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ABSTRACT 
 

 

The overall aim of the thesis was to evaluate the potential of gonadotropin releasing hormone receptor 

(GnRH-R) antagonists as radiotracers for the early detection and understanding of Alzheimer`s disease 

(AD). The molecular imaging field is a symbiosis between organic chemistry, radiochemistry, in vitro 

biology, as well as preclinical- and clinical trials, therefore an evaluation should involve all respective 

subfields. In light of this, the development of a new radiotracer is often a time- consuming and 

laborious process. Consequently, this thesis represents a highly collaborative project involving various 

subfields and their interplay in the field of molecular imaging. 

Initially a series of GnRH-R antagonists were synthesized and evaluated for affinity for the GnRH-

receptor. A competitive binding study was performed and the synthesized GnRH-R antagonists were 

compared to control compounds. By the use of a copper mediated late-stage iodination, radiolabeling 

was further investigated. In addition, an acylation Finkelstein approach was examined by a thorough 

mechanistic analysis using both experimental and computational methods. The in vitro analyses of two 

promising GnRH-R antagonists were performed, where human and rat serum stability, a competitive 

inhibition assay, a metabolic profile (phase 1) and autoradiography evaluated the potential these 

compounds exhibit as radiotracers. Furthermore, preclinical evaluation of a α-halogenated compound 

was performed on the basis of literature findings and serum stability analysis.  

 In summary, the project has resulted in several potential GnRH-R antagonist radiotracers. 

Although more analyses need to be performed, one compound has already been evaluated in 

preclinical trials and excluded from further investigation. Two more compounds have been 

radiolabeled and assessed thoroughly in vitro. The compounds showed good affinity for the GnRH-R. 

Serum stability analysis and the metabolic profiling showed stable compounds for imaging. In addition, 

several metabolites were identified and the metabolic rate was quantified. Furthermore, 

autoradiography in rat brain showed binding, which was in compliance with binding affinities for the 

compound. These new GnRH-R antagonists possess high potential as GnRH- antagonistic radiotracers 

for the pathophysiologic examination of AD and warrant further preclinical evaluation. 
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1 INTRODUCTION  
 

1.1 GENERAL INTRODUCTION 
 
In modern medicine, imaging techniques visualize body functions and improve the diagnosis of diseases. This, 

in turn, influences the clinical outcome and management of the patient. The discovery of X-rays is the fundament 

for medical imaging and an example of a change of paradigm in medicine. Since the discovery of modern non-

invasive molecular imaging techniques such as single photon emission computed tomography (SPECT) and 

positron emission tomography (PET), the development in molecular imaging has been, and still is, rapid and 

continuous. The discovery of the [18F]-Fluorodeoxyglucose (FDG) in 1976 was a breakthrough in molecular 

imaging, and [18F]-FDG is still the most used PET imaging radiotracer to date.1-2 The success of the technology 

lies in the ability to visualize body functions on a molecular level without any pharmacological response of the 

radiotracer. This makes PET and SPECT powerful imaging tools for the diagnosis and therapeutic evaluation of 

tumors, nervous system diseases and cardiovascular disorders.3  One of the challenges in these molecular 

imaging methods lies in the need for new and more specific radiotracers and methods for the development of 

radiopharmaceuticals.  The prerequisites for successful radiopharmaceutical development are the symbiosis 

between chemistry, radiochemistry, preclinical and clinical trials. These critical factors are equally dependent on 

each other and are part of the complexity for the development of new, target-specific radiotracers.  

 

1.2 OUTLINE OF THESIS 
 

The thesis is written as a collection of papers I-V. Chapter 1 gives a short introduction into imaging in medicine 

and the importance of molecular imaging technology in symbiosis with organic chemistry, radiochemistry, 

preclinical and clinical trials. Chapter 2 goes more into detail on molecular imaging and explains the background 

information for single photon emission computed tomography (SPECT) and positron emission tomography (PET) 

imaging in combination with the different available radionuclides used. Furthermore, the knowledge of the 

hypothalamic-pituitary-gonadal axis (HPG-axis) is explained to give a background for the understanding of the 

connection to Alzheimer’s disease (AD) and the HPG-axis. As an important step in molecular imaging the 

relevance of radiochemistry, selection of radionuclides and radiochemical methods for this thesis is explained. 

In Chapter 3 the aims of the thesis are presented. Chapter 4 gives a summary of all papers. Chapter 5 is 

presenting the results and discussions.  
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2 BACKGROUND 
 

2.1 MOLECULAR IMAGING  
 
A more detailed presentation of the molecular imaging is presented in this Chapter. Molecular imaging is imaging 

on a molecular level in contrast to techniques as x-ray and ultra-sound where organ anatomy and movement 

are visualized. Most of contemporary imaging techniques are not competitors; they are instead used for 

different purposes and provide complementary information. In nuclear medicine, the use of radioisotopes is 

necessary to obtain an image. There are several radioisotopes available for medical use. Single photon emission 

computed tomography (SPECT) radioisotopes emit a single gamma photon at each disintegration as shown in 

Figure 1, while positron emission tomography (PET) radioisotopes emit a positron that annihilates with its anti-

particle, an electron, resulting in the creation of two gamma photons (511 keV) radiating in opposite direction. 

The photon is captured by scintillator crystals in gamma camera heads or in PET detector rings. In the case of a 

PET/CT camera, the CT part of the PET/CT scanner provides anatomical images for better localization of the 

radiotracer uptake. Figure 1 gives a graphical presentation of the two radiation types.4 

 

  

 

Figure 1: The basic comparison between PET and SPECT. Left; the emission of a positron from a PET radioisotope is illustrating the 

annihilation reaction between the positron and the electron resulting in the emission of two gamma rays in opposite direction. The PET 

detector is the blue ring. Right; the emission of single gamma photons illustrating the SPECT principle allowing only the photons in 

straight lines to the collimator to pass into the detector and to be included in the processing of the image. Reprinted with permission 

from Noel, S.; Cadet, S.; Gras, E.; Hureau, C., The benzazole scaffold: a SWAT to combat Alzheimer's disease. Chemical Society reviews 

2013, 42 (19), 7747-7762. Copyright@Royal Society of Chemistry. 4  
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The major differences between PET and SPECT are listed in Table 1. The ability to work with most PET 

radionuclides is limited to a location within a reasonable distance from a cyclotron due to the relatively short 

half-life of the radionuclides. However, 68Ga is produced by a generator and could therefore be readily available 

at laboratories without a cyclotron. SPECT is more widely accessible worldwide and may therefore play an 

important role also in the future. For the future, these technologies will probably not compete but might 

supplement each other since there will be opportunities for both new PET and SPECT radiotracers.5 However, 

the large increase in the number of cyclotrons and PET/CT scanners over the last few years, and the lack of 

market penetration of SPECT/CT scanners suggests that PET will be growing more rapidly than SPECT in the years 

to come. 

Table 1: PET and SPECT comparison.5 

PET SPECT 

Need a nearby cyclotron Can be shipped over considerable distances 

Expensive Inexpensive compared to PET 

Qualitative and quantitative Qualitative* 

Expensive PET detectors  More accessible Gamma cameras 

Lack of more readily available radiotracers More readily available radiotracers 

*SPECT quantification is still widely questionable. However, new SPECT-scanners are available with quantification opportunities6-7 

Several radionuclides for PET and SPECT imaging are available. A selection of radionuclides are presented in            

Table 2. 18F is the most frequently used radioisotope for PET due to a half-life that allows multi-step chemistry 

and can as such be used to radiolabel a wide range of molecules. 11C, 13N and 15O are other interesting PET 

radionuclides that are useful in patient scanning but until now mainly used in academic settings due to the short 

half-life. 99mTc is the most frequently used SPECT radionuclide counting for approximately 80% of all SPECT 

procedures. Various isotopes of iodine can also be used due to their ability to move from SPECT(123I) to PET(124I) 

diagnostic use and further to therapeutic treatment (131I). Radioisotopes of iodine can therefore be used as 

theranostics.8-10 
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           Table 2: Selected radionuclides and main characteristics of PET and SPECT used in medicine and in biology.11 

Radionuclide Main use Maximum β 

β+ energy 

MeV 

Energy keV  

γ 

Half-life Usage 

18F Imaging 0.633  109.8 min PET 
123I Imaging  γ  159 13.2 h SPECT 
124I Imaging 2.1 γ  603, 1691  4.15 days PET 
125I Imaging  γ 35  59.4 days SPECT 
131I Imaging, 

therapy 

 γ  364, 637 8.02 days SPECT 

99mTc Imaging   γ 141 6.0 h SPECT 
11C Imaging 1.0  20.4 min PET 
13N Imaging 1.2  9.96 min PET 
15O Imaging 1.7  2.03 min PET 

 

Nowadays, PET is most often fused with a computed tomography (CT) image. The CT image shows anatomical 

details, thereby adding structural information to locate the precise position of the radiation. In Figure 2, the 

fused SPECT/CT image shows a rat injected intravenously with 99mTc-HMPAO that visualizes the cerebral blood 

flow. The image on right side is a fused PET/CT picture after injection of 2-deoxy-2-[18F]-fluoro- D-glucose ([18F]-

FDG) in mice, in which the metabolic entrapment of [18F]-FDG is imaged.12-13 

        
           CT                SPECT/CT                  PET/CT  

Figure 2: A comparison between CT, SPECT/CT and PET/CT in rat. The CT shows basic anatomical features while the fused SPECT/CT image 

shows cerebral blood flow with 99mTc-HMPOA and the fused PET/CT shows [18F]-FDG metabolic uptake. Images obtained at the Core 

facility for preclinical SPECT/PET/CT at University of Tromsø – The Arctic University of Norway (with permission).12-13 
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2.2 GONADOTROPIN RELEASING HORMONE AND THE HYPOTHALAMIC-PITUITARY-GONADAL 
AXIS 

 

It is important to understand the hypothalamic-pituitary-gonadal axis (HPG-axis) to understand the 

pathophysiological connection to the Alzheimer’s disease (AD) discussed in the next section. The HPG-axis is 

explained by the pulsatile release of gonadotropin releasing hormone (GnRH), gonadotropins and the regulatory 

feedback mechanism, Figure 3. GnRH, also known as luteinizing-hormone releasing hormone (LHRH), which is a 

neurohormone that consists of 10 amino acids. GnRH is produced in the hypothalamus and released in a pulsatile 

manner into the hypophysial portal bloodstream. When it reaches the pituitary gland, it binds to its own G-

protein coupled receptor (GnRH-receptor) and stimulates the production of two gonadotropins in the anterior 

pituitary gland – Luteinizing Hormone (LH) and Follicle Stimulation Hormone (FSH). The release of gonadotropins 

acts on the gonads to produce androgens and estrogens. The release of gonadotropins is controlled by the 

pulsatile release of GnRH in the hypophysial portal blood stream and by the feedback mechanism of androgens 

and estrogens.14 

 

 

 

 

 

 

 

 

 

 

Figure 3: HPG-Axis, showing GnRH release stimulation on the pituitary gland where LH and FSH are produced. LH and FSH then acts in the 

gonads to produce androgens and estrogens. The regulation of GnRH-release is controlled by the pulsatile release of GnRH in addition to 

the feedback mechanism of androgens and estrogens.  
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Disturbance in the HPG-axis can lead to several implications in cognitive and behavioral traits.15-18 GnRH has 

multiple actions other than the gonadal functions due to the HPG-axis and the reason can be linked towards its 

diverse signaling pathways activated by GnRH-R.19-20 For example, outside the HPG-axis there is a strong 

evidence for the role of GnRH and GnRH-R in different cancer cells.21-24 GnRH-R localization in mammals outside 

the HPG-axis is also well documented. The central nervous system has several areas within the central nervous 

system (CNS) where GnRH-R has been discovered. Retina, olfactory bulb, cortex, especially piriform, lateral 

septum, preoptic area, arcuate nucleus, hippocampus, amygdala, cerebral grey, cerebellum and spinal cord.25 

The GnRH-R has also been located in the kidney, liver, heart, bladder, tooth, adrenal, skin, skeletal muscle, spleen 

and lymphocytes. The HPG axis and GnRH is connected to a wide range of diseases, for  example the reproductive 

functions, sex behavior, cognition, neurodegeneration and ageing.20 All in all, these physiological and 

pathophysiological implications of the GnRH and GnRH-R are of high interest for further utilization.  

 

2.3 ALZHEIMER`S DISEASE AND CONNECTION TO HPG AXIS 
 

The connection between the HPG-axis and Alzheimer’s disease (AD) is the focus in this section. The role of GnRH 

in connection to AD is still to be fully examined and more knowledge is needed. AD is the most dominant reason 

for dementia, it is estimated that as much as 131.5 million people worldwide will be affected by dementia in 

2050.26 High global costs and no treatment for Alzheimer’s disease motivates the research. The main hypothesis 

for the pathophysiology for AD are amyloid plaque, hyper phosphorylation of Tau proteins, cholinergic 

hypothesis, disturbance of GABA-receptors and disturbance in the serotonergic system.  

In the last decades, the focus on AD research has been towards the amyloid plaque hypothesis. The 

hypothesis postulates that the deposits of β-amyloid plaques are the main reason for developing AD, responsible 

for the neurotoxicity, which leads to dementia. However, even though the efforts to find a  treatment for AD 

based on drugs that target amyloid plaque have been tremendous, these have so far resulted in failure in several 

clinical trials.27 During those efforts, several radiotracers have been developed to target β-amyloid plaque, such 

as [11C]-PIB and [18F]-Flutemetamol. The failure of therapeutics in several clinical trials have changed the focus 

towards tubulin associated unit (tau) proteins as a major hallmark in the disease development. The tau protein 

gets hyper-phosphorylated and detaches from microtubules and self-aggregates into insoluble neurofibral 

tangles (NFT). This tau specific pattern of insoluble NFTs correlates closely to the clinical symptoms of AD. Several 

new tau-PET radiotracers are in development, where [18F]-AV1451 is the most promising one to date.28 There 

are six known isoforms in humans of tau proteins.29 Yet to be discovered is which isoform of the tau proteins 

correlates to AD disease most closely. The implications for the diagnosis related to the tau hypothesis remains 
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questionable since tau protein isoforms are not specific to AD pathology alone.29-30 This means there is still a 

lack of an objective biomarker for the early detection of AD. 

In contrast, the GnRH receptor is prevalent in the brain and has been strongly linked to AD.31-32 

As such, radiolabeled antagonists of the GnRH receptor are of interest as imaging agents for early diagnosis of 

AD. GnRH, Luteinizing hormone (LH) and Follicle stimulating hormone (FSH) are not typically considered as the 

primary causes of AD. Amyloid plaque and hyper-phosphorylation of tau protein have been the most supported 

theories for developing AD as previously discussed. However, the relationship between the HPG –axis and AD is 

gaining more evidence supporting its important role in development of AD. There is a growing evidence 

supporting the connection of the HPG axis contribution to AD.32 In addition, LH is known to cross the blood-brain 

barrier, and the receptors are located in hippocampus.31 Hippocampus is a part of the limbic system, and this 

part of the brain is responsible for short-term and long-term memory. This part of the brain is also most 

vulnerable to AD. In the menopause and andrenopause there is a decreased sex steroid signaling. This leads to 

changes in the HPG-axis, and this affects alterations in the neuronal cells. This also explains the difference in 

prevalence of AD reported by the gender differences (2:1) female to male, since this is consistent to the earlier 

loss of gonadal functions and decrease in sex hormones and increase in serum gonadotropins. It has been found 

that AD patients have two-folded elevation of LH and FSH in the circulation compared with age-matched 

controls. This increase of LH and FSH seems to be an early change in disease progression in AD patients.31 In light 

of this, the GnRH receptor density and availability may contribute to early detection and understanding of the 

pathophysiology for AD.  

The connection between AD and gonadotropins has made small GnRH antagonists very interesting. 

Several small GnRH antagonists have shown significant inhibition of the GnRH-receptor, even if they do not use 

the primary ligand, which is a relatively large peptide, as a template.33 Small GnRH antagonists can have great 

potential as PET or SPECT tracers to determine early pathological changes in the brain. Previous work have 

investigated GnRH-peptides as imaging agents.34-35 However, Olberg and co-workers have found a brain 

penetrant non-peptide novel small molecule [18F]-fluorinated GnRH-R antagonist that was permeable to the 

blood–brain barrier (BBB), but failed to reveal significant specific binding in brain of living rats. Nonetheless, the 

approach serves as a foundation for using radioligands for further imaging of the GnRH-R distribution in brain.36-

37  
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2.4 RADIOCHEMISTRY: IODINE 
 

Radiochemistry is an important field in molecular imaging and the development of radiotracers for imaging is a 

necessary step towards successful molecular imaging. The selection of radiochemical methods and radionuclides 

to fulfill the task to radiolabel desired compounds is outlined in this section. Radiochemistry includes production 

of radionuclides and radiolabeling of chemical compounds. All unstable radionuclides undergo some form of 

radioactive decay. This radioactive decay leads to the emission of radiation generally in either α, β or γ-rays. 

Such radiation is all categorized as ionizing radiation, which means that the energy is sufficient to ionize atoms 

and molecules, even break chemical bonds. This can potentially be harmful to living organisms. An α-particle 

consists of 2 protons and 2 neutrons. α-particles have a very short range and travel only a few centimeters in 

air. For protection, they can be stopped with a piece of paper. However, α-particles have high ionization capacity 

and can be harmful on short distances, for instance when they are inside living organisms. The β-particle can be 

either an electron or a positron. β-particles have weaker ionizing power than α-particles, but higher than γ-rays. 

γ-rays are electromagnetic radiation. 

Production of these radionuclides requires either a reactor or a cyclotron, dependent on the nuclear 

reaction. In medicine today, the use of cyclotrons to produce radioactive nuclides is limited to location of the 

cyclotron due to the short half-life of the isotopes. For example, the production of 18F and 123I requires a 

cyclotron. The typical production of 18F; 18O-water is bombarded by protons to give a p,n reaction of 18O to 18F.38 

In a similar fashion is enriched 124Xenon gas used to produce 123I by several steps in a p,2n nuclear reaction, 

Figure 4.3, 39 

 

a) 18O(p,n)18F 

 

b) 124Xe(p,2n) 123Cs → 123Xe → 123I 

Figure 4: Nuclear reaction by cyclotron production of 18F and 123I. The 18F and 123I are produced in an accelerator by bombardment of 

enriched 18O2H and 124Xe, respectively, with protons.3, 38-39 

 

Important criteria for radiochemical labeling methods are: (1) a rapid reaction with high radiochemical yield 

(RCY); (2), simplicity, and; (3) high specific activity. This is especially important for radionuclides with a short half-

life.38 

In the present work, we sought after a radionuclide with suitable half-life for our initial biological 

experiments. The radionuclide 123I has a half-life of 13.2 hours that allowed us to do biological characterization 

of our compounds with excellent SPECT imaging properties i.e. the gamma radiation energy is quite similar to 

the widely used 99mTc. In addition, logistic issues hampers the availability of 18F, if not located to a nearby 
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cyclotron center, and makes it expensive. In addition, the ability to evaluate the theranostic possibilities for a 

compound using 131Iodine is also present. Another potential advantage using 123I as the radionuclide is that it 

can be made available for sites around the world without a cyclotron. Finally, the possibility to use 124I which is 

a positron emitter is also present.9-10, 40  

The nucleophilic and electrophilic substitution reactions are the most used radiolabeling reactions.38 In 

addition, another common radiolabeling method is the use of a prosthetic group, which is discussed later in this 

section. In fluoride chemistry, the preparative process to turn 18F- into a usable nucleophile is a prerequisite. 

Fluoride is a poor nucleophile compared to Iodine. Fluoride needs to be processed in order to participate in 

either SN2 [18F]-labelled fluoroalkanes and SNAr [18F]-labelled fluoroarenes reactions. In short, a standardized 

method to prepare fluoride usually involves entrapment of fluoride in an ion-exchange column where the 

expensive 18O-enriched water is removed for reuse, the [18F]fluoride is then eluted with a mixture of potassium 

carbonate and kryptofix 222 (K222), the solution once dried gives an anhydrous fluoride that is more reactive and 

has the ability to participate in either SN2 and SNAr as a nucleophile.3 Iodide is a stronger nucleophile and can be 

used in SN2 reactions without any preparative work-up.41 The SN2 mechanism is explained by the binding of 

iodide to a carbon atom next to a chloride, which then acts as a leaving group. Examples of typical good leaving 

groups are weak bases, such as Cl-, Br- and HSO4-, Figure 5. Nucleophilic substitutions are faster with aliphatic 

compounds than aromatic compounds. In order to increase the rate of the reaction on aromatic compounds, 

the reaction is often assisted by electron-withdrawing groups in addition to a good leaving group. 

 

 

 

    Figure 5: Example of SN2 nucleophilic iodination.41  

 

Electrophilic substitution is usually the preferred method for radioiodination of aromatic compounds. This 

method is based on the oxidation by mild oxidizing agents (in example: Chloramine-T, ICl, peracetic acid, N-

chlorosuccinimide) to I+ and thereby directly labeling by the radionuclide or indirectly by various radio de-

metallation where Si, Gn, Sn and organothallium, organomercury usually with high regioselectivity and 

radiochemical yields. Destannylation is the most favored method due to high radiochemical yield, mild 
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conditions and the use of small amounts of precursor.10, 42 The SPECT diagnostic agent 123I-FP-CIT DaTSCAN, 123I-

2-β-carbomethoxy-3β-(4-iodophenyl)-N-(3-fluoropropyl)nortropane is radiolabeled by radioiodide-

destannylation. DaTSCAN is a commercially available 123I–labeled radiopharmaceutical used to diagnose 

Parkinson’s syndrome and to help differentiate probable dementia with Lewy bodies from Alzheimers disease.3 

Prosthetic groups are used in radiolabeling as an indirect method of labeling. In short, a small molecule, 

for example a bis-tosylated ethyl group, is radiolabeled and then reacted with compound that is not well suited 

for direct radiolabeling.43 Alkylating agents, amide bond and reactive amines, thiol functionalization, radio-click 

chemistry and transition-metal catalyzed cross-coupling reactions can be examples of the use of a prosthetic 

group. The copper-catalyzed azide-alkyne cycloaddition (CuAAC) also known as click-chemistry has been widely 

used in medicinal organic chemistry to diversify lead molecules where structure activity relationship (SAR) 

studies are important. The CuAAC has also been used for a long time to radiolabel different molecules mainly 

due to its reliability, amenability for late-stage radiolabeling, few side products, and good yields.44 The proposed 

catalytic mechanism was revealed by Fokin et al., Figure 6. Two copper atoms binds to the alkyne in a two-step 

manner, whereas the electron rich nitrogen on the end of the azide attracts the alkyne, then after electron 

rearrangements and intermediate bindings between nitrogen and the two copper ligands, the ring formation is 

complete and one of the copper atoms leave the triazole.45  
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Figure 6: Proposed catalytic mechanism for CuAAC. A) Mechanistic rationale for the isotopic enrichment of triazolide. (B) Rapidly 

interconverting isomers of intermediate 9. (C) Proposed catalytic model for the CuAAC with two copper atoms. Reprinted with 

permission from Worrell, B. T.; Malik, J. A.; Fokin, V. V., Direct Evidence of a Dinuclear Copper Intermediate in Cu(I)-Catalyzed Azide-

Alkyne Cycloadditions. Science 2013, 340 (6131), 457. Copyright@American Association for the Advancement of Science.45 
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3 AIMS OF THE THESIS 
 

The overall aim for this thesis is to study the potential of gonadotropin releasing hormone (GnRH) antagonists 

as radiotracers in the early detection and understanding of Alzheimer’s disease, based on their  relationship to 

the hypothalamus-pituitary-gonadal (HPG)-axis. More specifically: 

- Develop a library of GnRH antagonists with focus on late-stage diversification and possibilities for late 

stage radiolabeling (paper I) 

- Develop a radiolabeling technology for potential GnRH antagonists (paper II and paper III) 

- Assess In vitro and in vivo the most promising candidates (paper IV and paper V) 
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4 SUMMARY OF PAPERS AND AUTHOR´s CONTRIBUTION 
 

4.1 PAPER I 
 

Small molecule piperazinyl-benzimidazole antagonists of the gonadotropin-releasing hormone (GnRH) 

receptor. Richard Fjellaksel, Marc Boomgaren, Rune Sundset, Ira H. Haraldsen, Jørn H. Hansen and Patrick J. Riss. 

