to the design of allosteric kinase inhibitors.  These inhibitors probe a new 

dimension of chemical space, exhibit the potential to obtain new kinase profiles, and 

possess untapped inherent value by defining new patent space.  Ultimately, the overall 

goal of this project is the production of novel compound libraries for screening against 

kinases, particularly those that are approachable through allosteric inhibition.  

 
 

3H. Experimental  

3H.1. Chemistry General 

All NMR analyses were performed on a Bruker Avance 300 MHz system using CDCl3 or 

DMSO as solvent.  Chemical shifts are reported as parts per million relative to TMS.  

Mass spectra and high resolution mass spectra were obtained using an ESI method by the 

Mass Spectroscopy Facility in the Chemistry Department at the University of Arizona.  

Retention GF254 TLC plates and flash chromatography was performed on a Biotage SP1 

system.  All solvents and reagents were purchased from Aldrich, TCI America, Matrix 

Scientific, and Ryan Scientific and used without further purification or drying.   
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3H.2. Preparation of Schiff bases 

 

a. (E)-benzyl 2-(benzylideneamino)acetate (1a) 

In a 100 mL r.b. flask with a magnetic stirrer and 50 mL DCM, 6.75 g glycine benzyl 

ester (20 mmol), 2.122g benzaldehyde (20 mmol), and 4.05 g triethylamine (40 mmol).  

Excess magnesium sulfate was added to remove water as the reaction proceeded.  This 

reaction was allowed to react overnight.  It was quenched with Ammonium Chloride, 

washed with water and brine, then dried over magnesium sulfate, and concentrated to 

yield 4.05g product (80% yield) that was used without further purification.  

1H NMR (300 MHz, D6 DMSO): δ CDCl3 8.31 (s, 1H), 7.82 (d, 2H), 7.25-7.52 (m, 8H), 

5.23 (s, 2H), 4.45, (s, 2H). 13C NMR (75 MHz, D6 CDCl3):  δ 170.404, 166.004, 136.100, 

136.035, 131.690, 129.430, 129.058, 129.021, 128.949, 128.801, 67.156, 62.316   

 

O

O
N

 

b. (E)-benzyl 2-(2-methylpropylideneamino)acetate (1b) 

3.5g of glycine benzyl ester (23.15 mmol) was dissolved in 100mL of benzene in a 250 

mL round bottom flask equipped with a magnetic stir bar.   2.113 mL (1 eq, 3.15mmol) 

isobutyraldehyde was injected into the reaction using a 3 mL syringe followed by the 

addition of 4.83 mL triethylamine (1.5 eq, 34.7mmol).  The reaction was refluxed and 
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water was azeotropically removed with a dean stark trap.  The reaction was allowed to 

react overnight and then solvent and base was evaporated from the reaction mixture to 

yield 5.08 g imine (80% yield, 18.52 mmol). Product was used without further 

purification.   

1H NMR (300 MHz, D6 DMSO): δ CDCl3 7.55 (d, 1H), 7.27-7.29 (M, 5H), 5.12 (s, 2H), 

4.13, (s, 2H), 2.43 (M, 1h), 1.04 (d, 4H) 

 

3H.3. Preparation of maleimides 

a. N-t-butyl-3,4-dichloromaleimide (2a) 

In a 250 mL round bottom flask with magnetic stirrer and 100 mL glacial acetic acid, 5.0 

g (29.9 mmol) dichloromaleic anhydride was added.  The mixture was cooled in an ice 

bath.  2.190 g (2.88 mL, 1 eq, 29.9 mmol)  t-butyl amine was added dropwise over the 

course of 1 half hour.  The mixture was then heated to 80oC for 16 hours.  The solution 

turned yellow to red.  After 16 hours, the solution was allowed to cool to room 

temperature and then the contents were poured in 1 L of ice water and stirred gently for 2 

hours.  The product crystallized out of solution as a light yellow crystal, which was 

collected by suction filtration to yield 2.54 g of product (11.44 mmol, 38.2 % yield).  

1H NMR (300 MHz, CDCl3): δ 1.68 (s, 9H). m.p.=61-62oC. 

 

b. N-cyclopropyl-3,4-dichloromaleimide (2b) 

In a 250mL rb flask with 100 mL anhydrous glacial acetic acide, 10.00g (59.2 mmol) 

dichloromaleic anhydride was added followed by the addition of 4.10mL (59.2 mmol, 
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3.38g) cyclopropyl amine.  The reaction was heated to 115oC for 2 h and then cooled to 

room temperature.  Addition of 100 mL ice water precipitated the product. The solid was 

filtered through suction filtration and washed with water.  Then dissolved in DCM and 

dried over MgSO4 and concentrated to dryness yielding 10.29 grams of product (84% 

yield) as a light brown solid. 1H NMR (300 MHz, CDCl3): δ 2.56-2.65 (m, 1H),  .89-1.06 

(dm, 4H).13C NMR (75 MHz, CDCl3):  δ 163.71, 133.43, 21.91, 5.74 (2C) 

 

N
O

O

Cl
Cl

 

c. N-methyl-3,4-dichloromaleimide (2c) 

Reaction conditions were the same as for 2b.  74% yield as an off white solid.  

1H NMR (300 MHz, CDCl3): δ 2.95 (s, 3H) 

 

 

3H.4. Preparation of pyrollo-3,4-dicarboximide benzyl esters 

N

H
N

O
O

O

O

 

a. benzyl 5-tert-butyl-4,6-dioxo-3-phenyl-2,4,5,6-tetrahydropyrrolo[3,4-c]pyrrole-1-

carboxylate (4a)   
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In a 50 mL round bottom flask was added ~25 mL freshly distilled acetonitrile followed 

by 0.526g Schiff base (1 eq) and .035mL DBU (0.036g,  .1 eq).  After 15 minutes 0.6g 

(2.369 mmol, 1eq) of N-t-butyl-dichloromaleimide was added and 0.1 eq DBU was 

titrated in every half hour.  After the addition of 1 equivalent of base, the reaction was 

allowed to react overnight. The next day there was no sign of Schiff base left, but a 

maleimide starting material still remained (Rf=0.86 in 20%ETOAc/Hex).  Another 

equivalent of Schiff base was added and the reaction was allowed to react for an 

additional 8 hours until there was no indication of maleimide by TLC.  The reaction was 

quenched with ammonium chloride, washed with water, brine, dried over MgSO4,  and 

concentrated.  A flash column was run using 5% ETOAc/DCM and separated into 5 

125ml fractions. Excess DBU was added to fractions that contained a mixture of 

stereoisomers and then were left for two hours.   The fractions that contained the product 

turned pink and were combined and then quenched with sat. ammonium chloride (~10 

mL), washed with water and brine, dried over MgSO4, and concentrated.  Another 

column was run using 20% ETOAc/Hexane as running solution.  This yielded 465 mg of 

the desired product (48.8% yield).   

1H NMR (300 MHz, D6 CDCl3): δ 9.98 (s, 1H), 8.01 (d, 2H, 7.5 Hz), 7.470 (m, 8H), 

5.470 (s, 2H), 1.72 (s, 9H) 

13C NMR (75 MHz, CDCl3):  δ CDCl3 165.783, 163.875, 159.768, 135.706, 133.839, 

130.564, 129.639 (2C), 129.029 (2C), 128.767, 128.481(2C), 128.232 (2C), 126.978, 

125.835, 119.501, 117.795, 67.727, 58.508, 29.712  

HRMS: 403.1658 
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N

H
N

O
O

O

O

 

b. benzyl 5-cyclopropyl-4,6-dioxo-3-phenyl-2,4,5,6-tetrahydropyrrolo[3,4-c]pyrrole-

1-carboxylate (4b).   

Reaction conditions were the same as for 4a. 52% yield as a white solid.  

1H NMR (300 MHz, CDCl3): δ 9.817 (s, 1H), 8.076 (d, 2H, j=6.9 Hz), 7.322-7.583 (m, 

8H), 5.466 (s, 2H), 2.650 (m, 1H), 0.866-1.041 (dm, 4H).  13C NMR (75 MHz, CDCl3):  

δ 165.007, 163.366, 159.708, 135.538, 134.466, 130.781, 129.719 (2C), 129.074 (2C), 

128.810, 128.445 (2C), 127.991, 126.897(2C), 125.020, 118.707, 118.478, 67.832, 

21.648, 5.909 (2C). HRMS: 387.1345 

 

N

H
N

O
O

O

O

 

c. benzyl 5-methyl-4,6-dioxo-3-phenyl-2,4,5,6-tetrahydropyrrolo[3,4-c]pyrrole-1-

carboxylate (4c)   

Reaction conditions were the same as for 4a. 58% yield as a white solid.  



  
 

184

1H NMR (300 MHz, CDCl3): δ 9.724 (s, 1H), 8.092 (d, 2H, J=6.9 Hz), 7.282-7.610 (m, 

8H), 5.475 (s, 2H), 3.172 (s, 3H).  13C NMR (75 MHz, CDCl3):  δ 164.419, 162.949, 

159.582, 135.516, 134.259, 130.812, 129.785, 129.077, 128.832, 128.427, 127.945, 

126.800, 125.813, 119.017, 118.523, 67.853, 24.834.  HRMS: 361.1201 

O
H
N

O

N O
O

 

d. benzyl 5-cyclopropyl-3-isopropyl-4,6-dioxo-2,4,5,6-tetrahydropyrrolo[3,4-

c]pyrrole-1-carboxylate (4d) 

 Reaction conditions were the same as for 4a.  45% yield as a white solid.  

1H NMR (300 MHz, CDCl3): δ CDCl3 10.0 (br s, 1H), 7.52 (d, 2H, J=7.0), 7.344 (m, 

3H), 5.411 (s, 2H), 3.127 (m, 1H, J=7.0 Hz), 2.579, (m, 1H, J=3.6 Hz), 1.383 (d, 6H, 

J=7.0 Hz), .974 (dm, 4H). 13C NMR (75 MHz, CDCl3):  δ 164.941, 163.800, 159.967, 

143.376, 135.710, 129.021 (2C), 128.700, 128.259 (2C), 127.401, 118.168, 116.789, 

67.495, 31.613, 28.006, 22.033 (2C), 5.805 (2C).   

 

3H.5. Preparation of pyrollo-3,4-dicarboximide carboxylic acids 

N

H
N

O
O

O

HO
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a. 5-tert-butyl-4,6-dioxo-3-phenyl-2,4,5,6-tetrahydropyrrolo[3,4-c]pyrrole-1-

carboxylic acid (7a).  

 500 mg of starting material was suspended in 20 mL ethanol in  Parr hydrogenation 

bottle. Argon gas was bubbled through for 10 minutes.  Following that, 50 mg 10% Pd on 

Carbon was added to the hydrogenation bottle.  The bottle was purged three times with 

H2 gas and then shaken under 40 PSI H2 gas.  This reaction proceeded for 1 hour and 

TLC showed reaction was complete having only one very polar spot and no starting 

material present when run in DCM.   The mixture was filtered through a plug of celite in 

an argon environment to collect the carbon and then concentrated with a rotovap to yield 

350 mg of product collected as a white solid. (91% yield) 1H NMR (300 MHz, D6 

DMSO): δ CDCl3 13.00 (br, 1H), 8.322 (d, 2H, J=7.2 Hz), 1.605 (s, 9H).  13C NMR (75 

MHz, D6 CDCl3):  δ 165.887, 163.877, 160.828, 134.239, 130.328, 129.500 (2C), 

129.186, 128.086 (2C), 124.764, 121.004, 118.836, 57.714, 29.814. HRMS (ESI) (M+1): 

313.1190 calc. for C17H16N2O4 (M+1): 313.1110. 

 

N

H
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O
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O

HO

 

b. 5-cyclopropyl-4,6-dioxo-3-phenyl-2,4,5,6-tetrahydropyrrolo[3,4-c]pyrrole-1-

carboxylic acid (7b).  

Reaction conditions were the same as for 7a.  98% yield as a white solid.  
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1H NMR (300 MHz, D6 DMSO): δ 13.4 (br s, 1H), 13.1 (br s, 1H), 8.334 (d, 2H, J=7.2 

Hz), 7.454 (m, 3H), 2.568 (m, 1H), .860 (dm, 4H).  HRMS (ESI) (M+1): 297.0864 calc. 

for C16H12N2O4 (M+1): 297.0797. 

N

H
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O
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O

HO

 

c. 5-methyl-4,6-dioxo-3-phenyl-2,4,5,6-tetrahydropyrrolo[3,4-c]pyrrole-1-carboxylic 

acid (7c) 

Reaction conditions were the same as for 7a.  98% yield as a white solid.  

1H NMR (300 MHz, D6 DMSO): δ 13.00 (br, 1H), 8.325 (dd, 2H, J=7.2 Hz J=1.1), 2.936 

(s, 3H).13C NMR (75 MHz, D6 DMSO):  δ 164.788, 162.915, 160.763, 134.646, 130.464, 

129.604 (2C), 129.137, 127.936 (2C), 124.962, 121.449, 118.837, 24.891  
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3H.6. Preparation of KIN006, KIN007, KIN008, KIN019 

a. 5-tert-butyl-N-(naphthalen-1-yl)-4,6-dioxo-3-phenyl-2,4,5,6-

tetrahydropyrrolo[3,4-c]pyrrole-1-carboxamide (KIN006).  
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100 mg of acid 7a (0.320 mmol, 1 eq) was placed in a 25 mL round bottom flask with a 

magnetic stirrer.  68 mg EDC (0.368 mmol, 1.15 eq) was added followed by 50 mg HOAt 

(0.355 mmol, 1.10 eq), 5 mL DMF, and .08 mL DIPEA (0.539 mmol, 1.7 eq).  The 

reaction proceeded for 24 hours upon which time it was quenched with NH4Cl, extracted 

into EtOAc (50 mL), and washed with water (50 mL) and brine (50 mL).  The organic 

layer was dried over MgSO4 and loaded onto 0.5 g of silica gel 60 and purified by flash 

column with 30% EtOAc/Hex.  (Rf=0.6) to yield 85 mg  product (61%  yield, 0.183 

mmol) as a light yellow solid.  

1H NMR (300 MHz, D6 CDCl3): δ 10.755 (s, 1H), 10.586 (s, 1H), 8.427 (d, 1H, J=9.0 

Hz), 8.185 (d, 1H, J=7.5 Hz), 8.117 (d, 2H, j=6 Hz), 7.930 (d, 1H, j=9.0 Hz), 7.762 (d, 

1H, j=7.5 Hz), 7.621 (m, 2H), 7.498 (t, 1H, j=9.0 Hz), 7.33 (d, 3H, J=3 Hz), 1.772 (s, 6H) 

1.692 (s, 3H).  13C NMR (75 MHz, D6 CDCl3):  δ 167.637, 165.786, 157.841, 134.585, 

134.464, 132.645, 130.374, 129.496, 128.955, 128.362, 127.560, 126.993, 126.955, 

126.556, 126.488, 125.969, 123.292, 122.407, 122.024, 121.186, 117.323, 58.931, 

29.697.  m.p.= 261-265oC.  HRMS (ESI) (M+1): 438.1838 calc. for C27H23N3O3 (M+1): 

422.1739. 
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b. Preparation of 5-cyclopropyl-N-(naphthalen-1-yl)-4,6-dioxo-3-phenyl-2,4,5,6-

tetrahydropyrrolo[3,4-c]pyrrole-1-carboxamide (KIN007).   

Reaction conditions were the same as for KIN006.  57% yield as a yellow solid.  

1H NMR (300 MHz, CDCl3): δ 13.350 (br s, 1H) 10.40(br s, 1H),  8.385 (t, 2H, 

J=6.45Hz), 8.111( m, 1H)  8.027 (d, 1H, J=7.5 Hz), 7.851 (d, 1H J=8.1), 7.466-7.676 (m, 

6H), 2.703 (m, 1H), .998 (dm, 4H).  13C NMR (75 MHz, CDCl3):  δ 167.112, 165.160, 

157.485, 135.573, 134.612, 133.259, 130.622, 129.703, 129.384, 129.219, 127.948, 

127.460, 127.311, 127.192, 126.560, 126.391, 122.298, 121.963, 121.144, 121.043, 

116.862, 21.832, 6.142. HRMS (ESI) (M+1): 422.1502 calc. for C26H19N3O3 (M+1): 

422.1426. 
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c. 5-methyl-N-(naphthalen-1-yl)-4,6-dioxo-3-phenyl-2,4,5,6-tetrahydropyrrolo[3,4-

c]pyrrole-1-carboxamide (KIN008). 

Reaction conditions were the same as for KIN006.  39% yield as a yellow solid.  

1H NMR (300 MHz, CDCl3): δ 10.229 (s, 1H), 10.176 (s, 1H), 8.342 (d, 1H, J=8.4 Hz), 

8.176 (d, 1H, J=7.5 Hz), 8.037 (dd, 2H, J=3.6, 7.5 Hz), 7.842 (d, 1H, J=8.3 Hz), 7.682 (d, 

1H, J=8.3 Hz), 7.588 (t, 1H, J=7.5 Hz), 7.414-7.361 (m, 2H, J=7.5 Hz), 7.191-7.361 (m, 

3H), 3.173 (s, 3H).  13C NMR (75 MHz, CDCl3):  δ 166.434, 164.732, 157.322, 135.678, 

134.694, 133.187, 130.767, 129.568 (2C), 129.321, 129.087, 127.927(2C), 127.358, 
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127.217, 127.185, 126.536, 126.365, 125.276, 124.834, 122.134, 121.097, 117.267, 

25.672.  HRMS (ESI) (M+1): 396.1240 calc. for C24H17N3O3 (M+1): 396.1270. 
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d. 5-cyclopropyl-3-isopropyl-N-(naphthalen-1-yl)-4,6-dioxo-2,4,5,6-

tetrahydropyrrolo[3,4-c]pyrrole-1-carboxamide (KIN020). 

Reaction conditions were the same as for KIN006.  78% yield as an off white solid. 

1H NMR (300 MHz, CDCl3): δ 10.439 (s, 1H),  10.184 (s, 1H), 8.297 (d, 1H, J=8.4 Hz), 

8.067 (d, 1H, J=7.4 Hz), 7.901 (d, 1H, J=7.8 Hz), 7.765 (d, 1H, J=8.0 Hz), 7.644-7.487 

(m, 3H), 3.023 (m, 1H, J=7.1 Hz), 2.699(m, 1H), 1.309 (d, 6H, J=7.1 Hz), 1.015 (dm, 

4H). 13C NMR (75 MHz, CDCl3):  δ 167.35, 164.84, 158.20, 144.83, 134.54, 132.43, 

128.90, 128.17, 127.20, 126.97, 126.66, 125.63, 122.13, 122.08, 121.74, 121.22, 115.93, 

27.93, 22.07, 21.48, 5.83. HRMS (ESI) (M+1): 388.1642 calc. for C23H21N3O3 (M+1): 

388.1583. 

 

3H.7. Preparation of KIN014, KIN020, KIN021, and KIN022 

a. N-methyl-4-chloropicolinamide (12).  

 In a 250 mL round bottom flask equipped with a magnetic stirrer and containing 75 mL 

thionyl chloride under argon atmosphere was added 2.5 mL dry DMF at 50oC.   After 10 
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minutes, 25 g of picolinic acid (203 mmol) was added portion wise over the course of 45 

minutes.  The solution was heated to reflux overnight and after 14 hours produced a 

yellow precipitate.  Thionyl chloride was concentrated to 25 mL and then diluted with 

125 mL of toluene and concentrated again to 25 mL.  After this process was repeated 5 

times, the contents were concentrated to near dryness, filtered by suction filtration, 

washed with toluene (50 mL), and then dried in a vacuum oven at 60oC overnight to yield 

37.1 g ( 161.44 mmol) 4-chloro-picolinoyl chloride HCl in 86% yield.  1H NMR (300 

MHz, D6 DMSO): δ 8.69 (d, 1H, J=5.5 Hz), 8.08 (d, 1H, J=1.8 Hz), 7.84 (dd, 1H, J=5.5 

Hz, 1.8 Hz).  13C NMR (75 MHz, D6 DMSO):  δ 165.25, 151.05, 150.07, 145.97, 128.20, 

125.86.   10 g of acid chloride was subsequently added portion wise to a 2M solution of 

methylamine in THF at 0oC.  This reaction was allowed to proceed for 4 hr and was then 

concentrated to near dryness under reduced pressure.  The oily material was then 

dissolved in EtOAc (100 mL), washed with brine (2x100mL), dried over MgSO4 and 

concentrated to dryness to yield a yellow oil, which was dried in a vacuum oven for 4 

hours at 60oC and placed in a -20o freezer overnight to yield 7.63 g (44.7 mmol, 95% 

yield, 82% overall yield) 19 as a yellow crystalline solid (needles).  1H NMR (300 MHz, 

D6 DMSO): δ 8.81 (d, 1H, NH, J=4.4 Hz), 8.56 (d, 1H, J=5.3 Hz), 7.98 (d, 1H, J=2.1 

Hz), 7.68 (dd, 1H, J=5.3 Hz, 2.1 Hz), 2.82 (d, 3H, J=5.1 Hz).  13C NMR (75 MHz, D6 

DMSO):  δ 163.93, 152.61, 150.72, 145.28, 127.00, 122.604, 26.885.  ESMS: m/z 271.2 

[MH]+ 
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b. 4-(4-aminophenoxy)-N-methylpicolinamide (14). 

