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Abstract 

This thesis is wide-ranging covering disparate areas of synthetic organic and metal-

organic chemistry, unified by the general use of these projects in medicinal chemistry.  

Two organometallic palladium complexes 2.3 and 2.4, the 2-methyl-4-phenyl-1,3-

thiazole and the 4-phenyl-1,3-thiazol-4-ylamine ligand respectively were synthesized 

and characterized using NMR, mass spectrometry, IR, and X-ray crystallography. These 

catalysts were tested with various substrates to understand the influence of these catalysts 

on substrates with electron-withdrawing groups or electron-donating groups in the Suzuki-

Miyaura cross-coupling reaction. Several aryl halides and different boronic acid pairs were 

studied yielding a conversion rate between 27-97 % when 5 mol % of each palladium 

catalyst was used at 60 oC for 8 hours. The relative rate of electron poor aryl halides was 

faster than electron rich aryl halides with catalyst 2.4 (amine substituted catalyst) showing 

preference for electron-withdrawing group (EWG > EDG). The relative rates of the 

electron rich aryl halides were faster than the electron poor aryl halides when the catalyst 

with the methyl substituted ligand (catalyst 2.3) was used and we get the opposite 

preference for electron-donating group (EDG > EWG). The latter behavior is unique in 

Suzuki-Miyaura coupling reactions, which makes catalyst 2.3 a useful addition to the 

family of Suzuki-Miyaura catalytic systems. 
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Technetium-99m (Tc-99m) is the most widely used radioisotope in medical 

imaging accounting for over 76,000 scans per day. Currently, all Tc-99m used in Canada 

is derived from Mo-99/Tc-99 generators where the Mo-99 is isolated from the fission of U-

235 produced by a limited number of nuclear reactors that rely on highly enriched uranium 

(HEU) as feed stock. There is increasing pressure to move away from uranium sources that 

requires HEU because of its alternate use in weapons. Unfortunately, the alternative sources 

of Mo-99 often result in a low specific activity product, meaning a significantly higher 

mass of molybdate is required to deliver the same activity. As a result, a more efficient 

solid support is required for the generator to deliver the same activity of Tc-99m. This work 

describes the preparation and testing methods of the new solid supports including “hot” 

testing with Mo-99. The design requirements that provide selective binding of molybdate 

over pertechnetate will be discussed. Polymer-based resins were synthesized as an 

alternative solid support for nuclear medicine scans using modified seeded nanoparticles. 

Quaternary methyl ammonium ion based resins were synthesized by grafting or immobili

zation of glycidyltrimethyl ammonium chloride or Girard’s reagent T onto silica gel using

3-(Triethoxysilyl) propylamine and (3-glycidyloxypropyl)trimethoxysilane and as 

coupling agents respectively. The uptake behavior of the two resins were studied towards 

molybdate with a column loading efficiencies of 199 and 195 mg of Mo/g of resin 

respectively. The resins prepared had high loading and selectivity for molybdate and 

releases pertechnetate. 
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There has been a growing interest in aurora kinases (AURK) family of proteins as 

potential targets for cancer therapy. The three mammalian proteins, aurora A, B and C play 

a central role in cellular mitosis, however aurora C is exclusively expressed in testis. The 

function of aurora A is in spindle formation and centrosome maturation, and aurora B is 

required for proper microtubule attachment to kinetochore and plays a central role in 

cytokinesis as a chromosomal passenger protein. Overexpression of aurora proteins is 

common in certain tumors and is thought to induce tumorigenesis, thus inhibition studies 

have begun targeting their homologous ATP-binding pocket. Although, there is growing 

interest in designing small molecule inhibitors, there has been little research around the 

potential of targeting this family of kinases for molecular imaging.  

Radiotracers such as [18F]fluorodeoxyglucose which can be used to monitor 

metabolism and glucose uptake in highly proliferative tissues and are useful in identifying 

cancer but are not tumor-specific. This chapter looks at the synthesis of a common 

intermediate which could be functionalized to create other analogues as well as being 

radiolabeled for F-18 compounds. 
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Chapter 1-Introduction 

1.1 Overall Theme of the Thesis 

Three projects have been completed over the course of this thesis. It covers three 

different but related topics. The first project looks at the design and synthesis of novel 

transition metal ligands and the effect they have on cross-coupling reactions, specifically 

Suzuki-Miyaura cross-coupling. The second looks into the preparation and testing of solid 

support resins that allow high loading and selectivity in 99Mo/99mTc radioisotope 

generators. The final topic looks at the synthesis of a common intermediate which could be 

functionalized to create other analogues as well as being radiolabeled for F-18 compounds 

in the study of aurora kinase inhibitors. 

 

1.1.1 Specific Goals of the Thesis 

Practical uses for metal-organic species cover a vast range of applications, united 

by some design elements common to both industrial and biological uses (and everything in 

between). Specifically, modifying the organic ligand's steric size and electronics in order 

to tune the reactivity at the metal is central to original research in this area. This thesis will 

first explore thiazole-containing organics for synthesis (as ligands in a Suzuki catalyst) 

(Figure 1.1); this coupling reaction is common in industrial polymer, materials, 

pharmaceutical and medicinal chemistry. A second project in this thesis, is exclusively in 

the medical domain and involves designing an inorganic support resin used as a 

radioisotope generator to allow for use of low specific activity Mo/Tc-99m generators as 

seen in Figure 1.2. The third project is also in the medical domain and incorporates thiazole 
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chemistry, this time in the synthesis of aurora kinase inhibitors for cancer research (Figure 

1.3). 

In order to appreciate the choices of targets, it is necessary to review the general 

nature of organometallic compounds and their ligands, specifically their use in medicinal 

chemistry. Some background on the history and current uses of the thiazole ring will also 

be covered, along with a justification for its further study in this thesis. 

 

1.1.1.1 Tuning the Electronics in Suzuki- Miyaura Cross-Coupling Reactions Using 

Thiazole-Based Ligands. 

The goal of this project is to synthesize thiazole-based ligands and see how the 

changes made will affect the Suzuki cross-coupling reaction. Two ligands were 

synthesized, one containing a methyl and the other an amine. The amine (NH2) puts more 

electron density on the thiazole ring and consequently adds electron density to the 

palladium. The reactivity was tuned to see how the changes made affects the selectivity of 

the Suzuki cross-coupling reactions. 

 

Figure 1.1: Synthesized thiazole-based ligands (catalyst)  
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1.1.1.2 The Development of a New High-Capacity Solid Support Resins for Use in 

Mo/Tc-99m Generators 

The principal goal of this project is to develop new high-capacity solid support 

resins for use in Mo/Tc-99m generators. These resins will permit higher loading capacity 

allowing for the use of low specific activity (the activity per quantity of atoms of a 

particular radionuclide) Mo-99 when prepared from non-uranium-based processes. The 

resin prepared had high loading and selectivity for molybdate and releases pertechnetate. 

 

 

Figure 1.2: Some synthesised resins for Mo/Tc-99m generators 

 

 

1.1.1.3 Studies Towards Aurora Kinase Inhibition for PET imaging 

The goal of this project is to develop imaging agents that are selective for aurora 

kinase to develop a synthetic strategy that allows for easy diversification and structure 

activity relationship (SAR) analysis. 

 

Figure 1.3: Proposed imaging agent for aurora kinase 
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Chapter 2- Tuning the Electronics in Suzuki-Miyaura Cross-

Coupling Reactions Using Thiazole-Based Ligands. 

 
2.0 Summary:  

Two organometallic palladium complexes 2.3 and 2.4, bearing either the 2-methyl-

4-phenyl-1,3-thiazole or the 4-phenyl-1,3-thiazol-4-ylamine ligand respectively were 

synthesized and characterized using NMR, mass spectrometry, IR, and X-ray 

crystallography. These catalysts were evaluated for their activity in the Suzuki-Miyaura 

coupling reaction. Specifically, various substituents on the haloaryl substrate, from 

electron-withdrawing to electron-donating, were investigated to see their influence on the 

efficacy of the coupling reaction (in overall yield and relative reaction rate). Several aryl 

halides and different boronic acid pairs were studied yielding a conversion between 27-97 

% (isolated yield) using 5 mol % of each palladium catalyst used at 60 oC after 8 hours. 

The relative rates of electron-rich aryl halides were faster than for electron-poor aryl halides 

(EDG > EWG) for catalyst 2.3 (methyl-substituted thiazole ligand). On the other hand, the 

rates for electron-poor aryl halides were faster (EWG > EDG) for catalyst 2.4 (amine-

substituted thiazole ligand) was used. The former behavior is unique in Suzuki-Miyaura 

coupling reactions (as there is a shift towards the electron-donating group), which makes 

catalyst 2.3 a useful addition to the family of Suzuki-Miyaura catalytic systems.  
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2.1 Introduction 

Coordination compounds are complexes that contain a central metal atom or ions 

surrounded by ions or electron-rich molecules, which are called ligands.  Organometallic 

compounds have a metal(s)-carbon bond between the metal and at least one ligand. 

This chapter of the thesis investigates thiazole-based ligands as an alternative to 

pyridine-based ligands (pyridine is often used as a nitrogen donor). A couple of these 

thiazole-containing ligands were synthesized and attached to palladium. The resulting 

organometallic compounds were found to catalyze Suzuki-Miyaura cross-coupling 

reactions. Two thiazole-based ligands were synthesized, the difference being that one has 

a methyl (2.3) and the other has an amino substituent (2.4). The amino substituent puts 

more electron density on the thiazole ring and consequently adds electron density onto the 

palladium metal. It is envisaged that the changes made on the ligand will affect the 

selectivity of the Suzuki-Miyaura cross-coupling reactions. 



   6 

2.2 Literature Review 

Palladium-catalyzed coupling reactions such as Stille, Kumada, Negishi, 

Buchwald-Hartwig amination and Suzuki-Miyaura are of great importance to synthetic 

chemists. A common characteristic of these catalytic reactions is the formation of an alkyl 

or an aryl palladium(II) intermediate which is functionalized to form a carbon-carbon or 

carbon-heteroatom bond as shown in Scheme 2.1 below. 

 

Scheme 2.1 Palladium(II) catalyzed reactions of aryl/alkyl halides.1 

 

The Suzuki-Miyaura cross-coupling reaction dates to 1979 when Suzuki reported 

the coupling of organohalides with vinylboranes or (arylhalides and arylboronic acids). It 
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is a versatile and powerful transition metal-catalyzed reaction leading to a new carbon-

carbon, i.e. (Caryl-Caryl), (Caryl-Calkyl), or carbon-heteroatom bond as shown in Schemes 2.2 

to 2.4 below.2,3,4,5,6 Suzuki cross-coupling reactions have certain advantages relative to 

other cross-coupling reactions by overcoming problems inherent in the other methods, for 

example, the toxicity of the organotin reagents in the Stille system, or the air-sensitivity of 

the Grignard and Negishi couplings. The boronic acids used in Suzuki systems are stable 

in the presence of base and the reactions can even take place in water as the solvent. This 

makes them more stable to air and water than Grignard or Negishi reagents, and they do 

not use the toxic organotin compounds that are required for the Stille reaction.  

 

 

Scheme 2.2: Aryl-aryl C-C bond activation using aryl halide and aryl ketone. 

 

 

Scheme 2.3: Aryl-alkyl C-C bond formation for chemoselective alkylation of thiols7 
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Scheme 2.4: Carbon-heteroatom bond formation by iron-catalyzed O-arylation 

2.2.1 General Cross-Coupling Mechanism 

 

There are several common mechanistic features of these families of cross-coupling 

reactions which can be broken down into three key steps as shown in Scheme 2.5. Oxidative 

addition of the aryl halide (Ar-X) to the catalyst is the first step followed by transmetalation 

and then reductive elimination to generate the biaryl (R-R1) product and regenerate the 

catalyst. For coordinatively saturated (18-electron) complexes, prior to the oxidation 

addition step the catalyst dissociates one of its ligands. For example, an 18e-, d10 Pd(0) 

would dissociate one of its initial ligands to form a 16e- (still d10 Pd(0)) complex that has 

a vacant coordination space at the metal. 

In the first step, the aryl halide (Ar-X) is added to the metal centre to generate new 

M-Ar and M-X bonds, which necessarily increases the formal oxidation state of the metal 

by +2. Oxidative addition may proceed by many different pathways depending on the 

substrate and the metal involved. (Schemes 2.6 to 2.9). 
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Scheme 2.5: General mechanism of cross-coupling reactions 

 

The concerted pathway oxidative addition occurs when a ligand approaches the 

metal centre side-on resulting in activation (cleavage) of a sigma bond on the incoming 

ligand. The cleaved bond may be polar, as shown in Scheme 2.6, or non-polar as in the case 

of H2 adding to Vaska's compound shown in Scheme 2.7. In this example, Iridium changes 

its oxidation state from +1 to +3 and its electron count increases from 16e to 18e.8 The 

mechanism is a combination of donation of the electrons from the ligand's s-bond to the 

metal in concert with back-donation from the metal to the ligand's antibonding sigma* 

orbital, resulting in a three-centred intermediate and ultimately two new M-R bonds and 

cleavage of the original ligand sigma bond. 
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Scheme 2.6: Concerted addition of non-polar substrate to hydrogen or hydrocarbon 

 

 

Scheme 2.7: Concerted addition of H2 with Vaska’s complex 

 

In the nucleophilic aromatic substitution (SNAr-type) mechanism, the oxidative 

addition occurs through nucleophilic attack by the metal on the less electronegative atom 

in the substrate which leads to the cleavage of the arylhalide bond to form an [M-R]+ 

intermediate which results in the coordination of the anion to the cationic metal center. An 

example is seen in the square planer complex with bromobenzene as shown in Scheme 2.8. 

This mechanism often results in a trans addition of the Ar-X, rather than the cis addition 

seen in the concerted mechanism. 
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Scheme 2.8: SNAr type nucleophilic substitution oxidative addition. 

 

The ionic oxidative addition is like the SNAr type of addition. In this version, the 

substrate must first dissociate into a cation and an anion. The two fragments then add 

stepwise to the metal center. An example is shown in Scheme 2.9. This also results in a 

trans addition (square planar). 

 

 

Scheme 2.9: Ionic-type oxidative addition of hydrochloric acid.9 

 

Non-concerted mechanisms can also proceed by homolytic cleavage of the A-B 

bond, which would follow the same sort of pathway as the SNAr or ionic mechanisms, 

except with radical intermediates instead of ionic ones. 
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Transmetalation occurs when there is a transfer of ligands from one metal to 

another. This often occurs by the transfer of an organic group from a main group (M1-R) 

metal to a transition metal (M2-R1) where R and R1 can be aryl, alkyl, alkynyl, allyl or a 

halogen group as in Scheme 2.10. A typical example is seen in Scheme 2.11. Again, the 

process can involve a concerted transition state or proceed through ionic or radical 

intermediates. 

 

 

Scheme 2.10: The transmetalation process 

 

 

Scheme 2.11: Transmetalation leading to a complex formation.  

 

Reductive elimination is the reverse of oxidative addition. Reductive elimination 

occurs when the oxidation state of the metal decreases as the bond forms between the two 

ligands, resulting in the creation of the desired product. Reductive elimination can be 

mononuclear or binuclear. Examples are seen in d6 and d8 metals as in Pd(IV), Rh(III) and 

Pd(II) and Ni(II). Mononuclear elimination requires that the two organic groups be cis to 

one another. In the binuclear reductive elimination, the d-electron counts of each metal 

M1-R + M2-R1 M1-R1 + M2-R
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increases by one and the oxidation state decreases by one.10 The two kinds of reductive 

elimination are seen in Scheme 2.12. 

 

 

 

 

 

 

 

 

Scheme 2.12: Mononuclear and binuclear reductive elimination reactions. 

 

This kind of monometallic catalytic cycle requires metals with two accessible 

oxidation states that differ by 2, since the oxidative addition oxidizes a metal by 2 and the 

reductive elimination reduces it by two. Fortunately, this requirement is met by many 

transition metals such as palladium(0/II/IV), rhodium(I/III), and nickel(0/II/IV).  
Palladium-catalyzed reactions work particularly well and are often used in the 

Suzuki, Stille, etc. systems. These reactions are generally tolerant of a variety of functional 

groups and occur under mild conditions. The downside is that a transmetalation is required, 

which requires the synthesis of an organometallic reagent such as organoboron or 

organotin. This step may be challenging or costly. Nonetheless, the advantages of these 

catalytic systems often outweigh the inconvenience of the presynthetic step.  
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2.2.2 Suzuki Cross-Coupling Reaction Mechanism 

 The Suzuki cross-coupling reaction is a palladium catalyzed reaction between an 

organo-boronic acid and an aryl halide. It is arguably the most useful method for the 

building of carbon-carbon bonds used in recent times in synthetic organic chemistry 

because of its low toxicity and its insensitivity to functional groups.11 The mechanism of 

the Suzuki cross-coupling reaction is similar to other metal-catalyzed cross-couplings with 

an additional synthetic step of activating the boronic acid with a base to give the  

corresponding borate which aids in the polarization of the carbon boron bond (C-B bond) 

aiding in the transmetalation with palladium as depicted in Scheme 2.13.2,12  

 

 

Scheme 2.13: Mechanism of the Suzuki-Miyaura cross-coupling reaction 
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The base is also necessary as part of the catalytic cycle mechanism. Several 

pathways have been proposed to account for the part played by the base in this reaction, 

but there is some debate as to the exact nature of its role. Two examples are given here to 

illustrate the potential mechanism. The first pathway is exchange of a halogen after the 

oxidative addition step with a nucleophile which can be the strong base used in the reaction 

(OH-). The OH- can displace the halogen which acts as the leaving group from the metal 

which in turn form the intermediate shown in Scheme 2.14.13 The intermediate will then 

react with the boronic acid through transmetalation to form Ar-Pd-Ar1 compound. In the 

other pathway, the base reacts with the boronic acid to form the resulting borate, Ar-

[B](OH)-, which exchanges the aryl group with the halogen group in the palladium(II) 

complex in the transmetalation step. The second pathway is currently considered to be more 

likely because of how fast the ligand exchange occurs in this pathway.14  

 

Scheme 2.14: Proposed pathways for explaining the role of a base in the 

transmetalation step in Suzuki-Miyaura reaction. 
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2.3 Ligand Design  

2.3.1 Effect of the Ligands on the Resulting Properties of the Compound 

 There are a limited number of metals, and the only real change possible with the 

same metal is its oxidation state. On the other hand, there is an infinite variability in the 

ligands. Indeed, the ligands chosen for the organic and medicinal compounds are not 

randomly chosen off the shelf, but rather they have been developed to maximize the desired 

properties of the metal-organic species. Therefore, ligand design is an essential part in the 

study of new organometallic and coordination compounds. It will lead in the discovery of 

new and improved metal-catalyzed reactions used in the synthesis of a broad spectrum of 

molecules. This section of the thesis gives an overview of the important concepts in ligand 

design.  

 

2.3.1.1 Electronic Effects  

The nature of the electronic linkage (bond) between the ligand and the metal 

depends on the relative energies of the orbitals on the ligand and the metal. In coordination 

chemistry, this is most easily visualized as a Lewis acid-base adduct between the empty 

orbitals on the positively charged metal cation (the Lewis acid) and the lone pair on the 

non-metal donor ligand (the Lewis base). Therefore, most coordination compounds contain 

donor atom(s) from groups 15 (N, P), 16 (O, S), or 17 (any of the halogens). Because of 

the energy difference between the metal cation and the electronegative non-metal donor 

atom, the lowest-unoccupied molecular orbital (LUMO) is approximated as being 

“entirely” based on the metal, while the highest-occupied molecular orbital (HOMO) is 

effectively a linear combination of the lone pairs on the ligands. 
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Organometallic bonding, on the other hand, forms bonds that are more closely 

related to shared covalent bonds, even if the two electrons forming the bond initially came 

from the ligand. Therefore, metal-alkyl bonds are polar covalent, akin to, for example, the 

bond between a carbon and a halogen like Cl, Br, or I. Because of the octet rule, metal-

alkyls are strictly a d-bonded system. Donor atoms with multiple lone pairs can donate 

twice to the metal centre, assuming the metal has the correct orientation (of empty orbitals) 

to receive both pairs; these are called p-donor ligands and effectively form, e.g. a M=O 

double bond.15 

     Another way to form an M=C double bond arises in “p-acid” ligands, which themselves 

have a p-system and a lone pair. These ligands can donate electrons from their lone pair or 

p-system and in turn accept electrons from the metal into their empty p* antibonding levels 

(Figure 2.1); examples include carbon monoxide, cyclopentadienyl, alkenes and alkynes, 

and vinyl ligands. The same type of back-and-forth synergistic bonding can also occur 

when the donor atom on the ligand is a heavy element that has access to low-lying d-

orbitals, and also with phosphines that can accept electrons from the metal into low-lying 

d* P-R bonds (e.g., PF3).16 

As a general rule, the more electron donation from the ligand, the more electron-

rich the metal centre is, which makes it more amenable to oxidation.  The opposite is also 

true - the more electron-withdrawing the ligand, the less electron density is on the metal, 

making it susceptible to reduction (and less amenable to oxidation). 
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                          p                                                                        p* 

 

Figure: 2.1: Example of back bonding in an organometallic complex with a ligand 

that donates through its π-system. 

 

 

2.3.1.2 Steric Effects 

In addition to the electronic effects of the ligand on the metal, the physical size of 

the ligand can play a role. Steric properties describe the space a ligand occupies around the 

metal centre. This can affect the stability and reactivity of the metal-ligand complex by 

controlling access of external reactants to the metal center. One common way to change 

the sterics is to modify substituent groups at the ligands. For example, on an aryl group 

bound to a metal, ortho-substitution will have a greater effect on sterics than the same 

substituent at the meta- or para-position. Changing the substituents on an aryl, or indeed 

any group, will increase the overall steric coverage of the metal the closer it is physically 

to the metal centre.17,18  

In bidentate ligands, the angle between the metal and the two donor atoms on the 

ligand is referred to as the bite angle. In general, the most stable complexes are obtained 
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when a five-or six-membered ring can form e.g., when the bridge between two phosphorus 

donor atoms consist of two or three carbon atoms as in dppe and DPEphos. 

