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Abstract of the Dissertation 

Synthesis and Positron Emission Tomography Studies of Radioligands Targeting 

α7 Nicotinic Acetylcholine Receptors in the Central Nervous System 

by 

Sung Won Kim 

Doctor of Philosophy 

In Chemistry 

Stony Brook University 

2007 

 

The pharmacological effects of the action of nicotine on nicotinic acetylcholine 

receptors (nAChR) have been implicated in many diseases such as Alzheimer’s disease, 

schizophrenia, and tobacco dependence. Brain imaging using positron emission 

tomography (PET) for each nAChR subtype provides biological information on subtype-

specific function and pathological change.  While PET studies for the α4β2 nAChR have 

progressed, the development of PET for α7 nAChR has been hampered due to the lack of 

suitable radioligands.  It is, therefore, important to develop α7 nAChR-selective PET 

tracers for in vivo imaging studies to better understand the role of α7 nAChR in specific 

CNS disorders.  Furthermore, positron emitter labeled drug that targets α7 nAChR can 

also contribute to drug development by providing information on in vivo 

pharmacokinetics. 

In this work, we first investigated the drug pharmacokinetics of GTS-21, a partial 

α7 nAChR agonist drug, using PET in the baboon and rat.  GTS-21 was labeled at two 
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different positions with the short-lived isotope C-11.  In addition, the two corresponding 

demethylated metabolites, which have themselves been considered as contributing to the 

therapeutic effects of GTS-21, were synthesized and labeled with C-11.  PET studies 

revealed extremely rapid uptake and clearance of [2-methoxy-11C]GTS-21 from the brain, 

and significant brain uptake of the metabolite 2-OH-GTS-21, suggesting that it might 

contribute to the therapeutic effects of GTS-21.   

Second, in order to describe α7 nAChR distribution, we synthesized C-11 labeled 

des-N-ethyl-N-methylmethyllycaconitine based on the known selective antagonist, 

methyllycaconitine.  In its PET study, des(N-ethyl)-N-11C-methylmehtyllycaconitine 

showed lack of blood brain barrier permeability at a tracer dose level, possibly due to 

high molecular weight and low lipophilicity.  We also synthesized C-11 nicotine for 

primate PET study to show nicotine action in conjunction with the cigarette smoking.  

For [11C]nicotine,  compared with maternal brain,  slow fetal brain entry and clearance of 

[11C]nicotine was  observed, indirectly indicating [11C]nicotine transfer from the maternal 

to fetal brain during prenatal smoking.  

Third, we have been developing putative quinuclidine-based α7 nAChR ligands 

with the aim of achieving selectivity and binding affinity.  We synthesized a PET ligand 

candidate through reliable Pd catalyzed cross-coupling reactions of heteroaryl bromides 

and heteroaryl carboxylic acid, which might be useful for the parallel synthesis of 

quinuclidine-based derivatives.    

This dissertation also provides insight for ligand interaction toward α7 nAChR 

through homology model of mouse α7 nAChR.  For rational PET tracer design, a 
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quantitative structure-activity relationship study was performed to provide a putative 

ligand candidate for α7 nAChR. 
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Chapter 1.  Introduction 

1.1 α7 nicotinic acetylcholine receptor   

1.1.1 α7 nicotinic acetylcholine receptor  

    Brain cholinergic system Acetylcholine is the endogenous neurotransmitter for 

the cholinergic system. The level of acetylcholine is controlled by metabolic components 

such as cholinesterase (anabolic) and choline acetyltransferase (catabolic) and cholinergic 

neural transmission which is mediated by the acetylcholine receptor. This acetylcholine 

receptor in the nervous system was historically classified to nicotinic acetylcholine 

receptor (nAChR) and muscarinic acetylcholine receptor (mAChR) by binding 

characteristics for the two natural alkaloids, nicotine and muscarine under the Sir. Henry 

Dale’s observation, respectively (Figure 1.1).1 The brain cholinergic system has been of 

particular interest in medicine because of its involvement in memory and cognition. 

Cholinergic deterioration in Alzheimer’s disease (AD) has resulted in the development of 

the cholinergic hypothesis; in other words, cognitive deficit of AD brain may be due to a 

deficiency of cholinergic neurotransmission and degeneration of cholinergic neuron.2     

 

N

N
H3C

O N

HO

nicotinemuscarine

O N+

O

acetylcholine  

Figure 1.1 The acetylcholine and subtype-selective AChR alkaloids. 

 

 Structure and Classification While mAChR is one of guanine nucleotide (G 

protein) coupled metabotropic receptor family with 5 subclasses, nAChR is a ligand-
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gated ion channel (LGIC) assembling with five subunits (Table 1). The subunits of the 

nAChR are known to be α2-7, α9, α10, β2- β4 in the mammalian CNS and include α8 in 

avian species.3 Diverse pentameric combinations of these subunits present in the nervous 

system mediate a variety of intrinsic biochemical functions as well as physiological 

functions. In fact, along with different subunit combinations, a heterogeneous pattern of 

subunits expression in the developmental stage and distinctive electrophysiological 

properties for nicotinic drugs have been observed.4-6  

 

Table 1.1 The nAChR and mAChR subtypes 
 

 Subtypes Structure Class Related 
diseases 

mAChR M1, M2, M3, M4, M5 

single peptide 
with seven 

transmembrane 
domains 

G protein-
coupled 

receptors 

Schizophrenia 
AD, PD 

nAChR 

α4β2, α7, α4α5β2  (CNS) 
α7, α3α5β4βX (PNS) 
α1β1γδ, α1β1γδ 
(Muscle) 

Pentamer with 
five subunits 

Ligand-
gated ion 
channel 

Auditory gating 
Schizophrenia,

AD, PD, 
ADHD 

PNS (peripheral nervous system) 
PD (Parkinson’s disease) 

    ADHD (attention-deficit hyperactivity disorder) 
 

Structurally, nAChR is a prototype of Cys loop receptor family of the LGIC super 

family7 which includes 5-hydroxytryptamine type 3A receptor (5-HT3A), γ-aminobutyric 

acid receptor type A and C (GABAA and GABAC), and glycine receptor (GlyR). α 

subunits have a sdisulfide bond of the conserved vicinal two Cys in the extracellular 

domain. The agonist, nicotine was known to bind the pocket between α and adjacent 

subunit and thus the number of binding sites depends on the number of α subunits.  To 

date, the α2- α7, α10, β2-β4 subunits have been found in human neuronal nAChRs. The 
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α4β2 ((α4)2(β2)3) and α7 ((α7)5) nAChR subtypes are the most abundant two subtypes in 

the CNS. Though α7 nAChR can be assembled in heteromeric form with β2 8, it is 

generally accepted to be a homomeric subtype as (α7)5 (Table 1.1).  

 
Binding characterization Over several decades, the discovery and characterization 

of subtype specific radioligands have been based on natural products-based research.9, 10 

Compared with α4β2 nAChR which shows high binding affinity for nicotine and low 

binding affinity for α-bungarotoxin (α-BTX) extracted from snake venom, the venom of 

the banded krait, Bungarus multicinctus,11, 12 the α7 nAChR has low binding affinity for 

nicotine and high binding affinity for α-BTX ( Figure 1.2).10, 13 Based on its similar 

binding pattern with α7 subunit protein or mRNA distribution as well as its high binding 

affinity, 125I-α-BTX binding assay is a gold standard for α7 nAChR,13-15 even though it 

was recently reported that α-BTX binds to GABAAR containing the GABRβ3 subunit.16  

 The other standard compound for α7 nAChR binding is methyllycaconitine 

(MLA), a natural alkaloid isolated from larkspurs species. It showed competitive binding 

profile for 125I-α-BTX binding in nanomolar level and almost identical pattern of 

distribution in the CNS.17-20  
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Figure 1.2 α-bungarotoxin (α-BTX) and 125I-methyllycaconitine (125I-MLA) 

 

Function Electrophysiologically, α7 nAChR showed fast desensitization and high 

calcium permeability by activation through binding with agonists such as acetylcholine 

and nicotine. At the cellular level, the α7 nAChR is present in the nerve terminal the 

presynpase.  It has been hypothesized that the α7 nAChR is linked with cellular Ca2+ 

related signaling events such as  protein kinase C-dependent apoptotic process, neurite 

growth, synaptic transmission, and neurotrophic effects. In the synapse, α7 nAChR has 

been known to mediate fast synaptic transmission and to modulate the release of other 

neurotransmitters. 
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 Pharmacologically, the α7 nAChR in the central nervous system (CNS) is known 

to be involved in sensory gating and cognitive functions such as attention, spatial 

memory.21, 22 There is evidence for critical role of α7 nAChR for learning and memory.  

For example, nicotine-induced memory enhancement has been suggested to be due to α7 

nAChR consistent with high density in the hippocampus. α7 nAChR knock-out mice 

showed impaired attention23 and episodic memory dysfunction.24 α7 nAChR agonists 

have been shown to contribute to the working memory.25 In addition, several studies 

showed that the CNS α7 nAChR is involved in neuroprotection through α7 nAChR-

selective agonists.26  However, addiction, one of side effect of nicotine, may not be 

involved with α7 nAChR.25  

 

1.1.2 The biodistribution of α 7 nAChR  

In case of α4β2 nAChR, in vivo imaging in humans with several PET tracers has 

shown high specificity, sensitivity, and correlation with known α4β2 nAChR distribution 

in the brain.  However, to date, α7 nAChR PET tracers are still under development.  In 

addition to shortage of ligands with selectivity and high affinity, the task of developing 

suitable α7 nAChR ligands appears even more challenging due to the fact that α7 density 

in mammalian brain is less (only 30~50%) than that of α4β2 nAChR.27, 28  

The biodistribution studies of α7 nAChR in the brain has been performed by 

autoradiography with selective ligands  ([I125]α-BTX,29  [3H] MLA,27 [I125]iodoMLA30), 

in situ hybridization31, 32, RT-PCR33, and immunohistochemistry.34  

Compared with [3H]nicotine binding which is high in thalamus and low in 

hippocampus, [I125]α-BTX binding sites in the rat brain showed distinctive pattern35.  
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They are high in the hippocampus and absent in the thalamus. Whiteaker et al. showed in 

their autoradiography study with [3H]MLA that α7 nAChR binding is high in the dorsal 

tegmental nucleus of the pons, colliculi, and hippocampus (58.8 fmol/mg protein) in the 

rat brain.27  [125I]-BTX binding was also quite identical with binding sites for [3H]MLA 

and Bmax of whole brain was 45.6 fmol/mg protein.  Binding sites for radiolabeled 

ligands is low (5.45 fmol/mg protein) in cerebellum and thus this brain region may be 

suitable as a reference region in a PET study in rat.  

The distribution pattern of α7 nAChR in the brain is different from α4β2 nAChR. 

In monkey, while [3H]cytisine ( a specific radioligand for the α4β2 nAChR) binding for is 

highest in thalamus, and lower in striatum, hippocampus, amygdala,  [I125]α-BTX (a 

specific radioligand for the a7 nAChR) is rich in thalamus, hippocampus, moderate in 

amygdala and very low in putamen and caudate.29  Recently, Kulak et al. also reported a 

high density region for [125I]-BTX binding analysis in thalamic nuclei, compared with 

hippocampus, basal ganglia, cortex area in monkey brain.30  In contrast with monkey, 

[I125]α-BTX binding of rat thalamus is almost not detected,13 indicating the distribution of 

α7 nAChR is species-specific in thalamus. Hans et al. also suggested that neuronal 

function of α7 nAChR in primate is more complex than in rodent, presumably because of 

its wide distribution in the monkey.29 

 

Table 1.2 The biodistribution of α7 and α4β2 nAChR 
 
 α7 nAChR (fmol/mg protein) α4β2 nAChR (fmol/mg protein) 
 Human Rat monkey Human  Rat Monkey 
Cortex 10.636 48.437 22.438 12.536 98.437 41.638 
Cerebellum 1133 5.4539 - - 4540 - 
Striatum - 47.036 12.138 55.036 15437 - 
Hippocampus 18.233 83.636 - - 44.539 - 
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In the human brain, the order of [I125]α-BTX binding density was reported to be 

hippocampus (18.2 fmol/mg protein), temporal cortex (15 fmol/mg protein) cerebellum 

(11.0 fmol/mg protein) (Table 1.2).33  Consistently, Court et al. demonstrated that α7 

nAChR was high in hippocampus, widely distributed in cerebral cortex, very low in 

striatum, absent in globus pallidus, contrasting with the distribution in non-primate 

brain.41  In contrast, while [3H]nicotine binding in striatum was higher than that in 

hippocampus and thalamus, [I125]α-BTX also showed much higher binding in 

hippocampus and thalamus than in striatum.  Martin-Ruiz et al. reported that [I125]α-BTX 

binding in cerebellum was slightly higher than that in frontal and parietal cortex.42 

Interestingly, Falk et al. reported that expression of the α7 nAChR in the fetal brain was 

higher than in adult brain, indicating its role in the brain development.5 

 A potentially interfering molecular target to be considered in the design of 

radiotracers with specificity for the α7 nAChR for PET tracer development is 5-HT3A 

receptor in that they share high homology (~30%) in protein sequence as a structurally 

similar pentameric ligand-gated ion channel.43  Therefore, many α7 nAChR ligands 

showed cross reactivity with 5-HT3.44  The order of high binding sites for 5-HT3A 

observed by [3H]GR65630 were area postrema (13.1 ± 9.7 fmol/mg protein), striatum 

(4.8  ± 2.4 fmol/mg protein), amygdala, hippocampus, cerebral cortex and cerebellum in 

human brain.45  
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1.1.3 Implications in diseases  

During the normal aging, the level of brain nAChR decreases gradually in the 

most brain regions.  However, in disease the degree of brain nAChR change is subtype-

specific with distinctive regional trends in the neurodegerative diseases and 

developmental disorders.  

Alzheimer’s disease & Parkinson’s disease Pharmacologically, α7 nAChR has 

been considered to be associated with cognitive function and neuroprotection. Hellstrom-

Lindahl et al. reported transcriptional and translational alteration of α7 expression in 

hippocampus of AD brain, with higher level of α7 mRNA of AD brain and less 

expression of [I125]α-BTX binding sites than that of control.33 An increase of [I125]α-BTX 

binding sites in cerebellum (39%)33 and thalamus46 with AD was also reported.  While 

significant deterioration of α4β2 nAChR in the temporal cortex of the AD brain was 

observed, α7 nAChR was not changed significantly except for Davies et al.47 and Wevers 

et al.’48 observations in their biodistribution studies.49, 50  It is also known that β amyloid 

binds to α7 nAChR with high affinity.  α7 nAChR agonist induced neuroprotection 

against β amyloid or glutamate has been reported, suggesting α 7 nAChR-related cell 

survival kinase mechanism.51  

In Parkinson’s disease, there are significantly increased [I125]α-BTX binding sites 

in temporal cortex52 and decreased binding sites in cerebellum.  

In order to ameliorate the symptoms of these neurocognitive diseases, α7 nAChR 

is a potential target for the CNS drug development because it is intact compared with 

α4β2 nAChR. 
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Schizophrenia  In epidemiological studies, 80% of schizophrenics are heavy 

smokers.  Therefore, this is considered self-medication of high concentration of nicotine, 

which showed agonistic activity to α7 nAChR. In fact, GTS-21 (so called DMXB, Figure 

1.3), a functionally selective agonist to α7 nAChR, showed its efficacy for schizophrenia 

in a clinical study.53 α7 nAChR-related pathological change in schizophrenia was 

observed in hippocampus54 and thalamic reticular nucleus55 of schizophrenics without 

change of [3H]nicotine binding sites.  In conjunction with gene abnormality, chromosome 

15q13–14 which is a locus of α7 nAChR (CHRNA7), has been implicated in 

schizophrenia.56 Recently, α7 nAChR-knock out mouse generated as an animal model of 

schizophrenia showed severe attention deficit.23  

Autism Attention deficit in autistic human is believed to be associated with 

alteration of cholinergic system in cortical area.  In conjunction with α7 nAChR, while 

[125I]BTX binding increase in cerebellum,42 α7 immunoreactivity decreased in thalamus 

with autisum.57  

Small cell lung cancer (SCLC) Peripherally, it has been shown that SCLC cells 

express high level of [I125]α-BTX binding sites.12, 58, 59 SCLC has been considered to be 

associated with tobacco smoking. This carcinogenesis was suggested to be caused by 4-

(N-nitroso-N-methylamino)-1-(3-pyridyl)-1-butanone (NNK) which is a potent 

carcinogen contained in tobacco products.60 α7 nAChR is also known to be expressed in 

malignant pleural mesothelioma (MPM) which is induced by asbestos.61 α-Cobratoxin, an 

inhibitor for α7 nAChR showed efficacy for MPM cancer cell lines.62  
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1.1.4 CNS drugs related with α7 nicotinic acetylcholine receptor 

Diversity of nAChR subtypes in the CNS implies their various pharmacological 

effects. For example, nicotine-induced favorable and adverse effects may be due to these 

diverse functional activities of nAChR subtypes. To reduce the adverse effect and 

maximize therapeutic effect of nicotine, selective ligands have been developed. Even 

though fast electrophysiological desensitization of α7 nAChR may limit its therapeutic 

effect, several agonists have been under the clinical trials. The first leading drug 

candidate targeting α7 nAChR is GTS-21 (Figure 1.3), a functionally selective agonist for 

α7 nAChR, which has been shown to normalize auditory gating for schizophrenics53, and 

to enhance memory in healthy humans.63  
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Figure 1.3 α7 nAChR targeting drug candidates 

 

Stimulated by these antipsychotic and cognitive effects of GTS-21, many 

pharmaceutical companies have been involved in the development of new α7 nAChR 

selective agonists in the last 10 years. AR-R1777964 and PNU 28298765 showed cognitive 

efficacy in the many animal models as selective agonists.66 However, AR-R17779 failed 

to demonstrate appropriate bioavailability in the target tissue and PNU-282987 is later 

known to be an active inhibitor for the human Ether-a-go-go (hERG) K+ channel which 

is contra-indicated in drug development.  Another quinuclidine-based agonist, Compound 
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A 67 showed efficacy for sensory gating deficit rat model. In 2006, Wishka et al. reported 

a new drug candidate, PHA-543613 (Ki= 8.8 nM)68, which showed rapid brain 

penetration and moderate oral bioavailability as well as efficacy for auditory sensory 

gating and cognition.  In 2007, Biton et al. and Pichat et al. reported that SSR 18071169, a 

selective partial agonist for α7 nAChR (Ki= 14 nM, EC50= 4.4 uM for human α7 nAChR), 

showed efficacy for various mouse models with cognition deficits such as memory and 

attention for schizophrenia.70 Another quinuclidine-based agonist, ABBF was reported by 

Boess et al. to induce memory enhancement in rat, which was blocked by MLA, 

indicating α7 nAChR involvement.25 An allosteric modulator, PNU120596 was known to 

prolong the electrophysiological response of agonists.71 In addition to these compounds, 

PH-399733, MEM 3453 are in clinical trials.72  

 

1.1.5. The development of α7 nAChR radiotracers 

1.1.5.1   nAChR PET tracers 

Since nicotine was first labeled with [11C]methyl iodide73, many non-selective 

nAChR or selective α4β2 nAChR PET tracers have been developed intensively for last 

ten years. In the beginning, [11C]nicotine, [11C]N-methylcytisine were synthesized, 

showing a high non-specific binding in vivo and relatively homogenous distribution. 

[11C]ABT-418 and [11C]MPA showed a moderate degree of specificity compared 

[11C]nicotine (Figure 1.4).  Based on epibatidine (EP), which is a very potent natural 

product isolated from the South American Ecuadoran poison frog, the BNL PET group 

developed F-18 labeled epibatidine ([18F]NFEP) in which F-18 was substituted for the 

chlorine atom which occurs in the natural product. 6-[18F]NFEP provide a high signal-to-
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noise74, 75 ratio and high sensitivity to changes in acetylcholine76. Though it showed high 

specific binding and signal-to-noise in vivo74, its use for human was not possible due to 

high toxicity.77 Subsequently, in order to reduce toxicity, the modification of [18F]NFEP 

by N-methylation was performed and gave a similar biodistribution profile to [18F]NFEP 

in baboon; however, it changed cardiorespiratory parameters indicating binding to the 

peripheral nicotinic receptor precluding translation to humans. 
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Figure 1.4 PET tracers for nAChR (methyl-NFEP) 
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Based on the A-85380, which shows subnanomolar affinity and moderately low 

toxicity78, F-18 labeled 2- and 6-fluoro-A-85380 (Figure 1.4) have been shown to 

maintain high affinity towards α4β2 nAChR with a lower toxicity than epibatidine 

derivatives.79 Currently, these labeled compounds have been  tested for human α4β2 

nAChR system in the CNS80 and interestingly, 125I version of A85380 for SPECT was 

tested for human brain with Parkinson’s disease, showing the significant loss of striatal 

binding sites.81 However, F-18 labeled A-85380 is still not considered as an optimal PET 

tracer in that it showed slow brain kinetics, which interfered the quantitative analysis and 

required a long acquisition time to reach a equilibrium for receptor binding. To overcome 

low binding potential for cortical and striatal area, [18F]NIDA52189 (name it or put 

structure in a figure; Ki= 4.9 pM) has been developed by Zhang et al., showing 2.5 times 

higher binding potential than F-18 labeled A-85380.82  

In 2005, a C-11 version of epibatidine derivative, [11C]NMI-EPB (functional 

antagonist for nAChR) was developed to overcome limitation of toxicity shown by 

agonists such as epibatidine.83 

 

1.1.5.2  α7 nAChR PET tracer 

Compared with α4β2 nAChR PET tracers, the development of α7 nAChR PET 

tracer has been hampered by lack of suitable structural templates which would be potent 

and selective.  

In 2001, Dolle et al. synthesized C-11 labeled quinuclindinyl carbamate derivative 

([11C]quinuclidin-3-yl 4-bromophenylcarbamate, 1-1) and performed a rat ex vivo study, 

demonstrating homogenous distribution in the brain and no specificity (Figure 1.5).  In 
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2005, Dannals et al. published the study of three quinuclidine-based ligands. 

Notwithstanding their high affinity in vitro study, compound (1-2) and (1-3) showed poor 

specificity and lack of site selectivity84 and compound () showed very fast clearance in all 

brain regions.85  

To our knowledge, up to date, a suitable α7 nAChR PET tracer has not been 

reported.    
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1.2  Positron Emission Tomography (PET) 

1.2.1  Introduction  

Positron emission tomography (PET) is a non-invasive medical imaging 

technology that tracks temporal and spatial concentration of positron-emitter-labeled 

compound in living organisms, providing information on biochemical transformations 

and the distribution and movement of drugs.  

In common, while magnetic resonance imaging (MRI) and X-ray computed 

tomography (CT) delineate mainly anatomical detail in vivo system, PET is a functional 

and molecular imaging tool for a specific biological target of interest. Functional 

magnetic resonance imaging (fMRI) can also observe the oxygen metabolism and blood 

flow changes.  However, it is limited as functional imaging which does not show a direct 

specific molecular interaction.  The other molecular imaging tools have their advantages, 

but they have their respective limitation (Figure 1.6). For the last two decades, PET has 

been intensively developed not only as a research tool to investigate drug action and 

disease-specific pathological change for biological components such as neuronal 

receptors, enzymes, but also as a clinical diagnostic tool for cancer86, epilepsy87, 

cardiovascular diseases, and cognitive impairment.88, 89 PET is also a unique tool for 

evaluating drug pharmacokinetics and pharmacodynamics in humans and animals and is 

used increasingly for drug research and development. 