MedChemComm 2017, 8 (10), 1965-1969. 

 

The aim of the initial study was to find a suitable scaffold molecule for late stage diversification and late stage 

radioiodination with high affinity for the GnRH-R. WAY207024 was selected as a scaffold since WAY207024 has 

the possibility to apply click chemistry with copper-catalyzed azide-alkyne cycloaddition (CuAAC) and thereby 

makes a late stage diversification possible. The increase of solubility was a main goal since the literature reported 

WAY207024 as sparingly soluble. Therefore we had to choose candidates which would make the compound 

more aqueous soluble. The scaffold and key intermediate was synthesized in a 7 step synthesis and gave 21 

different analogues to be tested in a competitive inhibition assay for the affinities to the GnRH receptor. Several 

compounds showed nanomolar affinities compared to WAY207024 in the assay. We postulated that an addition 

of a pyranose would increase the aqueous solubility and still have high binding affinity. However, the addition 

of the pyranose moiety did not show comparable affinities to WAY207024. The addition of a synthetic glycoside 

resulted only in a 3-fold loss of the affinity and the addition of a 2-fluoroethyl triazole showed comparable 

affinities to WAY207024. This resulted in 1.5 times more soluble compound than WAY207024 (pH 7.4 PBS).  

 

Author contributions 

P.J.R, J.H., M.B. and R.F developed the synthetic strategies. R.F. performed the synthetic work and designed the 

compounds. The biological assay and the thermodynamic solubility assay was performed by external 

partners/companies. Analysis of data by R.F., J.H., P.J.R. and M.B. Major contribution in manuscript preparation: 

R.F., J.H. and P.J.R. 

 

4.2 PAPER II 
 

Copper-mediated late stage iodination and 123I-labelling of triazole-benzimidazole bioactives. Richard 

Fjellaksel, Rune Sundset, Jørn H. Hansen, Patrick J. Riss. Synlett. Accepted 16 march, 2018 

 

Herein we present the effort to adapt the copper-catalyzed azide-alkyne cycloaddition (CuAAC) to include iodine 

on the triazole moiety by late stage radiolabeling. The reaction gives two different products one with iodination 
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in the 5-position on the 1,2,3-triazole, one product without iodine on the triazole and one with iodination on 

the 7-position on the benzimidazole. We investigated the different reaction conditions known from literature 

and measured the effects of the copper source, additive, and solvent. Published literature had reported 

problems with the chelating effects between copper and piperazine. We started the investigation of solvents 

where H2O:THF in a 1:9 relationship was found to be the best, CuSO4 CuCl2 and Cu(ClO4)2 where analyzed and   

Cu(ClO4)2 gave the best results, finally a number of bases were tested: TEA, KOAc, KOH, KOtBu and pyridine 

showed the best yields (27-34%). We then used the best bases, solvent and copper source in a hot experiment 

with Na123I in water. These experiments showed a serendipitous discovery of radioiodination with high analytical 

radiochemical yield on the 7-position on the benzimidazole. We further exploited this reaction and iodinated 

several bioactive compounds with 2-fluoroethyltriazole, a pyranose and a synthetic glucoside. For a further 

evaluation of the addition of iodine on the benzimidazole the compounds was tested in a competitive binding 

assay for the GnRH-R and showed a drop in binding affinity by approximately one order of magnitude compared 

to WAY207024. The compound iodinated on the 5-position on the 1,2,3-triazole showed comparable binding 

affinities to WAY207024.  Both these iodinated triazole retain antagonistic binding properties and are highly 

interesting candidates for progression into imaging studies.  

 

Author contributions 

P.J.R, J.H. and R.F developed the strategies for synthesis and radiolabeling. R.F. performed the synthetic work. 

R.F. designed the compounds. The biological data was performed by external partners/companies. Analysis of 

data by R.F., J.H. and P.J.R. Major contribution in manuscript preparation: R.F., J.H. and P.J.R. 

 

4.3 PAPER III 
  

An Acylation-Finkelstein Approach to Radioiodination of Bioactives: The role of amide group anchimeric 

assistance. Richard Fjellaksel, Damir Dugalic, Taye B. Demissie, Patrick J. Riss, Ole-Kristian Hjelstuen, Rune 

Sundset, and Jørn H. Hansen. Journal of Physical Organic Chemistry 2018, e3835-n/a DOI: 10.1002/poc.3835 

 

In this paper we investigated the acylation-Finkelstein approach to radioiodination of bioactives. Little is known 

about the amide group participation in anchimeric assistance. Our hypothesis was that anchimeric assistance 

could increase the rate of reaction. We present a thorough mechanistic study of the anchimeric assistance on 

the amide group. The Finkelstein reaction is driven forward by precipitation of sodium chloride in the solvent 

(acetone) despite the weak bond strength of C-I compared to C-Cl. The precipitation of sodium chloride makes 

the reaction irreversible. For the different chain lengths (carbon n=2-7) one might expect that the nearby amide 

group will engage in anchimeric assistance in the displacement of the chloride ion in competition to direct 

https://doi.org/10.1002/poc.3835
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bimolecular substitution (SN2 reaction). The different chain lengths of an acyl group (n=2-7) was evaluated 

kinetically, monitored by 1H-NMR and the reaction rates were determined. The reaction rate for n=2 was very 

high. The DFT-study revealed that the reaction clearly follows a classical SN2 substitution reaction. For the longer 

chain lengths n=3-7 the fastest reaction rate was observed for n=6. For n=5 and n=3 in chain length the reaction 

rates were undistinguishable. The calculated energy barrier for the n=3 is quite similar to the n=2, however, the 

calculation lead us to a conclusion that the contribution of both the SN2 and the anchimeric assistance is quite 

similar since the formation of the n=3 is a bit faster than the n=5 in our study.  

Author contributions 

R.F. D.D., O.K.H. and J.H. developed the strategies for synthesis and radiolabeling. R.F. and D.D. performed the 

synthetic work. D.D. and R.F. designed the compounds. The computational analysis was performed by T.B.D. 

Analysis of data by R.F., D.D., O.K.H. P.J.R., T.B.D. and J.H. Major contribution in manuscript preparation: R.F. 

and J.H.  

 

4.4 PAPER IV  
 

In vitro evaluation of two promising bioactive triazole-benzimidazole GnRH Receptor-antagonists as possible 

candidates for SPECT imaging. Richard Fjellaksel, Angel Moldes-Anaya, Ana Oteiza, Montserrat Martin-Armas, 

Terje Vasskog, Ole K. Hjelstuen, Jørn H. Hansen and Rune Sundset. Manuscript 

 

The two promising candidates from paper II were evaluated for their potential for preclinical trials. The serum 

stability, metabolic study (liver microsomes, phase 1) and autoradiography were applied. Serum stability analysis 

was performed with both rat and human serum and revealed that the compounds are stable for up to 22 hours 

at 37 oC. Metabolic studies were performed with rat liver microsomes and human liver microsomes and revealed 

several metabolites for the two compounds. The remaining amount of compound was quantified and the 

compounds where found stable for the use as imaging agents. In addition, autoradiography was performed and 

showed binding of tracers within several brain sections.  

 

Author contributions 

R.F, A.O., M.M.A., A.M.A., O.K.H., and R.S. developed the study design. R.F. performed the synthetic work. The 

serum stability assay was performed by R.F. The metabolic study was performed A.M.A. and R.F. Analysis of the 

metabolic data was performed by T.V. A.M.A. R.F. The autoradiography studies was performed by A.O., M.M.A., 

and R.F.  Analysis of data by R.F., J.H., O.K.H., A.O., M.M.A., A.M.A, T.V. and R.S. Major contribution in manuscript 

preparation: R.F. 
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4.5 PAPER V  
 

First in vivo evaluation of a potential SPECT brain radiotracer for the gonadotropin releasing hormone 

receptor based upon the piperazinyl-benzimidazole class of compounds. Richard Fjellaksel, Ana Oteiza, 

Montserrat Martin-Armas, Ole K. Hjelstuen, Samuel Kuttner, Jørn H. Hansen and Rune Sundset. Manuscript. 

 

The promising compound 1-(4-(2-(4-tert-butylphenyl)-1H-benzo[d]imidazol-4-yl) piperazin-1-yl)-2-

iodoethanone which was radiolabeled with high yield was further examined. A promising literature finding 

paved way for the examination of the α-halogenated compound-1. Human and rat serum stability assay in 

addition to saline stability were performed and revealed a surprisingly good stability. In addition, a competitive 

binding assay was performed which showed nM affinity to the GnRH-R. The literature finding, serum stability 

and the binding affinity results were indication for in vivo evaluation. Rat brain single photon emission 

tomography imaging (SPECT) and biodistribution studies gave further insight on the nature of the compound as 

a radiotracer and the compound were not found suitable as a radiotracer. 

 

Author contributions 

R.F., A.O., and M.M.A., developed the study design. R.F. performed the synthetic work. The serum and saline 

stability assay was performed by R.F., The biodistribution study was performed by A.O., and M.M.A. The 

biological data were performed by external partners/companies. The SPECT/CT imaging was performed by A.O., 

and M.M.A. Analysis of data by R.F., J.H., A.O., M.M.A., and R.S. Major contribution in manuscript preparation: 

R.F., A.O., and M.M.A. 

 

  



17 
 

5 RESULTS AND DISCUSSION 
 

5.1 DEVELOPMENT OF A GnRH-RECEPTOR ANTAGONISTS LIBRARY (PAPER I) 
 

The main aim for the initial study was to generate a library of potential GnRHR antagonist. Our interest was 

directed towards the already known compound WAY207024 because of its high affinity for the GnRH-R and the 

ability to be used as a scaffold for CuAAC as late stage diversification and late stage radiolabeling at the B (green) 

moiety, Figure 7.46 Solubility was cited as a shortcoming by Pelletier and co-workers.33, 47 Our design strategy 

was to make triazoles from different functionalized azides, still beneficial for the potency while improving the 

limited aqueous solubility.33, 46-47 We included a wide range of azides in the study as means to improve the 

aqueous solubility.48-51   

 

Figure 7: WAY207024 as starting point for our synthetic strategy. A (Blue) moiety has been identified as the scaffold specific for binding 

to GnRH-R.B (green) is the moiety of interest for late stage diversification. The key properties as IC50 in rat and human GnRH, PSA and Log 

P are displayed on right side. Reprinted with permission from Fjellaksel, R.; Boomgaren, M.; Sundset, R.; Haraldsen, I. H.; Hansen, J. H.; 

Riss, P. J., Small molecule piperazinyl-benzimidazole antagonists of the gonadotropin-releasing hormone (GnRH) receptor. 

MedChemComm 2017, 8 (10), 1965-1969. Copyright@Royal Society of Chemistry.52 

 

In a six step synthesis the key intermediate 7 was synthesized with 19% overall yield, Scheme 1. Several 

modifications were done in comparison to literature.33, 47 The oxidative conversion of 4 into 6 proceeded 

smoothly with air as an oxidant and in absence of transition metal catalyst.  



18 
 

 

Scheme 1: Synthetic route to alkyne intermediate 7. Reprinted with permission from Fjellaksel, R.; Boomgaren, M.; Sundset, R.; Haraldsen, 

I. H.; Hansen, J. H.; Riss, P. J., Small molecule piperazinyl-benzimidazole antagonists of the gonadotropin-releasing hormone (GnRH) 

receptor. MedChemComm 2017, 8 (10), 1965-1969. Copyright@Royal Society of Chemistry.52 

 

The synthetic route to the key intermediate 7 paved way for further diversification by the use of copper-

catalyzed azide-alkyne cycloaddition (CuAAC) with a wide range of commercially available azides which gave 

piperazinyl-benzimidazole triazoles GnRH-R antagonists (8a-8j) in yields from 4-72%, Scheme 2. The side product 

6b is explained by a canizarro-like reaction.53  

 

Scheme 2: Diversification using CuAAC as a synthetic strategy. Reprinted with permission from Fjellaksel, R.; Boomgaren, M.; Sundset, R.; 

Haraldsen, I. H.; Hansen, J. H.; Riss, P. J., Small molecule piperazinyl-benzimidazole antagonists of the gonadotropin-releasing hormone 

(GnRH) receptor. MedChemComm 2017, 8 (10), 1965-1969. Copyright@Royal Society of Chemistry.52 
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5.2 INHIBITION ASSAY (PAPER I, PAPER II AND PAPER V) 
 

A competitive inhibition assay was applied after the synthesis and characterization. The division arrested cell 

lines bought from Multispan Inc. were used to measure the inhibition of receptor activation by LHRH/GnRH 

with a fluorescence based FLIPR assay. The compounds were tested in concentrations from 50 µM to 0.5 nM 

with 5 nM LHRH as the competitor. Two well-known positive controls where added (T98475 (8k) and AG04557 

(8l) to validate the assay. The metabolic stable agonist Buserelin was used as a negative control. The lead 

compound WAY207024 (1) was included in the assay as a reference. Figure 8 shows the compounds that were 

found to compete with the endogenous agonist GnRH.  The Ki was calculated using the Cheng-Prusoff 

equation.54 The alkyl piperazines showed only moderate potency, however the Clog P indicates a slight 

increase in solubility. The introduction of a planar triazole core had a positive effect for the potency as the Ki 

was measured to be 13.8 nM for compound 8a (2-fluoroethyl triazole), similar to WAY207024 (Ki = 12.2 nM). In 

addition, the Clog P indicates a more soluble compound. Next, the introduction of a functionalized N-Boc-ala 

triazole improved solubility; however the cost was a loss in the binding affinity of one order of magnitude. A 

range of pyranose functionalized azides was employed to the triazole because of their improvement for the 

solubility as shown for the Clog P for compounds 8c-8f. Unfortunately, the binding affinities dropped out of the 

desired range.  When we masked the polyol as a tretraacetate, the potency increased. However, when we 

applied a synthetic glycoside we achieved a compromise between solubility improvement and binding affinity 

(8g). Compound 8h-8j from aromatic and heteroaromatic azides did not exhibit the desired solubility or 

binding improvement. 
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Figure 8: Library of different GnRHR-antagonists showing Ki obtained from Cheng-Prusoff.52 aReference value from literature.55-56 

Reprinted with permission from Fjellaksel, R.; Boomgaren, M.; Sundset, R.; Haraldsen, I. H.; Hansen, J. H.; Riss, P. J., Small molecule 

piperazinyl-benzimidazole antagonists of the gonadotropin-releasing hormone (GnRH) receptor. MedChemComm 2017, 8 (10), 1965-

1969. Copyright@Royal Society of Chemistry.52 

 

In the same assay, compounds 4 and 5 in paper II were biologically evaluated for their affinity for the GnRH-R. 

The method described in the previous part was used and the binding affinities determined. Ki for compound 4 

was found to be 82.0 nM and for compound 5 12.9 nM, Figure 9. We have previously reported that Compound 

8a (Ki = 13.8 nM) is equally potent as WAY207024 (Ki = 12.2 nM).52 In conclusion, compound 5 is equally potent 

as WAY207024. The antagonistic properties of the 7-iodobenzimidazole 4 dropped approximately one order of 

magnitude. However, both of the iodinated compounds still retained favorable nM affinities for the GnRH-R. 
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Figure 9: Inhibition potencies and inhibition constant for compound 4 and 5  from paper II. IC50 values are given as the geometric mean of 

two experiments. Ki was calculated from mean value using the Cheng-Prusoff equation (Ki = IC50/(1+[L]/Kd).54 Reprinted with permission 

from Richard Fjellaksel, Rune Sundset, Jørn H. Hansen, Patrick J. Riss. Copper-mediated late stage iodination and 123I-labelling of triazole-

benzimidazole bioactives. Synlett. Accepted 16 march, 2018. Copyright@Thieme gruppe.  

 

Furthermore, compound 1 was evaluated in the same competitive binding assay in paper V as described with 

reference compound WAY207024.52 We obtained a Ki value of 82.0 nM for compound 1 in the concentration 

dependent competition study using HEK293T cell lines, Figure 10. The affinity for the GnRH-R dropped only a 

drop of magnitude in order compared to WAY207024 Ki = 12.2 nM.  

  

 

Figure 10: Inhibition potencies and inhibition constant for compound 1 compared to the reference WAY207024 from paper V. IC50 values 

are given as the geometric mean of two experiments. Ki was calculated from mean value using the Cheng-Prusoff equation (Ki = 

IC50/(1+[L]/Kd).54  
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5.3 THERMODYNAMIC SOLUBILITY ASSAY (PAPER I) 
 

Further in vitro ADME determination of the aqueous solubility became necessary for the evaluation of 

compound 8a and 8g. Thermodynamic solubility assay was performed for compounds 8a and 8g. In short, the 

compound was dissolved overnight in the desired aqueous buffer system (phosphate buffered saline (PBS) and 

simulated gastric fluid (SGF). The mixture was then filtrated before quantified by HPLC HRMS. The 

thermodynamic solubility assay investigates the solubility of a compound as a saturated solution in 

equilibrium.57 Interestingly, the thermodynamic solubility assay showed that compound 8a is 1.5 times more 

soluble than WAY207024 at pH 7.4 (PBS) in line with our working hypothesis. Compound 8a showed a 

solubility of 3 µg ml-1 at pH 7.4 (PBS) and 2.1 mg ml-1 at pH 1.2 (SGF). 8g showed a solubility of 1.2 mg ml-1 at 

pH 1.2 in SGF and <1 µg ml-1 at pH 7.4 in PBS. 

 

 

5.4 COPPER MEDIATED LATE-STAGE IODINATION AND 123I-LABELLING OF 
TRIAZOLE-BENZIMIDAZOLE BIOACTIVES (PAPER II)  

 

In the initial study we disclosed a library of gonadotropin releasing hormone (GnRH) receptor antagonists using 

copper-catalyzed azide-alkyne cycloaddition (CuAAC) as a late stage diversification strategy resulting in 

compound 1 (13.8 nM)  and compound 2 (38 nM) affinity for the GnRH-R, Figure 11.52 In this study we examined 

a modified CuAAC to make 5-iodo-1,2,3-triazoles. We wanted to introduce a long-lived radionuclide for a 

straightforward biological evaluation. Direct nucleophilic Radioflurination with [18F] fluoride ion (t1/2 = 110 min), 
3H-labelling (t1/2 = 12.3 years) and iodine-labeling (13.2 hours) were considered for our study. Radiofluorination 

is an essential step towards PET-imaging, the short half-life and the troublesome logistics makes the biological 

evaluation problematic. Tritiation would require synthesis of starting material by introducing bromine atoms. 

The radioiodination is less troublesome since none of the requirements are necessary and in addition there are 

three highly attractive isotopes of iodine, 123I, 124I and 125I. The 123I in addition to 125I provides longer half-life 

(13.2h and 60 days), in addition the 124I could be used for PET studies with a half-life of 4 days.   
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Figure 11: Novel GnRH-antagonists with high affinities to the GnRH receptor.52 The blue marking shows the triazole moiety. Reprinted 

with permission from Richard Fjellaksel, Rune Sundset, Jørn H. Hansen, Patrick J. Riss. Copper-mediated late stage iodination and 123I-

labelling of triazole-benzimidazole bioactives. Synlett. Accepted 16 march, 2018. Copyright@Thieme gruppe. 

 

Several methods exists for making 5-iodo-1,2,3-triazoles and particularly the work by Yan and co-workers caught 

our attention. They used a one-pot, three component radiochemical reaction variant of the CuAAC to afford 5-

[125I]iodo-1,2,3-triazoles in high radiochemical yields (39-99%).58 However, when we applied the same conditions 

to our substrates we got compounds 4 and 5 in very low analytical radiochemical yields (8 and 3%, respectively). 

Notably, compound 4 has not previously been reported. Yan and co-workers reported problems when they tried 

to radiolabel another piperazine-containing molecule were they observed very low analytical radiochemical 

yield. They proposed that the piperazine displays a Cu-chelating effect and thereby is inhibiting the CuAAC-

iodination.45, 58-61 Several other studies for the formation of 5-iodo-1,2,3-triazoles suggested a variety of reaction 

conditions.58 We wanted to examine this further and designed a small study to evaluate the effect of the copper 

(II) salt, the additive and solvent effect on the formation of the 5-iodo-1,2,3-triazoles, Table 3. Based on the 

literature we selected the following solvents: 1:9 mixture of solvents H2O:t-BuOH, H2O:MeCN and H2O:THF as 

the solvent system. The molar ratio of the reactants alkyne:azide:base:copper salts was 1.0:3.0:1.0:1.0.  
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Table 3: Effect of the solvent, copper (II) salts and additive on the formation of small molecule triazoles using Cu-mediated azide-alkyne 

cycloaddition. 

Entry Solvent Copper source Additive  Isolated yield 1 (%) Isolated yield 5 
(%)a 

1 H2O:tBuOH(1:9)  CuSO4 no base 22 NP 
2 H2O:tBuOH (1:9) CuSO4 TEA  NP 9 
3 H2O:MeCN (1:9) CuSO4 TEA NP NP 
4 H2O:THF (1:9) CuSO4 TEA 8 11 
5 H2O:THF (1:9) CuCl2 TEA NP NP 
6 H2O:tBuOH (1:9) Cu(ClO4)2 TEA 5 3 
7 H2O:THF (1:9) Cu(ClO4)2 TEA 21 28 
8 H2O:THF (1:9) Cu(ClO4)2 K3PO4 48 8 
9 H2O:THF (1:9) Cu(ClO4)2 Cs2CO3 2 12 
10 H2O:THF (1:9) Cu(ClO4)2 DBU NP NP 
11 H2O:THF (1:9) Cu(ClO4)2 K2CO3 35 12 
12 H2O:THF (1:9) Cu(ClO4)2 KOAc 14 34 
13 H2O:THF (1:9) Cu(ClO4)2 KOH 38 37 
14 H2O:THF (1:9) Cu(ClO4)2 KOtBu 37 27 
15 H2O:THF (1:9) Cu(ClO4)2 Pyridine 39 31 
16 H2O:THF (1:9) Cu(ClO4)2

b Pyridine 13 11 
17 THF Cu(ClO4)2 Pyridine NP 6 

aCompound 4 was not detected unambiguously in the HPLC-UV chromatogram b4 equivalents of Cu(ClO4)2 were used 

 

The use of water:t-butanol as solvent and no base resulted in lack of formation of compound 5. The uniodinated 

product 1 was formed in 22% yield. The addition of TEA resulted in 9% formation of product 5. The change of 

solvent to water:acetonitrile gave no increase in yield. The change of copper (II) salt to CuCl2 resulted in no 

product formation. Applying Cu(ClO4)2 with TEA and water:THF gave an increase in yield to 28% for product 5. 

The increase in yield when using Cu(ClO4)2 may be due to the oxidative effect the perchlorate has towards iodine. 

The change of solvent to water:t-butanol did not increase the yield. Having found that water:THF and Cu(ClO4)2 

worked best, a series of bases were tried: KOAc, KOH, KOtBu and pyridine gave increased yields for compound 

5, respectively 34%, 37%, 27% and 31%. An attempt to boost the yield was tried when applying 4 equivalents of 

Cu(ClO4)2, however the yield did not increase. THF alone as the solvent was also tried and did not increase the 

yield. Our main focus was directed to the formation of compounds 1 and 5, however the compound 4 was 

discovered in some entries after a more careful analysis of the reaction mixtures, this was not pursued further.  

After the initial study of the effect of solvent, copper (II) salt and additive our focus was turned towards 

radiolabeling. We applied the same conditions as entry 12, 13 and 15 which gave the surprisingly high analytical 

yield of [123I]-4. This serendipitous discovery of the radioiodination in the 7-position on the benzimidazole was 

investigated further with the addition of a few more bases to ensure consistency in our data. The analytical 
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radiochemical yields were ranging from 48-76%, Table 4. The best yield for the iodination on the triazole of 

compound 5 was found to be pyridine with 11% analytical RCY, Scheme 3. 

Table 4: Analytical radiochemical yields of compound 4  

and 5 with 123I. 

Entr
y 

Base RCY [123I]-
4(%)d 

RCY [123I]-
5(%)d 

1 KOHa 71 5 

2 KOAca 76 2 

3 Pyridinea 68 11 

4 TEAb 65 7 
5 K2CO3

b 48 3 
6 KOHb,c 69 2 
7 Pyridineb,d 59 12 

aExperiments done in duplicates. bOne experiment. 
cNa123I was added before the 2-fluoroethyl azide.  
D4 equivalents of Cu(ClO4)2.. 