Reported DFT calculations show that the steric bulk affects the reaction energies of 

addition reactions which generate six-coordinate complexes by tens of kcal mol−1. The 

ligand steric bulk is calculated to have a reduced effect (a few kcal mol−1) on SN2 addition 

barriers, which only require access to one side of the square plane of the ligand.19, 20  

One way to estimate the steric effects (or “bulk”) of a ligand in a metal complex is 

the Tolman cone angle illustrated in Figure 2.2. It is the angle formed with the metal at the 

vertex and the outermost edge of van der Waals spheres of the ligand atoms at the perimeter 

of the cone (usually the ligand hydrogen atoms) or substituents over all rotational 

orientations. This concept is often applied to phosphines. Phosphine ligands that are 

sterically hindered are used to create empty coordination sites (16e complex) which help 

to fine tune the catalytic activity in complexes. The larger cone angle usually results in 

faster dissociation of the phosphine ligands largely because of steric hindrance.21-23 

 

Figure 2.2: Tolman cone angle for a monodentate ligands  

In combination, the sterics and electronics of the ligand help in controlling all 

aspects of reactivity of the metal centre, including kinetic vs. thermodynamic stabilities and 

the redox reactions at the metal ion. 
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2.3.2 Ligand Design in Catalytic Organometallic Chemistry  

A good ligand should allow a catalyst to have high turn-over frequencies, high turn-

over numbers and more importantly a good yield of a single product. Organometallic 

compounds are a major platform for the design of effective catalysts.24 Examples include 

palladium-catalyzed coupling reactions such as the Suzuki reaction25, Stille reaction26, 

Buchwald’s palladium-catalyzed amination reactions 27, Heck coupling reaction28(Figure 

2.3), trifluoromethylation of aryl halides or triflates using custom-made dialkylbiphenyl 

phosphine ligands, fluorination29,  olefin metathesis, transfer hydrogenation (which can be 

achieved with organic molecule acting as a hydrogen donor) etc.  

 

Figure 2.3: Example of some palladium-catalyzed reactions  

 

Catalysts need not be complex, especially for industrial processes. Stam et. al.,  

reported of the syntheses and structural aspects of rigid arylpalladium(II) and Platinum(II)

 complexes by the x-ray crystal structure of o, o-bis[(dimethylamino)methyl]phenyl 
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platinum/palladium(II) bromide.36 This complex was design in such a way that the halogen 

serves as a leaving group which can be exchanged with another substrate. 30 

One example of potential interest to the medical imaging community is the 

formation of aryl-fluoride bonds using palladium complexes of the form [LPdAr(F)] 

(Figure 2.4) where Ar is an aryl group, L is a biaryl monophosphine ligand, and palladium 

is in +2 oxidation state. These complexes can give Ar-F bonds through reductive 

elimination. On this basis, aryl bromides and triflates have been converted to fluorinated 

arenes using simple fluoride salts (cesium fluoride) which will allow the introduction of 

fluorine atoms into advanced and highly functionalized intermediates (Figure 2.4). 

[(tBuBrettPhos)Pd (Ar)F] where the Ar is 3,5-dimethylphenyl has been used for aryl 

amination reactions to produce aryl fluorides in good yield (where Y is a carbon, 

nucleophile or a heteroatom).31 

 

Figure 2.4: Mechanism of metal-catalyzed aryl fluorination 
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The design features of palladium-catalyzed reactions are based on the fact that 

palladium organometallic compounds potentially have access to three oxidation states that 

vary by 2 electrons each, namely the 0, 2+, and 4+ states. The 2+ oxidation state is the most 

stable, and complexes having this oxidation state are often stable even in ambient 

conditions (stable to oxygen, water, etc.). Palladium can be reduced to zero, which helps in 

breaking the carbon-palladium bond and is often the first step in palladium catalyzed 

chemistry.32 Typical examples of this type of catalyzed reaction include carbon-carbon 

cross-coupling reaction as seen in Suzuki reactions (which is the focus of this chapter)  

Although an organometallic complex must by definition contain at least one carbon-

donor ligand, ligands that donate through atoms other than carbon are also present in most 

organometallic species and in fact are often more important functionally than the carbon-

based ones. Group 15 and 16 elements such as nitrogen, phosphorus, oxygen, and sulphur 

have been used extensively in reactions with transition metals, which have been 

investigated due to their catalytic activities.33,34 The nitrogen donors in oligopyridines, 

especially bipyridine and terpyridine, have received special attention due to their ease of 

syntheses and their predictable behavior in coordination chemistry.35 The bidentate 

bipyridine ligand, commonly known as "bipy" is only one of a series of polydentate 

pyridine ligands, many of which can act as chelates while some act as bridging ligands.36 

They have been used as metal chelating ligands due to their redox stability and ease of 

functionality. They have stable redox properties, and the neutral forms bind readily to many 

metal cations.37,38 This ligand has been described as the most widely used ligand of the last 

two decades; its role in the development and understanding of the thermodynamics and 

kinetics of complexation of metals cannot be overemphasized. An example is seen in the 
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attachment of 2 equivalents of 4-chloro carbonyl-2,2’-bipyridine on a diamine derivative 

of calix-4-arene for anion recognition (Figure 2.6).39,40 

 

Figure 2.5: structure of 2,2-bipyridine 

 

 

Figure 2.6: Structure of 2,2’-bipyridine derivative for anion recognition  

 

 

2.4 Nitrogen Containing Aromatic Ligands Generally Used in 

Coordination and Organometallic Chemistry. 

 Aromatic nitrogen heterocycles represent an important class of ligands in 

coordination chemistry. Monodentate ligands, such as pyridine, and chelating ligands, such 

as the aforementioned 2,2’-bipyridine (bipy) and 2,2':5',2''-terpyridine (terpy) readily form 

stable complexes with most transition metal ions and have been extensively used in both 

analytical and preparative coordination chemistry. Six-membered aromatic nitrogen 
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heterocycles (azines) have relatively low energy p* orbitals that act as good acceptors of 

metal d-orbital electron density in metal-ligand back-bonding. In contrast, the p-excessive 

five-membered aromatic nitrogen heterocycles (azoles) are good p-donors and can also 

exist as anionic ligands by deprotonation of acidic N-H group in the free ligand.  

There are different isomers of bipyridine which include symmetric isomers (2,2’, 

3,3’ and the 4,4’) and asymmetric isomers (e.g., the 2,3’, 2,4’ and 3,4’ isomers).  2,2’-

Bipyridine and its relatives (phenanthroline, etc.), form a 5-membered C-N-M-N-C 

metalloheterocycle with donation from the two nitrogen lone pairs forming bonds with the 

metal centre (Figure 2.7). Other isomers (Figure 2.7 and 2.8) may bridge multiple metal 

centres or deprotonate at the C-H alpha to the bridge position to form an organometallic C-

N-M-C-C metalloheterocycle. Examples where the bipyridine is monodentate or where it 

bridges two metal centres are also known. An additional coordination mode is one in which 

the 2,2’-bipyridine is deprotonated at C3 and the ligand functions as a C-donor or a 

cyclometallating C, N-donor.41  

 

 

Figure 2.7: Symmetric isomers (2,2’, 3,3’ and 4,4’) of bipyridine 

 

 

Figure 2.8: Asymmetric isomers (2,3’, 2,4’ and 3,4’) of bipyridine 
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Some materials using oligopyridyl ligands are themselves functional materials for 

use in devices, such as in light-emitting diodes (LEDs). For example, neutral 

[Eu(dibenzoylmethanide)3] units have been used for chelating to bidentate 1,10-

phenanthroline binding sites that were incorporated within photoluminescent conducting 

polymers which offers remarkable advantages for cascade reactions with tridentate N-

heterocyclic ligands when incorporated into a trivalent lanthanide atom of general formula 

[LnX3] (Figure 2.9).42,43  

 

 

Figure 2.9: Trivalent lanthanide atom of general formula [LnX3]   

 

Linear heterocyclic aromatic compounds having various acceptor and donor spacers 

prepared from carbon-carbon and nitrogen bond cross-coupling have been prepared in 

which the nitrogen coordination sites come from imidazole, phenanthroline or pyridine. 

This bond formation effectively helps to extend heterocyclic aromatic systems. In addition 

to this, sulphur-containing ligands such as thiophene and oligothiophene compounds, 

produced by C-C bond cross-coupling reactions, have been extensively used in molecular 
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electronics because of their excellent electronic and optical properties.26,44–48 The common 

characteristics of these class of ligands is that they have different electron-withdrawing 

units which bears the metal binding group (bipyridine/pyridine, imidazole, pyrazole, 

phenanthroline) and an electron-donating (thiophene, etc.) 

 

 

2.4.1 Using Thiazole in a Ligand System. 

 Another aromatic ring system with a nitrogen Lewis basic lone pair is the thiazole 

ring. It incorporates one sulfur and one nitrogen; it is a five-membered aromatic ring 

(because the S atom itself donates 2 electrons to the 4n+2 aromatic count). There are two 

possible isomers, where the sulfur and nitrogen are in the 1,2- and 1,3-positions. Of these, 

the 1,3-isomer is better known. The three carbon positions (2, 4, and 5) can undergo 

electrophilic aromatic substitution; unlike benzene, however, the 2- and 4-positions can 

undergo nucleophilic substitutions as well.49,50  

 In a detailed study related to the solid-state semiconducting properties of thiazoles, 

Usta et al.26 reported that thiazoles have lower LUMO energies (0.2-0.3 eV) as compared 

to thiophenes, they have a very large dipole moment (1.61 D for thiazole and 0.52 D for 

thiophene), and they have non-bonded intermolecular interactions, between ''N'' and 

position -5 C-H which helps in the planarity of the compound. (Shown in Figure 2.10). 

 

 

Figure 2.10: The intermolecular N...H-C interaction between two thiazole rings 

N

S

.....
N

S

H



   27 

Like pyridine, thiazole is an aromatic ring with a two-electron imine donor, so it 

has the potential to replace pyridine in any of the latter’s ligand systems. The presence of 

the sulfur and the fact that it is a five-membered ring means that it will have different donor 

properties and bond angles. When incorporated into a polydentate ligand, these properties 

will result in a difference in donor strength of the ligand and a larger bite angle. The lone 

pair orbitals on the N of the thiazole ring can overlap with the vacant metal orbitals to 

produce metal-nitrogen s-bonding interaction. The presence of heteroatoms in thiazole 

prevents the electron density to be distributed evenly over the ring and results in weaker 

resonance stabilization.  

 

 

2.4.2 Properties and Use of Thiazole  

 
 The 1,3-thiazole ring (hereafter, the 1,3-isomer will be assumed) possesses a 

pyridine-like N-atom and a thiophene-like S-atom. Thiazole is a five-membered ring 

heterocyclic compound but properties such as basicity, odour, solubility, reactivity, 

isosterism and resistance to electrophilic attack resembles the six-membered heteroatomic 

ring such as pyridine and pyrimidine and thiazole differs from the other five-membered 

ring such as thiophene, pyrrole, furan and selenophene. Some thiazole derivatives are stable 

and resist electrophilic attack unless some tunings of the properties are done on them, 

whereas some derivatives show the reverse.51  

The π-system consists of four 2pz orbitals (one on each carbon and the nitrogen) 

and one 3pz orbital on the sulfur. The sulfur donates two electrons to the π -system, making 

this a π -excessive heteroaromatic system– i.e., there are six π -electrons on only five atomic 
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centres. However, the excess electron density is concentrated mainly on the heteroatoms. 

The π-electron density on positions 4 and 5 would predict higher reactivity with 

electrophiles, but the 2-position seems to be the most reactive in some cases (nucleophilic 

attack) (Figure 2.11).52 

 

Figure 2.11: The numbering system in thiazole 

 

The 2-position is also notable as it gives rise to the most stable metallated species (Figure 

2.12). The 2-metalated thiazoles can be utilized for the (electrophilic) introduction of other 

functionalities, such as through, alkylation, halogenation, carboxylation, cyano and 

carbonylation. 

 

Figure 2.12: Metalated and metal-mediated reactions of thiazole 

 

2.5. Potential Advantages of Thiazole Ligands   

 Thiazoles are more electron-donating than pyridine and have some synthetic 

advantages (greater variety of synthetic routes and milder synthetic conditions) as well as 

having different bond angles compared to pyridine (Figure 2.11). In bithiazole, the internal 
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ring angles make the coplanar syn conformation of the dimer more stable than that of 

bipyridine.53 The thiazole ring contains a potential second donor atom (the sulfur) in 

addition to the aromatic imine donor common to both thiazole and pyridine, although the 

sulfur is a much weaker donor than the nitrogen. The combination of these factors 

(electronic and geometric) will result in a difference in donor strength of the ligand and a 

different bite angle (Figure 2.13). The bite angle would suggest that a larger metal centre 

would be required to span the chelating nitrogens and/or the M-N bond lengths would have 

to increase to maintain the same N-M-N angle.  

 
Figure 2.13: Bond angle of bithiazole compared to bipyridine. 

 

For cases where a smaller physical size is required, thiazole may be a better choice 

than benzene, pyridine, or thiophene for drug design. This means thiazole has an advantage 

when incorporating a metal or an enzyme in the binding process as compared to the 

compounds such as benzene, pyridine or thiophene when they are used as ligands because 

of its smaller size. The donor ability and the lone pair (there are nominally 3 lone pairs, and 

as a practical matter, two are potentially available for binding to a metal - one on S and one 

on N) on the thiazole helps in contributing to binding to a metal.  

Electronically, thiazoles are planar and aromatic, and they are characterized by 

having a larger p-electron delocalization when compared to pyridine, oxazole, or 
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imidazole. The π -electron density on positions 4 and 5 would predict higher reactivity with 

electrophiles, but the 2-position seems to be the most reactive in some cases (nucleophilic 

attack).52,77 

This section will present the potential catalytic advantages of thiazole-containing 

scaffold ligands for metal catalysis. Below are examples of how thiazoles have been used 

in the literature in organometallic complexes, both as functional materials of interest in 

their own right or in catalytic systems. 

The versatility of thiazoles is evident in how they can be modified by the 

introduction of a variety of substituents such as amines, carboxylic acids, phosphines etc. 

at position 2. Some mono- and dinuclear Pd(II) complexes with 2-amino-substituted 

thiazole ligands (shown in Figure 2.14, “N-N” could be phenanthroline or bipy) are 

promising antitumor candidates, studied for cellular uptake of palladium.  

Figure 2.14: Metal complexes possessing different substituted thiazole ligands. 

 

         The bithiazole moiety, the thiazole equivalent of bipy can also be used to bind to 

metal cations. Two derivatives of bithiazole, 2,2’-bithiazole and 4,4’-bithiazole shown in 

Figure 2.15 share with bipy the same chelating geometry, i.e., interacting with the metal 

through their two nitrogen atoms to form a stable 5-membered metalloheterocycles. The 
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difference in the N-M-N bite angle between bithiazoles and bipyridine may cause the 

former to have greater selectivity for specific metals e.g., large, or heavy metals such as 

lead or mercury. In cases where the bite angle is not an issue for making metal complexes, 

bipyridine and bithiazole ligands may be geometrically interchangeable (the electronics 

will still be different due to the presence of the electron-rich sulfur). Bithiazoles have 

chelating abilities, and they form stable complexes with several metal ions, which form 

chromophores (absorb in the visible region) and can be used in photocatalysis.54   

 
 
Figure 2.15: 2,2’-bithiazole and 4,4’-bithiazole isomers of bithiazole. 

  

A final illustrative example of a useful family of complexes with thiazole ligands is 

a set of iridium phosphine thiazole complexes. A family of ligands with different-sized 

rings attached to position four or five of the thiazole ring have been used for the asymmetric 

hydrogenation of aryl alkenes and aryl alkene esters. It has been demonstrated that the ring 

size influences the stereochemical outcome of the desired product. When the iridium 

complex bearing a six membered ring is attached to the 4-5 position of the thiazole, the best 

results is achieved compared to when they are bonded to five or seven membered rings 

(Figure 2.16).55  
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Figure 2.16: Thiazole protected phosphine iridium complex.  

 

2.6 Results and Discussion 

2.6.1 Synthesis of Thiazole Ligands  

One method to synthesize the thiazole ring is through the Hantzsch condensation, 

wherein a 1-halo-2-ketone is reacted with a thioamide. 2-Bromoacetophenone was chosen 

as the haloketone because it is commercially available and inexpensive, and its lower 

volatility compared to 2-chloroacetophenone reduces the notorious lachrymatory effect of 

the 2-halo-ketone unit (2-chloroacetophenone was a commercially available anti-riot and 

chemical warfare tear gas agent only replaced because the material had long-term storage 

issues that reduced its effectiveness). 56–58 The 2-bromoacetophenone was reacted with 

thioacetamide or thiourea to form the title ligands 2-methyl-4-phenyl-1,3-thiazole (2.1) 

with an 84 % yield and 4-phenyl-1,3-thiazol-4-ylamine (2.2) with a 82 % yield as shown 

in Scheme 2.15 and 2.16 respectively. The range of possible R-groups that can be 

synthesized and tested, however this was not an exhaustive list; other R-groups tried in this 

thesis are discussed in section 2.9. They are not discussed further here because they did not 

act as ligands for palladium(II), which is the goal of this section. The difference between 
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2.1 and 2.2 is the R-group at the 2-position on the ring, namely methyl (weakly donating) 

and amino (strongly donating) respectively. The scope of flexibility of the R-group on the 

bromoketone has not been fully explored but other groups have been used, including 

pyridine. 

 

Scheme 2.15: Synthesis of 2-methyl-4-phenyl-1,3-thiazole 

 

Scheme 2.16: Synthesis of 4-phenyl-1,3-thiazol-2-ylamine 

 

2.6.2 Synthesis of Palladium Complex 

To prepare the palladium complexes and to confirm our hypothesis that thiazole 

ligands can be used as an important anchor for the metalation in heterocyclic aromatic rings, 

compound 2.1 or 2.2 was treated with stoichiometric amount of palladium acetate in 

methanol to yield the thiazole palladacycles 2.3 in 80 % yield and 2.4 in 96.4 % yield as 
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shown below (Schemes 2.17 and 2.18). The pyridine ligand did not form isolable 

organometallic products with palladium(II).  

 

Scheme 2.17: Synthesis of the palladium(II) complex 2.3, the dimer structure was 

determined by X-ray crystallography. 

 

 

Scheme 2.18: Synthesis of palladium complex, 2.4 

 

2.6.3 Crystal Structure of Compound [(MePhTz)Pd(CH3COO)]2 2.3 

Single crystals of compound 2.3 were obtained by slow evaporation of a mixture of 

hexane and dichloromethane. 
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Figure 2.17: Solid state crystal structure of palladium(II) dimer complex of ligand 

2.3. Colour Scheme: (Sulfur atoms are yellow, oxygens are red, nitrogens are 

periwinkle or royal blue, palladium(II) are teal, and carbons are grey. Hydrogen 

atoms have been omitted for clarity. Figure b shows the Pd-Pd bond distances. 

 

The palladium atoms in compound 2.3 are coordinated in a square-based pyramidal 

orientation. Ligand 2.1 is bidentate attaching through the thiazole nitrogen and the ortho 

carbon (which has lost its H). The compound crystallizes as a dimer, held together by two 

acetate anions each bridging the two Pd(II) centres in a κ2O,O’ fashion. Because the acetate 

ions are bridging, the atoms of the palladium are in close proximity which results in a short 

Pd-Pd intermolecular distance of 2.866 Å, a roughly average distance compared to 

comparable Pd(II) dimers with this bridging acetate moiety, which range from 2.82259 to 

3.044 Å60 This distance is considerably longer than double the ionic radii of two Pd(II) 

ions61 (1.280 Å for four-coordinate, 1.720 Å for six-coordinate), but considerably shorter 

than the sum of the Van der Waals radii of two Pd atoms (3.260 Å).62  

a b 
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Previously studied examples of these acetate-supported dimers have ligands 

containing aromatic rings, usually with two or more rings that are (at least roughly) co-

planar. This sets up the perfect situation for p-stacking between these ligand rings. 

Interestingly, for the two extreme cases given above, i.e., the shortest and longest Pd(II)-

Pd(II) distances, are not p-stacked. More representative examples with ligands closer to our 

phenylthiazole are shown in the Table 2.1, along with some comparative metrical data and 

some bond distances as seen in Figure 2.18. 

 

Figure 2.18: Measurement of Pd-Pd (A), Pd-N (B), Pd-C (C) bond distances 

reported in Table 2.1 

 

 

 

 

 

 

 

 

A B
B C 
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Table 2.1: Comparative data of ligands with respect to phenythiazole. 

 A B C D 

Ligand 
  

Pd(II)
-
Pd(II) 

Pd(II)
-N 

Pd(II)
-C 

ligand 
anglea 

Ref. Notes 

 

2.866 2.038, 
2.040 

1.962, 
1.965 

15.55 this 
work 

 

 

--- 2.030, 
2.014, 
2.049, 
2.066 

1.892, 
1.881 

--- 11 monomer 
(unbridged 
acetate) 

 

2.858 2.030, 
2.045 

1.965, 
1.969 

5.2 63  

 

2.857 2.023 
(both) 

1.941, 
1.951 

14.36 64  

 

2.852 2.017, 
2.022 

1.967, 
1.969 

2.46 64  

 

 

2.866, 
2.896, 
2.870 

1.993 
to 
2.009 

1.958 
to 
1.976 

1.18, 
9.08, 
9.96 

65 CF3CO2-, 
3 
molecules 
in 
assymetric 
unit 

 

2.842, 
2.882 

1.999, 
2.001 

1.999, 
2.001 

4.20, 
9.07 

66 C/N 
disorder in 
bound 
ligands  

 

2.837, 
2.842 

1.977, 
1.990, 
1.991, 
2.001 

1.981, 
1.982, 
1.995, 
2.004 

7.45, 
11.64 

67 2 
molecules 
in 
asymmetri
c unit 
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 A B C D 

Ligand 
  

Pd(II)
-
Pd(II) 

Pd(II)
-N 

Pd(II)
-C 

ligand 
anglea 

Ref. Notes 

 

2.847 2.070, 
2.078 

1.960, 
1.948 

10.59 68  

aa measure of the coplanarity of the rings, 0° is coplanar; this was measured using the 
Mercury software, taking the average plane of each ring, and calculating the angle between 
the planes. 
 