 A solution of 4.48g (41.0 mmol) 4-aminophenol in dry DMF (150 mL) was treated with 

4.83 g (43.1 mmol) potassium t-butoxide at room temperature for 2 h to form the 

phenoxide followed by treatment with 7.0 g (41.0 mmol) 19 and 2.85 g (20.52 mmol) 

potassium carbonate.  This mixture was heated to 80oC under argon for 7 h and then 

cooled to room temperature.  The contents were poured into a 1 L separatory funnel that 

contained ethyl acetate (300 mL) and brine (300 mL). The layers were separated, and the 

aqueous phase was back-extracted with ethyl acetate (150 mL). The combined organics 

were washed with brine (4x400 mL), dried over MgSO4, and concentrated to afford a 

brown oily residue that was triturated with diethyl ether and collected by suction filtration 

to yield 7.39 g of 21 (30.4 mmol, 74% yield) as a light-brown solid after drying under 

high vacuum overnight.  1H NMR (300 MHz, D6 DMSO): δ 8.76 (Q, 1H, NH, J=4.4 Hz), 

8.44 (d, 1H, J=5.6 Hz), 7.35 (d, 1H, J=2.5 Hz), 7.06 (dd, 1H, J=5.6 Hz, 2.6 Hz), 6.87 (d, 

2H, J=8.8 Hz), 6.66 (d, 2H, J=8.8 Hz), 5.20 (s, 2H, NH2),  2.79 (d, 3H, J=4.9 Hz).  13C 

NMR (75 MHz, D6 DMSO):  δ 167.64, 164.77, 153.12, 150.96, 147.93, 143.68, 122.45 

(2C), 115.744 (2C), 114.51, 109.20, 26.85.  ESMS: m/z 244.02 [MH]+ 
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c. 5-cyclopropyl-N-(4-(2-(methylcarbamoyl)pyridin-4-yloxy)phenyl)-4,6-dioxo-3-

phenyl-2,4,5,6-tetrahydropyrrolo[3,4-c]pyrrole-1-carboxamide (KIN014)   

To a solution of 50 mg acid 7b and 10 mL DMF in a 25 mL round bottom flask with a 

magnetic stirrer, was added 47 mg EDC HCl (0.246 mmol, 1.407 eq), 37 mg  HOAt 

(0.272, 1.470 eq) and 100 mg amine 14 (0.411, 2.2eq).  Once the components were 

added, .050 mL DIPEA base (0.337, 2 eq) was added.  The reaction was allowed to react 

two days and was followed by TLC.   After 48 hours there was significant product 

formed as seen from TLC run with 70% EtOAc/hexane.  The reaction mixture was 

extracted into 50 ml EtOAc, quenched with ammonium chloride, washed with water and 

brine, and collected.  Product began precipitating out of solution at this point.  Hexane 

was added and 64 mg of white solid precipitated out after being cooled in the freezer 

overnight and was collected by vacuum filtration.  yield=45.1% 

1H NMR (300 MHz, D6 DMSO): δ 10.967 (s, 1H), 10.363 (s, 1H), 8.404 (d, 2H, J=5.1 

Hz), 8.151 (d, 2H, J=4.2 Hz), 8.028 (s, 1H), 7.856 (d, 2H, J=8.4 Hz), 7.419 (s, 3H), 

7.070(d, 2H, J=8.4 Hz), 6.963 (d, 1H, J=4.2 Hz), 3.031 (s, 3H), 2.741 (m, 1H), 1.064 

(dm, 4H).  13C NMR (75 MHz, D6 DMSO):  δ 167.090, 166.682, 164.904, 164.761, 

156.737, 152.781, 150.633, 150.112, 135.810, 135.437, 130.780, 129.624, 128.114, 
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127.087, 123.934, 122.154, 121.950, 121.534, 116.525, 114.436, 110.662, 26.557, 

21.716, 5.878.  HRMS (ESI) (M+1): 522.1777 calc. for C29H23N5O5 (M+1): 522.1699.. 
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d. 5-tert-butyl-N-(4-(2-(methylcarbamoyl)pyridin-4-yloxy)phenyl)-4,6-dioxo-3-

phenyl-2,4,5,6-tetrahydropyrrolo[3,4-c]pyrrole-1-carboxamide (KIN021). 

To 50 mg acid 7c (0.160 mmol) in a 25 mL round bottom flask with a magnetic stirrer, 10 

mL DMF was added followed by 47 mg EDC HCl (0.303 mmol, 1.8 eq), 37 mg  HOAt 

(0.243, 1.5 eq) and 100 mg amine 14 (0.411, 2.5eq).  Once the components were added, 

.050 mL DIEA base (0.337 mmol, 2 eq) was added.   After two days, significant product 

formed as seen from TLC run with 70% EtOAc/hexane. Product has a Rf=.48.  At this 

point the reaction was extracted into 50 mL ethyl acetate, quenched with ammonium 

chloride (50 mL), washed with water and brine, and dried over MgSO4.  The crude 

product was purified by flash chromatography on silica gel (70% EtOAc, Hex) to yield 

51 mg (59.2% yield, 0.095 mmol) of yellow solid. 1H NMR (300 MHz, D6 DMSO): δ 

10.456 (s, 1H),  10.205 (s, 1H), 8.385 (d, 1H, J=2.7Hz), 8.089(d, 2H, J=6.8 Hz), 7.876 (s, 

1H), 7.795 (d, 2H, J=8.9 Hz), 7.530-7.445 (m, 3H), 7.121 (d, 2H, J=8.9 Hz), 6.961(dd, 

1H, J=3.6 J=5.4 Hz), 3.010 (s, 3H), 1.739 (s, 9H). 13C NMR (75 MHz, D6 DMSO):  δ 



  
 

194

167.750, 166.595, 165.763, 164.606, 156.756, 153.369, 151.241, 150.000, 136.808, 

135.280, 129.638, 129.119, 128.083, 127.918, 124.642, 122.778, 122.290, 121.831, 

117.014, 109.722, 58.532, 29.757, 26.869. HRMS (ESI) (M+1): 538.2085 calc. for 

C27H21N5O5 (M+1): 538.2012 
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e. 5-methyl-N-(4-(2-(methylcarbamoyl)pyridin-4-yloxy)phenyl)-4,6-dioxo-3-phenyl-

2,4,5,6-tetrahydropyrrolo[3,4-c]pyrrole-1-carboxamide (KIN022).  

KIN022 was synthesized using acid 7c and the same procedure as in KIN014.  Reaction 

yield 55 mg KIN022 as a white solid (60.0% yield) 

1H NMR (300 MHz, D6 DMSO): δ 12.9 (s, 1H),  10.386 (s, 1H), 8.402 (m, 3H), 8.166 (s, 

1H), 7.897 (d, 2H, J=9.0 Hz), 7.681 (d, 1H, J=2.4 Hz), 7.492-7.418 (m, 2H), 7.126 (d, 

2H, 8.8 Hz), 6.993 (dd, 1H, J=2.4 J=5.7 Hz), 3.189 (s, 3H), 3.006 (s, 3H).  

13C NMR (75 MHz, D6 DMSO):  δ 166.586, 166.286, 164.619, 156.748, 153.376, 

151.336, 150.055, 136.829, 135.638, 130.658, 129.736 (2C), 129.121, 127.852 (2C), 

125.027, 122.755 (2C), 122.288, 121.899 (2C), 118.997, 117.151, 119.991, 109.762, 

26.877, 25.118. HRMS (ESI) (M+1): 496.1615 calc. for C27H21N5O5 (M+1): 497.1543. 
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f. 5-cyclopropyl-3-isopropyl-N-(4-(2-(methylcarbamoyl)pyridin-4-yloxy)phenyl)-4,6-

dioxo-2,4,5,6-tetrahydropyrrolo[3,4-c]pyrrole-1-carboxamide (KIN020) 

To 50 mg acid 7b (0.299 mmol, 1 eq) in a 10 mL round bottom flask with a magnetic 

stirrer, 5 mL DMF was added followed by 49 mg EDC HCl (, 0.252 mmol, 1.1 eq), 42 

mg  HOAt (0.274 mmol, 1.2 eq) and 140 mg amine 14 (0.572 mmol, 2.5eq).  Once the 

components were added, 075 mL DIEA base (2 eq)was added.  After 48 hours there was 

significant product formed as observed from TLC (70% EtOAc/hexane, Rf=.48).  The 

crude reaction product was purified by flash chromatography to yield 41 mg product as a 

yellow solid. A flash column was run with the same running solution to yield 43 mg 

KIN022 as a yellow solid (38.6% yield, 0.088 mmol). 1H NMR (300 MHz, D6 DMSO): δ 

10.15 (s, 1H),  10.144 (s, 1H), 8.405 (d, 1H, J=5.3 Hz), 8.089(s, 1H), 7.852 (dd. 2H, 

J=2.2 J=6.8 Hz), 7.746 (d, 1H, J=2.2 Hz), 7.126 (dd, 2H, J=2.1 J=6.8 Hz), 6.980 (dd, 1H, 

J=3.6 J=5.4 Hz), 3.182 (m, 1H, J=7.1), 3.014 (s, 3H), 2.667 (m, 1H), 1.418 (d, 6H, J=7.1 

Hz), 1.073-1.034 (m, 4H).  13C NMR (75 MHz, D6 DMSO):  δ 167.287, 164.789, 

158.112, 144.612, 134.561, 132.489, 128.889, 128.106, 127.168, 126.886, 126.629, 
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125.654, 122.101, 121.925, 121.784, 121.149, 115.995, 27.949, 22,048 (2C), 21.547, 

5.793.  HRMS (ESI) (M+1): 488.1804 calc. for C26H25N5O5 (M+1): 488.1856. 

 

3H.8.  Preparation of KIN024, KIN025, KIN026 

a. tert-butyl 4-(2-morpholinoethoxy)naphthalen-1-ylcarbamate  

In a 250 mL round bottom flask equipped with a magnetic stirrer was added a mixture of 

4-t-Boc-amino-1-naphthol (3g, 11.57 mmol), chloroethylmorpholine (2.58g, 13.88 

mmol), and potassium carbonate (6.4g, 46.3 mmol) in 50 mL acetonitrile.  The reaction 

was refluxed overnight for 8 h and then cooled to room temperature.  The reaction was 

transferred to a 1L separatory funnel containing 200 mL water and 300 mL EtOAc.  The 

organic layer was separated and washed with additional water (150 mL), brine (2x150), 

dried over MgSO4, and then concentrated to dryness in vacuo to yield a brown residue 

that was purified by flash chromatography on a biotage Sp1 system (Rf=.3, 10% 

DCM/MeOH) to yield 2.67 g (62% yield, 7.17 mmol) of the desired product.   1H NMR 

(300 MHz, D6 DMSO): δ 8.95 (s, 1H, NH), 8.16 (dd, 1H, J=2.0 Hz, 7.5 Hz), 7.92 (dd, 

1H, J=2.3 Hz, 7.5 Hz), 7.45-7.60 (m, 2H), 7.42 (d, 1H, J=8.2 Hz), 6.95 (d, 1H, J=8.3 Hz), 

4.26 (t, 2H, J=5.7 Hz), 3.59(m, 4H), 2.85 (t, 2H, J=4.6 Hz), 2.50-2.60 (m, 4H),  1.471(s, 

9H).  13C NMR (75 MHz, D6 DMSO):  δ 155.38, 152.49, 130.66, 127.53, 126.13, 126.04, 

123.81, 122.57, 105.70, 79.37, 67.11 (2C), 57.84, 54.53 (2C), 29.06 (3C).  ESMS: m/z 

373.2 [MH]+ 

  

b. Synthesis of (morpholin-4-yl-ethoxy)-naphthalen-1-ylamine 2HCl (24).  
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 2.5 g of (Morpholin-4-yl-ethoxy-naphthalen-1-yl) carbamic acid tert-butyl ester was 

stirred in a .4M solution of HCl in dioxane (150 mL) overnight and concentrated in vacuo 

to yield 1.95 g (84% yield, 5.64 mmol) 24 as an off white solid.  1H NMR (300 MHz, D6 

DMSO): δ 12.0 (br s, 1H), 10.9 (br s, 3H),  8.42 (d, 1H, J=8.1 Hz), 8.05 (d, 1H, J=8.3 

Hz), 7.5-7.8 (m, 3H), 7.07 (d, 1H, J=8.3 Hz), 4.65 (m, 2H), 3.2-4.0 (m, 10H).  13C NMR 

(75 MHz, D6 DMSO):  δ 153.81, 128.45, 128.41, 127.50, 125.95, 123.47, 122.93, 121.95, 

121.87, 105.41, 64.03 (2C), 63.71, 55.52 (2C), 52.33. ESMS: m/z 273.2 [MH]+ 

 

N
H

H
N

O

N O
O

O
N

O

 

c. 5-tert-butyl-N-(4-(2-morpholinoethoxy)naphthalen-1-yl)-4,6-dioxo-3-phenyl-

2,4,5,6-tetrahydropyrrolo[3,4-c]pyrrole-1-carboxamide (KIN024).  

To 35 mg acid 7a starting material in a 25 mL round bottom flask with a magnetic stirrer, 

10 mL DMF was added followed by 35 mg EDC HCl (0.224 mmol, 2 eq), 31 mg  HOAt 

(0.224, 2 eq) and 75 mg amine 24 (0.271 mmol, 2.45 eq).  Once the components were 

added, .066 mL DIPEA base (4 eq) was added.  After 48 hours, the reaction mixture was 

extracted into 50 ml EtOAc, quenched with ammonium chloride, washed with water and 

brine, and collected.  A yellow precipitate formed, which was vacuum filtered and then 

purified by column chromatography (EtOAc with an increasing gradient of triethylamine 

0-3%) to yield 35 mg KIN024 (55.18% yield, 0.062 mmol) as a yellow solid.  
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1H NMR (300 MHz, CDCl3): δ 10.290 (s, 1H), 10.124 (s, 1H), 8.338 (d, J=8.4 Hz), 8.259 

(d, 1H, J=8.4 Hz), 8.107 (d, 2H, J=6.6 Hz), 7.952 (d, 1H, J=8.4 Hz), 7.677-7.420 (m, 

5H), 6.867 (d, 1H, J=7.5 Hz), 4.349 (t, 2H, J=4.5 Hz), 3.7815 (t, 4H, J=5.4 Hz), 3.012 (t, 

2H, 4.5 Hz), 2.706 (t, 4H, J=5.4 Hz), 1.768 (s, 9H).  13C NMR (75 MHz, CDCl3):  δ 

167.628, 165.815, 157.960, 153.210, 134.231, 130.281, 129.472 (2C), 129.178, 128.439, 

127.588, 126.937 (2C), 126.392, 125.983, 125.536, 123.397, 122.925, 122.320, 122.222, 

122.052, 117.267, 104.719, 67.369 (2C), 67.000, 58.874, 58.030, 54.552 (2C), 29.700 

(3C).  HRMS (ESI) (M+1): 567.2610 calc. for C33H34N4O5 (M+1): 567.2521. 

 

 

 

d. 5-cyclopropyl-N-(4-(2-morpholinoethoxy)naphthalen-1-yl)-4,6-dioxo-3-phenyl-

2,4,5,6-tetrahydropyrrolo[3,4-c]pyrrole-1-carboxamide (KIN026).  

KIN026 was synthesized using acid 7b and the same procedure described for KIN024 to 

yield 30 mg KIN026 53.8% yield, 0.054 mmol) as a yellow solid. 1H NMR (300 MHz, 

CDCl3): δ 10.353 (s, 1H), 10.088 (s, 1H), 8.317 (d, J=8.1 Hz), 8.230 (d, 1H, J=8.4 Hz), 

8.107 (dd, 2H, J=8.1 J=1.5 Hz), 7.939 (d, 1H, J=8.4 Hz), 7.678-7.430 (m, 5H), 6.831 (d, 

1H, J=8.1 Hz), 4.349 (t, 2H, J=4.5 Hz), 3.7815 (t, 4H, J=5.4 Hz), 3.012 (t, 2H, 4.5 Hz), 

2.706 (t, 4H, J=5.4 Hz), 1.768 (s, 9H).  13C NMR (75 MHz, CDCl3):  δ 166.851, 164.898, 

157.913, 153.339, 123.932, 130.285, 129.335 (2C), 129.185, 128.179, 127.701, 

N
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N O
O

O
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126.887(2C), 126.329, 125.980, 125.219, 123.790, 122.908, 122.556, 121.877, 121.320, 

116.422, 104.548, 67.423 (2C), 67.007, 58.013, 54.563 (2C), 21.715, 5.882.  HRMS 

(ESI) (M+1): 551.2269 calc. for C32H30N4O5 (M+1): 551.2216. 

 

 

e. 5-methyl -N-(4-(2-morpholinoethoxy)naphthalen-1-yl)-4,6-dioxo-3-phenyl-2,4,5,6-

tetrahydropyrrolo[3,4-c]pyrrole-1-carboxamide (KIN025).  

KIN025 was synthesized using acid 7c and the same procedure described for KIN024 to 

yield 43 mg KIN025 (yield=73.8%, 0.082 mmol) as a yellow solid.  1H NMR (300 MHz, 

CDCl3): δ 10.367 (s, 1H), 10.070 (s, 1H), 8.322 (d, J=8.1 Hz), 8.262 (d, 1H, J=8.1 Hz), 

8.101 (dd, 2H, J=7.8 J=1.8 Hz), 7.991 (d, 1H, J=8.4 Hz), 7.683-7.333 (m, 5H), 6.830 (d, 

1H, J=8.4 Hz), 4.344 (t, 2H, J=4.5 Hz), 3.783 (t, 4H, J=3.9Hz), 3.233 (s,3H), 3.012 (t, 

2H, 4.5 Hz), 2.706 (t, 4H, J=5.4 Hz), 1.768 (s, 9H).  13C NMR (75 MHz, CDCl3):  δ 

166.163, `64.376, `57.654, `53.256, 134.839, 130.414, 129.491 (2C), 128.946, 128.169, 

127.711, 126.853 (2C), 126.359, 126.010, 125.331, 123.813, 122.981, 122.120, 121.683, 

121.641, 117.035, 104.621, 67.432 (2C), 67.061, 58.028, 54.569 (2C), 24.922.  HRMS 

(ESI) (M+1): 525.2149 calc. for C30H28N4O5 (M+1): 525.2060. 

 

3H.9. Preparation of KIN017, KIN028, KIN029 
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N

O

NO2  

a. 4-(4-nitrophenoxy)pyridine.  

15 g para-nitrophenol and 16.95 bipyridinium chloride were placed in a 250 mL round 

bottom flask.  this dry mixture was heated at 150oC while being stirred until nitrophenol 

melted.  This solution was then heated an additional 2.5 hours and was allowed to cool 

when pyridine stopped boiling off the solution.  The mixture was added to an ice water 

mixture, acidified with HCl and extracted with diethyl ether.  the aqueous phase was then 

made alkaline with a 1M solution of NaOH and subsequently extracted with ethyl acetate 

to yield 2.9 grams of a brown crude solid which was purified on silica gel with a 70% 

EtOAc/Hex running solution to yield 13.05 g of pure product as a white solid. 1H NMR 

(300 MHz, CDCl3): δ 8.597 (d, 2H, J=1.5 J=4.8), 6.922 (dd, 2H, J=2.2 J=6.6), 6.833 (dd, 

2H, J=1.5 J=4.8), 6.747 (dd, 2H, J=2.2 J=6.6), 1.95 (brs, 1H). 

 

N

O

NH2  

 

b. 4-(pyridin-4-yloxy)aniline (17).   

12.0g (55.5 mmol) of 4-(4-nitrophenoxy)pyridine was dissolved in 50 mL ethanol and 

placed in a hydrogenation bottle with 1.0 g 10% Pd/C.  30 psi hydrogen was introduced 

and the reaction was shaken for 2 hours and was then filtered through celite, dried over 

MgSO4 and dried to yield 9.9 g product (53.16 mmol, 96% yield) as a white solid. 1H 
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NMR (300 MHz, D6 CDCl3): δ 8.443 (dd, 2H, J=1.5 J=4.8), 6.922 (dd, 2H, J=2.2 J=6.6), 

6.833 (dd, 2H, J=1.5 J=4.8), 6.747 (dd, 2H, J=2.2 J=6.6), 1.95 (brs, 1H).  13C NMR (75 

MHz, CDCl3):  δ 166.212, 151.504, 146.045, 144.576, 122.393, 116.636, 112.120.  

ESMS: m/z 187.2 [MH]+.  
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c. 5-tert-butyl-4,6-dioxo-3-phenyl-N-(4-(pyridin-4-yloxy)phenyl)-2,4,5,6-

tetrahydropyrrolo[3,4-c]pyrrole-1-carboxamide (KIN027). 

To a solution of 50 mg acid 7a in 10 mL DCM, was added 49.7 mg EDC HCl (0.320, 2 

eq), 44 mg HOAt (0.230 mmol, 2eq) and 89 mg amine 17 (3 eq).  Once the components 

were added, 0.075 mL DIPEA base (0.480 mmol, 3 eq) was added and the reaction was 

allowed to go for 48 hours at room temperature at which time the product precipitated as 

a white solid and was collected by vacuum filtration and washed with 50% hexane/DCM 

and dried in a vacuum oven to yield 49 mg of KIN027 (63.7% yield, 0.102 mmol).  1H 

NMR (300 MHz, D6 DMSO): δ 13.3 (br s, 1H), 10.555 (s, 1H), 8.473 (dd, 2H, J=1.5 

J=4.7 Hz), 8.357 (dd, 2H, J=1.6 J=6.0 Hz), 7.820 (d, 2H, J=8.9 Hz), 7.494 (m, 3H), 7.273 

(d, 2H, J=8.9 Hz), 6.943 (dd, 2H, J=1.5 J=4.7 Hz),  1.669 (s, 9H).  13C NMR (75 MHz, 

CDCl3):  δ 167.777, 165.790, 165.117, 156.786, 152.358 (2C), 150.279, 136.518, 

135.361, 130.536, 129.636 (2C), 129.235, 127.991 (2C), 124.787, 122.568 (2C), 122.284, 

121.890 (2C), 117.048, 112.658 (2C), 58.512, 29.765.  HRMS (ESI) (M+1): 481.1870 

calc. for C28H24N4O4 (M+1): 481.1798. 
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d. 5-cyclopropyl-4,6-dioxo-3-phenyl-N-(4-(pyridin-4-yloxy)phenyl)-2,4,5,6-

tetrahydropyrrolo[3,4-c]pyrrole-1-carboxamide (KIN028). 