 

 

Scheme 3: Radiolabeling of compounds 4 and 5, Cu(ClO4)2, 2-fluoroethyl azide, Na123I, different additives as shown in Table 3, H2O:THF 

(1:9) as solvent, 10 0oC for 1 hour. Reprinted with permission from Richard Fjellaksel, Rune Sundset, Jørn H. Hansen, Patrick J. Riss. Copper-

mediated late stage iodination and 123I-labelling of triazole-benzimidazole bioactives. Synlett. Accepted 16 march, 2018. 

Copyright@Thieme gruppe. 
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5.5 REGIOSELECTIVE IODINATION ON DIFFERENT COMPLEX TRIAZOLE-
BENZIMIDAZOLE BIOACTIVES (PAPER II) 

 

 

As mentioned previously, the regioselective iodination on the 7-position on the benzimidazole part of the 

molecule was a major discovery in this study. We wanted to examine this independent process in comparison 

to the iodination on the triazole. The study of this late-stage iodination was performed using a protocol following 

the same conditions as entry 15 (Table 5) and was applied to several different bioactive compounds. Compound 

2 was formed in 38% yield and compounds 7, 8, 9 and 10 gave 20-29% yields, non-optimized. The moderate 

yield may be explained by the complexity of the test substrates or the inability of the reagents to maintain 

turnover. As a control, the exclusion of Cu(ClO4)2 resulted in no product formation.  

 

Table 5: Regioselective iodination of different GnRH antagonists at the 7-position of the benzimidazole. 

 

Entry R= Isolated 
yield % 
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The major discovery was the direct Cu-mediated late-stage iodination of the benzimidazole, which gave novel 

advanced analogues and an interesting route to iodination for such compounds.  

 

 

5.6 THE ACYLATION-FINKELSTEIN APPROACH AND SYNTHESIS (PAPER III) 
 

The ability of functional groups to participate in intramolecular nucleophilic reaction to neighboring reactive 

centers, which is known as anchimeric assistance, was assessed in paper III. Anchimeric assistance is widely 

known in physical organic chemistry and has been thoroughly studied.62-68 The participation of amide groups in 

this context are sparsely reported in the literature.69 A general and well documented understanding of the amide 

group participation in anchimeric assistance is lacking, even though Garavelli and co-workers reported 

experimental and computational evidence for amide group anchimeric assistance in acid-catalysed ether 

cleavage.70   

  Our main aim here was to assess the acylation-Finkelstein approach for iodination and radioiodination 

of a bioactive model molecule. We also aimed to disclose the mechanism for the involvement of the amide 

group in anchimeric assistance. We have used the combination of experimental and computational techniques. 

The design of the study was based on the experimental comparison between relative rates for the substitution 

depending of chain lengths and the ring size of the activated intermediate electrophile and a detailed 

computational study of the mechanistic details of the processes using density functional theory (DFT) 

calculations. The study would bring fundamental insight into the mechanism of the anchimeric assistance 

participation of the amide group.  

Intermediate 1 was synthesised according to previously published procedures in 37% overall yield from 

2,6-difluoronitrobenzene. In addition, this bioactive template has shown nM binding affinities to the GnRH 
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receptor.52 In addition, the N–H moiety of the test model substrate is highly suitable for acylation chemistry 

which makes compound 1 an ideal model substrate. Compounds 2a-e were synthesized as shown in Scheme 5. 

The key intermediate 1 gave compounds 2a-e in yields from 24-67% when reacted with excess of chloroacyl 

chlorides (3a-e), Diisopropylethylamine (DIPEA) and DMF as solvent, Scheme 4.  
 

H
N

N

N

H
N

1

DIPEA (3 equiv.)

Cl

O
Cl
n

(3 equiv.)

H
N

N

N

N

2a-e

Cl
O

n

3a-e

DMF (22L/mol)
1-18 h, 0,  rt

     n    yield
            (%)
a    1    67
b    2    48
c    3    48
d    4    24
e    5    65

 

Scheme 4: Acylation of key intermediate 1. Reprinted with permission from Richard Fjellaksel, Damir Dugalic, Taye B. Demissie, Patrick J. 

Riss, Ole-Kristian Hjelstuen, Rune Sundset, and Jørn H. Hansen. An Acylation-Finkelstein Approach to Radioiodination of Bioactives: The 

role of amide group anchimeric assistance. Journal of Physical Organic Chemistry 2018, e3835-n/a DOI: 10.1002/poc.3835 

Copyright©John Wiley & Sons Ltd.41 

 

Compounds 4a-e were synthesized with the excess of NaI until full conversion of materials. The isolated yields 

were poor (11-37%), Scheme 5. In an attempt to shorten the reaction time we tried microwave assisted reaction 

for the formation of 4d from 2d, 160 °C and 5 minutes, gave 4d in 26% isolated yield. 1H-NMR showed full 

conversion of all substrates so the poor isolated yield is most likely due to instability issue in the work-up or 

isolation step. Interestingly, we were unable to isolate the expected product 4c, the isolated product was 5 and 

the acyl chain was gone. 

 

 

 

 

https://doi.org/10.1002/poc.3835
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NaI (5-10 equiv.)

H
N

N

N

N

4a-e

I
O

n

H
N

N

N

N

2a-e

Cl
O

n

H
N

N

N

H
N

5 I

Acetone
1-16 h, rt, reflux

     n    yield
            (%)
a    1    32
b    2    37
c    3    NP
d    4    26
e    5    11

 

 

Scheme 5: Finkelstein reactions on chloroamides 2a-e, and the identified compound 5 from the reaction of 2c. Reprinted with permission 

from Richard Fjellaksel, Damir Dugalic, Taye B. Demissie, Patrick J. Riss, Ole-Kristian Hjelstuen, Rune Sundset, and Jørn H. Hansen. An 

Acylation-Finkelstein Approach to Radioiodination of Bioactives: The role of amide group anchimeric assistance. Journal of Physical 

Organic Chemistry 2018, e3835-n/a DOI: 10.1002/poc.3835 Copyright©John Wiley & Sons Ltd.41 

 

5.7 MECHANISTIC ANALYSIS OF THE ROLE OF AMIDE GROUP IN ANCHIMERIC 
ASSISTANCE (PAPER III) 

 

The amide group anchimeric assistance is sparsely reported in the literature.70-71 Therefore, we decided to 

conduct a mechanistic study to gain a deeper understanding of the complexity involved in this phenomenon 

based on experimental and computation analysis. The experimental reaction rates were determined by 

analyzing the relative rates of halide substitution in the substrates. The semi-logarithmic plots of the 

disappearance of the CH2-Cl peak in 1H-NMR versus reaction time where graphically illustrated and the method 

of least square was used to calculate the regression, then calculate the rate constant, Figure 12. The reactions 

were performed in NMR-tubes in deuterated acetone. Compound 2b, 2d, and 2e displayed clear pseudo-first 

order kinetics, Figure 12. The observed rate constants are quite similar, however 2e (0.0612 h-1) were the most 

rapid after 2a which was completed after 10 minutes. The rate constant must be understood by a contribution 

of the two mechanistic pathways direct SN2-substitution and cyclization of the amide (anchimerically assisted).  

 

 

https://doi.org/10.1002/poc.3835


30 
 

 

Figure 12: Semi-logarithmic plots for the disappearance of 2b, 2d and 2e with corresponding linear regression analyses. Reprinted with 

permission from Richard Fjellaksel, Damir Dugalic, Taye B. Demissie, Patrick J. Riss, Ole-Kristian Hjelstuen, Rune Sundset, and Jørn H. 

Hansen. An Acylation-Finkelstein Approach to Radioiodination of Bioactives: The role of amide group anchimeric assistance. Journal of 

Physical Organic Chemistry 2018, e3835-n/a DOI: 10.1002/poc.3885. Copyright©John Wiley & Sons Ltd.41 

 

 

In order to evaluate the observed relative rate constants, we performed computer-aided calculations based on 

density functional theory (DFT). Both of the two mechanistic pathways for the model chain lengths using 

ωB97XD functional,72 6-311G(d,p) basis sets73-74 together with the polarizable continuum model (PCM)75 with 

acetone as a solvent. A simplified molecule was applied, in which the tert-butyl benzimidazole part is replaced 

by a H since this part is likely to not affect the reactive center molecule 6a-e, Scheme 6. 
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Scheme 6: Mechanistic pathways in the conversion of 6a-e model systems to products. Reprinted with permission from Richard Fjellaksel, 

Damir Dugalic, Taye B. Demissie, Patrick J. Riss, Ole-Kristian Hjelstuen, Rune Sundset, and Jørn H. Hansen. An Acylation-Finkelstein 

Approach to Radioiodination of Bioactives: The role of amide group anchimeric assistance. Journal of Physical Organic Chemistry 2018, 

e3835-n/a DOI: 10.1002/poc.3835 Copyright©John Wiley & Sons Ltd.41 

The conversion of 6a into iodinated product clearly follows a classical SN2 pathway due to the lack of stability in 

the ring formation for the hypothetical 3-membered ring. This is supported by the potential energy surface as 

shown in Figure 13. 

 

Figure 13: Potential energy surface (PES) for the conversion of 6a to 7a calculated using ωB97XD/6-311G(d,p)/PCM/acetone. The 

conversion of 6a to 7a follows an SN2 reaction pathway (see the white line). Reprinted with permission from Richard Fjellaksel, Damir 

Dugalic, Taye B. Demissie, Patrick J. Riss, Ole-Kristian Hjelstuen, Rune Sundset, and Jørn H. Hansen. An Acylation-Finkelstein Approach to 

Radioiodination of Bioactives: The role of amide group anchimeric assistance. Journal of Physical Organic Chemistry 2018, e3835-n/a DOI: 

10.1002/poc.3835 Copyright©John Wiley & Sons Ltd.41 

 

Moving to the iodination of molecule 6b, the situation is more complex. The SN2 pathway has a barrier of 29 

kcal/mol and the anchimerically-assisted pathway has a barrier of 28.4 kcal/mol, Table 6. The anchimerically-

assisted pathway is slightly faster, however, at high iodide concentrations the direct substitution could 

predominate. The contributions of both mechanistic pathways could explain the higher rate constant of 2b 

compared to 2d in the experimental part. 2c did not give any product formation; interestingly the computer-

aided calculations could explain the nature of reaction. Compound 2c has a predominant anchimerically assisted 

pathway due to the 7.2 kcal/mol lower free energy barrier. The intermediate is considerably more stable for this 

https://doi.org/10.1002/poc.3835
https://doi.org/10.1002/poc.3835
https://doi.org/10.1002/poc.3835
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molecule than any other is. The relative high-energy barrier for the formation of the iodinated product renders 

is more vulnerable for hydrolysis and other side reactions in the reaction mixture and this would explain the 

observation of the side product 5 containing no acyl group. For molecule 6d the anchimerically assisted pathway 

(22.5 kcal/mol) is predominant due to is lower energy barrier compared to the energy barrier for the SN2 reaction 

(27.2 kcal/mol), Table 6. The intermediate can rapidly react with iodide to form the corresponding product with 

a barrier of only 17.4 kcal/mol. At low iodide concentrations, this pathway is certainly the predominant one. 

Moving to 6e the energy barrier goes up to 25.3 kcal/mol and is quite similar to 6d.  

 

Table 6: Computer calculated energy barriers for the SN2 and anchimerically assisted pathways for the iodination of the substrates 6a-e. 

Molecule  SN2 kcal/mol Anchimercally assisted pathway 

kcal/mola 

6a  25.6 - 

6b  29 28.4 (14.8) 

6c 28.1 20.9 (31.4) 

6d 27.2 22.5 (17.4) 

6e 26.8 25.3 (22.9) 
aIn brackets: Calculated energy barriers for the iodine attack on the intermediate. 
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5.8 RADIOLABELING BY USING ACYLATION FINKELSTEIN APPROACH (PAPER III) 
 

Inspired by Médoc and co-workers who have recently described the use of anchimeric assistance to nearby 

amino groups as a strategy to introduce radioactive fluoride [18F],76  we attempted radiolabeling of compound 

2a to demonstrate the validity of the acylation-Finkelstein approach for the radioiodination. Na123I is delivered 

commercially with water; thereof evaporation of water was performed to maximize the RCY. Compound 2a was 

reacted with Na123I in acetone for 1h in reflux, which gave [123I]-4a in high analytical radiochemical yield 80%, 

Scheme 7.  

 

         Scheme 7: Radiochemical yields (RCYs) observed for [123I]-4a. 

 

The identity of the compound was confirmed by radio-HPLC, Figure 14. Radiolabeling must have a reasonable 

reaction rate and compound 2a underwent radioiodination at a high rate. However, the weakness with α-iodo 

substrate is that it is reactive and may be deiodinated in physiological settings. As such the longer chain 

analogues may be more stable in physiological settings in order to retain the iodine for a longer time. The 

longer chained ones are however slower in reaction time and not as suitable for radiolabeling. However, we 

applied microwave-assisted reaction to overcome this challenge and all substrates 2b, 2d and 2e showed full 

conversion, measured by 1H-NMR, rates only after 5 minutes in microwave. This would render the longer 

chained ones more accessible for radiolabeling with iodine and due to the slower reaction rates we could 

expect them to be more tolerable in physiological settings.   
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Figure 14: Analytical radiochromatogram of compound [123I]-4a compared to HPLC-UV (214nm) trace of cold 4a reference. 
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5.9 IN VITRO EVALUATION OF TWO BIOACTIVE TRIAZOLE-BENZIMIDAZOLE 
GnRH-ANTAGONISTS AS SPECT RADIOTRACERS – INTRODUCTON AND STUDY 
DESIGN (PAPER IV) 

 

In this paper, we have performed the in vitro evaluation of two bioactive triazole-benzimidazole GnRH-

antagonists. On the basis of the previously reported GnRH-antagonists 1 and 2 (paper I) we developed 

compound 3 and 4 were we disclosed the synthesis, radiolabeling and binding affinity to the GnRH-R, Figure 

15.52, 77 All of these molecules have nM affinity to the GnRH-R and are designed to be possible imaging agents. 

In this study we have evaluated compounds 3 and 4 as possible imaging agents. Their serum stability in rat and 

human serum, the metabolic profiling in rat and human liver microsomes and autoradiography where evaluated 

for these compounds before preclinical trials.    

 

 

Figure 15: Previously disclosed compounds1 and 2 from the initial study (paper I)52, compounds 3 and 4 were developed in the continuation 

of the initial study (Paper II).77 

 

 

5.10  SERUM STABILITY STUDIES (PAPER IV AND PAPER V) 
 

Serum stability of compounds 3 and 4 from paper IV (Figure 15) was analysed by LC-MS, Table 7. The 

compounds were found stable with more than 70% in rat serum, and more than 84% in human serum, of the 

original compound remaining after 22 hours, respectively. The serum stability study confirmed sufficient 

stability for imaging. 
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          Table 7: Stability of compound 3 and 4 in rat (rSerum) and human  

          serum (hSerum) (Paper IV).  

Time 
(minutes) 

Compound 3 (%) 
hSeruma  rSeruma 

Compound 4 (%) 
hSeruma  rSeruma 

0 100 100 100 100 
30 97 98 109 101  
60 107  92 99 94 

120 103  81 106  98 
1320 84 70 91 86 

                        aStability given as the mean of two independent experiments. 
 
 
 
 

 
Compound 1 from paper V (Figure 23) was analysed for stability by LC-MS in saline, rat and human serum, Table 

8. The stability measurements in saline showed that after 1 hour, 46% of the compound remained, after 120 

minutes 10% and after 1320 minutes only 2% of the compound remained. Furthermore, the LC-MS 

measurements revealed that for rat and human serum 50% of compound 1 remained and after two hours 23% 

(human serum) and 30% (rat serum) of the compound remained, respectively.  

 

Table 8: Stability of compound 1 in human and rat serum (Paper V), n=3. 

Time 
(minutes) 

Human serum 
(%) 

Rat serum 
(%) 

 Salinea  

(%) 

0 100 100  100 
10 88±1.6 86±7.3  - 
30 74±8.1 82±11.5  - 
60 52±1.5 44±5.5  46 

120 23±1.6 30±4.8  10 
240 3±0.3 8±1.6  - 

1320 0 0  - 
1440 - -  1.6 

 
 

These results indicate that compound 1 possess serum stability sufficient for imaging. 
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5.11 METABOLIC PROFILING (PAPER IV) 
 

In addition to the serum stability analysis we performed a metabolic profiling for compounds 3 and 4 (paper IV). 

MS/MS fragmentation for compounds 3 and 4 were identified by LC-MS/MS shown in Figure 16. The 

fragmentations of the metabolites were then identified based on the fragmentation of the parent compounds, 

and the structures were partly determined. MS/MS spectra with structural information of metabolites can be 

found in the supporting information. Molecular ions and main fragment ions of the metabolites are given in 

Table 9 and Table 10. 

 

 

 

Figure 16: Structural information obtained by LC-MS/MS. MS/MS spectrum of compound 3 to the left and compound 4 to the right. 

Major product ions are shown in the structures as mass to charge ratio (m/z).  

 

Major fragment ions for compound 3 were identified as m/z 560, 497, 473 and 418. The fragment ion m/z 560 

is a loss of two nitrogen’s, most likely from the triazole-ring. The m/z 497 fragment is probably due to a 

fragmentation of the triazole-ring where the fluoroethyl group in addition is lost, while the fragment m/z 473 is 

most likely loss of the entire triazole-ring including the fluoroethyl group. Signal m/z 418 is probably a 

fragmentation of the piperazine. 
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The metabolites from compound 3 were identified as M1 m/z 604 (hydroxylation), M2 m/z 578 (hydration and 

two demethylations), M3 m/z 584 (two sequential desaturations), M4 m/z 461 (loss of the fluoroethyl-group) 

and M5 m/z 477 (hydroxylation and loss of the fluoroethyl-group) as shown in Table 9.  

M1 shows a typical difference of 16 amu compared to compound 3 m/z 588, which presumably is a 

hydroxylation. The MS/MS spectrum shows a fragment signal at m/z 576, equal to fragment m/z 560 of 

compound 3. The signal at m/z 489 and m/z 434 is equal to the signal m/z 473 and m/z 418 of compound 3. M2 

is 10 amu less than for compound 3 m/z 588, most likely due to hydration and two demethylations. The signal 

at m/z 461, m/z and 434 is equal to m/z 473 and m/z 418 for compound 3. The signal m/z 307 is equal to m/z 

418 for compound 3, most likely without iodine on the benzimidazole. The signal m/z of 295 is equal to the 

fragment m/z 418  for compound 3, however most likely with the additional loss of 12 amu, which is probably a 

loss of a carbon nearby the nitrogen in the piperazine. The metabolites M3, M4 and M5 were identified by the 

LC-MS analysis of the fragment ion and additionally by the Metabolyx software.  

 

 Table 9: Compound 3 incubated with human liver microsomes. Structural information obtained by LC-MS and LC-MS/MS of metabolites. 

Identity Retention 

time 

(minutes) 

[M+H]+ Metabolite description Major fragment ions (m/z)a 

3 4.01 588 Parent 560, 497, 473, 418, 

M1 3.05 604 3 [+OH] 576, 489, 434 

M2 2.91 578 3 [+H2O-CH2-CH2] 461, 434, 307, 295 

M3 3.82 584 3 [two sequential desaturations] * 

M4 3.79 461 3 [-C5H6N3F] * 

M5 2.82 477 3 [+OH-C5H6N3F] * 

*Unable to obtain reliable MS/MS data due to too low concentration. aIn bold diagnostic fragment ions 

 

 

There is a remarkably similarity between metabolism by rat and human liver microsomes for compound 3, as 

shown in Figure 17. Notably, compound 3 is metabolised at a slightly lower rate in human liver microsomes 

compared to rat liver microsomes. The maximum amount of M1 is produced within 15-30 minutes. In addition, 

M1 and M2 is produced at a lower rate in human- than in rat- liver microsomes. Additionally, the half-life of 

compound 3 incubated in human liver microsomes was found to be 43 minutes and for rat liver microsomes 47 

minutes.  The metabolites M3-M5 were produced in minor amounts (Figure 17).  
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Figure 17: Metabolic transformation of compound 3 with metabolites. Upper graph presents the compound 

incubated with human liver microsomes and the lower graph with rat liver microsomes. The experiment 

was performed as two independent experiments with four injections on LC MS-MS. 

 

The ion chromatograms for the compound 3 and metabolites M1-M6 are shown in Figure 18. The increase in 

the metabolites are seen at the selected time points 15 and 180 minutes for compound 3.   
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Figure 18: Ion chromatogram for compound 3 incubated with human liver microsomes at time points 0, 15 and 180 minutes.  
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For compound 4 the fragmentation by LC-MS/MS revealed the major fragment ions as m/z 560, 347, 292, 226 

and 180. Similarly as for compound 3, the loss of two nitrogen’s probably resulted in the fragment signal of m/z 

560 from compound 4. The m/z 347 fragment ion is most likely a loss of triazole with the fluoroethyl group in 

addition to the loss of iodine. The signal m/z 292 is possibly due to a cleavage of the piperazine. The m/z of 226 

and 180 is most likely a fragmentation in the triazole, the signal at m/z 226 is probably fluoroethyl group is still 

present.  

The metabolites from compound 4 were identified as M1 m/z 604 (hydroxylation), M2 m/z 478 

(hydroxylation and deiodination), M3 m/z 335 (loss of the triazole with the fluoroethyl group in and iodine), M4 

m/z 558 (hydroxylation and loss of the fluoroethyl group), M5 m/z 578 (hydration and demethylation), Table 10.  

M1 show a difference of 16 amu from compound 4, which most likely is hydroxylation. Furthermore, 

fragment ions of M1 corresponds to a large degree on the fragments of compound 4 (fragment m/z 363 

corresponds to m/z 347, fragment m/z 308 corresponds to m/z 292, fragment m/z 226 corresponds to m/z 226 

and fragment m/z 180 corresponds to m/z 180). M2 (m/z 478) is probably hydroxylated in addition to a 

deiodination. The fragment ions of M2 corresponds to a large degree on the fragments of compound 4 (fragment 

m/z 363 corresponds to m/z 347, fragment m/z 308 corresponds to m/z 292). In addition signals m/z 226 and 

m/z 180 are missing, which most likely makes iodine on the triazole important for the fragmentation. M3 (m/z 

335) is most likely the loss of the triazole with the fluoroethyl group and the iodine. The fragment ions for M3 

corresponds to a large degree on the fragments for compound 4 (fragment m/z 292 corresponds to m/z 292, 

fragment m/z 277 and m/z 262 corresponds to m/z 292, most likely due to the loss of one CH2-group and 

subsequently another CH2-group. In addition the signals m/z 226 and m/z 180 is missing here as well, again 

indicating the importance of the iodine on the triazole for the fragmentation. M4 corresponds to the signal m/z 

558, which is probably a hydroxylation with the loss of the fluoroethyl group at the triazole. Additionally, the 

fragment ions for M4 corresponds to a large degree on the fragments for compound 4 (Fragment m/z 402 

corresponds to m/z 560 for compound 4 with the additional loss of iodine, fragment m/z 351 corresponds to 

347, however with the additional loss of a carbon, m/z 308 corresponds to m/z 292, fragment ion m/z 277 

corresponds to m/z 292, most likely due to the loss of one CH2-group). The signal for M5 (m/z 578) is most likely 

hydration and demethylation. The fragment ions for M5 corresponds to a large degree to the fragment ions for 

compound 4 (signal m/z 337 corresponds m/z 347,  m/z 308 corresponds to m/z 292, m/z 226 corresponds to 

m/z 226 and m/z 180 corresponds to m/z 180). M6 corresponds to the signal m/z 542, which probably is a 

fragmentation of the fluoroethyl group. The fragment ions for this metabolite correspond also to a large degree 

on the fragment ions for compound 4 (The m/z 386 is probably the loss of iodine and two nitrogen’s. The m/z 

335 corresponds to m/z 347 with the additional loss of a carbon, signal m/z 292 corresponds to m/z 292.  The 

m/z 278 and m/z 266 corresponds to m/z 292 (difference of 12 amu) is most likely due to a fragmentation on 

the piperazine where only a nitrogen is left for m/z 266.  
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Table 10: Compound 4 incubated with human liver microsomes. Structural information obtained by LC-MS and LC-MS/MS of 

metabolites in human microsomes. 

