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ABSTRACT 

 

Dopamine, a small neurotransmitter released by the brain, plays a major role in the body’s 

reward and motivation systems. Dopamine interacts with a class of G-Protein coupled receptors – 

D1R through D5R – to propagate or mitigate the dopamine signaling effect. Specifically, D2R and 

D3R play a role in the perpetuation of cocaine addiction. Due to the high sequence similarities 

between D2R and D3R, it represents a major challenge to develop selective ligands for each type 

of receptor.  

Carboranes are neutral and lipophilic icosahedral clusters composed of BH and CH vertices 

with the general formula C2B10H12. The carborane moiety has been demonstrated to be bioisosteric 

to the phenyl group. It is robust, stable to metabolism, and is capable of forming multiple H-

bonding interactions with the biological target. In this project we determined to justify the use of 

a carborane moiety in design of dopamine receptor ligands. 

The known D3R antagonist eticlopride combines the ethylpyrrolidinelmethyl moiety and 

substituted phenyl group via the amide linkage. Recently reported crystal structure of the D3 

receptor with its antagonist eticlopride revealed a range of crucial interactions within the 

orthosteric binding site, the most important of which is a salt bridge between tertiary amine in the 

ethypyrrolidine ring and the carboxylate of Aspartic Acid3.32. By keeping the 

ethylpyrrolidinemethyl moiety and replacing the phenyl group of eticlopride with the carborane, 

we prepared the first boron-containing analog of eticlopride. Our docking studies showed that 

carborane-containing eticlopride analog fits well within the orthosteric site. The biological tests 

showed that carborane analog displays improved selectivity towards the D3R as compared to 

eticlopride. 
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CHAPTER 1: DOPAMINERGIC SYSTEM 
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1.1 Structure, Organization and Function. 

 The dopaminergic system, which originates in the midbrain and extends axons to the 

forebrain, modulates three general categories of function: cognitive, movement, and emotion, and 

plays a pivotal role in reward and motivation. The system is composed of a group of nerve cells, 

projections that originate from the ventral tegmental area (VTA) and extend to four axonal 

pathways: mesocortical, mesolimbic, nigro-straital, and tuberoinfundibular (Fig. 1). The 

mesocortical axon, which innervates regions of the frontal cortex, is involved in modulating 

working memory and various forms of thinking. The mesolimbic pathway innervates the striatum 

and sections of the limbic system, where nerve impulses have been postulated to direct the 

amplitude of movement in the body and effect motivated behavior. Dopamine release in the 

tuberoinfundibular pathway, which arises from the hypothalamus, serves to inhibit the release of 

prolactin.3 

 

 

 

Figure 1. Dopaminergic System in the Human Brain 
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1.2 Dopamine Receptors: Classification 

Mediation of dopaminergic system’s functions occurs via the dopamine G-protein coupled 

receptor family. Within this family there are five different receptor subtypes – D1 through D5 – 

which act as either agonists or antagonists to the signaling pathway (Fig. 2). The two major 

subclasses of the dopamine receptors are: (a) D1-like receptors, which are predominantly post-

synaptic receptors and activate adenylyl cyclase (D1, D5) and (b) D2-like receptors, which are both 

pre- and post-synaptic receptors which inhibit adenylyl cyclase and activate K+ channels in the 

neurons (D2, D3, D4).
2  

The structural properties of each receptor are remarkably similar, with both subfamilies 

containing a C-terminus domain with palmitoylation and phosphorylation involved in receptor 

desensitization. Ligands discriminate between the two subfamilies; however, within the same 

subfamily there is no clear indication of specificity towards the individual receptors.3 This 

represents a significant challenge within the field of medicinal chemistry, as specific receptors, 

namely D3, have been implicated in numerous diseases, such as addiction, Parkinson’s disease and 

Tourette’s syndrome; however, without pharmacophores which target this individual receptor, 

little headway can be made in treatment via selective-receptor (ant)agonism. 