KIN028 was synthesized using acid 7b and the same procedure described for KIN027 to 

yield 51 mg KIN028 (65.1% yield, 0.110 mmol) as a white solid. 1H NMR (300 MHz, D6 

DMSO): δ 13.1 (br s, 1H), 10.444 (s, 1H), 8.455 (dd, 2H, J=1.5 J=4.7 Hz), 8.388 (dd, 2H, 

J=1.6 J=5.9 Hz), 7.901 (d, 2H, J=9.0 Hz), 7.452 (m, 3H), 7.138 (d, 2H, J=9.0 Hz), 6.874 

(dd, 2H, J=1.5 J=4.9 Hz), 2.692(m, 1H), 1.031 (dm, 4H).  13C NMR (75 MHz, D6 

DMSO):  δ 167.140, 165.160, 164.863, 156.548, 151.945 (2C), 150.185, 136.514, 

135.976, 130.274, 129.334 (2C), 129.102, 127.891 (2C), 124.991, 122.143 (2C), 121.649 

(2C), 121.447, 116.404, 112.438 (2C), 21.667, 5.972.  HRMS (ESI) (M+1): 465.1557 

calc. for C27H20N4O4 (M+1): 465.1485. 
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e. 5-methyl-4,6-dioxo-3-phenyl-N-(4-(pyridin-4-yloxy)phenyl)-2,4,5,6-

tetrahydropyrrolo[3,4-c]pyrrole-1-carboxamide (KIN029).   
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KIN029 was synthesized using acid 7c and the same procedure described for KIN027 to 

yield 47 mg KIN029 (57.9% yield, 0.107 mmol) as a white solid.   1H NMR (300 MHz, 

D6 DMSO): δ 13.3 (br s, 1H), 10.338 (s, 1H), 8.473 (d, 2H, J=4.8 Hz), 8.365 (dd, 2H, 

J=8.0 Hz), 7.8235 (d, 2H, J=8.6 Hz), 7.495 (m, 3H), 7.273 (d, 2H, J=8.8 Hz), 6.943 (dd, 

2H, J=6.9Hz),  3.044 (s, 3H).  13C NMR (75 MHz, D6 DMSO):  δ 166.319, 165.104, 

164.642, 156.894, 152.364 (2C), 150.301, 136.560, 135.405, 133.341, 130.529, 129.697 

(2C), 127.808 (2C), 125.563, 122.510 (2C), 122.283, 121.805 (2C), 117.211, 112.704 

(2C), 25.807.  HRMS (ESI) (M+1): 439.1401 calc. for C25H19N4O4 (M+1): 439.1328. 

 

3H.10. Synthesis of KIN030 

a. tert-butyl 4-methyl-3-nitrophenylcarbamate  

A solution of 4-methyl-3-nitroaniline (15.0 g, 99 mmol) was dissolved in 50 mL THF at 

65oC. 25.8 g Boc anhydride was dissolved in 30 mL THF and added dropwise over the 

course of 20 minutes.  The reaction was then refluxed overnight and then cooled to room 

temperature and then concentrated to yield a brown oil. The oil was dissolved in 150 mL 

20% EtOAc/Hex and hexane-EtOAc (4:1) and 50 g of silica gel was added.  The solution 

was stirred for 15 min on a rotovap and the silica was removed by filtration and washed 

with 300 mL 20% EtOAc/Hex.  The organics were dried over Magnesium sulfate and 

then concentrated by vacuum filtration to yield 20.7 g product in 83% yield.  

1H NMR (300 MHz, D6 DMSO): δ 9.75 (br s, 1H), 8.22 (d, 1H, J=2.1 Hz), 7.58 (dd, 1H, 

J=2.1 Hz, J=8.3 Hz), 7.37 (d, 1H, J=8.3 Hz), 2.43 (s, 3H), 1.48 (s, 9H). 13C NMR (75 
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MHz, D6 DMSO):  δ 153.50, 148.48, 139.45, 133.79, 126.65, 123.52, 113.81, 80.60, 

28.84, 19.92.   ESMS: m/z 270.0 [M+H20] 

 

 b. tert-butyl 3-amino-4-methylphenylcarbamate (19).    

20.7 g tert-butyl 4-methyl-3-nitrophenylcarbamate was dissolved in 200 mL EtOH and 

1.0g of 5% Pd/C was added.  The mixture was hydrogenated on a parr system at 50 PSI 

hydrogen for 15 hours.  Completion of reaction was shown by TLC in 30% EtOAc/Hex, 

then filtered, concentrated, and dried in a vacuum oven to yield the product in 92% yield. 

1H NMR (300 MHz, D6 DMSO): δ 8.93 (br s, 1H), 6.85 (s, 1H), 6.75 (d, 1H, J=8.0 Hz), 

6.5 (d, 1H, J=8.0 Hz), 4.75 (s, 2H), 1.97 (s, 3H), 1.46 (s, 9H). 13C NMR (75 MHz, D6 

DMSO):  δ 153.58, 147.37, 138.777, 130.51, 115.87, 107.53, 105.07, 79.20, 29.05, 17.71. 

ESMS: m/z 223.2 [MH]+ 

 

c. 6-chloro-3-methylquinazolin-4(3H)-one (21).    

2-amino-5-chlorobenzoic acid was placed in a 250 mL beaker containing 125 mL n-

methylformamide.  A condenser was utilized and the reaction was heated overnight at 

180 oC.  The reaction was complete the next morning and allowed to cool to room 

temperature for 1 hr and then poured into 500 mL of water and extracted three times with 

250 mL of ethyl acetate.  The organic phase was then washed with 1 liter of water and 

concentrated under vacuum to yield 9.2 grams of product with high purity. 1H NMR (300 

MHz, D6 DMSO): δ 8.39 (s, 1H), 8.04 (d, 1H, J=3.6 Hz), 7.82 (dd, 1H, J=2.4 Hz, J=8.7 
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Hz), 7.67 (1H, d, J=8.7 Hz), 3.49 (s, 3H). 13C NMR (75 MHz, D6 DMSO):  δ 160.49, 

149.75, 147.65, 135.06, 131.99, 130.26, 125.61, 123.45, 34.53. ESMS: m/z 195.2 [MH]+ 

 

d. tert-butyl 4-methyl-3-(3-methyl-4-oxo-3,4-dihydroquinazolin-6-

ylamino)phenylcarbamate.  

To a refluxing solution of toluene in a 150 mL round bottom flask was added 1g (4.50 

mmol, 1.2 eq) 2-methyl-5-t-butylcarbamate aniline, 0.730 g (3.75 mmol, 1eq) 6-chloro-3-

methyl-4-oxoquinazoline, 0.504g NaOMe (5.25 mmol, 1.4 eq), and 56mg 2-

diphenylbistbutylphosphine (5 mol %, .187 mmol), and .103mg Pd2(dba)3 (3 mol%, .112 

mmol).  This mixture was refluxed for 8 hours when it was observed there was complete 

amination of quinazolinone starting material.  The reaction mixture was cooled to room 

temperature and poured into 250 mL EtOAc and then washed with sodium bicarbonate, 

water, and then brine.  This light brown solid was then purified through flash 

chromatography on silica (70% EtOAc/Hex0 to yield 1.2 g of desired product.   1H NMR 

(300 MHz, D6 DMSO): δ 7.91 (s, 1H), 7.64 (d, 1H, J=2.7 Hz), 7.61 (s, 1H, J=8.8 Hz), 

7,34 (dd, 1H, J=2.7 Hz, J=8.8 Hz), 7.29 (s, 1H), 7.16 (d, 1H, J=8.2 Hz), 7.09 (d, 1H, 

J=8.2 Hz), 6.47 (s, 1H), 5.70 (s, 1H), 3.59 (s, 3H), 1.64 (s, 3H), 1.51 (s, 9H). 13C NMR 

(75 MHz, D6 DMSO):  δ 161.34, 153.57, 145.59, 145.58, 141.04, 139.09, 131.84, 129.01, 

125.35,123.96, 123.24, 114.31, 112.49, 108.33, 79.70, 34.26, 28.97, 18.14.  ESMS: m/z 

381.2 [MH]+ 

  

e. 6-(5-amino-2-methylphenylamino)-3-methylquinazolin-4(3H)-one (22).  
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  The boc group was removed by reaction in 10 mL 10% TFA/DCM.  The reaction was 

completed in 1 hr and was then neutralized with 30 mL saturated NaHCO3, extracted into 

EtOAc (3x100 mL), dried over MgSO4 and concentrated to dryness to yield the aniline in 

94% yield. 1H NMR (300 MHz, D6 DMSO): δ 7.91(s, 1H), 7.71 (d, 1H, J=2.7 Hz), 7.61 

(s, 1H, J=8.8 Hz), 7.37 (dd, 1H, J=2.7 Hz, J=8.8 Hz), 7.31 (s, 1H), 7.03 (d, 1H, J=8.0 

Hz), 6.67 (d, 1H, J=2.3 Hz), 6.40 (dd, 1H, J=2.4 Hz, J=8.0 Hz), 5.80 (br s, 1H), 3.63 (s, 

3H), 2.16 (s, 3H), 1.64 (s, 3H), 1.51 (s, 9H). 13C NMR (75 MHz, D6 DMSO):  δ 160.73, 

146.90, 144.88, 142.13, 138.84, 132.85, 131.08, 130.76, 126.96, 125.08, 122.78, 118.25, 

115.49, 110.06, 34.87, 18.51. ESMS: m/z 281.2 [MH]+.  

 

f. 5-methyl-N-(4-methyl-3-(3-methyl-4-oxo-3,4-dihydroquinazolin-6-

ylamino)phenyl)-4,6-dioxo-3-phenyl-2,4,5,6-tetrahydropyrrolo[3,4-c]pyrrole-1-

carboxamide (KIN030). 

In a 20 mL vial equipped with a magnetic stirrer and 3 mL DCM at 0oC  was added 50 

mg acid 7c (0.185 mmol, 1 eq), 39.0 mg EDCI (1.1 eq, 0.204 mmol), 25.0 mg HOBt (1.0 

eq, 0.185 mmol), 166 uL DIPEA (5 eq, 0.925 mmol).  This solution was allowed to react 

for 1 hour at 0oC and then 1 Eq amine 22 was added.  The reaction was allowed to react 

for 24 hours at which time it was added to 50 mL saturated sodium bicarbonate and 

extracted into 100 mL EtOAc.  The organic layer was washed with water (30 mL) and 

brine (30 mL), dried over magnesium sulfate and concentrated onto silica gel.  Final 

compound was purified on a biotage sp1 system utilizing a 25g silica column and a 

gradient of 0-3% MeOH/CHCl3 to yield 49.3 mg product (50.0% yield) as a white solid.   
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 1H NMR (300 MHz, D6 DMSO): δ 10.19 (s, 1H), 8.33 (d, 2H, J=7.2 Hz), 8.17 (s, 1H), 

8.06 (s, 1H), 7.83 (d, 1H, J=1.4 Hz), 7.40-7.57 (m, 6H), 7.27 (d, 1H, J=8.3 Hz), 7.23 (dd, 

1H, J=1.7 Hz, 8.3 Hz), 3.46 (s, 3H), 2.99 (s, 3H), 2.19 (s, 3H).  HRMS (ESI) (M+1): 

533.1932 calc. for C30H24N6O4 (M+1): 533.1859.  

 

3H.11. Computational Methods 

a. FlexX docking 

Molecular modeling calculations were performed using Sybyl 

7.2 package (Tripos Ins., St. Louis).1 All docking calculations were performed 

using FlexX as implemented in Sybyl 7.2 Docking calculations were 

carried out using standard default parameters for FlexX program. FlexX program 

generates total 30 docking orientations for each ligand. FlexX scores and the 

orientations were used for the analysis. The best docking orientation from FlexX 

were refined using FlexiDock program. 

 

b. Flexidock 

Docking of the molecules was performed using Flexidock program 

available within Sybyl 7.2 package. Flexidock utilizes both flexible rotatable bonds of the 

ligand and flexible protein explore the biologically active conformation within the active 

site of the protein. Docking studies were performed for 10000 generations, and only the 

energetically favorable conformations are analyzed. Total 20 orientations were generated 
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for each ligand and these were analyzed on the basis of the Flexidock score and their 

interaction within the active site. 

 

c. Molecular Overlap 

Sorafenib bound to B-Raf (1UWH), and BIRB-796 bound to p38α (1KV2) were 

downloaded from Protein Data Bank.  Water molecules were removed from each crystal 

structure and monomers of 1KV2 and 1UWH were aligned with 2HYY using Pymol v1.1 

from Delano Scientific.  

 

3H.12. Biological Evaluation   

a. General 

All assays utilized assay dilution buffer and Mg/ATP cocktail purchased from Millipore.  

The assay Dilution buffer contained 20mM MOPS, pH 7.2, 25mM β−glycerophosphate, 

5mM EGTA, 1mM Na3VO4, and 1mM dithiothreitol (Millipore Catalog #20-108).  The 

Mg/ATP cocktail contained 75mM MgCl2, and 0.5mM cold ATP in Assay Dilution 

Buffer (Millipore Catalog #20-113).  [gamma-32P) Adenosine-5’-triphosphate (10 

uCi/uL) was purchased from Perkin-Elmer and used at 0.8 uCi/rxn.  Stock 10 mM drug 

solutions were made up in DMSO and from that were diluted in a half-log manner in 

ddH2O.   

 

b. p38α Enzymatic Assay 
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7.5 ng recombinant human full length N-terminal GST-tagged p38α (Invitrogen, 

PV3304), E.coli expression)  was preincubated at room temperature for 1 hour with 1 uL 

drug and 4 uL  assay dilution buffer.  The kinase assay was initiated when 5 uL of a 

solution containing 200 ng recombinant human full length, N-terminal His-tagged 

MAPKAP-K2 (sPV3316), 200 uM ATP (.8 uCi hot ATP), and 30 mM MgCl2 in assay 

dilution buffer was added.  The kinase reaction was allowed to continue at room 

temperature for 25 minutes and was then quenched with 5 µL 5X protein denaturing 

buffer (LDS) solution.   Protein was further denatured by heating for 5 min at 70oC.  10 

uL of each reaction was loaded into a 15 well, 4-12% precast NuPage gel (invitrogen) 

and run at 200V and upon completion, the front which contained excess hot ATP was cut 

from the gel and discarded.  The gel was then dried and developed onto a phosphor 

screen which was scanned on a Storm 820 scanner and quantitated from optical 

densitometry using image quant v5.0.   A negative control which contained no active 

enzyme was used as a negative control and a reaction without inhibitor was used as the 

positive control.  Final compound concentrations were 100 uM, 31.6 uM, 10 uM, 3.16 

uM, 1 uM, 316 nM, 100 nM, 31.6 nM, 10 nM, 3.16 nM, 1 nM, 316 pM, and 100 pM. 

 

c. B-Raf Enzymatic Assay 

The B-Raf biological assay used the same protocol as p38 except it utilized recombinant 

Human Full-Length GST-tagged B-Raf (invitrogen, pv3848) and recombinant human full 

length, N-terminal His-tagged MEK1 (invitrogen, pv3093). 
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d. MTS Assay 

Hela, MCF, HCT116, and Panc1 cell lines were used.  Cell lines were grown in 

supplemented DMEM or RPMI 1640 media, according to ATCC guidelines, and 

incubated at 37 °C in 5% CO2.  To study the cytotoxicity of lead candidate drugs, cells 

were seeded at 1–2.5 ´ 104 cells/well (varying by cell line) in 96-well plates. Drugs were 

diluted in the appropriate media from 10 mM stock solutions (in DMSO) to arrive at the 

desired concentrations. Cells were incubated with drugs at concentrations spanning a 5–

6-log range in half-log increments for 24 or 96 h. At the prescribed time, plates were 

analyzed for growth inhibition and quantified with the MTS dye-based assay, as 

previously described (Mossman, 1983). Experiments were performed at least in triplicate. 
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CHAPTER 4. APPLICATION OF A NOVEL [3+2] CYCLOADDITION 

REACTION TO PREPARE SUBSTITUTED IMIDAZOLES AND THEIR USE IN 

THE DESIGN OF SELECTIVE DFG-OUT ALLOSTERIC B-RAF INHIBITORS   
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4A. Abstract  

B-Raf protein kinase, which is a key signaling molecule in the RAS-RAF-MEK-

ERK signaling pathway, plays an important role in many cancers.  The B-Raf V600E 

mutation represents the most frequent oncogenic kinase mutation known and is 

responsible for increased kinase activity in approximately 7% of all human cancers, 

establishing B-Raf as an important therapeutic target for inhibition.  Through the use of 

an iterative program that utilized a chemo-centric approach and rational design, we have 

designed novel, potent, and specific DFG-out allosteric inhibitors of B-Raf kinase.  In 

this chapter, we present new chemistry that utilizes a key, one pot, [3+2] cycloaddition 

reaction to obtain highly substituted imidazoles and their application in the design of 

specific allosteric B-Raf inhibitors.   Inhibitors based on this scaffold display 

subnanomolar potency and a favorable kinase profile. 

 

4B. Introduction 

B-Raf is a serine/threonine kinase that is an important modulator of the RAS-

RAF-MEK-ERK (MAPK) pathway that plays a central role in transducing signals from 

extracellular growth factors to the nucleus—mediating cell proliferation and survival by 

the regulation of downstream transcription factors (Figure 4.1).  Under normal 

conditions, B-Raf is activated downstream of receptors in the cell membrane in a RAS 

small G-protein dependent manner 113.   B-Raf then phosphorylates and activates MEK, 

which in turn activates a third kinase ERK.  Erk then phosphorylates transcription factors 

such as ELK-1 and p85rsk 82,83.  
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Figure 4.1: RAS-RAF-MEK-ERK signaling pathway.  Binding of EGF to the EGF 
receptor induces receptor dimerisation and autophosphorylation on tyrosine residues 
inside the cell membrane.  The Grb2/SOS Adaptor protein complex docks, which then  
activates the small G-protein Ras by stimulating the exchange of GDP for GTP causing a  
conformational change in Ras.  Ras binds and recruits Raf to the cell membrane where is 
must first be dephosphorylated by protein phosphatase 2A (PP2A) and then activated by 
a kinase such as Src or PAK.  Raf can then activate MEK, which then activates ERK.  
ERK dimers then either bind to substrates in the cytosol or enter the nucleus where it can 
activate transcription factors such as elk-1and p85rsk. Picture is modified from (Kolch)83. 
 

C-Fos

ERK has >50 substrates

Raf activation requires
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B-Raf kinase is mutated in approximately 7% of all human cancers with higher 

occurrence in 66% of human melanomas, 45% of sporadic papillary thyroid cancers, 33% 

of KRAS mutated pancreatic cancers, and 15% of sporadic colorectal cancers 62-67.  The 

most common B-Raf oncogenic mutation is a single-base missense substitution (T to A at 

nucleotide 1,799) that is found in 90% of all B-Raf mutated cancers and involves a valine 

to glutamic acid substitution at codon 600 (V600E) 84.   This mutation is found adjacent 

to serine 599 which is phosphorylated during activation of the kinase 85.  The polarity of 

glutamic acid in the V600E mutation mimics the polarity of serine phosphorylation in the 

kinase activation loop, resulting in constitutive activation of the MAPK pathway and a 

500-fold increase in B-Raf activity exclusive of extracellular growth factor signaling 

114,115.   

The most studied B-Raf inhibitor, Sorafenib (Bay 43-9006, Nexavar®), was 

approved by the FDA in 2005 for the treatment of renal cell carcinoma, in 2007 for the 

treatment of hepatocellular carcinoma, and is still undergoing multiple clinical trials in 

other types of cancer 64,70,116.  This agent, even though it was designed as a B-Raf 

inhibitor, has failed to demonstrate significant improvement in the prognosis of cancers 

that harbor the V600E mutation when compared to cancers without this prevalent 

oncogenic mutation 117.   The failure can be attributed to the lack of selectivity of 

Nexavar®, which also inhibits many other kinases such as VEGFR 1-3, PDGFR-B, c-

Abl, FLT-3, c-Kit, and p38α among others 111,118. In renal cell carcinoma, the promising 

clinical efficacy of Sorafenib is attributed to the combination of inhibiting VEGFRK, 

PDGFRB, and B-Raf—a serendipitous mix for highly vascularized renal cell carcinomas 
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which oftentimes overexpress the pro-angiogenic receptor tyrosine kinases VEGF-R and 

PDGFR-B 40,41.  In the treatment of B-Raf mutant cancers, however, the lack of 

selectivity may be the Achilles heel that limits the efficacy by creating dose limiting off 

target toxicity.  The development of more potent and specific inhibitors of B-Raf V600E 

mutant enzyme can provide insight into the true therapeutic potential of targeting B-Raf 

in cancers that harbor a B-Raf mutation.     

In this chapter, we have utilized a chemo-centric approach to design specific 

inhibitors of B-Raf V600E.  The chemo-centric design strategy has previously been 

described in Chapter 3 (section 3D.1).  This example utilizes a one pot [3+2] 

cycloaddition reaction to prepare tri-substituted imidazoles. This scaffold was then 

applied in the design of B-Raf inhibitors through the use of a rational design method that 

was based on utilizing binding interactions identified in crystal structures of known DFG-

out allosteric kinase inhibitors (described in Chapter 2, section 2D).  
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4C. Results and Discussion   

4C.1. Chemistry   

The imidazole chemistry that we have developed to target the DFG-out allosteric 

binding site of B-Raf, utilized a key [3+2] cycloaddition reaction and was adapted from a 

Japanese patent that details the reaction for the production of pesticides (WO9504724).  

The synthesis started with phenylglycine, which was reacted with 2-3 equivalents of 

trifluroacetic anhydride under neat conditions to first form the trifluoromethylacetamide, 

which then underwent a second dehydration to cyclize to ∆2-oxazolinone 2a in near 

quantitative yield.  It is established that ∆2-oxazolinones exist as tautomers of the three 

mesoionic oxazolium 5-oxides: 2b, 2c, and 2d 119.  The resonance form 2b represents a 

cyclic, aromatic azomethine ylide.   Azomethine ylides have extensively been utilized as 

1,3-dipoles in many cycloaddition reactions 120-122.    