 
 
 

2.6.4 Catalytic Coupling Using Suzuki-Miyaura Coupling Reaction.  
 

To probe the catalytic prowess or activity of the synthesized catalyst, several 

boronic acid-aryl halide pairs were reacted under Suzuki-Miyaura cross-coupling 

conditions. Selected combinations of the five boronic acids shown in Figure 2.19 were 

coupled with a variety of aryl halides. The results are summarized in Table 2.2. Products 

2.5 to 2.19 were synthesized via the coupling of aryl boronic acids such as 2.24-2.28 (Figure 

2.19) with aryl halides in the presence of a palladium catalyst 2.4; the results are shown in 

Table 2.4. Cesium carbonate, Cs2CO3 was used as the base.2,3,12,14,69,70 
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Figure 2.19: List of Boronic acid used in this study as indicated in Table 2.2. 

 
 
 
 
 
Table 2.2: Suzuki-Miyaura coupling reaction of different aryl halides and boronic 

acids using palladium catalyst 2.4. 

Entry Aryl halide Aryl-
B(OH)2 

Expected Product Yield 
(%) 

2.5 

 

2.24 

 

84 

2.6 

 

2.24 

 

70 
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Entry Aryl halide Aryl-
B(OH)2 

Expected Product Yield 
(%) 

2.7 

 

2.24 

 

No 
reacti
on 

2.8 

 

2.25 

 

75 

2.9 

 

2.25 

 

73 

2.10 

 

2.26 

 

88 

2.11 

 

2.26 

 

94 

2.12 

 

2.26 

 

98 
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Entry Aryl halide Aryl-
B(OH)2 

Expected Product Yield 
(%) 

2.13 

 

2.26 

 

No 
reacti
on 

2.14 

 

2.27 

 

94 

2.15 

 

2.27 

 

86 

2.16 

 

2.27 

 

27 

2.17 

 

2.27 

 

98 

2.18 

 

2.27 

 

76 

2.19 

 

2.27 

 

No 
reacti
on 
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Entry Aryl halide Aryl-
B(OH)2 

Expected Product Yield 
(%) 

2.20 

 

2.28 

 

97 

2.21 

 

2.28 

 

70 

2.22 

 

2.28 

 

70 

2.23 

 

2.28 

 

No 
reacti
on 

 
Reaction condition: Arylboronic acid 0.5 mmol, Aryl halide 0.5 mmol, Cs2CO3 1 mmol, palladium catalyst 

(2.4) 5 mol% in 1:1 mixture of DMF and water at 60 0C for 8 hrs. ** Reaction with chlorides and fluorides 

did not yield any results. List of boronic acid as used are in Figure 2.35.  

 

 

2.7 Rate Studies 

 Suzuki catalyst systems tend to work faster for electron-poor aryl systems. The goal 

of this rate study is to determine if the change in the R-group on the phenylthiazole ligand 

(2.3 or 2.4 each containing a different thiazole ligand were prepared by reaction of the 

ligand with palladium acetate) will affect this relative rate. Therefore, competition reactions 

were performed on aryl halides with either an EDG or an EWG.  
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For the purpose of this investigation, 4-bromoaniline (2.9) is serving as the electron 

rich aryl halide and 4-bromobenzonitrile (2.19) is acting as the electron poor. Each of these 

was reacted with (4-benzyloxybenzeneboronic acid (2.27). The relative coupling rates were 

determined by comparison to the coupling rate of the unsubstituted 4-bromobenzene (2.17).  

Compound 2.27, 4-benzyloxybenzeneboronic acid was chosen because of its 

distinctive and well separated methylene peak in the NMR of the resulting products which 

allows for identification and quantification of the coupled products. 

The reactions were set up with equimolar amounts of the aryl bromide (one of which 

was always 2.17) and a limited amount of boronic acid 2.27. Therefore, the two bromides 

had to compete for the limited boronic acid, leading to a preference in product distribution 

based on the speed with which each bromide reacted. The relative rates were determined 

by looking at the product distribution (P2.18 and P2.9, Scheme 2.19 and P2.18 and P2.19, 

Scheme 2.20). The relative rates were determined from the relative integration of these two 

(2) methylene peaks in the proton NMR. The results are given in Table 2.3 (for catalyst 

2.3) and Table 2.4 (for catalyst 2.4), which give the relative ratio of the coupled product 

with electron-donating or withdrawing groups compared to the standard (bromobenzene). 

The observed NMR data show that typical selectivity was observed for catalyst 2.4 

i.e., the substrate where the EWG reacts faster than the substrate with the EDG attachment 

(EWG>EDG). Conversely, the relative rate for the electron-rich aryl halide was faster when 

catalyst 2.3 was used, i.e., there was a shift in selectivity favouring the aryl halide with the 

electron-donating group which is unusual which makes catalyst 2.3 a suitable catalyst for 

increasing the amount of electron rich product with electron-donating groups. 
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 It was also observed that electron-withdrawing groups in this kind of cross-coupling 

reaction occurs faster than the corresponding compounds with electron-donating group as 

can be seen in Table 2.3 when catalyst 2.4 was used. The difference between the two 

catalysts 2.3 and 2.4 is the electron-donating strength of a single substituent on the catalyst 

ligand. Catalyst 2.4 has the more electron-donating strength (NH2) (which consequently 

adds more electron density on the palladium. This result is unsurprising if the rate-

determining step is the initial oxidative addition of the aryl halide (assuming the steric 

footprint of the two groups are similar, which should be the case here).  The more electron-

donating the ligand, the more electron-rich the metal, and the more easily oxidation can 

take place at the metal.  

 Complementary to this is catalyst 2.3, which has a weaker electron-donating group 

on its ligand (CH3) and subsequently has lower electron density on the metal. In this case, 

it appears the reaction occurs more slowly overall (both the EWG and the EDG-containing 

substrates are slower than bromobenzene), but the preference flips to the EDG-bearing 

substituent, which is 1.2 times faster than the substrate containing the electron-withdrawing 

group. This result seems to support the fact that the oxidative addition is rate-determining 

when using the electron-rich catalyst 2.4.  In the case of the less electron-rich catalyst 2.3, 

the oxidative addition is slower as seen by the apparent decrease in the overall rate.  Further, 

the switch may in fact cause another step in the catalytic cycle to dominate the kinetics, 

leading to the change in preference on the substrate from EWG to EDG. 
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Scheme 2.19: Method for determining the effect of catalyst on electron-donating 

effect in the Suzuki-Miyaura cross-coupling reaction. 

 

Scheme 2.20: Method for determining the effect of catalyst on electron-withdrawing 

effect in the Suzuki-Miyaura cross-coupling reaction. 
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Table 2.3 Methylene NMR integral ratio of EDG vs EWG and protons of 

bromobenzene (standard) using catalyst 2.3. 

Catalyst 2.3 Integration ratio  

EDG (NH2): Standard 0.4:1 

EWG (CN): Standard 0.33:1 

 
 

 

Table 2.4 Methylene NMR integral ratio of EDG vs EWG and protons of 

bromobenzene (standard) using catalyst 2.4. 

 

 

The reactivity of the two catalysts 2.3 and 2.4 show that palladium catalysts using 

these thiazole systems are tunable to prefer either an EDG or an EWG-substituted substrate. 

From the data presented in Tables 2.3 and 2.4 (a comparison of EWG or EDG with the 

standard)(bromobenzene)), if the bromobenzene reaction is assumed to be roughly constant 

for all reaction mixtures, catalyst 2.4 is the faster catalyst overall. If there is only one 

potential coupling site in the substrate, be it EDG or EWG, catalyst 2.4 would be preferred 

(6.42 faster in creating electron-withdrawing and 2.25 in electron-donating products). 

Catalyst 2.4 Integration Ratio 

EDG (NH2): Standard 0.9: 1 

EWG (CN): Standard 2.12: 1 
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Suzuki cross-coupling-reaction of haloaromatic containing electron-withdrawing 

groups (EWG) occurs at faster rates compared to their corresponding reactions of 

haloaromatics with electron-donating groups. By having a methyl group as a substituent of 

the catalyst, the normal reactivity, where EWG occurring faster than electron-donating 

group (EDG) was flipped to get preference for electron-donating group as seen in Scheme 

2.21.  

 

Scheme 2.21: Results of the rate studies on electron-withdrawing and or donating 

group. 
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2.7.1 NMR Analysis of the rate studies 

Figure 2.20 is the 1H NMR of the mixture of 4-(biphenylyloxy)phenylmethane 

(2.17) and 4’-(benzyloxy)-4-biphenylylamine (2.14) with its chemical shift and 

integrations. The peak at 5.11 ppm is 4-(biphenylyloxy)phenylmethane whereas the peak 

at 5.07 ppm  is 4’-(benzyloxy)-4-biphenylylamine. This was confirmed by synthesizing 

each of these two compounds individually. Figures 2.21 and 2.22 shows the individual 

synthesized compounds which shows the chemical shift and its integrations, an indication 

of the two products formed. The relative rates were found by looking at the product 

distribution of the two products formed (2.14 and 2.17) by looking at the NMR of the 

reaction mixture. The relative amounts were found by looking at the relative integration of 

the two methylene peaks in the 1H NMR. 
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Figure 2.20: 1H NMR of the mixture of 4-(biphenylyloxy)phenylmethane and 4’-

(benzyloxy)-4-biphenylylamine with chemical shift and integration. 

 

 

4-
4’-(Benzyloxy)-4-biphenylylamine 
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Figure 2.21: 1H NMR of 4-(biphenylyloxy)phenylmethane with chemical shift and 

integration. 

 

4-
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Figure 2.22: 1H NMR of 4’-(benzyloxy)-4-biphenylylamine with chemical shift and 

integration. 

 
 
 
2.8 Analysis  

 When considering the catalyst in this Suzuki-Miyaura cross-coupling reaction, there 

are three potential differences between catalysts 2.3 (containing a methyl substituent) and 

2.4 (amino substituent). The first is the steric17,18 difference between the two groups; this 

difference is likely to be negligible due to the free rotation about the C-R bond (the cone 

angles will be very similar).  

 The second is the potential for the amino group in 2.4 to act as a ligand or to otherwise 

directly participate in the catalytic cycle through coordination chemistry. There is no 

4’-(Benzyloxy)-4-biphenylylamine 
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definitive evidence in this system to make a decision about any amino-bound intermediates, 

but we do note that there are many examples of amino-substituted bithiazole ligands where 

the thiazole nitrogen binds to the metal cation, but the amino nitrogen does not.71 

 That leaves the third consideration, which is the electronic effect on the metal16. This 

is the most likely consideration, given that the reaction rate seems to be higher for all 

substrates when there is an electron-donating group on the ligand. 

From the Suzuki-Miyaura cross-coupling reactions performed, it was observed that 

reactions involving bromoaromatics with electron-donating groups occur slower than 

reactions with electron-withdrawing groups as seen in Scheme 2.22.72 The rate determining 

step in this kind of reaction involving the oxidative addition step occurs in a fashion which 

can be compared to nucleophilic aromatic substitution where the reaction happens through 

a negatively charged intermediate.73 When there is an electron-withdrawing group on the 

aromatic halide ring in the coupling reaction, the reaction happens faster since the 

intermediate negatively charged carbanion is stabilized by the electron-withdrawing group.  

 The oxidative addition first step is enhanced by electron-withdrawing groups in the 

ortho- and para- positions due to stabilization of the intermediate. When the electron-

withdrawing group is ortho- or para- to the leaving group the reaction occurs faster due 

to resonance than when the electron-withdrawing group is placed at the meta- position as 

seen in Scheme 2.23. The anion in the ortho- or-para-intermediate is delocalized to the 

more electronegative atom attached to the electron-withdrawing substituent, whereas in 

the meta-intermediate, does not withdraw electrons in the p-system (no resonance 

advantage) but rather in the s bond (inductive effect) as seen in Scheme 2.24. 
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Scheme 2.22: Electronic effects in the Suzuki-Miyaura cross-coupling 

 
 

 
 
Scheme 2.23 Mechanism of oxidative addition of palladium to the aryl halides in 

Suzuki-Miyaura cross-coupling reaction.74 
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Scheme 2.24: Mechanism of para and ortho with palladium attack in nucleophilic 

aromatic substitution. 

 

One potential application of the developed catalyst in this chapter could be in a 

system where both electron deficient and electron rich aryl bromides are present. The 

developed catalysts will be a simple way of favouring one coupled product or the other. To 

get preference for the electron rich bromide, catalyst 2.3 would be selected vs. catalyst 2.4 

to get coupling at the electron deficient bromide, as illustrated in Figure 2.23.  
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Figure 2.23: Potential application of catalyst 2.3 and 2.4. 

 

 

2.9 Other Ligands Attempted. 

In order to further investigate the range of thiazole ligands which will allow for 

tuning of the catalytic properties, the following ligands were prepared using the Hantzsch 

thiazole synthesis. The synthesis of these ligands was successful, but after reaction with 

Pd(II) a pure single-component palladium(II) product could not be obtained. Three 

candidates that were synthesized were 2-(2-thienyl)-4-methylthiazole, 2-methyl-4-(3-

pyridyl)thiazole, and 2-amino-4-(3-pyridyl)thiazole, shown in Schemes 2.25 to 2.27, 

respectively.  
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Scheme 2.25: Synthesis of 4-Methyl-2-(2-thienyl)-1,3-thiazole 

 

 

Scheme 2.26: Synthesis of 2-Methyl-4-(3-pyridyl)-1,3-thiazole 

 

 

 

Scheme 2.27: Synthesis of 4-(3-Pyridyl)-1,3-thiazol-2-ylamine 
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2.10 Experimental  

2.10.1 General Synthetic and Instrumental Details 

Unless otherwise indicated, all reactions were conducted under an inert atmosphere 

of dry nitrogen. Nuclear magnetic resonance spectra were obtained using a Brucker Avance 

NEO 500 MHz NMR spectrometer at the Lakehead University Instrument Laboratory 

using Topspin software. All spectra were recorded at room temperature and chemical shifts 

were internally referenced to tetramethylsilane (TMS) and are reported in parts per million 

(ppm). NMR spectral data is reported in the following order: chemical shift (ppm), 

multiplicity, coupling constant (Hz) and number of protons. The solvent signals were used 

as references and the chemical shifts converted to the TMS scale (CDCl3: dC =77.00 ppm 

and dH = 7.26 ppm; d6-DMSO: dC =39.53 and dH = 2.50; d4-MeOH: dC =49.03 ppm and 

dH = 3.31 ppm). The splitting patterns were designated using the following 

abbreviations: s (singlet), d (doublet), t (triplet), q (quartet), quint. (quintuplet), m 

(multiplet), br (broad). Mass spectra were obtained on an Advion-Expression Compact 

Mass Spectrometer. Infrared spectra were collected on a Nicolet 380 FT-IR with a 

resolution of 1 cm-1. Glassware used for all reactions was oven dried, evacuated, and purged 

with N2 (g) several times and allowed to cool to room temperature. 2,4-

dimethoxyphenylboronic acid, 3,4-dimethoxyphenylboronic acid, phenylboronic acid, 4-

benzyloxybenzeneboronic acid, 4- isopropoxyphenylboronic acid and arylhalides such as 

4-iodophenol (2.5), 5-bromosalicylaldehyde (2.6), 2,6-dichloroacetophenone (2.7), 5-

bromo-2-furoic acid (2.8), 2,5-dibromothiophene (2.9), 4-bromobenzaldehyde (2.10), 4-

bromobenzonitrile (2.11), 4-bromo-2-fluorophenol (2.12), 1-fluoro-2,4-dinitrobenzene 

(2.13), 4 bromoaniline (2.14), bromobenzaldehyde (2.15), 1,4 dibromobenzene (2.16),  
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 bromobenzene (2.17), 4-bromobenzonitrile (2.18), 1-chloro-2,4-ditrobenzene (2.19), 4-

bromoanisole (2.20), 5-bromo-2-furoic acid (2.21), 2-bromothiophene (2.22), 3-chloro-4-

fluoroaniline (2.23) were obtained commercially from Sigma Aldrich, ChemImpex or 

Fisher Scientific and used as received. Thin layer chromatography (TLC) was performed 

using Silicycle UltraPure silica gel 200 µm. Hexane and ethyl acetate were used as mobile 

phases in flash chromatography unless otherwise stated.  

 

2.10.2 Ligands Preparation 

Preparation of 2-methyl-4-phenyl-1,3-thiazole (2.1) 

2-Bromoacetophenone (3.0 g, 15.0 mmol) was weighed into 75 mL of dry 

ethanol in a 500 mL round bottom flask equipped with a stir bar and a 

reflux condenser. Thioacetamide (1.14g, 15.0 mmol) was added. The resulting 

mixture was refluxed under nitrogen gas for 3 hours and was allowed to cool. 

After the 3-hour period, the solution was poured into 100 mL of distilled water 

and was neutralized to a pH of 9 using saturated sodium carbonate. The organic product 

was extracted with ether and dried with MgSO4. The solvent was removed via rotary 

evaporation. The residue was purified by chromatography on silica gel (4:1 hexane: ethyl 

acetate) to afford a light-yellow solid (2.22 g, 83.77 % yield).; mp 64-67 oC; IR (neat) 3106, 

1684, 1495; 1H NMR (500 MHz, CDCl3) d 7.87 (d, J = 7.1 Hz, 2H), 7.41 (dd, J = 7.4 Hz, 

2H), 7.32 (d, J= 7.4 Hz 1H), 7.29 (s, 1H), 2.77 (s, 3H); 13C NMR (125 MHz, CDCl3) d 

165.8, 155.17, 134.56, 128.70, 127.96, 126.32, 112.23, 19.33. Mass spec. calc. for 

C10H9NS: 175.05; found: 175.9 (100 %, M+H). 
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Preparation of 4-phenyl-1,3-thiazol-2-ylamine (2.2) 

2-bromoacetophenone (1.0 g, 5.02 mmol) was weighed into 75 mL of dry 

ethanol in a 500 mL round bottom flask equipped with a stir bar and a reflux 

condenser. Thiourea (0.38 g, 5.02 mmol) was added. The resulting mixture 

was refluxed under nitrogen gas for 3 hours and was allowed to cool. After 

the 3-hour period, the solution was poured into 100 mL of distilled water 

and was neutralized to a pH of 9 using saturated sodium carbonate. The organic product 

was extracted with ether and dried with MgSO4. The solvent was removed via rotary 

evaporation. The residue was purified by chromatography on silica gel (4:1 hexane: ethyl 

acetate) to afford a light-yellow solid (0.72 g, 82.3 %).; mp 146-149 oC; IR (neat) 

3433,1597, 1532, 1442; 1H NMR (500 MHz, CDCl3) d 7.78 (d, J = 7.85 Hz, 2H), 7.38 (d, 

J=7.85 Hz, 1H), 7.29 (dd, J = 7.35 Hz, 2H), 6.73 (s, 1H), 5.03 (s, 2H); 13C NMR (125 MHz, 

CDCl3) d 167.07, 151.38, 134.66, 128.59, 127.96, 126.00, 102.93. Mass spec. calc. for 

C9H9N2S: 176.04; found: 178.3 (100 %, M+H). 
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2.10.3 Synthesis of Palladium(II) Complex (2.3) 

To 2-methyl-4-phenyl-1,3-thiazole (2.1) (0.26 g, 1.47 

mmol, 1.4 equiv) in MeOH (32 mL) in a 200 mL round bottom flask open to air at 23 0C 

andequipped with a magnetic stir bar was added palladium acetate (Pd(OAc)2) (0.23g, 1.4

7 mmol, 1 equiv.) and stirred at room temperature for 23 hours. The reaction mixture was 

then filtered, and the precipitate was washed with diethyl ether (20 mL), collected and 

dried. The product was obtained as a brown solid (0.795 g, 79.5 % yield).; mp 156-158 oC; 

1H NMR (500 MHz, CDCl3) d 7.31-7.94 (m, 10H), 2.72 (s, 6H), 1.91 (s, 6H); Lack of 

solubility prevented definitive NMR characterization and assignment. Uncoordinated 

ligand peaks are similar to the coordinated peaks. IR (neat) 3089, 1706, 1612, 1491; Mass

 spec. calc. for C24H22N2O4Pd2S2: 677.91; found: 680.9 (100 %, M+H). 

 

2.10.4 Synthesis of Palladium(II) Complex (2.4) 

To 4-phenyl-1,3-thiazol-2-ylamine (2.2) (0.26 g, 1.5 

mmol, 1.4 equiv.) in MeOH (32 mL) in a 200 mL round 

bottom flask open to air at 23 0C and equipped with a 

magnetic stir bar was added palladium acetate, 

(Pd(OAc)2) (0.24 g, 1.5 mmol, 1 equiv.) and stirred at 
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room temperature for 23 hours. The reaction mixture was then filtered, and the precipitate 

was washed with diethyl ether (20 mL), collected and dried. The product was obtained as 

a brown solid (0.795 g, 96.4 % yield).; mp 204-207 oC; IR (neat) 3426, 1700, 1653, 1559, 

1442;  1H NMR (500 MHz, CDCl3) d 7.79 (d, J = 7.35 Hz, 2H), 7.40 (d, J = 7.14, 2H), 7.39 

(dd, J = 12.95, 7.14 Hz, 2H), 7.25 (dd, J = 10.95, 6.55 Hz, 2H), 7.06 (s, 2H), 7.01 (s, 4H), 

1.84 (s, 6H); 13C NMR (125 MHz, CDCl3) d 172.88, 168.64, 150.32, 146.12, 135.39, 

128.92, 128.91, 127.63, 125.99, 101.94, 22.15. Mass spec. calc. for C22H20N4O4Pd2S2: 

678.91; found: 680.2 (100 %, M-H). 