 In terms of receptor expression, D1 and D2 are the most abundant in the central nervous 

system; 1 however, the two differ in locations of expression, with D1R primarily expressed in the 

amygdala, OT, cerebral cortex, CP and nucleus acumens while the D2R is primarily expressed in 

brain tissues.3 In general, the signal transduction pathways initiated by these receptors result in the 

inhibition or activation of cAMP pathways, as well as Ca2+ signal modulation. The D1R subfamily 

regulates the activation of cAMP levels, resulting in protein kinase A activation and the 
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phosphorylation of proteins in the body. On the opposite spectrum, the D2R subfamily inhibits 

adenylyl cyclase activity, reducing cAMP levels and reducing phosphorylation levels.3 

 

1.3 Dopamine Synthesis and Release 

 Dopamine is a catecholamine neurotransmitter synthesized in a multi-step process from 

tyrosine.4 Tyrosine hydroxylase, acting as the rate-limiting enzyme of the biosynthesis, converts 

tyrosine to L-DOPA, which is further decarboxylated by DOPA decarboxylase to form the 

neurotransmitter dopamine (Fig. 3). 

 

Figure 2. Character Representation of the Dopamine Receptor 

 
Figure 3. Synthesis of Dopamine as Produced in the Brain 
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 Vesicular Monoamine Transporters (VMAT) then transfer dopamine into synaptic vesicles 

wherein calcium influx causes the emptying of the vesicle contents into the synaptic cleft (Fig. 4). 

In the cleft, dopamine interacts with one of the subclasses of G-protein coupled receptors to 

propagate the nervous signal.4 After signal propagation, dopamine is sequestered into the 

presynaptic terminal by Dopamine Active Transporter (DAT). This membrane-spanning protein 

pumps dopamine into the cytosol via a symport of sodium ions moving from high concentration 

to low concentration. The transporter, which requires binding of one chlorine and two sodium ions 

with the substrate, is the primary source for dopamine reuptake. In addition, monoamine oxidase 

(MAO) catalyzes the breakdown of dopamine through oxidation. Both systems serve to control 

the levels of dopamine in the cleft, and thus the signaling effects of the molecule. 

 

 

 

 

Figure 4. Release and Reuptake of Dopamine in the Synaptic Cleft 
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1.4 Receptor Involvement in Drug Abuse 

 Significant amounts of research has implicated dopamine as a key player in a number of 

disorders and diseases, including ADHD, Parkinson’s disease, Tourette’s syndrome, and drug 

abuse.3,5 The correlation between dopamine and drug abuse is an especially intriguing component 

of medicinal research given the prevalence of abuse in our society, the damaging effects to 

emotional, physical, and financial well-being of individuals, and the potential for simple treatments 

to mitigate these effects. Given the mesolimbic dopaminergic system’s role in reward mechanism 

control and the similar effects on this process that abusive drugs, specifically cocaine, have, 

research has been undertaken to separate the subfamilies and individual receptors to link them to 

specific abuse disorders.  

 Once administered, cocaine blocks the reuptake capabilities of DAT and instead reverses 

the transport of dopamine, resulting in increased levels of the neurotransmitter in the synaptic 

cleft.6 In the absence of reuptake capabilities, the dopamine in the cleft continues to propagate the 

signal, resulting in high levels of reward motivation and euphoric effects. Over time, consistent 

cocaine abuse results in decreasing sensitivity to dopamine by the receptors, meaning higher doses 

of cocaine are needed to produce the same euphoric effects as new user’s experience. It is in this 

cycle that the majority of users overdose or experience critical health problems.6 

 Research using mice lacking specific receptors has been crucial in identifying which 

receptors play a pivotal role in cocaine abuse. Those lacking D1R were shown to retain classic 

signals of cocaine addiction after treatment, resulting in the indication that properties of cocaine 

are not dependent on the D1 subfamily of receptors.6 In regards to the other subfamily, numerous 

accounts confirmed that the D2 receptor is not required in the development of withdrawal and D4 
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receptor null mice experiencing increased sensitivity to locomotor activity stimulated by cocaine; 

however, it was shown that mice with mutant D3 receptors were hypersensitive to administration 

of cocaine. Further study focusing on the D3 receptor revealed the importance of the receptor in 

diminishing the drug-induced relapse and self-administration of cocaine.3,5 

 