It has been observed previously that in the presence of dipolarophiles, such as 

dimethyl aceylenedicarboxylate, 2,4-disubstituted ∆2-oxazolinones can undergo a 1,3-

dipolar [3+2] cycloaddition reaction to form pyrroles.119 In our imidazole synthesis, we 

instead employed benzyl 2-(tributylphosphoniumimino)acetate as the dipolarophile, 

which was generated in situ from benzylcyanoformate and tributylphosphine.   The 

oxazolium-5-oxide 2b reacted with the dipolarophile in a [3+2] manner followed by the 

evolution of CO2 and aromatization to yield the 2,4,5-trisubstituted imidazole in good 

yield.   

  The reaction progressed with high conversion to one major product when the 

alpha position of the amino acid contained a phenyl ring.  When other amino acids such 
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as  phenylalanine, alanine, or trifluoromethylalanine, were used in the same reaction, the 

yields decreased dramatically, only producing a 5-15% yield with a number of side 

products being formed.  We found that it is more difficult to form the oxazolinone 

intermediate in these cases, but it is possible to push the dehydration of the acetamide to 

oxazolinone under conditions of DCC in dichloromethane.   

Modification at the 2 position of the imidazole is very robust and can be 

substituted with many alkyl, carboxyl, or aryl groups.  The 2-trifluoromethyl imidazole 

was generated with the highest yield and required the lowest reaction temperature, 

however, acetic anhydride was also employed with good yields when the reaction 

temperature was increased to 80oC.   In the synthesis of the 2-phenyl imidazole, benzoyl 

chloride was first reacted with phenyl glycine in aqueous 2.0 M sodium hydroxide to 

form the phenyl amide, which was then converted to the oxazolinone under neat 

conditions with acetic anhydride.  In cases where the 2-position of the imidazole ring was 

substituted with a trifluoromethyl group, it was possible to hydrolyze the trifluoromethyl 

to a carboxylic acid in very high yield (~90%) when reacted for 24 hours in sodium 

hydroxide 123.  
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Scheme 4.1: [3+2] route to tri-substituted imidazolesa  

 

aReagents and Conditions: (a) 2h;  (b) 1.0 Eq. PBu3, 1.1 Eq. Benzyl cyanoformate, 

toluene, 8 Hr;  
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4C.2. Inhibitor Design and Molecular Modeling 

Molecule design was guided by recent crystal structures of three known DFG-out 

allosteric kinase inhibitors Gleevec® (imatinib, STI571, pdb 2HYY), Sorafenib 

(Nexavar®, BAY 43-9006, pdb 1UWH), and BIRB-796 (pdb 1KV2), which describe 

common interactions necessary for high affinity binding to the allosteric pocket 

(described in chapter 2, section 2C).  We rationally applied the imidazole chemistry in the 

design of novel allosteric DFG-out B-Raf inhibitors by incorporating a tri-substituted 

imidazole as the core scaffold (Figure 4.2, red).  The carboxamide at the 5 position of the 

imidazole ring was designed to make hydrogen-bonding interactions with Glu-501 and 

Asp-594 and substituents at the 2 and 4 positions were designed to make positive 

hydrophobic interactions within the selectivity sites.  We then incorporated a known 

hinge region binding motif, 6-[(5-amino-2-methylphenyl)aminol-3-methylquinazolin-

4(3H)-one (QUIN), that was previously developed by Astra Zeneca that binds with good 

affinity to the hinge region (Figure 4.2, blue).112   
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Figure 4.2:  2D structure of the rational design of imidazole based inhibitors.  
In red, the imidazole based scaffold projects a phenyl group and a trifluoromethyl group 
into the two hydrophobic binding regions.  The carboxamide makes hydrogen bonding 
interactions with Glu501 and Asp594.  In blue is the 6-[(5-amino-2-methylphenyl) 
aminol-3-methylquinazolin-4(3H)-one moiety that places a methyl benzene ring into the 
gatekeeper region and the N3 of the quinazolinone accepts a hydrogen bond from 
Cys532.  
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When we designed the imidazole scaffold, we were most interested in 

incorporating a trifluoromethyl group at the 2-position of the imidazole ring because 

imidazoles have a reputation for chelating metals.  The inductive electron withdrawing 

effect of a trifluoromethyl group at the 2-position of the ring can diminish this capability 

by pulling electron density out of the electron rich imidazole ring.   
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Scheme 4.2:  Route to imidazole-quinazolinonesa 
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aReagents and Conditions: (a) Boc2O, THF, 65oC, overnight, 83% yield;  (b) 40 psi H2, 

10% Pd/C, EtOH, 15 h, 92% yield; (c) 160oC, 8 h, 65% yield; (d) 1.4 Eq. t-BuONa, 3% 

Pd2(dba)3, 5% dbbp, 8 h, 82% yield; (e) 10% TFA/DCM, 1 h, 94% yield; (f) 5, 1.1 Eq. 

EDCI, 1.3 Eq HOAt, 4 Eq. DIPEA, DCM, 54.7% yield. 
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The synthetic route to imidazole-quinazolinones is shown in synthetic scheme 4.2.  

The 6-chloroquinazoline 8 was obtained through a neat reaction of 5-chloroanthranilic 

acid 7 with methyl formamide, which was heated to 160oC for 8 hours.  8 was then 

reacted in a Buchwald aromatic amination reaction with tert-butyl 3-amino-4-

methylphenylcarbamate 6.  Subsequent deprotection in 10% trifluoroacetic acid in 

dichloromethane produced amine 9, which was then coupled to 5-phenyl-2-

(trifluoromethyl)-1H-imidazole-4-carboxylic acid 11 under standard EDC conditions.   

After the initial hypothesis was generated, two molecules were synthesized that 

differed by one methyl group.  KIN031, contained a tolyl group at the 4 position of the 

imidazole ring and KIN032 utilized a phenyl ring. These molecules were modeled with  

B-Raf kinase (crystal structure coordinates with Sorafenib, pdb 1UWH) using FlexX – 

Flexidock protocol (as described in Experimental section).  Each molecule was initially 

docked using FlexX program and the best docking pose was then refined with Flexidock 

(both flexible ligand and flexible protein side chains). Docking orientations from 

Flexidock were analyzed using two criteria - docking score and interactions in the 

binding pocket. The crystal structure of Sorafenib was used as a reference for 

comparison.  When evaluating the docked model of KIN032 bound to the empty crystal 

structure (pdb 1UWH), it was apparent that the binding conformation of the molecule 

was unfavorable for binding in the designed binding conformation (Figure 4.3).  The 

QUIN moiety bound very well to the hinge and gatekeeper regions, however, the 

imidazole core scaffold at the DFG-out selectivity site was very strained and had to twist 

out of the desired selectivity site so that it didn’t sterically clash with the protein.  As a 
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result, we predicted that the imidazole carboxamide scaffold was unlikely to make 

hydrogen bonding interactions with Glu501 and Asp594.   
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Figure 4.3: Docked imidazole-quinazolinone binding structure 
Docked model of KIN032 (yellow) in the crystal structure 1UWH overlapped with 
Sorafenib (mauve). The trifluoromethyl phenyl ring of Sorafenib sits comfortably in the 
selectivity site.  The imidazole scaffold is unable to utilize this space and twists 
orthogonal to the selectivity sites 
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4C.3. Biochemical Assays and Initial Feedback 

KIN031, KIN032, and Sorafenib were tested in two in vitro 32P SDS page gel 

kinase assays, one for B-Raf V600E and one for p38α.  These assays utilized a high ATP 

concentration (200 uM) and full length substrates.  As expected, these inhibitors 

exhibited slow binding kinetics, requiring a long pre-incubation (1 hr) to allow the 

equilibrium of the DFG loop to favor the inactive state in which allosteric inhibitors bind 

33.    Kinase assay results for KIN031 and KIN032 (table 1) with respect to the V600E B-

Raf mutant enzyme showed an IC50 of 28 nM and 21 nM, respectively.  Against p38α, 

the IC50’s were 1648 nM and 405 nM, respectively.  KIN031 had a selectivity index of 

59.0 when compared to p38α kinase (table 4.1) and KIN032 had a selectivity index of 

18.9.  In our assay, Sorafenib displayed an IC50 of 120.3 nM for B-Raf V600E and a 

selectivity index of 0.70 with respect to p38α.  When KIN031 is compared to sorafenib, 

KIN031 is 4-fold more potent against the V600E B-Raf mutant enzyme and 84-fold more 

selective over p38α.  These results were very encouraging as molecules that incorporated 

the designed imidazole carboxamide displayed increased potency and demonstrated that 

specific interactions made at the selectivity site could be modulated to tune selectivity 

and potency by way of substitution on the phenyl ring located at the 4-position of the 

imidazole scaffold.  The nanomolar potency displayed by KIN031 and KIN032, however, 

was not consistent with the predicted unfavorable binding mode displayed from 

molecular modeling with the empty crystal structure of sorafenib (1uwh).   This led us to 

propose alternate or different binding modes, particularly in the selectivity site.  



  
 

227

Plexxikon has recently discovered a novel series of B-Raf inhibitors based on a 7-

azaindole scaffold that inhibits B-Raf V600E with a IC50 of 13 nM 124.  In the discovery 

of these molecules, Plexxikon was able to uncover new possible binding modes which 

have led to a greater understanding of the extent of dynamic movement in the DFG-out 

allosteric binding pocket of B-Raf.  The crystal structure of the 7-azaindole inhibitor, 

PLX4720, bound to B-Raf (pdb 3c4c) consists of two non-symmetrical monomers.  One 

monomer depicts PLX4720 binding to the DFG-in confirmation (Figure 4.4, green), 

which is the active conformation of the enzyme as described earlier.  The other monomer 

shows PLX4720 binding to the inactive conformation in which the phenylalanine of the 

DFG motif is flipped out (Figure 4.4, yellow).  Atypical to most bound structures of B-

Raf inhibitors, PLX4720 is able to induce movement of glutamate 501 deep into the 

selectivity site, approximately 10 Angstroms away from its typical position.  

Consequentially, a unique salt bridge is formed between the side chain of Asp594 and 

Lysine483 (Figure 4.4b). 
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Figure 4.4: Structure of PLX4720 bound to B-Raf 
a) Overlay of the DFG-out (yellow) and DFG-in (green) monomers of B-Raf with 
PLX4720 bound (pdb 1C4C). Phe595 in the monomer depicted in yellow is in the DFG-
out state. Glu501 sits far to the right in the allosteric binding site. b) A unique salt bridge 
is shown between Asp468 and Lys483 in the DFG-out conformation.     
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When KIN032 was modeled with the empty DFG-out monomer, we found high 

complementation between the small molecule and the protein (Figure 4.5a, 4.5b).  When 

the docked molecule was overlapped with the crystal structure of PLX4720 (Figure 4.5a), 

the quinazolinone moiety overlapped very well with the 7-azaindole ring of PLX4720 in 

the hinge region and was in proximity to accept an H-bond from Cys532.  Both 

molecules utilized an aryl ring in the gatekeeper region that overlapped well.  PLX4720 

placed an ethyl sulfonamide shallowly into the selectivity site and left the voided 

hydrophobic pocket mostly empty (Figure 4.5a).  When docked, KIN032 was able to 

utilize more of this binding pocket with the imidazole ring and 2-trifluoromethyl group 

while the carbonyl of the carboxamide made a crucial H-bond with the backbone NH of 

Asp594 (Figure 4.5b).  When glutamate was displaced, this shift created a large 

hydrophobic pocket in the upper of the two selectivity sites that was large enough to 

comfortably fit a phenyl ring.  The top of the pocket was capped by the phenyl ring from 

phenylalanine 468.  In the imidazole tautomeric form shown in Figure 4.5b, the imidazole 

NH is capable of making a hydrogen bond with the carboxyl of the displaced Glu501.  

The binding pocket depicted by the DFG-out monomer of PLX4720 bound to B-Raf 

V600E (pdb 3C4C) showed higher complementation with KIN032 than the binding 

pocket utilized by Sorafenib (pdb 1UWH).   
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Figure 4.5: KIN032 bound to Plexxikon structure.  a) Overlap of docked KIN032 
(yellow) and crystal structure of PLX4720 (mauve) in pdb 3C4C.  KIN032 utilizes more 
of the hydrophobic allosteric binding region (yellow oval). b)  Docked model of KIN032. 
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In order to generate relevant SAR and validate the alternate binding mode in the 

selectivity site, 10 additional compounds were synthesized (Table 4.1).  The QUIN hinge 

region binding moiety (Figure 4.6, red) was incorporated into all the molecules and 

variations were made through substitution on the phenyl ring located at the 4-position of 

the imidazole ring (KIN031-KIN041, KIN057), or by making direct substitution at the 2-

position of the imidazole ring (KIN041, KIN042) (Figure 4.6, blue).  Substitutions on the 

phenyl ring allowed us to explore specific interactions that were made in the large, upper 

selectivity site that was created when Glu-501 was displaced from its normal position and 

substitutions at the 2-position allowed us to explore the size of the lower selectivity site 

that was voided when phenylalanine switched conformation in the DFG loop move.   
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Figure 4.6: Schematic model of SAR design for imidazole-quinazolinones.  
The hinge region QUIN moiety is shown in red and is used in all of the molecules.  A 
carboxamide linker links the QUIN moiety to the imidazole scaffold.  The size of the 
upper selectivity site was explored by making substitutions on the phenyl ring that is 
located at the 4-position of the imidazole scaffold.  Interactions in the lower selectivity 
site were made by making substitutions at the 2-position of the imidazole scaffold.  
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Table 4.1: Biochemical data generated for the QUIN series of imidazoles  

IC50      
B-Raf 
V600E

IC50 
P38a

R1 R2 R3 R4 R5 MW cLogP nM nM S.I.

KIN032 H H H H CF3 518.2 5.47 21.40 405.2 18.9

KIN031 H CH3 H H CF3 536.2 5.62 27.90 1648.0 59.1

KIN035 H F H H CF3 532.2 5.97 0.41 16.0 38.8

KIN036 Cl F H H CF3 570.1 6.12 53.20 48.8 0.9

KIN037 CH3 F H H CF3 550.5 6.12 19.75 60.1 3.0

KIN038 F CH3 H H CF3 550.5 6.33 0.32 100.2 312.1

KIN039 OCH3 OCH3 OCH3 H CF3 608.6 4.88 292.10 94.4 0.3

KIN040 CF3 H H H CF3 586.5 6.36 49.65 105.2 2.1

KIN041 H H H CF3 CF3 586.5 6.36 112.30 468.4 4.2

KIN057 F F H H CF3 554.5 5.69 0.31 11.0 35.8
KIN042 H CH3 H H t-But 520.6 6.57 91.26 96.3 1.1

KIN043 H H H H Phe 526.6 6.57 48.29 121.7 2.5

N NH

O

F
F

F

N
H N H

N

N

O
R1

R2
R3

R4
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Biochemical feedback from the imidazole-quinazolinone series of compounds 

identified novel structure activity relationships when the phenyl ring at the 4-position of 

the imidazole scaffold was substituted with various groups (table 4.1).  The kinase 

inhibition results from KIN035 showed that placing a fluorine at the 4-position of the 

phenyl ring leads to a distinct increase in potency for both B-Raf v600e and p38 (IC50’s = 

0.41nM and 16.0 nM) (table 4.1).  Any substitution larger than hydrogen at the meta 

position of the phenyl ring, such as in KIN037 (-CH3), KIN039 (-OMe), and KIN040 (-

CF3), was not well tolerated and resulted in a decrease in potency for both B-Raf and 

p38α.  KIN038 incorporated a fluorine at the meta position and a methyl at the para 

position of the phenyl ring and retained subnanomolar potency for B-Raf v600E (IC50 

=0.32 nM), but tuned out some p38α inhibition (IC50=100.2 nM) much like KIN031 

(IC50B-Raf=27.90, IC50p38=1648 nM) displayed when it utilized a tolyl ring in place of a 

phenyl ring as found in KIN032 (IC50B-Raf=21.4, IC50p38=405.2 nM).  The methyl at the 4-

position is more tolerated in B-Raf than it is in p38α.  

 Variations that were made by substituting the 2-position of the imidazole scaffold 

(KIN042 and KIN043, table 4.1) evaluated the size of the hydrophobic pocket that was 

voided during the DFG loop move.  Significantly, KIN042 was substituted with a large 

lipophilic t-butyl group at the 2-position of the imidazole ring and exhibited an increase 

in the potency for p38α (IC50p38=96.3 nM) and a decrease in the potency for the B-Raf 

V600E (IC50B-Raf=91.26) when compared directly to KIN031 (IC50B-Raf=27.90, 

IC50p38=1648 nM)  (table 1), which differs only at the 2-position of the imidazole ring and 

has a smaller trifluoromethyl group.  As a result of the changes in potency, KIN042 was 
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less selective over p38α with a selectivity index (SI=IC50Braf/IC50p38) of 1.1 compared 

to KIN031 that displayed a selectivity index of 59.1.   

When directly comparing KIN043 (IC50B-Raf=48.29, IC50p38=121.7 nM, table 1), 

which has a phenyl ring at the 2-position of the imidazole ring, and KIN032 (IC50B-

Raf=21.4, IC50p38=405.2 nM), which has a trifluoromethyl, the same conclusion can be 

drawn.  The larger group at the 2-position of the imidazole scaffold decreased the 

potency for B-Raf and increased the potency for p38α.  As a result, the selectivity index 

of KIN043 (SI=2.5) is lower than the selectivity index of KIN032 (SI=18.9).   

 

4C.4. Second Generation Inhibitor Design 

We also synthesized molecules with different hinge region binding moieties so 

that we could build in better drug like properties.  When the QUIN hinge region binding 

moiety was used, the cLogP’s of the inhibitors were between 5 and 6.5 and the solubility 

was only 30 umol/mL.  Since the imidazole-quinazolinone series used the same QUIN 

hinge region moiety in all of the molecules, we directly optimized binding interactions in 

the selectivity sites where the imidazole scaffold binds.  Conversely, by incorporating the 

same imidazole scaffold in all of the second generation molecules, the gatekeeper and 

hinge regions were optimized.  The quinazolinone ring that binds in the hinge region was 

replaced by other ring systems that could accept a hydrogen bond from Cys-532, increase 

the solubility, and decrease the lipophilicity of the molecules.  One moiety had a 1,1-

dioxo-tetrahydro-thiopyran ring that was incorporated as a good solubilising group and 

was linked to the 3-amino-4-methyl-aniline (Figure 4.7a, blue).  The oxygen atoms from 
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the sulfone were designed to accept a hydrogen bond from Cys-532.   Two other hinge 

region binding motifs were also substituted on the imidazole scaffold.  One motif was 

taken directly from BIRB-796 and is a morpholinoethoxynaphthyl group (Figure 4.7b, 

blue).  The morpholino group is a good solubilizing group and is designed to accept a 

hydrogen bond from the hinge region.  The last group was a 4-(phenoxy)-pyridine group 

(Figure 4.7c, blue) that was previously utilized in the optimization of the B-Raf inhibitor 

sorafenib.  The latter two motifs could themselves lower the log P and help with 

solubility, but also left tertiary amines that in the future could be utilized to design salts to 

optimize the drug formulation.  
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Figure 4.7: Second generation imidazole compounds.  a)  Schematic of imidazole 
compounds that utilize a 1,1-dioxo-thane ring in the hinge region.  The oxygen atoms of 
the sulfone are designed to accept a hydrogen bond from Cys531.  b) Schematic of 
imidazole compounds that utilize a morpholinoethoxynaphthyl moiety in the gatekeeper 
and hinge regions.  c)  Schematic of imidazole compounds that utilize a phenyloxy-
pyridine moiety in the gatekeeper and hinge regions.  The imidazole scaffold is depicted 
in blue and is the same in all three molecules.  The gatekeeper and hinge region binding 
motifs are shown in blue.  
 

 

a b ca b ca b c
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4C.5. Synthesis of Second Generation Inhibitors 
 

To synthesize 1,1-dioxo-thiane-4-carboxylic acid 15, first the sulfone spiroester 

14 was generated from the reaction of divinyl sulfone 12 and meldrums acid under 

conditions of 15% potassium-t-butoxide in refluxing t-butanol.  The spiroester was then 

hydrolyzed to the carboxylic acid by reacting in refluxing sulfuric acid.  Amine 17 was 

then produced through a standard EDC coupling reaction with the boc protected aniline 6, 

which was subsequently deprotected in 10% TFA in DCM.  Finally, the imidazole 

carboxylic acid 10 was coupled to amine 17 using an EDC coupling reaction.  
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Scheme 4.3: Route to imidazole-sulfones  
 

 
aReagents and Conditions: (a) .5 Eq t-BuOK, t-BuOH, reflux, 24 h, 56.5% yield;  (b) 20% 

Aq. H2S04, reflux, overnight, 49.5% yield; (c) 1.4 Eq. EDCI, 1.1 Eq HOBt, 4 Eq. DIPEA, 

DCM, 24 h; (d) 10% TFA/DCM, 0.75 h, 82% overall yield; (e) 5, 1.1 Eq. EDCI, 1.3 Eq 

HOBt, 4 Eq. DIPEA, DCM, 46.4% yield. 
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Scheme 4.4: Route to 4-(2-morpholinoethoxy)naphthyl-imidazoles 
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aReagents and Conditions: (a) 5 Eq K2CO3, MeCN, 80oC, 3h, 62%  yield;  (b) 4M 

HCl/Dioxane reflux, 8  h, 84% yield; (c) (e) 21, 1.1 Eq. EDCI, 1.3 Eq HOBt, 6 Eq. 