Identity Retention 

time 

(minutes) 

[M+H]+ Metabolite description Major fragment ions (m/z)a 

4 3.17 588 Parent 560, 347, 292, 226, 180 

M1 2.26 604 4 [+OH] 560, 363, 308, 226, 180 

M2 1.98 478 4 [+OH-I+H] 363, 308,  

M3 2.52 335 4 [-C5H5N3FI] 292, 277, 262,  

M4 2.16 558 4 [+OH-C2H3F] 402, 351, 308, 277 

M5 2.08 578 4 [+H2O-CH2-CH2] 337, 308, 226, 180 

M6 3.07 542 4 [-C2H3F] 386, 335, 292, 278, 266 
aIn bold diagnostic fragment ions 

 

The metabolism of compound 4 is quite similar in human and rat liver microsomes. However, it seems like the 

metabolism is a bit slower in rat liver microsomes than in humans liver microsomes for compound 4, Figure 19. 

The main metabolites are M1, M2 and M4. More M1 is formed than M2 and M4 in human and rat liver 

microsomes. The minor metabolites were M3, M5 and M6. Additionally, the half-life for compound 4 incubated 

in human liver microsomes was found to be 64 minutes and for rat liver microsomes 86 minutes.  
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Figure 19: Metabolic transformation of compounds 4 incubated with rat and human liver microsomes. 
The results are from two different experiments with four injections on LC MS-MS. 

 

   

The ion chromatograms for the compound 4 and metabolites M1-M6 are shown in Figure 20. The increases in 

the metabolites are seen at the selected time points 15 and 180 minutes for compound 4.   
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Figure 20: Ion chromatogram for compound 4 incubated with human liver microsomes at time points 0, 15 and 180 minutes. The 
increase of metabolites M1-M5 are shown in the comparison to the decrease of the concentration of compound 4 
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The metabolic profile identified five metabolites for compound 3 and six metabolites for compound 4. In the 

light of the metabolic profiling, the metabolism for compounds 3 and 4 both in rat- and human- liver microsomes 

were found suitable as imaging agent in human and rat. The metabolic half-life was found to be 43 minutes 

(human liver microsomes) and 47 minutes (rat liver microsomes) for compound 3. The half-life for compound 4 

incubated in human liver microsomes was found to be 64 minutes and for rat liver microsomes 86 minutes. Even 

though the half-life for compound 4 is a bit longer than compound 3, the half-life’s for both compounds are 

more than sufficient enough for imaging agents. 

 

5.12 IN VITRO AUTORADIOGRAPHY (PAPER IV) 
 

The potential for compounds 3 and 4 to bind to GnRH-R in rat brains were performed in paper IV. Initially, we 

designed an indirect autoradiography study of binding to rat brain sections. Which means that the competitive 

agonist [125I]-[D-Trp6]-LH-RH were incubated with the GnRH-R first and then compounds 3 and 4 were incubated 

with the GnRH-R so that they could compete for the binding to the GnRH-R. The images show the bound 125I[D-

Trp6]-LH-RH in competition with compounds 3 and 4. Compound 3 showed a decrease in signalling when 

increasing amounts (from 0.1 nM to 100 mM) of compound 3 were added, Figure 21. There is a clear diminution 

of the activity; not even at concentration of 100 mM compound 3 is able to inhibit totally the binding of the 

hormone. Compound 4 shows a decrease in signalling when increasing amounts of compound 4 were added. 

Compound 4 shows a stronger inhibition of the binding of the hormone to the brain sections already at a 

concentration of 1 nM of and almost no activity when in competition with 10 mM. This is in consistency with 

our competitive binding assay where compound 3 have a Ki of 82 nM and compound 4 a Ki of 12.9 nM. 
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Figure 21: Example of initial autoradiography showing the competition of compounds 3 and 4 against the competitive 

agonist  125I[D-Trp6]-LH-RH, n=3.  

 

 

To confirm our results in the indirect autoradiography study of compounds 3 and 4 we radiolabeled compound 

4 with 123I as previously described (paper II) and performed an direct autoradiography study in rat brain sections, 

Figure 22. By directly labelling the 4 with 123I we were able to visualize the binding in the rat brain region.  

 

  

Figure 22: Autoradiography of [123I]-4 in rat brain, n=1. 
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5.13 IN VIVO EVALUATION OF [123I]-1-(4-(2-(4-tert-butylphenyl)-1H-
benzo[d]imidazol-4-yl) piperazin-1-yl)-2-iodoethanone (Paper V) – STUDY 
DESIGN 

 

Initially the reactive compound [123I]-1 was not found to be stable enough for physiologically settings. However, 

literature findings of similar compounds S70254 and SD6 (Figure 23) initiated further investigation of compound 

1. Legros and co-workers reported the discovery and receptor specificity evaluation of S70254 and SD6 by cell 

membrane binding assay, tissue membrane saturation assays and in vitro autoradiography of rat and sheep 

brain and retina.78-79 Paper V is based on the study of the α-halogenated compound-1 and its suitability for in 

vivo testing, followed by in vivo evaluation. The serum stability was the prerequisite for further investigations 

on SPECT-CT imaging and biodistribution.80  

 

 

Figure 23: Structural comparison between [123I]-1, S70254 and SD6.  
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5.14 IN VIVO EVALUATION OF [123I]-1-(4-(2-(4-tert-butylphenyl)-1H-
benzo[d]imidazol-4-yl) piperazin-1-yl)-2-iodoethanone (Paper V) –
SPECT/CT IMAGING AND BIODISTRIBUTION 

 

The SPECT images were evaluated visually for the uptake in the brain region, Figure 24. An uptake in the thyroid 

and nose can be seen on pictures A and B. However, we were not able to visually confirm any uptake in the brain 

region for compound [123I]-1 and Na123I. Intraperitoneal injections were tried to evaluate the possible 

accumulation of the compound, however no visual difference were seen in any of the SPECT images. 

 

 

Figure 24: SPECT Images of male Wistar rat brain. A: Injection of Na123I. B: Intra venous injection of compound [123I]-1 C: Intraperitoneal 

injection of [123I]-1. 

 

To investigate this further, we designed a semi quantitative study to evaluate the uptake. Three volumes of 

interests (VOI), namely brain, non-brain and background region were selected, Figure 25. The intensity for these 

regions was determined and evaluated for difference. The intensity ratio for the signal between brain to non-

brain and brain to background values for Na123I were compared with the intensity ratios for 123I-1. The statistical 

analysis showed no significant differences, paired two-tailed t-test (GrapPad Prism software). 

 

 

 

Figure 25: A: The areas selected for the VOIs where brain, non-brain and background were selected. B: Comparison of the selected VOIs 

measured as intensity which was used to analyze the difference for compounds [123I]-1 and Na123I, n=3.  
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The biodistribution study for 1 hour post i.v. injection revealed a high uptake in the thyroid (1.2% ID/g) and 

stomach (3.6 %ID/g), uptake in brain was only 0.03 %ID/g. We also performed a biodistribution of Na123I 1 hour 

post i.v. injection since we were not able to find literature discussing the biodistribution of Na123I in male Wistar 

rats, Table 11. The uptake for Na123I in the thyroid was 3.6 % ID/g. The statistical paired, two-tailed t-test showed 

no statistical difference between [123I]-1 and Na123I for the uptake in any organs.     

 
              Table 11: 123I-1 and Na123I biodistribution 1h post i.v. injection  

Organs Na123I %ID/g SD± 123I-1 %ID/g SD± 

Blood 0.66 0.19 0.54 0.22 

Urine 1.07 0.34 0.70 0.57 

Bladder 0.45 0.16 0.35 0.14 

Heart 0.24 0.08 0.22 0.10 

Thyroid 3.59 2.63 1.21 1.48 

Thymus 0.19 0.06 0.16 0.07 

Saliv. Glands 0.25 0.08 0.22 0.12 

Lungs 0.37 0.08 0.33 0.16 

Pancreas 0.22 0.10 0.21 0.13 

Spleen 0.27 0.08 0.24 0.10 

Kidneys 0.37 0.10 0.34 0.19 

Large I 0.32 0.08 0.30 0.14 

Small I 0.57 0.11 0.93 0.89 

Stomach 3.40 1.63 3.62 1.70 

Feces 0.23 0.23 0.07 0.04 

Brain 0.04 0.01 0.03 0.00 

Bone 0.30 0.09 0.33 0.20 

Liver 0.25 0.07 0.25 0.08 

Muscle 0.14 0.06 0.11 0.05 

Skin 1.24 1.18 0.38 0.29 

Fat 0.06 0.03 0.09 0.03 

Testis 0.25 0.08 0.21 0.11 
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The focus was then directed to the injection techniques and a possibility of accumulation in the brain region. 

Intraperitoneal injection was then performed and biodistribution determined 2 and 5 hours post injection, Table 

12. The biodistribution 2 hours post i.p. injections show an increase of uptake in the thyroid to 5.8% ID/g and 

after 5 hours to 13.1% ID/g and a decrease in the brain region from 0.02% ID/g to 0,01% ID/g.  

 

 

      Table 12: 123I-1 biodistribution 2h and 5h post i.p injection 

Organs 2h post i.p. %ID/g SD± 5h post i.p. %ID/g  SD± 

Blood 0.34 0.012 0.19 0.005 

Urine 0.14 0.053 0.84 0.524 

Bladder 0.32 0.094 0.26 0.087 

Heart 0.15 0.026 0.08 0.005 

Thyroid 5.79 1.957 13.14 1.809 

Thymus 0.12 0.019 0.07 0.009 

Saliv. Glands 0.13 0.009 0.08 0.005 

Lungs 0.21 0.005 0.12 0.012 

Pancreas 0.51 0.257 0.09 0.025 

Spleen 0.16 0.022 0.09 0.005 

Kidneys 0.18 0.005 0.11 0.005 

Large I 0.20 0.054 0.35 0.323 

Small I 1.49 0.947 0.20 0.109 

Stomach 2.47 0.893 1.64 0.836 

Feces 0.05 0.012 0.81 1.117 

Brain 0.02 0.000 0.01 0.000 

Bone 0.14 0.005 0.08 0.005 

Liver 0.15 0.012 0.10 0.008 

Muscle 0.06 0.005 0.03 0.005 

Skin 0.26 0.042 0.18 0.040 

Fat 0.07 0.042 0.14 0.189 

Testis 0.13 0.000 0.10 0.005 
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Despite our predictions of the reactive nature of α-halogenated amides, compound 1 was stable sufficiently long 

for a validation of its in vivo effects. The compound was initially validated in saline, human and rat serum. The 

biodistribution study in rat compared with Na123I and the SPECT analysis did not show any statistical significant 

differences. Unfortunately, compound-1 did not show any uptake in the brain region despite the promising 

stability analyses and literature data. Compound-1 is therefore not suitable as a SPECT radiotracer. Further 

studies for similar compound with longer chain lengths are planned and our kinetics findings indicates far more 

robust compounds.41 

 

6 CONCLUSIONS 
 

We have synthesized a library of possible GnRH-R antagonists where several compounds were found to have 

good affinity for the GnRH-R. In addition, the thermodynamic solubility assay showed improved solubility. These 

compounds were designed to apply the late stage Cu-mediated Azide-Alkyne cycloaddition (CuAAC) mediated 

radiolabeling. In the second paper, the CuAAC was evaluated to include iodine. 123I was used as a radionuclide 

and radiolabeling was performed in 76% and 11% analytical radiochemical yield for compound 4 and 5 in paper 

II (Scheme 3), respectively. Furthermore, a thorough mechanistic analysis of the anchimerically assisted 

Finkelstein reaction for the participation of amide neighboring group was disclosed. Compound 2a from paper 

III (Scheme 4) was successfully radiolabeled using this method in 80% analytical radiochemical yield and 17% 

isolated radiochemical yield, respectively. In vitro evaluation of compound 3 and 4 from paper IV (Figure 15) 

were performed to evaluate these compounds prior to preclinical trials. Serum stability demonstrated stable 

compounds. A metabolic profiling (phase I) examined the metabolism performed by human and rat liver 

microsomes and found the compounds sufficient stable for imaging. In addition, autoradiography demonstrated 

binding of the compound to the rat brain. The two compounds (3 and 4) from paper IV (Figure 15) were found 

highly suitable for further preclinical evaluations. In addition, compound 1 from paper V (Figure 23) was 

evaluated in vivo and found not suitable as a radiotracer in the brain region partly due to its reactivity and 

inability to pass the blood brain barrier.  

In light of these findings, several new GnRH-antagonists have been developed and have been found to have 

desirable characteristics as radiotracers radiolabeled with 123I. The in vitro investigation showed promising 

results for further trials. As a concluding remark the work in this thesis indicated the high potential these GnRH-

receptor antagonists have as radiotracers for pathophysiologic examination of AD and warrant further 

examination in preclinical trials which are expected to confirm their potential. 
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7 FURTHER PROSPECTS 
 

Although several interesting molecules have been developed during this project, there are still several 

potentially interesting molecules to radiolabel and evaluate as possible radiotracers for the early detection of 

AD. In order to confirm the potential of these compounds more animal studies are strongly recommended. 

Moreover, the possibility of using 18F, 124I and 131I should be closely evaluated.  
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Jørn H. Hansenc and Patrick J. Rissefg

In this communication, we report the synthesis and characterization of a library of small molecule antago-

nists of the human gonadotropin releasing hormone receptor based upon the 2-(4-tert-butylphenyl)-4-

piperazinyl-benzimidazole scaffold via Cu-catalysed azide alkyne cycloaddition. Our main purpose was to

find a more soluble compound based on the WAY207024 lead with nanomolar potency to inhibit the

GnRH receptor. A late stage diversification by the use of click chemistry was, furthermore developed to al-

low for expansion of the library in future optimisations. All compounds were tested in a functional assay to

determine the individual potency of inhibiting stimulation of the receptor by the endogenous agonist

GnRH. In conclusion, we found that compound 8a showed improved solubility compared to WAY207024

and nanomolar affinity to GnRH receptor.

Gonadotropin-releasing hormone (GnRH) is a peptide
hormone secreted from the hypothalamus into the
hypophysial portal bloodstream. Once in circulation, the
peptide acts as an endocrine signalling hormone mediating
release of follicle stimulating hormone (FSH) and luteinizing
hormone (LH) via gonadotropin-releasing hormone receptor
(GnRHR) activation in the pituitary gland. LH and FSH di-
rectly regulate gender-specific production of androgens, estro-
gens, progesterone and inhibin in the gonads. The regulatory
circuit is closed by the permeability of the blood–brain barrier
to steroid hormones such as estrogen and testosterone, which
form negative feedback loops. GnRH, LH and FSH are un-
likely to permeate the blood–brain barrier, thus impeding any
regulatory feedback on hormone balance, which substantiates
the impact of testosterone and estrogen on neurochemical

correlates of their respective effects on social behaviour,
decision-making and ageing. The hypothalamic–pituitary–go-
nadal (HPG) signalling circuit is key to gender hormone ho-
meostasis, which can lead to substantial implications in cog-
nitive and behavioural traits.1–4

GnRH agonists are well-established pharmaceuticals used
at low dose to stimulate hypofunctional GnRH in
hypogonadism. At high dose, GnRH agonists deplete GnRH
receptor function in the pituitary, limiting LH and FSH secre-
tion and thereby the levels of androgens and estrogens in cir-
culation and suppressing hormone production completely.
GnRH receptor agonists play an important role in clinical
care, e.g. in the treatment of hormone responsive cancer, re-
productive diseases and for behavioral modification of sexual
offenders via these mechanisms. However, GnRH agonists
cannot address mild GnRH overfunction, which would re-
quire attenuation of the signaling circuit, rather than stimu-
lation or depletion. To address this shortcoming, GnRH an-
tagonists have attracted considerable attention in recent
years specifically to treat diseases, which require some reduc-
tion of GnRH stimulation.5–8

We were interested in the development of a GnRH antago-
nist of moderate potency to address cognitive and behavioral
correlates of GnRH-R attenuation. In our reasoning, a revers-
ibly binding antagonist would reduce gonadal
overstimulation by limiting the availability of binding sites
by competition with the agonist. Thereby, the central effects
of testosterone and estrogen would be buffered, while hor-
mone homeostasis would be preserved. Small molecule an-
tagonists of GnRHR are particularly interesting due to their
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direct, dose dependent inhibition of GnRH activity, lack of
stimulatory side effects on the receptor and superior passive
permeability into tissues relative to peptide agonists.

Several classes of small molecule antagonists have been
developed previously. Pelletier and co-workers reported a
2-(4-tert-butylphenyl)-4-piperazinyl-benzimidazole-scaffold as a
small molecule antagonist of the GnRHR with nanomolar in-
hibition potency, albeit low solubility was cited as a short-
coming by the authors.9,10 Further optimization lead to the
discovery of the slightly more soluble WAY 207024 compound
as shown in Fig. 1.11

Based on these results, we have designed a novel library of
potential antagonists addressing the following criteria:

a) A late stage diversification approach based on the
1,3-triazole motive to facilitate straightforward structural
modification.

b) A moderate potency permitting competition of the li-
gand in circulation with endogenous GnRH for GnRHR bind-
ing sites, which would make GnRH activation subject to both
GnRH concentration and the concentration of the inhibitor
in tissue.

c) Improved solubility in aqueous media to improve bio-
availability and pharmacokinetic profile of the lead.

Fig. 1 shows the title scaffold and some relevant properties
discussed herein. As apparent from the high partitioning coeffi-
cient logP, the compound is highly lipophilic, which may ham-
per solubility in aqueous formulation as well as non-specific
binding of the compound in vivo. In previous studies, it was
found that the body of the scaffold (blue oval, A) is central to
binding selectively the GnRH receptor, whereas structural mod-
ifications in the upper section of the lead (green oval, B) with
planar, hydrogen bonding functional groups were found to be
beneficial for modulating antagonist potency.

We surmised that the 1,3-functionalised triazole moiety
would resemble well the planar geometry required for suc-
cessful structural modification and simultaneously allow for
introducing a broad spectrum of structural variations in the
last synthetic stage using one robust reaction. Since the 1,3-
functionalised triazole is obtained via the Cu-catalysed azide-

alkyne cycloaddition reaction, we opted for working with a
building block based on A to obtain an alkyne substrate for
the reaction.

The overall design strategy in this communication was to
generate triazoles from different functionalized azides that
would be beneficial for the potency to inhibit the GnRH re-
ceptor while improving the aqueous solubility. We incorpo-
rated a variety of azides via click chemistry, including sugar
moieties, which have been thoroughly demonstrated to effect
favourable solubility characteristics and are discussed exten-
sively in the literature.12–15 Furthermore, the reduced solubil-
ity of the alkyl and aromatic azides would also counteract our
intention to improve aqueous solubility through reducing
clog P (and hence, the bioavailability and pharmacokinetically
desirable profile).

The desired intermediate (7) was synthesised in 19% over-
all yield over six steps on a multigram scale. In brief, 2,5-
difluoronitrobenzene was converted to phenylene diamine 4
over three steps as described previously.9 Contrary to the
published method, we found that the oxidative conversion of
4 into imidazole 6 proceeded smoothly in absence of a transi-
tion metal catalyst with air as the oxidant. The observation of
6b as a minor by-product suggests a Cannizarro-like side re-
action.16 The route is shown in Scheme 1.

A further modification was made relative to literature to
facilitate cleavage of the BOC protecting group. Substitution
of the TFA used originally with HCl in dioxane gave a
colourless solid instead of an oily product, which benefits the
scalability of this route. Notably, compound 4 is fully
converted into heterocyclic products, although the competing
formation of 6b in about 8% yield limits the overall yield of
6a to 75% over two steps. Intermediate 7 was synthesized by

Fig. 1 Key properties and molecular structure of WAY 207024, the
lead compound for GnRH antagonist development. A (blue oval)
depicts the scaffold body; B (green oval) depicts the moiety of interest
for further structural optimization. IC50 – concentration to inhibit
GnRH binding to the receptor by 50%. hGnRH – human GnRH
receptor. rGnRH – rat GnRH receptor. PSA – polar surface area in Å2.
cLogP – calculated octanol–water partitioning coefficient. Scheme 1 Synthetic route to alkyne intermediate 7.
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alkylation with propargyl bromide in dry DMF using potas-
sium carbonate as base in 51% yield to furnish the desired
substrate 7 for azide alkyne cycloaddition.

With a robust and high yielding route to gram amounts of
7 in hand, further diversification using the copper-catalysed
azide-alkyne cycloaddition (CuAAC) reaction with a range of
commercially available azide substrates became possible. See
Scheme 2 for an overview.

Since products 8a–8j were obtained in more than suffi-
cient yields for biological testing following a published proto-
col, no attempts to optimise the reaction were made at this
point.

Following synthesis and characterisation, inhibition of re-
ceptor activation by LHRH/GnRH was measured in division
arrested cell lines from Multispan Inc. stably expressing func-
tional hGnRH receptors. As described in the literature, the
solubility of 1 and some of its derivatives is rather poor,
which lead to a cut-off at 5 × 103 nM for the maximum con-
centration in the cell culture assay. Compounds insoluble in
DMSO at 10 mM were dropped from testing. Nonetheless,
concentration dependent competition studies were
performed in vitro in presence of 5 nM LnRH antagonist with
the remainder of derivatives. Compounds showing a pIC50 >

5 were tested again over a wide range of concentrations (loga-
rithmic, 0.1–103 nM). A one-site competitive inhibition model
was found to work best for fitting of the data curves. To

Scheme 2 Diversification of the scaffold body using CuAAC.

Fig. 2 Investigated molecular entities, isolated yields, inhibition potency, inhibition constant and properties computed for evaluation. For
comparison, test results of lead 1 (green box) and positive controls 8k and 8l should be considered. aReference value from literature.17,18 IC50

values are given as the geometric mean of two experiments, see ESI† for details. Ki was calculated from mean value using the Cheng–Prusoff
equation (Ki = IC50/(1 + [L]/Kd)).19 cReplicated twice with broader range of concentrations. dBased on single experiment.
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evaluate the obtained inhibition potency values and to vali-
date the assay, we included the well-described, commercially
available GnRH antagonists T98475 (8k) and AG04557 (8l) as
independent, positive controls and the metabolically stable
peptide agonist buserelin as negative control. The lead com-
pound WAY207024 (1) was included as a reference in the cell
assay. All IC50 values obtained for each test compound in the
concentration dependent screening were converted into Ki

values using the equation of Cheng and Prusoff.15

As illustrated in Fig. 2, compounds derived from 1 using
CuAAC were found to exhibit competitive antagonism
against the endogeneous agonist GnRH. While alkyl pipera-
zines 7a and 7b show only moderate potency, 21 and 43-fold
lower than 1, respectively, their clogP values are lower than
that of 1, which results in higher solubility (>100 nM). In
line with our working hypothesis, the introduction of a pla-
nar triazole-core has a positive effect on potency. The
2-fluoroethyl triazole 8a is equally potent as 1, Interestingly
the thermodynamic solubility assay showed that 8a is 1.5
times more soluble than 1, 3 μg ml−1 at pH 7.4 (phosphate
buffered saline) and 2.098 mg mL−1 at pH 1.2 (simulated gas-
tric fluid) which was indicated by the lower clog P-value. The
introduction of an N-BOC-Ala functionalised triazole 8b fur-
ther improves polarity, albeit at the cost of a drop of one or-
der of magnitude in potency. While these results may indi-
cate that the triazole moiety is a useful pharmacophore, its
vicinity was found to be much less tolerant to the introduc-
tion of pyranose moieties (8c–f), which was attempted to im-
prove solubility. While these sugar derivatives lead to a major
improvement of polarity as indicated by clogP values be-
tween 2 and 5, their potency to inhibit GnRH binding
dropped out of the desired range. Masking the polyol as a
tetraacetate (8c) helped with retaining potency, which does
not bode well for making use of the solubility improvement
by glycosylation. However, when varying the azide component
to a synthetic glycoside to obtain 8g, a viable compromise be-
tween solubility and inhibition potency was obtained. Deriva-
tive 8g was measured to be soluble at pH 1.2, 1.2 mg ml−1

and <1 μg ml−1 at pH 7.4. With a potency of 38 nM, barely
threefold lower than that of 1, this hit may create an opening
for further exploration using a library of diverse analogues of
8g. Products 8h–j, obtained from aromatic and hetero-
aromatic azides and 7, did not lead to increased solubility or
affinities compared to WAY207024.