 

 

2.10.5 Crystal Structure of Compound [(MePhTz)Pd(CH3COO)]2 (2.3) 

Single crystals of compound 2.3 were obtained by slow evaporation of a mixture of 

hexane and dichloromethane and submitted for X-ray diffraction analysis. An appropriate 

crystal was selected and mounted on a MiTeGen tip using parabar oil on a Bruker D8 

Venture diffractometer. The crystals were kept at 200.0 K during data collection. Using 

Olex2,75 the structure was solved with the XT structure solution program76 using intrinsic 

phasing and refined with the XL refinement package77 using least squares minimization.   
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2.10.6 Suzuki-Miyaura Coupling.  

2’,4’-Dimethoxy-4-biphenylol (2.5) 

4-Iodophenol (0.11 g, 0.5 mmol), 2,4-dimethoxyphenylboronic acid (91 

mg, 0.5 mmol), cesium carbonate, Cs2CO3 (0.33 g, 1 mmol) and 

palladium(II) complex, 2.4 (20 mg, 5 mol %) were added to a round 

bottom flask equipped with a magnetic stir bar. The reaction was stirred 

at 60 oC for 8 hours in DMF and water (1:1) (6 mL). After this period, 

the solution was cooled to room temperature, and diluted with 

dichloromethane (30 mL). 15 mL of water was added to the mixture, and 

the product extracted into dichloromethane. The organic layer was dried over MgSO4 and 

concentrated under vacuum. The residue was purified by chromatography on silica gel (4:1 

hexane: ethyl acetate) to afford a light-yellow solid (80 mg, 84.2 % yield).; mp 52-54 oC; 

IR (neat) 3744, 3588, 1601, 1266, 1209; 1H NMR (500 MHz, CDCl3) d 9.86 (s, 1H), 7.36 

(d, J = 8.65 Hz, 1H), 7.21 (d, J = 16.25 Hz, 2H), 6.92 (d, J = 7.4 Hz, 1H), 6.83 (d, J = 9.5 

Hz, 2H), 6.52 (d, J = 8.20 Hz, 1H), 3.84 (s, 3H), 3.79 (s, 3H); 13C NMR (125 MHz, CDCl3) 

d 160.83, 159.94, 157.35, 130.42, 129.98, 129.67, 123.21, 115.3, 106.25, 98.97, 55.32, 

55.27. Mass spec. calc. for C14H14O3: 230.09; found: 231.0 (100 %, M+H). 
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4-Hydroxy-2’,4’-dimethoxy-3-biphenylcarbaldehyde (2.6)  

5-Bromosalicylaldehyde (100 mg, 0.5 mmol), 2,4-

dimethoxyphenylboronic acid (91 mg, 0.5 mmol), cesium carbonate, 

Cs2CO3 (0.33 g, 1 mmol) and palladium(II) complex, 2.4 (20 mg, 5 mol 

%) were added to a round bottom flask equipped with a magnetic stir 

bar. The reaction was stirred at 60 oC for 8 hours in DMF and 

water (1:1) (6 mL). After this period, the solution was cooled to room 

temperature, and diluted with dichloromethane (30 mL). 15 mL of water was added to the 

mixture, and the product eluted with dichloromethane. The organic layer was dried over 

MgSO4 and concentrated under vacuum. The residue was purified by chromatography on 

silica gel (4:1 hexane: ethyl acetate) to afford a bright yellow solid (90 mg, 70 % yield).; 

mp 59-61 oC;  IR (neat) 1654, 1609, 1277, 1236; 1H NMR (500 MHz, CDCl3) d 11.01 (s, 

1H), 9.99 (s, 1H), 7.73 (dd, J =8.45, 2.1 Hz, 1H), 7.72 (d, J = 1.95 Hz, 1H), 7.21 (d, J = 

8.75 Hz, 1H), 7.13 (d, J = 8.4 Hz, 1H), 7.10 (d, J = 2.45 Hz, 1H), 6.68 (dd, J = 8.45, 1.8 

Hz, 1H), 3.84 (s, 3H), 3.75 (s, 3H); 13C NMR (125 MHz, CDCl3) d 196.47, 163.40, 161.04, 

160.06, 135.21, 131.95, 131.57, 131.34, 120.78, 118.48, 104.14, 100.10, 98.92, 55.67, 

55.34. Mass spec. calc. for C15H14O4: 258.089; found: 258.6 (100 %, M+H). 
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5-(3,4-Dimethoxyphenyl)-2-furoic acid (2.8) 

5-Bromo-2-furoic acid (95 mg, 0.5 mmol), 3,4-dimethoxyphenylboronic 

acid (90 mg, 0.5 mmol), cesium carbonate, Cs2CO3 (0.33 g, 1 mmol) and 

palladium(II) complex, 2.4 (20 mg, 5 mol %) were added to a round 

bottom flask equipped with a magnetic stir bar. The reaction was stirred 

at 60 oC for 8 hours in DMF and water (1:1) (6 mL). After this period, 

the solution was cooled to room temperature, and diluted with 

dichloromethane (30 mL). 15 mL of water was added to the mixture, and the product eluted 

with dichloromethane. The organic layer was dried over MgSO4 and concentrated under 

vacuum. The residue was purified by chromatography on silica gel (1:1 hexane: ethyl 

acetate) to afford a dark yellow solid (90 mg, 75 % yield).; mp 307-309 oC;  IR (neat) 3393, 

2925, 1725, 1607, 1249, 1182; 1H NMR (500 MHz, CDCl3) d 8.19 (s, 1H), 7.78 (dd, J = 

7.4, 1.3 Hz, 1H), 7.39 (d, J = 10 Hz, 1H), 7.11 (d, J = 2.15 Hz, 1H), 7.09 (d, J = 8.8 Hz, 

1H), 6.90 (d, J = 7.95 Hz, 1H), 3.92 (s, 3H), 3.89 (s, 3H); 13C NMR (125 MHz, CDCl3) d 

171.13, 149.26, 149.14, 148.46, 134.37, 122.7, 120.94, 119.22, 111.61, 111.42, 110.51, 

55.85, 55.76. Mass spec. calc. for C13H12O5: 248.068; found: 247.40 (100 %, M-H). 
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2,5-Bis(3,4-dimethoxyphenyl)thiophene (2.9) 

2,5-Dibromothiophene (121 mg, 0.5 mmol), 3,4-

dimethoxyphenylboronic acid 182 mg, 1.0 mmol), cesium 

carbonate, Cs2CO3 (0.66 g, 1 mmol) and palladium(II) complex, 2.4 

(40 mg, 5 mol %) were added to a round bottom flask equipped with 

a magnetic stir bar. The reaction was stirred at 60 oC for 8 hours in 

DMF and water (1:1) (12 mL). After this period, the solution was 

cooled to room temperature, and diluted with dichloromethane (30 

mL). 30 mL of water was added to the mixture, and the product 

eluted with dichloromethane. The organic layer was dried over MgSO4 and concentrated 

under vacuum. The residue was purified by chromatography on silica gel (4:1 hexane: ethyl 

acetate) to afford a bright yellow solid (130 mg, 73 % yield). ; mp 68-70 oC; IR (neat) 1601, 

1254, 1176; 1H NMR (500 MHz, CDCl3) d 7.18 (d, J = 10.37 Hz, 2H), 7.11 (d, J = 2.07 

Hz, 2H), 7.09 (d, J = 10.34 2H), 6.93 (d, J = 8.27 Hz, 2H), 3.95 (s, 6H), 3.92 (s, 6H); 13C 

NMR (125 MHz, CDCl3) d 149.17, 148.73, 142.86, 134.24, 127.57, 123.10, 111.46, 

110.38, 56.03. Mass spec. calc. for C20H20O4S: 356.108; found: 357.1 (100 %, M+H). 
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4-Biphenylcarbaldehyde (2.10) 

 4-Bromobenzaldehyde (93 mg, 0.5 mmol), phenylboronic acid (61 mg, 0.5 

mmol), cesium carbonate, Cs2CO3 (0.33 g, 1 mmol) and palladium(II) 

complex, 2.4 (20 mg, 5 mol %) were added to a round bottom flask equipped 

with a magnetic stir bar. The reaction was stirred at 60 oC for 8 hours in DMF 

and water (1:1) (6 mL). After this period, the solution was cooled to room 

temperature, and diluted with dichloromethane (30 mL). 15 mL of water was 

added to the mixture, and the product eluted into dichloromethane. The organic layer was 

dried over MgSO4 and concentrated under vacuum. The residue was purified by 

chromatography on silica gel (4:1 hexane: ethyl acetate) to afford a brown solid (80 mg, 88 

% yield).; mp 102-104 oC;  IR (neat) 1654, 1599; 1H NMR (500 MHz, CDCl3) d 10.04 (s, 

1H), 7.94 (d, J = 8.4 Hz, 2H), 7.73 (d, J = 8.25 Hz, 2H), 7.62 (d, J = 7.05 Hz, 2H), 7.47 (t, 

J = 14.85 Hz, 2H), 7.41 (d, J = 7.4 Hz, 1H); 13C NMR (125 MHz, CDCl3) d 191.96, 139.68, 

135.15, 132.43, 130.30, 129.02, 128.48, 127.67, 127.36. Mass spec. calc. for C13H10O: 

182.073; found: 183.0 (100 %, M+H). 
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4-Biphenylcarbonitrile (2.11)  

4-Bromobenzoznitrile (91 mg, 0.5 mmol), 4-phenylboronic acid (61 mg, 0.5 

mmol), cesium carbonate, Cs2CO3 (0.33 g, 1 mmol) and palladium(II) complex, 

2.4 (20 mg, 5 mol %) were added to a round bottom flask equipped with a 

magnetic stir bar. The reaction was stirred at 60 oC for 8 hours in DMF and water 

(1:1) (6 mL). After this period, the solution was cooled to room temperature, and 

diluted with dichloromethane (30 mL). 15 mL of water was added to the mixture, 

and the product extracted into dichloromethane. The organic layer was dried 

over MgSO4 and concentrated under vacuum. The residue was purified by chromatography 

on silica gel (4:1 hexane: ethyl acetate) to afford a light-yellow colour (85 mg, 94.4 % 

yield).; mp 86-88 oC;  IR (neat) 3076, 2227, 1606; 1H NMR (500 MHz, CDCl3) d 7.73 (d, 

J = 8.5 Hz, 2H), 7.68 (d, J = 8.5 Hz, 2H), 7.59 (d, J = 7.20 Hz, 2H), 7.49 (td, J = 7.15, 7.75 

Hz, 2H), 7.43 (dd, J = 7.25, 7.35 Hz, 1H); 13C NMR (125 MHz, CDCl3) d 145.66, 139.15, 

132.58, 129.09, 128.64, 127.71, 127.21, 118.93, 110.88. Mass spec. calc. for C13H9N: 

179.074; found: 180.0 (100 %, M+H).  

 

2-Fluoro-4-biphenylol (2.12) 

4-Bromo-2-fluorophenol (96 mg, 0.5 mmol), 4-phenylboronic acid (61 mg, 

0.5 mmol), cesium carbonate, Cs2CO3 (0.33 g, 1 mmol) and palladium(II) 

complex, 2.4 (20 mg, 5 mol %) were added to a round bottom flask equipped 

with a magnetic stir bar. The reaction was stirred at 60 oC for 8 hours in 

DMF and water (1:1) (6 mL). After this period, the solution was cooled to 

room temperature, and diluted with dichloromethane (30 mL). 15 mL of 
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water was added to the mixture, and the product eluted with dichloromethane. The organic 

layer was dried over MgSO4 and concentrated under vacuum. The residue was purified by 

chromatography on silica gel (4:1 hexane: ethyl acetate) to afford a beige solid (92 mg, 98 

% yield).; mp 98-100 oC;  IR (neat) 3649, 1600, 1373, 1117; 1H NMR (500 MHz, DMSO) 

d 9.89 (s, 1H), 7.61 (d, J = 7.2 Hz, 1H), 7.47 (dd, J = 10.6, 2.2 Hz, 2H), 7.41 (dd, J = 7.95, 

2.2 Hz, 1H), 7.33 (d, J = 1.85 Hz, 1H), 7.25 (dd, J = 6.45, 1.9 Hz, 1H), 6.98 (d, J = 9.1 Hz, 

1H); 13C NMR (125 MHz, CDCl3) d 152.69, 150.8, 144.40, 139.45, 129.33, 127.33, 126.5

8, 122.56, 118.51, 114.12. Mass spec. calc. for C12H9FO: 188.064; found: 188.0 (100 %, 

M-H). 

 

4’-(Benzyloxy)-4-biphenylylamine (2.14) 

4-Bromoaniline (86 mg, 0.5 mmol), 4-Benzyloxybenzeneboronic acid 

(114 mg, 0.5 mmol), cesium carbonate, Cs2CO3 (0.33 g, 1 mmol) and 

palladium(II) complex, 2.4 (20 mg, 5 mol %) were added to a round 

bottom flask equipped with a magnetic stir bar. The reaction was stirred 

at 60 oC for 8 hours in DMF and water (1:1) (6 mL). After this period, 

the solution was cooled to room temperature, and diluted with 

dichloromethane (30 mL). 15 mL of water was added to the mixture, and 

the product eluted into dichloromethane. The organic layer was dried 

over MgSO4 and concentrated under vacuum. The residue was purified by chromatography 

on silica gel (4:1 hexane: ethyl acetate) to afford a crystalline white colour (130 mg, 94.4 

% yield).; mp 38-40 oC; IR (neat) 3465, 1685, 1606, 1300, 1249; 1H NMR (500 MHz, 
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CDCl3) d 7.28-7.48 (m, J = 8.65, 7.2, 8.45 Hz, 9H), 7.00 (d, J = 8.7 Hz, 2H), 6.739 (d, J = 

8.4 Hz, 2H), 5.09 (s, 2H), 5.06 (s, 2H); 13C NMR (125 MHz, CDCl3) d 157.64, 155.17, 

145.31, 137.11, 134.13, 131.33, 128.61, 127.96, 127.79, 127.63, 127.51, 127.43, 70.10. 

Mass spec. calc. for C19H17NO: 275.131; found: 276.10 (100 %, M+H).  

 

4’-(Benzyloxy)-4-biphenylcarbaldehyde (2.15)  

 4-Bromobenzaldehyde (93 mg, 0.5 mmol), 4-benzyloxybenzenelboronic 

acid (114 mg, 0.5 mmol), cesium carbonate, Cs2CO3 (0.33 g, 1 mmol) and 

palladium(II) complex, 2.4 (20 mg, 5 mol %) were added to a round 

bottom flask equipped with a magnetic stir bar. The reaction was stirred at 

60 oC for 8 hours in DMF and water (1:1) (6 mL). After this period, the 

solution was cooled to room temperature, and diluted with 

dichloromethane (30 mL). 15 mL of water was added to the mixture, and 

the product extracted with dichloromethane. The organic layer was dried 

over MgSO4 and concentrated under vacuum. The residue was purified by chromatography 

on silica gel (9.5:0.5 dichloromethane: methanol) to afford a bright yellow solid (120 mg, 

86 % yield).; mp 112-114 oC; IR (neat) 1700, 1599, 1241, 1117; 1H NMR (500 MHz, 

CDCl3) d 10.00 (s, 1H), 7.89 (d, J = 8.25 Hz, 2H), 7.68 (d, J = 8.25 Hz, 2H), 7.57 (d, J = 

8.7 Hz, 2H), 7.42 (d, J = 9.5, 5.1, 2H), 7.38 (dd, J = 4.1, 3.55 Hz, 2H), 7.06 (d, J = 8.75 Hz, 

2H), 6.96 (dd, J = 7.85, 7.05 Hz, 1H), 5.10 (s, 2H); 13C NMR (125 MHz, CDCl3) d 159.27, 

146.49, 137.84, 136.66, 134.67, 132.26, 130.32, 129.48, 128.57, 128.10, 127.47, 127.04, 

114.8, 70.07. Mass spec. calc. for C20H16O2: 288.115; found: 289.10 (100 %, M+H). 
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4,4’-Bis(benzyloxy)-1,1’:4”, 1”-tertphenyl (2.16)  

1,4-Dibromobenzene (118 mg, 0.5 mmol), 4-benzyloxybenzenelboronic 

acid (228 mg, 1.0 mmol), cesium carbonate, Cs2CO3 (0.66 g, 1 mmol) 

and palladium(II) complex, 2.4 (40 mg, 5 mol %) were added to a round 

bottom flask equipped with a magnetic stir bar. The reaction was stirred 

at 60 oC for 8 hours in DMF and water (1:1) (12 mL). After this period, 

the solution was cooled to room temperature, and diluted with 

dichloromethane (30 mL). 30 mL of water was added to the mixture, and 

the product extracted with dichloromethane. The organic layer was dried 

over MgSO4 and concentrated under vacuum. The residue was purified 

by chromatography on silica gel (4:1 hexane: ethyl acetate) to afford a 

light-brown solid (60 mg, 27 % yield).; mp 80-82 oC; IR (neat) 1599, 

1249, 1172; 1H NMR (500 MHz, CDCl3) d 7.03-7.67 (m, J = 8.75, 7.26, 

1.34, 18H), 6.96 (d, J = 7.43 Hz, 4H), 5.06 (s, 4H); 13C NMR (125 MHz, CDCl3) d 158.76, 

137.05, 129.47, 128.71, 128.57, 128.13, 127.92, 127.47, 126.6, 114.82, 70.06. Mass spec. 

calc. for C32H26O2: 442.193; found: 445.2 (100 %, M+1), 441.2 (100 %, M-H). 
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4-(Biphenylyloxy)phenylmethane (2.17) 

 

4-Bromobenzene (79 mg, 0.5 mmol, 0.052 mL), 4-

benzyloxybenzeneboronic acid (114 mg, 0.5 mmol), cesium carbonate, 

Cs2CO3 (0.33 g, 1 mmol) and palladium(II) complex, 2.4 (20 mg, 5 mol 

%) or 2.3 (16 mg, 5 mol %) were added to a round bottom flask equipped 

with a magnetic stir bar. The reaction was stirred at 60 oC for 8 hours in 

DMF and water (1:1) (6 mL). After this period, the solution was cooled 

to room temperature, and diluted with dichloromethane (30 mL). 15 mL 

of water was added to the mixture, and the product extracted with dichloromethane. 