DIPEA, DCM, 49.5% yield. 
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KIN055 is a 4-(2-morpholinoethoxy)naphthyl-imidazole and the synthetic route to 

obtain this compound is shown in scheme 4.4.   N-Boc protected 4-hydroxy 

naphthylamine (19) was reacted for three hours at 80oC with 4-(2-chloroethyl)morpholine 

hydrochloride (20)  in the prescence of five equivalents of potassium carbonate to form 

the Boc protected naphthylamine.  The Boc group was then removed after refluxing for 8 

hours in 4M HCl in dioxane to form the 4-(2-morpholinoethoxy)naphthyl amine 

dihydrochloride (21), which was then reacted with the imidazole carboxylic acid under 

standard EDC coupling conditions to obtain KIN055.   
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Scheme 4.5:  Route to 4-(pyridin-4-yloxy)phenyl-imidazoles 

 
aReagents and Conditions: (a) 160oC, neat, 3 h,  58% yield;  (b) 10% pd/C, 30 psi H2, 

EtOAc, 4 h, 98% yield.  (e) 25, 1.1 Eq. EDCI, 1.3 Eq HOBt, 6 Eq. DIPEA, DCM, 58.2% 

yield. 
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KIN056 is a 4-(pyridin-4-yloxy)phenyl-imidazole and the synthetic route to 

obtain this compound is shown in scheme 4.5.  First, 1-(4-pyridyl)pyridinium chloride 

HCl and nitrophenol (24) was reacted under neat conditions for 3 hours at 160oC to 

obtain 4-(4-nitrophenoxy)pyridine.  Subsequently, the nitro group was reduced through 

hydrogenolysis with 10% palladium on carbon to form 4-(pyridine-4-yloxy)aniline(25), 

which was then reacted with the imidazole carboxylic acid under standard EDC coupling 

conditions to form KIN056.   

 

4C.6. Biochemical Feedback for Second Generation Inhibitors  

The biochemical data for second generation inhibitors is shown in table 2.  

KIN055, which is a 4-(2-morpholinoethoxy)naphthyl-imidazole, and KIN056, which is a 

4-(pyridin-4-yloxy)phenyl-imidazole do not show any inhibition of B-Raf V600E or 

p38α at 100 uM.  Even though, the 4-(2-morpholinoethoxy)naphthyl group in KIN055 

and the 4-(pyridin-4-yloxy)phenyl group in KIN056 have been used in other molecules to 

successfully bind the gatekeeper and hinge region in previous B-Raf and p38 projects 

(Figure 9a, 9b), they were unable to make positive interactions when the imidazole 

scaffold was used.  One difference is that these moieties have both been used in the past 

with a urea linkage and in the imidazole design, we utilized an amide linkage.  In Bayer’s 

molecule (Figure 4.8a) and BIRB-796 (Figure 4.8b), the urea linkage is very relaxed and 

flat, however, the amide linkage in the imidazole design has one less bond and is very 

comformationally constrained.  As a result, the aromatic ring (Figure 4.8, blue) that 

occupies the gatekeeper region is torqued in a clockwise direction approximately 60o and 
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is restricted to a conformation that is unfavorable for binding the gatekeeper region and 

also projects the oxygen linker at the wrong angle.  Consequentially, the molecules are 

unable to interact with the hinge region.   
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Table 4.2: Biochemical feedback for Second Generation Inhibitors 

MW cLogP

IC50           
B-Raf V600E    

uM

IC50         
p38a         
uM

KIN044 520.5 1.34 8.3 >100

KIN055 524.5 5.95 >100 >100

KIN056 424.4 4.82 >100 >100
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Figure 4.8: Comparison of urea and amide linkages.  a) Structure of Bayer’s 
compound 5.  b) Structure of BIRB-796.  c) Structure of KIN056.  The red line shows a 
60o rotation in the angle of the phenyl ring (blue) when compared to Bayer’s compound 5 
in Figure 4.8a.  d) Structure of KIN055.   The red line shows a 60o rotation in the angle of 
the naphthyl ring (blue) when compared to BIRB-796 in Figure 4.8b.  References a108, b33 
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KIN044 is a 1,1-dioxo-tetrahydro-thiopyran-imidazole  and showed 50% 

inhibition of B-Raf V600E at 8.3 uM, but did not show any activity in the p38α 

enzymatic assay at 100 uM.  Unlike KIN055 and KIN056, but similar to the molecules in 

the imidazole-quinazolinone series (Figure 4.6), this molecule used a 1,3-substitution 

pattern on the aromatic ring system in the gatekeeper region, whereas KIN055 and 

KIN056 used a 1,4-substitution pattern.  The change in substitution pattern accounts for 

the change in bond angle that occurs when the urea linkage is changed to an amide 

linkage (Figure 4.9) and allows the sulfone series to interact positively with the 

gatekeeper and hinge regions.  The decrease in activity in the imidazole-sulfone 

compound (KIN044, table 4.2) when compared to the imidazole-quinazolinone 

compounds (table 4.1) may be a result of having a smaller moiety in the hinge region 

which resulted in a decrease in the binding affinity in that region.    
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Figure 4.9:  Comparison of Bayer’s compound 5 and KIN044 
a) Structure of Bayer’s compound 5 that has a urea linkage and a 1,4-substitution pattern 
on the middle aromatic ring (blue).  b) Structure of KIN044 that has a 1,3-substitution 
pattern on the middle aromatic ring (blue).  The 1,3-linker in KIN044 projects the left 
side of the molecule at a similar angle as compound 5 does when the urea linkage is used.  
The red lines emphasize the angle.  
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Although KIN044 only inhibited B-Raf V600E with an IC50 in the micromolar 

range and did not inhibit p38α, we hypothesized that based on the SAR generated in the 

imidazole-quinazolinone series (table 4.1), we could significantly improve the potency by 

making substitutions on the phenyl ring located at the 4-position of the imidazole ring.  

This time the 4-methyl-3-(tetrahydro-2H-thiopyran, 1,1-dioxide-4-carboxamido)phenyl 

group (Figure 4.10, red) was utilized in all the molecules and substitutions were made on 

the phenyl ring located at the 4-position of the imidazole ring and directly at the 2-

position of the imidazole ring (Figure 4.10, blue).  This series will be referred to as the 

imidazole -sulfone series.  
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Figure 4.10: Design of the imidazole-sulfone series of compounds. The -(tetrahydro-
2H-thiopyran, 1,1-dioxide-4-carboxamido)phenyl group is depicted in red and is 
incorporated into all of the molecules.  A carboxamide linker links this moiety to the 
imidazole scaffold.  The size of the upper selectivity site was explored by making 
substitutions on the phenyl ring that is located at the 4-position of the imidazole scaffold.  
Interactions in the lower selectivity site were made by making substitutions at the 2-
position of the imidazole scaffold.  
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4C.7. Biochemical feedback for Third Generation Inhibitors 

The sulfone series of compounds (Table 4.3, KIN044-KIN054) were evaluated in 

both kinase assays and it was found that changing from the quinazolinone resulted in a 

dramatic decrease in potency.  Inhibitors in this series exhibited only micromolar to 

submicromolar activity for B-Raf V600E and did not show any inhibition of p38α at 100 

uM.  When the phenyl ring located at the 4-position of the imidazole had no substituents, 

the IC50 for B-Raf was 8.3 uM.  When the para position of the phenyl ring was 

substituted with a fluorine, a 10 fold increase in the potency was observed and the 

enzymatic IC50 decreased to 0.8 uM in B-Raf V600E.   This trend was also observed in 

the imidazole-quinazolinone series (a 50 fold drop was observed from KIN032 to 

KIN035, table 1) when a fluorine was placed at the para position of the phenyl ring.  

When the meta position was substituted with any group larger than fluorine such as in 

KIN047 (-Cl), KIN048 (-CH3), KIN050 (-OCH3), and KIN051 (-CF3) (table 4.2), the 

potency decreased dramatically.  The imidazole-quinazolinone series also displayed this 

trend (table 4.1).   

 



  
 

252

Table 4.3: Biochemical results for sulfone-series of imidazoles  

IC50 
P38a

IC50      
B-Raf 
V600E

R1 R2 R3 R4 R5 MW cLogP uM uM

KIN044 H H H H CF3 520.52 1.34 8.3 >100

KIN045 H CH3 H H CF3 534.55 1.84 7.2 >100

KIN046 H F H H CF3 538.3 1.49 0.8 >100

KIN047 Cl F H H CF3 552.5 1.99 37.5 >100

KIN048 CH3 F H H CF3 572.96 2.2 10.3 >100

KIN049 F CH3 H H CF3 572.96 2.2 6.4 >100

KIN050 OCH3 OCH3 OCH3 H CF3 610.6 0.75 >100 >100

KIN051 CF3 H H H CF3 588.52 2.23 >100 >100

KIN052 H H H CF3 CF3 588.52 2.23 >100 >100

KIN053 H CH3 H H t-But 522.66 2.44 13.4 >100

KIN054 H H H H Phe 528.62 2.45 6.4 >100  
 
 
 



  
 

253

4C.8. Kinase Profiling 

Three molecules (KIN035, KIN038, and KIN057, table 4.1, Figure 4.11) were 

selected from the quinazolinone series to be evaluated for kinase profiling in 96 different 

kinases at Ambit Bioscience Corporation.  Compounds were evaluated in duplicate at a 

single 1 uM concentration.  The selectivity profiles revealed that the quinazolinone series 

of compounds inhibited B-Raf and B-Raf V600E with near equal potency and also 

inhibited c-Kit, p38α, PDGFR-A, PDGFR-B, and C-Raf (Figure 4.11).  In agreement 

with the in vitro data generated in our lab, KIN038 was able select B-Raf kinase over p38 

kinase (table 4.1, Figure 4.11).  Although our inhibitors were not specific for only B-Raf, 

they showed a unique profile that was very different than that of sorafenib, which is now 

considered a broad spectrum kinase inhibitor.  The kinase profile of sorafenib has been 

published by Ambit Bioscience.22 Sorafenib potently inhibits, C-Raf, B-Raf, B-Raf 

V600E, VEGFR1, VEGFR2, VEGFR3, PDGFRB, Flt-3, Flt-4, p38, c-Kit, c-Abl, and 

FGFR1.  
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Figure 4.11: Kinase profiling data for KIN035, KIN038, and KIN057.  Molecules 
were tested at 1 uM in duplicate and results are depicted as % phosphorylation.  The 
structures of KIN035, KIN038, and KIN057 are shown below.  
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4D. Summary and Conclusion 

A chemo-centric approach was utilized to develop a novel tri-substituted 

imidazole scaffold that is capable of binding to the DFG-out allosteric binding pocket of 

B-Raf kinase.  KIN035, KIN038, and KIN057 all display subnanomolar potency with 

tight binding inhibitor characteristics and a favorable kinase inhibitor profile.  SAR 

studies generated from substitution on the phenyl ring located at the 4-position of the 

imidazole, shows that these molecules bind in a deep hydrophobic pocket and make 

specific interactions that are not typical of other known allosteric B-Raf inhibitors.  

Modeling suggests that these inhibitors are capable of binding in a similar manner as 

PLX4720, however, our molecules utilize a larger portion of the selectivity site in the 

DFG-out conformation of the enzyme.  SAR that was generated indicates there is a large 

and very hydrophobic upper selectivity pocket.  A fluorine substitution at either the 3 or 4 

position of the phenyl ring located at the 4-position of the imidazole ring resulted in a 

dramatic increase in potency and is associated with an increase in the hydrophobic 

character of the phenyl ring.  A methyl substitution at the 4-position of the phenyl ring 

resulted in an increase in the selectivity over p38α and is attributed to a steric interaction 

in p38.  Placing a larger group at this position may result in even more selectivity, 

however, those studies have not been completed.   
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Figure 4.12:  Overview of the SAR from the imidazole-quinazolinone series. The 
QUIN moiety is shown in red and the imidazole scaffold in blue.   
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Attempts to increase the drug like properties of the molecules by modifying the 

quinazolinone that binds in the hinge region with other ring systems such as the 1,1-

dioxo-tetrahydro-thiopyran ring (KIN044, table 4.2), morpholine ring (KIN055, table 

4.2), or pyridine ring (KIN056, table 2) resulted in a dramatic decrease in potency.  The 

amide linkage to the imidazole scaffold is responsible for the incompatible binding with 

the gatekeeper region when a 4-(2-morpholinoethoxy)naphthyl group (KIN055, Figure 

4.8) or a 4-(pyridine-4-yloxy)phenyl group (KIN056, Figure 4.8) was utilized to bind the 

gatekeeper and hinge regions.  The decrease in potency for the sulfone-imidazole series is 

most likely a result of the inability of the molecules to bind in a conformation that allows 

the oxygens of the sulfone to accept a hydrogen bond from the hinge region.   Further 

optimization is needed in this region to adapt a different binding moiety that may be able 

to incorporate better drug-like properties.  

 Current and future efforts are aimed at improving the drug-like properties of 

molecules and collecting cellular and in vivo data of these first generation B-Raf 

inhibitors.  The versatility of the [3+2] cycloaddition chemistry that we have developed 

and optimized to quickly form trisubstituted imidazoles holds high value and the data 

generated in this research has validated its usefulness as a scaffold that can be applied to 

potently and selectively target kinases.  This technology can be applied to build 

compound libraries and also can be adapted to develop and design inhibitors for targets 

other than kinases.  
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4E. Experimental  

4E.1. Chemistry General 

All NMR analyses were performed on a Bruker Avance 300 MHz system using CDCl3 or 

DMSO as solvent.  Chemical shifts are reported as parts per million relative to TMS.  

Mass spectra and high resolution mass spectra were obtained using an ESI method by the 

Mass Spectroscopy Facility in the Chemistry Department at the University of Arizona.  

Retention GF254 TLC plates and flash chromatography was performed on a Biotage SP1 

system.  All solvents and reagents were purchased from Aldrich, TCI America, Matrix 

Scientific, and Ryan Scientific and used without further purification or drying.   

 
 
4E.2. Preparation of imidazole benzyl esters 
 
General Procedure: 
 

1.0 gram phenyl glycine (6.62 mmol) was added to 3.0 mL trifluoroacetic anhydride in a 

25 mL flask and stirred for 2 hours at room temperature.  Upon formation of oxazolinone, 

which was identified by TLC in 10% EtOAc/Hex (Rf=.7), excess TFAA and TFA were 

azeotroped off 5 times with 10 mL toluene under reduced pressure at 40oC.  The 

remaining yellow solid was dissolved in 10 mL dry toluene and 1.061 mL 

benzylcyanoformate (1.1 Eq, 7.28 mmol) was added followed by the dropwise addition 

of 1.7 mL tributylphosphine (1 Eq, 6.63 mmol).  An oil bubbler was attached to the 

reaction vessel to observe CO2 emission from the reaction.  The reaction was allowed to 

react for 12 hours and then was concentrated to dryness under reduced pressure, 

dissolved in ETOAc, and washed with sodium bicarbonate, 1 M HCl, and brine.  The 
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crude mixture was purified on a Biotage sp1 system equipped with a 25g silica column 

and eluted with a gradient of 5-60% EtOAc/Hex over 10 CV. 60-72 % yield.  

 

a. benzyl 5-phenyl-2-(trifluoromethyl)-1H-imidazole-4-carboxylate 

1H NMR (300 MHz, D6 DMSO): δ 14.5 (br s, 1H, NH), 7.68 (br s, 2H, Ar), 7.44 (br s, 

3H, Ar), 7.33 (br s, 5H, Ar), 5.26 (s, 2H). ESMS: m/z 347.2 [MH]+ 

 

b. benzyl 5-p-tolyl-2-(trifluoromethyl)-1H-imidazole-4-carboxylate 

1H NMR (300 MHz, D6 DMSO): δ 14.38 (br s, 1H, NH), 7.57 (d, 2H, Ar), 7.33 (br s, 5H, 

Ar), 7.23 (br s, 2H, Ar), 5.25 (s, 2H), 2.35 (s, 3H). ESMS: m/z [MH]+ 

 

c. benzyl 5-(4-fluorophenyl)-2-(trifluoromethyl)-1H-imidazole-4-carboxylate 

1H NMR (300 MHz, D6 DMSO): δ 14.35 (br s, 1H, NH), 7.71 (br s, 2H, Ar), 7.33 (br s, 

5H, Ar), 7.26 (br s, 2H, Ar), 5.23 (s, 2H). ESMS: m/z 365.2 [MH]+ 

 

d. benzyl 5-(4-fluoro-3-methylphenyl)-2-(trifluoromethyl)-1H-imidazole-4-

carboxylate.  

1H NMR (300 MHz, D6 DMSO): δ 14.40 (br s, 1H, NH), 7.54-7.61 (m, 2H, Ar), 7.33 (br 

s, 5H, Ar), 7.18 (t, 1H, J=9.0 Hz, Ar), 5.25 (s, 2H), 2.21 (s, 3H). ESMS: m/z 379.2 [MH]+  

 

e. benzyl 5-(3-fluoro-4-methylphenyl)-2-(trifluoromethyl)-1H-imidazole-4-

carboxylate 
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1H NMR (300 MHz, D6 DMSO): δ 12.50 (br s, 1H, NH), 7.10-7.83 (m, 8H) 5.24 (s, 2H), 

2.29 (s, 3H).  ESMS: m/z 379.2 [MH]+ 

 

f. benzyl 5-(3-chloro-4-fluorophenyl)-2-(trifluoromethyl)-1H-imidazole-4-

carboxylate 

1H NMR (300 MHz, D6 DMSO): δ 14.60 (br s, 1H, NH), 7.97 (d, 1H, J=6.0 Hz, Ar), 7.73 

(s, 1H, Ar), 7.46 (dd, 1H, J=6 Hz), 7.35 (br s, 5H, Ar), 5.27 (s, 2H). ESMS: m/z 399.2 

[MH]+ 

 

g. benzyl 2-(trifluoromethyl)-5-(3,4,5-trimethoxyphenyl)-1H-imidazole-4-

carboxylate 

1H NMR (300 MHz, D6 DMSO): δ 14.30 (br s, 1H, NH), 7.33 (br s, 5H, Ar), 7.01 (s, 2H, 

Ar), 5.26 (s, 2H), 3.74 (s, 6H), 3.71 (s, 3H). ESMS: m/z 437.2 [MH]+ 

 

h. benzyl 2-(trifluoromethyl)-5-(3-(trifluoromethyl)phenyl)-1H-imidazole-4-

carboxylate 

1H NMR (300 MHz, D6 DMSO): δ 14.5 (br s, 1H, NH), 8.10 (br s, 1H, Ar), 8.03 (br s, 

1H, Ar), 7.79 (br s, 1H, Ar), 7.66 (m, 1H), 7.33(br s, 5H, Ar), 5.28 (s, 2H). ESMS: m/z 

415.2 [MH]+  

 

i. benzyl 2-(trifluoromethyl)-5-(2-(trifluoromethyl)phenyl)-1H-imidazole-4-

carboxylate 
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1H NMR (300 MHz, D6 DMSO): δ 14.6 (br s, 1H, NH), 7.66-7.84 (m, 4H, Ar), 7.26 (m, 

3H, J=2.0 Hz, J=5.1 Hz), 6.98 (m, 2H, Ar), 5.08 (br s, 2H, Ar).  ESMS: m/z 415.2 [MH]+ 

 

j. benzyl 5-(3,4-difluorophenyl)-2-(trifluoromethyl)-1H-imidazole-4-carboxylate 

1H NMR (300 MHz, D6 DMSO): δ 14.5 (br s, 1H, NH), 7.83(m, 1H, Ar), 7.46-7.60 (m, 

2H, Ar), 7.35 (br s, 5H, Ar), 5.28 (s, 2H),  

 

k. methyl 2-tert-butyl-5-p-tolyl-1H-imidazole-4-carboxylate 

1H NMR (300 MHz, D6 DMSO): δ 12.8 and 11.8 (br s, 1H, taut), 8.02 (d, 2H, J=7.8 Hz), 

7.26 (d, 2H, J=7.8 Hz), 3.83 and 3.75 (s, 3H), 2.36 (s, 3H), 1.44 and 1.39 (s, 9H, taut) 

 

l. phenylglycine phenylacetamide 

In a 250 mL round bottom flask equipped with a magnetic stirrer was added 60 mL 2.0M 

NaOH and 3 g phenyl glycine (19.85 mmol).  This solution was cooled to 0oC on an ice 

bath and then 3.07 g benzoyl chloride (1.1 eq, 21.83 mmol) was added dropwise over the 

course of 20 minutes.  The reaction was allowed to warm to room temperature and was 

allowed to proceed for 2 Hr.  The solution was made slightly acidic (pH 5-6) and was 

extracted 5 times with 75 mL EtOAc, which was dried over magnesium sulfate and 

concentrated to yield 4.76 g (94% yield) of phenylglycine phenylacetamide.   

1H NMR (300 MHz, D6 DMSO): δ 13.0 (br s, 1H, OH), 9.07 (d, 1H, J=7.5 Hz, N-H), 

7.93 (d, 2H, J=6.9 Hz, Ar), 7.29-7.64 (m, 8H), 5.64 (d, 1H, J=7.5 Hz). 
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m. 2,4-diphenyloxazol-5(4H)-one 

In a 50 mL round bottom flask with magnetic stirrer was added 4.5 grams (17.63 mmol) 

phenylglycine phenylacetamide and 15 mL DCM followed by the dropwise addition of 

3.33 mL acetic anhydride.  This reaction was allowed to proceed for 2 Hr upon which 

time it was placed in a separatory funnel that contained 50 mL sodium bicarbonate.  

Oxazolinone was extracted into  DCM (2x75 mL), dried over magnesium sulfate, and 

obtained by the removal of solvent under rotary evaporation to yield 3.4 g 1,4-diphenyl 

oxazolinone as a light yellow solid.  Rf=.70, 15% ETOAc/Hex. 

 

n. benzyl 2,5-diphenyl-1H-imidazole-4-carboxylate (tautomers) 

 

In a 25 mL round bottom flask with 10 mL dry toluene and 1.5 g diphenyl oxazolinone 

(6.32 mmol) was added 1.014 mL benzylcyanoformate (1.1 Eq, 6.95 mmol) followed by 

the dropwise addition of 0.390 mL tributylphosphine (0.25 Eq, 1.581 mmol).  An oil 

bubbler was attached to the reaction vessel to observe CO2 emission from the reaction.  