As a probe for drug induced pharmacodynamic change in the CNS, PET is highly 

sensitive to detect of the availability of endogenous neurotransmitter receptors and 

transporters without any perturbation of the system. For example, while the concentration 
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of neurotransmitter is generally in the micro to nanomolar range per gram90, the 

concentration of PET tracer in the brain is from picomolar to femtomolar range per gram. 

As the pharmacologically effective dose of CNS drugs is likely generally to be even 

much higher, the biological effect of PET tracer dosage is negligible and thus PET is a 

true tracer method.  In fact, several evidences showed that the change [11C]raclopride 

binding in the baboon and human brain correlated with the change of dopamine level in 

striatum induced by nicotine or  tobacco smoking.91, 92 

In view of pharmacokinetics, PET and a labeled drug provides a direct measure of 

drug distribution and kinetics over the course of time in vivo system. Owing to its non-

invasiveness, PET human pharmacokinetic study is feasible especially in the early stage 

of drug development.  This has the potential to facilitate the drug discovery in human by 

reducing cost and time.  In the later phases of drug development, PET can be utilized to 

determine drug doses and target occupancy. 

 

1.2.2 Common PET radionuclides 

The physical characteristics of positron emitters suitable for PET are their short-

half life and positron emission which results in the production of two photons energetic 

enough to penetrate the body barrier (511 keV). There are several common positron 

emitters produced routinely in a modern cyclotron (Table 1.3).  While F-18 in the forms 

of 2-deoxy-2-[18F]fluoro-D-glucose (FDG) can be purchased and delivered within several 

hours after its production, most of positron emitters such as C-11, N-13, O-15 must be 

generated at the side of the experiment from a cyclotron due to their short half life.  
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Table 1.3 The common positron emitting radionuclides for PET93 

Nuclide Half-life(min) Production Range 
(mm)**

Specific Activity 
(Max. SA*) 
(Ci/µmol) 

Decay 
Product

11C 20.4 14N(p,α)11C 4.1 < 20 (9.22x103) 11B 
13N 9.98 16O(p,α)13N 5.4 < 10.8 (1.89x104) 13C 
15O 2.03 14N(d,n)15O 8.2 (9.08x104) 15N 

18F 109.8 
18O (p,n)18F 

20Ne(d, α)18F 2.4 < 5.4 (1.71x103) 18O 

* Theoretically calculated. 

** Maximum range in the water. 

 

In principle, the positron (β+) emitted by decay of a positron emitter moves a 

certain distance depending on its kinetic energy, and then annihilates with an electron to 

generate two photons at 180° apart.  The PET camera detects coincident photons to give 

spatial and temporal quantitative information of radionuclide concentration. The 

physically intrinsic resolution depends on the traveled distance of positron in the tissue 

and the angular deviation of two γ-ray (±0.25 °). The maximum distances to travel for 11C, 

18F are 4.1mm, 2.4mm, respectively.93  

Specific Activity The quality of positron emitters is determined by specific activity 

which defines as the unit of radioactivity/unit of mass (commonly, Ci/µmol). 

Theoretically, since each position emitter is produced from different element and thus 

present as a pure isotopic form, maximum specific activity would be achieved (also 

called, carrier-free). For example, C-11 produced by N-14 should not contain C-12. 

However, in reality, the elimination of C-12 in the [14N] nitrogen is impossible and 

therefore, specific activity is very low (typically, C-12/C-11= 5000~10000), which means 
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carrier-free C-11 is not achievable. The major sources of C-12 are hydrocarbons in the 

nitrogen gas which is irradiated in the cyclotron as well as atmospheric carbon dioxide in 

target and delivery line and chemical reagents for precursor synthesis. In general, specific 

radioactivity of C-11 ranges 1-20 Ci/µmol at the end of bombardment as a form of [11C] 

methyl iodide at BNL cyclotron.  In the batch type synthesis (wet synthesis) using lithium 

aluminum hydride with C-11 labeled carbon dioxide, the specific activity is significantly 

lower due to the unintentional introduction of CO2 from the air.  Therefore, the specific 

activity of a final product depend on mainly what kind of C-11 labeled precursor one 

chooses and what kind of reagents are used for the chemical transformation. In case of 

[18F]F2 production, for the purpose of delivery of the radioactive fluorine gas out of the 

target, the natural fluorine gas is intentionally added (Carrier-added), resulting in low 

specific activity labeled fluorine gas.  In contrast, the production of [18F]F- from [18O]H2O 

does not need carrier (No- carrier-added). However, stable fluoride (19F-) is still present 

and comes from various components used in production and synthesis.  

The specific activity also reduces naturally by decay of positron emitters after the 

end of bombardment.  Obviously, the specific activity of shorter half-lived radionuclide is 

reduced faster than that of longer half-lived radionuclide. 

 

1.2.3 Development of PET tracers 

The work flow of PET consists of four main categories; radionuclide production 

in the cyclotron, synthesis of precursor, radiolabeling in a radiotracer laboratory, 

biological study (PET scan), and image analysis and evaluation. Generally, there are 



 20

several unique factors to be considered in the field of PET chemistry, distinguished from 

normal synthetic chemistry or radiochemistry. 

First, the major factors governing PET chemistry is time for the entire labeling 

process including purification. For example, compared with common radiochemistry with 

C-14 (half-life= 5730 years, β- decay), C-11 PET chemistry must be completed within 

less than 60 minutes in order to have sufficient radiotracer for a human PET study 

because of its short half-life.  In view of the design of precursor, the labeling step is 

preferred to be the last step of all synthetic schemes. Reaction kinetics in the labeling step 

is pseudo first order kinetics of labeled precursor which is limiting reagent (less than 

0.01-0.06 equivalency (in case of [11C] methyl iodide). Usually, this reaction rate is 

optimized by controlling temperature, solvent, chemical additives, and catalysts. 

Maximum radiochemical yield depends on the rate for both labeling and decomposition 

of product which can occur at high temperatures which are frequently used. To reduce 

time for purification, preparative HPLC and solid-phase extraction94 are commonly used 

for product purification.  In particular, solid-phase extraction is advantageous for 

commercial production in view of short purification time as well as better reproducibility. 

In case of F-18, due to its comparatively longer half-life, several steps and purifications 

are possible. 

Recently, some techniques have been developed to increase the reaction rate. The 

efficiency of microwave reactor was reported95 and currently, microfluidics technology 

has been introduced to improve radiochemical yield and product selectivity by efficient 

heat and mass transfer (diffusion). However, it still needs to be verified whether it works 

for C-11 with flexibility to various reaction condition.96  
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Second, one should consider what kind of labeled precursor is available for the 

labeling step, by which synthetic strategy would be determined. Considering the limited 

number of labeled precursors available either from the cyclotron target or via some 

simple steps, the general synthetic organic transformation is used for labeling.  Less 

commonly, catalytic enzyme reactions have been adopted. Recently, transition metal 

catalysts such as cross coupling reaction have broadened labeling methodology.97, 98 The 

functional groups that are labile or reactive at high temperature and certain pH should be 

routinely protected by the appropriate protecting group.  The deprotection step must also 

be rapid.  

For the PET study, the decay uncorrected yield at the end of synthesis should be 

also taken into account to produce enough of radioactivity for the PET study.  

In a view of safety, radiation exposure for PET chemist is minimized during the 

radiosynthesis. All procedure are planned carefully to reduce the exposure to radiation 

under the proper engineering control such as proper protective gear, automated devices, 

on- line purification system, and shielding. These controls are indispensable not only to 

prevent unnecessary handling of radioactive material but to improve the reproducibility 

of yield and product quality.  

 

1.2.3.1. C-11 PET chemistry   

Carbon is one of the most ubiquitous elements in biologically active molecules. 

The isotopic substitution of C-11 for C-12 allows the direct measurement of behavior of a 

molecule of interest. Of the six unstable carbon isotopes of which half-life are known, 

Only C-11 has the practically appropriate half-life and decay mode for PET.  Though 
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kinetic isotope effect was reported in the previous literature (11C/14C)99-102, it is generally 

assumed that C-11 has the same properties of C-12 in the biological experiment set-up.   

Since C-11 was observed by Crane and Lauritsen103 in 1934 by proton beam 

bombardment onto boron oxide, the first application to biological system was performed 

by Ruben et al. to show incorporation of  C-11 labeled carbon dioxide into plants by 

photosynthesis in 1939.104 Six years later, Tobias reported the first human study with C-

11 labeled carbon monoxide.105 However, since C-14 was discovered in 1940 by Ruben 

et al.,106 it began widely to be used for biological application instead C-11. After the 

development of PET instrument, C-11 PET chemistry has intensively been developed. 

In view of the synthetic design of unlabeled precursor, one should consider a 

reliably available C-11 labeled precursor (Figure 1.6) for the labeling step. The common 

chemical forms from nuclear reaction are C-11 labeled carbon dioxide, methane, and 

rarely carbon monoxide. Mostly, these are released to a dry on-line reactor (solvent free) 

or cold trapping in a batch reactor (wet) for transformation to a reactive C-11 labeled 

precursor. Recently, borane was reported as trapping reagent of C-11 labeled carbon 

monoxide.  In the BNL PET facility, routinely accessible C-11 labeled precursors are 

carbon dioxide, methyl iodide, methyl triflate, and cyanide. C-11 labeled methyl iodide is 

frequently used for alkylation of amine, phenolic –OH, thiol group and amide. C-11 

labeled methyl triflate is an alternative precursor for the functional groups which are less 

reactive.     
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 Figure 1.6   The synthetic transformations of C-1l labeled carbon dioxide.  
 
  
Compared with F-18, the advantages of C-11 are 1) that the labeled chemical structure 

would usually be identical with unlabeled compound 2) that PET studies can be 

performed repeatedly in the same day due to its 20.4 min half-life allowing the same 

subject (animal or human) to serve as its own control. 

 

1.2.3.2 F-18 PET Chemistry 

In 1937, Snell reported first his observation of fluorine-18. 107  He wrote ‘When 

neon gas is bombarded with 5 MV deuterons, an active product is formed which emits 
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positive electrons and decays with a period 112±4 minutes. This active substance behaves 

chemically like fluorine’. Later this F-18 labeled fluorine production has been fully 

exploited and described by BNL PET group108 and the first organic compound labeled 

with F-18 was [18F]cholesterol.109 During 1970th, the most widely used PET tracer, 2-

deoxy-2-[18F]fluoro-D-glucose (18FDG) was first synthesized by BNL PET group for the 

measurement of glucose metabolism in the human brain and in tumors (Figure 1.7).  
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Figure 1.7 18FDG, epibatidine, [18F]epibatidine 

 
F-18 can replace stable fluorine in a number of fluorine-containing 

pharmaceuticals. But, due to its small size and similar bond length with C-H, it may be 

useful for isosteric replacement for hydrogen atom or hydroxyl group. However, high 

electronegativity of fluorine should be also considered for alteration of molecular 

interaction for biological target.  In some cases, a functional group which has little effect 

on biological activity can be replaced with 18F. For example, in the PET study for 

epibatidine which binds with high affinity to the nicotinic receptor, chloride was replaced 

with 18F, based on similar affinity data observed in vitro binding study (Figure 1.7).74, 110  

Primary chemical forms of F-18 from the cyclotron are elemental fluorine (F2), 

fluoride (F-). Clearly, elemental fluorine and fluoride are used for the electrophilic 

reaction and nucleophilic substitution, respectively.  Therefore, while [18F]F2 fluorine has 

been used for labeling of alkene, electron-rich aromatic ring, [18F]F- was used for 
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nucleophilic substitution reactions of the aliphatic or aromatic halides. To increase 

solubility and reactivity of [18F]F-, potassium, cesium, tetraalkylammonium cations have 

been used.  Kryptofix (2.2.2) (4, 7, 13, 16, 21, 24 -hexaoxa-1, 10-diazabicyclo [8.8.8] 

hexacosane (K222) chelated potassium is widely used.  For the nucleophilic aromatic 

substitution on pyridine, the trimethylammonium group in the pyridine ring is preferable 

as a leaving group, compared with nitro and halides.111 
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Figure 1.8 The structure of Kryptofix® 222 

 
 

During the general production of [18F]F2, the carrier gas (F2, 0.1%) is inevitably 

added for the recovery of F-18, resulting in low specific activity (< 0.015 Ci/µmol) and 

low maximum yield (50%). [18F]F- using water also has limitation for the nucleophilic 

fluorination due to water because hydrated fluoride anion is much less nucleophilic than 

anhydrous fluoride. Therefore, strong heating is sometimes required and often generates 

side products. 

Compared with C-11, the longer half-life of F-18 gives the opportunity for more 

synthetic manipulations almost up to 5.5 hrs, but it can limit repeated PET studies on the 

same day and imaging study with F-18 is usually longer than C-11 PET study.  

 

1.2.4 The mechanistic view and properties of CNS PET tracers   

The starting point of PET tracer development is identifying biological target 

which is usually a neurotransmitter receptor, transporter or and enzyme. The ex vivo data 
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and autoradiography may provide complementary information for binding site and 

biodistribution.  It is important that ligand behavior on a particular target is well-

characterized in vitro study, especially by SAR (structure-activity relationship). For 

example, the mechanism-based design of FDG comes from the fact that 2-deoxy-D-

glucose-6-phosphate is trapped inside of the cell.  More specifically, 2-deoxy-D-glucose 

undergoes the same transport into the cell and phosphorylation by hexokinase as D-

glucose. However, unlikely D-glucose, it was trapped because it could not be further 

metabolized by phosphohexose isomerase. Structurally, hydroxyl group at C-2 is 

essential for this step. The substitution of fluoride at C-2 showed the same biological 

behavior as 2-deoxy-D-glucose.  

In the CNS, the modes of ligand binding are largely classified by kinetics as either 

reversible or irreversible. [11C] clorgyline and [11C] deprenyl are typical irreversibly 

binding PET tracers which bind monoamine oxidase A and B, respectively.112 These 

irreversible PET tracers showed the primary kinetic isotope effect in vivo imaging with 

deuterium substitution for hydrogen in the propargyl group (Figure 1.9). Compared with 

reversible binding kinetics, different kinetic modeling method is applied for irreversible 

binding. Currently, most of CNS PET tracers target neuronal receptors or transporter in 

the reversible binding manner. 



 27

N
H3

11C
H H

N
H3

11C
D D N

H3
11C

O
Cl

Cl

[11C]L-deprenyl [11C]L-deprenyl-d2 [11C]clorgyline

N
H3

11C

O
Cl

Cl

DD

[11C]clorgyline-d2

N
H3

11C
H(D)(D)H N

N

NH

N
H

O

O

S
Enz

N
H3

11C

MAO

 
 

Figure 1.9 PET tracer for MAO A, B and mechanistic view.  
 
 

Potential ligands for PET tracer are selected by in vitro binding affinity and are 

determined with several basic considerations such as the potential for labeling, molecular 

weight, and calculated lipophilicity. Empirically, molecular weight and lipophilicity can 

often be used to predict blood-brain penetration though there are many other factors 

which come into play such as metabolism and binding to plasma proteins. Based on the 

known distribution pattern and concentration of the biological target, a PET tracer 

candidate pre-evaluated by considering binding potential:  

 
Binding potential = Bmax/Kd,  
 

where Bmax and Kd represent concentration of biological target, dissociation constant.113   

Specifically localized distribution and high concentration of biological target of interest 

are important for obtaining high to signal-to-noise in the PET image. 
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Specific signal / non specific signal = B’max/Kd(1+Kn)114   
 
 
In general, the important criteria of CNS PET tracer during PET study include:  

1) Specific binding in brain regions known to contain the molecular target.  

Saturability is usually evaluated by blocking study with co-injection or pre-injection of 

identical non-radioactive compound in a dose dependent manner. 

2) Selectivity for target of interest against the other homologous molecular component, 

which can be validated by the pretreatment of known selective compound for the target in 

a dose dependent manner. 

3) Acceptable toxicity within tracer-dose level and radiation dosimetry for within 

regulatory guidelines 

4) Penetration of BBB at a tracer-dose level, which is related to plasma protein 

binding, molecular weight, and lipophilicity (log P = 1-3)17 of PET tracer candidate.  

5) Proper pharmacokinetics profile to be quantifiable in the brain, mostly showing 

discrimination between non-target region and target regions,  

6) Slow metabolic rate and high free fraction in blood or fast kinetics for dissociation 

from plasma protein, allowing accumulation in the CNS 

7)  Absence of labeled metabolites in the brain 

8) Specific activity, which should be high enough to avoid perturbing the living 

system; it is especially important for low receptor concentration because saturation. 

High specific activity as well as relatively low biological potency and toxicity of the 

unlabeled parent compound are important factors in avoiding perturbing the process 

under investigation and also in obtaining approval for using a new radiotracer for human 
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PET studies. In general, the toxicity of the parent compound can be used as guidance but 

all new labeled compounds must undergo extensive toxicology studies prior to approval 

for human studies if the compound has never been administered to humans. Some 

compounds have unacceptably high toxicity and cannot be administered to humans. For 

example, epibatidine has a low LD50 (0.2 mg/kg).115  While the F-18 labeled epibatidine 

study was successful for baboon study, but it could not proceed to human study due to 

narrow margin of safety. For blood-brain barrier permeation, efflux system such as p-

glycoprotein,116 which is known as a main membrane protein for multi-drug resistance, is 

likely to limit PET tracer availability in the brain. Furthermore, the influence by this 

efflux system is higher in a extremely low tracer dose level than a therapeutic dose level 

which may saturate it.  

For the evaluation of PET tracer, the change in radiotracer concentration over 

time is measured to give basic time-radioactivity curve. In many cases, one may need 

more sophisticated kinetic modeling117, whereby the quantitative information on the 

interaction between PET tracer and target of interest is extracted from the other 

physiological influences such as blood flow, metabolism, and non-specific binding. 

Quantitative unchanged tracer analysis in blood samples eliminates study-to-study and 

subject-to-subject blood input variability by metabolism. Mostly, the labeled metabolites 

are precluded by BBB due to narrow range of chemical properties for BBB penetration.  

 

1.2.5 The Drug development and PET  

Currently, the cost of new drug development including failed cases was estimated 

around US$ 500 million  up to $ 2 billion over 15 years per new drug.118 This cost 
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increases significantly as a drug candidates proceeds to one phase to the next. One of the 

crucial points for the cost and risk management is the effective decision-making in each 

pre- or clinical phase from the multiple drug candidates, which should bear the safety as 

well as therapeutic efficacy.  Moreover, of particular need is safety, toxicity which 

require more stringent regulation.  

PET is a non-invasive tool to show drug candidate action by imaging 

quantitatively its pharmacodynamics and pharmacokinetics. First, by labeling the drug 

candidate with a positron-emitter, drug distribution over time can be evaluated to give 

bioavailability in target tissue.  Simultaneously, PET also provides the delivery and 

residence time and concentration of labeled drug and its labeled metabolites to the other 

non-target region which may be valuable for drug safety issue. Second, PET measures 

physiological changes by drug action such as metabolic rate and blood perfusion.  

Moreover, using specific interaction between PET tracer and target molecule, PET allows 

temporal quantitative information on mechanism-based biological event such as 

neurotransmitter release, receptor occupancy, and gene expression.  In other words, 

depending on what one investigates and the radiotracer which is used, the drug efficacy 

or drug induced cellular events can be measured without perturbation by the PET tracer. 

From small animal to primate model, PET can be performed longitudinally and 

repeatedly in the same animal. Moreover, due to its non-invasiveness, PET may be cost-

effective tool in that PET human study is relatively feasible in the early stage of drug 

development; It also may contribute to reduce risk for decisions to move the clinical stage 

by providing direct comparison or translation between animal and human.     
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  However, PET has several limitations.  The biological event which need longer 

time than several half-lives may not be appropriate for PET though by running serial 

studies with a short-half life tracer, one can follow a process that occurs over several 

hours or days.  Nonetheless, the very short-lived isotopes like 13N, 15O are rarely used as 

drug labels because the half-life is too short for many syntheses and for tracking 

biological processes.  

 

1.3 Objectives 

The pharmacological effects by nicotine action on nAChR have been implicated 

in many diseases such as Alzheimer’s disease (AD), schizophrenia, and tobacco 

dependence.9 Brain imaging using PET for each nAChR subtype allows us biological 

information on subtype-specific function and pathological change. While α4β2 nAChR 

PET tracers have been developed, the development of PET for α7 nAChR has been 

hampered due to the lack of suitable radioligands. It is, therefore, important to develop α7 

nAChR-selective PET tracers for in vivo imaging studies to better understand the role of 

α7 nAChR in specific CNS disorders. Furthermore, PET imaging of drug targeting α7 

nAChR can also contribute drug development by providing information on drug 

movement and occupncy in vivo. This project was performed in collaboration with BNL 

PET group, specially, under the direction of Joanna S. Fowler and Yu-Shin Ding.  

Though the main goal for α7 nAChR-selective tracer development was not achieved, this 

work can be synthetic and pharmacologic research basis for the further development.  

We have following specific aims: 
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Specific Aim 1:  Development of new α7 nAChR related PET radioligands including 

novel synthetic procedures to prepare suitable precursors, which are then used to prepare 

C-11 (t1/2 = 20.4min.) and F-18 (t1/2 = 109.8min.) labeled analogues 

1a. Synthesis of C-11 labeled GTS-21 and its labeled metabolites  

1b. Synthesis of furopyridine derivatives  

1c. Synthesis of carboxamide derivative and F-18 labeling   

1d. Synthesis of C-11 labeled Norethyl-N-methyl-methyllycaconitine 

1e. Synthesis of  C-11 labeld nicotine 

Specific Aim 2: Characterization of radiotracer binding in vivo  

2a. In vivo studies with PET to determine the biodistribution, pharmacokinetics 

for evaluation of positron-emitter labeled compound  
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Chapter 2.  C-11 labeled isotopomers and metabolites of GTS-21  

 

Abstract1  

Introduction:  GTS-21 ((3E)-3-[(2,4-dimethoxyphenyl)methylene]-3,4,5,6-

tetrahydro-2,3’-bipyridine), a partial α7 nicotinic acetylcholine receptor agonist drug, has 

recently been shown to improve cognition in schizophrenia and Alzheimer’s disease.  

One of its two major demethylated metabolites, 4-OH-GTS-21, has been suggested to 

contribute to its therapeutic effects.   

Methods:  We labeled GTS-21 in two different positions with carbon-11 ([2-

methoxy-11C]GTS-21 and [4-methoxy-11C]GTS-21) along with two corresponding 

demethylated metabolites ([2-methoxy-11C]4-OH-GTS-21 and [4-methoxy-11C]2-OH-

GTS-21) for pharmacokinetic studies in baboons and mice with PET.   

Results:  Both [2-methoxy-11C]GTS-21 and [4-methoxy-11C]GTS-21 showed 

similar initial high rapid uptake in baboon brain, peaking from 1-3.5 min (0.027-

0.038 %ID/cc) followed by rapid clearance (t1/2 <15 min), resulting in low brain retention 

by 30 min.  However, after 30 min, [2-methoxy-11C]GTS-21 continued to clear while [4-

methoxy-11C]GTS-21 plateaued, suggesting the entry of a labeled metabolite into the 

brain.  Comparison of the pharmacokinetics of the two labeled metabolites confirmed 

expected higher brain uptake and retention of [4-methoxy-11C]2-OH-GTS-21 (the labeled 

metabolite of [4-methoxy-11C]GTS-21) relative to [2-methoxy-11C]4-OH-GTS-21 (the 

labeled metabolite of [2-methoxy-11C]GTS-21) which had negligible brain uptake.  Ex 

vivo studies in mice showed that GTS-21 is the major chemical form in the mouse brain.  



 46

Whole body dynamic PET imaging in baboon and mouse showed that the major route of 

excretion of C-11 is through the gallbladder. 