The organic layer was dried over MgSO4 and concentrated under vacuum. The residue 

was purified by chromatography on silica gel (4:1 hexane: ethyl acetate) to afford a 

yellowish-brown solid for catalyst 2.3 (160 mg, 98 % yield) and a yellow solid for 

catalyst 2.4 (166 mg, 98.1 % yield).; mp 89-92 oC; IR (neat) 1608, 1270, 1243; 1H NMR 

(500 MHz, CDCl3) d 7.28-7.55 (m, J = 12H), 7.05 (d, J = 8.74 Hz, 2H), 5.11 (s, 2H); 

13C NMR (125 MHz, CDCl3) d 158.36, 140.79, 136.99, 134.04, 128.72, 128.62, 128.18, 

128.00, 127.49, 126.75, 126.69, 115.14, 70.10. Mass spec. calc. for C19H16O: 260.120; 

found: 260.9 for 2.3 and 260.7 for 2.4 (100 %, M+H). 
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4’-(Benzyloxy)-4-biphenylcarbonitrile (2.18) 

 4-Bromobenzonitrile (91 mg, 0.5 mmol), 4-benzyloxybenzeneboronic acid 

(114 mg, 0.5 mmol), cesium carbonate, Cs2CO3 (0.33 g, 1 mmol) and 

palladium(II) complex, 2.4 (20 mg, 5 mol %) were added to a round bottom 

flask equipped with a magnetic stir bar. The reaction was stirred at 60 oC for 

8 hours in DMF and water (1:1) (6 mL). After this period, the solution was 

cooled to room temperature, and diluted with dichloromethane (30 mL). 15 

mL of water was added to the mixture, and the product eluted with 

dichloromethane. The organic layer was dried over MgSO4 and concentrated 

under vacuum. The residue was purified by chromatography on silica gel 

(4:1 hexane: ethyl acetate) to afford a creamy solid (108 mg, 76 % yield).; mp 132-135 oC; 

IR (neat) 2224, 1623, 1314, 1289, 1267; 1H NMR (500 MHz, CDCl3) d 7.69 (d, J = 8.50 

Hz, 2H), 7.63 (d, J = 8.56 Hz, 2H), 7.54 (dd, J = 8.8, 2.09, 2H), 7.45 (d, J = 7.07 Hz, 2H), 

7.41 (dd, J = 7.15, 1.94 Hz, 2H), 7.35 (dd, J = 7.16, 6.3 Hz, 1H), 7.07 (d, J = 8.8 Hz, 2H), 

5.12 (s, 2H); 13C NMR (125 MHz, CDCl3) d 159.39, 145.19, 136.63, 132.58, 131.78, 

128.67, 128.39, 128.13, 127.46, 127.13, 119.08, 115.48, 110.18, 70.13. Mass spec. calc. 

for C20H15NO: 285.115; found: 286.1 (100 %, M+H). 
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4-Isopropoxy-4’-methoxybiphenyl (2.20) 

4-Bromoanisole (94 mg, 0.063 mL, 0.5 mmol), 4-isopropoxyphenylboronic acid 

(90 mg, 0.5 mmol), cesium carbonate, Cs2CO3 (0.33 g, 1 mmol) and 

palladium(II) complex, 2.4 (20 mg, 5 mol %) were added to a round bottom flask 

equipped with a magnetic stir bar. The reaction was stirred at 60 oC for 8 hours 

in DMF and water (1:1) (6 mL). After this period, the solution was cooled to 

room temperature, and diluted with dichloromethane (30 mL). 15 mL of water 

was added to the mixture, and the product extracted into dichloromethane. The 

organic layer was dried over MgSO4 and concentrated under vacuum. The 

residue was purified by chromatography on silica gel (4:1 hexane: ethyl acetate) to afford 

an off-white colour (118 mg, 97 % yield).; mp 123-125 oC; IR (neat) 2951, 2839, 1607, 

1276, 1251; 1H NMR (500 MHz, CDCl3) d 7.44-7.49 (m, J = 8.1 Hz, 2H), 7.24-7.31 (m, J 

= 1.3 Hz, 2H), 6.88-8.97 (m, J = 2.65 Hz, 4H), 4.56 (sept, J = 6.85 Hz, 1H), 3.83 (s, 3H), 

1.33 (d, J = 6.1 Hz, 6H); 13C NMR (125 MHz, CDCl3) d 158.7, 157.01, 127.7-127.73, 

114.13-114.17, 116.61, 69.96, 55.34, 22.11. Mass spec. calc. for C16H18O2: 242.131; found: 

243.1 (100 %, M+H). 
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4’-Isopropoxy-2-nitrobiphenyl (2.21)  

1-Bromo-2-nitrobenzene (101mg, 0.5 mmol), 4-

isopropoxyphenylboronic acid (90 mg, 0.5 mmol), cesium carbonate, 

Cs2CO3 (0.33 g, 1 mmol) and palladium(II) complex, 2.4 (20 mg, 5 mol 

%) were added to a round bottom flask equipped with a magnetic stir 

bar. The reaction was stirred at 60 oC for 8 hours in DMF and water 

(1:1) (6 mL). After this period, the solution was cooled to room 

temperature, and diluted with dichloromethane (30 mL). 15 mL of water was added to the 

mixture, and the product eluted with dichloromethane. The organic layer was dried over 

MgSO4 and concentrated under vacuum. The residue was purified by chromatography on 

silica gel (4:1 hexane: ethyl acetate) to afford a dark yellow solid (90 mg, 70.3 % yield).; 

mp 275-277 oC; IR (neat) 1611, 1526, 1476, 1356, 1244; 1H NMR (500 MHz, CDCl3) d 

7.79 (dd, J = 7.12, 1.4 Hz, 1H), 7.59 (td, J = 6.3, 1.23 Hz, 1H), 7.45 (td, J = 3.2, 1.37 Hz, 

1H), 7.42 (dd, J = 1.91, 1.58 Hz, 1H), 7.23 (d, J = 8.74 Hz, 2H), 6.92 (d, J = 8.71 Hz, 2H), 

4.59 (sept, J = 6.05 Hz, 1H), 1.33 (d, J = 6 Hz, 3H), 1.30 (d, J = 6 Hz, 3H); 13C NMR 

(125 MHz, CDCl3) d 158.07, 135.91, 132.03, 129.12, 128.93, 127.62, 123.98, 115.84, 

69.90, 22.06. Mass spec. calc. for C15H15NO3: 257.105; found: 258.10 (100 %, M+H). 
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2-(p-Isopropoxyphenyl) thiophene (2.22) 

 

2-Bromothiophene (82 mg, 0.5 mmol), 4-isopropoxyphenylboronic acid (90 

mg, 0.5 mmol), cesium carbonate, Cs2CO3 (0.33 g, 1 mmol) and palladium(II) 

complex, 2.4 (20 mg, 5 mol %) were added to a round bottom flask equipped 

with a magnetic stir bar. The reaction was stirred at 60 oC for 8 hours in DMF 

and water (1:1) (6 mL). After this period, the solution was cooled to room 

temperature, and diluted with dichloromethane (30 mL). 15 mL of water was 

added to the mixture, and the product extracted with dichloromethane. The organic layer 

was dried over MgSO4 and concentrated under vacuum. The residue was purified by 

chromatography on silica gel (4:1 hexane: ethyl acetate) to afford a light-brown solid (70 

mg, 70 % yield).; mp 68-70 oC; IR (neat) 1602, 1458, 1244, 1181; 1H NMR (500 MHz, 

CDCl3) d 7.45 (d, J = 8.75 Hz, 2H), 7.19-7.21 (m, 1H), 7.00-7.05(m, 1H), 6.93 (d, J = 8.75 

Hz, 2H), 6.89 (d, J = 8.76,  Hz, 1H), 4.57 (sept, J = 6.08 Hz, 1H), 1.36 (s, 3H), 1.34 (s, 3H); 

13C NMR (125 MHz, CDCl3) d 157.50, 144.44, 133.32, 127.78, 127.70, 123.74, 116.07, 

69.94, 22.12, 22.10. Mass spec. calc. for C13H14OS: 218.077; found: 218.8 (100 %, M+H).  
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2.11 Rate Studies 

4-(Benzyloxy)-1,1’-biphenyl vs 4’-(Benzyloxy)-4-biphenylamine (P2.18 vs P2.9) 

 

4-Bromobenzene (79 mg, 0.5 mmol, 0.052 mL), 4-

Bromoaniline (86 mg, 0.5 mmol) and 4-

benzyloxybenzeneboronic acid (57 mg, 0.5 mmol), 

cesium carbonate, Cs2CO3 (0.33 g, 1 mmol) and 

palladium(II) complex, 2.3 (16 mg, 5 mol %) or 2.4 (20 

mg, 5 mol %) were added to a round bottom flask 

equipped with a magnetic stir bar. The reaction was 

stirred at 60 oC C for 8 hours in DMF and water (1:1) (6 

mL). After this period, the solution was cooled to room 

temperature, and diluted with dichloromethane (30 mL). 15 mL of water was added to the 

mixture, and the product eluted with dichloromethane. The organic layer was dried over 

MgSO4 and concentrated under vacuum. The residue was purified by chromatography on 

silica gel (4:1 hexane: ethyl acetate) to afford a creamy coloured solid.  
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4-(Benzyloxy)-1,1’-biphenyl vs 4’-(Benzyloxy)-4-biphenylcarbonitrile (P2.18 vs 

P2.19) 

 4-Bromobenzene (79 mg, 0.5 mmol, 0.052 mL), 4-

Bromobenzonitrile (91 mg, 0.5 mmol) and 4-

benzyloxybenzeneboronic acid (57 mg, 0.5 mmol), 

cesium carbonate, Cs2CO3 (0.33 g, 1 mmol) and 

palladium(II) complex, 2.3 (16 mg, 5 mol %) or 2.4 (20 

mg, 5 mol %) were added to a round bottom flask 

equipped with a magnetic stir bar. The reaction was stirred 

at 60 oC for 8 hours in DMF and water (1:1) (6 mL). After 

this period, the solution was cooled to room temperature, 

and diluted with dichloromethane (30 mL). 15 mL of water was added to the mixture, and 

the product eluted with dichloromethane. The organic layer was dried over MgSO4 and 

concentrated under vacuum. The residue was purified by chromatography on silica gel (4:1 

hexane: ethyl acetate) to afford a creamy coloured solid. 
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2.12 Conclusion 

 Thiazole ligated palladacycles 2.3 and 2.4 have been synthesized and characterized. 

The structure of compound 2.3 was characterized by X-ray crystallography. These novel 

thiazole-based ligands have been synthesized and used to prepare catalysts which were 

shown to catalyze Suzuki cross-coupling reactions. These catalysts work very well with 

aryl bromides and aryl iodides, but they do not catalysed aryl chlorides and the electronics 

have been tuned to favour electron-donating group versus electron-withdrawing groups. 

The reactivity of the prepared catalysts was tested using Suzuki-Miyaura cross-coupling 

reactions on various aryl halides with different boronic acids at 60 0C after 8 hours under 

mild conditions with a yield ranging from 27-98 %. 

In the rate studies, the relative rate of electron poor aryl halides was faster than 

electron rich aryl halides with catalyst 2.4 (amine substituted catalyst). The relative rates 

of the electron rich aryl halides were faster than the electron poor aryl halides when the 

catalyst with the methyl substituted catalyst (catalyst 2.3) was used and preference was 

gotten for electron-donating group (EDG > EWG) which is unusual and makes catalyst 2.3 

a suitable catalyst to improve yield of coupling for aryl-halides containing an electron-

donating group. 

In the future the o- vs m- vs p-substitution with the same substituent will be 

performed to see how well the different position affects the reactivity in the Suzuki 

coupling reactions. 
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Chapter 3-The Development of New High-

Capacity Solid Support Resins for Use in Mo/Tc-99m 

Generators. 

 
3.1 Introduction:  

Tc-99m is the most widely used radioisotope in nuclear medical imaging 

accounting for over 76,000 scans per day.78 Currently, all the Tc-99m used in Canada is 

derived from Mo-99/Tc-99 generators, where the Mo-99 is isolated from the fission of U-

235 produced by a limited number of nuclear reactors. These reactors rely primarily on 

highly enriched uranium (HEU) as feed stock. There is increasing pressure to move away 

from uranium sources that requires HEU because of its alternate use in weapons. 

Unfortunately, the alternative sources of Mo-99 often result in a low specific activity 

product, meaning a significantly higher mass of molybdate is required to deliver the same 

activity of Tc-99m.78 One way to increase the activity to the same level as the nuclear 

reactors is to develop a more efficient solid support (for the separation of 99mTc radionuclide 

in a 99Mo/99mTc generator). This work describes the preparation and testing of methods of 

new solid supports including “hot” testing with Mo-99. The design requirements that 

provide selective binding of molybdate over pertechnetate will be discussed. Polymer-

based resins were synthesized as an alternative solid support for nuclear medicine scans 

using modified seeded nanoparticles. Quaternary methyl ammonium ion-based resins were 

synthesized by grafting or immobilization of glycidyltrimethyl ammonium chloride or 

Girard’s reagent T onto silica gel using 3-(Triethoxysilyl) propylamine and (3-

glycidyloxypropyl) trimethoxysilane and as coupling agents respectively. The uptake 
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behavior of the two resins were studied with respect to molybdate with a column loading 

efficiencies of 199 and 195 mg of Mo/g of resin respectively.   

 

3.2 Literature Review 

Since 2007 there have been a number of interruptions and pressures on the supply 

of Tc-99m due to unscheduled shutdowns of the nuclear reactors that produce medical 

isotopes.78,79 To help mitigate this, a number of alternative approaches have been 

investigated, such as direct production on a cyclotron via the 100Mo(p,2n)99mTc reaction.1, 

79–83 The cyclotron approach  has the advantage of not requiring HEU but does require day-

of-use production and distribution. Due to Canada’s large geographic footprint and 

compounded by weather challenges during the winter months, the distribution is likely to 

be restricted to urban centres near appropriately equipped cyclotron facilities. An additional 

challenge is the unwanted co-production of Tc-99g and Tc-95 as well as the very high 

isotopic purity requirements of the Mo-100 targets.78, 79–83 

An additional route to the production of Mo-99 for use in generators is via the 

transmutation of Mo-100. In this process, an electron linear accelerator is used to create 

high energy x-rays that cause the ejection of a neutron from Mo-100 to produce Mo-99 via 

the 100Mo(γ,n)99Mo reaction.83 While avoiding the use of U-235 this procedure, like the 

cyclotron route, it requires enriched Mo-100. This costly starting material makes the 

recovery and recycling of molybdenum from the targets as well as from the generators 

essential. An additional hurdle to this route is the low specific activity of the product as 

there is not a time efficient method to separate the Mo-99 from the bulk Mo-100 target. 



   81 

A lower cost path to Mo-99 is through thermal neutron activation of Mo-98 isotope, 

which has a high natural abundance. It can be converted to Mo-99 via the natMo(n,γ)99Mo 

or the more abundant Mo-98 via the 98Mo(n,γ)99Mo reaction. The potential advantage of 

the natMo(n, γ)99Mo route is the avoidance of costly isotopically-enriched starting materials 

as well as not requiring the use of fissile material such as U-235. The obvious downside of 

this approach is there is no easy or practical method of separating Mo-99 from the other 

molybdenum isotopes leading to very low specific activity. The use of Mo-98 enriched 

targets provides a higher specific activity by a factor of approximately 4; however, the cost 

of enriching the targets makes this approach less desirable.82   

The low specific activity of the Mo-99 from natMo(n,γ)99Mo production, as well as 

the linear accelerator method, necessitates higher loading of molybdenum on the solid 

support of the generator to get similar activities from the generator. The specific activity 

resulting from natMo(n,γ)99Mo is typically in the range of 37 – 370 GBq/g (1 – 10 Ci/g) 

versus upwards of 185000 GBq/g (5000 Ci/g) if produced by fission of U-235.1 This means 

that a typical 370 GBq generator would contain ~2 mg of Mo-99 from fission of U-235 vs. 

multi-gram quantities of molybdenum required via neutron activation.   

To manage this increased loading requirement there are a few options. One option 

is to increase the volume of alumina absorbent proportionally to manage the additional 

mass of molybdenum. While this could potentially be done, it creates practical problems. 

The increased size of the column would require a larger lead or tungsten shield making the 

generators larger and heavier to use and transport. An additional problem with this route is 

that the mass of Mo loaded on the column increases but the mass of Tc-99m being eluted 
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does not. With very large columns and small mass of the eluent the elution profile is likely 

to be very broad and dilute.  

A second option is to identify an alternative solid support of a similar volume/mass 

to that in current generators, but with a higher loading capacity. While technically more 

challenging, this would allow for the current generator configuration to be used, with the 

only change being the solid support. Perhaps most importantly, there would be no change 

in operating procedures for the end user in the nuclear medicine departments at hospitals. 

This would allow for generators using Mo-99 from natMo(n,γ)99Mo or the fission of U-235 

to be used interchangeably. The development of improved loading capacity resins would 

be of benefit to both Mo-99 produced by linear accelerator and by neutron capture. 

The work presented in this chapter describes the preparation and testing methods of 

new solid supports including “hot” testing with Mo-99. The design requirements that 

provide selective binding of molybdate over pertechnetate will be discussed. Polymer-

based resins were synthesized as an alternative solid support for nuclear medicine scans as 

well as modified seeded nanoparticles. 

 

3.3 Current Solid support 

There are several solid supports used in the production of 99mTc for medical 

imaging. Examples are activated alumina, zirconium-based material etc. To be able to 

maintain the supply of 99mTc for medical imaging, few grams of acidic alumina (Al2O3) 

have been used as a sorbent matrix. 99Mo is extracted from the fission mixture in an alkaline 

solution as molybdate ion (99mMoO42-) and the solution is acidified to maintain a good 

sorption conditions. After this period, the molybdate is loaded on the pre-acidified column. 
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The 99mTc can be eluted in the form of 99mTcO4- using normal saline which flows through 

the alumina column.84,85  

Metal oxide nanoparticles have been used to evaluate the sorption ability of low 

specific activity 99Mo in the generation of 99mTc for medical imaging. Commercially 

available metal oxide nanoparticles were investigated under different environmental 

conditions which include the initial concentration of the molybdate ions, pH and 

temperature.86 

Work done by Donia also shows that polyamine-based resins were effective at 

immobilizing significant quantities of molybdate under acidic conditions.87 They found 

the optimal loading pH to be approximately 2. This was explained by the degree of 

protonation in the polymeric amine resin at pH 2.  At higher pH, the equilibrium would 

be shifted towards the free base, reducing the net positive charge on the resin, and 

lowering the loading capacity of the solid support. At lower pH, the degree of protonation 

increases. 

 

 

Scheme 3.1: Protonation states of polyamine-based resin developed by Donia. 

 

3.4 Design Consideration 

The new resin should have some specific properties to be able to bind molybdate 

over the pertechnetate. The following properties should be considered. 

 



   84 

3.4.1 High Binding to Molybdate and Low Binding to Pertechnetate 

To get selective binding to the resin, the charge difference between molybdate and 

pertechnetate could be advantageous to this work. The resin will require a cationic charge 

to bind the metal-containing anion. The 99Mo used in generators is in the form of molybdate 

anion with a -2 charge. This then decays to 99mTc pertechnetate with a -1 charge. To 

accomplish this selectivity, resins which contains ammonium groups were designed as in 

Scheme 3.2 and Scheme 3.3 below. The resin should be able to work with low specific 

activity 99Mo and should have high binding affinity to molybdate and have low binding to 

pertechnetate. 

 
 
Scheme 3.2: Resin containing ammonium group. 

 
 
 

 

 

 

Scheme 3.3: The decay of molybdate anion to pertechnetate   

 

When looking at developing an alternative solid support, silica-based resins offer 

the most flexibility because they have a larger particle size, which helps prevent clogging. 

Binding selectivity will be driven by the different charges that exist on the molybdate (-2) 

vs. the pertechnetate (-1). In order to bind the ions, the resin must have, or be capable of 

N(CH3)3
+

-2 -1 



   85 

bearing, a positive charge at the pH at which the column will be eluted. A potential cation 

for this purpose is the quaternary methyl ammonium (QMA) ion.  QMA based resins are 

commonly used in ion separation and for the immobilization of radionuclides such as F-18 

fluoride. 

 

 

 
Scheme 3.4: Interactions between resin and molybdate and pertechnetate ions 

 

The use of a quaternary ammonium resin is compatible with the use of neutral 

saline. It is an ion exchange process. The Cl- from the saline exchanges with the TcO4- on 

the resin, which gives NaTcO4 in solution and in a ready-to-use state (Scheme 3.5). 

 

Scheme 3.5: The reaction of quaternary ammonium ion resin with molybdate. 
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3.4.2 Low Swelling 

The resin requires that it should not swell when solvated (smaller column). When 

the resin swells, it will take up more room in the column lowering the possible molybdenum 

loading in the same size footprint. Some polymer-based resins showed high molybdate 

loading but suffered from high swelling.  

 

3.4.3 Low Cost of Synthesis 

Generators are typically considered disposable items, it is important when 

synthesizing resin that it can be done as economically as possible, the resin should not cost 

more than the product it is distributing.  

 

3.4.4 Use in Hospital Nuclear Medicinal Labs  

The desired resins must have the same workflow and footprint as current generators 

used in nuclear medicinal departments at hospitals (lower barrier to adoption) with no 

change in procedure. This means elution with neutral saline without the use of additives in 

the mobile phase. The pH of the resin should be neutral since injection of an acid or a base 

into a patient is not desired or require neutralization after eluting the pertechnetate. US 

Pharmacopeia88 requires that in [99mTc] TcO4- generators, more than 95 % of [99mTc] 

activity must be present as pertechnetate anion. The radiochemical purity should be greater 

than 90 % and the pH should be between 4.5 to 7.5. 

Table 3.1 shows the compound numbers, names and structure used in this chapter 

where blue circle represent silica gel. 
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Table 3.1: Compound numbers, names and structure used in this chapter where 

blue circle represent silica gel. 

 
Compound 
numbers 

Compound names Structure 

1 N-[3-
(trimethoxysilylpropyl]ethylenediamine 

 
2 Silica gel-N-[3-(trimethoxysilyl)propyl] 

ethylenediamine 

 
3 Glycidytrimethylammonium chloride 

 
4 Silica gel + N-[3-

(trimethoxysilylpropyl]ethylenediamine 
+ Glycidytrimethylammonium chloride 

 
5 (3-Glycidyloxypropyl)trimethoxysilane 

 
6 Silica-(3-

Glycidyloxypropyl)trimethoxysilane 

 
7 Girard’s reagent T 

 
8 Silica + (3-

Glycidyloxypropyl)trimethoxysilane + 
Girard’s reagent T  

9 3-(Triethoxysilyl)propylamine 

 
10 Silica-3-trimethoxysilylpropylamine 

 

Si

OCH3

OCH3

H3CO
N
H

NH2

Si

OCH3

OCH3

O
N
H

NH2

O

N
Cl-

+

Si
OCH3

OCH3
O N N

H

OH
N
+
Cl-

H

H

Si

OCH3

OCH3

H3CO
O

O

Si

OCH3

OCH3

O
O

O

H2N N
H

O

N
+

Cl-

Si
OCH3

OCH3
O O N

H

H
N

O
NOH Cl-
+

Si

OCH3

OCH3

H3CO
NH2

Si

OCH3

OCH3

O
NH2



   88 

Compound 
numbers 

Compound names Structure 

11 Silica + 3-(Triethoxysilyl)propylamine + 
Glycidytrimethylammonium chloride  

 
 
 
3.5 Synthesis/Methods 

3.5.1 Silica Beads  

There are different approaches in making a resin, namely the sol gel preparation, 

modification of commercially available resin, and lastly the silica gel process. 

Silica beads can be prepared using sol-gel methods from molecular precursors by 

creating the resins from scratch. In one instance, they were prepared from tetraethyl 

orthosilicate (TEOS) in water and alcohol (ethanol) with ammonium hydroxide solution as 

a catalyst.89 Condensation between the TEOS and free Si-OH groups (Scheme 3.6) creates 

a bridging oxygen and initiates the formation of the silicate nanoparticles. There is an 

increase in particle size with an increase in water concentration (H2O/TEOS) and ammonia 

concentration.90,91The presence of concentrated ammonia promotes hydrolysis as well as 

the promotion of the rate of condensation which will in effect results in higher particle size 

of the resin.90,91  

 

Scheme 3.6: Condensation of silanol sites with methoxy group 
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Scheme 3.7: Silica Beads preparation  

 

Commercially available amine resins can be used as well for grafting compounds 

such as epoxides onto them. Examples include SiliaMetS diamine or SiliaBond amine 

which can be further functionalized. Some commonly used amine resin examples are 

methylenebisacrylamide (MBA) which is used as a crosslinker for grafting 

tetraethylenepentamine (TEP) in the polymerization of glycidyl methacrylate (GMA) to 

give the resin (GMA/MBA/TEP).87 

Attempts to generate suitably substituted silica beads using a sol-gel method from 

molecular materials and other commercially available amines failed. The silica 

nanoparticles thus created were too small and did not bind to the amine precursor. They 

were also so small that they led to clogging when loaded onto the column. Because of this, 

cheap commercial silica gel, which has a larger particle size, was used in the subsequent 

reactions. 