The reaction was allowed to react for 14 hours and then was concentrated to dryness 

under reduced pressure, dissolved in ETOAc, and washed with sodium bicarbonate, 1 M 

HCl, and brine.  The crude mixture was purified on a Biotage sp1 system equipped with a 

25g silica column and eluted with a gradient of 5-60% EtOAc/Hex over 10 CV to yield 

1.34 g product (80.0 % yield, 5.06 mmol) 
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1H NMR (300 MHz, D6 DMSO): δ (13.1 and 13.3) (br s, 1H, NH), 8.21 (d, 1H, J=6.8 

Hz), 8.07 (d, 1H, J=7.1 Hz), 7.86 (d, 1H, J=3.5 Hz), 7.45-7.55 (m, 5H, Ar), 7.30-7.40 (m, 

6H), (5.34 and 5.24) (s, 2H). ESMS: m/z 355.2 [MH]+ 

 

4E.3. Synthesis of imidazole carboxylic acids 

General Procedure: 

750 mg of imidazole benzyl ester was dissolved in approximately 30 mL MeOH in a parr 

hydrogenation bottle.  Argon was bubble through for 5 minutes and then 100 mg 10% 

pd/C was added.  The bottle was shaken on a Parr hydrogenation apparatus for 2 h upon 

which the reaction was complete as observed by TLC, 30% EtOAc/Hex.  The mixture 

was filtered through celite, 20 mL DCM was added and then was concentrated to yield 

the imidazole carboxylic acid in 94-98% yield.   

 

a. 5-phenyl-2-(trifluoromethyl)-1H-imidazole-4-carboxylic acid 

1H NMR (300 MHz, D6 DMSO): δ 14.2 (br s, 1H), 13.2 (br s, 1H), 7.78 (br s, 2H), 7.45  

(m, 3H).  13C NMR (75 MHz, D6 DMSO):  δ 163.05 (br), 145.90 (br), 139.89 (br), 

130.288 (2 C), 129.18, 128.23 (2C), 122.42 (br), 119.34 (q, 1C, J=269.5 Hz).  

ESMS: m/z 257.2 [MH]+ 

 

b. 5-p-tolyl-2-(trifluoromethyl)-1H-imidazole-4-carboxylic acid 
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1H NMR (300 MHz, D6 DMSO): δ 13.0−15.0 (br s, 2H), 7.65 (br s, 2H), 7.25  (d, 2H, 

J=8.0 Hz). 13C NMR (75 MHz, D6 DMSO):  δ 163.54 (br), 146.32 (br), 139.17, 136.28 

(br), 130.15, 129.31 (2C), 123. 62 (br), 119.36 (q, 1C, J=268.0 Hz). 

ESMS: m/z 271.2 [MH]+ 

 

c. 5-(4-fluorophenyl)-2-(trifluoromethyl)-1H-imidazole-4-carboxylic acid 

1H NMR (300 MHz, D6 DMSO): δ 13.3 (br s, 1H), 7.86 (dd, 2H, J=5.7 Hz, J=8.35), 7.25  

(tt, 2H, J=11.8 Hz, J=2.8 Hz). 13C NMR (75 MHz, D6 DMSO):  δ 163.13 (d, 4-F Ar, 

J=244.5), 162.76 (br, C=O), 142.49 (br), 136.28 (q, J=40.8), 132.44 (d, 2C, 2,6 Ar, J=8.4 

Hz), 128.23 (br), 125.84 (br), 119.32 (q, 1C, J=267.9 Hz), 115.62 (d, 2C, 3,5-Ar, J=21.5 

Hz). 

ESMS: m/z 275.2 [MH]+ 

 

d. 5-(4-fluoro-3-methylphenyl)-2-(trifluoromethyl)-1H-imidazole-4-carboxylic acid 

1H NMR (300 MHz, D6 Acetone): δ 11.0−13.0 (br s, 1H), 7.84 (d, 1H, J=6.2 Hz), 7.79 (s, 

1H), 7.13 (t, 1H, J=9.4 Hz), 2.31 (s, 3H). 13C NMR (75 MHz, D6 DMSO):  δ 161.95 (d, 

4-F Ar, J=244.5), 162.45 (br, C=O), 142.40 (br), 136.28 (q, J=40.8), 133.15 (d, J=5.3 

Hz), 129.42 (d, J=8.4 Hz), 123.50 (br), 124.52 (d, J=17.6 Hz), 118.98 (q, 1C, 

J=267.5Hz), 13.97 (d, J=3.5 Hz). 

ESMS: m/z 289.2 [MH]+ 

 

e. 5-(3-fluoro-4-methylphenyl)-2-(trifluoromethyl)-1H-imidazole-4-carboxylic acid 



  
 

265

1H NMR (300 MHz, D6 Acetone): δ 14.0 (br s, 1H), 7.64 (d, 1H, J=11.0 Hz), 7.57  (s, 

1H),  7.34 (t, 1H, J=7.9 Hz), 2.28 (s, 3H). 13C NMR (75 MHz, D6 DMSO):  δ 162.46, 

160.86 (d, J=240.0 Hz), 143.30 (br), 136.4 (q, 39.0 Hz), 131.90 (d, J=5.3 Hz), 129.50, 

125.89, 125.13, 119.25 (q, J=268.0 Hz), 116.51 (d, J=25.4 Hz), 14.86 (d, J=3.0 Hz) 

ESMS: m/z 289.2 [MH]+ 

 

f. 2-(trifluoromethyl)-5-(3-(trifluoromethyl)phenyl)-1H-imidazole-4-carboxylic acid 

1H NMR (300 MHz, D6 DMSO): δ 13.0−14.0 (br s, 1H), 8.21 (s, 1H), 8.14 (d, 1H, J=7.7 

Hz),  7.77 (d, 1H, J=7.8 Hz), 7.68 (t, 1H, J=7.7 Hz).  13C NMR (75 MHz, D6 DMSO):  δ 

162.40 (C=O), 142.25, 136.82 (q, J=39.9 Hz), 134.07 (Ar), 133.11 (br), 129.86 (Ar), 

129.60 (q, J=31.7, Ar), 126.62 (q, 3.9 Hz, Ar), 125.93 (q, Ar), 125.81 (q, J=272.3 Hz, 

CF3), 120.012 (q, J=269.8 Hz, CF3)   

ESMS: m/z 325.2 [MH]+ 

 

g. 2-(trifluoromethyl)-5-(2-(trifluoromethyl)phenyl)-1H-imidazole-4-carboxylic acid 

1H NMR (300 MHz, D6 DMSO): δ 13.0−14.0 (br s, 1H), 7.85 (d, 1H, J=7.0 Hz), 7.66-

7.77 (m, 2H, J=7.2 Hz),  7.57 (d, 1H, J=7.1 Hz). 13C NMR (75 MHz, D6 DMSO):  δ 

162.40 (C=O), 136.02 (q, J=39.5 Hz), 133.45 (Ar), 132.78 (Ar), 130.44 (Ar), 129.03 (q, 

J=129.7 Hz, Ar), 126.72 (q, J=4.9 Hz, Ar), 124.64 (q, J=273.8 Hz, CF3), 119.31 (q, 

J=269.6 Hz, CF3)  

ESMS: m/z 325.2 [MH]+ 
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h. 2-(trifluoromethyl)-5-(3,4,5-trimethoxyphenyl)-1H-imidazole-4-carboxylic acid 

1H NMR (300 MHz, D6 DMSO): δ 13.0−14.0 (br s, 1H), 7.19 (s, 2H), 3.81 (s, 6H), 3.72 

(s, 3H)7.  13C NMR (75 MHz, D6 DMSO):  δ 163.20 (C=O), 153.14 (2C, Ar), 148.18, 

138.88, 135.66 (q, J=39.5 Hz), 127.0 (br), 119.35 (q, J=267.6 Hz), 115.86, 107.89, 

60.930 (OMe), 56.79 (2C, OMe)133.45 (Ar), 132.78 (Ar), 130.44 (Ar), 129.03 (q, 

J=129.7 Hz, Ar), 126.72 (q, J=4.9 Hz, Ar), 124.64 (q, J=273.8 Hz, CF3), 119.31 (q, 

J=269.6 Hz, CF3)  

ESMS: m/z 347.2 [MH]+ 

 

i. 5-(3-chloro-4-fluorophenyl)-2-(trifluoromethyl)-1H-imidazole-4-carboxylic acid 

ESMS: m/z 309.2 [MH]+ 

1H NMR (300 MHz, D6 Acetone): δ 14.5 (br s, 1H), 13.5 (br s, 1H), 7.95 (m, 1H), 7.71 

(s, 1H), 7.50 (dd, 1H, J=9.0 Hz, J=18.6 Hz).  13C NMR (75 MHz, D6 Acetone):  δ 161.46 

(br), 158.39 (d, J=248.0 Hz), 143.40 (br), 136.76 (q), 131.88, 130.32 (d, J=7.42), 120.13 

(d, J=17.78 Hz), 118.86 (q, J=267.7 Hz), 116.56 (d, 13.73 Hz), 114.6 (br).  

 

j. 2-tert-butyl-5-p-tolyl-1H-imidazole-4-carboxylic acid 

ESMS: m/z 259.2 [MH]+ 

1H NMR (300 MHz, D6 DMSO): δ 12.23 (br s, 1H), 7.71 (br s, 2H), 7.19 (d, 2H (br s, 

2H, J=7.8 Hz), 2.32 (s, 3H), 1.34 (s, 9H). 13C NMR (75 MHz, D6 Acetone):  δ 162.69, 

158.13, 145.26, 137.74, 132.43, 129.93 (2C), 128.98 (2C), 118.72, 33.61, 30.00, 21.73.   
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k. 2,5-diphenyl-1H-imidazole-4-carboxylic acid 

1H NMR (300 MHz, D6 DMSO): δ 13.0−14.0 (br s, 1H), 7.2-8.3 (br m, 10H) 13C NMR 

(75 MHz, D6 DMSO):  δ 162.28, 148.168, 147.368, 134.87, 133.46, 130.34, 130.02, 

129.54, 128.51, 128.13, 127.13, 126.50, 120.55  

ESMS: m/z 265.2 [MH]+ 

 

l. 5-(3,4-difluorophenyl)-2-(trifluoromethyl)-1H-imidazole-4-carboxylic acid 

ESMS: m/z 293.2 [MH]+ 

1H NMR (300 MHz, D6 Acetone): δ 14.5 (br s, 1H), 13.5 (br s, 1H), 7.95 (m, 1H), 7.71 

(s, 1H), 7.50 (dd, 1H, J=9.0 Hz, J=18.6 Hz).  13C NMR (75 MHz, D6 Acetone):  δ 161.62 

(br), 150.42 (dd, J=10.7 Hz, J=244.6 Hz), 149.62 (dd, J=11.8 Hz, J=243.4 Hz), 143.71 

(br), 136.73 (br), 130.64 (br), 127.16 (m), 122.89 (br)119.24 (m), 119.18 (q, J=269.8), 

117.90 (d, J=17.3 Hz).  

 

4E.4. Synthesis of 6-(5-amino-2-methylphenylamino)-3-methylquinazolin-4(3H)-one 

 

a. tert-butyl 4-methyl-3-nitrophenylcarbamate 

A solution of 4-methyl-3-nitroaniline (15.0 g, 99 mmol) was dissolved in 50 mL THF at 

65oC. 25.8 g Boc anhydride was dissolved in 30 mL THF and added dropwise over the 

course of 20 minutes.  The reaction was then refluxed overnight and then cooled to room 

temperature and then concentrated to yield a brown oil. The oil was dissolved in 150 mL 

20% EtOAc/Hex and hexane-EtOAc (4:1) and 50 g of silica gel was added.  The solution 
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was stirred for 15 min on a rotovap and the silica was removed by filtration and washed 

with 300 mL 20% EtOAc/Hex.  The organics were dried over magnesium sulfate and 

then concentrated by vacuum filtration to yield 20.7 g product in 83% yield.  

1H NMR (300 MHz, D6 DMSO): δ 9.75 (br s, 1H), 8.22 (d, 1H, J=2.1 Hz), 7.58 (dd, 1H, 

J=2.1 Hz, J=8.3 Hz), 7.37 (d, 1H, J=8.3 Hz), 2.43 (s, 3H), 1.48 (s, 9H). 13C NMR (75 

MHz, D6 DMSO):  δ 153.50, 148.48, 139.45, 133.79, 126.65, 123.52, 113.81, 80.60, 

28.84, 19.92.   ESMS: m/z 270.0 [M+H20] 

  

b. tert-butyl 3-amino-4-methylphenylcarbamate 

20.7 g tert-butyl 4-methyl-3-nitrophenylcarbamate was dissolved in 200 mL EtOH and 

1.0g of 5% Pd/C was added.  The mixture was hydrogenated on a parr system at 50 PSI 

hydrogen for 15 hours.  Completion of reaction was shown by TLC in 30% EtOAc/Hex, 

then filtered, concentrated, and dried in a vacuum oven to yield the product in 92% yield. 

1H NMR (300 MHz, D6 DMSO): δ 8.93 (br s, 1H), 6.85 (s, 1H), 6.75 (d, 1H, J=8.0 Hz), 

6.5 (d, 1H, J=8.0 Hz), 4.75 (s, 2H), 1.97 (s, 3H), 1.46 (s, 9H). 13C NMR (75 MHz, D6 

DMSO):  δ 153.58, 147.37, 138.777, 130.51, 115.87, 107.53, 105.07, 79.20, 29.05, 17.71.  

ESMS: m/z 223.2 [MH]+ 

 

c. 6-chloro-3-methylquinazolin-4(3H)-one 

2-amino-5-chlorobenzoic acid was placed in a 250 mL beaker containing 125 mL n-

methylformamide.  A condenser was utilized and the reaction was heated overnight at 

180 oC.  The reaction was complete the next morning and allowed to cool to room 
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temperature for 1 hr and then poured into 500 mL of water and extracted three times with 

250 mL of ethyl acetate.  The organic phase was then washed with 1 liter of water and 

concentrated under vacuum to yield 9.2 grams of product with high purity. 1H NMR (300 

MHz, D6 DMSO): δ 8.39 (s, 1H), 8.04 (d, 1H, J=3.6 Hz), 7.82 (dd, 1H, J=2.4 Hz, J=8.7 

Hz), 7.67 (1H, d, J=8.7 Hz), 3.49 (s, 3H). 13C NMR (75 MHz, D6 DMSO):  δ 160.49, 

149.75, 147.65, 135.06, 131.99, 130.26, 125.61, 123.45, 34.53. ESMS: m/z 195.2 [MH]+ 

 

d. tert-butyl 4-methyl-3-(3-methyl-4-oxo-3,4-dihydroquinazolin-6-

ylamino)phenylcarbamate 

To a refluxing solution of toluene in a 150 mL round bottom flask was added 1g (4.50 

mmol, 1.2 eq) 2-methyl-5-t-butylcarbamate aniline, 0.730 g (3.75 mmol, 1 eq) 6-chloro-

3-methyl-4-oxoquinazoline, 0.504g NaOMe (5.25 mmol, 1.4 eq), and 56mg 2-

diphenylbistbutylphosphine (5 mol %, 0.187 mmol), and .103mg Pd2(dba)3 (3 mol%, 

0.112 mmol).  This mixture was refluxed for 8 hours when it was observed there was 

complete amination of quinazolinone starting material.  The reaction mixture was cooled 

to room temperature and poured into 250 mL EtOAc and then washed with sodium 

bicarbonate, water, and then brine.  This light brown solid was then purified through flash 

chromatography on silica (70% EtOAc/Hex) to yield 1.2 g of desired product (83% 

yield).   1H NMR (300 MHz, D6 DMSO): δ 7.91 (s, 1H), 7.64 (d, 1H, J=2.7 Hz), 7.61 (s, 

1H, J=8.8 Hz), 7,34 (dd, 1H, J=2.7 Hz, J=8.8 Hz), 7.29 (s, 1H), 7.16 (d, 1H, J=8.2 Hz), 

7.09 (d, 1H, J=8.2 Hz), 6.47 (s, 1H), 5.70 (s, 1H), 3.59 (s, 3H), 1.64 (s, 3H), 1.51 (s, 9H). 

13C NMR (75 MHz, D6 DMSO):  δ 161.34, 153.57, 145.59, 145.58, 141.04, 139.09, 
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131.84, 129.01, 125.35,123.96, 123.24, 114.31, 112.49, 108.33, 79.70, 34.26, 28.97, 

18.14.  ESMS: m/z 381.2 [MH]+ 

  

e. 6-(5-amino-2-methylphenylamino)-3-methylquinazolin-4(3H)-one 

The boc group was removed by reaction in 10 mL 10% TFA/DCM.  the reaction was 

completed in 1 hr and was then neutralized with 30 mL saturated NaHCO3, extracted into 

EtOAc (3x100 mL), dried over MgSO4 and concentrated to dryness to yield the aniline in 

94% yield. 1H NMR (300 MHz, D6 DMSO): δ 7.91 (s, 1H), 7.71 (d, 1H, J=2.7 Hz), 7.61 

(s, 1H, J=8.8 Hz), 7.37 (dd, 1H, J=2.7 Hz, J=8.8 Hz), 7.31 (s, 1H), 7.03 (d, 1H, J=8.0 

Hz), 6.67 (d, 1H, J=2.3 Hz), 6.40 (dd, 1H, J=2.4 Hz, J=8.0 Hz), 5.80 (br s, 1H), 3.63 (s, 

3H), 2.16 (s, 3H), 1.64 (s, 3H), 1.51 (s, 9H). 13C NMR (75 MHz, D6 DMSO):  δ 160.73, 

146.90, 144.88, 142.13, 138.84, 132.85, 131.08, 130.76, 126.96, 125.08, 122.78, 118.25, 

115.49, 110.06, 34.87, 18.51. ESMS: m/z 281.2 [MH]+ 

 

4E.5. Preparation of imidazole-quinazolinones 

 

General method: 

a. N-(4-methyl-3-(3-methyl-4-oxo-3,4-dihydroquinazolin-6-ylamino)phenyl)-5-

phenyl-2-(trifluoromethyl)-1H-imidazole-4-carboxamide (KIN032) 

In a 20 mL vial equipped with a magnetic stirrer and 3 mL DCM at 0oC was added 75 mg 

imidazole acid (0.293 mmol, 1 eq), 84 mg EDCI (1.5 eq, 0.439 mmol), 86 mg HOAt (1.3 

eq, 0.381 mmol), 210 uL DIPEA (4 eq, 1.171 mmol).  This solution was allowed to react 
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for 1 hour at 0oC and then 82 mg amine (1 Eq, 0.293 mmol) was added.  The reaction was 

allowed to react for 24 hours at which time it was added to 50 mL saturated sodium 

bicarbonate and extracted into 100 mL EtOAc.  The organic layer was washed with water 

(30 mL) and Brine (30 mL), dried over magnesium sulfate and concentrated onto silica.  

Final compound was purified on a biotage sp1 system utilizing a 25g silica column and a 

gradient of 2-8% MeOH/CHCl3 to yield 83 mg product (54.7% yield).  Rf=0.42 in 5% 

MeOH/CHCl3.   

1H NMR (300 MHz, D6 CDCl3): δ 12.05 (br s, 1H), 9.07 (br s, 1H), 7.78 (m, 2H), 7.50 

(m, 4H), 7.28 (m, 2H), 7.18 (m, 5H), 3.36 (s, 3H), 2.19 (s, 3H).  13C NMR (75 MHz, D6 

CDCl3):  δ 162.00, 147.32, 144.63, 144.06, 142.06, 140.23, 137.24, 135.38 (q, J=41.7 

Hz), 131.77, 131.29, 129.68 (2C), 129.59, 128.92, 128.30, 126.67, 124.35, 123.11, 

120.63 (q, J=268.0 Hz), 115.96, 113.12, 109.92. 39.12, 14.44.  LC/MS 96.54%, [M]-

=517.2.  HRMS (ESI) (M+1): 519.1751 calc. for C27H21F3N6O2 (M+1): 519.1678. 

 

b. N-(4-methyl-3-(3-methyl-4-oxo-3,4-dihydroquinazolin-6-ylamino)phenyl)-5-p-

tolyl-2-(trifluoromethyl)-1H-imidazole-4-carboxamide (KIN031) 

1H NMR (300 MHz, 30% MeOD/CDCl3): 7.78 (s, 1H), 7.40-7.48 (m, 3H), 7.37 (d, 1H, 

J=8.8 Hz), 7.35 (d, 1H, J=2.4 Hz), 7.24 (d, 1H, J=2.6 Hz), 7.21 (d, 1H, J=2.8 Hz), 7.04-

7.09 (m, 3H), 3.42 (s, 3H), 2.22 (s, 3H), 2.06 (s, 2H).   13C NMR (75 MHz, 30% 

MeOD/CDCl3):  162.10, 160.71, 145.44, 144.07, 140.99, 140.21, 139.67, 130.06, 136.88, 

135.00 (q, 40.3 Hz), 131.65, 130.74, 129.51, 129.06, 128.16, 127.54, 125.54, 123.88, 

122.87, 118.66 (q, J=269.3 Hz), 116.19, 114.05, 109.10, 34.28, 21.38, 17.57δ LC/MS 
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100.0%, [M]-=531.2 Rt=7.62 min.  HRMS (ESI) (M+1): 533.1907 calc. for 

C28H23F3N6O2 (M+1): 533.1835. 

 

c. 5-(4-fluorophenyl)-N-(4-methyl-3-(3-methyl-4-oxo-3,4-dihydroquinazolin-6-

ylamino)phenyl)-2-(trifluoromethyl)-1H-imidazole-4-carboxamide. (KIN035) 

 1H NMR (300 MHz, D6 Acetone): δ 13.0 (br s, 1H, imid NH), 9.58 (br s, 1H, NH), 8.06 

(s, 1H, Ar), 7.93-7.98 (m, 3H), 7.60 (d, 1H, J=2.5 Hz), 7.45-7.56 (m, 3H), 7.33 (s, 1H), 

7.19-7.26 (m, 3H). 13C NMR (75 MHz, D6 Acetone):  δ 162.62 (d, J=379 Hz), 161.86, 

161.09, 145.06, 144.92, 142.25, 141.14, 138.11, 136.40, 134.33 (q, J=41.1 Hz), 132.35 

(d, 2C, J=12.5 Hz), 131.90 (br), 131.48, 128.84, 126.37, 125.25 (br), 123.86, 123.43, 

119.02, 115.39 (d, 2C, J=2.1 Hz), 115.08, 113.15, 109.39, 30.34, 17.25.  LC/MS 96.44% 

Rt=8.36 min. [M]-=535.2 Rt=6.63 min.  HRMS=536.1657 calc HRMS=536.1584.  51.2% 

yield. 