Conclusions:  The major findings are (1) extremely rapid uptake and clearance of 

[2-methoxy-11C]GTS-21 from the brain which may need to be considered in developing 

optimal dosing of GTS-21 for patients, and (2) significant brain uptake of 2-OH-GTS-21, 

suggesting that it might contribute to the therapeutic effects of GTS-21.  This study 

illustrates the value of comparing different label positions and labeled metabolites to gain 

insight on the behavior of a CNS drug and its metabolites in the brain providing an 

important perspective on drug pharmacokinetics. 
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2.1 Background 

GTS-21 (3-[2,4-dimethoxybenzylideneanabaseine, 2-2) is a “functionally” 

selective partial agonist drug for α7 nAChR (Ki= 211 nM against [125I]α-bungarotoxin). 

It is also known to bind to the 5-HT3A (Ki= 0.53 ± 0.9 µmol against [3H]GR65630) and 

α4β2 nAChR (Ki= 84 nM against [3H]Cytisine).2-4  It was first synthesized in 1993 from 

anabaseine, a natural product isolated from a marine worm, nemertines and 

Aphaenogaster ant (Fig. 2.1).5, 6 While anabaseine is a full agonist for α7 nAChR and 

muscular nAChR, GTS-21 is a partial agonist for α7 nAChR and an antagonist for 

muscular nAChR and α4β2 nAChR. This α7 nAChR functionally selective agonism of 

GTS-21has led to interest in the pharmacological effects of α7 nAChR last ten years. 

 

N

N

Anabaseine (2-1)

N

N

OCH3

OCH3

GTS-21(2-2)  
 

Figure 2.1 The structures of anabaseine and GTS-21. 

 

 Many preclinical studies documenting its efficacy in cognition, learning and its 

neuroprotective properties7, 8 set the stage for investigations in humans for the treatment 

of Alzheimer’s disease to enhance working memory and attention.  Its investigation as a 

drug for the treatment of AD was supported by reports that the α7 nAChR system, not 
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α4β2 nAChR, is intact in the cortex in AD brain.9, 10 In clinical phase I trial for AD, GTS-

21 enhanced cognition in a dose dependent manner without the side effects seen with 

nicotine itself.11  

Because of its ability to normalize auditory gating deficit in the rodent model12, 

GTS-21 is also under investigation for the treatment of schizophrenia where it was 

recently reported to enhance cognitive function in a human study 13.  However, the utility 

of GTS21 as a drug has been challenged by Tatsumi et al. who comments that GTS-21 

“fails to show a satisfactory pharmacokinetics profiles (PK) in the areas of bioavailability 

and brain permeability.” 14 

In view of metabolism, the phase I metabolism of GTS-21 is known to involve O-

demethylation to give three metabolites, 2-OH-GTS-21, 4-OH-GTS-21 and 2,4-diOH-

GTS-21 (Figure 2.2). Interestingly, the major metabolite, 4-OH-GTS-21  shows active 

partial agonistic activity for α7 nAChR which is 10 times greater than GTS-21 itself (Ki= 

0.45 ± 0.02 µmol and 23 ± 2 µmol for human SK-N-SH cells, respectively)15.  However, 

even though the metabolites of GTS-21 are more potent at the alpha-7 nAChR than the 

parent compound, their brain penetration is not known  and consequently the relevance of 

these metabolites to the therapeutic effects of GTS-21 in humans is not known16.  
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Figure 2.2 The metabolic route of GTS-21 
 

 
2.2 Objectives 

We developed and compared two regiospecifically labeled [11C]GTS-21 

radiotracers as a tool to measure GTS-21 distribution and pharmacokinetics in brain and 

peripheral organs in the baboon and in the mouse using PET and microPET, respectively.  

We labeled in two different positions because the profile of labeled metabolites would 

differ for the two isotopomers and we reasoned that this would provide insight on 

possible bioavailability of labeled metabolites in the brain.  We also assessed the effect of 

a therapeutic dose of GTS-21 on the brain pharmacokinetics of 2-11C-2.  Finally, we 

measured the chemical form of C-11 in the brain and plasma after the administration of 

2-[11C]GTS-21 in the mouse and measured the distribution in peripheral organs using 

microPET.  
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2.3 Synthesis 

GTS-21 (2-2), 4-OH-GTS-21(2-3), and 2-OH-GTS-21 (2-4), 2,4-diOH-GTS-21 (2-5) 

were synthesized by known methods (Figure 2.3).17  
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Scheme 2.1 The synthetic scheme for GTS-21 and its metabolites. a, ethanol, reflux 

 
 

2.4  Radiolabeling, log D and free fraction in plasma  

A moderate radiochemical yield was obtained for both 2-11C-2 and 4-11C-2, 

ranging from 20-43% corrected to the end of cyclotron bombardment (EOB).  Specific 

activities ranged from 0.8-5.1 Ci/µmol at EOB and radiochemical purities were > 98% 

for the two labeled compounds.  The total synthesis time, from the end of the cyclotron 

bombardment to delivery for PET studies, was approximately 50 min.  The radiochemical 

yield was not improved by using longer reaction times or higher temperatures.  Initial 

attempts to separate the product from the precursor and side products using 20 mM 

phosphate buffer (pH = 2.8)/ acetonitrile (77.2/22.8) at a flow rate 4 ml/min on a semi-

preparative Luna C18 (Phenomenex, 250 mm X 10 mm, 5 µ) were not successful.  

However, when the pH was adjusted to 12 with triethylamine on a Phenomenex Gemini 

column, a satisfactory and reproducible separation was achieved (Figure 2.3). Labeled 
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demethylated metabolites, 11C-3 and 11C-4 were synthesized in 12-15% yield with >99% 

radiochemical purity and specific activity 5.1-6.0 Ci/µmol.  

The log D at pH = 7.4 (n= 4) of [11C]GTS-21 was 2.82 which is, in principle, 

suitable for blood-brain barrier (BBB) penetration 18.  As expected, two labeled 

metabolites have lower log D (2.10 for 11C-4, 2.07 for 11C-3) than [11C]GTS-21. We note 

that the free fractions in the plasma were 4.47%, 9.32%, 15.47% for [11C]GTS-21, 11C-4, 

11C-3, respectively, which are similar to values reported elsewhere.16  
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Scheme 2.2 The radiosynthesis of C-11 labeled GTS-21 and its metabolites. Reagent and 
condition: i) [11C]CH3I , aqueous sodium hydroxide in DMF, 100 oC, 3 min.  
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Figure 2.3 The HPLC profiles of [11C] GTS-21. 

 
 
2.5 Biological study 

PET studies in baboons were performed by C-11 labeled GTS-21 isotopomers and 

its labeled metabolites as table 2.1. To investigate chemical form of C-11 labeled GTS-21 

in rat brain and biodistribution in the peripheral organ, we performed ex vivo mouse study 

with 2-11C-2. 
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Table 2.1 Summary of baboon PET studies. 
 

Study # Baboon Radiotracer/drug Brain/Torso 
Test-retest in the brain  

BEJ330dy1 Pearl 2-11C-2 brain 
BEJ330dy2 Pearl 2-11C-2 brain 

Comparison of two isotopomers of [11C]GTS-21 
BEJ319 dy1 April 2-11C-2 brain 
BEJ319 dy2 April 4-11C-2 brain 
BEH154dy1 April 4-11C-2 brain 
BEH154dy2 April 2-11C-2 brain 
BEJ324dy1 April 4-11C-2 brain 

Comparison of two labeled metabolites 
BEJ335dy1 Daisy 11C-4 brain 
BEJ335dy2 Daisy 11C-3 brain 

Co-injection with therapeutic dose of GTS-21 (0.031 mg/kg) 
BEJ323dy1 Missy 2-11C-2 brain 
BEJ323dy2 Missy 2-11C-2/GTS-21 brain 

Distribution of peripheral organ  
BEJ327dy1 Daisy 2-11C-2 torso 

 
 
 
2.5.1. Brain and torso imaging of 2-11C-GTS-21(2-11C-2) in baboon  

 In the baboon brain, the global uptake was high (0.027-0.038 ID%/cc) and rapid 

(peaking at 1-3.5 min after injection), followed by rapid clearance to 0.01-0.005 ID%/cc 

at 22.5 min with the high reproducibility in the test-retest (Figure 2.4).  Carbon-11 is 

widely distributed in the cortical and subcortical regions, showing higher uptake in 

thalamus, putamen, and cerebellum compared to the frontal cortex and similar uptakes at 

later times.  The low affinity if GTS-21 for the α4β2 nAChR and α7 nAChR subtypes as 

well as their relatively low density preclude the observation of specific binding if GTS-21 

in the brain 19.  For example, the density (Bmax) of the α4β2 nAChR in thalamus of the 

squirrel monkey ranged 17.1-40.7 fmol/mg protein 20 and the density of α7 nAChR in 

thalamic nuclei of the macaque monkey is 1.5-12.7 fmol/mg protein,21 while the Ki’s for 
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the α4β2 and α7 nAChR for rat brain membrane are 84 and 211 nM, respectively.  If we 

use Ki  in the rat as an estimate of Kd in the monkey, then Bmax/Kd which is an estmate of 

the signal to noise is 0.20-0.48 for α4β2 nAChR and 0.007- 0.06 for α7 nAChR.  In 

contrast, 6-[18F]fluoro-A85830 which has a Ki of 0.12 nM against (-)-cytisine in the rat 

brain membrane 22 has a Bmax/Ki of 142.5-339.1 based on similar condition and the PET 

image shows a good signal to noise ratio in the thalamus and other brain regions 23, 24.  

For another reference, [123 I] and [125 I]ADAM, which are known as a serotonin 

transporter tracer, has relatively high binding potential value (149)19, 25.  Thus our 

observation of high uptake and rapid clearance is consistent with the low affinity of GTS-

21 for nAChR subtypes and the relatively low concentration of brain nAChR. 

The distribution of C-11 in peripheral organs after the injection of 2-11C-GTS-21 

(2-11C-2) showed that the main excretion route was through the biliary tract (Figure 2.5). 

The liver uptake increased to 0.08 %dose/cc at 22 min and decreased gradually while the 

gall bladder steadily accumulated C-11 reaching a dose of 1.7 %dose/cc at 49 min.  This 

is consistent with the previous report that GTS-21 (2) is cleared mainly by the in liver  26.   
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Figure 2.4  Time-activity curves for selected regions of interest of 2-11C-2.  A, B are test, 
retest, respectively.  FR, frontal cortex; CB, cerebellum; PU, putamen; TH, thalamus; GL, 
global. The most of brain regions are reproducible.  



 57

 

Table 2.2 The reproducibility of 2-11C-2 PET study in the baboon brain. 

 

Test (a) Retest (b) |a-b|/a·100 (%) Region of interest K1 DV K1 DV K1 DV 
Cerebellum 0.68 3.02 0.67 2.91 1.5 3.6 

Frontal cortex 0.52 2.89 0.48 2.67 7.7 7.6 
global 0.49 2.98 0.41 2.87 16.3 3.7 

Putamen 0.74 3.41 0.71 3.36 4.1 1.5 
Thalamus 0.72 3.10 0.48 2.87 33.3 7.4 
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Figure 2.5 Time-activity curves for baboon torso after administration of 2-11C-2. 

 
 
2.5.2 Plasma analysis for radiotracer in baboon  

We measured the total C-11 concentration in the plasma over the time course of 

each study and performed HPLC analysis of selected samples to determine the fraction 

present as parent labeled compound.  The recoveries of C-11 from HPLC effluent based 

on injected plasma sample were ≥ 75% (decay corrected).  The total C-11 and the fraction 
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of C-11 present as GTS-21 in baboon plasma differed for 2-11C-GTS-21 (2-11C-2) and 4-

11C-GTS-21 (4-11C-2) (Figure 2.6).  The total radioactivity concentration in plasma was 

consistently higher for the 4-isotopomer (4-11C-2) than for the 2-isotopomer (2-11C-2) 

from 15 min to the end of the study as assessed by the area under the time-activity curve 

(P=0.004).  The % radioactivity of the fraction of unchanged parent compound by HPLC 

is also clearly different, being lower for 4-11C-2 than for 2-11C-2 consistent with more 

rapid demethylation of the 4-methoxy group (Fig. 6) 16.  After the total C-11 for each 

isotopomer was corrected for the fraction that is present as the parent isotopomer, there 

was no significant difference between the areas under the curves for 2-11C-2 and 4-11C-2 

at 90 min (Figure 2.6).   
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Figure 2.6  (A) The time-AUC(the area under the curve) curve of averaged total 
radioactivity in baboon plasma. (B) The percent (%) of unchanged C-11 labeled GTS-21 
for two isotopomers in baboon plasma. These data were the averaged values obtained 
after 4-11C-2 (n= 3) and 2-11C-2 (n= 6) administration in three baboons. 
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2.5.3 Comparison of dynamic PET images of two isotopomers 

Comparison of the two isopotomers in the brain showed slight differences in 

pharmacokinetics with 2-11C-2 being higher until 22.5 min.  However, the AUC for the 

plasma was also 11.5% higher for 2-11C-2 at 10 min so that when the brain time-activity 

curves are normalized for the plasma, they parallel each other showing that difference are 

driven by plasma input.  After 27 min, it is higher for 4-11C-2 than 2-11C-2 to end of 

experiment.  The distribution volumes (DV) for each compound until 27 min were 

consistently similar, while there are then clearly higher DV for 4-11C-2 (Fig. 7).   

Therefore, the brain image after 27 min is affected by C-11 labeled GTS-21 metabolite, 

presumably 4-11C-4. 
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Figure 2.7  (A) Distribution volumes of two isotopomers of [11C]GTS-21.  (B) Time 
activity-curves of two isotopomers of [11C]GTS-21 and their labeled metabolites 
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Figure  2.8  The PET image in baboon summed from time of injection through 90 min 
for (A) 2-11C-2 (injected dose = 2.96 mCi), (B) 11C-3 (injected dose = 3.42 mCi), and (C) 
11C-4 (injected dose = 3.27 mCi).  Ketamine hydrochloride (10 mg/kg) was used as an 
anesthesia by an intramuscular injection.  We note that the distribution of 4-11C-2 is not 
shown as the images do not differ between 4-11C-2 and 2-11C-2.   
 
 
2.5.4 Comparison of dynamic PET images of two C-11 labeled metabolites 

In the comparative study in the same baboon, the global uptake of 11C-4 was 

moderate (0.012%ID/cc at 2.5 min).  The C-11 brain uptake of 11C-4 was 4 times greater 

than 4-OH-[methoxy-11C]GTS-21 and 2 times lower than [11C]GTS-21 at 2.5 min post IV 

injection.  Even though 11C-4 has similar lipophilicity and less free fraction in plasma 

compared with the other major metabolite, 11C-3, its blood brain barrier penetrability is 

comparably high.  This result seems to be different from the reported data in the rat brain, 

which demonstrated the better BBB penetrability of 4-OH-GTS-21 (3) than 2-OH-GTS-
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21 (4) 16.  Based on our result and its known pharmacological activity at α7 nAChR, 2-

OH-GTS-21(4) might be considered as a therapeutically active metabolite in the primate 

brain. 

 

2.5.5 Effect of co-administration of a therapeutic dose of GTS-21 

The co-administration of a therapeutic dose of GTS-21 (2) with 2-11C-2 

noticeably reduced brain uptake in initial 5-10 minutes (Figure 2.9).  The AUC for the 

plasma after co-administration was 17-23% higher than baseline possible due to drug 

occupancy of peripheral binding 27.  The blood to tissue transfer terms (K1) for thalamus, 

putamen and cerebellum were decreased by 20-40%, indicating a decrease in blood flow 

in each ROI (Table 1).  Even though the heterogeneous distribution of nAChR in the 

brain is known in many literatures 20, 21, the distribution volumes decreased by 15-20% in 

all these regions indicating a non-specific effect consistent with the low binding affinity 

of GTS-21. 

On the basis of this study in which we co-administered 0.031 mg/kg of GTS-21 

along with 2-11C-2, we estimated that the global brain concentration of GTS-21 after iv 

administration is 0.5 µM at peak and 0.1 µM at 20 minutes post injection which Machu et 

al. have considered to be a pharmacologically effective drug concentration 2.  Based on 

these concentrations and the Ki’s and Bmax’s of the α4β2 and α7 nAChR’s, we estimated 

that the receptor occupancies of α4β2 and α7 nAChR by GTS-21 would be 85 and 70% at 

peak and 60 and 36% at 20 min, respectively. 
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Figure 2.9 (A).  The time-activity curves for selected ROIs of baseline (a) and co-
administration with GTS-21 (b).  2-11C-2 was co-injected with GTS-21(0.032 mg/kg).  
CB, cerebellum; TH, thalamus.  (B) The area under the curves of 2-11C-2 of baseline and 
co-administration of GTS-21. 
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Table 2.3  Effect of therapeutic dose of GTS-21 (0.031 mg/kg)* in the baboon brain. 

 
Baseline Co-injection with GTS-21Region of interest K1 DV K1 DV 

Cerebellum 1.12 3.86 0.88 3.19 
Caudate 1.03 4.42 0.74 3.57 
Putamen 1.18 4.70 0.85 3.90 
Thalamus 1.21 4.83 0.72 3.75 

* 2-11C-GTS-21 was co-injected with GTS-21 
 

 
2.5.6 Micropet and ex vivo studies in mouse  

 

 MicroPET study in mice Similar to the baboon study, the uptake of [11C]GTS-21 

in the brain was rapid with 2.4 - 5.0%dose/cc at 32-53 sec after tail vein injection.  

Clearance from the brain was also rapid with a half-time of maximum uptake (5.7 min - 9 

min).  In peripheral organs, the liver showed a gradual increase and the gallbladder 

showed a more pronounced increase over a 20 minute observation time, indicating that 

radioactivity are excreted primarily through the biliary tract.  
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Figure 2.10  Time-activity curves of each organ in mouse with A2-11C-2, B) 4-11C-2. C-
11 uptake of gallbladder and liver shows high over 40 min. 
 

 Ex vivo study in the mouse (n=2) HPLC analysis of mouse brain homogenate at 

17.5 min post injection showed 0.3 %Dose/cc which is consistent with microPET study 

(0.25 %dose/cc, figure 12).  The major fraction of the total C-11 in the mouse brain was 

2-11C-2 (86%) and its metabolite, 11C-3 was less than 3 %.  However, 2-11C-2, 11C-3 

were 23% and 42% of the total C-11 in the plasma, respectively. Based on these HPLC 

analyses, the 11C-3 which we found in the brain may be due to the presence of blood in 

the brain, suggesting that blood brain barrier penetration of the demethylated metabolites 

is poor.  The ratio of the concentration of 2-11C-2 in brain to that in the plasma was 2.3, 

which is similar in the literature 10.  

In the peripheral organs, the radioactivity concentration in the gallbladder and 

liver were high (Table 2).  Consistent with baboon study, liver uptake and gallbladder 

accumulation of C-11 probably reflects the accumulation and excretion of labeled 

metabolites.  This is also consistent with known report where 67% of radioactivity 

excreted in the feces after oral administration of [14C]GTS-21 in rat study 28. 

 

Table 2.4  Whole body biodistribution of [2-methoxy-11C]GTS-21 and [4-methoxy-
11C]GTS-21 in mouse. 

 

 2-11C-GTS-21 
(%dose/cc)* 

4-11C-GTS-21 
(%dose/cc)* 

2-11C-GTS-21 
(%dose/cc)** 

4-11C-GTS-21  
(%dose/cc)** 

Heart 0.46 1.54 0.47 0.84 
Lung 0.72 1.95 0.67 1.01 
Gallbladder - 6.46 - 8.56 
Spleen 0.76 2.27 0.67 0.78 
Kidneys 1.12 3.37 1.04 1.49 
Small 
Intestine 

- 4.9 11.43 3.85 

Liver 3.50 6.7 5.64 4.62 
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Stomach - 3.5 4.90 7.01 
Large 
Intestine 

- 1.5 0.52 1.04 

Brain 0.32 1.39 0.24 0.66 
Muscle - 0.8 0.41 0.56 
Trunk blood - 1.2 0.36 0.74 

* These values were obtained 20 min after injection of each [11C]GTS-21 

** These values were obtained 40 min after injection of each [11C]GTS-21 

- not determined 

 

2.6  Conclusion 

Labeled drugs are of intrinsic interest in that they allow the direct assessment of 

drug pharmacokinetics.  Of particular relevance for CNS drugs are BBB penetration, drug 

concentration over time, and the identification of target organs as well as the potential 

brain penetration of pharmacologically active metabolites. This PET study illustrates the 

value of comparing different label positions and labeled metabolites to gain insight on the 

behavior of a CNS drug and its metabolites in the brain.  GTS-21 is of interest because it 

is already being evaluated in humans for its efficacy in improving cognition in 

schizophrenia 13.  Our main findings from this PET study in baboons are that (1) GTS-21 

has a very high initial uptake in both cortical and subcortical brain regions followed by 

rapid clearance; (2) 2-OH-GTS-21, one of the pharmacologically active metabolites of 

GTS-21, penetrates the BBB; (3) the binding in brain of C-11 labeled GTS-21 (2-11C-2) 

was only transiently affected by the co-administration of a therapeutic dose of GTS-21 

with little specificity, consistent with the relatively low affinity of GTS-21 for nAChR 

and indicating that its distribution and kinetics is dominated by non-specific binding; (4) 

GTS-21 and its labeled metabolites are excreted via the hepatobiliary pathway.  This 

study also showed that GTS-21 labeled in the 2-methoxy position is more suitable for the 

brain pharmacokinetic study of GTS-21 itself than GTS-21 labeled in the 4-methoxy 
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group as this latter isotopomer reflects the distribution for both the parent drug and the 

labeled metabolite.  It is clear that carbon-11 labeled GTS, while providing valuable 

information on the pharmacokinetics of GTS-21 and its metabolites, is not suitable for 

imaging the nicotinic receptor.  This is consistent with its low affinity and specificity.  

However, based on the results of this PET study, we suggest that this new information on 

the rapid clearance of GTS-21 from the brain may need to be considered in future 

applications of this drug in the treatment of neurocognitive disorders.  Furthermore, the 

moderate BBB penetration of the GTS-21 metabolite, 2-OH-GTS-21, suggests that it may 

contribute to the therapeutic effects of GTS-21.  

 

2.7 Experimental  

2.7.1. General 

Anabaseine was purchased from Toronto Research Chemicals Inc. (North York, 

Ontario, Canada).  GTS-21 (2), 4-OH-GTS-21(3), and 2-OH-GTS-21 (4), 2,4-diOH-

GTS-21 (5) were synthesized by known methods 29.  All other chemicals were purchased 

from Aldrich Chemical Company (Milwaukee, WI, USA) and were used without further 

purification.  NMR spectra were recorded using a Bruker Avance 400 MHz NMR 

spectrometer (Bruker Instruments Inc. Billerica, MA, USA).  During the radiosynthesis, 

carbon-11 was measured by a Capintec CRC-712MV radioisotope calibrator (Capintec 

Inc., Ramsey, NJ, USA).  [11C]Methyl iodide was synthesized using PETtrace MeI 

Microlab (GE Medical Systems, Milwaukee, WI, USA) from [11C]carbon dioxide which 

is produced by an EBCO cyclotron.  [11C]Carbon dioxide was generated by the nuclear 

reaction, 14N(p,α)11C, using a nitrogen/oxygen (1000 ppm) target.  Semi-preparative high 
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performance liquid chromatography (HPLC) was performed by a Knauer HPLC system 

(Sonntek Inc., Woodcliff Lake, NJ, USA) with a model K-5000 pump, a model 87 

variable wavelength monitor, and NaI radioactivity detector.  Specific activity was 

determined by measuring the radioactivity and mass; the latter is derived from a standard 

curve at UV (254 nm) using different concentrations of the authentic reference 

compounds.  Radiochemical purity was also determined by thin layer chromatography 

(TLC) using and measuring radioactivity distribution on Macherey–Nagel polygram sil 

G/UV254 plastic-back TLC plate with Bioscan system 200 imaging scanner (Bioscan Inc., 

Washington, DC).  11C radioactivity was measured by a Packard MINAXI γ 5000 

automated gamma counter (Packard Instrument, Meriden, CT).  All measurements were 

decay-corrected.  All experiments with animals were approved by the Brookhaven 

Institutional Animal Care and Use Committee.  