 

3.5.2 General Synthesis for Grafting/Immobilization of Beads on Amines  

To get functionalization on the surface of silica gel, an amine-containing 

compound, N-[3-(trimethoxysilyl) propyl]ethylenediamine (1) or 3-

(Triethoxysilyl)propylamine (9), was grafted on the surface of the prepared silica. The 

presence of the alkoxysilane group in (1 and 9), helped in the condensation reaction to yield 

a chemical bond, resulting in the silica-bound materials 2 and 10, respectively (Scheme 

3.8). These amine containing resins are now ready for further functionalization. 

Si(OC2H5)4  +  H2O C2H5OH
+ C2H5OHSi(OC2H5)3(OH)
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Scheme 3.8: Synthetic route to resins (silica gel + amine (1 or 9)) 

 

 
3.5.3 General Synthesis for Grafting/Immobilization of Silica Beads, with an Amine, 

and an Epoxide  

To get positively-charge resins, which will help bind the molybdate (-2 charge) to 

the resin, a quaternary methyl ammonium ion, (glycidytrimethylammonium chloride) (3) 

was introduced to the modified resins (2 and 10). They were reacted with epoxide 3 to 

yield compounds 4 and 11 respectively. The products were filtered and washed with ethanol 

and water to remove excess epoxide and left to dry in the oven at 110 0C to obtain a 

colourless solid (Scheme 3.9). 
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Scheme 3.9: Synthetic route of resins (compounds 4 and 11) 

 

 

 

3.5.4 Grafting/Immobilization of Silica Gel and (3-Glycidyloxypropyl) 

trimethoxysilane 

 To extend the scope of studies of the resin and get functionalization on the surface 

of the commercial silica gel, (3-glycidyloxypropyl) trimethoxysilane (5) was grafted on the 

surface of the prepared silica gel. The alkoxysilane group in 5, undergoes condensation 

reaction with silica gel to give compound 6 as shown in Scheme 3.10. 
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Scheme 3.10: Synthetic route to resin (Silica gel+ (3-Glycidyloxypropyl) 

trimethoxysilane (5) 

 
3.5.5 Grafting/immobilization of Silica Gel and (3-Glycidyloxypropyl) 

trimethoxysilane and Girard’s Reagents T 

 Epoxides easily react with amine end group functionality which bonds to silica 

gel.92 The silica-(3-glycidyloxypropyl) trimethoxysilane bound resin (6) was further treated 

with Girard’s reagent T (7) in DMF solution which helps in opening the epoxide ring to 

generate the positive charge on the resin to obtain compound 8 as shown Scheme 3.11.  

 
Scheme 3.11: Synthetic route to compound 8 

 

3.6 Cold Studies 

3.6.1 Preparation of Ammonia Molybdate Test Solution 

 A standard ammonium molybdate solution was prepared by mixing 1.84 g of 
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for 1 hour at room temperature until all the solid has been dissolved to give a molybdenum 

concentration of 10 mg/mL. 

 

3.6.2 Uptake Measurement-Cold Studies (Inductively coupled plasma 

atomic emission spectroscopy) 

 

3.6.2.1 Column loading efficiency. 

To determine the loading capacity of the resin, 150 mg was treated with a stock 

solution of molybdate (4 mL, 10 mg/mL, 40 mg of Mo) for 1 hour. The solution was filtered 

and 100 µL of the filtrate was diluted to 100 mL with deionised water and tested by 

inductively coupled plasma (ICP) to determine molybdenum concentration. 

The resin’s loading efficiency was calculated by subtracting the amount of 

molybdenum held by each of the resins (mg/mL) from the amount of free ammonia 

molybdate tetrahydrate (stock) which has a concentration of 10 mg/mL (Figure 3.1). This 

is multiplied by 4 mL of the ammonia molybdate tetrahydrate that was added to each resin 

in the syringe and then divided by the amount of resin taken into each syringe (0.15 g). The 

loading efficiency is calculated by the equation:   

[(L1-L2) *4 mL] / 0.15g (Mg of Mo/g of resin) 

Where L1 is the concentration of the stock solution (10 mg/mL) and L2 is the concentration 

remaining in solution after interaction with the resin and L1-L2 is the amount of 

molybdenum bound by each of the resins (mg/mL). This is illustrated schematically by 

Figure 3.1 below. 
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Figure 3.1: Determining column loading efficiency of the resin.  

 

It was found that amine functionalization of the resin (as synthesized by the routes 

shown in Schemes 3.9 and 3.11) improved the binding of molybdate. Epoxide 

functionalization improves the resin performance still further, as evident in the column’s 

loading efficiency. From Table 3.2 there is a binding increase from 140 mg (compound 2) 

to 173 mg (compound 4) of Mo per gram of resin upon the addition of compound 1 and 3 

and a binding increase from 11 (compound 10) to 192 mg (compound 11) of Mo per gram 

of resin upon the addition of compound 9 and compound 3 to the resin respectively. A 

similar trend is seen in Table 3.2 as the addition of compound 5 to the resin and further 

addition of the Girard’s reagent T (7), an increase of 3 mg (compound 6) to 199 mg 

(compound 8) of Mo per gram of resin upon the addition of GOPTS (5) and Girard’s 

reagent T (7) respectively. This increase in the loading efficiency is because of the positive 

charges created on the resin. The addition of positive charges helps improve binding of the 
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resin to the molybdate but as can be seen in Table 3.2, resins with an epoxide (compounds 

4 and 11, with 173 and 192 mg of bound Mo respectively) were less effective (degree of 

binding) than when the epoxide was subsequently functionalized (compound 8 with 199 

mg of bound Mo). 

 

 

Table 3.2: ICP-AES results of modified resins showing Mo remaining in solution 

after treatment with resin and the column loading efficiency of the various modified 

resins. 

Modified Beads [Mo] left 
after treat
ment with 
resin-
mg/mL 
(Toluene) 

Column  
loading 
efficiency-
 Mg of 
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[Mo] left
 after tre
atment 
with 
resin-
mg/mL- 
(H2O) 

Column 
loading 
efficienc
y- Mg of 
Mo/g of 
resin- 
(H2O) 
 

 

4.77 140 5.02 132 

 

3.53 173 3.61 170 
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Si
OCH3

OCH3
O N

H
NH2

2

Si
OCH3

OCH3
O N N

H

OH
N
+
Cl-

H

H
4

Si
OCH3

OCH3
O O

O
6



   96 

 

 

3.7 Hot Technetium testing 

Each of the resins (4, 8 and 11) (Table 3.3) was split into two portions. One part of 

the resin was preconditioned by flowing water through the resin and the other part 

conditioned with molybdate to potentially saturate any binding sites. This gave a more 

realistic representation of what the column will look like when used as a generator. 

Also, in all the resins, it is evident that the activity on the resin when treated with 

molybdate, a little bit less of Tc was attached to the resin which is an indication that Mo is 

Modified Beads [Mo] left 
after treat
ment with 
resin-
mg/mL 
(Toluene) 

Column  
loading 
efficiency-
 Mg of 
Mo/g of 
resin 
(Toluene) 
 

[Mo] left
 after tre
atment 
with 
resin-
mg/mL- 
(H2O) 

Column 
loading 
efficienc
y- Mg of 
Mo/g of 
resin- 
(H2O) 
 

 

2.52 199 2.53 199 

 

9.58 11 9.63 10 
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occupying some of the binding sites. However, in compound 4 it didn’t make much of a 

difference in terms of the % Tc recovered compared to the compound 8 and 11. 

To show that the resins prepared bind to molybdate (MoO42-) and release 

pertechnetate (TcO4-), one has to get selectivity for the resins that bond strongly to 

molybdate but not pertechnetate. To determine if this selectivity existed in the resin, the 

resin was first exposed to a flow of radioactive (hot) technetium. The activity of the resin 

after the flow gave the data shown in Table 3.3. 

Upon treatment of the resins with technetium (Tc), it was realized that resin 4’s 

percentage recovery was 0.2 % of the Tc when treated with either water or molybdate 

solution (MoO42-). The percentage recovery of resins 8 and 11 was higher compared to 

resin 4 when they were treated with either water or molybdate solution (Table 3.3). There 

is a slightly better recovery of pertechnetate when the two resins (8 and 11) were treated 

with molybdate solution which indicated an interaction between the MoO42- and TcO4-. 

These results are consistent with column loading efficiencies done in the cold studies.  

The reasons for these changes in the column loading efficiencies is potentially due 

to the relative position of the hydroxyl group (OH) and the positive charges on the resins 

prepared. In compounds 4 and 11, the OH group is close to the positive charges which is 

in effect closer to the technetium (Tc) of interest and thereby can form hydrogen bonding 

interactions with the TcO4- which will stabilize the pertechnetate binding to the resins as 

seen in Figure 3.2. 
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Table 3.3: Activity on resin, activity flow through, total activity and % Tc retained 

on resins. 

Sample ID Activity on 

Resin (MBq) 

Activity Flow 

Through 

(MBq) 

Total Activity 

(MBq) 

% T Recovered   

4 (H2O) 90.10 0.16 90.26 0.2 

4 (Mo) 88.30 0.17 88.47 0.2 

8 (H2O) 1.01 81.8 82.81 98.8 

8 (Mo) 0.82 92.3 93.12 99.1 

11 (H2O) 3.31 81.6 84.91 96.1 

11 (Mo) 1.06 76.2 77.26 98.6 

Reaction conditions: Resins sample were either conditioned with distilled water or Mo solution before 

testing.  

 

 

Figure 3.2: Hydrogen bond interaction between the pertechnetate and the hydroxyl 

of the resin (R is alkoxysilane group) 
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On other hand, in compound 8, the OH group is farther from the positive charges 

and cannot form a hydrogen bonding interactions (OH…O) which helps release the TcO4-. 

Therefore, having a longer chain between the OH and the positive charges might help 

improve binding of the molybdate ion and selectively releases the pertechnetate.  

 

 

3.8 Characterization 

The resins were analyzed by scanning electron microscopy (SEM) for size 

information and inductively coupled plasma atomic emission spectroscopy (ICP-AES) to 

determine the amount of molybdenum left after treatment with the modified silica. Bulk 

size average and distribution was analyzed with a Malvern Mastersizer 2000 particle-size 

analyzer. 

3.8.1 Scanning Electron Microscopy  

 The bead sizes were measured directly from the scanning electron microscopy 

(SEM) image. All the images in Figures 3.3 to 3.9 are at the same scale (500 nm is shown 

by the white hashes on the lower right). Three representative size measurements are shown 

in each figure. 

Figure 3.3 below is the scanning electron microscopy image of the unsubstituted 

silica beads. Several beads were measured, with the average size found to be 110 nm.  
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Figure 3.3: Scanning electron microscopy image of silica beads  

 

 

Figure 3.4: scanning electron microscopy image of compound 2 
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Figure 3.5: Scanning electron microscopy image of compound 4 

 

 

Figure 3.6: Scanning electron microscopy image of compound 6 
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Figure 3.7: Scanning electron microscopy image of compound 8 

 

 

Figure 3.8: Scanning electron microscopy image of compound 9 
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Figure 3.9: Scanning electron microscopy image of compound 11 

 

A general trend that is commonly seen in this modified resin is the fact that there is 

an increase in size of the resins upon each modification as seen in Figures 3.3-3.9 and Table 

3.4. This is as a result of the introduction of positively charged quaternary methyl 

ammonium ions on the resins. 
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Table 3.4: Scanning electron microscopy of the size of modified silica beads and size 

of resins (nm)  

Modified resins Size of resins 

(nm) 

 

150.00 

 

208.33 
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Modified resins Size of resins 

(nm) 

 

231.50 

 

 
 

 

3.8.2 Particle size analysis 

Below in Figures 3.10-3.13 are the particle size distributions of silica gel and the 

three modified compounds 4, 8, and 11. A similar trend as seen in the scanning electron 

microscopy is observed in the particle size analysis as measured on the Malvern 

Mastersizer 2000 particle size analyser. The average size of silica gel was found to be 

64.522 µm whereas the modified gels 4, 8, and 11 were found to have average sizes of 

13.485 µm., 30.664 µm., and 23.949 µm. respectively. Although the size of the modified 

silica gel was smaller than the unmodified silica gel, this could be attributed to break down 

from mechanical stirring of the modified particles. Several hours of stirring results in the 

decrease in size of the modified particles.  
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Figure 3.10: Particle size distribution of silica gel 

 

 

Figure 3.11: Particle size distribution of compounds 4 

 

 

Figure 3.12: Particle size distribution of compound 8 
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Figure 3.13: Particle size distribution of compounds 11  

 

 

3.9 Results and Discussion 

 The syntheses of the various resins are presented in Schemes 3.7-3.10. 

Grafting of the N-[3-(trimethoxysilyl) propyl] ethylenediamine (1), (3-

glycidyloxypropyl)trimethoxysilane) (5) and 3-trimethoxysilylpropylamine (10) occurred 

at the silanol sites on the surface of the nanoparticles. Toluene was chosen as the solvent 

in this work to prevent wetting of the resin. Several previous reports suggest that water 

lowers the contact angle for the amine to bind to the silanol site (hydroxyl group), which 

leads to a lower condensation product yield; an organic solvent gives a wide contact angle, 

facilitating the reaction.92,93 An organic solvent such as toluene, makes the contact angle 

becomes wide, facilitating the reaction and increasing the affinity for the amine group to 

react with the silanol. Although according to Delamar et al.,93 since the use of water lowers 

the condensation product, water (since water is a green solvent, environmentally friendly) 

was tried in this step and almost the same results were obtained (identical column loading 

Si
OCH3

OCH3
O N

H

H

OH
N
Cl-
+

11



   108 

efficiency) compared to when organic solvent such as toluene was used as seen in Table 

3.2. 

Epoxide groups (compounds 3, 5 and 6) can react easily with the amino group on 

the end of the modified silica species 2, 7 and 10.94, 95–97 This is seen in Schemes 3.7-3.10 

as the coupling agent reacts with the epoxides to form the chemical bond. 

Table 3.2 gives a summary of the ICP-AES results (cold Mo studies) of modified 

resins showing molybdate remaining in a solution after treatment with resin, which is a 

measure of the column loading efficiency. The initial solution was 10 mg/mL in molybdate. 

Compounds 2 and 10, made from the addition of amines 1 and 9 to the unsubstituted resin, 

give residual molybdate concentrations of 4.77 and 9.58 mg/mL respectively, or 47.7 and 

95.8% Mo remaining in solution (and therefore 52.3 and 4.2% uptake). The presence of the 

alkoxysilane in these amines helps in the condensation reaction with the silanol sites. Upon 

further addition of the Girard’s reagent T (3) to compounds 2 and 10 to give compounds 4 

and 11, respectively, there is an improvement in molybdate uptake. The concentration 

remaining in solution after exposure decreases to 3.53 (4) from 4.77 (2) mg/mL, indicating 

an uptake increase from 52.3 to 64.7%.  The increase is even more marked for compound 

11, with a decrease in residual concentration from 9.58 to 2.79 mg/mL, corresponding to 

an uptake increase from 4.2 to 72.1%. Grafting the epoxide to the ethylenediamine 

increases the number of positive charges on the resin which improves binding of Mo to the 

resin. 

A similar situation occurs with resins 6 and 8.  The initial resin 6 (created by 

attachment of epoxide 5 to the untreated nanoparticles) showed minimal uptake, with a 

residual molybdate concentration of 9.87 mg/mL. However, upon treatment with Girard's 
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reagent T (7), the resulting resin 8 had a residual molybdate concentration of 2.52 mg/mL, 

and improvement from 1.3 to 74.8% uptake. This is attributed to the increase in the number 

of positive charges on the resin because of the grafting of the Girard’s reagent onto the 

original coating and likely due to the presence of the carbonyl group and position of the 

hydroxyl group on this resin. 

The general trend shows that the opening epoxide rings, which forms additional OH 

sites, aids in the binding of molybdate to these compounds as seen in Schemes 3.8-3.11 

above.  

 

 

3.10 Hot Mo/Tc Analysis  

 Radioactive molybdate was bound to the modified resins at the Thunder Bay 

Regional Health Research Institute (TBRHRI) cyclotron facility using activated [Mo-99] 

molybdenum pellets. The generator was eluted with normal saline and tested for activity to 

see how the prepared resins were selective towards molybdenum and able to release 

pertechnetate in solution. The modified resin 4 showed a lower affinity to molybdenum or 

technetium strongly binds to the resin with only about 0.02 % of the expected technetium 

being released. This resin (4) shows poor elution of pertechnetate which could be caused 

by low molybdate affinity, or the technetium binds strongly to the resin. The modified resin, 

11 showed a better affinity towards molybdenum with 98.6 % of technetium released and 

the resin does not bind to the Tc. The modified resin, 8 had the best technetium recovery 

of about 99.2 % released. In resin (8), because of the location of the hydroxyl group as 
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depicted in the cold studies in section 3.5, it is known that resin (8) shows very good 

binding to molybdate, and it is seen here that Mo has been bound to the resin.  

The reason for the poor recovery of Tc in resin (4) could either be because there is 

not enough Mo-99 getting onto the resin or the technetium binds to the resin strongly. To 

confirm the reasons for the lower elution of Tc, a study at the nuclear medicine department 

of the Thunder Bay regional health research institute was conducted with radioactive Tc 

and it was found that this resin (4) binds strongly to the Tc. On the other hand, good 

recovery is seen from resin 8, which (as seen in section 3.4) has a strong affinity for 

molybdate.  In this resin 8, the hydroxyl group is far away from the charged centre, leading 

to good recovery of the less highly charged pertechnetate as seen in Table 3.3. 

 

 

3.11 Experimental  

3.11.1 Chemicals 

All chemicals were purchased from Sigma Aldrich and were used a received.  

3.11.2 Preparation of the silica gel. 

Silica gel was dried in an oven at 110 oC for 72 hours. 
 

3.11.3 Functionalization of surface of silica  

3.11.3.1 Grafting/immobilization of Silica gel and N-[3-(trimethoxysilyl)propyl] 

ethylenediamine (2)  

Condition 1  

A mixture of N-[3-(trimethoxysilyl) propyl] ethylenediamine (1) (1 mL) and 

toluene (100 mL) (1 %, v/v) was added into a round bottom flask containing silica gel (3 
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g) and stirred at room temperature for 2 hours. After this period, the crude product was 

collected by vacuum filtration. The product was washed three times with toluene and heated 

to 110 ºC under vacuum for 16 hours to remove absorbed organics. After this period, the 

product was dried in the oven for 24 hours at 110 ºC to yield compound 2. 

 

Condition 2  

A mixture of N-[3-(trimethoxysilyl) propyl] ethylenediamine (1) (1 mL) and 

distilled water (100 mL) (1 %, v/v) was added into a round bottom flask containing silica 

gel (3 g) and stirred at room temperature for 2 hours. After this period, the crude product 

was collected by vacuum filtration. The product was washed three times with water and 

heated to 110 ºC under vacuum for 16 hours to remove absorbed organics. After this period, 

the product was dried in the oven for 24 hours at 110 ºC to yield compound 2. 

 

3.11.3.2 Grafting/Immobilization of glycidyltrimethylammonium chloride (3) with 

modified silica gel (compound 4) 

 
Condition 1 

A mixture of glycidyltrimethylammonium chloride (3) (2 mL) and N, N-

dimethylformamide (100 mL) (2 %, v/v) was added to a round bottom flask containing 2 g 

of modified silica gel (Silica gel and 1). This reaction was stirred at 45 ºC for 6 hours. The 

mixture was collected by vacuum filtration and washed three times with N, N-

dimethylformamide to remove unreacted glycidyltrimethylammonium chloride molecules 

(3). The product was dried in the oven for 24 hours at 110 ºC to yield compound 4. 
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Condition 2 

A mixture of glycidyltrimethylammonium chloride (3) (2 mL) and distilled water 

(100 mL) (2 %, v/v) was added to a round bottom flask containing 2 g of modified silica 

gel (Silica gel and TMSPED). This reaction was stirred at 45 ºC for 6 hours. The mixture 

was collected by vacuum filtration and washed three times with N, N-dimethylformamide 

to remove unreacted glycidyltrimethylammonium chloride molecules (3). The product was 

dried in the oven for 24 hours at 110 ºC to yield compound 4. 

 

 
3.11.3.3 Grafting/Immobilization of silica gel with (3-Glycidyloxypropyl) 

trimethoxysilane (6). 

Condition 1 

A mixture of (3-glycidyloxypropyl)trimethoxysilane (5) (1 mL) and toluene (100 

mL) (1 %, v/v) was added into a round bottom flask containing silica gel (5 g) and stirred 

at room temperature for 2 hours. After this period, the crude product was collected by 

vacuum filtration. The product was washed three times with toluene and heated to 110 ºC 

under vacuum for 16 hours to remove absorbed organics. After this period, the product was 

dried in the oven for 24 hours at 110 ºC to yield compound 6. 

Condition 2 

A mixture of (3-glycidyloxypropyl)trimethoxysilane (5) (1 mL) and distilled water 

(100 mL) (1 %, v/v) was added into a round bottom flask containing silica gel (5 g) and 

stirred at room temperature for 2 hours. After this period, the crude product was collected 

by vacuum filtration. The product was washed three times with water and heated to 110 ºC 
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under vacuum for 16 hours to remove absorbed organics. After this period, the product was 

dried in the oven for 24 hours at 110 ºC to yield compound 6. 