1.5 Dopamine Receptors: Structure 

 Based on the structural studies of the D2-like subfamily of receptors, medicinal chemistry 

efforts have been directed to synthesizing D3-selective pharmacophores to attenuate activity 

involved in the cocaine and methamphetamine abuse disorders. The difficulty in developing the 

selective pharmacophores derives from the remarkable structural similarity between the receptors, 

especially in the transmembrane regions (TM) where ligands bind. Thus, sequence similarity  

based on the TM regions are 90% for D2 and D3 receptors, 72% for D2 and D4 receptors, and 73% 

for D3 and D4 receptors.22 The crystal structure of the D3 receptor together with its antagonist 

eticlopride revealed a range of interactions the ligand forms within the orthosteric binding site, the 

most important of which is a salt bridge between the tertiary amine in the ethylpyrrolidine ring and 

the carboxylate of Aspartic Acid3.32.3,21 Subsequent docking studies explained selectivity 

associated with the extended ligands in terms of involvement of a secondary binding pocket. It 

was hypothesized that extended molecules that can bind at both orthosteric and secondary binding 

sites exhibit higher free energy improving binding affinity.5 
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1.6 Development of the D3-selective Ligands 

 The general structure of potent and selective ligands that bind to the D3 receptor contains: 

a) substituted phenylpiperazine moiety that binds to the orthosteric site; b) aromatic moiety that 

interacts with the secondary binding site; and c) a linker, usually a butyl chain, that connects both 

pharmacophores.5 Through modulation of this general structure, scientists have been working to 

identify molecules with high binding affinity towards the orthosteric site where dopamine ligands 

bind and a highly hydrophobic end that interacts with the hydrophobic secondary pocket to confer 

increased specificity to the D3 receptor.  

 Depending on the properties of such a pharmacophore – antagonist or partial agonist – the 

effects of cocaine abuse are hypothesized to be mitigated. Upon administration of cocaine or after 

prolonged abuse, high dopamine levels in the synaptic cleft result in the constant excitation of 

nerve impulses that confer euphoric and reward motivating behavior. These pharmacophores, 

working as competitive inhibitors, may serve to either: (a) reduce the dopamine signaling effects 

over time, allowing for the body’s natural defense system to eliminate the cocaine and re-uptake 

the dopamine before heavy signaling occurs, or (b) result in the excitation of signaling, but in a 

controlled and non-toxic manner which can lead to the replacement of cocaine with the safe 

substitute until neither is needed. These advances promise to result in significant changes to how 

individuals deal with addiction and decrease the losses of emotional well-being, finances, and even 

life that occur in society. 
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CHAPTER 2: CARBORANE CHEMISTRY 
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2.1 History 

 Apart from carbon, no other molecule exhibits the exceptional ability to form polymer units 

as boron.14 Given this ability, scientists have invested significant time and energy into studying 

the various compounds with boron skeletons. One such class of compounds that has attracted 

significant attention is polyhedral heteroboranes. 

For more than 50 years, polyhedral heteroboranes have been extensively studied due in 

part to the vast array of such molecules and their remarkable properties. One such subfamily within 

the polyhedral heteroboranes is the dicarba-closo-dodecaboranes, often better known as 

carboranes. These molecules, with the general formula of C2B10H12, have a wide range of useful 

physical and chemical properties which have caused them to be the focus of various fields within 

chemistry, ranging from synthesis of polymers and radiopharmaceuticals to catalysts and 

coordination compounds.8 

Since the first synthesis of these compounds in the US and USSR in 1963, the field has 

become the most extensively reviewed and researched within the topic of boranes. The compounds 

were first synthesized via reactions of acetylene, Lewis bases, and decaboranes.7 This method, 

which has become the predominant synthetic route to produce such molecules, was found to 

produce the icosahedral molecules after analysis by 11B NMR and X-ray diffraction. Building upon 

this fundamental route, alkyne insertion and other processes have been developed that present 

facile modification of the carboranes. At this time, the properties of carboranes and their 

modification are being explored extensively in the field of medicinal chemistry.  
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2.2 Structure and Characterization Methods 

 Carboranes exist in three isomers of the formula C2B10H12: ortho, meta, and para. These 

isomers differ in the position of the carbons relative to each other in the cluster. The structures, 

shown in Fig. 5, have hexacoordinate carbon and boron atoms in an icosahedral geometry.  