 

2.7.2 Synthesis 
 

(3E)-3-[[2,4-dimethoxyphenyl]methylene]-3,4,5,6-tetrahydro-2,3’-bipyridine 

(GTS-21, 2) To absolute ethanol (0.7 ml) was added anabaseine dihydrochloride (24 mg, 

0.1 mmol) and 2,4-dimethoxybenzaldehyde ( 20.8 mg, 0.12 mmol). The mixture was 

heated under reflux for 6 hrs. After ethyl acetate was added, the precipitate was filtered 

and washed with ethyl acetate. The solid was dried under reduced pressure to give yellow 

solid (19.7 mg, 52%). 1H-NMR (DMSO-d6) δ 8.9 (d, 1 H), 8.8 (s, 1 H), 8.1 (d, 1 H), 7.7 

(dd, 1 H), 7.6 (d, 1 H), 7.3 (s, 1 H), 6.7 (dd, 1 H), 6.6 (s, 1 H), 3.9 (s, 3 H), 3.8 (t, 2 H), 

3.7 (t, 3 H), 2.9 (t, 2 H), 2.0 (t, 2 H). 
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(3E)-3-[[2-hydroxy-4-methoxyphenyl]methylene]-3,4,5,6-tetrahydro-2,3’-

bipyridine (4)  The same procedure as GTS-21 synthesis was applied. Yield (68%) 1H-

NMR (DMSO-d6) δ 8.9 (d, 1 H), 8.8 (s, 1 H), 8.1 (dd, 1 H), 7.7 (dd, 1 H), 7.6 (d, 1 H), 

7.4 (s, 1 H), 6.6 (d, 1 H), 6.5 (s, 1 H), 3.8 (s, 3 H), 3.7 (t, 2 H), 2.9 (t, 2 H), 2.0 (t, 2 H). 

(3E)-3-[[4-hydroxy-2-methoxyphenyl]methylene]-3,4,5,6-tetrahydro-2,3’-

bipyridine (3) The same procedure as GTS-21 synthesis was applied. Yield (30%) 1H-

NMR (DMSO-d6) δ 8.9 (dd, 1 H), 8.8 (d, 1 H), 8.0 (dd, 1 H), 7.7 (dd, 1 H), 7.5 (d, 1 H), 

7.4 (s, 1 H), 6.4 (d, 1 H), 6.3 (s, 1 H), 3.8 (t, 2 H), 3.6 (s, 3 H), 2.9 (t, 2 H), 2.0 (t, 1 H). 

(3E)-3-[[4-hydroxy-2-methoxyphenyl]methylene]-3,4,5,6-tetrahydro-2,3’-

bipyridine (5) The same procedure as GTS-21 synthesis was applied. Yield (42%) 1H-

NMR (DMSO-d6) δ 8.9 (d, 1 H), 8.8 (s, 1 H), 8.1 (d, 1 H), 7.7 (dd, 1 H), 7.5 (d, 1 H), 7.4 

(s, 1 H), 6.4 (d, 1 H), 6.3 (s, 1 H), 3.8 (t, 2 H), 2.9 (t, 2 H), 2.0 (t, 1 H). 

Radiosynthesis of (3E)-3-[[2-(methoxy-11C)-4-methoxyphenyl]methylene]-

3,4,5,6-tetrahydro-2,3’-bipyridine (2-11C-2) and (3E)-3-[[2-methoxy-4-(methoxy-

11C)phenyl]methylene]-3,4,5,6-tetrahydro-2,3’-bipyridine (4-11C-2)  A solution of (E)-3-

(2-hydroxy-4-methoxybenzylidene)anabaseine (4) dihydrochloride (or (E)-3-(4-hydroxy-

2-methoxybenzylidene)anabaseine (3) dihydrochloride) (1 mg, 2.7 µmol) in 0.3 ml of 

N,N-dimethylformamide and 5.8 µL of NaOH (6 N) was stirred until the color changed 

to yellow (Fig. 3).  The solution was cooled in a dry ice/acetonitrile bath and [11C]methyl 

iodide was purged into the solution and trapped.  When measured 11C peaked, the 

reaction vessel was sealed and heated at 100 oC for 3 minutes in an oil bath, then cooled 

for five seconds in a cooling bath (dry ice/acetonitrile).  The reaction mixture was diluted 

with 1 ml of HPLC eluent, then purified with HPLC using water/acetonitrile (60/40) 
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including triethylamine (0.4%(v/v)) at a flow rate 5 ml/min on a semi-preparative Gemini 

C18 (Phenomenex, 250 mm X 10 mm, 5 µ).  The product was collected at the expected 

retention time (RT= 14 min) and solvent was removed by azeotropic evaporation with 

acetonitrile. After dilution with saline (4 mL, baboon; 2 mL, mouse), the solution was 

filtered through a Acrodisc® 13 mm Syringe Filter with 0.2 µm HT Tuffryn® Membrane 

(Pall cooperation, Ann Arbor, MI) into a sterile vial for delivery. For quality control, 

thin-layer chromatography (TLC) was performed with eluent 

(chloroform:methanol:ammonia solution= 9:1:0.06); Rf value of 0.7 for carbon-11 which 

was congruent with an authentic standard of GTS-21 (2) co-spotted with the sample and 

detected by UV (λ= 254 nm). 

Radiosynthesis of (3E)-3-[[2-hydroxy-4-(methoxy-11C)phenyl]methylene] -

3,4,5,6-tetrahydro-2,3’-bipyridine (11C-4) and (3E)-3-[[4-hydroxy-2-(methoxy-

11C)phenyl]methylene] -3,4,5,6-tetrahydro-2,3’-bipyridine (11C-3) A solution of (E)-3-

(2,4-dihydroxybenzylidene)anabaseine (5) dihydrochloride was used as a starting 

material in the same procedure described in 2.2.  11C-3 was purified with HPLC using 0.1 

M ammonium formate solution (water/acetonitrile= 80/20) at a flow rate 5 ml/min on a 

semi-preparative Gemini C18 (Phenomenex, 250 mm X 10 mm, 5 µ), eluting at 18.8 min.  

The same column and conditions were used for purification of 11C-4 with 0.1 M 

ammonium formate solution (water/acetonitrile=75/25) and collected at 17 min. Two 

labeled compounds were analyzed by TLC with eluent (chloroform:methanol:ammonia 

solution= 8:2:0.4).  Rf ‘s were 0.77 and 0.74 for 11C-4 and 11C-3, respectively.   

 

2.7.3  Measurement of free fraction in plasma and log D  
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A modification of a literature procedure for measurement of the free fraction of 

[11C]GTS-21 in baboon plasma was used 30.  An aliquot of [11C]GTS-21 was measured 

for radioactivity and added to 500 µl of baboon plasma, and this mixture was incubated 

for 10 min at room temperature.  Aliquots (20-40 µL) of the incubated spike plasma were 

assayed for radioactivity.  A portion of the incubation mixture (200-400 µL) was placed 

in the upper level of a Centrifree tube (Amicon Inc, Beverly, MA, USA) and this was 

centrifuged for 10 minutes.  After centrifuging, the top portion of the Centrifree tube 

containing the bound portion was removed and discarded, and precisely measured 

aliquots (20-40 µL) of the liquid in the cup (unbound fraction) were counted.  The free 

fraction is the ratio of the decay-corrected counts of the unbound aliquots to the decay-

corrected counts of the unspun aliquots. 

Log D (an index for lipophilicity) at pH= 7.4 was also measured using a previous 

method 30, 31.  Briefly, an aliquot (50 µL) of [11C]GTS-21 solution was added to a mixture 

of 1-octanol (2.5 mL) and phosphate buffered saline (PBS, pH 7.4; 2.5 ml).  The mixture 

was vortexed at room temperature for 2 min and then centrifuged at 7000 rpm for 2 min.  

An aliquot (0.1 mL) of the octanol layer and 1.0 ml of the buffer layer were sampled 

separately into two empty vials and counted.  Two mL of the octanol layer was 

transferred into a test tube containing 0.5 ml of fresh octanol and 2.5 ml of buffer and the 

process of vortexing and centrifuging was repeated.  The aliquots from each layer were 

extracted and counted until 6 measures of the ratio of counts in the octanol to counts in 

the buffer were obtained.  Log D is as the log10 of the average of the ratios of the decay 

corrected counts in the octanol:buffer.  
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2.7.4  PET studies in baboon   

Four adult female Papio Anubis baboons were anesthetized by an intramuscular 

injection of ketamine hydrochloride (10 mg/kg), and then maintained with oxygen (800 

ml/min), nitrous oxide (1500 ml/min), and isoflurane (Forane, 1-4%) during the scanning.  

Either 2-11C-2 or 4-11C-2 (2-4 mCi in saline) was injected through a catheter placed in a 

radial arm vein and arterial blood was sampled through a catheter in popliteal artery with 

the following time intervals; every 5 sec for 2 min, then 2, 5, 10, 20, 30, 60, 90 min.  

Heart rate, respiration rate, PO2, and body temperature were checked during the PET 

scanning.  Dynamic PET Imaging was performed by Siemens HR + (Siemen’s high-

resolution, whole-body PET scanner with 4.5 x 4.5 x 4.8 mm at center of field of view) 

for a total of 90 min with the following time frames in 3D mode (10 x 60 sec; 4 x 300 

sec; 8 x 450 sec).  Either the brain or the torso was placed in the field of view.  Prior to 

the study, a transmission scan was obtained by rotating a 68Ge rod source to correct for 

attenuation.  Each animal was scanned with either 2-11C-2 or 4-11C-2 for the baseline 

followed by a 2 hour interval after which the other isotopomer was administered (Table 

1).  To evaluate reproducibility, 2-11C-2 was injected twice with a 2 hr interval between 

injections.  To assess the effect of a therapeutic dose of GTS-21, a baboon was scanned at 

baseline with 2-11C-2.  Two hours later, an intravenous dose of GTS-21 (2) 

dihydrochloride (0.031 mg/kg; 81.3 nmol/kg based on the literature 8) was co-

administered with 2-11C-2 and the baboon was scanned following the same scanning 

protocol described above. 
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To compare the pharmacokinetics of the demethylated GTS metabolites (3 and 4), 

PET studies in baboons were carried out using 11C-3 and 11C-4 with a 2 hour interval 

between injections.  Arterial plasma samples were obtained over the 90 min time course 

of the study.     

   
2.7.5  Image Analysis  

All image data were reconstructed using filtered back-projection (FBP).  For 

image analysis, we constructed a region of interest (ROI) file with the published MR 

template and H2
15O template images 32 by PMOD (PMOD Technologies, Ltd.).  The ROI 

for the global uptake was obtained by selecting four representative transaxial planes. 

After ECAT7 files were converted to ANALYZE format and all time frames were 

summed for each file, they were co-registered with H2
15O template images without 

normalization.  ROI’s were applied to the summed images and adjusted manually for 

each region and projected onto the dynamic frames to provide time-activity curves for 

each brain region.  Time activity curves were normalized with injected dose to give % 

injected dose/cc.  Model terms K1 and distribution volume (DV) were determined by 

Logan graphical analysis to evaluate the effect of a therapeutic dose of GTS-21 (2) 33.  

ROI’s for peripheral organs were drawn manually in the dynamic images.  

 

2.7.6  Plasma Analysis of [11C]GTS-21 (2-11C-2 and 4-11C-2) 

All arterial blood samples were centrifuged and the resulting plasma samples 

were assayed for radioactivity in a well counter to give the total carbon-11 concentration 

at each sampling time point.  Selected plasma samples (1, 5, 10, 30, 60 min) were further 

analyzed for unchanged radiotracer using the following procedure.  Each sample (0.1-0.4 
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mL) was added to acetonitrile (0.3 mL), spiked with unlabeled GTS-21 and demethylated 

metabolites 3 and 4, then sonicated (Polytron, Brinkmann Instruments, Westbury, NY, 

USA) to disrupt cells.  After centrifugation for 3 min, the pellet and supernatant solution 

were counted and the supernatant was subjected to HPLC analysis (Phenomenex 

Ultremex 5 C18, 250 mm X 4.60 mm eluting with 100 mM phosphate buffer (pH = 

4.5)/methanol (60/40) analysis with UV detector (λ= 254 nm)).  The retention time (Rt) 

of [11C]GTS-21 was 13.8 min at a flow rate of 0.7 mL/min (Rt = 9 min for 11C-3 and 11C-

4).  Fractions were collected and counted, noting the fractions containing the standards.  

The ratio of the C-11 in the fraction containing the GTS-21 to the C-11 in the sum of all 

fractions was used to correct the arterial plasma time-activity curve to give the input 

function for [11C]GTS-21.  

 

2.7.7 Plasma Analysis of 11C-3 and 11C-4  

 Arterial plasma samples were analyzed by solid phase extraction 34 after the 

baboon was injected with the labeled demethylated metabolites 11C-3 and 11C-4.  Briefly, 

the Sep-Pak was conditioned by rinsing with 5 mL of methanol followed by 5 mL of 

water.   A sample of plasma (50-600 µL) was diluted with water (3 mL), then poured 

onto Bond Elut LRC-C18-500 mg (Varian, Harbor City, CA) pre-loaded with deionized 

water (2 mL).  The combined water fractions (3 mL + 2 mL) were pushed through the 

Sep-Pak with nitrogen and collected.  The Sep-Pak was then rinsed sequentially with 

water (5 mL x 2) and 50% aqueous methanol (5 mL x 2).  Each fraction of eluent was 

collected separately and counted.  Finally, the radioactivity remaining on the Sep-Pak 

was assayed.  The Sep-Pak and the last fraction of eluent contained 11C-3 and 11C-4.  
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2.7.8  Mouse Studies 

Micro PET study Four male mice (Swiss-Webster, 30-40 g) were imaged with 

small animal PET (MicroPET R4 ™, Siemens) after the injection of 2-11C-2 or 4-11C-2; 

two were scanned for 20 min and sacrificed for HPLC analysis of brain and plasma and 

the other two mice were scanned for 40 min to get the whole body distribution and 

kinetics after injection of 2-11C-2 and 4-11C-2, respectively.  Mice were anesthetized 

using ketamine/xylazine (90/10, 100mg/kg) and positioned prone in the scanner.  

Radiotracers were administered by intravenous injection in the tail vein (300-438 µCi, 

specific activity = 1.8-2.9 Ci/µmole at EOB).  Data acquisition was started 

simultaneously with tracer injection and continued for 20-40 min.  List mode data was 

binned into a maximum of 22 frames (5 x 2 sec, 10 x 5 sec, 7 x 300 sec) using microPET 

Manager (v. 2.3.3.0) software.  The resulting sinograms were scatter-corrected using a 

custom tail-fit method and reconstructed by two dimensional filtered-back projection 

(FBP) after Fourier rebinning using a filter cutoff at the Nyquist criteria (default 

parameters of software) 35.  Time-activity curves for the brain, liver, kidney, and gall 

bladder were determined using ASIPro VM software by drawing regions of interest 

directly on the summed frame PET image and projected onto the individual dynamic 

frames.  

Ex vivo biodistribution studies (n=3) Following 20 min or 40 min PET scans with 

2-11C-2 or 4-11C-2, two mice were sacrificed and decapitated.  Trunk blood, brain, heart, 

kidney, spleen, lung, liver, gallbladder, and stomach were harvested consecutively.  Each 

organ was weighed and counted to determine the % injected dose/g.  Arterial blood was 
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centrifuged for 3 min to give a plasma sample.  To determine the ratio of the brain to 

plasma of GTS-21 and its labeled metabolites, one mouse was sacrificed and decapitated 

at 20 min after injection of 2-11C-2.  The whole brain was homogenized in methanol (1 

ml) using a Tissue Tearor (Biospec Producs, Bartlesville, OK) with medium speed for 1 

min, centrifuged and the homogenate was filtered to give the supernatant solution.  This 

brain extract was subjected to HPLC analysis using the same conditions which were used 

to analyze the baboon plasma.   
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3.    The development of quinuclidine-based α7 nAChR PET tracers  

3.1  Background 

The pharmacological effects of the first functionally selective α7 nAChR agonist, 

GTS-21, stimulated medicinal chemist60 

ry research directed to the development of α7 nAChR selective ligands.1  In order 

to achieve therapeutically favorable effects as well as reduce side effects such as nicotinic 

addiction, the discovery of lead compounds and optimization of binding affinity and 

selectivity for α7 nAChR have been of particular interest and need for drug 

development.2  

Pharmacophore and SAR The endogenous neurotransmitter, acetylcholine has a 

distinctive quaternary ammonium cation, ester, and space between two functional groups 

(Figure 3.1).  Two representative natural products, muscarine and nicotine share these 

similar structural characteristics. Based on this pharmacophore, most of nAChR ligands 

possess a cationic center and hydrogen bond acceptor, and hydrophobic group. In 

particular, the cationic center is essential for the binding, while the other pharmacophoric 

elements are amenable to chemical modification (Figure 3.2).  Ayers’s et al. reported that 

even simple quaternary ammonium salts showed  micro or submicromolar range affinity 

for the α7 nAChR.3-5 

 

 
                                       acetylcholine                         nicotine 
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Figure 3.1 The three dimensional structures of acetylcholine and nicotine. The model 
was generated by MOE flexible alignment. Blue, nitrogen; red, oxygen; gray, carbon and 
hydrogen. 
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Figure 3.2 The strategy for SAR study. 
 
 

 Initially, since the rigid azabicyclic system was applied as a isostere for the 

quaternary ammonium center in the development of α4β2 nAChR and mAChR ligands 

for the (ex. epibatidine, varenicline), quinclidine scaffold has been used for the α7 

nAChR.6  Due to its high basicity (pKa= ~11, pKBH
+= 20 in acetonitrile) and well-defined 

rigid ring structure, quinuclidine system has proved to be a suitable structural component 

for α7 nAChR.  Compared with other azacylic systems such as N-methylpyrrolidine and 

N-methylpiperidine, the quinulidine-based ligands showed superior binding properties 

(Figure 3.3).7  
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N

O
H
N

O

O
H
N

O
N

F

O
H
N

O

F
N

F

 

 
Figure 3.3 Comparison of azacylic systems for cationic center for α7 nAChR7  
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Secondly, spacers between cationic center and hydrogen bonding acceptor usually 

consist of two or three atoms as acetylcholine and nicotine. In the previous literature, 

many ligands chemically-modified at 3-position on quinuclidine ring have been reported, 

where R configuration showed dramatic improvement in binding affinity (Figure 3.4).8  It 

was suggested that two carbons as the length of spacer was favorable.9 
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Figure 3.4 Stereochemistry at 3-postion of quinuclidine ring for α7 nAChR binding 

 
 

 Thirdly, a hydrogen acceptor, such as an amide, ether, ester, carbamate, and urea 

were tested.10  It is generally accepted that carbonyl oxygen functions as a hydrogen 

bonding acceptor.  Binding affinity is not sensitive to these functional groups though 

exceptionally bulky groups like sulfonamide seem disruptive to receptor binding.  

Finally, as a hydrophobic group, aromatic rings such as benzene, thiophene, and 

furan are favorable.  The bulky substituent on benzene of quinuclidinyl carboxamide 

derivatives improved binding affinity (Figure 3.5).  The orientation of these substituents 

and heteroatoms in aromatic ring is often critical for binding.2 
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Figure 3.5 Effect of substituent of  the hydrophobic group of quinuclidine carboxamide 
on affinity for α7 nAChR. 
 

Representative templates Quinuclidine-based lead compounds have been 

investigated based on three variables; position of modification of the quinuclidine 

scaffold, hydrophobic groups, and structural change in the hydrogen bond acceptor part.  

Mazurov et al. report that structural modification at 2-position of quinuclidine ring with 

the 3-pyridinylmethylene group improved binding affinity and selectivity consistently.11  

The presence and position of nitrogen were also very crucial for the binding affinity 

(Figure 3.6). 
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Figure 3.6 Effect of substituents at 2-positon of quinuclidine ring on α7 nAChR 

binding affinity.  

 

With respect to hydrogen bond acceptors, AR-R17779, the first selective full 

agonist for α7 nAChR, has carbonyl group in structurally rigid spirocyclic carbamate 

ring.12 Interestingly, binding selectivity and affinity seemed to be very sensitive to small 
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structural modifications of carbamate ring.  For example, the positional exchange of 

nitrogen and oxygen abolished α7 nAChR binding, a methyl group of carbamate nitrogen 

reduced the selectivity.12  The enantiomer of AR-R17779 also showed reduced activity 

for α7 nAChR.  Even though there seemed little room for structural modification of this 

template, Ogawa et al. reported that I-TSA showed subnanomolar binding activity for α7 

nAChR.13  In our view, the hydrophobic interaction of 5-iodothiophenyl group seemed to 

overwhelm the loss of interaction by altering hydrogen bond acceptor properties (Table 

3.1). 

 

Table 3.1 SAR study of AR-R17779 derivatives for nAChR subtype binding. 
 
 Ki for α7 nAChR Ki for α4β2 nAChR 

N

NH
O

O  

AR-R17779 

92 nM 16000 nM 

N

O
HN

O  

4300 nM - 

N

N
O

O  

220 nM 200 nM 

N
N

O
O

S I

 
0.54 - 

 
 

 
Another example of a rigid structure at 3-position of quinuclidine ring is 

spiroazabicylcodihydrofuropyridinyl template which possess high structural similarity to 
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AR-R17779.  Binding affinity also improved significantly with the addition of a 

hydrophobic moiety to the pyridine ring (Figure. 3.7).14   
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Figure 3.7 Spirodihydrofuropyridine derivatives for α7 nAChR 

 
 

Cross reactivity with 5-HT3R  In addition to selectivity against other nAChR, the 

α7 nAChR ligands must be validated for the selectivity against a homologous protein 

target. One of the highly homologous receptors with the α7 nAChR in the CNS is 

serotonin type 3 receptor 5-HT3, which is the same type of LGIC and has 30% homology 

in its protein sequence.  Some 5-HT3R ligands were known to bind α7 nAChR as an 

agonist or antagonist.15 For example, Tropisetron, a 5-HT3R antagonist drug, showed 

partial agonism toward α7 nAChR. Tropisetron has similar structural characteristics with 

α7 nAChR ligands mentioned above. Thus, its Ki toward α7 nAChR is low. However, 

Ondansertron, which has much less basic nitrogen in the imidazole ring, failed to show 

the cross activity (Table 3.2).     
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Table 3.2 Comparison of cross binding activity (Ki) of 5-HT3R drugs 

 
 Tropisetron Ondansetron 
 

N

O

N
H

O
 

NN

N
H

O
 

α7 nAChR 6.9 nM > 3000 nM 
5-HT3R 5.3 nM 12 nM 

 
 
 

To our knowledge, the α7 nAChR ligands with highest affinity is 

spirodihydrofuropyridine derivative, 3-2. However, these ligands may not be selective 

(Table 3). 