In conclusion, 18 analogues were synthesized using an ap-
proach of late-stage diversification via CuAAC and evaluated
for potency to inhibit hGnRHR activation. While molecular
diversity can easily be introduced into the scaffold body via
this route few compounds with hGnRH inhibition potency in
the desired range were identified indicating limited tolerance
for structural modification in the vicinity of the triazole. The
pyranose derivatives did not give the desired inhibition to the
GnRH receptors neither did the less soluble compounds 8h
and 8i. Nonetheless, compounds 8a and 8g emerge as highly
promising candidates for further investigation in behavioural
animal models as a couple of GnRH modulating antagonists.
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Abstract

Herein, we report a straightforward sequential acylation‐Finkelstein approach

to achieve iodination of amine containing bioactives. The utility was demon-

strated by successful radiolabelling with 123I in high radiochemical yield. More-

over, microwave‐assisted Finkelstein reaction can be employed to enhance

conversion and reaction rates to obtain the desired iodides. The method is of

interest for radioiodination of amine‐containing bioactives. The mechanistic

details of the iodination process were studied by kinetics and density functional

theory calculations, which revealed the mechanistic complexity of the reaction

involving amide group anchimeric assistance. We disclose a number of funda-

mental aspects of amide group anchimeric assistance in substitution reactions.

KEYWORDS

amide anchimeric assistance, bioactives, DFT mechanism, Finkelstein, radioiodination
1 | INTRODUCTION

Continued advances in medical imaging require effective
and versatile radiolabeling methods. Imaging techniques,
such as single photon emission computed tomography
and positron emission tomography, increasingly employ
radiolabeled bioactive organic molecules as radiotracers.
Important criteria for production of clinical radiotracers
are rapid radiolabeling reaction rates, high radiochemical
yield (RCY), and high specific activity [1]. Herein, we
disclose a straightforward radioiodination protocol for
bioactives based on a sequential acylation‐Finkelstein
approach. However, the mechanistic complexity of the
wileyonlinelibrary.com/journal/p
substitution process requires careful consideration before
this strategy can be applied, and, as such, we have
conducted in‐depth mechanistic analyses to reveal the
detailed nature of the processes involved.

The intramolecular nucleophilic participation of func-
tional groups adjacent to reactive centers, commonly
known as anchimeric assistance, has been widely studied
by the physical organic chemistry community over the past
60 years or so [2–8]. However, anchimeric assistance by
amide groups has only been sparsely reported [9] despite
recent studies indicating its importance in biological sys-
tems, such as catalytic enzyme glycoside bond breakage
in O‐GlcNAcases and B‐hexosaminidases [10–14]. A study
Copyright © 2018 John Wiley & Sons, Ltd.oc 1 of 12
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by Garavelli and co‐workers [15] reported experimental and
computational evidence for amide group anchimeric
assistance in acid‐catalyzed ether cleavage reactions. A
thorough general understanding of the thermodynamic
and kinetic details of anchimeric assistance provided by
amide groups is lacking and would be a valuable addition
to the reaction design toolkit and to the enhanced under-
standing of the role of amide groups in biological systems.

The use of anchimeric assistance by adjacent amino
groups as a strategy to enhance introduction of radioactive
fluoride was recently described by Médoc and co‐workers,
in which radiosubstitution via activated aziridinium inter-
mediates was shown to successfully lead to 18F‐labelling
(Scheme 1A) [16]. Inspired by the previous works, and the
need to enhance fundamental understanding of amide
group anchimeric assistance, we decided to explore a
straightforwardacylation‐Finkelstein strategy (Scheme1B)
for iodide incorporation. Despite the weak bond strength
of the C―I bond relative to the C―Cl bond, the Finkelstein
reaction is driven forward by the precipitation of sodium
chloride in the solvent (typically acetone), thereby render-
ing the chloride displacement irreversible [17,18]. At certain
chain lengths (n = 2–7), one might expect the adjacent
amide group to engage in anchimeric assistance in the dis-
placement of the chloride ion—in competition with direct
bimolecular substitution. The effects of this mechanistic
complication are a major topic of this paper.

In this paper, we aim to (1) disclose our studies of the
acylation‐Finkelstein approach to iodination and
radioiodination of bioactive model molecules and
(2) unravel the mechanistic complexity involved in the
substitution processes—in particular, the influence of
amide group anchimeric assistance. We have explicitly
studied the latter using combined experimental and
computational techniques. We have compared relative
rates of substitution depending on carbon chain lengths
and the ring size of the activated intermediate electrophile.
SCHEME 1 Use of anchimerically assisted radiofluorination by

Médoc et al [16] (A) versus acylation/Finkelstein approach (B,

current work)
Because amide groups have not been extensively studied
for their ability to effect anchimeric assistance, we have
conducted a detailed computational study of themechanis-
tic details of such processes using density functional theory
(DFT) calculations. These studies are necessary to guide
future applications of this iodination strategy to other bio-
actives, and they provide a fundamental insight into the
details of amide group anchimeric assistance. To validate
our approach for radioiodination, we have demonstrated
that an acylated analogue of a bioactive molecule can be
effectively radiolabelled.
2 | EXPERIMENTAL DETAILS

2.1 | General experimental details

All solvents and reagents were obtained from Sigma
Aldrich (Sigma‐Aldrich Norway AS) except Na123I. Na123I
was obtained from GE Healthcare, Netherlands. Instru-
ments used: Microwave Anton Parr Monowave 300®,
Biotage SP1 Flash Chromatography systems®, HRMS:
Thermo scientific LTQ Orbitrap XL + Electrospray ion
source (ION‐MAX)—the instrument was made at
Thermo's factory in Bremen, Germany, IR: Varian 7000e
FT‐IR spectrometer, Pike miracle ATR. NMR: 400‐MHz
Bruker Avance III HD equipped with a 5‐mm SmartProbe
BB/1 h (BB = 19F, 31p‐15N), HPLC systems: Waters 2545
HPLC pump. Waters 2998 PDA detector, 200 to 500 nm.
Waters 2767 sample manager. XBridge® prep C18 5‐μm
OBDtm 19 × 250 mm column. UPLC systems: Acquity
UPLC H class. Acquity column manager. Acquity PDA
detector. Acquity UPLC® BEH C18 1.7 μm. 2,1x50nm col-
umn, Determination of purity by UPLC: Column at 50°C,
the same method used for all analyses. Method: 0.6 mL/
minute initial % H2O 0.1% trifluoroacetic acid (TFA), 5%
acetonitrile (ACN) 0.1% TFA. Then, linear change during
10 minutes to 50% H2O 0.1% TFA, 50% ACN 0.1% TFA.
Semi‐preparative HPLC for radiochemistry: DIONEX
HPLC system, HPLC pump P680, automated sample injec-
tor ASI‐100, PDA‐detector PDA‐100 with XBridge® prep
C18 5‐μm OBDtm 19 × 250 mm column, analytical
XBridge® C18 3 μm2.1 × 150mm column and “Radioactiv-
ity flow detector for HPLC LB 509” (BERTHOLD TECH-
NOLOGIES). All experiments were repeated at least twice.
2.2 | Chemical synthesis protocols and
characterization

2.2.1 | 2‐(4‐tert‐Butylphenyl)‐4‐(piperazin‐
1‐yl)‐1H‐benzo [d]imidazole (1)

Compound 1 was obtained as previously described [19],
as a white powder (489 mg, 96% yield). Purity 97.2%
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1H‐NMR (400 MHz DMSO‐d6), δ in ppm = 9.67 (Br s,
1H), 8.49 (d, 8.0 Hz, 2H), 7.71(d, 8.0 Hz, 2H), 7.53(d,
8.0 Hz, 1H), 7.48 (t, 1H), 7.13 (d, 8.0 Hz, 1H), 3.45 to
3.37(m, 8H), 1.34 (s, 9H). 13C‐NMR (101 MHz DMSO‐
d6), δ in ppm = 156.5, 148.9, 139.5, 132.9, 129.2, 126.7,
126.1, 125.4, 120.2, 114.0, 108.4, 47.8, 42.7, 35.1, 30.8.
HRMS (ESI) [M + H]+ for C21H27N4 m/z Found
335.2236, Calculated: 335.2236. IR (Neat) 2955, 2689,
2466, 1622, 1459, 1383.
2.2.2 | 1‐(4‐(2‐(4‐tert‐butylphenyl)‐1H‐

benzo[d]imidazol‐4‐yl) piperazin‐1‐yl)‐2‐
chloroethanone (2a)

To a solution containing 12‐mL DMF (anhydrous) and
0.31 mL (1.86 mmol, 3 equiv.) diisopropyl ethylamine
(DIPEA), 0.2 g (0.6 mmol) of 2‐(4‐tert‐Butylphenyl)‐4‐
(piperazin‐1‐yl)‐1H‐benzo[d]imidazole (1) was added.
The solution was cooled down to 0°C in an ice bath under
inert conditions, and 0.15‐mL (1.86 mmol, 3 equiv.)
chloroacetyl chloride was added at 0°C. The solution was
stirred for 1 hour and then warmed to 27°C. The reaction
was monitored by TLC. DMF was then evaporated on a
rotavap. The reaction mixture was chromatographed on
biotage SP1 flash chromatography systems by a Biotage
snap ultra C18rp 12 g column. 15 mL/minute. At
20 minutes, there was a linear change to 100% ACN.
Fractions were collected, and the solvents were removed
by evaporation to provide a white powder (166 mg, 67%
yield). Purity 97.21% 1H NMR (400 MHz, Methanol‐d4)
δ 8.02 (d, J = 8.4 Hz, 2H), 7.57 (d, J = 8.4 Hz, 2H), 7.22
(d, J=7.9Hz, 1H), 7.16 (t, J=7.8Hz, 1H), 6.74 (d, J=7.5Hz,
1H), 4.31 (s, 2H), 3.85 (dt, J = 16.1, 5.2 Hz, 2H), 3.40
(t, J = 5.0 Hz, 2H), 3.37 to 3.32 (m, 2H), 1.36 (s, 9H). 13C
NMR (101 MHz, Methanol‐d4) δ 167.7, 155.0, 152.0,
142.9, 138.8, 134.8, 127.9, 127.8, 127.0, 125.0, 110.8, 108.3,
52.1, 51.6, 47.4, 43.4, 42.0, 35.8, 31.6. HRMS (ESI)
[M + H]+ for C23H28ON4Cl m/z Found 411.1955.
Calculated 411.1946 IR (Neat) 2961, 1644, 1437, 1234,
1015, 842, 788, 738.
2.2.3 | 1‐(4‐(2‐(4‐Tert‐butylphenyl)‐1H‐

benzo[d]imidazol‐4‐yl)piperazin‐1‐yl)‐2‐
iodoethanone (4a)

Fifty‐eight milligrams (0.15 mmol) of compound 2a was
added to a solution of 5‐mL acetone and 500‐mg
(3.3 mmol, 25 equiv.) NaI. The reaction was stirred for
1 hour. The reaction mixture was filtered and then
chromatographed on Biotage SP1 flash chromatography
systems using a Biotage snap ultra C18rp 12‐g column.
15 mL/minute. At 20 minutes, there was a linear change
to 100% ACN. Fractions were collected, and the solvents
were removed by evaporation to provide a white powder
(23 mg, 32% yield). Purity 95.38%. 1H NMR (400 MHz,
Acetone‐d6) δ 8.15 (d, J = 8.3 Hz, 2H), 7.57 (d, J = 8.3 Hz,
2H), 7.19 to 7.00 (m, 2H), 6.63 (d, J = 7.1 Hz, 1H), 3.97
(s, 2H), 3.78 (s, 4H), 3.72 (s, 2H), 3.54 (s, 2H), 1.36
(s, 9H). 13C NMR (101 MHz, Acetone‐d6) δ 166.9, 153.6,
149.9, 143.2, 138.1, 136.0, 128.6, 127.2, 126.6, 124.2,
108.3, 105.9, 50.5, 50.2, 47.9, 42.7, 35.4, 31.5, 2.3 HRMS
(ESI) [M + H]+ for C23H28ON4I m/z Found 503.1300.
Calculated 503.1308 IR (Neat) 2961, 1637, 1437, 1015,
841, 788, 737.
2.2.4 | 1‐(4‐(2‐(4‐Tert‐butylphenyl)‐1H‐

benzo[d]imidazol‐4 yl)piperazin‐1‐yl)‐3‐
chloropropan‐1‐one (2)

To a solution containing 5‐mL DMF (anhydrous) and
0.26 mL (1.62 mmol, 3 equiv.) DIPEA, 0.2 g (0.54 mmol)
1 was added. The solution was cooled to 0°C with an ice
bath under inert conditions, and 0.14 mL (1.62 mmol,
3 equiv.) chloropropinoyl chloride 3b was added at 0°C.
The solution was warmed to room temperature and
stirred for 18 hours. The solvents were evaporated by a
rotavapor. The reaction mixture was then diluted with
DCM and chromatographed on Biotage SP1 flash
chromatography systems using a Biotage snap ultra
C18rp 12 g column. 15 mL/minute. At 20 minutes, there
was linear change to 100% ACN. The solvents were
removed by evaporation to provide a white powder
(99 mg, 46.7% yield). Purity 97.97% 1H NMR
(400 MHz, Acetone‐d6) δ 8.15 (t, J = 9.0, 7.3 Hz, 2H),
7.55 (d, J = 7.1 Hz, 2H), 7.17 to 7.03 (m, 2H), 6.60
(d, J = 6.5 Hz, 1H), 3.85 (t, J = 7.7, 7.3 Hz, 2H), 3.78
(dd, J = 35.9, 8.7 Hz, 4H), 3.64 (s, 2H), 3.53 (d, J = 4.7 Hz,
2H), 2.93 (d, J = 6.7 Hz, 2H), 1.35 (s, 9H). 13C NMR
(101 MHz, Acetone‐d6) δ 168.55, 153.51, 149.87, 143.29,
138.08, 136.03, 128.65, 127.17, 126.53, 124.20, 108.26,
105.86, 50.94, 50.41, 46.07, 42.28, 41.06, 36.50, 35.33,
31.48 HRMS (ESI) [M + H]+ for C24H30ON4Cl m/z
Found 425.2099. Calculated 425.2108 IR (Neat) 2964,
1629, 1465, 1438, 1197, 1130, 1014.
2.2.5 | 1‐(4‐(2‐(4‐Tert‐butylphenyl)‐1H‐

benzo[d]imidazol‐4‐yl)piperazin‐1‐yl)‐3‐
iodopropan‐1‐one (4b)

To a solution containing 3‐mL acetone and 0.1‐g
(0.66 mmol, 5.0 equiv.) NaI, 0.047 g (0.11 mmol) of
1‐(4‐(2‐(4‐tert‐butylphenyl)‐1H‐benzo[d]imidazol‐4‐yl)
piperazin‐1‐yl)‐3‐chloropropan‐1‐one (compound 4a) was
added. The solution was heated to 55°C under reflux and
stirred for 16 hours. Then, the solution was filtered and
transferred to a vial for HPLC. Method for HPLC
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separation: 25 mL/minute initial 95% H2O, 5% ACN and
0.1% TFA. At 15 minutes, there was linear change to 5%
H2O, 95% ACN 0.1% TFA. The product fractions were
collected and lyophilized to give a white powder
(23 mg, 37% yield). Purity 95.38%. 1H NMR (400 MHz,
Acetone‐d6) δ 8.22 (d, J = 8.7 Hz, 2H), 7.66 (d, J = 8.7 Hz,
2H), 7.45 (d, J = 8.1 Hz, 1H), 7.38 to 7.30 (m, 1H), 6.98
(d, J = 7.8 Hz, 1H), 3.81 (s, 4H), 3.50 to 3.34 (m, 4H),
3.29 (s, 2H), 3.09 (t, J = 7.3 Hz, 2H), 1.37 (s, 9H).
13C NMR (101 MHz, Acetone‐d6) δ 169.5, 156.6, 150.1,
141.7, 141.6, 135.5, 129.6, 128.7, 127.1, 126.7, 126.6,
123.5, 113.2, 108.6, 52.1, 51.6, 45.8, 42.2, 37.7, 35.7, 31.3,
−0.5. HRMS (ESI) [M + H]+ for C24H30ON4I m/z
Found 517.1462. Calculated 517.1459. IR (Neat) 3232,
2961, 1710, 1616, 1476, 1360, 1235, 1022.
2.2.6 | 1‐(4‐(2‐(4‐Tert‐butylphenyl)‐1H‐

benzo[d]imidazol‐4‐yl)piperazin‐1‐yl)‐4‐
chlorobutan‐1‐one (2c)

To a solution containing 5‐mL DMF (anhydrous) and
0.28‐mL (1.62 mmol 3 equiv.) DIPEA, 0.2 g (0.54 mmol)
2‐(4‐tert‐butylphenyl)‐4‐(piperazin‐1‐yl)‐1H‐benzo[d]
imidazole (1) was added. The solution was cooled down
to 0°C in an ice bath under inert conditions, and
0.9 mL (1.6 mmol, 3 equiv.) chlorobutanoyl chloride 3c
was added at 0°C. The solution was warmed to room
temperature and stirred for 2 hours. The reaction was
monitored by TLC. The reaction mixture was transferred
to a separatory funnel. First, 0.2‐mL 1 M HCl was added,
then 40 mL of water followed by 1 M NaOH to give a
pH 7 to 8. The solution was washed with 3 × 40 mL
DCM. The organic phase was dried over sodium sulfate
and filtered. Then, the residue was dissolved in DCM
and chromatographed on biotage SP1 flash
chromatography systems using a Biotage snap ultra
C18rp 12‐g column. Flow rate: 15 mL/minute; at
20 minutes, there was linear change to 100% ACN.
Fractions were collected, and the solvents were removed
by evaporation to provide a white powder (105 mg, 44%
yield). Purity 95.83%. 1H NMR (400 MHz, Acetone‐d6)
δ 11.87 (s, 1H), 8.14 (ddt, J = 25.2, 12.5, 8.2, 6.4 Hz,
2H), 7.66 to 7.37 (m, 3H), 7.25 to 6.86 (m, 2H), 6.58
(dd, J = 6.8, 2.0 Hz, 1H), 3.80 (q, J = 4.6 Hz, 4H), 3.71
(t, J = 6.5 Hz, 4H), 3.59 (d, J = 5.6 Hz, 2H), 2.61
(t, J = 7.0 Hz, 2H), 2.11 (q, J = 6.8 Hz, 2H), 1.37
(s, 9H). 13C NMR (101 MHz, Acetone‐d6) δ 170.4,
153.5, 149.5, 143.9, 137.3, 137.0, 128.9, 127.0, 126.6,
124.3, 107.6, 104.7, 50.8, 50.3, 46.1, 45.6, 42.2, 35.4, 31.5.
HRMS (ESI) [M + H]+ for C25H32ON4Cl m/z Found
439.2257. Calculated 439.2259. IR (Neat) 2962, 1592,
1463, 1269, 1017, 842.
2.2.7 | 2‐(4‐Tert‐butylphenyl)‐6‐iodo‐4‐
(piperazin‐1‐yl)‐1H‐benzo[d]imidazole (5)

To a solution containing 1.22‐g NaI (8.1 mmol, 10 equiv.)
and 10 mL of acetone, 0.36‐g 1‐(4‐(2‐(4‐tert‐butylphenyl)‐
1H‐benzo[d]imidazol‐4‐yl)piperazin‐1‐yl)‐4‐chlorobutan‐
1‐one (0.81 mmol, 1 equiv.) was added. The solution was
heated to 55°C under reflux and stirred for 16 hours.
Then, the solution was filtered and transferred to a vial
for HPLC. Method for HPLC separation; flow rate
25 mL/minute initial 95% H2O 0.1% TFA, 5% ACN. At
15 minutes, there was linear change to 5% H2O, 95%
ACN 0.1% TFA. The product fractions were collected
and lyophilized to give white powder (73.5 mg, 20%).
Purity 95.21%.1H NMR (400 MHz, DMSO‐d6) δ 9.32
(s, 1H), 8.22 (d, J = 8.4, 1.8 Hz, 1H), 7.57 (d, 1H), 7.49
(d, J = 8.2 Hz, 1H), 6.56 (d, J = 7.8 Hz, 1H), 3.35 (s, 8H),
1.34 (d, J = 1.7 Hz, 9H). 13C NMR (101 MHz, DMSO‐d6)
δ 152.8, 131.8, 127.3, 126.8, 125.4, 99.5, 68.3, 60.2, 46.6,
42.7, 34.6, 31.0, 27.4, 21.8.HRMS (ESI) [M + H]+ for
C21H26N4I m/z Found 461.1205. Calculated 461.1197 IR
(Neat): 2963, 2839, 1619, 1489, 1273, 1023.
2.2.8 | 1‐(4‐(2‐(4‐Tert‐butylphenyl)‐1H‐

benzo[d]imidazol‐4‐yl) piperazin‐1‐yl)‐5‐
chloropentan‐1‐one (2d)

To a solution containing 5‐mL DMF (anhydrous) and
0.21‐mL (1.2 mmol, 3 equiv.) DIPEA, 0.15‐g (0.405 mmol)
2‐(4‐tert‐butylphenyl)‐4‐(piperazin‐1‐yl)‐1H‐benzo[d]
imidazole (1) was added. The solution was cooled down to
0°C in ice bath, under inert conditions, and 0.16‐mL
(1.2 mmol, 3 equiv.) chlorovaleroryl chloride 3d was
added at 0°C. The solution was then warmed to room
temperature and stirred for 18 hours. The solvent was
evaporated on a rotavapor. The residue was then
dissolved in DCM and chromatographed on Biotage SP1
flash chromatography systems by a Biotage snap ultra
C18rp 12 g column. Flow rate: 15 mL/minute. At
20 minutes, there was linear change to 100% ACN. 1H
NMR was obtained, but the compound showed
impurities. The compound was then further purified on
HPLC. Method for HPLC separation, 25 mL/minute
initial 95% H2O 0.1% TFA, 5% ACN 0.1% TFA. At
15 minutes, there was linear change to 5% H2O 0.1%
TFA, 95% ACN 0.1% TFA. Fractions were collected, and
solvents were removed by evaporation to provide a white
powder. (44 mg, 24% yield). Purity 99.46%. 1H NMR
(400 MHz, Acetone‐d6) δ 11.92 (s, 1H), 8.34 to 8.01
(m, 2H), 7.68 to 7.46 (m, 2H), 7.17 to 7.03 (m, 2H), 6.58
(s, 1H), 3.78 (d, J = 14.9 Hz, 4H), 3.68 to 3.55 (m, 6H),
2.47 (t, 2H), 1.90 to 1.80 (m, 2H), 1.80 to 1.70 (m, 2H),
1.36 (s, 9H). 13C NMR (101 MHz, Acetone‐d6) δ 171.2,
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153.4, 149.6, 143.9, 137.3, 137.0, 128.8, 127.1, 126.5, 126.5,
124.2, 107.6, 104.7, 50.9, 50.3, 46.2, 45.6, 45.6, 42.2, 35.3,
33.1, 32.6, 31.5, 23.3. HRMS (ESI) [M + H]+ for
C26H34ON4Cl m/z Found 453.2413. Calculated 453.2416.
IR (neat) 2966, 1631, 1465, 1438, 1198, 1131, 1015.
2.2.9 | 1‐(4‐(2‐(4‐Tert‐butylphenyl)‐1H‐

benzo[d]imidazol‐4‐yl) piperazin‐1‐yl)‐5‐
iodopentan‐1‐one (4d)