 

The structural differences between the isomers impart slight variety in properties and 

interaction with solvents. Of the three isomers, ortho-carborane has the highest dipole moment and 

is more hydrophilic as compared to other isomers. This also makes this isomer more susceptible 

to degradation in the presence of strong nucleophilic species that leads to conversion of the neutral 

closo- [C2B10H12] cage to the anionic nido-[C2B9H12]
- (Figure 6).8  

 

 

 

 

 

 

Figure 5. Carborane isomers: ortho, meta and para 

 

Figure 6. Comparison of closo- cage to the anionic nido- cage 
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 The carbon and boron vertices in carboranes have orthogonal reactivity and regioselective 

functionalization of those is possible without the use of complicated protecting groups. The weakly 

acidic CH groups (pKa increasing from ortho = 22.0, to meta = 25.6, to para = 26.8)13,8 can be 

deprotonated using strong bases such as tert-butyl lithium. These carbanions could be easily 

modified with electrophiles, including halogens, CO2 or acid chlorides. On the other hand, boron 

derivatization occurs, for example, using Friedel-Crafts chemistry to introduce reactive halides 

that can later be substituted by N-containing groups.8 

 Carborane-containing compounds can be characterized in solution by nuclear magnetic 

resonance spectroscopy (NMR), and in crystalline form by X-ray diffraction. Generally, carborane 

1H NMR exhibit a broad signal between 3.0 and 0.8 ppm due to the BH protons.7  The CH protons 

appear in the 2 – 3.5 ppm range. In addition to 1H and 13C NMR characterizations, the 11B NMR 

is one of the most informative characterization techniques and is used to monitor the progress of 

the reaction, to reason the number of substituents and to identify the type of a carborane isomer. 

The advantages of 11B NMR derive from numerous sources, including the strength of the 11B 

signal, 80.4% relative abundance, nucleus sensitivity, and resonance at high frequency.14,15 In 11B 

NMR, doublets are shown due to the coupling to terminal hydrogens, typically ranging between 

125 and 205 Hz. Due to the presence of these doublets, the 11B NMR can be analyzed in both 

coupled and decoupled form. In addition to providing ease in identifying carborane compounds, 

11B NMR also measures the equilibrium in fluxional molecules and valence-bond electron 

distribution.14 This information may prove invaluable in attempting to understand the physical and 

chemical properties of a carborane compound. 

 In addition to X-ray crystallography and NMR, vibrational spectroscopy, which 

encompasses infrared, Raman spectra, contours, half-widths, band frequencies, band intensities, 



  13 
 

and states of polarization, provides important insight into structure and molecular interactions.14 

Overall, this technique remains significantly underused as compared to NMR and X-ray 

diffraction. The modernization of vibrational spectroscopy allows for analysis of carboranes, 

especially given that most of the solids are white crystal powders. The atoms of the icosahedral 

structured carboranes exhibit bands at specific frequencies, offering vast analytical possibilities. 

 In addition to the simplicity of spectral analyses, the progress of carborane-involving 

reactions can be easily monitored by thin layer chromatography (TLC). This can be especially 

important in various reaction steps as established reaction times are based on a variety of variables 

and are subject to change in the laboratory environment. Typically, TLC are developed using I2 

vapor or PdCl2 stains. Applying the latter, a dark spot forms where the carborane is located on the 

chromatographic plate due to the reduction of the Pd(II) to Pd(s) by the carborane upon heating. 