 

 

3.11.3.4 Grafting/Immobilization of Girard’s reagent T with modified silica 

(compound 8) 

 
Condition 1 

A mixture of Girard’s reagent T (7) (5.67g, 2 equiv.) and N,N-dimethylformamide 

(100 mL) (2 %, v/v) was added to a round bottom flask containing 4 g of modified silica 

gel (Silica + 5).  This reaction was stirred at 45 ºC for 6 hours. The crude product was 

collected by vacuum filtration and washed three times with N,N-dimethylformamide. The 

product was dried in the oven for 24 hours at 110 ºC to yield compound 8. 

 

Condition 2 

A mixture of Girard’s reagent T (7) (5.67g, 2 equiv.) and distilled water (100 mL) 

(2 %, v/v) was added to a round bottom flask containing 4 g of modified silica gel (Silica 

+ 5). This reaction was stirred at 45 ºC for 6 hours. The crude product was collected by 

vacuum filtration and washed three times with distilled water. The product was dried in the 

oven for 24 hours at 110 ºC to yield compound 8. 
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3.11.3.5 Grafting/immobilization of Silica gel and 3-trimethoxysilylpropylamine (10) 

Condition 1 

A mixture of 3-trimethoxysilylpropylamine (9) (1 mL) and toluene (100 mL) (1 %, 

v/v) or distilled water (100 mL) was added into a round bottom flask containing silica gel 

(3 g) and stirred at room temperature for 2 hours. After this period, the crude product was 

collected by vacuum filtration. The product was washed three times with toluene and heated 

to 110 ºC under vacuum for 16 hours to remove absorbed organics. After this period, the 

product was dried in the oven for 24 hours at 110 ºC to yield compound 10. 

Condition 2 

A mixture of 3-trimethoxysilylpropylamine (9) (1 mL) and distilled water (100 mL) 

(1 %, v/v) was added into a round bottom flask containing silica gel (3 g) and stirred at 

room temperature for 2 hours. After this period, the crude product was collected by vacuum 

filtration. The product was washed three times with water and heated to 110 ºC under 

vacuum for 16 hours to remove absorbed organics. After this period, the product was dried 

in the oven for 24 hours at 110 ºC to yield compound 10. 

 
 
3.11.3.6 Grafting/Immobilization of glycidyltrimethylammonium chloride (GTMACl) 

with modified silica gel (compound 11) 

 
Condition 1 

A mixture of glycidyltrimethylammonium chloride (3) (2 mL) and N,N-

dimethylformamide (100 mL) (2 %, v/v)  or 100 mL of water was added to a round bottom 
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flask containing 2 g of modified silica gel (Silica gel and 9). This reaction was stirred at 45 

ºC for 6 hours. The crude product was collected by vacuum filtration and washed three 

times with N,N-dimethylformamide. The product was dried in the oven for 24 hours at 110 

ºC. to yield compound 11.  

 

Condition 2 

A mixture of glycidyltrimethylammonium chloride (3) (2 mL) and distilled water 

(100 mL) (2 %, v/v) was added to a round bottom flask containing 2 g of modified silica 

gel (Silica gel and 9)). This reaction was stirred at 45 ºC for 6 hours. The crude product 

was collected by vacuum filtration and washed three times with distilled water. The product 

was dried in the oven for 24 hours at 110 ºC to yield compound 11. 
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3.12 Conclusion 

Resins derived from silica gel were prepared by grafting an amine such as N-[3-

(trimethoxysilyl) propyl] ethylenediamine (1) or 3-trimethoxysilylpropylamine (9) onto 

silica gel (which was subsequently further coupled with glycidytrimethylammonium 

chloride (3)) or silica gel was modified with (3-glycidyloxypropyl)trimethoxysilane (5) and 

further coupled with Girard’s reagent T (7). It was observed that the column loading 

efficiency also increased upon the addition of the amine and there was a further increment 

with the addition of the positively charged epoxide. Grafting of the epoxide to the amines 

also increased the size because the number of positive charges on the resin increases, which 

also improved binding onto the resin. The prepared resin had high loading and selectivity 

for molybdate and releasing pertechnetate. The prepared resin will allow for the current 

generator configuration to be used without change in operating procedures for the end user 

in the nuclear medicine departments at hospitals. Resins were modified to allow for better 

recovery of Tc without sacrificing molybdate loading.  
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Chapter 4- Studies towards aurora kinase inhibitors for PET 

imaging 

4.1 Introduction:  

There has been a growing interest in the aurora kinases (AURK) family of proteins 

as targets for cancer therapy.98 The three mammalian proteins, aurora A, B and C 

(AURKA/B/C) play a central role in cellular mitosis with aurora C exclusively expressed 

in testis. The function of aurora A is in spindle formation and centrosome maturation, and 

aurora B is required for proper microtubule attachment to kinetochore and plays a central 

role in cytokinesis as a chromosomal passenger protein.99 Overexpression of aurora 

proteins is common in certain tumors and is thought to induce tumorigenesis,100 thus 

inhibition studies have begun targeting their homologous ATP-binding pocket. Although, 

there is growing interest in designing small molecule inhibitors, there has been little 

research around the potential of targeting this family of kinases for molecular imaging.101  

Radiotracers such as [18F]fluorodeoxyglucose which can be used to monitor 

metabolism and glucose uptake in highly proliferative tissues and are useful in identifying 

cancer but are not tumor-specific. This chapter looks at the synthesis of a common 

intermediate which could be functionalized to create other analogues as well as being 

radiolabeled for F-18 compounds. 
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4.2 Literature review 

4.2.1 Aurora kinase and cancer  

Aurora kinases find their importance in mitosis, so their divergent expression leads 

to cell modification underlying cancer. Overexpression of aurora kinase leads to instability 

in the genes which can cause cancer in the organism. The occurrence of extra or missing 

chromosomes leads to unbalanced chromosome numbers that is not the exact multiple of 

the haploid number and the content of the DNA which arise from mitotic defects. These 

defects include centrosome duplication, separation of the centrosome, cytokinesis, and 

error in the chromosomal biorientation; hence the genes of aurora can be an oncogene. 

Messenger RNA has been found to be overexpressed in breast tumor cells and plays a 

critical role in breast tumor cell transformation as seen in the aurora A gene.102,103 The 

NIH3T3, embryonic mouse cell line can be transformed by aurora A to induce tumors in 

the mice.104  

Overexpression of aurora B also induces tumor cells formation as the kinase is 

involved in several functions during mitosis and so aurora B can be described as a gene 

which can transform a cell into a tumor cell. Overe xpression of aurora B has been seen in 

oral cancer, colon cancer, thyroid cancer, and breast cancer.105  

Aurora kinase C occurs in cells that go through meiosis, cell division of germ cells 

in sexually reproducing organisms that produces gametes. There have been few studies on 

the functions of aurora kinase C due to the high sequence homology between aurora B and 

C which prevents the use of standard approaches to understand the functions at normal 

cellular levels.106  
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STK-15 (an example of aurora kinase A) is a protein found in centrosomes which 

is believed to be linked with genetic instability and used in proliferation of prostate cancer. 

This protein is overexpressed in high grade prostatic intraepithelial neoplasia (PIN) lesions 

which suggest that aurora A overexpression would precede the progression from benign 

prostrate cell to malignancy through high grade PIN lesions.107 This overexpression can 

potentially be used as a diagnostic marker, which has inspired our research to modify a 

chemotherapy drug for this purpose to see how they can be used as diagnostic reagent for 

prostate cancer. 

 

4.2.2 Binding modes of Aurora kinase to ATP 

The kinase binding site has five main binding regions or sites: the hinge region, 

sugar region, buried region, phosphate region, and the solvent-exposed region.108 The ATP 

binding site is a narrow hydrophobic pocket which is located between two lobes which are 

linked by the hinge region. This region usually has a hydrogen donor surrounded by two 

hydrogen acceptors derived from the backbone of the protein.109 The hinge region is the 

most important area because it forms hydrogen bonds to the adenine moiety of the ATP, 

and they are the target for most kinase inhibitors because it forms the catalytically active 

part.110 The buried region is a very small hydrophobic region next to the main chain of the 

kinase and cannot accommodate large groups. However, one can introduce large groups by 

adding diverse structure to the part of the inhibitor that sits in the sugar region and the 

phosphate binding regions to mimic ATP binding. Therefore, the R group (on the ligand) 

should be small such as a methyl, amine, or a hydrogen. The ATP tail is placed in the 
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phosphate binding region (the actual source of power of the ATP which the cell taps for its 

energy).  

The solvent-exposed region of the aurora kinase is where the ligand is exposed to 

the solvent. The solvent-exposed region111 is where greater modifications of existing small 

molecular drug molecules can be done without a loss of activity (Figure 4.1). 

 

 

Figure 4.1: The five main area of aurora kinase binding sites108 

 

4.3 Novel AURKA/B/C inhibitors 

The overexpression of AURKA/B/C is associated with genetic instability as well as 

aneuploidy in tumors112 and this suggests that a wide range of cancers that results from 

their overexpression could respond therapeutically to inhibitors of this family of proteins. 

Inhibitors of AURKA and AURKB induce apoptosis through distinct mechanisms which 
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involve defects in mitotic spindle assembly and interferences with normal chromosome 

alignment, respectively.113,114 Specifically, AURKA-inhibited cells undergo G1 arrest and 

exit mitosis leading to cell apoptosis, and AURKB-inhibited cells cause polyploidy due to 

malfunctioning of the mitotic spindle checkpoint, leading to failure of cytokinesis and cell 

death.114 Examples of novel AURK inhibitors include TC-S7010, alisertib (selective 

AURKA inhibitor), hesperadin, barasertib (selective AURKB inhibitor), and CYC-116 

(potent inhibitor of AURKA/B/C). The chemical structure for these compounds is shown 

in Figure 4.2. The compounds shown in Figure 4.2 all contain an amine (NH) functional 

group. This common functionality means they all attach to the same binding site. 
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Figure 4.2: Some selected Aurora kinase A/B/C inhibitors. 

 

TC-S7010 

Alisertib 

Hesperadin Barasertib 

CYC 116 
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TC-S7010 is a novel, potent, and selective inhibitor of aurora A with an IC50 of 

3.4 nM and has been used to demonstrate a pro-apoptotic effect through the unfolded 

protein response pathway in HCT116 colon cancer cells. Treatment with TC-S7010 

resulted in the accumulation of cells in the sub-G0/G1 phase of the cycle of the cell and a 

percentage increase of annexin V binding cells to help identify population of cells 

undergoing apoptosis. Also, TC-S7010 increases the production of reactive oxygen 

species and stimulation of unfolded protein response mediated pathways.115 

Alisertib has been evaluated in phase I and II clinical trials in patients with 

advanced solid tumors; the overall response rate for all treated patients was 27 % when 

alisertib was administered orally at 50 mg twice daily for 7 days in 21-day cycles.116 It has 

shown good safety profiles as well when it is combined with cytotoxic chemotherapeutic 

drugs in patients with refractory peripheral T-cell lymphoma, and the co-crystal structure 

of alisertib complexed with AURKA has been elucidated. Although it has shown success 

in phase I and II trials, alisertib has not gained approval for clinical use; its predecessor 

MLN8054 showed severe off-target side effects. Its binding mechanism inhibits the 

autophosphorylation at Thr288 in the ATP-binding pocket, inactivating the catalytic 

subunit of AURKA with an IC50 value of 1.2 nM. This inhibition has resulted in cell cycle 

arrest and apoptosis.117 

Hesperadin is a human aurora B inhibitor, which prevents phosphorylation of the 

substrate with an IC50 value of 40 nM. It inhibits the growth of trypanosoma brucei by 

blocking nuclear division and cytokinesis. Upon treatment of MCF7 (breast cancer cells 

and PC3 (prostrate adenocarcinoma cell) with hesperadin, the cell’s multiplication is 

inhibited due to multiple mitotic defects caused by the reduction of aurora B activity and 
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removal of checkpoints proteins (CENP-E and hBUBR1) from kinetochores of mitotic 

chromosomes in mammalian cells. They allow mammalian cells to enter anaphase with 

attached chromosomes where aurora B is required to correct syntelic attachment which 

maintains spindle checkpoint signaling by generating unattached kinetochores.118 

Barasertib is a prodrug which binds to the phosphate region, rapidly converting to 

barasertib-hQPA in vivo. It selectively inhibits AURKB with an inhibition constant Ki 

value <0.001 µM.119 Clinical studies have shown success of barasertib against solid 

malignant tumors as well as refractory acute myeloid leukemia (AML), where one patient 

achieved a complete response.120,121 The safety of barasertib has been assessed during 

combinatorial therapy in elderly patients with newly diagnosed AML and was deemed 

unfit for intensive induction chemotherapy.120 Like alisertib, barasertib also inhibits 

phosphorylation of Thr288 in AURKB, inactivating the catalytic subunit which has 

resulted in G2/M arrest during the cell cycle, causing apoptosis.120 Co-crystal structures 

for barasertib and AURKB have been elucidated, with a similar binding mode to alisertib. 

CYC-116 is a pan-AURK inhibitor with promising anticancer properties and 

significant specificity and potency. The structure of CYC-116 as seen in Figure 4.2 contains 

an amine group attached to a thiazole ring, which is bound to a central pyrimidine, a second 

amine group, a benzene, and finally a morpholine ring. It shows an IC50 value of 44 nM, 

19 nM, and 65 nM for AURKA/B/C, respectively.122 The drug (CYC-116) can be 

economically mass-produced and is commercially available, however, its binding mode has 

not been fully elucidated or reported in crystal structure complexed with aurora kinase. 

This presents an opportunity for further investigation into the binding mechanisms between 
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CYC-116 and the family of Aurora kinase to determine the specific interactions that could 

point towards specificity among the three Aurora kinase proteins.  

 

4.4 Analogues and 18F-radiolabelled tracer compound 

Positron emission tomography (PET) is a functional imaging technique involving 

the injection of positron-emitting compounds (radiotracers) followed by detection of 

radiation and reconstruction of radiotracer localization in the body. It is an especially 

useful method for earlier (compared to traditional imaging methods), more accurate 

diagnoses of tumors based on metabolic differences from surrounding organs and 

tissues.123 Radiolabeled pharmaceuticals or biomolecules can allow imaging and 

quantification of specific biological functions and/or track biomarker distribution in the 

body. The most used radionuclide is fluorine-18 due to its high positron decay ratio (97 

%) and relatively low positron energy, limiting positron diffusion range to 1-2.4 mm in 

tissues before it interacts with an electron. Upon interaction, positrons and electrons 

annihilate to give two high-energy photons travelling in approximately opposite (180°) 

directions.124 The half-life of fluorine-18 is ~110 minutes which allows sufficient time 

for radiotracer synthesis while limiting radiation exposure from residual radiotracer in 

the body, and since fluorine-18 is a bioisostere of hydrogen it is readily integrated into 

pharmaceutical analogues.125 

PET imaging with [18F]2-deoxy-2-fluoro-D-glucose ([18F]FDG) is a common 

method and radiotracer for clinical oncology studies. [18F]FDG PET is useful for 

predicting disease aggressiveness and identifying distant metastases due to its ability to 
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contrast the metabolism of healthy cells versus rapidly-dividing tumor cells.126127  In the 

last decade it has become an important imaging tool in routine clinical oncology due to 

the valuable information it provides on increased glucose uptake and glycolysis of cancer 

cells; this kind of functional information such as this helps depict metabolic abnormalities 

before morphological alterations occur.126 For example, [18F]FDG PET plays an 

important role in the detection of recurrent colorectal cancer, with an average sensitivity, 

specificity, and accuracy for detection 89 %, 92 %, and 90 %, respectively.126  

 

Figure 4.3: N-[18F]fluoroethylated analogue compounds derived from CYC-116 

inhibitor. 

 

 

4.5 Medical use of thiazole ligands 

 Thiazole ligands have varying coordination abilities towards many transition metal 

ions. There has been growing interest in investigating thiazoles and their synthesis and 

applications particularly in the bioactive and biomimicking in their coordination.128 

Thiazoles have several properties which makes them suitable candidate in medicinal 

chemistry especially in drug design and synthesis. Thiazole is an important scaffold in 

many vitamins and many important compounds used in medicinal chemistry.50 Thiazole-
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containing compounds have a myriad of applications. Some thiazoles are antifungal, 

antimalarial, antibacterial, anticancer, antiviral, antioxidants or anti-inflammatory while 

others are used to treat ulcers, hypertension, Alzheimer’s disease, cardiovascular 

diseases,129anti-HIV (ritonavir), or antihypertension.130–133  

Thiazoles have been used as linkers in a single molecular skeleton to test its 

microbial activity as shown in Figure 4.4 below.134 A thiazole derivative has been screened 

against HIV as seen in Figure 4.5 below.135 Another thiazole derivative has been found to 

provide potent antitumor activities in cancer cell lines (Figure 4.6).136 Thiazole-

incorporated azole showed good activity in epilepsy models (Figure 4.7).137 

 

 

 

Figure 4.4: Thiazole hybrid antimicrobial agent. 
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Figure 4.5: Thiazole antiviral agent containing oxalamide moiety. 

  

 

Figure 4.6: Thiazole-derivative as anti-cancer activities. 

 

Figure 4.7: Structure of thiazole derivative used for an anticonvulsant activity. 

 

 

4.6 Goals of the project 

The goal of this project is to develop imaging agents that are selective for aurora 

kinase and develop a synthetic strategy that allows for easy diversification and structure 

activity relationship (SAR) analysis. When designing a new radiotracer, it is important to 

know where the radionuclide can be attached without disrupting the binding interaction 
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that gives selectivity. In many cases, including the aurora kinases, this requires the 

positioning of the radiolabel on a solvent exposed region of the molecule. We chose to 

model our tracer on the known AURK inhibitor CYC-116 seen in Figure 4.8. 

 
 

Figure 4.8: Binding interactions of CYC 116 showing solvent exposed region. 

 

The proposed route to the new family is to react bromoaniline with cyanamide to 

get p-(2-aminohydrazino) bromobenzene followed by a Buchwald type coupling with a 

secondary amine (Boc-piperazine). Deprotection of the Boc group will give an intermediate 

that can be further modified in the solvent-exposed region.138  

The hope was to take advantage of the known binding interactions of CYC-116 to 

provide selectivity. Extensive SAR work has indicated the morpholine region is solvent 

exposed so should be possible to make changes without impacting binding.139,140 The 

proposed research replaces the morpholine with a piperazine which can be functionalized 

with a suitable fluorine-18 labeling group. This will also allow for the creation of acylated 

analogues of CYC-116 (Scheme 4.2), where R = Aryl, ethyl, propyl etc. (Scheme 4.1). 
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Scheme 4.1: Functionalized replacement of morpholine with piperazine with 

fluorine-18 and other alkylated analogues. 
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4.7 Retrosynthetic analysis 

The radiolabeling step will be carried out using the prosthetic group [18F] 2-

fluoroethyltosylate (FET). FET is prepared from the reaction of the bistosylate with 

[18F]KF, base and K222  

 

Scheme 4.2: The radiolabeling step of the retrosynthesis from enaminone (4) and 

guanidine (9). 
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The synthesis of the key intermediate compound 11 will allow for easy 

radiolabeling as well as the synthesis of other analogues. The piperazine of the key 

intermediate is protected with suitable protecting group and dissected through the 

pyrimidine ring. This gives a thiazole and a guanidine as starting materials. 

 

 

Scheme 4.3 Formation of the enaminone. 

 

The thiazole (3) is derived from the condensation of thioacetamide with the 3-

chloro-2,4-pentanedione.  

Synthesis of the guanidine building blocks comes from the nucleophilic aromatic 

substitution of 4-fluoronitrobenzene. 
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Scheme 4.4: The guanidine formation  

 

 

4.8 Results and Discussion 

4.8.1 Thiazole-enaminone synthesis (4) 

To get the starting thiazole, 1-(2,4-dimethyl-1,3-thiazol-5-yl)-1-ethanone (4) was 

synthesized from the condensation of thioacetamide (1) and 3-chloro-2,4-pentanedione 

(2) to obtain 1-(2,4-dimethyl-1,3-thiazol-5-yl)-1-ethanone (3) with 98 % yield. 3-

(Dimethyamino)-1-(2,4-dimethyl-1,3-thiazol-5-yl)-2-propen-1-one (4) (79 % yield) was 

synthesized by heating 1-(2,4-dimethyl-1,3-thiazol-5-yl)-1-ethanone (3) in N,N-

dimethylformamide dimethyl acetal to get the resulting enaminone (4) as shown in 

7 
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Scheme 4.5 below: 

 

Scheme 4.5: Formation of enaminone 

 

 

4.8.3 Synthesis of guanidine 

4.8.3.1 Tert-butyl-4-(p-nitrophenyl)-1-piperazinecarboxylate (7) 

Synthesis of the guanidine building blocks starts from the nucleophilic aromatic 

substitution of 1-fluoro-4-nitrobenzene (5) with 1-Boc-piperazine (6) as a nucleophile in 

the presence of a base and dimethylformamide (DMF) at room temperature to give tert-

butyl-4-(p-nitrophenyl)-1-piperazinecarboxylate (7) with a yield of 69 % (Scheme 4.6) 

 

Scheme 4.6: Synthesis of tert-butyl-4-(p-nitrophenyl)-1-piperazinecarboxylate.  
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4.8.3.2 Tert-butyl-4-(p-aminophenyl)-1-piperazinecarboxylate (8) 

The nitro group (7) in Scheme 4.6 was reduced to an amine group. This was done 

by catalytic hydrogenation over palladium on carbon to obtain tert-butyl-4-(p-

aminophenyl)-1-piperazinecarboxylate (8), a primary amine with a yield of 89 % (Scheme 

4.7). This reaction is conducted at a neutral pH and does not affect the acid sensitive Boc 

group.  