To a solution containing 2 mL of acetone and 66 mg
(0.44 mmol, 10 equiv.) NaI, 0.02‐g (0.044 mmol) 1‐(4‐(2‐
(4‐tert‐butylphenyl)‐1H‐benzo[d]imidazol‐4‐yl)piperazin‐
1‐yl)‐5‐chloropentan‐1 one (2d) was added. The solution
was heated to 160°C in the microwave for 5 minutes. The
reaction mixture was filtered and separated by HPLC.
HPLC method used for separation; 25 mL/minute initial
95% H2O 0.1% TFA, 5% ACN 0.1% TFA. At 15 minutes,
there was linear change to 5% H2O 0.1% TFA, 95% ACN
0.1% TFA. After HPLC purification, the compound was
lyophilized to provide a white powder (6.2 mg, 26% yield).
Purity 99.14%.1H NMR (400 MHz, Acetone‐d6) δ 8.25
(d, J=8.5Hz, 2H), 7.67 (d, J=8.4Hz, 2H), 7.49 (d, J=8.1Hz,
1H), 7.36 (t, J= 8.0 Hz, 1H), 7.01 (d, J= 7.8 Hz, 1H), 3.84 to
3.67 (m, 4H), 3.38 to 3.21 (m, 6H), 2.48 (t, J = 7.3 Hz, 2H),
1.96 to 1.82 (m, 2H), 1.77 to 1.67 (m, 2H), 1.37 (s, 9H). 13C
NMR (101 MHz, Acetone‐d6) δ 171.2, 156.7, 150.1, 141.6,
135.3, 129.3, 128.9, 127.1, 126.8, 123.3, 113.5, 108.7, 52.2,
51.8, 48.3, 46.0, 44.5, 42.0, 35.7, 34.0, 32.2, 31.3, 26.8, 7.5.
HRMS (ESI) [M + H]+ for C26H34ON4I m/z Found
545.1765. Calculated 545.1772. IR (neat) 2961, 2923,
1712, 1609, 1361, 1258, 1235, 1012.
2.2.10 | 1‐(4‐(2‐(4‐Tert‐butylphenyl)‐1H‐

benzo[d]imidazol‐4‐yl) piperazin‐1‐yl)‐6‐
chlorohexan‐1‐one (2e)

To a solution containing 5‐mL DMF (anhydrous) and
0.01‐mL (0.69 mmol, 3 equiv.) DIPEA, 0.089‐g (0.23 mmol)
2‐(4‐tert‐Butylphenyl)‐4‐(piperazin‐1‐yl)‐1H‐benzo[d]
imidazole (1) was added. The solution was cooled down to
0°C in an ice bath under inert conditions, and 0.08‐mL
(0.69 mmol, 3 equiv.) chlorohexanoyl chloride 3e was
added at 0°C. The solution was warmed to room temper-
ature and stirred for 18 hours. The solvent was evaporated
on a rotavapor. The residue was then dissolved in DCM
and chromatographed on Biotage SP1 flash chromatogra-
phy systems by a Biotage snap ultra C18rp 12‐g column.
Flow rate: 15 mL/minute. At 20 minutes, there was linear
change to 100% ACN. The solvents were removed by
evaporation to provide a white powder (104 mg, 65%
yield). Purity 99.17%. 1H NMR (400 MHz, Acetone‐d6)
δ 11.91 (s, 1H), 8.16 (dd, J = 8.3, 3.0 Hz, 2H), 7.58 (dd,
J = 8.4, 2.8 Hz, 2H), 7.10 (d, J = 6.6 Hz, 2H), 6.59
(t, J = 4.1 Hz, 1H), 3.80 (s, 4H), 3.71 (s, 2H), 3.61
(dt, J = 18.9, 5.6 Hz, 4H), 2.46 (d, J = 7.9 Hz, 2H), 1.86
to 1.78 (m, 2H), 1.67 to 1.65 (m, 2H), 1.58 to 1.49
(m, 2H), 1.38 (m, 9H). 13C NMR (101 MHz, Acetone‐d6)
δ 171.3, 153.4, 149.5, 143.9, 137.3, 137.0, 128.9, 127.0,
126.6, 124.2, 107.6, 104.7, 50.9, 50.3, 46.3, 45.7, 42.2, 35.4,
33.3, 33.3, 31.5, 27.4, 25.3. HRMS (ESI) [M + H]+ for
C27H36ON4Cl m/z Found 467.2566. Calculated 467.2572
IR (Neat) 3197, 2981, 1619, 1479, 1433, 1233, 1019.
2.2.11 | 1‐(4‐(2‐(4‐Tert‐butylphenyl)‐1H‐

benzo[d]imidazol‐4‐yl) piperazin‐1‐yl)‐6‐
iodohexan‐1‐one (4e)

To a solution containing 3 mL of acetone and 124 mg
(0.83 mmol, 5 equiv.) NaI, 0.077 g (0.165 mmol) of 1‐(4‐
(2‐(4‐tert‐butylphenyl)‐1H‐benzo[d]imidazol‐4‐yl)
piperazin‐1‐yl)‐6‐iodohexan‐1‐one (2e) was added. The
solution was heated to 55°C under reflux and stirred for
16 hours. Then, it was filtered to and transferred to a vial
for HPLC. Method for HPLC separation; 25 mL/minute
initial 95% H2O 0.1% TFA, 5% ACN 0.1% TFA. At
13 minutes, there was linear change to 5% H2O 0.1%
TFA, 95% ACN 0.1% TFA. Product fractions were collected
and lyophilized to provide white powder (10 mg, 11%
yield). Purity 98.22%. 1H NMR (400 MHz, Acetone‐d6) δ
8.32 to 8.17 (m, 2H), 7.69 (d, J = 8.6 Hz, 1H), 7.45
(d, J=8.1Hz, 1H), 7.36 (t, J=8.0Hz, 1H), 6.98 (d, J=7.9Hz,
1H), 3.83 (t, J= 5.1 Hz, 4H), 3.43 (t, J= 5.0 Hz, 2H), 3.37 to
3.25 (m, 4H), 2.48 (t, J = 7.4 Hz, 2H), 1.89 to 1.85 (m, 2H),
1.74 to 1.59 (m, 2H), 1.55 to 1.49 (m, 2H), 1.40 (s, 9H). 13C
NMR (101 MHz, Acetone‐d6) δ 171.4, 156.3, 150.2, 141.9,
135.9, 130.3, 128.6, 127.1, 126.4, 124.1, 112.7, 108.3, 52.1,
51.6, 46.1, 42.0, 35.7, 34.3, 33.2, 31.3, 31.0, 24.9, 7.7.HRMS
(ESI) [M + H]+ for C27H36ON4I m/z Found: 559.1935
Calculated: 559.1928. IR (neat) 2964, 2868, 1629, 1464,
1437, 1197, 1129.
2.3 | Kinetics experiments

Compounds 2 (1 equiv.) were added to a solution of ace-
tone‐d6 (0.60 mL) and NaI (10 equiv.) in an NMR tube.
The reaction was monitored by 1H‐NMR, following the
disappearance of 2 and appearance of 4 by acquisition of
a spectrum every 10 minutes over 12 hours unless other-
wise specified. For each compound, the CH2‐Cl peak
was identified, and the rate of the reaction was monitored
by the disappearance of the integral. Reaction of 2a to
form 4a:10 mg (0.024 mmol, 1 equiv.) of 2a and 36 mg
(0.24 mmol, 10 equiv.) NaI. Reaction of 2b to form 4b:
10‐mg (0.024 mmol, 1 equiv.) 2b and 35‐mg (0.24 mmol,
10 equiv.) NaI heated to 60°C. The reaction was
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monitored by 1H‐NMR at 1, 2, 5, 8, and 11 hours. Reac-
tion of 2c to form 4c: 10‐mg (0.022 mmol, 1 equiv.) 2c
and 33‐mg (0.22 mmol, 10 equiv.) NaI, heated to 60°C.
The reaction was monitored by 1H‐NMR at 1, 2, 5, 8,
and 11 hours. Reaction of 2e to form 4e: 10‐mg
(0.021 mmol, 1 equiv.) 2e and 32‐mg (0.21 mmol, 10
equiv.) NaI heated to 60°C. The reaction was monitored
by 1H‐NMR at 1, 2, 5, 8, and 11 hours.
2.4 | Radiolabeling of 4a non‐carrier added

Ten milliliters of Na123I in water (37 MBq/mL at 99.9%
purity at calibration time, specific activity 4.2 pmol/mL
123I‐Iodine) was obtained from GE Healthcare. Water
was removed from Na123I by evaporation overnight by a
gentle stream of nitrogen gas. Then, 40 mg (0.1 mmol) of
2a was dissolved in 2 mL of acetone and added 370 MBq
(decay corrected to calibration time) Na123I at the start of
the reaction. The solution was capped in a vial (Biotage
microwave reaction glass vial 2‐5 mL), heated to 60°C,
and stirred for 1 hour. The product was then purified by
radio‐HPLC with the HPLC method; 10 mL/minute initial
95%H2O, 0.1% TFA, 5%ACN 0.1% TFA, then there was lin-
ear change over 3minutes to 40%H2O 0.1% TFA, 60%ACN
0.1% TFA, then there was linear change over 7 minutes to
5% H2O 0.1% TFA, 95% ACN 0.1% TFA. Each fraction
was collected and solvents were evaporated, then dissolved
in PEG 400:water (4:6). An aliquot was then analyzed by
analytical radio‐HPLC: 0.5 mL/minute initial 95% H2O
0.1% TFA, 5%ACN0.1% TFA, then there was linear change
over 20 minutes to 5% H2O 0.1% TFA, 95% ACN 0.1% TFA.
2.5 | Microwave reactions

Reaction of 2b to 4b: 10 mg (0.024 mmol, 1 equiv.) of 2b
was added to a solution of 2 mL of acetone and 35 mg
(0.24 mmol, 10 equiv.) of NaI. The solution was heated
to 160°C in a microwave reactor for 5 minutes, then fil-
tered and analyzed by 1H‐NMR. Reaction of 2d to 4d:
20 mg (0.044 mmol, 1 equiv.) of 2b was added to a solution
of 2‐mL acetone and 66 mg (0.44 mmol, 10 equiv.) of NaI.
The solution was heated to 160°C in a microwave reactor
for 5 minutes, then filtered and analyzed by 1H‐NMR.
Reaction of 2e to 4e: 20‐mg (0.043 mmol, 1 equiv.) 2e
was added to a solution of 2 mL acetone and 32 mg
(0.21 mmol, 5 equiv.) of NaI. The solution was heated to
160°C in a microwave reactor for 5 minutes, then filtered
and analyzed by 1H‐NMR.
SCHEME 2 Synthesis of key intermediate 1 [19]
2.6 | Computational details

All the DFT calculations were performed using the Gauss-
ian 09 program package [20]. The ωB97XD functional [21],
and 6‐311G(d,p) basis sets [22,23] were used for all the cal-
culation of the results used in the main paper. Solvent
effects were corrected by using the polarizable continuum
model (PCM) [24] in its integral equation formalism
(IEFPCM) [25,26], together with acetone as a solvent. For
the sake of validating the approach, we performed addi-
tional calculations using PBE [27,28], CAM‐B3LYP [29]

and M06‐L [30] functionals (see the ESI). The optimized
geometries were confirmed to be real minima on the
potential energy surface with no imaginary frequencies
by performing a normal‐mode vibrational analysis at the
same level of theory. The transition state calculations
were confirmed by the presence of an appropriate and a
single imaginary vibrational frequency. The Gibbs free
energies were calculated at the standard conditions and
reported as kcal/mol.
3 | RESULTS AND DISCUSSION

3.1 | Synthesis of test substrates

The key bioactive intermediate 1 was synthesized accord-
ing to previously published procedures in 37% overall
yield from 2,6‐difluoronitrobenzene (Scheme 2) [19]. This
template has been shown to effect binding to the GnRH
receptor while maintaining acceptable blood‐brain barrier
penetration properties [19]. Moreover, our approach relies
on the presence of an N―H moiety amenable to acylation
chemistry which makes compound 1 an ideal test
substrate.

Acylated chlorides 2a to e were generated as shown in
Scheme 3. Treatment of 1 with chloroacyl chlorides 3a to
e in the presence of excess DIPEA in DMF afforded prod-
ucts 2a to e in 24% to 67% yields (Scheme 3).

The halogen exchange reactions on 2a to e were
conducted using excess NaI in acetone until full
conversion of the starting materials was observed
(Scheme 4). In general, the isolated chemical yields were
poor (11%–37%). 2a proceeded readily at ambient
temperature in 67% yield, whereas the other analogues
required heating to 55°C to achieve reasonable conversion
rates. The low chemical yields can also be coupled to
incomplete precipitation of sodium chloride, which is a
central driving force for the Finkelstein reaction. In an
attempt to boost yields and shorten reaction times, we
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SCHEME 4 Finkelstein reactions on chloroamides 2a to e, and
the identified compound 5 from the reaction of 2c
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decided to try a microwave‐assisted approach for com-
pound 2d (n = 4). Treatment of compound 2d with 10
equivalents of sodium iodide in acetone for 5 minutes at
160°C in microwave afforded the desired product 4d in
26% yield. In 1H‐NMR, we observed full conversion of
all substrates, so the poor isolated yields were likely due
to instability issues in the work‐up and isolation steps.
Interestingly, we were unable to isolate the expected prod-
uct 4c (n = 3). The major isolated compound was 5 in
which the acyl chain was completely gone and an iodide
had been substituted on the benzimidazole core. An
explanation for these observations will be discussed in
the mechanism section.
SCHEME 5 Mechanistic pathways in the conversion of 6a to e
(m = 0–3) model systems to products

FIGURE 1 Semi‐logarithmic plots for the disappearance of 2b,
2d, and 2e with corresponding linear regression analyses
3.2 | Reaction rates

In order to get a quantitative handle on the relative rates
of halide substitution in the various substrates, the reac-
tion progress for the iodination reactions was monitored
by 1H‐NMR. Semi‐logarithmic plots of the CH2‐Cl peak
integral versus reaction time would indicate whether the
reactions display the expected pseudo‐first order kinetics.
The corresponding CH2‐I peak signal was also monitored
to ensure conversion occurred to the desired product com-
pounds. The iodinations were performed in an NMR tube
in deuterated acetone in which a proton NMR spectrum
was acquired every 10 minutes. The reaction rate of 2a
was very high, and formation of 4a was complete before
10 minutes had passed. The other reactions were con-
ducted at 60°C. Compounds 2b, 2d, and 2e displayed clear
pseudo‐first order kinetics, and the corresponding
observed rate constants (moduli of the slopes) are summa-
rized in Figure 1. The rates are remarkably similar, but
the conversion of 2e (0.061 h−1) appeared to be the most
rapid after 2a. The experimentally observed rate constants
(kobs) for initial disappearance of the starting acyl chloride
must be understood in terms of contribution from 2 mech-
anistic pathways as shown in Equation 1 and Scheme 5.

kobs ¼ kSN2 I−½ � þ kAnchimericð Þ (Eq1)

where kSN2 is the bimolecular rate constant from direct
SN2‐substitution and kAnchimeric is the unimolecular rate
constant from cyclization of the amide. The similarity of
the rates could suggest significant contributions from both
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terms in the 3 cases. A detailed computational analysis
was conducted to obtain a deeper understanding of the
data.
FIGURE 2 Potential energy surface (PES) for the SN2 reactions of

6a to e calculated using ωB97XD/6‐311G(d,p)/PCM/acetone

FIGURE 3 Potential energy surface (PES) for the conversion of

6a to 7a calculated using ωB97XD/6‐311G(d,p)/PCM/acetone. The

conversion of 6a to 7a follows an SN2 reaction pathway (see the

white line)
3.3 | Mechanistic analysis

A hypothesis in this work was that the anchimeric effect
of the amide group could be employed as a modulating
element for the substitution reaction rate. Because amide
group anchimeric assistance is sparsely described in the
literature [15,31] and would be of great interest to the
physical organic chemistry community, we decided to
pursue a deep mechanistic understanding of this
phenomenon in our system using DFT calculations. We
have assessed anchimerically assisted pathways in
addition to the direct SN2 substitution mechanisms for
all our model chain lengths using ωB97XD/6‐311G(d,p)/
PCM/acetone (see the Electronic Supporting Information
(ESI) for a discussion about the influence of different DFT
methods). In the calculations, we have employed
simplified molecules 6a to e (Scheme 5, R = H) as models
for 2a to e, where only an acylated piperidine ring has
been considered. As the remainder of the molecule is
likely to not affect the reactive center to a large extent, this
model system was deemed representative. The computed
barriers were compared with experimental and computed
free energies of activation reported for an amide cycliza-
tion and Finkelstein reactions by Arcelli et al [32] and
Zaczek et al [33], respectively. Our computed barriers are
in excellent agreement with these reports.

In order to gauge the experimental rates with our
computational study and attempt to explain our experi-
mental observations, we computed free energy barriers
for direct SN2 substitutions on the 5 model substrates 6a
to e based on the potential energy surfaces in Figure 2.
Qualitatively, the predicted barriers follow the observed
experimental rate trend 6a > 6e > 6d. The observed rates
for 2d and 2b are not very different, so these are hard to
distinguish experimentally without more sophisticated
experiments. Comparing the faster 2e with 2d, we see
an experimental reaction rate ratio of 1.65, corresponding
to a free energy barrier difference of 0.3 kcal/mol. This is
remarkably consistent with the computed free energy bar-
rier difference of 0.4 kcal/mol for the 2 SN2 reactions, par-
ticularly considering error bars for DFT calculations [34].
Because our rate study was conducted with 10‐fold excess
of iodide to ensure pseudo‐first order kinetics, the results
likely represent direct SN2 substitution reactions of our
chloride substrates, which is consistent with the computa-
tional study.

Conversion of substrate 6a to the iodinated product
clearly follows a classical SN2 pathway owing to the
stabilizing interaction the adjacent pi‐orbital has on the
transition state and the lack of stability due to ring strain
in the hypothetical 3‐membered intermediate in an
anchimerically assisted pathway. This was confirmed by
scanning the potential energy surface as shown in
Figure 3, which shows a classical SN2 trajectory.

For substrate 6b, the situation becomes more complex
(Figure 4). Here, the SN2 pathway has a 29.0 kcal/mol bar-
rier versus the alternative anchimerically assisted path-
way, in which the amide group expels chloride first,
followed by iodide substitution. The latter pathway has a
28.4 kcal/mol barrier for chloride extrusion, followed by
rapid iodide attack on the intermediate product INT6b
with a barrier of only 14.8 kcal/mol. Although the
anchimerically assisted pathway is slightly faster, there
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mechanism in substrate 6d

FIGURE 4 Energy diagram for the anchimerically assisted

halogen exchange reaction mechanism in substrate 6b
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is contribution from the direct SN2 pathway as it has a
barrier of only 0.6 kcal/mol higher than the former. More-
over, at high iodide concentrations, the direct substitution
could predominate. The similarity of rate contributions
from both mechanisms could explain why 2b appears to
be slightly faster than substrate 2d in our rate study.

Although we did not observe the desired product in
case of substrate 2c, we computed free energy surfaces
for both anchimerically assisted and direct SN2 pathways
for the model compound 6c also (Figure 5). Here, the
anchimerically assisted pathway is predominant because
of the 7.2 kcal/mol lower free energy barrier. Further-
more, the calculations reveal why this substrate behaves
significantly different from the others. In this case, the
cyclic intermediate is considerably more stable than the
substrate 6c by 3.6 kcal/mol, making INT6c a predomi-
nant reactive species in the solution. The high concentra-
tion of INT6c, as well as the relatively high barrier for its
iodide substitution (31.4 kcal/mol), would render it more
FIGURE 5 Energy diagram for the halogen exchange reaction

mechanism in substrate 6c
susceptible to hydrolysis and other side reactions, which
would explain the observation of hydrolyzed by‐product
5 lacking the acyl group and none of the desired iodinated
product.

The anchimeric pathway with 6d is favored as the
cyclization barrier is 22.5 kcal/mol, approximately
5 kcal/mol smaller than the direct SN2 pathway
(Figure 6). The cationic intermediate INT6d is
6.5 kcal/mol less stable than the reactants but can
rapidly react with iodide ions to form the corresponding
product 7d with a barrier of only 17.4 kcal/mol. At low
iodide concentrations, this is certainly the predominant
pathway. Unsurprisingly, the cyclization barrier goes
up when moving to the 7‐membered ring cyclization
of 6e with a 25.3 kcal/mol barrier (Figure 7). Otherwise,
the situation is similar to that of the pathway for 6d.

The Finkelstein reaction depends on coupling with
the precipitation of sodium chloride to provide a driving
FIGURE 7 Energy diagram for the halogen exchange reaction

mechanism in substrate 6e
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force for the reaction. Our computational study demon-
strates the endergonic nature of these reactions in the
absence of considering the precipitation process. The pre-
cipitation of sodium chloride will render the chloride
expulsion step irreversible.
SCHEME 6 Radiochemical yields (RCYs) observed for 123I‐4a
3.4 | Radiolabelling studies

Although our mechanistic analysis of the reactions earlier
revealed that anchimeric assistance modulation of substi-
tution rates is not straightforward, we decided to attempt
radiolabelling of 2a to demonstrate the validity of the
acylation‐Finkelstein approach for radioiodination. Com-
pound 2a readily undergoes substitution and was chosen
based on the rapid substitution rate compared to the
higher chain analogues. In an attempt to maximize the
RCY, water in the commercially delivered Na123I solution
was evaporated in a concentration step before the reac-
tion. The reaction of 2a was subsequently analyzed by
Radio‐HPLC after 1‐hour reaction time at 60°C. The
radiochromatogram of labeled 123I‐4a and HPLC‐UV
trace of cold 4a are shown in Figure 8. These chromato-
grams confirm that the radiolabel is effectively incorpo-
rated into 4a.

A non‐carrier added approach to the radiolabeling was
attempted as shown in Scheme 6 and produced
radiolabeled compound 123I‐4a. The RCY was determined
by comparing the product peak in the HPLC radiochro-
matogram relative to Na123I and other impurities. The
RCYs were not corrected for activity lost in the HPLC;
however, we did not observe major losses when the col-
umn was screened for residual radioactivity. The RCY
FIGURE 8 Analytical radiochromatogram of compound 123I‐4a
compared to HPLC‐UV (214 nm) trace of cold 4a reference
determined from radio‐HPLC was found to be 80%,
whereas decay‐corrected RCY for isolated 123I‐4a was
found to be 17%.

Effective radiolabelling reactions must have a reason-
able reaction rate in order to be of practical use. In our
study, only compound 2a underwent radioiodination at
a high rate. However, a weakness with the α‐iodo sub-
strate is that it is quite reactive, and this will cause loss
of the radiolabel in physiological settings. As such, the
longer chain analogues may be more interesting in order
to retain the label longer in the bioactive molecule. How-
ever, the substitution rates are rather slow, as is supported
by the computed barriers and our kinetic study, even at
60°C, and the conversions were less than 50% after 11‐
hour reaction time. A possible solution would be to
increase the substitution efficiency by employing micro-
wave irradiation. We tested this hypothesis by conducting
the reactions at 160°C in a microwave reactor and, to our
delight, observed full conversion of all substrates 2b, 2d,
and 2e to the corresponding iodides by NMR after only
5 minutes of reaction time (see ESI). This approach allows
us to employ the different chain lengths as desired, and
we can expect to achieve radiolabelling in minutes. More-
over, we have shown that the longer chains display rela-
tively slow substitution rates at ambient temperatures,
which could render them more interesting for imaging
applications as they would retain the radiolabel longer
in physiological settings.
4 | CONCLUSIONS

We have demonstrated a straightforward acylation‐
Finkelstein approach to iodination and radioiodination
of amine‐containing bioactives by using a recently devel-
oped GnRH antagonist scaffold as a model system. The
approach implies the use of anchimeric assistance by
amide groups to modulate radiosubstitution rates, which
has been studied in molecular detail using chemical syn-
thesis, kinetics, high‐level DFT‐calculations, and
radiolabelling studies. The mechanistic studies have
revealed a complex interplay between competing



FJELLAKSEL ET AL. 11 of 12
mechanistic pathways and solvent effects and show
several fundamental aspects of amide group anchimeric
assistance that have previously not been reported. Amide
group anchimeric assistance only appears to potentially
increase substitution reaction rates when 5‐membered
and 6‐membered ring intermediates are involved. In the
5‐membered ring intermediate, its stability rendered it
susceptible to side reactions.