Selected carborane-containing compounds are sensitive to moisture that results in closo-cage 

breakdown. These reactions are run under inert conditions using Schlenk techniques and care must 

be taken to limit reaction exposure to air when taking samples. 

 Purification of the carborane-containing compounds is performed using chromatography. 

Specific care must be taken when working with the ortho-carborane isomer that is susceptible to 

nucleophilic attack: the compound cannot stay on the column for a prolonged period of time and 

acetone or acetonitrile liquid phases are preferred to methanol. 

 Carboranes' unique hydrophobicity, thermal and chemical stability, tridimensional 

geometry of approximately the same size as that of a rotating benzene ring, and the ease of 

modification of the molecule make them ideal pharmacophores for medicinal applications.  
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2.3 Medicinal Applications 

Initial interest in the medicinal chemistry of carboranes developed from progress in Boron 

Neutron Capture Therapy (BNCT) and the high boron to size ratio of carboranes.8 BNCT uses 

low-energy thermal neutrons to irradiate the cells, including tumor cells which were first loaded 

with the 10B-containing drugs. The nuclear reaction turns 10B nuclei to the -particle and 7Li-

nuclei. Due to the short path length of the -particle, its damaging effect stays within the 10B-

containing cancer cells. This alternative to typical treatment methods has been evaluated clinically 

and was recommended for further study, especially with difficult to reach brain tumors.18 

 Fairchild and Bond report that high quantities of boron, 10 to 13 micrograms 10B g-1, are 

required for BNCT agents to kill cells,19 although highly concentrated quantities of boron around 

a nucleus reduces this number. Thus, the carboranes, as a class of B-containing compounds, have 

become especially interesting given the high concentration of boron in the icosahedral structure. 

Further, the stability, non-toxicity, and rapid blood clearance of the molecules makes them 

excellent candidates for BNCT study.8 

 Recently, the high ratio of hydrophobicity to tridimensional size has been deemed 

efficacious to improving pharmaceutical interaction with receptors. Studies have suggested that 

carboranes increase both the specificity and stability of a variety of pharmacophores. For one, the 

hydrophobic interactions and tridimensional structure of the carborane with amino acids in the 

binding pockets of the specified receptors increase binding affinity. Further, the addition of 

carboranes to pharmacophores has increased in vivo stability, increasing the activity/longevity of 

these compounds.8 
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 Research has incorporated carboranes as synthons in pharmaceuticals, probes, and 

radiopharmaceuticals used for imaging.8 As stated above, the incorporation of carboranes is 

designed to increase hydrophobic interactions and biostability. Frequently, carboranes are used to 

replace aryl groups given that the volume occupied by a carborane is close to that of a rotating 

benzene ring. Current research in the Sevryugina laboratories involves the incorporation of a 

carborane moiety into a skeleton of D3 modulators in order to increase the binding affinity and 

selectivity of the original ligand for the receptor.  
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CHAPTER 3: CURRENT RESEARCH 
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3.1 D3R Characterization 

The characterization of the D3R crystal structure was achieved via the co-crystallization of 

the receptor with eticlopride.3,21 This molecule, acting as a D3-antagonist, was revealed to have 

multiple crucial interactions with amino acids in the orthosteric site of the D3R. Of these, the most 

notable interaction occurs between the tertiary amine in the ethylpyrrolidinylmethyl ring and the 

carboxylate of Asp3.32. This information, generated from our collaborators in the laboratory of Dr. 

Robert Luedtke at UNTHSC, further reflects the multiple hydrophobic amino acids that interact 

with the aryl moiety of the eticlopride molecule. Maintaining the crucial interactions of the 

ethylpyrrolidinelmethyl with the receptor while incorporating the carborane moiety in the pocket 

is hypothesized to increase the binding affinity and specificity to the D3R, therefore increasing 

efficacy of compound. Figure 7 shows the structure of eticlopride and the meta-carborane-

containing analog of eticlopride. 