 
Table 3.3 Binding profile (Ki) of spirodihydrofuropyridine derivatives 

 
 

N

O
N

O

3-2

 

N

O
N

O

I  

α7 nAChR  0.033 nM 0.26 nM 
α4β2 nAChR          83000 nM - 
5-HT3R - 0.57 nM 

 
 

For the selectivity between the α7 nAChR and the 5-HT3R, Baker et al. reported 

quinuclidine-based carboxamide derivatives which avoided the cross binding. The 

hydrophobic component seemed to modulate the cross reactivity with 5-HT3R. Even 

though the quinuclidine carboxamide with different aryl-aryl substituent were 

investigated, the rational explanation for the selectivity still remains elusive (Figure 

3.8).16
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Figure 3.8 The selective α7 nAChR ligands 

 
With respect to functional activity, Pfizer reported that PNU-282987 showed high 

selectivity for the α7 nAChR relative to the 5-HT3R.8  

In summary, due to the high protein sequence homology and similar structural 

characteristics between the α7 nAChR and the 5-HT3R, they share similar binding 

properties for the quinuclidine-based ligands.  One of the most promising selective 

templates is quinuclidinyl 2-arylthiophene-5-carboxamide.  

 
3.2 Objectives  
 

We synthesized a spiroquinuclidinyl dihydrofuropyridine compound, 3-1, which 

is based on the structure of compound (3-2, Ki= 33 pM), with a view to the eventual 

synthesis of C-11 labeled 3-1 (Figure 3.9).  Considering the cross reactivity between α7 

nAChR and 5HT3R, we also synthesized quinuclidinyl carboxamide compound, 3-21, 

and tested its potential for a selective PET tracer.  In this procedure, we would develop 

reliable and facile synthetic methodologies for heteroaryl-heteroaryl carboxylic acid, 

which might facilitate the parallel synthesis of a diverse array of α7 nAChR ligands. 
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Figure 3.9 Target compounds   

 
 

Since lead structures from the medicinal chemistry literature frequently did not 

have a functional group which can be labeled with C-11 or F-18, we investigated 

quantitative structure-activity relationship (QSAR) and homology modeling, in order to 

help to determine the optimal position for labeling as well as reveal how small structural 

changes required for PET chemistry might affect binding affinity of the parent structure.  

 
3.3 The synthesis of quinuclidine-based dihydrofuropyridine 

3.3.1 Initial design  

To date, a compound with the greatest binding affinity for α7 nAChR is a 

quinuclidine-based dihydrofuropyridine derivative, 3-2 (Ki= 33 pm) (Scheme 3.1). Our 

starting point is to design a putative structure which maintains the binding characteristics 

of 3-2. Initially, due to lack of suitable position for C-11 labeling, we planned to label on 

furan ring with C-11 methyl iodide.  We reasoned the chemical modification of furan 

would be valuable for labeling to minimize the decline of binding affinity. 
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Scheme 3.1 The synthesis of precursor 3.2 and unlabeled labeled target compound 
3.1 
 

3.3.2  Synthesis of precursor 3-2 

Using a modification of synthetic procedure in the patent,17 we synthesized 3-2, as 

a precursor (Scheme 3.1 (3.2)).  The quinuclidinyl oxirane compound (3-4) was prepared 

by Corey-Chaykovsky reaction in anhydrous dimethylsulfoxide. Instead of 3-

quinuclidinone, which is not commercially available and hard to handle, its hydrocholoric 

salt form was used and treated with an excess amount sodium hydride.  When the 

temperature was elevated, the side reaction occurred.  Compound 3-4 was also volatile 

and decomposed easily under our conditions. We, therefore, decided that it needed to be 

protected by borane within one hour after its synthesis.  After protection with borane as 

solid form, it was treated with lithiated 2-chloropyridine under the dry ice/acetone bath 

and the temperature was elevated to -35 oC to complete the reaction. Many side reactions 

occurred, requiring purification by silica gel and subsequent recrystallization.  As a 

protecting group, amine-borane complex was stable at room temperature.  Intramolecular 

cyclization was performed to give spiroazabicyclodihydrofuropyridine, 3-7.  Initially, this 

step was problematic because of the tendency toward ring reopening (Scheme 3.2).  The 

temperature was critical for this step to prevent the ring opening.  When care was not 

taken, the ring-opened product (3-30) was obtained almost quantitatively, producing a 

double bond with a trans configuration (Scheme 3.3).  After the removal of borane, 

bromination was carried out under reflux in fairly good yield.  In the final step, 
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Pd(dppf)CH2Cl2/DMF system provided the best yield. This reaction seemed to be 

sensitive to air when tetrakistriphenylphosphine palladium(0) was used.  
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Scheme 3.2 (a) trimethylsulfoxonium iodide, sodium hydride, DMSO; (b) borane, THF; 
(c) phenyllithium, 2-chloropyridine, THF; (d) sodium hydride, DMF, 95.5%; (e) aqueous 
hydrobromic acid, acetone, 16 hrs, 99.5%; (f) bromine, sodium acetate, aqueous acetic 
acid; 88% (g) 3-furanboronic acid, Pd(dppf)Cl2·CH2Cl2,  2 M sodium carbonate, DMF, 
75.5%.   
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Scheme 3.3 The ring closure to a dihydrofuropyridine ring using sodium hydride/DMF 

 

3.3.2.1   Alternative synthetic approaches via selective lithiation  

Initially, we designed another route for the preparation (Scheme 3.4).  This 

strategy was advantageous in that one can avoid the last problematic coupling reaction 

and reduce several steps in our original plan as shown in Scheme 3.4.  Compound 3-10 

was synthesized by simple Suzuki-Myaura coupling reaction in water with palladium(II) 

acetate and potassium carbonate, resulting in high yield with simple purification.  In our 

preliminary attempts, when sodium carbonate as a base was used, the reaction conversion 

was only 33% by nmr analysis, indicating that choice of base is critical. 

PdCl2(dppf)CHCl2/diisopropylamine/DMF system gave a three component mixture 

including 2,5-di(furan-3-yl)pyridine, which was non-regioselective.  In the next step, the 

synthesis of 3-9 failed possibly due to lithiation at α position of the furan ring.  Chlorine-

induced orhto-lithiation of 2-chloro-5-(furan-3-yl)pyridine seemed to compete with furan 

α lithiation.   

In an attempt to optimize reactivity and protection for lithiation, we tried direct 

trimethylsilylation via α lithiation on furan ring.  As a result, though the α position of 
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furan seemed more reactive, a mixture of trimethylsilylated products was obtained.  In 

detail, as shown Table 3.3, whereas buthyllithium in ether did not work, LDA in THF 

showed trimethylsilylated products unquestionably via lithiation.  Even though 

regioselectivity for 2-position of furan ring was observed by slightly excess amount of 

LDA in THF, excess LDA produced a mixture by both direct ortho-metallation and α 

lithiation on furan ring (Table 3.4).     

Based on this observation, we performed bromination for selective lithiation and 

protection on furan ring since halide-lithium exchange using heteroaryl bromide and 

iodide usually is likely to be more favorable than α lithiation of heterocyles and halide 

induced ortho-lithiation of pyridine (Figure 3.4).  
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Scheme 3.4  The synthetic route via lithiation of pyridine derivatives:  a, palladium 
acetate, potassium carbonate, TBAB, water, 87%; b, phenyllithium, compound number, 
THF; c.phenyllithium, THF, then, TMSCl; d, bromine, carbon tetrachloride; e, LDA, 
TMSCl. 
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Table 3.4  Conditions for selective lithiation of 2-chloro-5-(furan-3-yl)pyridine 
 
 

NCl

O
Base

TMSCl

NCl

O

Si
NCl

O

Si

NCl

O

Si

Si

NCl

O

Si

Si

Si

+ + +

1 2 3

4

NCl

O

Si

Si

5

+

 
 
 

Product (%) in NMR Temperature(oC) Solvent Base Equivalency
1 2 3 4 5 

-78 ~ -60 THF LDA 3.8   20 80  
-78 ~ -60 THF LDA 1.3* 40 t*    
-78 ~ -60 THF LDA 2.8  21 20 26 34

-78 Ether n-BuLi 1 - 
-78 Ether n-BuLi 2 - 
-78 Ether n-BuLi 4 - 

    * trace 
    ** starting material is 60% 
 
 

For the F-18 version of this compound, synthesis of F-18 labeled analogues of 

compound (3-2) is under the way (scheme 3.5).  
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Scheme 3.5  The synthetic pathway of F-18 labeled 3-2.  f, NBS, acetonitrile, 95.3%; 
g, sodium nitrite, CuCl, hydrochloric acid, 48.5%; h, Pd(OAc)2, potassium carbonate, 
TBAB, water.  
 
 
3.3.3  The synthesis of reference compound 3-1 
 

The reference compound 3-1 was synthesized by a conventional Suzuki coupling 

reaction conditions. To prepare a boronate counterpart (3-20), the 3-bromo-2-methylfuran 

(3-19) was synthesized by regioselective lithiation and subsequent methylation at 2-

position of furan ring.  Due to its volatility, we used it as a crude form for the next 

Miyaura reaction (Scheme 3.6).  
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Scheme 3.6 The synthesis of 5'-(2-Methyl-3-furanyl)spiro[1-azabicyclo[2.2.2]octane-
3,2'(3'H)-furo[2,3-b]pyridine]. a, LDA, THF, then dimethylsulfate; b, (pinacolato)diboron, 
potassium acetate, DMSO; c. tetrakis(triphenlyphosphine)palladium(0), sodium 
carbonate, DMF.  
 
 
3.4  The synthesis of quinuclidinyl carboxamide derivatives 

3.4.1  Initial design of the PET tracer 

High selectivity and binding affinity for α7 nAChR are important criteria when 

deciding on a target compound for PET tracer development. In general, the mAChR, 

α4β2 nAChR and 5-HT3R were considered to be the cross binding sites for α7 nAChR 

ligands in the CNS.  Quinuclidine-based ligands with bulky aromatic rings as a 

hydrophobic pharmacophore showed acceptable selectivity against α4β2 and mAChR.  

However, an α7 ligand lacking of 5-HT3R binding is still under development. One of 

possible candidate published is a quinuclidine compound with thiophenyl pyridine or 

benzene group as hydrophobic group.16 The substitution on 3- or 4-position of thiophene 

ring reduces binding affinity.  We reasoned that F-18 labeling on the pyridine ring of 3-

21, is feasible and would not change the  binding characteristics of the parent compound 
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shown in Figure 3.8 (Scheme 3.8).  We also planned to use a parallel synthesis for 

producing this series of compounds using various heteroaryl-heteroarylcarboxylic acids.  

 
3.4.2   The synthesis of precursor and reference compound 
 

Reference compound and precursor were synthesized as shown Scheme 3.7.  

Compound, 3-22, was synthesized by Suzuki coupling using 

tetrakis(triphenylphosphine)palladium(0) in acetonitrile (Scheme 3.7).  This method is 

the efficient and reliable method that we have found after extensive investigation.  The 

final amidation was performed using HOBT, TBTU in DMF to give moderate yield.  2-

Amino-6-bromopyridine was oxidized by hydrogen peroxide in acidic condition to give 

corresponding nitro compound (3.23).  This reaction has not been optimized. 
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Scheme 3.7  The synthetic route for (A) the reference compound (3-21) and (B) 
precursor (3-25).  a, 5-(dihydroxyboryl)-2-thiophene carboxylic acid, 
tetrakis(triphenylphosphine)palladium(0), acetonitrile; b, HOBT, TBTU, hunig’s base, 
DMF; c, hydrogen peroxide, con. sulfuric acid, 21%.  
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3.4.3   Radiosynthesis 

Compound (3-21) was labeled with F-18 via aromatic nucleophilic substitution 

with 18F- in the presence of phase transfer catalyst, K222 in DMSO (yield = 10-15%) 

(Scheme 3.8). When, cesium carbonate was used instead of K222, the yield was lower 

(7.3%).  The initial purification using general reverse-phase HPLC systems such as C12 

(Phenomenex, Polar-RP), C18 (Phenomenex, Gemini, C18) was not successful due to poor 

separation of the desired product.  Normal phase HPLC was also not acceptable because 

the high basic nitrogen on quinuclidine ring.  We tested another type of column 

(Phenomenex, Prodigy, PH-3), which shows aromatic selectivity by π-π interaction.  

Even though conditions were not optimized, this system was used for the purification step 

in the radiosynthesis.  Radiochemical purity was >97%.  

 

N

H
N O

S

N
NO2

N

H
N O

S

N

18F,   135oC, 4 min.

K222, DMSO

18F

3-25 3-21

 

Scheme 3.8 The radiosynthesis of quinuclidinyl 2-(6-18F-fluoropyridinyl)tihiophene-5-
carboxamide (3-21) 
 
 
3.4.4   PET studies  
 

A PET study in a baboon was performed by quinuclidinyl 2-(6-18F-

fluoropyridinyl)thiophene-5-carboxamide (3-21).  Surprisingly, brain uptake was 

negligible and bone uptake was high (Figure 3.10).  The lipophilicity (1.0, n=2) and 

plasma protein binding (free fraction = 23%, n=2) were acceptable for BBB penetration, 
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compared with conventional radiotracers.  One of the explanations for the lack of brain 

uptake is fast metabolism of 3-21 such as defluorination.  There is an example in the 

older PET literature, where the inactive enantiomer of cocaine ((+)-[N-11C-methyl-

]cocaine) failed to penetrate the brain due to extremely fast metabolism by plasma 

butyrylcholinesterase within just 30 sec.  Therefore, this labeled product was not detected 

in the brain or in the blood.18 19, 20  Unfortunately, the plasma analysis for the baboon 

study with 3-21 was not successful.  

While compound A (Figure 3.8), which is an identical compound except for F-18, 

demonstrate its efficacy for animal model, the concern of its bioavailability in the brain 

remains.   

 
 

 
Figure 3.10  Distribution of quinuclidinyl 2-(6-18F-fluoropyridinyl)thiophene-5-

carboxamide (3-21) in the baboon showing lack of brain uptake. 
 
 
3.4.5 Strategy for parallel synthesis 
 

 The synthesis of the quinuclidine 3-arylthiophenyl carboxamide derivatives can 

be devised in three different pathways (Scheme 3.9).  In the beginning of synthesis, since 

the 5-dihydroxyborylthiophene carboxylic acid was not commercially available, route a 

or c were mainly investigated.  
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Scheme 3.9  Strategy for parallel synthesis of quinuclindin-3-yl heteroarylthiophenyl 
carboxamide derivatives.  
 
3.4.6  Suzuki reaction of heteroarylthiophenecarboxylic acids   

The metal catalyzed cross-coupling reaction for C-C bond formation has been 

used as a general synthetic methodology. Compared with other coupling reactions, the 

Suzuki-Miyaura coupling reaction has the following advantages: 1) relatively non toxic 

and stable organoboronic acid, 2) functional group tolerance, 3) facile purification. 

However, it is also problematic for commercial scale reactions due to the use of 

expensive phosphine ligands and toxic solvents like diglyme or DMF which are not 

easily removable in the work-up process.  Currently, varieties of methodologies have 

been developed for a wide scope of aryl halides and boronic acids.  

One type of Suzuki reaction that has not been fully explored is the heteroaryl-

heteroaryl carboxylic acid coupling reaction.  Heteroaryl-heteroaryl carboxylic acids have 
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been reported in the previous literature on a case-by-case basis.21, 22 Heteroaryl halides 

with carboxylic acid may be less reactive due to electronic effects and heteroaryl boronic 

acids are also prone to protodeboration, particularly at  the α position of hetero atom.23 In 

general, protodeboration is catalyzed by acids and bases in aqueous media or metal 

bromide even without a palladium ligand.24 It is also known that aryl boronic acids with 

electron donating substituents protodeborate at a faster rate.  Fast protodeboration is only 

problematic if the rate of cross-coupling reaction is not fast enough to compete. In 

addition, homocoupling of arylboronic acid was reported to be faster in the presence of 

electron donating substituents.23  

    
Route A Initial attempts to synthesize heteroaryl thiophene-2-carboxylic acids 

focused on searching for a reliable methodology.  A palladium acetate (II)/TBAB/water 

system was used as a test condition, due to our previous success using pyridine and furan 

boronic acid to synthesize 2-chloro-5-(furan-3-yl)pyridine.  Even if it showed the 

protodeboration of 3-furan-boronic acid, the yield was high at room temperature (Scheme 

3.10). 
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Scheme 3.10 Suzuki coupling of furan-3-boronic acid using 3-bromopyridine derivatives 
 

    Unlike activated pyridine, the 2-bromothiophene-5-carboxylic acid with 

pyridine boronic acids did not give the desired coupling product under the same reaction 
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conditions, possibly due to the electron rich thiophene and unreactive pyridine.  In case of 

two pyridine boronic acids (Table 3.5, entry 1-7), the major product was 2-thiophene 

carboxylic acid produced by dehalogenation.  In the case of electron rich 3-furanboronic 

acid, protodeboration was observed.  However, the coupling reaction was successful, 

possibly due to the fast coupling reaction rate (Scheme 3.10).  

We also examined the reactivity of non-heterocyclic boronic acids.  Interestingly, 

while 4- or 3-fluorophenylboronic acid gave underwent coupling (Table 3.5, entry 8, 9, 

13), phenylboronic acid generated the homocoupling product under similar reaction 

conditions (Table 3.5, entry 11), which showed electronic effect for homocoupling.   

To investigate possible interference by the carboxylic acid on the heteroaryl 

compound, we synthesized the methyl ester of 2-bromothiophene carboxylic acid and 

tested the coupling reaction with pyridine-4-boronic acid (Scheme 3.11).  The major 

product was 4,4’-bipyridyl which is the homocoupling product.  In case of an activated 

arene, when an electron deficient aryl halide used, the desired coupling product was 

obtained in moderate yield.  As the next step, we screened catalysts such as 

tetrakis(triphenylphostphine)palladium(0) and the other conventional catalysts (Table 

3.6).  However, conversion was poor.  
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Table 3.5 Palladium catalyzed cross coupling reactions with 5-bromothiophene-2-
carboxylic acid and palladium acetate 
 

 

HO

O
S Br Ar-B(OH)2+

HO

O
S Ar

Pd(OAc)2

 
 
 

 Arylboronic 
acid 

Base and 
additives condition Yield (%) 

1 K2CO3/TBAB** water, 90oC - 

2 KF/ 
PEG(2000) water, RT - 

3 

N B
O N

O

* K2CO3 
methanol, 24hrs, 
reflux dehalogenation 

4 K2CO3/TBAB Water, reflux - 

5 KF/PEG(2000) water, RT 
 - 

6 K2CO3 methanol, RT - 

7 

Pyridine-4- 

K2CO3 
methanol, 24 hrs, 
reflux dehalogenation 

8 KF/PEG(20000) water, RT product  

9 
4-

fluorobenzene- K2CO3 
Acetone/water(2/1), 
reflux, overnight. product 

10 2, 4,5-
trifluorophenyl K2CO3/TBAB** water, 70 oC, 

overnight - 

11 K2CO3/TBAB** water, RT Conve.65.8% 
homocoupling 

12 
benzene 

K2CO3 
methanol, 24 hrs, 
reflux - 

13 3-fluorophenyl K2CO3 
methanol, 12 hrs, 50 
oC product 

* 2-pyridineboronic acid N-phenyldiethanolamine ester  
** TBAB, tetrabutylammonium bromide 
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Scheme 3.11 Palladium-catalyzed cross-coupling reaction of pyridine-4-boronic acid. a, 
palladium(II) acetate, potassium carbonate, methanol, reflux, overnight.  
 
 
Table 3.6  Palladium catalyzed cross coupling reaction with 5-bromothiophene-2-
carboxylic acid and various palladium catalysts and bases 
 

S
Br

HO

O

+ SHO

O

Ar
Ar-B(OH)2

 
 
 

Arylboronic 
acid Base and additives condition Yield (%) 

Bisphenylphosphine 
palladium(II) dichloride

Cesium carbonate/1,4-
dioxane, 90oC,12hrs - 

Pyridine-4- (PPh3)4Pd(0) Potassium t-
butoxide/diglyme, 90 
oC, 3hrs 

dehalogenation

Furan-3- 
Pd(II)Cl2(dppf)(CH2Cl2) Potassium 

carbonate/TABA/water, 
RT  

10.8% by nmr 

benzene Pd(II)Cl2(dppf)(CH2Cl2) Hunig’s base/1-
propanol, 12 hrs, RT 

 

 
 

Routes B and C  Since 5-(dihydroxyboryl)thiophene-2-carboxylic acid recently 

became commercially available, path B in the scheme 3.8 was tested using different 

pyridines. Though protodeboration was observed, the reaction was successful with 
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palladium acetate/potassium carbonate/TBAB/water system except for the 2 position of 

pyridine (Table 3.7).  We failed to get desired coupling product using a strong phosphine 

ligand, SPhos with palladium acetate. 

 

Table 3.7  Palladium catalyzed cross coupling reaction with 5-
(dihydroxyboryl)thiophene-2- carboxylic acid and 2-bromopyridine derivatives  
 

S
B(OH)2

HO

O

+ SHO

O

N
N

X

3-28

X

 
 
 Pyridine Catalyst/ligand condition Conversion (%)

1 2-bromo Pd(OAc)2/SPhos* K2CO3/acetnitrile, water, 4hrs, 100 oC - 

2 3-bromo Pd(OAc)2 K2CO3/TBAB/water, RT later 90oC - 

3 4-bromo Pd(OAc)2 K2CO3/TBAB/water, RT later 90oC product 

Pd(OAc)2/SPhos* K2CO3/acetnitrile, water, RT, 24hrs deboration 

Pd(OAc)2/SPhos* KF/acetnitrile, water, RT, 24hrs - 4 2-bromo-
6-fluoro 

Pd(PPh3)4 
Na2CO3/acetonitrile, water, 90oC, 12 
hrs 65% 

5 2-bromo-
6-nitro Pd(PPh3)4 

Na2CO3/acetonitrile, water, 90oC, 12 
hrs 40% 

 *2-(2’,6’-dimethoxybiphenyl)dicyclohexylphosphine (SPhos) 
 

The reactivity of 2-bromopyridine was further investigated with other aryl boronic 

acids which have no carboxylic acid moiety (Table 3.8).  While 5-

(dihydroxyboryl)thiophene-2- carboxylic acid did not react at all, the electron rich 

thiophene-2-boronic acid showed fairly high yields under the same conditions.  

Carboxylic acids under basic conditions may reduce the reactivity (table 3.7).  These 

products can be used for Route C.     
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Table 3.8  Palladium catalyzed cross coupling reaction with 2-bromopyridine and non-
carboxyl aryl boronic acid  
 

B(OH)2+ Ar
N NBr

Ar

 
 

 Ar Catalyst/ligand condition Conversion 
(%) 

1 Furan-2- (PPh3)4Pd(0) K(t-BuO)/diglyme, 90oC,12hrs product 

2 4-fluorobenzene- Pd(OAc)2 K3PO4/THF - 

3 2-thiophene- Pd(bpy)Cl2 K2CO3/acetnitrile, water, relux homocoupling

4 2-thiophene Pd(OAc)2/SPhos* K2CO3/acetnitrile, water, 
reflux, 4 hrs 3-29, 93% 

 
 

For route C, we also investigated 2-bromo-6-fluoropyridine which is less basic 

and more hydrophobic than 2-bromopydrine.  Palladium catalyst chelated pyridine-based  

ligand in methanol or acetonitrile showed no homocoupling product of phenylboronic 

acid.  Therefore, this system may be useful for general application for nitrogen containing 

heteroaryl halide and arylboronic acids without carboxylic acids.  Further investigations 

for N-H containing azaheteroaryl halides will be valuable.   
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Table 3.9  Palladium catalyzed cross coupling reaction with 2-bromo-6-fluoropyridine 
and non-carboxyl aryl boronic acid  
 
 

BH(OH)2+ Ar
N NBr

Ar
F

F  
 

 Ar Catalyst/ligand condition product 

1 3,5-difluorobenzene Pd(OAc)2 K3PO4/TBAB/ H2O, RT product 

2 benzene Pd(bpy)Cl2 K3PO4/MeOH, 24hrs, 90 oC product*

4 benzene Pd(bpy)Cl2 K3PO4/acetonitrile, 24hrs, 90 oC product 

5 benzene Pd(bpy)Cl2 KF/DMF/H2O/K3PO4, 90 oC product**

6 2-thiophene Pd(OAc)2/SPhos* K3PO4/acetnitrile/ H2O, RT, 24 
hrs product 

* 2-methoxy-6-phenylpyrididine was also observed. 
** Only desired product was observed by GC-MS 
 
 

In summary, though there have recently been reported several methods for 

heteroaryl-heteroaryl cross coupling reaction25-27, it is often substrate specific or needs 

sophisticated ligands and catalysts. The development of universal synthetic methodology 

for heteroaryl-heteroaryl compound remains elusive.  In case of heteroaryl coupling 

partner with carboxylic acid, the reports for successful cases are even more  rare.28 Our 

study of reactivity in the various Pd catalysts and reaction media would be valuable basis 

for the development of synthetic methology for heteroaryl-heteroaryl cross coupling 

reaction.  
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3.6 Homology modeling of α7 nAChR 

3.6.1 background 

The human α7 nAChR is an ionophore assembled by five identical subunits, one 

of which consists of 502 amino acids.  To date, there is no the crystal structure of 

mammalian α7 nAChR.  However, the protein structures of several acetylcholine binding 

proteins of the other species have been reported to elucidate that of the mammalian α7 

nAChR (Figure 3.11).  In particular, the binding mode of the ligand binding domain is 

important for discovery of a drug lead and the study of functional activity.  