Despite limitations, we have successfully conducted
iodination in several systems, and our study shows that
this strategy is most promising with the use of 2, 3, 5,
and 6‐carbon chloroacyl groups. Radioiodination was
demonstrated on the C2 system in very high analytical
RCY of 80%. A major conclusion is also that iodination
could be effected rapidly under microwave conditions
for the slower 3‐carbon, 5‐carbon, and 6‐carbon systems,
while they remain substitutionally stable at
physiological temperature—a potential major advantage
for in vivo activity and further studies in this area are
underway.
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ABSTRACT 
The discovery of two promising compounds suitable for imaging were disclosed recently. The 

compounds have previously shown nanomolar potential to inhibit the gonadotropin releasing 

hormone (GnRH) receptor in a competitive binding assay. In this study, further evaluation of the 

compounds ability for preclinical trials were performed. In vitro evaluation became necessary and 

serum stability, metabolic profile and autoradiography were performed. The serum stability analysis 

showed stable compounds where more than 84 % of the compounds remained after 22 hours 

incubated in human serum.  The metabolic profile (phase 1 metabolism) identified and quantified the 

formation rate for these metabolites. The investigated compounds showed good stability against liver 

microsome metabolism.  As a final step of the in vitro evaluation, autoradiography of rat brain sections 

was performed. The compounds were exposed for the brain sections in competition to 125I-[D-Trp6]-

LHRH. The decrease in the signalling show the competitive antagonistic compounds ability to bind to 

rat brain sections. In addition, one compound where directly labelled with 123I and incubated on rat 

brain sections where it showed binding to the rat brain sections. The two promising bioactive triazole-

benzimidazole GnRH receptor antagonists are highly suitable for further preclinical evaluation.  

 

INTRODUCTION 
In medicine, more radiotracers are needed to be able to cure diseases, to monitor diseases and to 

develop a deeper understanding of human physiology and pathophysiology. However, the 

development of radiotracers is a complex field and requires translational cooperation of expert’s 

spanning from organic chemistry, radiochemistry, pharmacology, computer aided chemistry and 



biology, radiopharmacy, cell biology, physics, image analysis, preclinical evaluation and clinical 

evaluation. Millions are spent on the development of new radiotracers and the ability to discard a 

radiotracer candidate at an early phase of the development is of high importance. The in vitro 

evaluation is an essential step towards a successfully developed radiotracer.1 

The discovery of promising Gonadotropin releasing hormone receptor (GnRH-R) antagonist 

candidates based upon a benzimidazole –piperazine scaffold suitable for imaging was recently 

disclosed, figure 1.2, 3 Further diversification from the initial study led to the discovery of two highly 

promising [123I]-labelled triazole-benzimidazole GnRH-R antagonists, figure 1.4 In the present paper we 

evaluate the potential for the two promising triazole-benzimidazole GnRH-R antagonists as SPECT 

radiotracers. The GnRH-R is located in the hypothalamus-pituitary-gonadal axis (HPG axis) together 

with GnRH where it has its main function as in reproductive physiology. The GnRH and GnRH-R is also 

located outside the HPG axis and are involved in a wide range of biological processes like reproductive 

functions, sex behavior, cognition and several diseases such as cancer and neurodegeneration.5-10 The 

GnRH is known as luteinizing-hormone releasing hormone (LHRH) which is a neurohormone that 

consists of 10 amino acids. It is produced in hypothalamus and released in a pulsatile manner into the 

hypophysial portal bloodstream. When it reaches the pituitary gland it binds to its own G-protein 

coupled receptor (GnRH-R) then it stimulates the production of two gonadotropins in the anterior 

pituitary gland – Luteinizing hormone (LH) and Follicle stimulation hormone (FSH). The release of 

gonadotropins acts in the gonads to produce androgens and estrogens. The release of gonadotropins 

is controlled by the pulsatile release of GnRH in the hypophysial portal blood stream and by the 

feedback mechanism of androgens and estrogens. 

 

 

Figure 1: Previously disclosed compounds. Compound 1 and 2 from the initial study.2 Compound 3 and 4 
were developed in the continuation of the initial study.4 

 



As a continuation of the discovery of compound 3 and 4, further in vitro evaluation became 

necessary. Serum stability and metabolic activity have been sparsely reported previously for similar 

structures were WAY207024 have a reported half-life of 14 minutes for rat liver microsomes.11 In this 

study; serum stability, metabolic phase I activity and autoradiography was evaluated to assess the 

imaging potential for these candidates.  

 

EXPERIMENTAL 

Reagents  

Acetonitrile and trifluoroacetic acid were obtained from Sigma Aldrich (Sigma-Aldrich, St. Louis, MO, 

USA). Silica gel 60 TLC plates with fluorescence indicator (F254) from Merck (Darmstadt, Germany) 

were used. All reactions were conducted multiple times. Anhydrous conditions were conducted only 

if mentioned. Rat serum was purchased from Sigma Aldrich. Human serum was a kind gift from the 

Vascular Biology research group at UiT - The Arctic university of Norway. Rat and human liver 

microsomes were purchased from Thermo Fisher Scientific, Waltham, MA, USA. MilliQ water rinsing 

system with rinsing from Millipore was used. β-nicotinamide adenine dinucleotide phosphate sodium 

salt (NADP), β -nicotinamide adenine dinucleotide phosphate reduced tetrasodium salt (NADPH), D-

glucose-6-phosphate, D-glucose-6-phosphate dehydrogenase were also purchased from Sigma 

Aldrich. 125I-[D-Trp6]-LHRH where bought from Perkin-Elmer, Oslo. Compounds 3 and 4 were 

synthesised as previously described.4 

 

Evaluation of compounds 3 and 4 in human and rat serum 

The stability of compounds 3 and 4 was investigated in human and rat serum. In assay, compounds 3 

and 4 (50 ul 4 mM)  were dissolved in a mixture of 5 % ethanol, 5 % Polysorbate 80 and 90 % water for 

injection. The compounds were then incubated with 400 µl human and 300 µl rat serum at 37 oC. An 

aliquot (40-50 µl) from previous mixtures was subsequently extracted with ice-cold acetonitrile at 0, 

10, 30, 60, 120, 240 and 1320 minutes post-incubation. Samples were centrifuged at 13.000 g for 5 

minutes. The supernatants were analysed by LC-MS. Serum experiments were performed in triplicate. 

 

Incubation with rat and human liver microsomes  

Incubations were performed by following the protocol presented by Moldes-Anaya et al., 2009.12 In 

brief, stock solutions (2 mM) of the substrates were prepared by dissolving compounds 3 and 4 in 

acetonitrile: water (v/v, 75:25). The compounds were incubated in a total volume of 1 ml in Pyrex® test 

tubes at 37oC in an shaking water bath (Heto-Holten, Allerod, Denmark ) with commercially available 



rat and human liver microsomes (Thermo Fisher Scientific, Waltham, MA, USA). Human liver 

microsomes consisted on a mixed gender pool of 15 donors (20 mg/ml protein), whereas rat liver 

microsomes consisted of an undetermined number of male donors at 20 mg/ml protein. The 

incubation was performed in NADPH regeneration system in HEPES buffer (pH 7.4) containing (19.4 

mM glucose-6-phosphate, 0.91 mM NADPH, 0.84 mM NADP and 5.72 units of glucose-6-phosphate 

dehydrogenase according to previously published literature. At 0, 2, 5, 15, 30, 60, 120, 180 minutes 

0.1 ml aliquots were taken and transferred to Eppendorf tubes containing ice-cold 0.1 ml acetonitrile 

and 100 ng/ml internal standard to quench the reaction. The samples were centrifuged at 21.000 g 

(Eppendord,…). The supernatant were collected and transferred to HPLC insert-vials for further 

analysis on the LC –MS system. Positive and negative controls were included in each incubation 

mixture in order to validate the experimental setup. As a positive control, lidocaine was used.  

Lidocaine has a well-known metabolic profile and, in addition, structural similarities with the 

substrates to be studied in the present study.13, 14 As negative control incubations, a mixture containing 

all the components of the experiments except the substrates and an incubation containing the 

substrates without the microsomes were included. 

 

Semi quantitative analysis of compounds 3 and 4 and screening for metabolites 

Semi-quantitative analysis of compounds 3 and 4 was performed by using LC-MS. Assuming similar 

analytical response for parent compounds and metabolic products, signal response areas relative to 

an internal standard were registered as a function of the parent compound. 2-(4-(tert-Butylphenyl)-4-

(4-(2-fluoroethyl)piperazin-1-yl)-1H-benzo[d]imidazole was used as an internal standard at a 

concentration of 100 µg/ml. Calibration curves were constructed for the parent compounds (3 and 4) 

in a concentration range from 0.5 µg/ml to 8 µg/ml. Calibration standards were made in matrix and 

showed appropriate linearity in the range of concentrations studied, experiments were performed at 

least three times, with at least three injection each time. The linearity for compound 3 was calculated 

by the method of least square and found to be R² = 0,9731, y = 0,1929x + 0,1354, for compound 4 the 

linearity was calculated by the method of least square and found to be R² = 0,9608, y = 0,2072x + 

0,1426. 

 

HPLC-MS/MS 

The rate of metabolism and metabolite identification were performed on a Waters (Millford, MA, USA) 

Xevo G2 Q-ToF mass spectrometer connected to a Waters Acquity UPLC I-class separation module. The 

separation was done on a Waters Acquity BEH C18 2.1x100 mm column with 1.7 µm particle size. The 

mobile phases consisted of A: water with 0.1% formic acid and B: acetonitrile with 0.1% formic acid. 



The analysis was performed with gradient elution starting with 2% B with a linear increase to 95% B 

after 10 minutes. The flow rate was set to 0.6 ml/min, the injection volume was 5 µl, and the column 

temperature was set to 65 °C. For full scan analysis of all compounds the mass spectrometer had a 

capillary voltage of 600 V, the cone voltage was set to 30 V, the cone gas flow was set to 10 l/h and 

130 °C and the desolvation gas flow was set to 800 l/h and 450 °C. Nitrogen from a Genius NM32LA 

nitrogen generator (Peak Scientific, Incinnan, Great Britain) was used as both cone and desolvation 

gas. The mass range was set to m/z 105 – m/z 1200 and the analysis was performed with positive 

electrospray ionization. Leucine-enkephaline with an m/z of 556.2771 was used as lockspray for 

increased mass accuracy. For MS/MS experiments for identification similar settings were used, but 

instead of full scan analysis the protonated molecular ion of each compound was set as precursor ion 

for fragmentation. The fragmentation was done by collision induced fragmentation with argon (Aga, 

Oslo, Norway) as collision gas, and a collision energy ramp of 20 to 40 eV was used for all compounds. 

Fragments were detected in the mass range m/z 50 – m/z 650. Identification of metabolites was done 

manually by considering normal phase 1 metabolism and by the software Metabolynx by Waters set 

to identification of phase 1 metabolites. 

 
 

Autoradiography 

Male Wistar Han IGS rats were purchased from Charles River (Germany). Rats were anesthetised 

using isoflurane (Induction 4%, Maintenance 2% in oxygen) and euthanized while still under 

anaesthesia with an overdose of pentobarbital (100 ml/kg) administered intraperitoneally. Whole 

brains of male Wistar rats were rapidly removed embedded in O.C.T. Tissuetek® (Sakura-Finetek, 

USA) and frozen by immersion in isopentane and liquid nitrogen. Organs were stored at -80°C until 

use. Coronal brain sections (−20°C, 20 μm thick) were prepared on a cryostat and thaw-mounted on 

Superfrost ® Plus glass slides (Carl Roth GmbH &amp; Co. KG, Karlsruhe, Germany). Sections were 

allowed to thaw and dry at room temperature for 30 minutes. A DAKO DAB pen was used to 

delineate the area for drop incubation. The samples were pre-incubated with TMSA buffer (25mM 

Tris, 5mM MgCl2, 32mM sucrose, 1% BSA, pH 7.4) for 30 minutes before incubation with compound 3 

and 4 in different concentrations, ranging from 0 to 2mM for 60 minutes at room temperature in 

TMSA buffer (pH 7.4); washed once with TMSA buffer; and 125I-[D-Trp6]-LHRH (0.1 nM) added in a 

drop fashion for further incubation (60 minutes at room temperature). The sections were then 

washed 4 times with ice cold TA buffer (25mM Tris, 1% BSA pH 7.4) and once in milliQ water. The 

samples were dried and exposed to a phosphor screen for 7 days at -20oC. The screens were scanned 

with Fujifilm BAS-5000 from FUJIFILM Life Science and analysed with Image J software.   



 

RESULT AND DISCUSSION  
Previously reported literature disclose the synthesis, radiolabelling and biological competitive binding 

assay for compound 1, 2, 3 and 4.2, 4 In brief, compounds 3 and 4 were synthesised in a 6 step synthesis 

with an overall yield of 1% for 3 and 7% for 4. As previously published [123I]-3 gave 76% analytical 

radiochemical yield and [123I]-4 11% analytical radiochemical yield. Serum stability of compound 3 and 

4 was analysed by LC-MS, Table 1. The compounds were found to be stable, more than 84 % of the 

compounds remained after 120 minutes. After 22 hours more than 70% of the compounds remained, 

which indicates good stability in human and rat serum.    

 

Table 1: Serum stability of 3 and 4 in human and rat serum.  

Minutes 
Compound 3 
human seruma 

Compound 4 
Human seruma 

Compound 3 
Rat seruma 

Compound 4 
Rat seruma 

0 100 100 100 100 
30 97 109 101  98 
60 107  99 94 92 

120 103  106  98 81 
1320 84 91 86 70 

aStability given as the mean of two experiments.  
 
 

In addition to the serum stability analysis, a metabolic profile for compounds 3 and 4 (paper IV). MS/MS 

fragment ions of compounds 3 and 4 were identified by LC-MS/MS and are shown in Figure 2. The 

fragmentation of the metabolites was then identified based on the fragmentation of the parent 

compounds, and the structures were partly determined. MS/MS spectra with structural information 

of metabolites can be found in the supporting information. Molecular ions and main fragment ions of 

the metabolites are given in Table 2 and Table 3. 

 

 



Figure 2: Structural information obtained by LC-MS/MS. MS/MS spectrum of compound 3 to the left and compound 4 to the 

right. Major product ions are shown in the structures as mass to charge ratio (m/z).  

 

Major fragment ions for compound 3 were identified as m/z 560, 497, 473 and 418. The fragment ion 

m/z 560 is a loss of two nitrogen’s, most likely from the triazole-ring. The m/z 497 fragment is probably 

due to a fragmentation of the triazole-ring where the fluoroethyl group in addition is lost, while the 

fragment m/z 473 is most likely loss of the entire triazole-ring including the fluoroethyl group. Signal 

m/z 418 is probably a fragmentation of the piperazine. 

The metabolites from compound 3 were identified as M1 m/z 604 (hydroxylation), M2 m/z 578 

(hydration and two demethylations), M3 m/z 584 (two sequential desaturations), M4 m/z 461 (loss of 

the fluoroethyl-group) and M5 m/z 477 (hydroxylation and loss of the fluoroethyl-group) as shown in 

Table 9.  

M1 (m/z 604) shows a typical difference of 16 amu compared to compound 3 at m/z 588, which 

presumably is a hydroxylation. The MS/MS spectrum shows a fragment signal at m/z 576, equal to 

fragment m/z 560 of compound 3. The signal at m/z 489 and m/z 434 is equal to the signal at m/z 473 

and m/z 418 of compound 3. M2 (m/z 578) is 10 amu lower than for compound 3 at m/z 588, most 

likely due to hydration and two demethylations. The fragment signals at m/z 461 and m/z and 434 is 

equal to m/z 473 and m/z 418 for compound 3. The signal m/z 307 is equal to m/z 418 for compound 

3, but with an additional loss of iodine on the benzimidazole. The signal at m/z 295 is equal to the 



fragment m/z 418  for compound 3, however most likely with the additional loss iodine and  12 amu, 

which is probably a loss of a carbon nearby the nitrogen in the piperazine. Identification of the 

metabolites M3, M4 and M5 were identified by LC-MS analysis of the parent and fragment ions and 

additionally by the Metabolynx software (Waters).  

 

 Table 2: Compound 3 incubated with human liver microsomes. Structural information obtained by LC-MS and LC-MS/MS of 

metabolites. 

Identity Rt [M+H]+ Metabolite description Major fragment ions (m/z)a 

3 4.01 588 Parent 560, 497, 473, 418, 

M1 3.05 604 3 [+OH] 576, 489, 434 

M2 2.91 578 3 [+H2O, -CH2, -CH2] 461, 434, 307, 295 

M3 3.82 584 3 [two sequential desaturations] * 

M4 3.79 461 3 [-C5H6N3F] * 

M5 2.82 477 3 [+OH-C5H6N3F] * 

*Unable to obtain reliable MS/MS data due to too low concentration. aIn bold, diagnostic fragment 

ions. 

 

 

There is a remarkable similarity between metabolism by rat and human liver microsomes for 

compound 3, as shown in Figure 3. Notably, compound 3 is metabolised at a lower rate in human liver 

microsomes compared to rat liver microsomes. The maximum amount of M1 is produced within 15-30 

minutes. In addition, M2 is produced at a lower rate in human- than in rat- liver microsomes. The 

metabolites M3-M5 are produced in minor amounts (Figure 3). Additionally, the half-life of compound 

3 incubated in human liver microsomes was found to be 43 minutes and for rat liver microsomes 59 

minutes.  

 

 

 

 



 

 
Figure 3: Metabolic transformation of compound 3 with metabolites. Upper graph presents the 

compound incubated with human liver microsomes and the lower graph with rat liver 

microsomes. The experiment was performed as two independent experiments with four 

injections on LC MS-MS. 

 

The ion chromatograms for compound 3 and the metabolites M1-M6 are shown in Figure 4. The 

increase of the metabolites is seen at the selected time points 15 and 180 minutes for compound 3.   
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Figure 4: Ion chromatograms for compound 3 and metabolites incubated with human liver microsomes at time points 0, 15 
and 180 minutes.  



 

For compound 4 the fragmentation by LC-MS/MS revealed the major fragment ions as m/z 

560, 347, 292, 226 and 180. Similarly as for compound 3, the loss of two nitrogen’s probably resulted 

in the fragment signal of m/z 560 from compound 4. The m/z 347 fragment ion is most likely a loss of 

triazole with the fluoroethyl group in addition to the loss of iodine. The signal m/z 292 is possibly due 

to a cleavage of the piperazine. The m/z of 226 and 180 is most likely a fragmentation in the triazole, 

where the signal at m/z 226 indicates that the fluoroethyl group is still present.  

The metabolites from compound 4 were identified as M1 m/z 604 (hydroxylation), M2 m/z 478 

(hydroxylation and deiodination), M3 m/z 335 (loss of the triazole with the fluoroethyl group and 

iodine), M4 m/z 558 (hydroxylation and loss of the fluoroethyl group), M5 m/z 578 (hydration and 

demethylation), see Table 3.  

M1 (m/z 604) shows a difference of 16 amu compared to compound 4, which most likely is 

hydroxylation. Furthermore, fragment ions of M1 (m/z 604) corresponds to a large degree to the 

fragments of compound 4 (fragment m/z 363 corresponds to m/z 347, fragment m/z 308 corresponds 

to m/z 292, fragment m/z 226 corresponds to m/z 226 and fragment m/z 180 corresponds to m/z 180). 

M2 (m/z 478) is probably hydroxylated in addition to a deiodination. The fragment ions of M2 

corresponds to a large degree on the fragments of compound 4 (fragment m/z 363 corresponds to m/z 

347, fragment m/z 308 corresponds to m/z 292). In addition, signals m/z 226 and m/z 180 are missing, 

which most likely makes iodine on the triazole important for the fragmentation, and when the iodine 

is missing these fragments are also missing. M3 (m/z 335) is most likely the loss of the triazole with the 

fluoroethyl group and the iodine. The fragment ions for M3 also corresponds to a large degree to the 

fragments for compound 4 (fragment m/z 292 corresponds to m/z 292, fragment m/z 277 and m/z 262 

corresponds to m/z 292, most likely due to the loss of one CH2-group and subsequently another CH2-

group. In addition the signals m/z 226 and m/z 180 is missing here as well, again indicating the 

importance of the iodine on the triazole for the fragmentation. M4 (m/z 558) is probably a 

hydroxylation with the loss of the fluoroethyl group at the triazole. Additionally, the fragment ions for 

M4 (m/z 558) corresponds to a large degree on the fragments for compound 4 (Fragment m/z 402 

corresponds to m/z 560 for compound 4 with the additional loss of iodine, fragment m/z 351 

corresponds to 347, however with the additional loss of a carbon, m/z 308 corresponds to m/z 292, 

fragment m/z 277 corresponds to m/z 292, most likely due to the loss of one CH2-group). The signal 

for M5 (m/z 578) is most likely hydration and two demethylations. As for the other metabolites the 

fragment ions for M5 (m/z 578) corresponds to a large degree to the fragment ions for compound 4 

(signal m/z 337 corresponds m/z 347, m/z 308 corresponds to m/z 292, m/z 226 corresponds to m/z 

226 and m/z 180 corresponds to m/z 180). M6 (m/z 542 is probably a fragmentation of the fluoroethyl 

group. The fragment ions for this metabolite also corresponds to a large degree to the fragment ions 



for compound 4 (The m/z 386 is probably the loss of iodine and two nitrogen’s. The m/z 335 

corresponds to m/z 347 with the additional loss of a carbon, signal m/z 292 corresponds to m/z 292.  

The m/z 278 and m/z 266 corresponds to m/z 292 (difference of 12 amu) is most likely due to a 

fragmentation on the piperazine where only a nitrogen is left for m/z 266).  

 

Table 3: Compound 4 incubated with human liver microsomes. Structural information obtained by LC-MS and LC-

MS/MS of metabolites in human microsomes. 

Identity Rt [M+H]+ Metabolite description Major fragment ions (m/z)a 

4 3.17 588 Parent 560, 347, 292, 226, 180 

M1 2.26 604 4 [+OH] 363, 308, 226, 180 

M2 1.98 478 4 [+OH-I+H] 363, 308,  

M3 2.52 335 4 [-C5H5N3FI] 292, 277, 262,  

M4 2.16 558 4 [+OH-C2H3F] 402, 351, 308, 277 

M5 2.08 578 4 [+H2O-CH2-CH2] 337, 308, 226, 180 

M6 3.07 542 4 [-C2H3F] 386, 335, 292, 278, 266 
   aIn bold, diagnostic fragment ions 

 

The metabolism is slower in rat liver microsomes than in humans liver microsomes for compound 4, 

Figure 5. The main metabolites are M1, M2 and M4. More M1 is formed than M2 and M4 in human 

liver microsomes. The minor metabolites in human microsomes were M3, M5 and M6. In rat liver 

microsomes more M1 is formed compared to M2. The minor metabolites in rat liver microsomes are 

M3-M6. Additionally, the half-life for compound 4 incubated in human liver microsomes was found to 

be 64 minutes and for rat liver microsomes 224 minutes.  

 

 

 

 

 

 

 

 



 

 

Figure 5: Metabolic transformation of compounds 3 and 4 incubated with rat liver 
microsomes. The results are from two different experiments with four injections on LC MS-
MS. 

 

   

The ion chromatograms for compound 4 and the metabolites M1-M6 are shown in Figure 6. The 

increase in the metabolites are seen at the selected time points 15 and 180 minutes for compound 4.   
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Figure 6: Ion chromatogram for compound 4 incubated with human liver microsomes at time points 0, 15 and 180 minutes.  



The metabolic profile identified five metabolites for compound 3 and six metabolites for compound 4. 

In the light of the metabolic profile, the metabolism for compounds 3 and 4 both in rat- and human- 

liver microsomes were found suitable as imaging agent in human and rat. The metabolic half-life were 

found to be 43 minutes (human liver microsomes) and 59 minutes (rat liver microsomes) for compound 

3. The half-life for compound 4 incubated in human liver microsomes was found to be 64 minutes and 

for rat liver microsomes 224 minutes. For compound 3 and 4, the half-life is more than sufficient 

enough for imaging agents. 

 

Additionally, the potential for compounds 3 and 4 to bind to GnRH-R in rat brains were performed in 

paper IV. Initially, we designed an indirect autoradiography study of binding to rat brain sections. 

Which means that the competitive agonist [125I]-[D-Trp6]-LH-RH were incubated with the GnRH-R first 

and then compounds 3 and 4 were incubated with the GnRH-R so that they could compete for the 

binding to the GnRH-R. The images show the bound [125I]-[D-Trp6]-LH-RH in competition with 

compounds 3 and 4. Compound 3 showed a decrease in signalling when increasing amounts (from 0.1 

nM to 100 mM) of compound 3 were added, Figure 7. There is a clear diminution of the activity; not 

even at concentration of 100 mM compound 3 is able to inhibit totally the binding of the hormone. 

Compound 4 shows a decrease in signalling when increasing amounts of compound 4 were added. 

Compound 4 shows a stronger inhibition of the binding of the hormone to the brain sections already 

at a concentration of 1 nM of and almost no activity when in competition with 10 mM. This is in 

consistency with our competitive binding assay where compound 3 have a Ki of 82 nM and compound 

4 a Ki of 12.9 nM. 