 

 

 

Figure 7. Crystal Structure of the D3R Co-crystallized with D3R-antagonist Eticlopride21 
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3.2 Pharmacophore Structure 

 The structure of the synthesized pharmacophore incorporates the ethylpyrrolidinelmethyl 

moiety of the eticlopride D3R-antagonist molecule in conjunction with meta-carborane to mimic 

the eticlopride molecule (Fig. 7). A side by side comparison of the newly synthesized 

pharmacophore with dopamine reflects the structural basis for the binding capabilities of the 

molecule. Through mimicking the general structure of dopamine while tuning the components to 

increase binding affinity – increasing hydrophobic interaction capability, tridimensional size 

incorporation in the  pocket, and the salt bridge-forming capabilities of the ethylpyrridinelmethyl 

moiety – the designed pharmacophore should exhibit high specificity, binding affinity, reduced 

toxicity, and biostability.  

 

 

 

 

 

 

 

 

Figure 8. D3R-antagonist Eticlopride, the meta-carborane-containing analog of 

Eticlopride, and Dopamine 
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3.3 Synthetic Techniques  

 Synthesis of the carborane-containing eticlopride analog is shown in Fig. 8. 

 

The pharmacophore is synthesized via a two-step reaction involving (1) the conversion of 

meta-carborane to the 1-carboxylic acid and further to the meta-carborane-1-acyl chloride 

followed by (2) the substitution of the chloride with the 2-aminomethyl-1-ethylpyrrolidine. Both 

reactions are carried under inert atmosphere (N2) with exclusion of moisture. The conditions of the 

reactions must be carefully monitored to limit the potential for cage breakdown or a hazardous 

situation caused by flammable nBuLi. Both steps are conducted in-situ. The conversion of meta-

carborane-1-carboxylic acid to the m-carborane-1-acyl chloride occurs overnight giving a non-

isolated quantitative yield. The conversion of the acyl chloride to the final product via substitution 

of the ehtylpyrridinylmethyl moiety into the m-carborane carbonyl requires 4-5 hours.  

The final product is purified using column chromatography (25% dichloromethane in 

acetone system; RF = 0.2). The reaction was done on a 300 mg scale, with the overall yield of 87%. 

 

 
Figure 9. Synthesis of the Carborane-containing Eticlopride Analog 
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 All reagents were acquired from commercial sources and used as received. As the reactions 

were carried under anhydrous conditions, and a JC Meyer solvent dispensing system was used to 

obtain the anhydrous solvents. Table 1 and 2 indicate the quantity of reagents and solvents used in 

each reaction. 

Table 1. Reagent Quantity for the Conversion of m-carborane-1-carboxylic acid to m-

carborane-1-acyl Chloride 

Name Molar Mass (g/mol) Quantity (mg) Volume (ml) Equivalent 

m-caborane 188.24 300 ---- 1 

SOCl2 118.97 568.8 0.6 3 

DMF 73.04 151.3 0.093 1.3 

 

Table 2. Reagent Quantity for the Conversion of m-carborane-1-acyl Chloride to the Final 

Product 

Name Molar Mass (g/mol) Quantity (mg) Volume (ml) Equivalent 

m-caborane-1-acyl chloride 286.24 456.2 ---- 1 

DIPEA 129.24 --- 0.4164 1.5 

2-aminomethyl-1-ethylpyrrolidine 128.22 --- 0.4531 2 

 

 

3.4 Spectral Characterization 

 Spectral characterization of the final product was achieved through analysis with 13C NMR, 

1H NMR, and 11B NMR using a 400 MHz Bruker Ascend spectrometer. For 13C NMR, obtained 

at 100-MHz, CDCl3 was used as the reference (δ = 77.0 ppm). For 1H NMR, obtained at 400-MHz, 

CDCl3 was used as the reference (δ = 7.24 ppm). For 11B NMR, obtained at 128-MHz, BF3Et2O 

was used as an external reference (δ = 0 ppm). The description of the NMR data is given in δ/ppm 
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and is described using the following abbreviations: s = singlet, d = doublet, t = triplet, q = quartet, 

and m = multiplet. Analysis of the reaction to identify completion and products was achieved using 

TLC (system: dichloromethane/acetone – ¼ (v/v), developed with PdCl2 followed by heating). 