 

d. 5-(4-fluoro-3-methylphenyl)-N-(4-methyl-3-(3-methyl-4-oxo-3,4-

dihydroquinazolin-6-ylamino)phenyl)-2-(trifluoromethyl)-1H-imidazole-4-

carboxamide (KIN037) 

1H NMR (300 MHz, D6 Acetone): δ 13.0 (br s, 1H, imid NH), 9.58 (br s, 1H, NH), 8.11 

(s, 1H, Ar), 7.95 (s, 1H), 7.77 (s, 1H), 7.51 (m, 1H), 7.60 (d, 1H, J=2.5 Hz), 7.56 (d, 1H, 

J=8.8 Hz), 7.52 (m, 1H), 7.49 (dd, 1H, J=8.8 Hz, J=2.5 Hz), 7.35 (s, 1H), 7.24 (d, J=8.2 

Hz), 7.118 (t, 1H, J=9.3 Hz), 3.53 (s, 3H), 2.59 (d, 3H, J=3.6 Hz), 2.59 (s, 3H). 13C NMR 

(75 MHz, D6 Acetone):  δ 161.121, 160.195 (d, J=242.2 Hz), 145.04, 144.90, 142.22, 
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141.16, 138.08, 136.26, 134.43 (q, J=41.6 Hz), 131.98, 131.49 (d, J=5.3 Hz), 149.485, 

128.79, 128.37(d, J=9.7 Hz), 126.35, 126.20 (d, J=17.2), 125.42 (d, J=3.3 Hz), 123.91, 

123.40, 119.00 (q, J=268.8 Hz), 116.60 (d, J=25.0 Hz), 115.40, 113.01, 109.463, 33.35, 

17.25, 13.92 (d, J=3.45 Hz) LC/MS 96.3%, [M]-=549.3 Rt=8.28 min.  HRMS (ESI) 

(M+1): 551.1813 calc. for C28H22F4N6O2 (M+1): 551.1740. 54.3% yield. 

 

e. 5-(3-fluoro-4-methylphenyl)-N-(4-methyl-3-(3-methyl-4-oxo-3,4-

dihydroquinazolin-6-ylamino)phenyl)-2-(trifluoromethyl)-1H-imidazole-4-

carboxamide (KIN038) 

1H NMR (300 MHz, D6 Acetone): δ 13.1 (br s, 1H, imid NH), 9.61 (br s, 1H, NH), 8.06 

(s, 1H, Ar), 7.93 (d, 1H, J=2.0 Hz), 7.75 (dd, 1H, J=1.6 Hz, J=11.3 Hz), 7.59 (m, 2H), 

7.42-7.56 (m, 2H), 7.22-7.35 (m, 3H), 3.52 (s, 3H), 2.24 (d, 3H, J=10.4 Hz), 2.10 (s, 3H). 

13C NMR (75 MHz, D6 Acetone):  δ 161.87 (d, J=246.4 Hz), 160.11, 160.19, 145.06, 

144.93, 142.15, 141.13, 138.11, 136.50, 134.32 (q, J=41.6 Hz), 133.39 (d, J=5.2 Hz), 

131.95, 131.48, 129.79 (d, J=8.5 Hz), 128.77, 126.30, 124.74, 124.504 (d, J=17.8 Hz), 

123.95, 123.38, 119.24 (q, J=269.0), 115.39, 114.86 (d, J=22.9), 113.10, 109.40, 33.36, 

17.243, 14.04 (d, J=3.7 Hz). LC/MS 96.3%, [M]-=549.3 Rt=8.36 min. HRMS (ESI) 

(M+1): 550.1816 calc. for C28H22F4N6O2 (M+1): 550.1740.  53.6% yield. 
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f. N-(4-methyl-3-(3-methyl-4-oxo-3,4-dihydroquinazolin-6-ylamino)phenyl)-2-

(trifluoromethyl)-5-(3,4,5-trimethoxyphenyl)-1H-imidazole-4-carboxamide 

(KIN039) 

1H NMR (300 MHz, D6 Acetone): δ 13.0 (br s, 1H, imid NH), 9.58 (br s, 1H, NH), 8.07 

(s, 1H, Ar), 8.02 (d, J=1.6 Hz), 7.66 (d, J=2.1 Hz), 7.5-7.6 (m, 2H), 7.44 (dd, 1H, J=1.9 

Hz, J=6.1 Hz), 7.34 (s, 2H), 7.31 (s, 1H), 7.23 (d, 1H, J=6.3 Hz),  3.78 (s, 6H), 3.51 (s, 

3H), 2.26 (s, 3H).  13C NMR (75 MHz, D6 Acetone):  δ 161.14, 160.26, 153.36, 145.12, 

144.71, 142.32, 141.25, 139.50, 138.106, 137.50, 133.91 (q, J=38.9 Hz), 131.46, 128.77, 

125.78, 124.21, 123.76, 123.37, 119.05 (q, J=268.8 Hz), 115.07, 112.49, 109.81, 107.66, 

107.44, 60.09, 55.99 (2C), 33.34, 17.22. HRMS (ESI) (M+1): 609.2068 calc. for 

C30H27F3N6O5 (M+1): 609.1995.  40.8% yield. 

 

g. N-(4-methyl-3-(3-methyl-4-oxo-3,4-dihydroquinazolin-6-ylamino)phenyl)-2-

(trifluoromethyl)-5-(3-(trifluoromethyl)phenyl)-1H-imidazole-4-carboxamide 

(KIN040) 

δ 13.21 (br s, 1H, imid NH), 9.62 (br s, 1H, NH), 8.21-8.25 (m, 2H), 8.06 (s, 1H), 7.90 (s, 

1H), 7.59 (d, 1H, J=2.5 Hz), 7.44-7.54 (m, 3H), 7.32 (s, 1h), 7.23 (d, 1H, J=7.7 Hz), 

3.514 (s, 3H), 2.185 (s, 3H) 13C NMR (75 MHz, D6 Acetone):  δ 161.12, 160.02, 148.88,  

145.05, 144.86, 142.24, 141.16, 137.98, 135.92, 134.44 (q, J=40.5 Hz), 134.40, 134.02, 

132.51, 131.50, 130.10 (q, J=31.9 Hz), 129.70, 128.79, 126.62 (q, j=3.9 Hz), 126.08 (q, 

J=3.75 Hz), 125.50, 124.91 (q, J=228.5 Hz) 123.90, 118.95 (q, J=261.8 Hz), 115.47, 
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113.14, 109.48, 33.35, 17.25.  LC/MS 95.54%, [M]-=585.3 Rt=6.87 min.  HRMS (ESI) 

(M+1): 587.1625 calc. for C28H20F6N6O2 (M+1)= 587.1552.  46.4% yield. 

 

h. N-(4-methyl-3-(3-methyl-4-oxo-3,4-dihydroquinazolin-6-ylamino)phenyl)-2-

(trifluoromethyl)-5-(2-(trifluoromethyl)phenyl)-1H-imidazole-4-carboxamide 

(KIN041) 

δ 13.0 (br s, 1H, imid NH), 9.49 (br s, 1H, NH), 8.10 (dd, 1H, J=2.2 Hz, J=5.2 Hz), 7.82-

7.86 (m, 2H), 7.65-7.75 (m, 3H), 7.49-7.54 (m, 3H), 7.42 (dd, 1H, J=2.7 Hz, J=8.8 Hz), 

7.40 (s, 1H), 7.20 (d, 1H, J=8.8 Hz), 3.52 (s, 3H), 2.29 (s, 3H). 13C NMR (75 MHz, D6 

Acetone):  δ 161.08, 159.36, 148.89, 145.01, 142.15, 141.10, 138.05, 134.44(q, J=40.5 

Hz), 134.41, 133.45, 132.23, 131.45, 130.26, 129.94, 129.55 (q, J=30.0 Hz), 128.76, 

126.50, 126.29 (q, 5.18 Hz), 125.50, 124.02 (q, J=271.3 Hz), 123.76, 122.55, 119.04 (q, 

J=267.2 Hz), 115.40, 113.28, 109.39 LC/MS 98.10%, [M]-=585.3 Rt=6.56 min. HRMS 

(ESI) (M+1): 587.1625 calc. for C28H20F6N6O2 (M+1)= 587.1552.  56.7% yield.  

 

i. 5-(3-chloro-4-fluorophenyl)-N-(4-methyl-3-(3-methyl-4-oxo-3,4-

dihydroquinazolin-6-ylamino)phenyl)-2-(trifluoromethyl)-1H-imidazole-4-

carboxamide (KIN036) 

δ 13.0 (br s, 1H, imid NH), 9.59 (br s, 1H, NH), 8.10 (dd, 1H, J=2.2 Hz, J=5.2 Hz), 7.95 

(s, 1H), 7.8-7.9 (m, 2H), 7.61 (d, 1H, J=2.4 Hz), 7.4-7.58 (m, 3H) 7.37 (t, 1H, J=8.9 Hz), 

7.30 (s, 1H), 7.24 (d, 1H, J=8.3 Hz), 3.51 (s, 3H), 2.26 (s, 3H). 13C NMR (75 MHz, D6 

Acetone):  δ 161.17, 160.02, 158.47 (d, J=248.32), 145.03, 144.85, 142.27, 141.14, 
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137.98, 135.23, 134,76 (q, J=41.3 Hz), 132.32, 132.17, 131.48, 130.79 (d, J=7.65 Hz), 

128.84, 126.71, 126.32, 124.02, 123.35, 120.13 (d, J=17.65 Hz), 118.99 (q, J=267.3 Hz), 

116.62 (d, J=21.3 Hz), 115.37, 112.99 (d, 3.3 Hz), 109.37, 33.35, 17.25. HRMS (ESI) 

(M+1): 571.1267 calc. for C27H19ClF4N6O2 (M+1)= 571.1194.   

 

j. N-(4-methyl-3-(3-methyl-4-oxo-3,4-dihydroquinazolin-6-ylamino)phenyl)-2,5-

diphenyl-1H-imidazole-4-carboxamide (KIN043) 

δ 13.0 (br s, 1H, imid NH), 9.89 (br s, 1H, NH), 8.19 (d, 2H, J=7.2 Hz), 8.13 (s, 1H), 8.02 

(s, 1H), 7.8-7.9 (m, 3H), 7.32-7.54 (m, 10H), 7.21 (d, 1H, J=8.4 Hz), 3.45 (s, 3H), 2.16 

(s, 3H). 13C NMR (75 MHz, D6 acetone):  δ 161.87, 161.34, 149.81, 147.72, 145.67, 

145.55, 141.59, 140.00, 138.58, 136.12, 135.14, 132.05, 131.81, 130.33, 130.23, 129.83, 

129.54, 129.07, 128.69, 126.75, 125.67, 123.83, 123.28, 116.09, 114.255, 108.32, 34.26, 

18.30.  HRMS (ESI) (M+1): 527.2190 calc. for C32H26N6O2 (M+1)=527.2117. 73.6% 

yield.  

 

k. 2-tert-butyl-N-(4-methyl-3-(3-methyl-4-oxo-3,4-dihydroquinazolin-6-

ylamino)phenyl)-5-p-tolyl-1H-imidazole-4-carboxamide (KIN042)  

δ 11.30 (br s, 1H, imid NH), 9.62 (s, 1H, NH), 8.04 (s, 1H), 7.90 (d, 1H, J=1.9 Hz), 7.75 

(d, 2H, J=8.2 Hz), 7.52-7.58 (m, 2H), 7.40-7.47 (m, 2H), 7.32 (s, 1H), 7.17-7.24 (m, 3H), 

3.52 (s, 3H), 2.33 (s, 3H), 2.24 (s, 3H), 1.43 (s, 9H). 161.45, 161.09, 155.03, 145.22, 

144.95, 142.12, 141.05, 138.65, 138.18, 134.80, 131.50, 129.49 (2C), 129.38, 128.83, 

128.68 (2C), 127.46, 125.50, 123.59, 123.49, 115.07, 113.19, 109.14, 33.33, 33.06, 28.60 
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(3C), 20.78, 17.25. HRMS (ESI) (M+1): 521.2660 calc. for C31H32N6O2 (M+1)= 

521.2587.  57.4% yield.  

 

 

4E.6. Preparation of N-(5-amino-2-methylphenyl)tetrahydro-2H-thiopyran, 1,1-

dioxide-4-carboxamide 

 

a. 2,4-Dioxa-9-thiaspiro[5.5]undecane-1,5-dione, 3,3-dimethyl-, 9,9-dioxide (14) 

To a 500 ml rb flask was added 200 mL tert-butanol, .950 g potassium tert butoxide (.05 

eq, 8.46 mmol), 24.40g meldrums acid (1 eq 169 mmol) and 16.99 mL vinyl sulfone (1 

eq, 169 mmol).  The mixture was refluxed for 24 hours after which the reaction was 

cooled to room temperature.  A White precipitate formed that was collected by vacuum 

filtration and washed with hexane to wash out excess t-butanol.  This yielded 25.10g of 

product (56.5%  yield).  NMR was consistent with product.  1H NMR (300 MHz, D6 

DMSO): δ  3.31 (m, 4H), 2.61 (m, 4H), 1.76 (s, 6H), 13C NMR (75 MHz, D6 DMSO):  δ 

168.44, 107.13, 47.64, 45.44, 31.79, 29.21.  ESMS: 280.0 m/z [M+H20]+ 

 

b. 2H-Thiopyran-4-carboxylic acid, tetrahydro-, 1,1-dioxide (15) 

In 500 mL r.b. flask equipped with a magnetic stirrer, 250 mL 20% sulfuric acid by 

weight in water was added to 25 g of spiroester. . This mixture was refluxed overnight for 

16 h. The mixture was then allowed to cool to room temperature followed by 

neutralization by the portion-wise addition of 55 g of Na2CO4 which resulted in a white 
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precipitate.  This precipitate was collected by vacuum filtration and dried in the oven to 

yield 8.4g of product (49.5% yield). 

1H NMR (300 MHz, D6 DMSO): δ 12.45 (br s, 1H), 2.95-3.23 (m, 4H), 2.54-2.69 (m, 

1H), 1.86-2.24 (m, 4H) 13C NMR (75 MHz, D6 DMSO):  δ 175.52, 50.19, 39.62, 27.41.  

ESMS: 196.0 m/z [M+H20]+ 

 

c. tert-butyl 4-methyl-3-(tetrahydro-2H-thiopyran, 1,1-dioxide-4-

carboxamido)phenylcarbamate  

In a 50 mL round bottom flask equipped with a magnetic stirrer and 15 mL dry DCM  

cooled to 0oC in an ice bath,  was added 1.0 g 2H-Thiopyran-4-carboxylic acid, 

tetrahydro-, 1,1-dioxide (5.61 mmol), 1.506 g EDC (1.4 eq, 7.86 mmol), 0.834g HOBt 

(1.1 eq, 6.17 mmol), and 3.91 mL DIPEA (4 eq, 22.45 mmol).  This mixture was allowed 

to react at 0oC for 1 hr and then 1.247g tert-butyl 3-amino-4-methylphenylcarbamate (1 

eq, 5.61 mmol) was added and the reaction was allowed to react for 24 hr. The reaction 

was added to a separatory funnel that contained 50 mL NaHCO3 and was extracted into 

100 mL EtOAc.  The water layer was washed 3 additional times with 50 mL EtOAc, 

dried over MgSO4 and then concentrated.  The crude product was then purified by 

column chromatography on a biotage sp1 system in 70% EtOAc/Hex (rf=0.33) to yield .   

1H NMR (300 MHz, D6 Acetone): δ 9.39 (br s, 1H), 9.25 (br s, 1H), 7.50 (d, 1H, J=1.9 

Hz), 7.12 (dd, 1H, J=1.9 Hz, J=8.2 Hz), 7.06 (d, 1H, J=8.2 Hz), 3.1-3.35 (m, 4H), 2.725 

(m, 1H), 2.07-2.20 (m, 4H), 2.079 (s, 3H), 1.46 (s, 9H). 13C NMR (75 MHz, D6 DMSO):  
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δ 172,59, 153.60, 138.31, 136.84, 130.94, 129.88, 126.83, 116.48, 79.73, 50.33, 29.00, 

28.15, 18.04, 0.971. ESMS: 400.0 m/z [M+H20]+ ESMS: 381.0 m/z [M-H]-
  

 

d. N-(5-amino-2-methylphenyl)tetrahydro-2H-thiopyran, 1,1-dioxide-4-carboxamide 

(17) 

The boc group was removed by reaction in 30 mL 10% TFA/DCM.  the reaction was 

completed in 45 minutes upon which time the reaction was neutralized with 30 mL 

saturated NaHCO3, extracted into EtOAc (3x100 mL), dried over MgSO4 and 

concentrated to dryness to yield the aniline in 82% overall yield.   

1H NMR (300 MHz, D6 DMSO): δ 9.42 (br s, 1H, imid NH), 7.21 (d, J=2.0 Hz), 7.15 (d, 

1H, J=8.1 Hz), 6.80 (dd, 1H, J=2.0 Hz, J=8.1 Hz),  3.1-3.35 (m, 4H), 2.725 (m, 1H), 

2.01-2.27 (m, 4H), 2.14 (s, 3H). 13C NMR (75 MHz, D6 Acetone):  ESMS: 283.2 m/z 

[MH]+ 

 

4E.7. Preparation of imidazole-sulfones 

a. N-(4-methyl-3-(tetrahydro-2H-thiopyran, 1,1-dioxide-4-carboxamido)phenyl)-5-

phenyl-2-(trifluoromethyl)-1H-imidazole-4-carboxamide (KIN044)  

General procedure. In a 20 mL vial equipped with a magnetic stirrer and 3 mL DCM at 

0oC  was added 59.0 mg  imidazole carboxylic acid  (0.230 mmol, 1 eq), 48.5 mg EDCI 

(1.1 eq, 0.204 mmol), 25.0 mg HOBt (1.0 eq, 0.230 mmol), 208 uL DIPEA (5 eq, 0.925 

mmol).  This solution was allowed to react for 1 hour at 0oC and then 1 Eq amine 17 was 

added.  The reaction was allowed to react for 24 hours at which time it was added to 50 
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mL saturated sodium bicarbonate and extracted into 100 mL EtOAc.  The organic layer 

was washed with water (30 mL) and Brine (30 mL), dried over magnesium sulfate and 

concentrated onto silica gel.  Final compound was purified on a biotage sp1 system 

utilizing a 25g silica column and a gradient of 3-6% MeOH/CHCl3 to yield 32 mg 

product (27% yield).  Rf=.52 in 5% MeOH/CHCl3. 

1H NMR (300 MHz, D6 DMSO): δ 14.30 (br s, 1H), 9.59, (s, 1H), 9.47 (s, 1H), 7.21 (d, 

J=2.0 Hz), 7.15 (d, 1H, J=8.1 Hz), 6.80 (dd, 1H, J=2.0 Hz, J=8.1 Hz),  3.1-3.35 (m, 4H), 

2.725 (m, 1H), 2.01-2.27 (m, 4H), 2.14 (s, 3H). HRMS (ESI) (M+1): 521.1465 calc. for 

C24H23F3N4O4S (M+1)= 521.1392.  27% yield.  

 

b. 5-(4-fluorophenyl)-N-(4-methyl-3-(tetrahydro-2H-thiopyran-4-

carboxamido)phenyl)-2-(trifluoromethyl)-1H-imidazole-4-carboxamide (KIN046) 

HRMS (ESI) (M+1): 539.1371 calc. for C24H22F4N4O4S (M+1)= 538.1298. 22% yield.  

 

 

c. N-(4-methyl-3-(tetrahydro-2H-thiopyran-4-carboxamido)phenyl)-5-p-tolyl-2-

(trifluoromethyl)-1H-imidazole-4-carboxamide (KIN045) 

 1H NMR (300 MHz, D6 DMSO): δ 14.20 (br s, 1H), 9.92, (s, 1H), 9.47 (s, 1H), 7.82 (s, 

1H), 7.66 (d, 2H, J=8.0 Hz), 7.48 (d, 1H, J=7.2 Hz), 7.28 (d, 2H, J=8.0 Hz), 7.12 (d, 1H, 

J=8.4 Hz), 3.10-3.26 (m, 4H), 2.75 (m, 1H), 2.50 (s, 3H), 2.0-2.21 (m, 7H).  HRMS (ESI) 

(M+1): 535.1621 calc. for C25H25F3N4O4S (M+1)= 535.1549.  36.6% yield. 
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d. 5-(3-fluoro-4-methylphenyl)-N-(4-methyl-3-(tetrahydro-2H-thiopyran-4-

carboxamido)phenyl)-2-(trifluoromethyl)-1H-imidazole-4-carboxamide (KIN049) 

 1H NMR (300 MHz, D6 DMSO): δ 14.30 (br s, 1H), 9.99, (s, 1H), 9.48 (s, 1H), 7.82 (s, 

1H), 7.65 (d, 1H, J=11.2 Hz), 7.54 (d, 1H, J=8.0 Hz), 7.49 (d, 1H, J=8.9 Hz), 7.38 (t, 1H, 

J=7.9 Hz), 7.14 (d, 1H, J=8.3 Hz), 3.10-3.26 (m, 4H), 2.72 (m, 1H), 2.29 (s, 3H), 2.0-2.25 

(m, 7H).  HRMS (ESI) (M+1): 575.1347 calc. for C25H24F4N4O4SNa (M+1)= 575.1352.  

29% yield.  