 

 
 
 
 

LB
D

 
TM
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Figure 3.11  The nicotinic acetylcholine receptor of Torpedo marmorata (PDB ID: 
2BG9) generated by MOE (Moleculer Operation Environment).  
 
 

Structure  Based on the crystal structure of AChBP of Torpedo marmorata (PDB 

ID: 2BG9), the ion channel consists of five subunits (Figure 11).  Each subunit has a 

ligand binding domain (LBD) in the extracellular space from N-terminal and five 

transmembrane domains to the C-terminal.  The aqueous lumen in the ion channel pore is 

formed by the lining of the second transmembrane domains (TM2) from each subunits.  

Methyllycaconitine (MLA) bound AChBP crystal structure (PDB ID: 2BYR) showed that 

MLA binds to the pocket between adjacent ligand binding domains of each subunit. 

These binding sites are similar to that of epibatidine bound AChBP (PDB ID: 2BYQ) and 

2-(4-(hydroxymethyl)piperazin-1-yl)ethanesulfonic acid(HEPES) (PDB ID: 2BR7).  

Interestingly, while the orientation of the hydrophobic pharmacophore of epibatidine was 

deep inside of pocket,  the benzoylester group of MLA showed opposite orientation, 

which might explain why the 3-iodo substitution of MLA did not affect binding  affinity 

(Chapter 1.1). 

 
3.6.2 Homology modeling  
 

Hanson et al. reported several AChBP crystal structures which are bound with 

agonists and antagonists.  Most of all, since most of the quinuclidine-based ligands 

showed agonistic activity, we chose the epibatidine bound AChBP to build up our 

homology model for mouse α7 nAChR.  The sequence alignment was repeatedly 

performed by several different algorithms which are packaged in MOE (homology= 

28%), and showed no significant difference between species and between algorithms.  
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After sequence alignment processing by MOE, we observed the conserved residues of 

binding pocket.  

Based on its sequence alignment on epibatidine bound AChBP, we generated the 

mouse homology model.  After energy minimization, similar interaction for the binding 

was observed with epibatidine (Table 3.10).  In the binding pocket, the vicinal disulfide 

bridge (C190(C212)-C191(C213)) was well-matched between a generated mouse model 

structure and AChBP.  The other critical residues in the binding site are well conserved as  

shown Table 3.10. 

 

Table 3.10  Comparison of ligand interactions between sea hare AChBP (PDB ID: 
2BYQ) and homology model of mouse α7 nicotinic acetylcholine receptor  
 

Binding Pocket interaction sea hareAChBP (mouse AChBP) 

Hydrophilic interactions  W147 (W171), Y93(Y115), Y55(W77) 

Hydrophobic interactions Y188 (Y210), Y195(Y217),V108(131L) 
I118(L141),V148(S172) 

Close contacts* I106(N129), A107(V130), M116(Q139), 
C191(C213), C190(C212) 

π-cation interactions W147 (W171) 

* within 2.5-3.9 nm  
 

Five identical subunits of the sea hare AChBP were aligned in the three 

dimensional coordination, showing that the loop regions are distinguished from the 

structurally rigid secondary structures. During homology modeling, we found the 

naturally uncommon structure as cis conformation of amide bond.  However, all cis 

amide bonds were not close to the epibatidine binding pocket.  We assumed that these 

regions were not significant contributors to the ligand binding properties.  
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As figure 3.12 shows, W147 of the epibatidine-bound AChBP contacts closely 

with with the hydrophilic carbonyl oxygen and shows π-cation interaction with the indole 

moiety.      

 

 (A) 

 

 
 

(B) 

 
Figure 3.12  The binding pocket of sea hare AChBP with epibatidine (PDB ID: 2BYQ) 
 

Y93
W147 

Epibatidine 
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Our homology model also demonstrates the similar interaction pattern (Figure 

3.13).  Both Y93 and W171 was coordinated to interact cationic center of epibatidine. 

The chloropyridine group of epibatidine resides the hydrophobic binding regions, 

indicating that the hydrophobic pharmacophore of qunuclidine derivatives is critical for 

α7 nAChR binding.     

 
 
(A)                                                                                            (B) 
 
Figure 3.13.Comparison of epibatidine binding pockets between sea hare AChBP (A, 
PDB ID: 2BYQ) and the homology model of mouse nAChR (B).  
 
 
3.6.3 Docking  
 

The docking model with the compound, 3-2, on the homology model was tested 

by MOE. The initial rigid docking simulation showed that 3-2 resided in the binding 

pocket in only 1 out of 100 hits. This procedure is still underway.  

  

3.7 Quantitative Structure-Activity Relationship (QSAR) study 
 

As part of our research for the design of the α7 nAChR PET tracer, the correlation 

between ligand structure and binding properties was investigated.  In particular, our 
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major purpose is the quantitative calculation for the degree of binding affinity change 

produced by modification of hydrophobic group.  

Owing to published ligands and their activities9, 11, we collected only 

quinuclidine-based ligands with diverse modification of hydrophobic group as well as 

hydrogen bond acceptors.  All compounds have a hydrogen bonding acceptor at 3 

position of quinuclidine ring.  QSAR simplified by these structural similarities would be 

quantifiable for the difference of hydrophobic group, which is expected to be modified by 

PET chemistry in order to introduce the label.  Furthermore, based on QSAR database of 

diverse hydrophobic groups, our QSAR was expected to be sensitive enough to describe a 

change in molecular binding properties by the hydrophobic group. 
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Figure 3.14 Correlation plot of QSAR model and training set. 
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Q2 = 0.6306
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Figure 3.15 Cross-validation plot of QSAR model. 

 
Through the several steps of refinement for descriptors packaged on MOE, we 

derived four distinctive descriptor (Figure 3.15, R2= 0.71), which is generally acceptable 

as follows.  

 

pKi = 5.68 + (0.06*Zagreb) + (0.02*ASA) – (3.40*PC+) – (0.81*log P(o/w)) 

  

Where Zagreb is Zagreb index (the sum of di
2 over all heavy atoms i), ASA is water 

accessible surface area, PC+ is partial charge, log P(o/w) is log of the octanol/water 

partition coefficient. Relative importance of each descriptor are 0.79 for Zagreb, 0.89 for 

ASA, 1 for PC+ and 0.63 for log P(o/w), respectively.  Because we used database with 

structural similarity of quinuclidine parts in our database, the high relative importance of 

partial charge was due to hydrophobic group and hydrogen acceptor. 
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 As another validation tool, our QSAR model was evaluated by test compounds 

which were reported in the previous literature.  Except for two outliers, QSAR showed 

high correlation between calculated value and observed value (Figure 3.16). 
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Figure 3.16 The validation of QSAR model by a test set. A, all test compounds; B, 6 test 
compounds except for 2 outliers of test compounds.   
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3.7.1 PET tracer candidates  
 

Based on our QSAR model, we generate the putative PET ligands using the 

virtual library generation tool. The refinement of the QSAR model is still underway, 

where our own real dataset of biological assays will feed back into the QSAR model.   

 
Table 3.11  The PET ligand candidates calculated by QSAR model. 

 

Ligands  Calculated pKi  

N

O
N

O

O

 

14.8 

N

O
N

O

O  

14.5 

N
N

O
S

O

 

13.2 
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3.8 Experimental  

General 

Both 1H-NMR and 13C-NMR spectra were taken using a 400 MHz Bruker NMR.  

GC-MS analysis was performed using a GC-6890N and 5973N Mass detector (Agilent).  

LC-MS analysis was performed using LCQ Advantage Mass Spectrometer System 

(Thermo Finningan). 

Spiro[1-azabicyclo[2.2.2]octane-3,2'-oxirane] (3-4)17  

3-quinuclidinone hydrogen chloride (8 g, 49.5 mmol) and trimethylsulfoxonium 

iodide (14.2 g, 64.5 mmol) were dissolved in anhydrous DMSO (135 ml).  Sodium 

hydride (95 %, 3.2 g , 126 mmol) was slowly added  for 1 hour and hydrogen gas evolved. 

After stirring overnight, cold water (800 ml) was added cautiously.  The reaction mixture 

was extracted with chloroform (320 ml X 5).  The combined chloroform layer was 

washed with water (400 ml X 2) and brine (200 ml), and then dried over anhydrous 

magnesium sulfate.  Filtration and concentration under reduced pressure gives the desired 

crude oil product.  The crude product was used in the next step without further 

purification.  1H NMR (CDCl3, δ) 3.1 (d, 1 H) 2.9 (d, 1 H), 3.1-2.8 (m, 4 H), 2.7 (dd, 2 H), 

2.0 (m, 1 H), 1.8 (m, 2 H), 1.6 (m, 1 H), 1.4 (bt, 1 H).  13C NMR (CDCl3) δ 23.03, 25.28, 

29.58, 47.12, 47.39, 53.85, 55.90, 60.11.  MS-EI: m/z calculated 139.10; found 139(M)+.  

 Trihydro(spiro[1-azabicyclo[2.2.2]octane-3,2’-oxirane]-N1)boron (3-5)17  

Anhydrous THF (120 ml) was added into a crude compound 3-4.  Into this 

solution was added borane (1 M in THF, 42 ml, 42 mmol) dropwise at 0 oC for 30 min.  

The mixture was stirred stirred for 1 hour and THF was evaporated under reduced 

pressure.  The white solid crude product (7.07 g, 93.3 % from 3-quinuclidinone 
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dihydrochloride) was used without any further purification. 1H NMR (CDCl3, δ) 3.3 (dd, 

1 H), 3.2-2.9 (m, 5 H), 2.8 (dd, 2 H), 2.1 (m, 1 H), 1.9 (m, 2H), 1.8 (m, 1H), 1.6 (m, 1 H), 

2.0-1.0 (b, 3H). 

[3-[(2-Chloro-3-pyridinyl)methyl]-1-azabicyclo[2.2.2]octan-3-ol-

κN1]trihydroboron (3-6)17 

To a solution of phenyllithium (1.8 M in cyclohexane-ether, 51.1 ml, 90.2 mmol) 

in anhydrous THF (105 ml) was added 2-chloropyridine dropwise at. After the reaction 

mixture was warmed to 40 oC and stirred for 2 hours, it was cooled back to –78 oC.  After 

3-5 (7.07 g, 46.2 mmol) in anhydrous THF (22.5 ml) was added for 30 min., the reaction 

mixture was warmed to –40 oC and kept stirring for 3 hours.  The reaction mixture was 

quenched by saturated sodium bicarbonate solution (45 ml), and then temperature was 

naturally elevated to 20 oC.  The reaction mixture diluted with water (45 mL) and 

extracted with ethyl acetate (3 X 30 ml).  The combined organic fractions were dried with 

magnesium sulfate.  After evaporation, the residual crude oil was purified by column 

chromatography (silica, ethyl acetate: hexane = 1:1) to give a light pink solid 3 (5.68 g, 

43.1% from 3-quinuclidinone dihydrochloride).  1H NMR (CDCl3, δ) 8.3 (dd, 1 H), 7.7 

(dd, 1 H), 7.2 (dd, 1 H), 3.1 (s, 2H), 3.1-2.9 (m, 6 H), 2.2-2.0 (m, 2 H), 2.0-1.8 (m, 2 H), 

1.7 (bs, 1 H), 2.0-1.0 (b, 3H).  13C NMR (CDCl3, δ) 152.0, 148.3, 141.7, 130.8, 122.7, 

72.1, 67.1, 53.0, 52.8, 40.8, 30.9, 22.9, 21.1.  

Trihydro(spiro[1-azabicyclo[2.2.2]octane-3,2'(3'H)-furo[2,3-b]pyridine]-

κN1)boron (3-7)17 

To a solution of 3-6 (5.23 g, 19.7 mmol) in DMF (140 ml) was added NaH (95 %, 

1.26 g, 49.9 mmol) at 0 – 9 oC for 3 hrs.  Reaction progress was observed by 1H-NMR.  
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After adding saturated ammonium chloride (17.64 ml) and water (176 ml), the reaction 

mixture was extracted with ethyl acetate (40 ml X 5).  The combined organic layer was 

dried over magnesium sulfate, filtered and evaporated under reduced pressure to give an 

oil containing residual DMF.  The residual DMF was removed under high vacuum to 

give an orange solid. This solid was purified by short column chromatography (silica, 

chloroform:ethyl acetate = 96 : 4) to give orange solid (4.32 g, 95.5 %).  1H NMR (CDCl3, 

δ) 8.0 (d, 1 H), 7.5 (dd, 1 H), 6.8 (dd, 1 H), 3.5 (dd, 1 H), 3.4 (d, 1 H), 3.2 (m, 1 H), 3.1-

2.9 (m, 5 H), 2.4 (m, 1 H), 2.2 (b, 1 H), 1.9 (m, 2 H), 1.7 ( m, 1 H), 2.0-1.0 (b, 3H).  13C 

NMR (CDCl3, δ) 166.6, 147.5, 134.1, 118.2, 117.4, 84.8, 67.8, 53.2, 52.7, 39.3, 31.3, 21.8, 

21.0     

[(E)-3-(quinuclidin-8-ylidenemethyl)pyridin-2(1H)-one-κN1]trihydrobrane  (3-

24) 

To a solution of 3-6 (412 mg, 1.55 mmol) in anhydrous DMF (11 ml) was added 

sodium hydride (95%, 110 mg, 4.35 mmol) at 0 oC for 1 hr.  After 30 min stirring, 

temperature was elevated to 17 oC for 2 hrs.  After reaction vessel was cooled down to 0 

oC, the water added slowly and resultant solid was filtered, washed, and dried under 

reduced pressure to give 3-8 (256 mg, 72%).  1H NMR (CDCl3, δ)  7.36 (dd, 1 H), 7.33 

(dd, 1 H), 6.3 (dd, 1 H), 6.27 (s, 1 H), 3.8 (s, 2 H), 3.1 (m, 4 H), 3.0 (m, 1 H), 1.9 (m, 4 

H), 2.1-1.0 (b, 3 H).  13C NMR (CDCl3, δ)  164.3, 140.2, 139.3, 133.5, 127.7, 117.0, 

107.0, 61.9, 54.0, 25.91, 25.85. 

   Spiro[1-azabicyclo[2.2.2]octane-3,2'(3'H)-furo[2,3-b]pyridine] (3-8)17 

To a solution of  3-7 (3.75g, 16.3 mmol) in acetone (66 ml) was added 

hydrobromic acid (24%, 15.4 ml) at 0 oC.  After stirring for16 hr, acetone was evaporated 
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under reduced pressure and the pH of the reaction mixture was adjusted by sodium 

hydroxide solution (50%) to pH = 11.  The reaction mixture was diluted with saturated 

sodium bicarbonate solution (15.4 ml) and extracted with chloroform (30 ml X 4).  The 

combined organic layer was dried by magnesium sulfate, filtered and evaporated to give a 

white solid (3.51 g, 99.5 %).  1H NMR was measured with a hydrochloride salt form of 3-

8 by treating with excess hydrochloric acid.  (DMSO-d6 ,δ) 2.2 (m, 2 H), 3.1 (t, 2 H), 3.8 

(s, 3 H), 3.9 (t, 2 H), 3.9 (s, 3 H), 6.7 (d, 1 H), 6.8 (dd, 1 H), 7.6 (s, 1 H), 3.4 (d, 1 H), 3.5 

(dd, 1 H),  6.8(dd, 1 H), 7.5 (dd, 1 H), 8.0 (d, 1 H).  13C NMR was measured with a free 

base form of 3-8.  13C NMR (CDCl3, δ) 167.3, 147.1, 133.8, 119.5, 116.7, 86.8, 64.0, 47.0, 

46.7, 39.4, 31.8, 23.0, 21.7.  

5'-Bromospiro[1-azabicyclo[2.2.2]octane-3,2'(3'H)-furo[2,3-b]pyridine] (3-9)17 

 3-8 (1 g, 4.62 mmol) was dissolved in 50 % aqueous acetic acid (40 ml) and 

sodium acetate (4.10 g, 50 mmol).  The reaction mixture was warmed to 60 oC and 

bromine (1 ml, 19.4 mmol) was added slowly for 15 min.  The mixture was refluxed for 1 

hour and cooled down to room temperature.  Saturated sodium carbonate solution (17 g) 

was added and pH was adjusted to 11.8 by aqueous sodium hydroxide solution (50%).  

The reaction mixture was extracted by chloroform (100 ml X 4).  The combined organic 

layer was dried by magnesium sulfate, filtrated, and evaporated to give white solid (1.2 g, 

88 %).  1H NMR (CDCl3) δ 8.0 (bt, 1 H), 7.46 (bt, 1 H), 3.3 (m, 2 H), 3.0-2.8 (m, 6 H), 

2.1 ( m, 1 H), 1.94 (m, 1 H), 1.6 (m, 2 H) 1.4 (m, 1 H).  13C NMR (CDCl3, δ) 166.0, 

147.4, 136.3, 121.9, 11.3, 88.1, 63.5, 46.7, 46.4, 39.1, 31.6, 22.7, 21.4.  

5'-(3-Furanyl)spiro[1-azabicyclo[2.2.2]octane-3,2'(3'H)-furo[2,3-b]pyridine] (3-2) 
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To a solution of 3-9 (70 mg, 0.23 mmol) and tetrakistriphenylphosphine 

palladium(0) (30 mg, 0.025 mmol) in  DMF (2 ml) was added sodium carbonate (370 mg, 

3.5 mmol) and furan-3-boronic acid (110 mg, 1 mmol).  After stirring at 60 oC for 36 hrs, 

a reaction mixture was filtered.  Ethyl acetate and sodium hydroxide solution (1%) were 

added into the mixture.  The organic layer was washed with distilled water and dried with 

anhydrous magnesium sulfate.  After column chromatography (silica, diisopropylamine : 

methanol = 1.5 : 98.5) to give a white solid (3-2, 50.6 mg, 75.5%).  1H NMR (CDCl3, δ)  

8.1 (bt, 1 H), 7.6 (bt, 1 H), 7.52 (bt, 1 H), 7.48 (bt, 1 H), 6.6 (dd, 1 H), 3.4 (m, 2H), 3.1-

2.8 (m, 6 H), 2.2 (m, 1 H), 2.0 (m, 1), 1.68 (m, 2 H), 1.5 (m, 1 H).  13C NMR (CDCl3, δ) 

166.6, 144.4, 144.0, 138.0, 131.7, 123.7, 122.0, 119.8, 100.1, 87.4, 63.9, 46.9, 46.6, 39.4, 

31.8, 23.0, 21.7.  

3-Bromo-2-methylfuran (3-19) 

n-Butyllithium (1.6 M in hexane, 3.75 ml, 6 mmol) was added to a solution of 

diisopropylamine (0.95 ml, 6.57 mmol) in tetrahydrofuran  (6.5 ml) at -78 oC for 10 min. 

The reaction mixture was warmed to 0 oC and cooled back to -78 oC.  3-Bromofuran 

(606.8 mg, 4.1 mmol) was added slowly and stirred for 1hr. After dimethylsulfate (1.13 

ml, 12 mmol) was added, the reaction mixture was warmed to room temperature and 

stirred overnight.  To the reaction mixture was added saturated ammonium hydroxide 

solution and product was extracted with diethyl ether.  The ether layer was dried with 

anhydrous magnesium sulfate and removed under reduced pressure to give  3-bromo-2-

methylfuran which was identified by GC-MS and used for Myaura reaction without 

further purification. 

  2-(2-Methyl-3-furanyl)-4,4,5,5-tetramethyl-1,3,2-Dioxaborolane (3-20) 
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Crude 3-bromo-2-methylfuran (4.1 mmol) was added to DMSO solution (6 ml) 

containing PdCl2(dppf)·CH2Cl2 (99.4 mg, 0.12mmol), potassium acetate ( 1.2 g, 12.3 

mmol) and bis (pinacolato)diboron (1.15 g, 4.51 mmol).  The reaction mixture was 

heated to 70 oC and stirred overnight.  The reaction progress was monitored by GC.  

After cooling, ethyl acetate (30 ml) and water (30 ml) were added.  The organic layer was 

separated and washed with water (30 ml).  The resulting organic layer was dried with 

anhydrous magnesium sulfate.  The ethyl acetate was removed under reduced pressure.  

The crude product was purified by column chromatography (silica gel, 

ether:hexane=1:20) to give a desired product.  1H NMR (CDCl3, δ)  7.29 (d, 1 H), 6.5 (bs, 

1 H), 2.5 (s, 3 H), 1.3 (s, 12 H).  GC-EI: m/z calculated 208.13; found 208 (M)+.  

5'-(2-Methyl-3-furanyl)spiro[1-azabicyclo[2.2.2]octane-3,2'(3'H)-furo[2,3-

b]pyridine] (3-1) 

To a solution of DMF (0.2 ml) and water (0.18 ml) containing 3-9 (7 mg, 0.023 

mmol), sodium carbonate (37 mg, 0.35 mmol) was added tetrakistriphenylphosphine 

palladium (0) (3 mg, 2.5 µmol).  A mixture was stirred at 60~70 oC for 24 hrs.  After 

completion of the reaction  was monitored by NMR, ethyl acetate (1 ml) was added and 

the reaction mixture was filtered.  The ethyl acetate layer was treated with dilute sodium 

hydroxide solution (0.1 N), washed with water, and evaporated under the reduced 

pressure.  The residue was purified by column chromatography (silica gel, methanol 

containing isopropylamine (1.5%)) to a desired product.  1H NMR (CDCl3, δ) 8.0 (bt, 1 

H), 7.44 (bt, 1 H), 7.33 (d, 1 H), 6.43 (d, 1 H), 3.4 (m, 2H), 3.1-2.8 (m, 6 H), 2.4 (s, 3 H), 

2.2 (m, 1 H), 2.0 (m, 1), 1.71 (m, 2 H).  LC-ESI: m/z calculated 295.15; found 297.3 

(M+H)+.  
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5-(2,5-bis(trimethylsilyl)furan-3-yl)-2-chloropyridine (3-12) 

To anhydrous tetrahydrofuran (0.8 ml) containing 3-14 (10 mg, 0.03 mmol) was 

added n-butyllithium (1.3 M in hexane, 0.4 ml) at -78 oC.  After stirring for 1 hr at -78 oC, 

the reaction mixture was quenched by trimethylsilyl chloride ( 0.26 ml, 0.05 mmol).  The 

brown color changed into yellow as the temperature was elevated to -40 oC.  After stirring 

for 1hr, the reaction mixture was treated with dilute sodium bicarbonate solution (3 %) 

and was extracted with chloroform.  The chloroform layer was washed with water and 

brine, and dried with anhydrous magnesium sulfate.  After evaporation of chloroform 

under reduced pressure, crude residue was purified by column chromatography (silica gel, 

hexane) to give a desired disilylated compound, 3-12 (white crystal, 5.27 mg, 55%, mp= 

77 oC).  1H NMR (CDCl3, ) 8.4 (d, 1 H),  7.6 (dd, 1 H), 7.3 (d, 1 H), 6.7 (s, 1 H), 0.3 (s, 

3 H), 0.2 (s, 3 H)  13C NMR (CDCl3, ) 165.51, 161.08, 149.96, 149.29, 138.70, 132.18, 

130.35, 123.87, 120.96. -0.70, -1.40. 