13C NMR: δ = 11.75 (CH2CH3), 23.37 (cyclopentane, CH2), 28.11 (cyclopentane, CH2),  41.65 

(CHCH2N--), 50.55 (CH2CH3), 53.82 (cyclopentane, CH2N), 54.71 (CCb),  64.70 (cyclopentane, 

CH), 76.68 (CCb), 161.39 (CbCON) 

1H NMR: δ = 1.296 (t, J = 7.8 Hz, 3H, CH2CH3), 1.646 (m, 2H, cyclopentane CH2), 1.910 (m, 2H, 

cyclopentane CH2), 2.601 (t, J = 2.5 Hz, 2H, cyclopentane CH2N), 3.00 (m, 2H, CH2CH3), 3.225 

(s, 1H, HCb), δ 3.421 (m, 1H, cyclopentane CH), 3.520 (m, 2H, CH2N), 7.745 (s, 1H, NH) 

11B NMR: δ -15.78 (1B, s), -13.22 (1B, d, J = 315 Hz), -10.76 (1B, d, J = 315 Hz), -7.36 (1B, d, J 

= 237 Hz), -5.51 (1B, d, J = 237 Hz) 

 The NMR shifts confirm that the synthesized product was the compound of focus.  
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Figure 11. 1H NMR spectrum of Carborane Analog 

 

Figure 11. 13C NMR (100 MHz, CDCl3) 

 

Figure 10. 13C NMR spectrum of Carborane Analog 
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Figure 12. 11B NMR spectrum of Carborane Analog 
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CHAPTER 4: BIOLOGICAL RESULTS 

  



  25 
 

4.1 Biological Study Process 

 In order to determine the potential of the synthesized compound for biological studies, 

preliminary docking studies were performed by Dr. VanGordon and Dr. Sevryugina. The studies 

were performed using the D3R structure (PDB 3PBL) with optimization for the ligand structure 

prepared for use in ChemBio3D Pro 12.0 at the MM2 energy minimization. The structural files, 

prepared with AutoDock Tools and run with AutoDock Vina using PyRx and FlexX, yielded 

binding energies of the ligand to the receptor. For accurate results, the search space dimensions 

selected contained the active site at 1024 runs.20 

 In conjunction with the docking studies, the binding properties were characterized through 

the use of a radioligand binding assay performed by our collaborators at UNTHSC (Dr. Luedtke). 

HEK 293 cells expressing D2R and D3R were prepared by combining 50 µL of the membrane 

solution with 50 mM Tris-HCl/150 mM NaCl/10 mM EDTA buffer at a pH = 7.5. The suspension 

was further incubated with 50 µL of 125I-IABN for 60 minutes at 37  oC. To define non-specific 

binding, 25 µM (+)-butaclamol was used. In terms of concentration, that of the competitive 

inhibitor ranged for the experiment (5 orders of magnitude) while the radioligand concentration 

was maintained at 0.5 times the Kd value. Triplicates were performed for the determination of the 

competition curve, with two concentrations of inhibitor per decade used. In order to terminate the 

binding, a cold wash buffer was used and filtration over a glass-fiber filter occurred. Radioactivity 

of the filtrate was measured with a Packard Cobra gamma counter and equilibrium dissociation 

constant and maximum binding sites available was determined with a non-linear regression 

analysis. This analysis was gained based on data modeling from mass action binding.20  
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In competitive inhibition studies, inhibitor concentration required to inhibit 50% of 

radioligand binding to the receptor was calculated with a nonlinear regression based on data gained 

from the experiment. The determination of Ki equilibrium dissociation constants were calculated 

via conversion of the competition curves and IC50 values. These calculations were reported for 

three independent experiments.20 

 

4.2 Results 

 In order to compare the docking capabilities of the synthesized compounds, specifically 

analyzing the capabilities of the 3D carborane moiety to improve binding within the orthosteric 

pocket, comparisons between previous studies on the docking of eticlopride in the receptor were 

made. Figure 12 shows previous data on the interactions between eticlopride and the amino acids 

located within the orthosteric site of the dopamine receptor.   