 

e. 5-(4-fluoro-3-methylphenyl)-N-(4-methyl-3-(tetrahydro-2H-thiopyran-4-

carboxamido)phenyl)-2-(trifluoromethyl)-1H-imidazole-4-carboxamide (KIN048) 

 1H NMR (300 MHz, D6 Acetone): δ 13.0 (br s, 1H), 9.88, (s, 1H), 9.47 (s, 1H), 8.13 (s, 

1H),  7.74 (m, 3H, J=6.7 Hz), 7.47 (dd, 1H, 2H, J=1.8 Hz, J=8.3 Hz), 7.17 (t, 1H, J=9.6 

Hz), 7.13 (d, J=9.4 Hz), 3.17-3.23 (m, 4H), 2.70 (m, 1H), 2.50 (s, 3H), 2.10-2.24 (m, 7H).  

HRMS (ESI) (M+1): 575.1347 calc. for C25H24F4N4O4SNa (M+1)= 575.1352.  33.8% 

yield.  

 

f. 5-(3-chloro-4-fluorophenyl)-N-(4-methyl-3-(tetrahydro-2H-thiopyran-4-

carboxamido)phenyl)-2-(trifluoromethyl)-1H-imidazole-4-carboxamide (KIN047)  

1H NMR (300 MHz, D6 DMSO): δ 14.4 (br s, 1H), 10.02 (s, 1H), 9.49 (s, 1H), 8.07 (d, 

1H, J=7.1 Hz), 7.81-7.88 (m, 2H), 7.55 (d, 1H, J=9.2 Hz), 7.49 (d, 1H, J=8.9 Hz), 7.14 

(d, 1H, J=8.3 Hz), 3.13-3.26 (m, 4H), 2.74 (m, 1H), 2.03-2.24 (m, 7H).  HRMS (ESI) 

(M+1): 575.0800 calc. for C25H24F4N4O4SNa (M+1)= 595.0806.  26.0% yield.  
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g. N-(4-methyl-3-(tetrahydro-2H-thiopyran-4-carboxamido)phenyl)-2-

(trifluoromethyl)-5-(3-(trifluoromethyl)phenyl)-1H-imidazole-4-carboxamide 

(KIN051) 

1H NMR (300 MHz, D6 DMSO): δ 14.5 (br s, 1H), 10.02 (s, 1H), 9.49 (s, 1H), 8.17 (s, 

1H), 8.15 (d, 1H, J=7.8 Hz), 7.78-7.81 (m, 2H), 7.70 (t, 1H, J=7.6 Hz), 7.50 (d, 1H, J=8.3 

Hz), 7.15 (d, 1H, J=8.4 Hz), 3.13-3.26 (m, 4H), 2.74 (m, 1H), 2.03-2.24 (m, 7H).  HRMS 

(ESI) (M+1): 589.1339 calc. for C25H22F6N4O4S (M+1): 589.1266.  27.3% yield. 

 

h. N-(4-methyl-3-(tetrahydro-2H-thiopyran-4-carboxamido)phenyl)-2-

(trifluoromethyl)-5-(2-(trifluoromethyl)phenyl)-1H-imidazole-4-carboxamide 

(KIN052) 

1H NMR (300 MHz, D6 DMSO): δ 14.4 (br s, 1H), 9.87 (s, 1H), 9.42 (s, 1H), 8.17 (s, 

1H), 7.85 (d, 1H, J=7.8 Hz), 7.70-7.78 (m, 3H), 7.62 (d, 1H, J=7.3 Hz), 7.40 (d, 1H, 

J=7.9 Hz), 7.08 (d, 1H, J=8.3 Hz), 3.15-3.26 (m, 4H), 2.70 (m, 1H), 1.99-2.20 (m, 7H). 

HRMS (ESI) (M+1): 589.1339 calc. for C25H22F6N4O4S (M+1): 589.1266. 30.3% yield.  

 
i. 2-tert-butyl-N-(4-methyl-3-(tetrahydro-2H-thiopyran-4-carboxamido)phenyl)-5-p-

tolyl-1H-imidazole-4-carboxamide (KIN053) 

1H NMR (300 MHz, D6 DMSO): δ 12.24 (br s, 1H), 9.88, (s, 1H), 9.49 (s, 1H), 8.20 (d, 

2H, J=7.2 Hz), 7.85-7.88 (m, 3H), 7.40-7.57 (m, 7H), 7.16 (d, 1H, J=8.4 Hz), 3.10-3.23 
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(m, 4H), 2.72 (m, 1H), 2.10-2.24 (m, 7H).  HRMS (ESI) (M+): 523.2374 calc. for 

C29H28N4O4S = 522.2301.  31.2% yield.  

 
 
j. N-(4-methyl-3-(tetrahydro-2H-thiopyran-4-carboxamido)phenyl)-2,5-diphenyl-

1H-imidazole-4-carboxamide (KIN054) 

 1H NMR (300 MHz, D6 DMSO): δ 13.0 (br s, 1H), 9.53, (s, 1H), 9.50 (s, 1H), 7.77 (s, 

1H), 7.68 (d, 2H, J=7.8 Hz), 7.46 (d, 1H, J=8.1 Hz), 7.25 (d, 2H, J=8.0 Hz), 7.13 (d, 1H, 

J=8.2 Hz), 3.10-3.23 (m, 4H), 2.76 (m, 1H), 2.35 (s, 3H), 2.12-2.34 (m, 7H).  HRMS 

(ESI) (M+): 529.1904 calc. for C29H28N4O4S = 529.1831.  39.1%  yield.  

 
 
4E.8. Preparation of N-(4-(2-morpholinoethoxy)naphthalen-1-yl)-5-phenyl-2-
(trifluoromethyl)-1H-imidazole-4-carboxamide 
 
a. tert-butyl 4-(2-morpholinoethoxy)naphthalen-1-ylcarbamate  

In a 250 mL round bottom flask equipped with a magnetic stirrer was added a mixture of 

4-t-Boc-amino-1-naphthol (3g, 11.57 mmol), chloroethylmorpholine (2.58g, 13.88 

mmol), and potassium carbonate (6.4g, 46.3 mmol) in 50 mL acetonitrile.  The reaction 

was refluxed overnight for 8 h and then cooled to room temperature.  The reaction was 

transferred to a 1L separatory funnel containing 200 mL water and 300 mL EtOAc.  The 

organic layer was separated and washed with additional water (150 mL), brine (2x150), 

dried over MgSO4, and then concentrated to dryness in vacuo to yield a brown residue 

that was purified by flash chromatography on a biotage Sp1 system (Rf=0.3, 10% 

DCM/MeOH) to yield 2.67 g (62% yield, 7.17 mmol) of the desired product.   1H NMR 

(300 MHz, D6 DMSO): δ 8.95 (s, 1H, NH), 8.16 (dd, 1H, J=2.0 Hz, 7.5 Hz), 7.92 (dd, 
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1H, J=2.3 Hz, 7.5 Hz), 7.45-7.60 (m, 2H), 7.42 (d, 1H, J=8.2 Hz), 6.95 (d, 1H, J=8.3 Hz), 

4.26 (t, 2H, J=5.7 Hz), 3.59(m, 4H), 2.85 (t, 2H, J=4.6 Hz), 2.50-2.60 (m, 4H),  1.471(s, 

9H).  13C NMR (75 MHz, D6 DMSO):  δ 155.38, 152.49, 130.66, 127.53, 126.13, 126.04, 

123.81, 122.57, 105.70, 79.37, 67.11 (2C), 57.84, 54.53 (2C), 29.06 (3C).  ESMS: m/z 

373.2 [MH]+ 

  

b. (morpholin-4-yl-ethoxy)-naphthalen-1-ylamine 2HCl (21).  

 2.5 g of (Morpholin-4-yl-ethoxy-naphthalen-1-yl) carbamic acid tert-butyl ester was 

stirred in a .4M solution of HCl in dioxane (150 mL) overnight and concentrated in vacuo 

to yield 1.95 g (84% yield, 5.64 mmol) 24 as an off white solid.  1H NMR (300 MHz, D6 

DMSO): δ 12.0 (br s, 1H), 10.9 (br s, 3H),  8.42 (d, 1H, J=8.1 Hz), 8.05 (d, 1H, J=8.3 

Hz), 7.5-7.8 (m, 3H), 7.07 (d, 1H, J=8.3 Hz), 4.65 (m, 2H), 3.2-4.0 (m, 10H).  13C NMR 

(75 MHz, D6 DMSO):  δ 153.81, 128.45, 128.41, 127.50, 125.95, 123.47, 122.93, 121.95, 

121.87, 105.41, 64.03 (2C), 63.71, 55.52 (2C), 52.33. ESMS: m/z 273.2 [MH]+.  

c. N-(4-(2-morpholinoethoxy)naphthalen-1-yl)-5-phenyl-2-(trifluoromethyl)-1H-

imidazole-4-carboxamide (KIN055)   

HRMS (ESI) (M+1): 511.1952 calc. for C27H25F3N4O3 (M+1)= 511.1879 

 
 
4E.9. Preparation of  5-phenyl-N-(4-(pyridin-4-yloxy)phenyl)-2-(trifluoromethyl)-
1H-imidazole-4-carboxamide 
 

a. 4-(4-nitrophenoxy)pyridine.  

15 g para-nitrophenol and 16.95 bipyridinium chloride were placed in a 250 mL round 
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bottom flask.  this dry mixture was heated at 150oC while being stirred until nitrophenol 

melted.  This solution was then heated an additional 2.5 hours and was allowed to cool 

when pyridine stopped boiling off the solution.  The mixture was added to an ice water 

mixture, acidified with HCl and extracted with diethyl ether.  The aqueous phase was 

then made alkaline with a 1M solution of NaOH and subsequently extracted with ethyl 

acetate.  The organic layer was concentrated under reduced pressure to yield 19 g of a 

brown crude solid which was purified on silica gel with a 70% EtOAc/Hex running 

solution to yield 13.05 g of pure product as a white solid. 1H NMR: CDCl3 8.597 (d, 2H, 

J=1.5 J=4.8), 6.922 (dd, 2H, J=2.2 J=6.6), 6.833 (dd, 2H, J=1.5 J=4.8), 6.747 (dd, 2H, 

J=2.2 J=6.6), 1.95 (brs, 1H). 

 

b. 4-(pyridin-4-yloxy)aniline (17).  

 12.0g (55.5 mmol) of 4-(4-nitrophenoxy)pyridine was dissolved in 50 mL ethanol and 

placed in a hydrogenation bottle with 1.0 g 10% Pd/C.  30 psi hydrogen was introduced 

and the reaction was shaken for 2 hours and was then filtered through celite, dried over 

MgSO4 and dried to yield 9.9 g product (53.16 mmol, 96% yield) as a white solid.  1H 

NMR: CDCl3 8.443 (dd, 2H, J=1.5 J=4.8), 6.922 (dd, 2H, J=2.2 J=6.6), 6.833 (dd, 2H, 

J=1.5 J=4.8), 6.747 (dd, 2H, J=2.2 J=6.6), 1.95 (brs, 1H).  13C NMR: CDCl3 166.212, 

151.504, 146.045, 144.576, 122.393, 116.636, 112.120.  ESMS: m/z 187.2 [MH]+.  

 

c. 5-phenyl-N-(4-(pyridin-4-yloxy)phenyl)-2-(trifluoromethyl)-1H-imidazole-4-

carboxamide (KIN056) 
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In a 20 mL vial equipped with a magnetic stirrer and 4 mL DCM at 0oC  was added 100 

mg  imidazole carboxylic acid  (0.390 mmol, 1 eq), 112 mg EDCI (1.5 eq, 0.586 mmol), 

63.3 mg HOBt (1.0 eq, 0.230 mmol), 340 uL DIPEA (5 eq, 0.925 mmol).  This solution 

was allowed to react for 1 hour at 0oC and then 1 Eq amine was added.  The reaction was 

allowed to react for 24 hours at which time it was added to 50 mL saturated sodium 

bicarbonate and extracted into 100 mL EtOAc.  The organic layer was washed with water 

(30 mL) and Brine (30 mL), dried over magnesium sulfate and concentrated onto silica 

gel.  Final compound was purified on a biotage sp1 system utilizing a 25g silica column 

and a gradient of 3-6% MeOH/CHCl3 to yield 87 mg product (52.5% yield, 0.205 mmol).  

Rf=0.47 in 5% MeOH/CHCl3. 

 1H NMR (300 MHz, D6 DMSO): δ 13.7 (br s, 1H), 9.18, (s, 1H), 8.29 (d, 2H, J=5.3 Hz), 

7.70 (dm, 2H), 7.64 (d, 2H, J=8.7 Hz), 7.28-7.36 (m, 3H), 6.93 (d, 2H, J=8.5 Hz), 6.70 

(d, 2H, J=5.3 Hz).  13C NMR (75 MHz, D6 DMSO):  δ 165.36, 160.539, 151.54 (2C), 

149.92, 137.89, 135.96, 135.38 (q, J=41.7 Hz), 131.09, 130.12 (2C), 129.63, 128.79, 

128.38 (2C), 122.02 (2C), 121.60 (2C), 120.63 (q, J=268.0 Hz), 112.227.  HRMS (ESI) 

(M+1): 425.1220 calc. for C22H15F3N4O2 (M+1)= 425.1147 

 

 

4E.10. Computational Methods 

a. FlexX docking 

Molecular modeling calculations were performed using Sybyl 
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7.2 package (Tripos Ins., St. Louis).1 All docking calculations were performed 

using FlexX as implemented in Sybyl 7.2 Docking calculations were 

carried out using standard default parameters for FlexX program. FlexX program 

generates total 30 docking orientations for each ligand. FlexX scores and the 

orientations were used for the analysis. The best docking orientation from FlexX 

were refined using FlexiDock program. 

 

b. Flexidock 

Docking of the molecules was performed using Flexidock program 

available within Sybyl 7.2 package. Flexidock utilizes both flexible rotatable bonds of the 

ligand and flexible protein explore the biologically active conformation within the active 

site of the protein. Docking studies were performed for 10000 generations, and only the 

energetically favorable conformations are analyzed. Total 20 orientations were generated 

for each ligand and these were analyzed on the basis of the Flexidock score and their 

interaction within the active site. 

 

c. Molecular Overlap 

Three dimensional crystal structures of Gleevec® bound to C-Abl (2HYY), Sorafenib 

bound to B-Raf (1UWH), and BIRB-796 bound to p38α (1KV2) were downloaded from 

Protein Data Bank.  Water molecules were removed from each crystal structure and 

monomers of 1KV2 and 1UWH were aligned with 2HYY using Pymol v1.1 from Delano 

Scientific.  
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4E.11. Biological Evaluation:   

a. General 

All assays utilized assay dilution buffer and Mg/ATP cocktail purchased from Millipore.  

The assay Dilution buffer contained 20mM MOPS, pH 7.2, 25mM β−glycerophosphate, 

5mM EGTA, 1mM Na3VO4, and 1mM dithiothreitol (Millipore Catalog #20-108).  The 

Mg/ATP cocktail contained 75mM MgCl2, and 0.5mM cold ATP in Assay Dilution 

Buffer (Millipore Catalog #20-113).  [gamma-32P) Adenosine-5’-triphosphate (10 

uCi/uL) was purchased from Perkin-Elmer and used at 0.8 uCi/rxn.  Stock 10 mM drug 

solutions were made up in DMSO and from that were diluted in a half-log manner in 

ddH2O.   

 

b. p38α Enzymatic Assay 

7.5 ng recombinant human full length N-terminal GST-tagged p38α (Invitrogen, 

PV3304), E.coli expression)  was preincubated at room temperature for 1 hour with 1 uL 

drug and 4 uL  assay dilution buffer.  The kinase assay was initiated when 5 uL of a 

solution containing 200 ng recombinant human full length, N-terminal His-tagged 

MAPKAP-K2 (sPV3316), 200 uM ATP (.8 uCi hot ATP), and 30 mM MgCl2 in assay 

dilution buffer was added.  The kinase reaction was allowed to continue at room 

temperature for 25 minutes and was then quenched with 5 µL 5X protein denaturing 

buffer (LDS) solution.   Protein was further denatured by heating for 5 min at 70oC.  10 

uL of each reaction was loaded into a 15 well, 4-12% precast NuPage gel (invitrogen) 
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and run at 200V and upon completion, the front which contained excess hot ATP was cut 

from the gel and discarded.  The gel was then dried and developed onto a phosphor 

screen which was scanned on a Storm 820 scanner and quantitated from optical 

densitometry using image quant v5.0.   A negative control which contained no active 

enzyme was used as a negative control and a reaction without inhibitor was used as the 

positive control.  Final compound concentrations were 100 uM, 31.6 uM, 10 uM, 3.16 

uM, 1 uM, 316 nM, 100 nM, 31.6 nM, 10 nM, 3.16 nM, 1 nM, 316 pM, and 100 pM. 

 

c. B-Raf Enzymatic Assay 

The B-Raf biological assay used the same protocol as p38 except it utilized recombinant 

Mouse Full-Length GST-tagged B-Raf V600E (invitrogen, pv3849) and recombinant 

human full length, N-terminal His-tagged MEK1 (invitrogen, pv3093). 
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CONCLUSION 

The purpose of this dissertation was to develop unique scaffolds that are 

appropriate for the production of novel DFG-out allosteric kinase inhibitors of B-Raf and 

p38α.  The ultimate objective of this research is bigger than a dissertation and has always 

been to discover therapeutic agents in the fields of cancer and inflammation.   

 The research described here represents a very early stage in the development of a 

therapeutic agent.  We have been able to successfully create two new chemistries to 

obtain 2,5-disubstituted pyrrolo-3,4-dicarboximides and tri-substituted imidazoles and 

incorporated these scaffolds into the design of nanomolar to subnanomolar inhibitors of 

p38α and B-Raf kinase. By pioneering new chemistry to develop these scaffolds, we 

have been able to secure intellectual property and carve out new patent space.   Further, 

the efficiency of scaffold assembly for both of the scaffolds, which requires only 3-4 

steps, provides good potential for the adaptation to either solid or solution-phase library 

production.   

 Although the inhibitors we designed are very potent in enzymatic kinase assays, 

we have not been able to attain the same level of potency in cell based assays.  This is a 

result of the poor drug-like properties of our molecules.  Most of the inhibitors we have 

discovered have cLogP’s that are over 5, low solubility, and molecular weights between 

500 and 600 g/mol.  The next stage in the development of these molecules must address 

these issues.  The scaffolds themselves offer little flexibility and improvements will have 

to be made by incorporating better drug-like substituents onto these scaffolds or by 



  
 

291

improving the properties of moieties in the molecule that are located away from the core 

scaffold. 

  In the development of a drug, the quest for potency is often a high hurdle to clear 

and we have had success in reaching this stage, but in terms of complete drug discovery, 

it is just a singular piece.  The process of discovering a drug can be related to saving a 

princess from a horrific dragon.  The princess plays the role of a patient, and the dragon, 

which makes the princess’s life miserable, plays the role of a disease.  To save the 

princess, the first thing that needs to be done is to identify what it is that makes the 

princess so miserable.  In this case it is the dragon.  The next step is to find a way to 

alleviate the dragon and save the princess.  The prince (or the drug) hypothesizes that he 

can slay the dragon with his sword by cutting the dragons head off. In drug discovery, 

this is the identification of a target.   

With a plan in mind, the rescue can begin and the first stage requires crossing the 

castle fence outside the castle walls.  There is more than one way to do that.  The prince 

can climb over the fence, dig under the fence, or cut through the fence.  Crossing the 

fence is equivalent to finding a lead molecule.  Lead molecules can be identified in a 

number of ways including the high throughput screening of large libraries, in silico 

screening of virtual libraries, extraction from natural products, structure based design  

methods, etc.  The next stage is for the prince to disguise himself so that he can get into 

the castle, which relates to the optimization of lead molecules.  This entails increasing the 

potency of molecules with regards to the target of interest and lessening the activity of 

the molecules with respect to off target activities.  This is accomplished through the 
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synthesis of a number of compounds and the evaluation of structure activity relationships.  

Once a potent molecule is found, it is then essential to find a formulation of the drug to 

give it better properties so that it has a better probability of showing an effect in vivo.  

Once the prince makes it into the castle, he then must fight his way through a 

veritable army of evil minions and dodge horrific death traps.  At this stage, the drug 

undergoes extensive ADME evaluations.  Finally, if the prince is able to make it through 

all of the obstacles, he must then fight face to face with the dragon.  At this point, the 

prince must slay the beast specifically by cutting the dragons head off without expiring 

himself or the princess in the process.     

The molecules described in this dissertation have just barely scaled the fence 

outside the castle walls. We have identified potent lead molecules.  The next stage is to 

improve the drug-like properties of the molecules so that the next generation of 

molecules have a better chance of making it into the castle and exhibiting positive effects 

in cell based and in vivo models.    
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APPENDIX A. PUBLICATIONS-MANUSCRIPTS, ABSTRACTS 

 
MANUSCRIPTS 
 
Justin D. Dietrich, Vijay Gokhale, Anders Larson, and Laurence H. Hurley.  The design, 
synthesis, and evaluation of 8 DFG-out allosteric kinase inhibitors—A structural analysis 
of the binding interactions of Gleevec®, Nexavar®, and BIRB-796. In Preparation.  
 
 
Justin D. Dietrich, Vijay Gokhale, Gary A. Flynn, and Laurence H. Hurley. The synthesis 
of novel 2,5-disubstituted pyrrolo-3,4-dicarboximides through the use of a tandem [3+2] 
cycloaddition then elimination sequence to develop dual allosteric inhibitors of B-Raf 
and p38α MAP kinase. In Preparation. 
 
 
Justin D. Dietrich, Vijay Gokhale, Xiaodong Wang, Gary A. Flynn, and Laurence H. 
Hurley. Application of a novel [3+2] cycloaddition reaction to prepare substituted 
imidazoles and their use in the design of potent DFG-out allosteric inhibitors of B-Raf 
V600E. In Preparation. 
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ABSTRACTS: 
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APPENDIX B. PERMISSIONS TO USE COPYRIGHTED MATERIAL 
 

Reprinted with permission from: 
 
Kolch, W., Kotwaliwale, A., Vass, K. & Janosch, P. The role of Raf kinases in malignant 

transformation. Expert Rev Mol Med 4, 1-18 (2002).  Copyright © 2002 Cambridge 

University Press. 
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