5-(2,5-bis(trimethylsilyl)furan-3-yl)-2-chloro-3-(trimethylsilyl)pyridine (3-13)  

To anhydrous tetrahydrofuran (1 ml) were added diisopropylamine (0.1 ml, 0.71 

mmol) and butyllithium (1.3 M in hexane, 0.480 ml, 0.636 mmol) at 0 oC.  After stirring 

for 1 hr and cooling down to -78 oC, 2-chloro-5-(furan-3-yl)pyridine (30 mg, 0.167 

mmol) was added.  A reaction mixture was stirred for 1hr. Trimethylsilyl chloride (0.3 

ml) in anhydrous tetrahydrofuran (1 ml) was added slowly into the reaction mixture.  

After stirring at -60 oC for 2hrs, water was added into the reaction mixture.  The reaction 

mixture was extracted with chloroform, washed with aqueous sodium hydroxide solution 

(1%).  The chloroform layer was separated with brine and dried with anhydrous 
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magnesium sulfate.  After removal of chloroform under reduced pressure, the residue was 

purified by column chromatography (silica gel, hexane) to give a 3-13 (45 mg, 70%). 1H 

NMR (CDCl3, δ) 8.4 (d, 1 H), 7.7 (d, 1 H), 6.7 (s, 1 H), 0.4 (s, 3 H), 0.3 (s, 3 H), 0.2 (s, 3 

H).  13C NMR (CDCl3, δ) 166.46, 161.95, 156.47, 150.60, 146.05, 135.37, 133.58, 130.73, 

121.98, 1.21, 0.3, -0.4. 

2-chloro-5-(2,5-dibromofuran-3-yl)pyridine (3-14) 

To carbon tetrachloride (5.5 ml) was added 3-10 (98.4 mg, 0.55 mmol) at room 

temperature.  Bromine (263.3 mg, 1.64 mmol) was slowly added into the reaction 

mixture.  After this reaction mixture was vortexed for 2 min, saturated sodium carbonate 

solution (5 ml) was added cautiously.  The crude product was extracted by diethyl ether 

(10 ml X 2) and dried with anhydrous magnesium sulfate.  The organic layer was 

concentrated under reduced pressure.  The purification by flash column chromatography 

(silica gel, hexane) gives the desired product, 3-14 (120 mg, 64%).  1H NMR (CDCl3, δ) 

8.6 (d, 1 H), 7.9 (dd, 1 H), 7.4 (d, 1 H), 6.6 (s, 1 H).  

2-amino-3,5-dibromo-6-chloropyridine (3-15) 

2-amino-6-chloropyridine (642.8 mg, 5 mmol) was dissolved into acetonitrile (15 

ml). N-bromosuccinimide (1779.9 mg, 10 mmol) was added over the 30 minutes.  After 

stirring for 1.5 hrs, the starting compound was disappeared in the thin-layer 

chromatography analysis (silica gel, ether). The reaction mixture was added into water 

(50 ml) and resulting reddish solid product was filtered and washed with distilled water 

thoroughly.  This solid product was dried under high vacuum to give 3-15 (1.36g, 95.3%).  

1H NMR (CDCl3, δ) 7.8 (s, 1 H), 5.1 (bs, 2 H). 

3,5-dibromo-2,6-dichloropyridine (3-16) 
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2-amino-3,5-dibromo-6-chloropyridine (3-15, 1.3 g, 4.53 mmol) was dissolved to 

conc. hydrochloric acid (37%, 6.9 ml) at room temperature.  After a reaction mixture was 

cooled down to -7-0 oC, sodium nitrite (861.3 mg, 12.48 mmol) was added slowly, and 

then copper(I) chloride (646 mg, 6.53 mmol) was also added. After stirring for 1hr at 0 

oC, the reaction mixture was warmed to room temperature and stirred for 2 hrs more.  Ice 

and water added to reaction mixture to get yellow precipitation, which was then filtered 

and dried under air.  The crude compound was dissolved into ethyl acetate and dried by 

anhydrous magnesium sulfate.  After evaporation of ethyl acetate, the crude residue was 

purified by column chromatography (silica gel, cyclopentane) to give a desired product, 

3-16 (670 mg, 50%)  1H NMR (CDCl3, δ) 8.2 (s, 1 H).  13C NMR (CDCl3, ) 148.7, 146.7, 

119.1. 

2-chloro-5-(furan-3-yl)pyridine (3-10) 

Tetrabutylammonium bromide (696 mg, 2.2 mmol) and potassium carbonate 

(1488 mg, 10.8 mmol) was dissolved  in water (7 ml).  2-chloro-5-bromopyridine (414.5 

mg, 2.15 mmol), 3-furanboronic acid (414 mg, 3.7 mmol), and palladium acetate (12.3 

mg, 0.06 mmol) were added at one time under argon.  The black coagulated mixture was 

stirred overnight. The resulting solution was extracted with ether in several portions.  The 

ether layers were combined and dried with anhydrous magnesium sulfate and filtered.  

The product was purified by column chromatography on silica (ethyl acetate:hexane=1:6) 

to give 2-chloro-5-(furan-3-yl)pyridine (340 mg, 88.3%). 1H-NMR (DMSO-d6, δ) 8.72 (d, 

1 H), 8.4 (dd, 1 H) 8.1 (dd, 1 H), 7.8(dd, 1 H), 7.5 (d, 1 H), 7.1(dd, 1 H).  1H-NMR 

(CDCl3, δ) 8.5 (d, 1 H), 7.8 (bs, 1 H), 7.7 (dd, 1 H) 7.5 (bt, 1 H), 7.3 (d, 1 H), 6.7 (bt, 1 H).  

13C NMR (CDCl3, ) 149.9, 147.0, 144.6, 139.4, 136.0, 127.7, 124.5, 122.4. 
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2-fluoro-5-(furan-3-yl)pyridine (3-26) 

Tetrabutylammonium bromide (355 mg, 1.1 mmol) and potassium carbonate (456 

mg, 3.3 mmol), 2-fluoro-5-bromopyridine (193 mg, 1.1 mmol), 3-furanboronic acid 

(111.9 mg, 184.6 mmol), and palladium acetate (12.3 mg, 0.06 mmol) were added to 

water (3.5 mL).  The coagulated mixture was stirred overnight.  The resulting solution 

was extracted with ether with several portions.  The ether layer was combined and dried 

with anhydrous magnesium sulfate and filtered.  The product was purified by column 

chromatography on silica (ethylacetate:hexane=1:6) to give colorless liquid, 2-fluoro-5-

(furan-3-yl)pyridine (157.5 mg, 88%).  1H NMR (CDCl3, δ) 8.4 (d, 1 H), 7.9 (dt, 1 H), 

7.7 (bs, 1 H), 7.5 (bt, 1 H), 7.0 (dd, 1 H), 6.7 (t, 1 H).  19F NMR (CDCl3, δ) -70.726. 

2-bromo-6-nitropyridine (3-23)  

To the reaction vessel containing con. sulfuric acid (13.3 ml) was added 2-amino-

6-bromopyridine (2.45 g, 14.1 mmol) at 0 oC.  A mixture of hydrogen peroxide (35%, 

17.2 ml) and conc. sulfuric acid (40 ml) was added dropwise.  This mixture was stirred 

overnight and was then basified with aqueous potassium hydroxide solution (3 M, 200 

ml) at 0 oC to give a precipitation.  The solid was filtered and washed with water and 

dried under the reduced pressure to give a desired product (0.6 g, 0.3 mmol, 21.2%).  1H 

NMR (CDCl3, ) 7.89 (dd, 1H), 7.91 (dd, 1H), 8.24 (dd, 1H).  13C NMR (CDCl3, δ) 

116.79, 134.03, 140.99, 141.57, 155.89.  GC-EI: m/z calculated 201.9, 203.9; found 202, 

204 (M)+. 

5-(6-nitropyridin-2-yl)thiophene-2-carboxylic acid (3-24) 

Sodium carbonate (37.2 mg, 0.3 mmol) was dissolved in water/acetonitrile (560 

µl/580 µl).  5-(dihydroxyboryl)thiophene-2- carboxylic acid (17.2 mg, 0.1 mmol), 2-
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bromo-6-nitropyridine, and tetrakis(triphenyl)palladium(0) were added. The reaction 

mixture was heated to reflux for 3 hrs. After cooling, the reaction mixture was filtered.  

After dichloroethane was added, the water layer was separated, acidified by hydrochloric 

acid to pH= 4.  The resultant solid was filtered and washed with cold water to give 

desired coupling product (10.2 mg, 40%) 

(R)-5-(6-nitropyridin-2-yl)-N-(quinuclidin-3-yl)thiophene-2-carboxamide (3-25) 

5-(6-nitropyridin-2-yl)thiophene-2-carboxylic acid (3-24, 10.2 mg, 0.04 mmol) 

and (R)-azabicyclo[2,2,2]oct-3-ylamine dihydrochloride (7mg, 0.035 mmol) were added 

to the DMF solution containing N,N-diisopropylethylamine (27.8 mg, 0.2 mmol).  To a 

reaction mixture were added 1-hydroxybenzotriazole hydrate (5.5 mg, 0.04 mmol) and 

TBTU (13 mg, 0.04 mmol).  After stirring for 2 days, DMF was evaporated under high 

vacuum.  The resultant residue was extracted by chloroform and washed with aqueous 

sodium hydroxide solution (1%).  After drying with anhydrous magnesium sulfate and 

evaporation of chloroform under reduced pressure, the crude residue was purified by 

column chromatography (silica gel, methanol containing isopropylamine(1.5%)) to give 

the desired product, 3-25 (8.5 mg, 68%). 1H NMR (CDCl3, δ) 8.12 (d, 1 ), 8.05 (t, 1 ), 

8.00 (dd, 1 H), 7.73 (d, 1 H), 7.62 (d, 1 H), 6.12 (bt, 1 H), 4.16 (m, 1 H), 3.5 (m, 1 H), 

3.0-2.8 (m, 4 H), 2.6 (m, 1 H), 2.06 (m, 1 H), 1.7 (m, 3 H).  

5-(6-fluoropyridin-2-yl)thiophene-2-carboxylic acid (3-22) 

To the reaction vial containing degassed water (0.5 ml) and acetonitrile (0.7 ml) 

was added sodium carbonate (43.2 mg, 0.35 mmol), 5-(dihydroxyboryl)thiophene-2- 

carboxylic acid (23.7 mg, 0.14 mmol).  After stirring 5 min. under the argon, 2-bromo-5-

fluoropyridine ( 19.6 mg, 0.11 mmol) and tetrakis(triphenylphosphine)palladium(0) were 
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added.  The mixture was heated to reflux overnight. After cooling, 1,2-dicholoroethane 

was added.  The water layer was collected and was acidified with hydrochloric acid (1 N) 

to pH= 6 to give a precipitate.  The solid was filtered, washed with water, and dried under 

reduce pressure to give the desired product (16 mg, 65%).  1H NMR (CD3OD, δ) 7.74 (d, 

1 H), 7.40-.7.55 (m, 3 H), 7.46 (d, 1 H), 7.10(ddt, 1 H).  13C NMR (CD3OD, δ) 165.97, 

165.18, 163.54, 150.81, 137.23, 137.14, 135.72, 135.23, 132.31, 132.22, 126.06, 123.23, 

123.20, 116.68, 116.47, 114.0, 113.75. 

(R)-5-(6-fluoropyridin-2-yl)-N-(quinuclidin-3-yl)thiophene-2-carboxamide (3-21) 

5-(6-fluoropyridin-2-yl)thiophene-2-carboxylic acid (3-22, 8.9 mg, 0.04 mmol) 

and (R)-azabicyclo[2,2,2]oct-3-ylamine dihydrochloride (7mg, 0.035 mmol) were added 

to the DMF (0.5 ml) solution containing N,N-diisopropylethylamine (26 mg, 0.2 mmol).  

To a reaction mixture were added 1-hydroxybenzotriazole hydrate (11 mg) and TBTU 

(17 mg, 0.05 mmol).  After stirring for 2 days, DMF was evaporated under high vacuum.  

The resultant residue was extracted with chloroform and washed with aqueous sodium 

hydroxide solution (1%).  After drying with anhydrous magnesium sulfate and 

evaporation of chloroform under reduced pressure, the crude residue was purified by 

column chromatography (silica gel, methanol containing isopropylamine(1.5%)) to give 

the desired product, 3-25 (5.2 mg, 45%). 1H NMR (CDCl3, δ) 7.5 (d, 1 ), 7.4 (m, 1 ), 7.3 

(m, 1 H), 7.27 (d, 1 H), 7.0 (m, 1 H), 6.2 (bd, 1 H), 4.1 (m, 1 H), 3.4 (m, 1 H), 3.0-2.8 (m, 

4 H), 2.6 (m, 1 H), 2.06 (m, 1 H), 1.7 (m, 3 H), 1.5 (m, 1 H). 

 

Homology modeling 
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Sequence alignment for α7 nAChRs of human, mouse, cow, and AChBP of 

California sea hare, Aplysia californica (PDB ID: 2BYQ) (Figure 3.17).  This alignment 

was tested in several different algorithms that are packaged in MOE.  The residues in the 

binding pocket were highly conserved in all species.  According to the procedure of 

homology modeling procedure of MOE, we constructed the mouse homology model.  

The region of epibatidine binding pocket was energy minimized with AMBER 99.  
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Figure 3.17 The sequence alignment of human, mouse, cow, and monkey nAChR 

with acetylcholine binding protein of Aplysia Californica (PDB ID: 2BYQ). 
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Quantitative Structure-Activity Relationship Study 

Each structure was minimized by MMFF94x force field in the MOE environment.  

Initial QSAR study was performed using whole descriptors to select correlation between 

binding affinity and descriptors.  150 descriptors were chosen by considering the 

contingency coefficient and Cramer’s V and linear correlation.  Some improper 

descriptors were removed.  After QSAR modeling with selected 150 descriptors, 25 

descriptors were selected by removing descriptors having less than 35% correlation with 

binding affinity.  The distribution of correlation between each descriptor and activity was 

also investigated in the correlation matrix and similar terms were removed. 

 For nine descriptors obtained by these refinements, the contribution of each 

descriptor was tested one by one by removing descriptor of interest.  We chose four 

descriptors which showed high correlation and wide distribution and performed QSAR 

modeling (R2=0.71).  This final model was evaluated by cross-validation (Q2=0.63). We 

also used the test known set to validate our QSAR model (R2 = 0.30 with two outliers, 

R2=0.74 without 2 outliers).   
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Table 11.  The validation of QSAR model using test set 

 

N

H
N

O

R

 

 

R 
Experimental 

pKi 
Predicted pKi 

5-(2-nitrophenyl)thienyl-2- 8.12 6.8 

5-(3-fluoro-4-

hydroxyphenyl)thienyl-2- 
8.4 8.1 

2-thienyl 7.9 7.8 

5-cyanothienyl-2- 6.6 7.3 

5-methylsufanylthineyl-2- 9.3 7.4 

N

O
N F

 

9.5 9.6 
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Chapter 4.  The PET study and synthesis of des-N-ethyl-11C-methylMLA 

4.1  Background 

Methyllycaconitine (MLA, also known as mellictine, delsemidine, delartine),  an 

insecticidal1 norditerpenoid which is rich in larkspur species (Delphinium nuttallianum, 

Delphinium brownii),2 was known to be the major toxin for larkspur poisoning of 

livestock in the western US in 1979.3, 4  Since it was first reported by Manske as a crude 

form5 in 1938, Goodson isolated from the seeds of Delphinium elatum, showing that 

hydrolysis of MLA by alkaline solution produced methylsuccinic acid, anthranilic acid, 

and lycoctonine.6  In 1981, Pelletier et al. reported its isolation from Delphinium 

glaucescens Rybd. and reported its NMR spectrum.7  The S-configuration of chiral center 

of succinimide group was confirmed by Coates et al. in 1994.8  The total synthesis of 

MLA has been a challenge due to its complicate ring structure and many chiral centers. 
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Figure 4.1  The structure of methyllycaconitine derivatives 
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Pharmacology  Currently, MLA is the most potent small molecule antagonist for 

mammalian α7 nAChR and insect neuronal nAChR.  Due to its toxicity against livestock, 

MLA is not appropriate as an insecticide.  MLA administration to calf also induced 

paralysis by blocking the muscular neurotransmission.9  Turek et al. demonstrated the 

pharmacokinetic profile of MLA, where the plasma half-life was short (19 min) in rat 

after intravenous injection.10  Possibly due to its antagonism, MLA (dose= 3.9 and 7.8 

mg/kg11, LD50= 4.8 mg/kg in mice12) ameliorated nicotine self-administration and 

withdrawal symptoms in rat study.11, 13 

Binding characterization  The neurotoxicity of MLA as an insecticide was due to 

antagonism for insect nicotinic receptor, showing inhibition within nanomolar range for 

[125I]α-BTX binding in various insect experiments.1, 14, 15 For the mammalian nAChR, the 

Wonnacott12 group reported that MLA also inhibited [125I]α-BTX binding with high 

affinity (Ki= 1.4 nM) in rat brain membranes, discriminating it from the neuromuscular 

[125I]α-BTX binding.14, 16 Later, [3H]MLA binding displayed identical pattern with 

[125I]α-BTX binding in the rat brain autoradiography.12, 17 Therefore, radiolabeled MLA 

became an alternative standard compound as an α7 nAhCR probe and even better than 

[125I]α-BTX (Figure 1.2, MW= 7800~8000 kD, 74 amino acids) which showed high 

nonspecific binding and was unlikely to penetrate the blood brain barrier (BBB).  In 

contrast to [125I]α-BTX, MLA (MW=682.35)  showed lack of neuromuscular binding.  In 

2000, Carroll et al. synthesized18 and characterized19 an 125I-labeled version of MLA (Ki= 

3.2 nM for MLA).  It showed poor BBB penetration in an ex vivo study, and its 

distribution pattern was consistent with an in vitro autoradiography study. 

Recently, it was reported that MLA also binds to α6 and α9α10 nAChR20, 21  
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Structure and activity   MLA has a basic tertiary amine (calculated pKa = 12.2) in 

aconitane ring similar to nicotine, epibatidine.  MLA and epibatidine share the same 

binding pockets of acetylcholine binding protein (AChBP) in the X-ray crystal structures 

(PDB ID: 2BYQ, 2BYR).  According to Wonnacott’s publication, a structural change in 

the lycoctonine part affects subtype selectivity, while 2-(methylsuccinimido)benzoyl 

group is critical for α7 nAChR binding.22 Due to the high binding profile of  3’-

iodomethyllycaconitine (Ki= 2.0 nM for [125I]α-BTX), potency and selectivity seems to 

be tolerant for the para position relative to succinimide ring.18  Interestingly, lycaconitine, 

which has no methyl group at 3” position in succinimide ring, showed about 20 times 

lower binding affinity than MLA.23 

 

4.2  Objectives 

Owing to its high binding affinity for α7 nAChR and selectivity, radiolabel MLA 

has been developed as a standard compound for binding essay for α7 nAChR.  In 

continuing our effort to pursue the selective a α7 nAChR PET tracer, we developed the 

C-11 labeled MLA analogue, 4-2, which might be useful as a α7 nAChR probe for 

imaging and quantification of α7 nAChR in peripheral organs as well as central nervous 

system.  Since the N-ethyl group resides in the deep binding pocket in AChBP, perhaps 

hydrophobic interaction may be present.  However, we reasoned that the little change 

ethyl to methyl may not disrupt seriously binding property of MLA and this structure 

could potentially be labeled rapidly using C-11 methyl iodide.  In addition, des(N-ethyl)-

N-11C-methylMLA ([11C]4-2) would show whether MLA penetrate BBB in a tracer-dose 
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level.  This information might be critical for further MLA based PET tracer development 

because its high molecular weight and low lipophilicity which would be predicted to be 

unfavorable for BBB penetration. 

 

4.3  Synthesis  

The synthesis of des(N-ethyl)-N-methylmethyllycaconitine performed by Carroll 

et al (Chemistry and Life Science, Research Triangle Institute, NC).  N-deethylation of 

MLA using mercuric(II) acetate/aqueous acetic acid was reported by Sun et al.24  
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Scheme 4.1 Synthesis of Des(N-ethyl)-N-methylMLA. 

 

Des(N-ethyl-N-methyl MLA Des(N-ethyl-N-methyl MLA was synthesized through 

reduction by sodium cyanoborohydride without further methylation.  After preparative 

TLC, this compound was identified by nmr and mass spectrometer (ES).  
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Scheme 4.2 Synthesis of Des-N-ethylmethylMLA, a, formaldehyde, sodium 

cyanoborohydride, acetic acid, acetonitrile. 

 

Radiosynthesis C-11 labeling was performed under the basic condition (potassium 

carbonate) in DMF.  Radiochemical yield was low (4-9%) and was changed little in the 

range between 80 and 120 oC.  However, C-11 labeled product could often not removed 

from round bottom flask or filter after solvent evaporation.  Therefore, ethanol (5%) in 

saline was used.  
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Scheme 4.3 Radiosynthesis of Des-N-ethyl-11C-methylMLA.  a, [11C]methyl 

iodide, potassium carbonate, DMF 

 

 log P and Plasma protein binding  The log D7.4 was 0.57 which is close to 

calculated lipophilicity of methyllycaconitine (log D7.4= 0.7).  The observed unbound 

fraction in plasma was 24%.   

 

4.4  Baboon study 

Two baboon brain PET studies were performed in the same day and same baboon.  

The radioactivity in the brain was negligible.  The high molecular weight and low 

lipophilicity (log D7.4= 0.57, calculated log P= 0.7) may limit brain entry.  
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Figure 4.2  The PET image in baboon summed from time of injection through 90 

min for (A) 2-11C-2 (injected dose = 1.8 mCi). Ketamine hydrochloride (10 mg/kg) was 

used as an anesthetic by an intramuscular injection.   

 

4.5  Experimental 

 

General The precursor des-N-ethylmethylMLA (4-1)was generously given by Dr. 