  

 

Figure 13. Interactions of Eticlopride with the D3R as a Result of Crystal Structure Analysis21 
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Our docking study (Fig. 13) indicates the important interactions that occur between the 

orthosteric binding site and the synthesized molecule. The molecule used in this study is a 

representative model compound with which inferences can be drawn to the synthesized compound 

that is the focus of this paper. One of the most important distinctions between the eticlopride and 

that of the carborane-containing model compound is the presence of an additional salt bridge which 

yields an increased binding affinity. Furthermore, the 3D nature of the carborane and significant 

hydrophobic properties lead to increased hydrophobic interactions within the orthosteric site. 

Importantly, the docking studies indicate that the carborane moiety can successfully replace the 

aromatic group at the orthosteric binding site. 

 

Figure 14. Docking Study Comparing the Interactions of Eticlopride and Model Carborane 
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Our compound was tested on both D3 and D2 receptors and derived binding curves 

demonstrated successful binding of the carborane analog to both receptors (Fig. 14). 

 

Binding constants were then derived from binding curves (Table 3). According to the 

information presented in the table, the incorporation of the carborane moiety into the structure of 

the pharmacophore led to a decrease in binding affinity. Several explanations are possible for this 

decrease, including (a) given the alignment of the carborane ligand, it is possible that the moiety 

extends towards the secondary binding pocket rather than the orthosteric site. As the secondary 

pocket only provides free energy gain, the presence of only the pyridinyl ring in the orthosteric 

site and the carborane only in the secondary pocket would lead to a less potent molecule, or (b) if 

the carborane moiety remains in the pocket, the lack of substituent groups on the molecule as 

compared to the eticlopride could indicate a lack of strong interactions within the pocket that leads 

to the high binding affinity of the eticlopride molecule. Although the goal of attaining a compound 

with increased binding affinity was not successful, we observed a significant increase in D2R/D3R 

specificity. In fact, the newly synthesized analog is 25 times more selective for the D3R compared 

 

Figure 15. Binding Affinity (Ki) of the Carborane Analog (D2R/D3R) 
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to the D2R. Figure 14 reiterates this information, as an inhibitor concentration (carborane analog) 

of approximately 5x10-6 M was required to bind 50% of the analog bound to the Human D3R while 

1x10-5 M was required to bind the analog bound to the human D2R. While the binding affinity 

towards the D3R significantly decrease, the results provide important information for differences 

between D2R/D3R specificity as well as the opportunity to develop this candidate in D3R specific 

pharmacophores if the binding affinity can be increased. 

Table 3. D3R/D2R Binding Affinity of Eticlopride vs. the Carborane Analog (Ki) nM-1 

 D3R D2R D2R/D3R 

Eticlopride 0.24 0.5 2.1 

Carborane Analog 502 12437 25 

 

4.3 Future Direction 

 While the docking studies indicated that the desired achievement of increased D3R 

specificity was achieved, the significant decrease in affinity indicates the necessity for future 

modification of the carborane to improve said affinity. In order to accomplish this, structural 

modifications, including the halogenation of the carborane with Chlorine and extending of the 

linker chain of the analog, will be tested. These modifications are hypothesized to increase the 

pharmacophore/receptor interaction in the pocket as well as the specificity to the D3R. 

 Apart from the increase in D3R specificity, the indication of the docking studies that the 

3D carborane moiety does successfully replace aromatic groups at the orthosteric binding site is a 

promising indication for future research into the replacement of aromatic head groups with the 

carborane moiety. A variety of compounds are currently undergoing FDA testing or are used to 

treat dopaminergic system-affecting syndromes that may be broken down and reorganized with 
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the addition of the carborane moiety. Given the ease at which the carboranes can be modified, 

future additions of synthons and modifiers to the carborane may prove important for the future of 

medicinal chemistry.  
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