 



 

Figure 7: Example of initial autoradiography showing the competition of compounds 3 and 4 against the 

competitive agonist 125I[D-Trp6]-LH-RH, n=3.  

 

 

To confirm our results in the indirect autoradiography study of compounds 3 and 4 we radiolabeled 

compound 4 with 123I as previously described (paper II) and performed an direct autoradiography study 

in rat brain sections, Figure 8. By directly labelling the 4 with 123I we were able to visualize the binding 

in the rat brain region.  

 

  

Figure 8: Autoradiography of [123I-1 in rat brain, n=1. 

 

 



 

CONCLUSIONS 
Compounds 3 and 4 were evaluated in vitro for assessment into preclinical studies. The serum stability 

in rat and human serum showed stable compounds. More than 70 % of the compounds remained in 

rat- and human- serum for 22 hours. The thoroughly analysis of the phase 1 metabolism for 3 and 4 

showed a metabolic half-life more than sufficient enough for the use as imaging agents, which is in 

compliance with the serum stability analysis. In addition, five metabolites were identified and 

quantified for compound 3 and six metabolites were identified and quantified for compound 4. 

Additionally we have performed autoradiography indirect and direct to prove our concept where 3 

and 4 shows binding to rat GnRH-R in brain regions. In vivo characterization by SPECT imaging, 

pharmacokinetics and biodistribution studies are underway. Furthermore, 18F labeling are in progress 

in our laboratory.  
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Serum stability analysis by LC-MS 

Injection volume 2.0ml. Program 

A: 0.1% formic acid in water 
B: 0.1% formic acid in acetonitrile 
Flow 500 ul/min 
 
Time    %A    %B 
0.00    95    5 
0.50    95    5 
7.00    5    95 
8.00    5    95 
8.01    95    5 
10.00  95    5 
 
MS: 
Full scan, positive mode m/z 400-620. Resolution 15000. Microscans 1. Max inject time 250 ms. Sheath gas. 
Flow 70. Aux gas Flow 10. Sweep Gas Flow 10. Spray Voltage 4.50 kV. Capillary Temp 330°C. Capillary voltage. 
37 V. Tube Lens 80V 
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Figure S1: 588 compound 3 
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Figure S1: M1 
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Figure S1: M2 



5 
 

 

Figure S1: M3 
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Figure S1: M4 
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Figure S1: M5 
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Figure S1: m/z 588 compound 4 
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Figure S1: M1 
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Figure S1: M2 
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Figure S1: M3 
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Figure S1: M4 
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Figure S1: M5 
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Figure S1: M6 
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The metabolism of lidocaine used as a positive control (rat liver microsome) 
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ABSTRACT 

 
We have used a simple, robust high yielding radiolabeling procedure to radiolabel the α-

halogenated compound 1-(4-(2-(4-tert-butylphenyl)-1H-benzo[d]imidazol-4-yl) piperazin-1-

yl)-2-iodoethanone.  The compound was selected because of its high radiochemical yield. 

Initially, this reactive compound was considered to be too unstable in physiologic conditions 

and was not evaluated for in vitro and in vivo testing. However, literature findings showed 

similar α-halogenated compounds suitable for in vivo evaluations. Furthermore, LC-MS 

analysis in saline, human and rat serum resulted in 46%, 52% and 44% stability after incubation 

for 1 hour respectively. The stability and literature findings made further in vivo investigations 

necessary. The compound were found to possess nM affinity for the GnRH-R in a competition 

dependent inhibition study. In addition rat brain single photon emission tomography imaging 

and biodistribution studies gave further insight in the nature of the compound as a radiotracer. 



 
INTRODUCTION 

 
Disturbance of gonadotropin releasing hormone (GnRH) signaling is implied in a variety of 

human diseases spanning from reproductive diseases, hormone dependent oncological diseases 

and neurodegenerative diseases. GnRH receptors (GnRH-R) play a central role in this context 

and have consequently attracted considerable interest as therapeutic targets1-2. 

The neurohormone GnRH has its main action in the hypothalamic-pituitary-gonadal 

axis (HPG-axis). GnRH is released in a pulsatile manner stimulating two other gonadotropins 

in the anterior pituitary gland, follicle stimulation hormone and luteinizing hormone. The 

release of these gonadotropins acts in the gonads to produce androgens and estrogens.3 In 

addition, the GnRH-R localization in mammals outside the HPG-axis is well documented. 

Several areas of the central nervous system (CNS) have been shown to express GnRH-R: 

Retina, olfactory bulb, cortex (especially piriform cortex), lateral septum, preoptic area, arcuate 

nucleus, hippocampus, amygdala, central grey, cerebellum and spinal cord.4 Besides the CNS, 

the GnRH-R is also expressed in other sites, such as: kidney, liver and heart.4 

Novel single photon emission computed tomography (SPECT) and positron emission 

tomography (PET) radiotracers for imaging are of high importance in diagnostic medicine. This 

is linked to the necessity of advances in radiochemistry and radiobiology development.5 The 

aim of the present study was to develop a GnRH-R SPECT radiotracer to allow for non-invasive 

quantification of GnRH-R in brain in vivo. 

We have previously disclosed the discovery of gonadotropin releasing hormone (GnRH) 

receptor antagonists and a thorough mechanistic analysis of halogen exchange by the use of 

anchimeric assistance for amide groups. In addition, 1-(4-(2-(4-tert-butylphenyl)-1H-

benzo[d]imidazol-4-yl) piperazin-1-yl)-2-iodoethanone (compound 1) has been radiolabeled in 

high radiochemical yield (figure 1).6-7 Consequently, compound 1 was selected for further 

evaluation. α-halogenated molecules are widely used in organic chemistry, medicinal chemistry 

and radiochemistry as prosthetic groups and for further diversification of lead molecules.8-9 

However, little is published for α-halogenated amides as possible radiotracers. A possible 

explanation may be due to the natural high reactivity of α-halogenated amides.10 Nevertheless, 

Legros et al investigated the molecular pharmacology of melatonin receptors with alpha 

halogenated amides. The reported compounds SD6 and S70254 contain an α-iodide next to an 

amide group. SD6 and S70254 were 125I-labeled and their receptor specificity evaluated by cell 

membrane binding assays, tissue membrane saturation assays and in vitro autoradiography of 



brain and retina from rat and sheep. [125I]- S70254 can be used with both cells and tissue in 

addition to autoradiography. Legros et al describes for the first time radiolabeled tools that are 

specific for one of the melatonin receptors (MT2). These tools are amenable to binding 

experiments and to autoradiography using sheep and rat tissues. Furthermore, these specific 

tools will permit better understanding of the role and implication in physiophatologic processes 

of the melatonin receptors.11-12 

In light of this promising literature reference, our focus turned to a further evaluation of 

compound 1 as a potential candidate for in vivo imaging studies despite its α-halogenated 

properties. 123I-labeling was achieved for compound 1 in 80% analytical radiochemical yield.6 

However, compound 1 stability in rat and human serum is a prerequisite for further 

investigation. To evaluate the biological properties, the compound biodistribution in rat was 

studied. Furthermore, SPECT analyses were performed for evaluation of the imaging abilities 

of [123I]-compound-1.   

 

MATERIALS AND METHODS 

 
Reagents and materials  

All solvents and reagents were obtained from Sigma Aldrich (Sigma-Aldrich Norway AS) 

except Na123I (GE Healthcare, Netherland). Rat and human serum were kindly donated by the 

Vascular Biology research group at UiT Arctic university of Norway. The semi-preparative 

radio-HPLC consists of a DIONEX HPLC system,  HPLC pump P680 with a PDA.detector 

(PDA-100) with XBridge® prep C18 5µm OBDtm 19x250nm column and a radioactivity flow 

detector for HPLC LB 509 (Berthold technologies,  Germany). The LC-MS is a Thermo, 

scientific LTQ Orbitrap XL, ESI-ionmax (Germany).  

 

Animals 

Male Wistar Han IGS rats of 6-9 weeks age were purchased from Charles River (Germany). 

The animals were housed in the Department of Comparative Medicine at UiT- The Artic 

University of Norway. The animals were fed standard chow (Scanbur, BK, Nyttedal, Norway) 

ad libitum. All experimental protocols were approved by The Norwegian Food Safety Authority 

and conducted in accordance to the Norwegian law, FOR-2017-04-05-451. 

 

Chemical synthesis and 123I labeling 

https://lovdata.no/forskrift/2017-04-05-451


The key intermediate 1a and compound 1 was prepared according to literature procedures 

(figure 1).6-7 In brief, Na123I (specific activity of 4.2 pmol 123I-Iodide per ml) was prepared in a 

concentration step over 4 hours evaporating the solvent. Na123I reacted with 1a in acetone for 1 

hours in reflux. The fractions were collected and the solvents evaporated. Products was 

confirmed by radio-HPLC. The radiolabelling experiments where repeated in n>6 times. 

 
Saline and serum stability  

The stability of compound 1 was initially investigated in saline. Compound 1 (50 ul, 4 mM) 

was dissolved in ethanol:Polysorbate 80:water (5:5:90) then incubated with 300µl 0.9% NaCl 

at ambient temperature. Aliquots were taken at 0, 60, 120 and 1560 minutes, then analysed by 

LC-MS. Furthermore, compound 1 was investigated in human and rat serum. Compound 1 (50 

ul 4 mM) in ethanol:Polysorbate 80:water (5:5:90) was incubated with 400 µl human and 300 

µl rat serum at 37oC. An aliquot (40-50 µl) from previous mixtures was extracted with ice-cold 

acetonitrile at 0, 10, 30, 60, 120, 240 and 1320 minutes post-incubation. Samples were 

centrifuged at 13000 rpm for 5 minutes. The supernatants were analysed by LC-MS. Serum 

experiments were performed in triplicate. 

 

Competitive binding studies  

HEK293T (a division arrested cell line, Multispan Inc, USA) cells stably expressing GnRH 

receptors were used to measure the inhibition of competitive binding for LHRH/GnRH by a 

fluorescence based FLIPR assay.13 Compound 1 was tested in concentrations from 50 µM to 

0.5 nM with 5 nM LHRH agonist as competitor. The commercially available compound 

WAY207024 was included as a reference compound since it has a known affinity for the 

GnRH-R. Buserelin was used as a negative control. 

 

SPECT imaging 

Rats were anesthetised using isoflurane (Induction 4%, Maintenance 2%, 100% Oxygen). One 

group of rat were injected iv with [123I]-compound 1 (ID 1.67 MBq ± 0.28 SD). Another group 

were injected with i.p. (ID 4.12 MBq ± 0.56 SD). A third group of animals was iv injected with 

Na123I (ID 1.53 MBq ± 0.37 SD).  

 

While constantly kept under anesthesia, the rats were positioned with the brain in the center of 

the field of view inside a 4 detector configuration TriumphTM II X-SPECTⓇ small animal 



PET/SPECT/CT scanner (Trifoil Imaging, Northridge Tri-Modality Imaging, Inc., Chatsworth, 

CA). Heart rate and breathing was monitored with sensors inside a closed animal cell 

(Equipment Veterinaire Minerve, Esternay) and the temperature on the heated air flow inside 

the cell was set to 35°C to prevent hypothermia. 

Dynamic SPECT acquisitions for 30 and 60 min with 6-12 image frames, each 5 min 

long were taken for the animals which were used for 1h and 2h biodistribution studies 

respectively. The animals subjected to 5 hours accumulation studies were scanned after an 

average of 4 h and 20min, a static SPECT of 30 min was run. 1.0 mm 5-multipinhole collimator 

(N5F65A10) and 50 mm radius of rotation (ROR). Images were reconstructed using a 20% 

energy window and Ordered subset expectation maximization (OSEM) algorithm with 5 

iterations and 8 subsets. 

Computed tomography (CT) was performed using 80 kVp, 2x2 binning, 512 projections 

and 1.3x magnification, immediately after SPECT imaging. The raw data were reconstructed 

using Filtered Back Projection. 

 

 

Image analysis 

Images were analyzed using PMOD (PMOD Technologies Ltd., Zürich). Volumes of interests 

(VOI) representing the brain-tissue, non-brain-tissue and background regions were delineated 

based on the anatomical CT images, and transferred to the coregistered dynamic SPECT data. 

In addition, an average SPECT image over all time frames was calculated for each animal. 

These images were inspected visually by an experienced biologist. 

 

123I-compound-1 Biodistribution 

The same animals used for the SPECT imaging were used in the biodistribution study. [123I]-

compound-1 and Na123I were injected into anesthetized rats following the same protocol as 

described in the SPECT imaging studies. Animals were euthanized with an overdose of 

pentobarbital (ip 100 ml/kg). For each time point 1h post iv injection of [123I]-compound-1, 2h 

and 5h post ip injection of [123I]-compound-1. Organs were collected, weighed and analysed for 

radioactivity on an automatic gamma counter (Wizard2 2480, Perkin Elmer, USA) Organ 

distribution was expressed as percentage of injected dose per gram (% ID/g). 

 

Statistical analysis 



All of the data are presented as average±SD. Statistical analyses were performed using 

GraphPad Prism software. Biodistribution and SPECT studies were analysed by paired two-

tailed t-test. 

 

 

RESULTS 

 
Saline and serum stability  

Stability test in saline revealed that 46% of the compound remained after 1 hour incubation, 

decreasing to 10% after 2 hours and to 2% 24 hours post incubation (Table 1). Human and rat 

serum stability analysis performed by LC-MS showed a 50% decrease of compound 1 after 1 

hour (Table 1). After 2 hours incubation, 23% of the compound remained in human serum and 

approximately 30% of the compound remained in rat serum.  

 
Inhibition assay 
A concentration dependent competition study using HEK293T cell lines and LHRH agonist 

was performed to evaluate the affinity of compound 1. Results showed that compound 1 

presented pIC50 of 5.29. The Ki was determined by using the cheng-prusoff equation.14 

Compound 1 was found to have a Ki value of 82.0 nM compared to 12.2 nM for the 

commercially available reference compound WAY207024 (Figure 2). The antagonist affinity 

of compound 1 dropped approximately one order of magnitude compared to WAY207024 

reference.  

 

SPECT imaging 

The SPECT images resulted in no visual uptake in the brain region at the doses injected (Figure 

4). The Ratios for the VOIs brain vs non-brain and brain vs background were statistically 

analyzed (Figure 5) and showed no statistical significant difference. 

 

Biodistribution 
Organ analyses revealed that most of the activity for [123I]-compound-1 was distributed in the 

stomach 3.6 % ID/g and the thyroid 1.2% ID/g. The uptake in testis and brain was 0.2% ID/g 

and 0.03% ID/g respectively (Table 2). Similarly, a high Na123I uptake was presented in the 

thyroid (3.6% ID/g) and stomach (3.4% ID/g). The biodistribution examined 2 hours and 5 

hours post ip administration of [123I]-compound-1 revealed high uptake in the thyroid 5.8% 



ID/g after 2 hours and even higher uptake after 5 hours (13.1% ID/g). By comparison the 

stomach showed 2.5% ID/g after 2 hours and 2% ID/g after 5 hours. (Table 3).  

 

 

 DISCUSSION 
 
The GnRH-R plays a crucial role in several diseases and it is located within the brain and outside 

the brain.1-4 Our aim was to target the GnRH-R with imaging since the GnRH-R expression 

will give valuable information for diagnosis, treatment and pathophysiology. Initially the 

discovery of compound 1 was done to evaluate the potential of radiolabelling by the 

anchimerically assisted Finkelstein approach. We have previously disclosed the radiolabelling 

of compound 1 by a modified Copper azide –alkyne cycloaddition in 80% analytical RCY and 

17% isolated yield (Figure 1).6 This gave us a straightforward access to a radioiodinated 

compound. In addition the radiolabelling was done in  high yield, in a fast and robust reaction 

which is in compliance with the requirements for radiolabelling.15 In addition the affinity to the 

GnRH-R were evaluated in a competitive binding assay. Compound 1 showed nM affinity (Ki 

82nM) to the GnRH-R compared to the reference WAY207024. The stability of α-halogenated 

compound 1 was a concern due to its nature of reactivity in this position and would therefore 

not be suitable for physiological conditions. However, literature findings showed SD6 and 

S70254 with α-halogenated amides labelled with 125I, figure 3.11-12 Previous reports showed the 

in vitro biological evaluation of α-halogenated amides SD6 and S70254 in cell membrane 

binding assays, tissue membrane saturation assays and in vitro autoradiography of rat and sheep 

brain and retina. Legros et al explains that these tools are amenable to binding experiments and 

to autoradiography using sheep and rat tissue and that these specific tools will permit better 

understanding of the role and implication in physiophatologic processes of the melatonin 

receptors.11-12  

The use of these α-halogenated amides with promising results prompted us to pursue 

the further biological evaluation of compound 1. Serum stability analysis is an initial step in the 

in vitro evaluation.16 Compound 1 revealed sufficient enough stability for imaging following 

incubations in saline, rat and human serum. Competitive binding studies in H293T cells 

presented compound 1 binding affinities for human GNRH-R in the nM range. In total, these 

indications favored the biodistribution studies of compound-1 in rats and furthermore the in 

vivo evaluation as a GnRH-R SPECT imaging agent. 



 The SPECT images were evaluated visually for uptake in the brain region. However, 

we were not able to distinguish any uptake visually for compound 1. We then decided to 

compare the images from [123I]-compound-1 with Na123I and no visually differences in the 

SPECT images were seen. The injection were changed to ip injection since we wanted to control 

our injection technique and since the ip route is much slower in terms of circulation in the blood 

compared to iv injections and therefore a possible accumulation in brain could be seen.17 

However, no differences between the injection techniques were seen on the SPECT images. We 

did not change the dose since similar dose were reported in previous preclinical evaluation of 
123I- labeled compounds.18 However, to investigate this further we designed a semi quantitative 

study to evaluate the uptake. Three VOIs were selected and compared to each other; brain, non-

brain region and a background region. The statistically analyses did not show any statistical 

significant difference. 

We evaluated the biodistribution of [123I]-compound-1. The biodistribution of 

compound 1 is significantly similar to the biodistribution for Na123I. [123I]-compound-1 was 

mainly distributed in the thyroid and the stomach, indicating possible uptake of free 123I. We 

observed similar uptake patterns in brain and testis for compound 1 and Na123I, where GnRH-

R is known to be expressed, confirming the uptake of free 123I.4 However, to our knowledge no 

information of the biodistribution of Na123I are available for male Wistar rats. The 

biodistribution for free 125I and 131I for male Sprague Dawley rats exists.19 When we compared 

the biodistribution for 125I, 131I and 123I they all corresponds to the organs selected.  

Despite our predictions of the reactive nature of α-halogenated amides, compound 1 was 

stable long enough for a sufficient validation of in vivo effects. The compound was initially 

validated in saline, human and rat serum. The biodistribution study in rat compared with Na123I 

and the SPECT analysis did not show any differences. Compound 1 did not show any uptake 

in the brain region despite the promising stability and previous literature data.  Compound 1 is 

therefore not suitable as a SPECT radiotracer. Further studies for similar compound with longer 

chain lengths are planned and our chemically kinetic experiments indicates far more robust 

compounds.6 
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Table legends 

Table 1. Stability of compound 1 in human and rat serum.  

Results are expressed as % of compound remained in serum after the different incubation time 
points. Mean±SD (n=3). an=1 

Table 2: [123I]-compound-1 and Na123I biodistribution 1h post iv injection.  

No significant differences in [123I]-compound-1 organ distribution compared to Na123I were 
found. Results are expressed as %ID/g ±SD (mean. n=3) 

Table 3: [123I]-compound-1 biodistribution 2h and 5h post i.p injection  
 Results are expressed as %ID/g ±SD (mean. n=3) 

 

 

Figure legends 

 

Figure 1: Radiolabeling of compound 1 was performed according to previously published 
methods in 80% Analytical RCY and 17% isolated yield.6 
 
Figure 2: Different α-halogenated molecules for imaging purposes.11-12 

 
Figure 3: Competitive binding in competition of 5 nM LHRH agonist. Compound 1 was 
evaluated in comparison with reference compound WAY207024. Compound 1 have an nM 
affinity for the GnRH-R and show only a drop of magnitude in affinity compared to 
WAY207024. 

Figure 4: The figure show the areas selected for the VOIs where brain, non-brain and 

background were selected as VOI. B: Comparison of the selected VOIs measured as intensity 

which was used to analyze the difference for compound [123I]-compound-1 and Na123I.  

Figure 5: Static SPECT images (color) coregistered with CT (black/white) of the rat head. A: 
Injection of Na123I. B: Intravenous injection of [123I]-compound-1 C: Intraperitoneal injection 
of [123I]-compound-1. 

 

 

  



 

Tables 

Table 1: Stability of compound 1 in human and rat serum   
       

Min Human serum Rat serum Salinea 

0 100 100 100 
10 88±1.6 86±7.3 - 
30 74±8.1 82±11.5 - 
60 52±1.5 44±5.5 46 
120 23±1.6 30±4.8 10 
240 3±0.3 8±1.6 - 
1320 0 0 - 
1440 - - 1.6 

 

 

Table 2: 123I-1 and Na123I biodistribution 1h post i.v. injection  
Organs Na123I ±SD 123I-1 ±SD 
Blood 0.66 0.19 0.54 0.22 
Urine 1.07 0.34 0.70 0.57 
Bladder 0.45 0.16 0.35 0.14 
Heart 0.24 0.08 0.22 0.10 
Thyroid 3.59 2.63 1.21 1.48 
Thymus 0.19 0.06 0.16 0.07 
Saliv. 
Glands 0.25 0.08 0.22 0.12 
Lungs 0.37 0.08 0.33 0.16 
Pancreas 0.22 0.10 0.21 0.13 
Spleen 0.27 0.08 0.24 0.10 
Kidneys 0.37 0.10 0.34 0.19 
Large I 0.32 0.08 0.30 0.14 
Small I 0.57 0.11 0.93 0.89 
Stomach 3.40 1.63 3.62 1.70 
Feces 0.23 0.23 0.07 0.04 
Brain 0.04 0.01 0.03 0.00 
Bone 0.30 0.09 0.33 0.20 
Liver 0.25 0.07 0.25 0.08 
Muscle 0.14 0.06 0.11 0.05 
Skin 1.24 1.18 0.38 0.29 
Fat 0.06 0.03 0.09 0.03 
Testis 0.25 0.08 0.21 0.11 

 

  



 

Table 3: 123I-1 biodistribution 2h and 5h post i.p injection 
Organs 2h post i.p. ±SD 5h post i.p.  ±SD 
Blood 0.34 0.012 0.19 0.005 
Urine 0.14 0.053 0.84 0.524 
Bladder 0.32 0.094 0.26 0.087 
Heart 0.15 0.026 0.08 0.005 
Thyroid 5.79 1.957 13.14 1.809 
Thymus 0.12 0.019 0.07 0.009 
Saliv. 
Glands 0.13 0.009 0.08 0.005 
Lungs 0.21 0.005 0.12 0.012 
Pancreas 0.51 0.257 0.09 0.025 
Spleen 0.16 0.022 0.09 0.005 
Kidneys 0.18 0.005 0.11 0.005 
Large I 0.20 0.054 0.35 0.323 
Small I 1.49 0.947 0.20 0.109 
Stomach 2.47 0.893 1.64 0.836 
Feces 0.05 0.012 0.81 1.117 
Brain 0.02 0.000 0.01 0.000 
Bone 0.14 0.005 0.08 0.005 
Liver 0.15 0.012 0.10 0.008 
Muscle 0.06 0.005 0.03 0.005 
Skin 0.26 0.042 0.18 0.040 
Fat 0.07 0.042 0.14 0.189 
Testis 0.13 0.000 0.10 0.005 
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Errata  

 

Abbrevation listed in alphabetical order  

Page 22 Trituration changed to tritiation 

Table 7:  Compound 2 changed to compound 3  

compound 3 changed to compound 4 

Figure 19:  Removed 3 and inserted human 

Figure 22:  Changed from 1 to 4 

References:  15: 317-26 changed to 317-326 

  16: 3314-9 changed to 3314-3319 

  17: 211-6 changed to 211-216 

  23: 451-8 changed to 451-458 

  46: 2148-52 changed to 2148-2152 

  55: 202-8 changed to 202-208 

  56: 4190-5 changed to 4190-4195 

  58: 703-9 changed to 703-709 
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