Carroll (Chemistry and Life Science, Research Triangle Institute, NC) 

 

(1α,6β,14α,16β)-20-Methyl-1,6,14,16-tetramethoxy-4-[[[2-[(3S)-3-methyl-2,5-

dioxo-1-pyrrolidinyl]benzoyl]oxy]methyl]-aconitane-7,8-diol   

To des-N-ethylmethyllycaconitine (C35H46N2O10·0.75H2O, 1.3 mg, 1.95 µmol) in 

anhydrous acetonitrile (200 µL), was added 37% formaldehyde (3.37 µL) with stirring. 
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After 3 hrs at room temperature, sodium cyanoborohydride (1 mg) was added. After 

stirring for 3 hr at room temperature, and glacial acetic acid (15 µL) was added. The 

reaction mixture was analyzed by TLC (chloroform: methanol: 28% ammonium 

hydroxide solution = 90:10:1).  Aqueous saturated sodium bicarbonate solution (2 ml) 

was poured into the reaction mixture and extracted with chloroform (2 × 2 mL). The 

combined chloroform layers were washed with brine, dried (MgSO4), filtered, and then 

evaporated in vacuum to give a white solid.  The crude product was purified by 

preparative TLC (chloroform: methanol: 28% ammonium hydroxide solution = 90:10:1) 

to give a methylated product.  1H NMR (CDCl3, ) 1.47 (br d, 3H), 1.6-2.1 (m, 5H), 2.1 (b, 

1H), 2.51 and 3.17 (br, 2H), 2.63 (s, 3H), 3.06 (t, J = 5.1Hz, 1H), 3.09 (s, 1H), 3.23 (t, J = 

7.93 Hz, 1H), 3.28 (s, 3H), 3.35 (s, 3H), 3.39 (s, 3H), 3.42 (s, 3H), 3.89 (s, 1H), 4.17 and 

4.20 (each d, J = 9.0 Hz, 2H), 7.29 (d, J = 7.6 Hz, 1H), 7.55 (dd, J = 7.6, 7.6, 1H), 7.70 

(dd, J = 7.6, 7.6 Hz, 1H), 8.06 (d, J = 7.4 Hz, 1H).  13C NMR (CDCl3, ) 16.38, 26.08, 

28.71, 32.08, 33.57, 35.25, 37.03, 37.76, 38.05, 43.17, 44.45, 46.06, 49.14, 49.96, 54.94, 

56.31, 56.37, 57.88, 58.18, 65.84, 69.53, 77.42, 82.52, 83.84, 84.43, 89.07, 90.60, 127.03, 

129.41, 130.08, 131.05, 133.06, 133.71, 164.16, 175.81, 179.87.  MS-ESI: m/z calculated 

668.33; found 667.5, 669.4 (M+H)+,  

Radiolabeling of (1α,6β,14α,16β)-20-[11C]Methyl-1,6,14,16-tetramethoxy-4-[[[2-

[(3S)-3-methyl-2,5-dioxo-1-pyrrolidinyl]benzoyl]oxy]methyl]-aconitane-7,8-diol (7)   

[11C]Methyl iodide was transferred into long neck V-shaped vessel containing 

des-N-ethylmethylmethyllycaconitine (4-1, 1 mg) and 1 M potassium carbonate solution 

(1.2 μl) in dimethylformamide (300 μl) which was cooled in a dry ice/acetonitrile bath.  

[11C]Methyl iodide was transferred into the reaction mixture and when 11C peaked, the 
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inlet and outlet of the reaction vessel were closed.  The reaction mixture was heated at 

80oC for 10 minutes in an oil bath.  It was cool down for five seconds under dry 

ice/acetonitrile bath and was diluted with 1 ml of HPLC eluent.  This diluted solution was 

injected into Knauer HPLC system with uv detection (give wavelength) and eluted with  

to collect the desired product (retention time = 17 min.).  It was performed with eluent 

(A: water = 92:8; A, citrate buffer (75 %, pH = 4.33) in ethanol) at a flow rate 5 ml/min 

on a semi-preparative Luna C18 (Phenomenex, 250 mm X 10 mm, 5 μ). After 

evaporating the collected eluent under the reduced pressure by azeotropical evaporation 

acetonitrile (4 ml X 2), the product was diluted with saline (4 ml) containing  

ethanol(5 %(v/v)) and was filtered by a 0.22 mm Millipore® filter (Millipore Corp., 

Billerica, MA) into a sterile vial. The radiochemical yield and purity were 4-9 % and  

>98%, respectively.  The total time from end of cyclotron bombardment to delivery was 

around 1 hr.  Quality control was performed by HPLC with at a flow rate 1 ml/min on a 

Luna C18(2) (Phenomenex, 250 mm X 4.60 mm, retention time congruent with authentic 

standard). Rf value of TLC analysis was 0.68 in chloroform: methanol: saturated 

ammonia = 90:10:1 eluent. 
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Chapter 5.  PET study of C-11 labeled nicotine  

5.1 Background 

History and Chemistry: Nicotine, is a simple natural alkaloid abundant (0.3-

5% in dry leaf) in the tobacco plant, Nicotiana tabacum.  Jean Nicot de Villemain, the 

French ambassador, was the first to report the therapeutically favorable effects of 

tobacco plant in his medical publication to Europe.1  Nicotine, one of the active 

ingredients in tobacco, was first isolated from tobacco plant by Posselt and Reimann2 

of Heidelberg University in 1828 and its empirical formula and molecular weight 

were determined by Mesens, Barral, Schlösing in the mid 19th century.  The chemical 

structure of nicotine was proposed by Pinner in 18933 and the first total synthesis was 

achieved as the racemate by Pictet and Rotschy in 1904.4 After structural analysis of 

the salt using X-ray crystallography,5, 6 optically pure S-nicotine was synthesized 

from L-proline7.  Asymmetric synthesis of the other unnatural enantiomer of nicotine 

was recently published.8, 9   
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Figure 5.1 Nicotine and imidacloprid 

 
   
The de novo synthesis in tobacco root followed by transportation to the leaf is 

a plant protective action against attack from insects and forms the basis for the use of 

nicotine and imidacloprid (structurally modified from nicotine) as an insecticide.  

Tobacco related diseases: It is well-known from epidemiological studies that 

tobacco smoking causes heart disease, stroke, vascular disease, cataracts, and lung 
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cancer, resulting in 4 million deaths in every year.  According to 2005 National 

Surveys of Drug Use and Health, 34.9% of Americans aged over 12 had a smoking 

experience in the previous year.  The economic cost for healthcare and other losses 

from tobacco use reached 180 billion US dollar/year.  Moreover, 17.3% of pregnant 

women smoked during pregnancy, which may affect prenatal development of the 

fetus. In fact, prenatal nicotine exposure in a monkey study significantly altered 

neuronal and lung development in offspring.10 Though nicotine itself is not suspected 

to be  carcinogenic11, it contributes significantly to carcinogenesis indirectly by 

reinforcing chronic cigarette smoking which introduces  about 60 other known 

carcinogenic compounds. 

Peripherally, nicotine is also associated with etiology of non-small cell lung 

cancer (SCLC) through tobacco smoking.  One of metabolite of nicotine, 4-

(methylamino)-1-(3-pyridyl)-1-butanone, has been suggested as a precursor of the 

potent carcinogen, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone.11 Also, nicotine 

showed antiapoptotic effects in lung cancer cells treated by anticancer drugs, possibly 

resulting in reduction of therapeutic effect.12  This result underscores the 

importantance of tobacco smoking cessation therapy using nicotine.  

Pharmacology of nicotine: Due to chronic nicotine exposure, the upregulation 

and desensitization of β2 subunit-containing nAChR has been observed and its 

knock-out mice showed lack of addictive effect. α7 nAChR is also known to partake 

in nicotine action, for example, showing restorative effect under nicotine exposure 

against behavioral and electrophysiological alterations caused by lack of β2 subunit-

containing nAChR. Additionally, blood brain barrier permeability of MLA was 
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altered by chronic nicotine13, indicating BBB alteration and drug bioavailability in the 

brain.       

Nicontine pharmacokinetics and addiction: Nicotine is considered to be a 

main component responsible for addiction through its binding neuronal nicotinic 

receptors in the CNS. When smoked, nicotine rapidly enters the arterial blood stream 

and is delivered to the brain where it binds to nicotinic receptors.  Pharmacologically, 

the addictive action of nicotine is due to striatal dopamine release in nucleus 

accumbens resulting from both glutamate release and GABA inhibition by nicotine, 

which simultaneously reinforce the reward (pleasure or high) function of brain 

dopamine system14, which is crucial for its reinforcement. Interestingly, in chronic 

smokers the arterial concentration of nicotine is far lower than would be predicted, 

leading to the hypothesis that delivery of nicotine to the brain would be lower in the 

smoker.  

Nicotinic receptors as drug target: Although cigarette smoking causes serious 

diseases, nicotine has been the center of attention because its action induced favorable 

pharmacological effects such as enhancement of working memory, attention, 

anxilolysis, neuroprotection, and analgesia in many animal studies.15  To optimize 

these favorable effects and reduce its toxicity, nicotine has been an effective lead 

chemical structure for neurocognitive drug research to treat the symptom of 

Alzheimer’s disease, Parkinson’s disease, Schizophrenia.  

The change of the nAChR system or nicotine binding sites in the CNS has 

been investigated in relation to many diseases and developmental stages. For example, 

Breese et al. reported that there was an increase of nicotine binding sites in the 
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hippocampus and thalamus in subjects that have a history of chronic tobacco 

smoking.16  This might be due to upregulation of nictotinic receptors by nicotine. 

Since profound alterations of cortical [3H]acetylcholine and [3H]nicotine binding in 

postmortem brains  with AD have been observed 17-20, the development of a reliable 

tool for in vivo imaging and diagnosis through nAChR is now underway. 

Nicotine PET imaging: C-11 labeled S-nicotine was first synthesized by 

Nordberg et al.21 and human PET studies were performed by Halldin et al. with some 

minor synthetic modifications22 to test  its potential as a nicotinic receptor tracer and 

diagnostic tool for AD23. Due to fast uptake and clearance in all brain regions, [11C] 

nicotine has not been considered as a suitable tracer for the nicotinic binding sites. 

However, Kadir et al. indicated the correlation between [11C] nicotine binding in the 

cortical regions and the extent of attention deficit of the AD patients24. In 2007, [11C] 

nicotine PET studies also showed sufficient sensitivity to detect alteration of nicotine 

binding sites by rivastigmine treatment in a group of mild AD patients.22, 25  Based on 

in vitro studies, nicotine showed higher binding affinity for α4β2 nAChR compared 

with α7 nAChR.   

 

5.2  Objectives 

Based on the unexpectedly low arterial nicotine concentrations reported by 

Rose et al. and his hypothesis that this was due to lung retention26 as well as 

anecdotal literature reports of long radiotracer retention in smokers’ lungs 27, and our 

ongoing studies of drug transfer from mother to fetus, we set out to implement the 
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synthesis of [11C]nicotine which had been reported by Nordberg et al.21  We have the 

following specific aims: 

1. Reliable synthesis and purification of [11C] nicotine 

2. Baboon studies to determine [11C] nicotine and labeled metabolite 

distribution in brain and peripheral organs for radiation dosimetry for 

future human studies. 

3. Monkey study for maternal and fetal kinetics. 

4. Comparison of brain and lung uptake of [11C] nicotine in a group of 

smokers and non-smokers. 

Here, preliminarily, we optimized synthesis and purification of [11C] nicotine 

and performed the dosimetry for future human studies using baboons.  We also 

observed the transfer of [11C] nicotine from mother to fetus in baboon studies.  In 

1999, Rose et al. observed a relatively low arterial concentration of nicotine after a 

puff of smoke  and therefore, postulated that lung uptake of nicotine hampered the 

entry of nicotine into the arterial circulation.26  Because a change in receptor 

occupancy for a short time is critical for resultant reward (high) in the brain, the level 

of nicotine in blood after a puff of smoke is critical for addictive behavior.  The 

extent of lung uptake of nicotine will be compared between a chronic smoker and a 

non-smoker.  It is well-known that the lung can be damaged and topologically 

changed by chronic tobacco smoking.  We postulate higher lung uptake of nicotine in 

the chronic smokers which would slow nicotine pharmacokinetics in their brain.  For 

quantification, (R)-nicotine PET can be used as a baseline, which means nonspecific 
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or blood flow measurement, because it has almost identical physical properties 

compared with (S)-nicotine. 

 

 

5.3  Radiotracer chemistry   

Preliminarily, [11C] nicotine was synthesized using [11C]methyl iodide in 

acetonitrile22, followed by normal phase HPLC separation to give a moderate yield 

(61%). Yield was improved to 84-87% using DMF with the same conditions. 

However, the [11C] nicotine peak in the preparative normal phase HPLC was very 

broad and not reproducible likely due to DMF (figure 5.3).  As a result, we switched 

to reverse phase HPLC to improve separation and peak shape. Unfortunately, [11C] 

nicotine at pH=7 did not elute at the expected retention time in the radiosynthesis. 

Interestingly, the retention time of a trace amount of nicotine shifted from 9.5 min to 

15.1 min with the coinjection of nornicotine (1 mg), PMP (2 µg), while the other 

reaction components had no effect.  This may be due to the interaction between 

silanol and basic nitrogen.  When we use larger amounts of nicotine, this retention 

time shift was not observed.  When the eluent pH was adjusted to 12 with 

triethylamine, the reproducibility and peak shape of [11C] nicotine were significantly 

improved.  
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Figure 5.2  Synthesis of [11C] nicotine. i, [11C]methyl iodide, PMP, DMF 
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a)       b)                                                              

                       
 
c)     

 
 
Figure  5.3  HPLC profiles of [11C]nicotine in the different HPLCsystems.  a, 

radiosynthesis (Phenomenex Sphereclone 5µ Sil; eluents, 

A/Methanol/Hexane(96:4:16), A=methanol/triethylamine(100/1) adjusted to pH=8 

with acetic acid; UV, λ=254 nm); b, nicotine (above) and nornicotine including 

nicotine (below) (Phenomenex Ultremex C18, 5µ; eluent, 100 mM ammonium 

formate/Acetonirile/methanol = 80:10:10); c, radiosynthesis (Phenomenex Gemini 

C18, 5µ; eluents,methanol/triethylamine(100/1) 
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Log D at pH=7.4 of [11C]nicotine was 0.47 (n=2) and free fraction in plasma was 

88% (n=2).   

 
Table 5.1  The radiosynthesis and properties of [11C]nicotine 
 

Radiotracer RY (%) SA (Ci/µmol) Log D7.4 PPB (%)a 

[11C]nicotine 84-87 1.5-5.2 0.47 22 

a Free Fraction in plasma 
 
 
 
 

5.4 PET studies 

5.4.1  Baboon study 

 
MKY027dy1 was a pregnant monkey which was used the PET study for 

nicotine transfer from mother to fetus.  

 
Table 5.2  Summary of [11C]nicotine PET studies. 

 
Study # Baboon Subject Brain/Torso 

Pharmacokinetics and dosimetry 
BEJ281dy1 Riley baboon Torso 
BEJ281dy2 Riley baboon brain 
BEJ283 dy1 Chloe baboon brain 
BEJ283 dy2 Chloe baboon Torso 
BEJ344dy1 Chloe baboon Torso 
BEJ344dy2 Chloe baboon Whole body 

Prenatal nicotine transfer 
MKY027dy1 Daisy Macaque Whole body 
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5.4.2  Pharmacokinetics 

Brain uptake and clearance of [11C]nicotine are fast and high (0.032-0.035 % 

ID/cc) as reported by Halldin et al. C-11 was widely distributed in the whole brain 

region. When cerebellum was used as a reference region, distribution volume ratio 

(DVR) for thalamus calculated by Logan graphical analysis was around 1.1, which 

means slightly higher binding potential in thalamus.  However, according to the 

baboon study with [18F] NFEP (Figure 1.4) performed by our group,  the distribution 

volume radio (DVR) should be much higher-up to 3-4.28 Since nicotine is not a 

substrate for p-glycoprotein29, a main reason for low signal-to-noise may be due to 

low affinity to nicotinic binding sites. It was known that the major metabolite, 

cotinine has negligible BBB permeability. 
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Figure 5.4  The time-activity curves for [11C]nicotine in the baboon brain 
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Peripherally, kidney uptake for [11C]nicotine peaked high, indicating excretion 

to the bladder.30 High C-11 uptake of liver was maintained to the end the study. In a 

previous report of human smokers’ autopsy samples, high nicotine levels were 

observed in the liver, kidney, spleen, and lung.31 
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Figure 5.5  The time-activity curve for peripheral organs in the baboon 
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5.4.3  Dosimetry 

The specific objective of this study is to obtain the absorbed radioactivity dose 

for each organ or tissue in the baboon, which will be applied to dosimetry  for human 

[11C]nicotine PET studies, ensuring human radiation safety.  The order of the 

absorption dose from highest to lowest was kidney, spleen, liver, lung, heart, lung.   

 
Table 5.3  The dosimetry of [11C]nicotine in the baboon  
 

Organs Residence Times (hr) Doses (mrem/mCi) 
Brain 0.0137 7.90 
Heart Wall 0.0089 22.8 
Kidneys 0.0552 152.0 
Liver 0.0850 36.5 
Lung 0.0256 21.0 
Pancreas 0.0010 8.7 
Spleen 0.0057 25.4 
Remainder 0.2880 - 

 
 
5.4.4   Pregnant macaque study 

A [11C] nicotine PET study was performed in the whole body of a pregnant 

monkey,  Mecaca radiate.  C-11 transfer from mother to fetus was clearly observed in 

placenta, liver and brain of fetus.  The pharmacokinetics of 11C in fetus had a 

different distribution.  The brain entry and clearance in fetus was slower than in the 

mother.  This experiment proves indirectly that smoking during pregnancy results in 

transfer of nicotine from the mother to the fetal brain. 
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Figure 5.6 The time-activity curve of [11C]nicotine in the pregnant macaque 

 

 

Figure 5.7  The PET image in baboon summed from time of injection. 
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5.5 Materials and Experimental Methods 

The two enantiomeric forms of pure nicotine camsylate were generously given 

by Dr. N. Castagnoli.  

5.5.1  Radiosynthesis 

[11C] nicotine :(S)-nornicotine biscamsylate (2.0mg), 1,2,2,6,6-pentamethyl-

piperidine (2 µl) was dissolved with DMF (300 µl) in a reaction vessel.  The mixture 

was cooled in a bath (dry ice/acetonitrile, -42 oC) prior to trapping.  After [11C]methyl 

iodide was transferred and trapped, the reaction vessel was heated at 130 oC for 5 min. 

The vessel was cooled in the bath (dry ice/acetonitrile) for 5 sec; the reaction mixture 

was diluted and injected on a semi-preparative HPLC (Phenomenex Gemini, 250 mm 

x 10mm, 5 µ). [11C]-nicotine is eluted 14.9 minutes.  The collected portion of [11C]-

nicotine was transferred to a round bottom flask containing hydrochloric acid (0.1 N, 

20 µl). The solvent was removed by azeotropic evaporation with acetonitrile using a 

rorary evaporator.  The residual product was diluted with sterile water (4 ml), and 

filtered through an Acrodisc 13-mm Syringe Filter with 0.2 µm HT 208 Tuffryn 

Membrane (Pall Corporation, Ann Arbor, MI) into a sterile vial for delivery. [11C]-S-

nicotine was injected to an anesthetized baboon.  The purity analysis of product is 

determined using TLC (alumina-coated plate, ethyl acetate:hexane=1:2, RF=0.64) 

and HPLC, which was congruent with an authentic standard of nicotine co-spotted 

with the sample and detected by UV (λ= 254 nm). 
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5.5.2   Baboon study 

Baboon studies were performed by the similar procedure as Chapter 2.6.4.  

The whole body scan of BEJ344dy2 was performed 4 min after injection of [11C] 

nicotine from brain.  According to the reported protocol32, MR image of the pregnant 

macaque study and PET image was coregistered.  
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Figure 5.8 The area under the curves (AUC) in the plasma for  [11C]nicotine 
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Figure A.1  13C-NMR spectrum of compound 3-4 in *CDCl3 (400 MHz). 
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Figure A.2  DEPT spectrum of compound 3-4 in *CDCl3 (400 MHz). 
 
 
 
 
 



 174

 
 
Figure A.3  1H-NMR spectrum of compound 3-4 in *CDCl3 (400 MHz). 
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Figure A.4  1H-NMR spectrum of compound 3-5 in *CDCl3 (400 MHz). 
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Figure A.5  13C-NMR spectrum of compound 3-6 in *CDCl3 (400 MHz). 
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Figure A.6  DEPT spectrum of compound 3-6 in *CDCl3 (400 MHz). 
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Figure A.7  1H-NMR spectrum of compound 3-6 in *CDCl3 (400 MHz). 
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Figure A.8  13C-NMR spectrum of compound 3-7 in *CDCl3 (400 MHz). 
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Figure A.9  1H-NMR spectrum of compound 3-7 in *CDCl3 (400 MHz). 
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Figure A.10  1H-NMR spectrum of compound 3-30 in *CDCl3 (400 MHz). 
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Figure A.11  13C-NMR spectrum of compound 3-30 in *CDCl3 (400 MHz). 
 
 



 183

 
 
Figure A.12  1H-NMR spectrum of compound 3-8 in *CDCl3 (400 MHz). 
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Figure A.13  13C-NMR spectrum of compound 3-8 in *CDCl3 (400 MHz). 
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Figure A.14  13C-NMR spectrum of compound 3-9 in *CDCl3 (400 MHz). 
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Figure A.15  1H-NMR spectrum of compound 3-9 in *CDCl3 (400 MHz). 
ω denotes signal from H2O. 
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Figure A.16  DEPT spectrum of compound 3-9 in *CDCl3 (400 MHz). 
ω denotes signal from H2O. 
 



 188

 
 
Figure A.17  13C-NMR spectrum of compound 3-2 in *CDCl3 (400 MHz). 
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Figure A.18  1H-NMR spectrum of compound 3-2 in *CDCl3 (400 MHz). 
 



 190

 
 

Figure A.19  1H-NMR spectrum of compound 3-10 in *CDCl3 (400 MHz). 
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Figure A.20  13C-NMR spectrum of compound 3-10 in *CDCl3 (400 MHz). 
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Figure A.21  1H-NMR spectrum of compound 3-12 in *CDCl3 (400 MHz). 



 193

 
Figure A.22  13C-NMR spectrum of compound 3-12 in *CDCl3 (400 MHz). 
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Figure A.23  1H-NMR spectrum of compound 3-13 in *CDCl3 (400 MHz). 
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Figure A.24  13C-NMR spectrum of compound 3-13 in *CDCl3 (400 MHz). 
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Figure A.25  1H-NMR spectrum of compound 3-14 in *CDCl3 (400 MHz). 
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Figure A.26  1H-NMR spectrum of compound 3-15 in *CDCl3 (400 MHz). 



 198

 
 
Figure A.27  1H-NMR spectrum of compound 3-16 in *CDCl3 (400 MHz). 
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Figure A.28  13C-NMR spectrum of compound 3-16 in *CDCl3 (400 MHz). 
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Figure A.29  1H-NMR spectrum of compound 3-20 in *CDCl3 (400 MHz). 
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Figure A.30  1H-NMR spectrum of compound 3-1 in *CDCl3 (400 MHz). 
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Figure A.31  1H-NMR spectrum of compound 3-22 in *CD3OD (400 MHz). 
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Figure A.32  13C-NMR spectrum of compound 3-22 in *CDCl3 (400 MHz). 
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Figure A.33   DEPT spectrum of compound 3-22 in *CDCl3 (400 MHz). 
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Figure A.34  1H-NMR spectrum of compound 3-21 in *CDCl3 (400 MHz). 
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Figure A.35  1H-NMR spectrum of compound 3-26 in *CDCl3 (400 MHz). 
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Figure A.36  19F-NMR spectrum of compound 3-26 in *CDCl3 (400 MHz). 
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Figure A.37  13C-NMR spectrum of compound 3-23 in *CDCl3 (400 MHz). 
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Figure A.38  1H-NMR spectrum of compound 3-23 in *CDCl3 (400 MHz). 
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Figure A.39  1H-NMR spectrum of compound 3-25 in *CDCl3 (400 MHz). 
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Figure A.40  Mass spectrum of compound 4-2 (ESI). 
 