 

 

Scheme 4.7: Synthesis of tert-butyl-4-(p-aminophenyl)-1-piperazinecarboxylate 

 

4.8.3.3 Tert-butyl-4-(p-guanidinophenyl)-1-piperazinecarboxylate (9) 

Condition 1: 

Tert-butyl-4-(p-aminophenyl)-1-piperazinecarboxylate (8), a primary amine, is 

dissolved in ethanol and treated with cyanamide bubbling the gas through the solution to 

obtain the corresponding guanidine target, tert-butyl-4-(p-guanidinophenyl)-1-

piperazinecarboxylate (9) with a yield of only 5 %. This was done in the presence of nitric 

acid. It should be noted that the ethanol was cooled down to 0 oC before the addition of the 

cyanamide and the acid. Because the reaction was cooled before the addition of the acid, 

the Boc protecting group remained intact (Scheme 4.8). 

 

 

EtOH 
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Scheme 4.8: Synthesis of tert-butyl-4-(p-guanidinophenyl)-1-piperazinecarboxylate 

 

4.8.3.4 Tert-butyl-4-(p-guanidinophenyl)-1-piperazinecarboxylate (9) 

Condition 2: 

 Compound (8), a primary amine was treated with cyanamide in the presence of a 

catalytic amount of scandium (III) triflate. This method does not require the harsh 

conditions of nitric acid seen in condition 1. The reaction proceeds well in water to give 

tert-butyl-4-(p-guanidinophenyl)-1-piperazinecarboxylate (9) with a yield of 70 % 

(Scheme 4.9). 

 

 

Scheme 4.9: Synthesis of tert-butyl-4-(p-guanidinophenyl)-1-piperazinecarboxylate 

using scandium triflate, a Lewis acid. 

 

4.8.4 Tert-buty-4-(p-[4-(2,4-dimethyl-1,3-thiazol-5-yl)-2-pyrimidinylamino] phenyl)-

1-piperazinecarboxylate (10) 

 The pyrimidine ring was synthesized by the condensation reaction between 

compound (9) (Scheme 4.6) and compound (4) to give pyrimidine, tert-buty-4-(p-[4-(2,4-
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dimethyl-1,3-thiazol-5-yl)-2-pyrimidinylamino] phenyl)-1-piperazinecarboxylate (10) 

with a yield of 39 % (Scheme 4.10). 

 

Scheme 4.10: Synthesis of tert-buty-4-(p-[4-(2,4-dimethyl-1,3-thiazol-5-yl)-2-

pyrimidinylamino] phenyl)-1-piperazinecarboxylate 

 

4.8.5 [4-(2,4-dimethyl-1,3-thiazol-5-yl)-2-pyrimidinyl][ p-(1-

piperazinyl)phenyl]amine (11) 

Deprotection of 10 was accomplished by simple carbamate hydrolysis with 

trifluoroacetic acid (TFA) in dichloromethane to give [4-(2,4-dimethyl-1,3-thiazol-5-yl)-2-

pyrimidinyl][ p-(1-piperazinyl)phenyl]amine (11) with a yield of 97 % (Scheme 4.1). 
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Scheme 4.11: Deprotection of tert-buty-4-(p-[4-(2,4-dimethyl-1,3-thiazol-5-yl)-2-

pyrimidinylamino] phenyl)-1-piperazinecarboxylate 

 

 

4.9 General Results/Discussion 

In the quest to develop an imaging agent that is selective for aurora kinase and 

develop a synthetic strategy that will allow for easy diversification and structure activity 

relationship elucidation, a key intermediate analogue of a known aurora kinase inhibitor, 

CYC 116, which is selective for aurora kinase was prepared. The guanidine synthesis 

proved to be tedious as the methods140 used resulted in only 5 % yield of the resulting 

guanidine seen in condition 1 (Scheme 4.8). This was attributed to the fact that the harsh 

conditions using nitric acid and heat likely protonated the amine, which would weaken the 
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nucleophilicity, hence the use of a Lewis acid can improve the efficiency of this protocol.141 

Upon reacting compound (8), using these conditions, the yield of compound 9 (Scheme 

4.7) was increased to 70%, thus solving problem of converting the amino group to the 

guanidine. The other low-yield step is the combination of 4 and 9 to give 10 with a yield of 

39%. It was hypothesized that the use of sodium hydroxide (in the 2-methoxyethanol 

solvent) is strong enough to abstract the acidic amine (NH unit), which prevents the reaction 

from going to completion. To affirm the fact that the base (sodium hydroxide) abstracts the 

acidic NH, choline hydroxide (Scheme 4.12) was used in the presence of compound (4) 

and compound (9) at 60 0C for 30 minutes as described by Chaskar et. al.142 and this also 

proved futile, an affirmation of the fact that the hydroxide group affecting the reaction by 

abstracting the acidic amine (NH) thereby preventing the reaction from going to 

completion. 

 

Scheme 4.12: Abstraction of the amine by the base. 
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4.10 Experimental  

4.10.1 General synthetic and instrumental details 
Unless otherwise indicated, all reactions were conducted under an inert nitrogen 

atmosphere. Nuclear magnetic resonance spectra were obtained using a Brucker Avance 

NEO 500 MHz NMR spectrometer at the Lakehead University Instrument Laboratory 

using Topspin software. All spectra were recorded at room temperature and chemical shifts 

were internally referenced to tetramethylsilane (TMS) and are reported in parts per million 

(ppm). NMR spectral data is reported in the following order: chemical shift (ppm), 

multiplicity, coupling constant (Hz) and number of protons. The solvent signals were used 

as references and the chemical shifts converted to the TMS scale (CDCl3: dC =77.00 ppm 

and dH = 7.26 ppm; d6-DMSO: dC =39.53 and dH = 2.50; d4-MeOH: dC =49.03 ppm and 

dH = 3.31 ppm. The splitting patterns were designated using the following abbreviations: 

s (singlet), d (doublet), t (triplet), q (quartet), quint. (quintuplet), m (multiplet), br (broad). 

Mass spectra were obtained on the Advion-Expression Compact Mass Spectrometer; 

nitrogen atoms tend to protonate in the instrument, leading to +1 mass unit for each N atom 

in the molecule. Infrared spectra were collected on a Nicolet 380 FT-IR with a resolution 

of 1 cm-1. Glassware used for all reactions were oven dried, evacuated, and purged with N2 

(g) several times and allowed to cool to room temperature. Thioacetamide (1), 3-chloro-

2,4-pentanedione (2), DMF-DMA, bromoaniline, cyanamide, 2-methoxyethanol, 1-Boc-

piperazine, 1-fluoro-4-nitrobenzene (5), palladium on carbon (Pd/C) were obtained 

commercially from Sigma Aldrich, ChemImpex or Fisher Scientific and used as received. 

Thin layer chromatography (TLC) was performed using Silicycle UltraPure silica gel 200 

µm. Hexane and ethyl acetate were used as mobile phase in flash chromatography unless 
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otherwise stated.  

 

 

4.10.2 Thiazole synthesis 

1-(2,4-Dimethyl-1,3-thiazol-5-yl)-1-ethanone (3) 

3-Chloro-2,4-pentanedione (2) (3.58 g, 27 mmol, 3 mL) was weighed into 

75 mL of dry ethanol in a 500 mL round bottom flask equipped with a stir 

bar and a reflux condenser. Thioacetamide (1) (2 g, 27 mmol) was added. 

The resulting mixture was refluxed under nitrogen gas for 3 hours and was 

allowed to cool. After the 3-hour period, the solution was poured into 100 mL of distilled 

water and was adjusted to a pH of 9 using saturated sodium carbonate. The organic product 

(3) was extracted with ether and dried with MgSO4. The solvent was removed via rotary 

evaporation. The residue was purified by chromatography on silica gel (1:1 hexane: ethyl 

acetate) to afford a light brown liquid (4.05 g, 98 % yield). 1H NMR (500 MHz, CDCl3) d 

2.51 (s, 3H), 2.69 (s, 3H), 2.70 (S, 3H); 13C NMR (125 MHz, CDCl3) d 18.15, 19.51, 30.90, 

131.39, 158.34, 168.55, 190.38. Mass spec. calc. for C7H9NOS: 155.040; found: 156.0 (100 

%, M+H).  
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3-(Dimethyamino)-1-(2,4-dimethyl-1,3-thiazol-5-yl)-2-propen-1-one (4) 

Compound (3) (6.5 g, 42 mmol) was weighed into 6.5 mL of N, N-

dimethylformamide dimethyl acetal in a 500 mL round bottom flask 

equipped with a stir bar and a reflux condenser. The resulting mixture 

was refluxed under nitrogen gas for 21 hours at 120 oC then allowed to 

cool and the mixture was evaporated to dryness. The residue was 

recrystallized in equal amounts of diisopropyl ether and dichloromethane and purified by 

chromatography on silica gel (1:20 methanol: dichloromethane) to afford the product as a 

brown solid (6.8 g, 79 %).; mp 95-97 oC.; 1H NMR (500 MHz, CDCl3) d 7.64 (d, J = 12.05 

Hz, 1H), 5.33 (d, J = 12.11 Hz 1H), 3.14 (d, 6H), 2.60 (s, 3H), 2.55 (s, 3H); 13C NMR (125 

MHz, CDCl3) d 179.72, 165.48, 154.22, 153.37, 133.79, 94.26, 40.16, 19.33, 17.98,; Mass 

spec. calc. for C10H14N2OS: 210.083; found: 211.1 (100 %, M+H). 

 

 

4.10.3 Guanidine Synthesis 

Tert-butyl-4-(p-nitrophenyl)-1-piperazinecarboxylate (7) 

1-Fluoro-4-nitrobenzene (5) (2 g, 14.2 mmol, 1.5 mL), Boc-piperazine (6) (6.6 

g, 35.6 mmol), and potassium carbonate (4.9 g, 35.6 mmol) were weighed into 

40 mL of dimethylformamide (DMF) in a 500 mL round bottom flask equipped 

with a stir bar and a stirred at room temperature for 8 hours. The resulting 

mixture was diluted with water (100 mL). The organic product was extracted 

with dichloromethane and dried with MgSO4. The solvent was removed via 

rotary evaporation. The residue was purified by chromatography on silica gel (4:1 hexane: 
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ethyl acetate) to afford a bright yellow flaky solid (3 g, 69 %).; mp 145-147 oC; 1H NMR 

(500 MHz, CDCl3) d 8.14 (d, J= 8.0 Hz 2H),  6.83 (d, J = 8.25 Hz, 2H), 3.61 (s, 4H), 3.42 

(s, 4H), 1.49 (s, 9H); 13C NMR (125 MHz, CDCl3) d 154.63, 154.55, 138.78, 125.98, 

112.86, 80.39, 46.89, 43.11, 28.39; Mass spec. calc. for C15H21N3O4: 307.153; found: 308.2 

(100 %, M+H). 

 

 

Tert-butyl-4-(p-aminophenyl)-1-piperazinecarboxylate (8) 

Compound (7) (1g, 3.3 mmol) was weighed into 20 mL of dry ethanol in a 100 

mL round bottom flask equipped with a stir bar and a reflux condenser. 

Palladium on carbon (Pd/C) (35 mg, 6 mol %) was added. The resulting mixture 

was evacuated several times under vacuum and backfilled with hydrogen gas 

(H2). The mixture was stirred overnight under hydrogen gas. The mixture was 

filtered and washed with methanol. The solvent was removed via rotary 

evaporation. The residue was purified by chromatography on silica gel (3:2 hexane: ethyl 

acetate) to afford a purple solid (0.8 g, 89 %).; mp 103-105 oC; 1H NMR (500 MHz, CDCl3) 

d 6.81 (d, J = 8.3 Hz, 2H), 6.65 (d, J = 8.3 Hz 2H), 3.56 (s, 4H), 3.51 (s, 2H), 2.96 (s, 4H),  

1.46 (s, 9H); 13C NMR (125 MHz, CDCl3) d 154.75, 144.4, 140.64, 119.1, 116.1, 79.9,  

51.19, 51.14, 28.4; Mass spec. calc. for C15H23N3O2: 277.179; found: 278.2 (100 %, M+H). 

 

 

 



   144 

Tert-butyl-4-(p-guanidinophenyl)-1-piperazinecarboxylate (9) 

Condition 1 

To an ice-cold mixture of compound (8) (3.47g, 25 mmol) in 20 mL of 

ethanol was added nitric acid (0.9 mL of 70 % solution in water) dropwise 

with stirring. After the complete dropwise addition, cyanamide (2.5 mL) 

was added. The resulting mixture was heated at 100 oC for 18 hours under 

nitrogen gas. After cooling to room temperature, the mixture was poured 

into excess diethyl ether and aqueous sodium hydroxide was added until 

a basic pH was achieved. The ethereal layer was separated, and the 

aqueous phase was extracted with diethyl ether several times. The combined organic phases 

were washed with saturated sodium hydrogen carbonate (100 mL), brine (2X), water and 

dried on MgSO4, filtered, and evaporated to dryness. The residue was redissolved in 

isopropanol (50 mL) and decant off. The mixture re-evaporated to dryness. The residue 

was purified by chromatography on silica gel (9.5:0.5 dichloromethane: methanol) to afford 

a grey solid (0.4 g, 5 %).; mp 133-135 oC; 1H NMR (500 MHz, CDCl3) d 8.33 (s, 1H),  

7.91 (s, 1H), 7.08 (d, J = 9.0 Hz, 2H), 7.03 (d, J = 9.0 Hz 2H), 4.71 (s, 2H), 3.49 (s, 4H),  

3.02 (s, 4H), 1.36 (s, 9H); 13C NMR (125 MHz, CDCl3) d 154.79, 144.38, 143.39, 140.59,  

119.4, 116.19, 79.84, 51.19, 51.18, 28.43; Mass spec. calc. for C16H25N5O2: 319.201; 

found: 320.2 (100 %, M+H). 
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Tert-butyl-4-(p-guanidinophenyl)-1-piperazinecarboxylate (9) 

Condition 2 

Tert-buty-4-(p-aminophenyl)-1-piperazinecarboxylate (8) (4.5g, 16.2 

mmol) in 100 mL of distilled water and dioxane (50/50), cyanamide (0.76 

mL, 1.2 eqv.), and scandium triflate (0.79 g, 10mol %) were weighed into 

a 500 mL round bottom flask equipped with a stir bar and a reflux 

condenser. The mixture was heated to 100 oC for 12 hours. After cooling to 

room temperature, the resulting mixture was poured into excess ether and 

saturated aqueous sodium hydrogen carbonate (40 mL) was added until a 

basic pH was achieved. The aqueous layer was concentrated in vacuo, and the residue was 

purified by filtering through a silica gel pad and washed with methanol to afford a beige 

solid (3.62 g, 70 %).; mp 133-135 oC;  1H NMR (500 MHz, CDCl3) d 8.33 (s, 1H), 7.91 (s, 

1H), 7.08 (d, J = 9.0 Hz, 2H), 7.03 (d, J = 9.0 Hz 2H), 4.71 (s, 2H), 3.49 (s, 4H), 3.02 (s, 

4H), 1.36 (s, 9H); 13C NMR (125 MHz, CDCl3) d 154.79, 144.38, 143.39, 140.59, 119.4, 

116.19, 79.84, 51.19, 51.18, 28.43; Mass spec. calc. for C16H25N5O2: 319.201; found: 320.2 

(100 %, M+H). 
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Tert-buty-4-(p-[4-(2,4-dimethyl-1,3-thiazol-5-yl)-2-pyrimidinylamino] phenyl)-1-

piperazinecarboxylate (10) 

 

Compound (9) (0.5 g, 1.6 mmol), compound (4) (165 mg, 0.8 

mmol), and sodium hydroxide (1 equivalence) were weighed into 

10 mL of 2-methoxyethanol in a 250 mL round bottom flask 

equipped with a stir bar and a reflux condenser. The resulting 

mixture was heated at 125 oC for 22 hours under nitrogen gas. After 

cooling, the solvent was evaporated to dryness. The residue was 

purified by chromatography on silica gel (1:1 hexane: ethyl acetate) 

and recrystallized in ethanol to afford a brown solid (0.15 g, 39 %). 

; mp 120-122 oC; 1H NMR (500 MHz, CDCl3) d 1.44 (s, 9H), 2.62 

(s, 3H), 2.65 (s, 3H),  3.25 (s, 4H), 3.40 (s, 4H), 6.71 (s, 1H), 7.65 

(s, 1H), 8.28 (d, J = 5.2 Hz, 2H), 8.46 (d, J= 5.2 Hz, 2H), 9.45 (s, 1H); Mass spec. calc. for 

C24H30N6O2S: 466.215; found: 467.1 (100 %, M+H).  
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Deprotection of tert-buty-4-(p-[4-(2,4-dimethyl-1,3-thiazol-5-yl)-2-pyrimidinylamino] 

phenyl)-1-piperazinecarboxylate (11) 

Compound (10) (0.6 g) was dissolved in dichloromethane (10 mL), 

and trifluoroacetic acid (5mL) was weighed in a 250 mL round 

bottom flask equipped with a stir bar. The resulting mixture was 

stirred for 15 hours, and the solvent evaporated to dryness and 

recrystallized in ethanol to afford a brown solid (0.58 g, 97 %).; mp  

113-115 oC; 1H NMR (500 MHz, CDCl3) 8.39 (d, J = 8.3 Hz, 2H),  

8.3 (d, J = 8.3 Hz, 2H), 7.54 (s, 1H), 7.47 (s, 1H), 7.03 (s, 1H), 3.49 

(s, 4H), 2.71 (s, 4H), 2.71 (s, 3H), 2.67 (s, 3H), 1.27 (s, 1H); Mass 

spec. calc. for C19H22N6S: 366.16; found: 367.2 (100 %, M+H). 
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4.11 Conclusion and Future work 

The synthesis of the intermediate target molecule was achieved. However, because 

of the low yield, further research would be required to make it economically (and/or 

medically) feasible. It can be concluded in this chapter that to get an optimal yield for the 

pyrimidine formation, one needs to avoid the use of a base which abstracts the acidic amine 

in the CYC 116 analogues produced. Because of the difficulties with the cold chemistry 

part of the project, once it was completed the project was ended and the radiolabelling steps 

were not carried out using the prosthetic group [18F]2-fluoroethytosylate (FET) as well as 

the other acylated analogues. Going forward, this project will have to develop a more 

reliable and higher-yield synthesis to the common intermediate compound in order to be 

able to create a library of similarly structured compounds, which in turn will allow the goal 

of studying biological structure-function relationships with this proposed family of aurora 

kinase inhibitors. 
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Chapter 5: Conclusion and Future work 

As stated in the introduction, this is a wide-ranging thesis covering disparate areas of 

synthetic organic and metal-organic chemistry, unified by the general use of these 

projects in medicinal chemistry. As such, no single unified conclusion is possible; rather, 

the three projects advance knowledge in their respective areas of homogeneous catalysis 

(specifically, Suzuki-Miyaura cross-coupling), radioisotope separation, and radiolabeled 

pharmaceutical agents. 

 
The Suzuki-Miyaura cross-coupling reaction is central to the design and synthesis 

of any number of new pharmaceutical molecules. The research presented in Chapter 2 

looked at the electronic effects of different thiazole ligands and how they interacted with 

the metal to get the desired results. In Chapter 2, it was concluded that these catalysts (2.3 

and 2.4) work very well with aryl bromides and aryl iodides, but they do not catalysed aryl 

chlorides.  

The electronics have been tuned to favor either electron-withdrawing or electron-

donating groups, the latter being unusual for these kinds of reactions. The reactivity of the 

prepared catalysts was tested using Suzuki-Miyaura cross-coupling reactions on various 

aryl halides with different boronic acids with an average yield of 80 % at 60 0C after 8 

hours under mild conditions. In the future, the o- vs m- vs p-substitution with the same 

substituent will be performed to see how substitution at different positions affects the 

reactivity in the Suzuki coupling reactions and to see if these catalysts will be able to 

catalyze other palladium aided cross-coupling reactions such as Heck, Buchwald, Stille, 

Negeshi or Kumada coupling reactions. In the future studies, it will be beneficial to 
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incorporate a broader range of substrates (other electron-donating and electron-

withdrawing group). 

In Chapter 3, a project studying the preparation and testing of solid support resin to 

allow high loading and selectivity of 99Mo/99mTc radioisotope generators using 

coordination chemistry was completed. It was concluded that the column loading efficiency 

increases upon the addition of an amine and there is a further increment in the loading 

efficiency with the addition of a positively charged epoxide. Grafting of the epoxide to the 

amines also increases the size of the resin beads because the number of positive charges on 

the resin increases. This subsequently improves binding onto the resin. Resins prepared had 

high loading and selectivity for molybdate and releasing pertechnetate. The resin prepared 

will allow for the current generator configuration to be used without change in operating 

procedures for the end user in the nuclear medicine departments at hospitals. Resins were 

modified to allow for better recovery of Tc without sacrificing molybdate loading. In the 

future, we are going to test the resin at the clinical stage to see if it the data generated can 

complement current research in Canada into the production of 99mTc production. 

In Chapter 4, a project was initiated on the synthesis of a common intermediate that 

could be functionalized to create other analogues as well as being radiolabeled for F-18 

compounds in the study of aurora kinase inhibitors. The synthesis of the common 

intermediate target molecule (CYC 116 analogues) was achieved. However, because of the 

low yield, further research would be required to make it economically (and/or medically) 

feasible. It can be concluded in this chapter that to get an optimal yield for the pyrimidine 

formation, one needs to avoid the use of a base which in essence abstract the acidic amine 

in the CYC 116 analogues produced. Because of the poor results in the cold chemistry 
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aspects of the project, the radiolabelling steps were not carried out using the prosthetic 

group [18F]2-fluoroethytosylate (FET) nor with the other acylated analogues. Going 

forward, this project will have to develop a more reliable and higher-yield synthesis to the 

common intermediate compound in order to be able to create a library of similarly 

structured compounds, which in turn will allow the goal of studying biological structure-

function relationships with this proposed family of aurora kinase inhibitors. 
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