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Abstract 

HER2 positive breast cancer accounts for about one third of all breast cancers 

and often results in poor prognosis. The development of resistant patient 

populations has led to the clinical evaluation of rationally designed combination 

therapies such as mTOR inhibitor / Herceptin therapy. The BOLERO-1/3 phase 

III clinical trials indicated a correlation between mTOR activity and treatment 

response. The aim of this work is to develop a mTOR specific PET ligand by 

creating a fluorine-18 labelled mTOR inhibitor derivative. 

Two classes of mTOR inhibitors were synthesized and radiolabelled. The 

cytotoxicity of new derivatives was determined using SRB assays and compared 

to reference compounds. In vitro cell uptake of radiolabelled derivatives was 

investigated using internalization assays and the specificity of observed uptake 

was confirmed in competition studies. The cellular localization of promising 

compounds was explored using confocal microscopy. Radiolabelled compounds 

were evaluated in vivo in murine xenografts of human breast cancer cell lines. 

The biodistribution was determined using dynamic PET/MR images over 2 hours. 

Synthesis of class 1 compounds was achieved via a convergent synthesis with 

a typical yield of 28% over the longest linear sequence (4 steps). Synthesis of class 

2 reference compound and radiolabeling precursor was achieved in 38% and 12% 

yield over 3 and 6 linear steps, respectively. Synthesis of fluorine-19 derivatives 

of the class 1 and 2 PET ligands was achieved in 7% and 5% yield over 5 and 7 

linear steps, respectively. 

Fluorine-18 labelling of class 1 PET ligand was achieved via copper-catalysed 

Click Chemistry in 40% RCY after 90 minutes. Radiolabelling of class 2 PET 

ligand proceeded in 1.5% RCY after 70 minutes. Typical molar activities of class 

1 and 2 PET ligands were 27.6 and 22.1 GBq/µmol, respectively, and the 



 

X 

radiochemical purity was > 99% in both cases. The logP of class 1 PET ligand 

was 0.9 at pH 7.4 and no metabolic breakdown was detected in mouse, rat and 

human S9 liver fractions over 3 hours. 

Cytotoxicity assays showed an increase in the IC50 values of class 1 PET 

compared to the reference compound, whereas radiolabeling of class 2 molecules 

preserved their potency. Internalization studies with [18F]MPC-1-1 showed 2.5- 

and 1.7-fold increased uptake in HCC-1419 and BT-474 compared to the negative 

control. In competition assays, the cell uptake could be reduced by 75% and 65%, 

respectively. Internalization assays with [18F]MPC-2-1 showed limited correlation 

of cell uptake with RAD001 sensitivity. Confocal microscopy using a fluorescently 

labelled class 1 derivative showed uptake in the cytoplasm of BT-474 cells. 

The biodistribution in mice was dominated by intestinal and bladder uptake, 

15% and 25% ID/ccm at 90 minutes p.i., respectively. Tumour uptake in BT-474 

xenografts increased over time whereas muscle tissue showed clearance of the PET 

ligand. The mean tumour-to-muscle ratios at 90 minutes p.i. were 1.7 ± 0.2 for 

RAD001 sensitive and 0.9 ± 0.2 for insensitive xenografts. The mean uptake in 

BT-474 tumours at 90 minutes p.i. was 2.8% ± 0.3% ID/ccm compared to 

1.8% ± 0.2% ID/ccm in MDA-MB-231 and 1.7% ± 0.4% ID/ccm in MDA-MB-

468 xenografts. 

In conclusion, [18F]MPC-1-1 showed potential as a PET ligand capable of 

discriminating between RAD001 sensitive and insensitive breast cancer cell lines. 

Its cellular localization in the cytoplasm was confirmed and uptake was shown to 

be specific in competition assays. Further studies investigating the uptake 

threshold which correlates to positive response to mTOR inhibitor treatment are 

warranted. 

 



 

XI 

Contents 

 

 

Declaration of Originality III 

Acknowledgements V 

Preface VII 

Abstract IX 

Contents XI 

Chapter 1: Introduction ............................................................................... 1 

1.1 The ErbB Signalling Network ............................................................ 3 

1.1.1 HER2-Targeted Therapy ............................................................. 5 

1.1.2 Trastuzumab Combination Therapy ........................................... 10 

1.2 The mTOR Pathway......................................................................... 19 

1.2.1 An Intracellular Target ............................................................... 23 

1.2.2 Inhibition of mTOR .................................................................... 29 

1.3 Non-Invasive Imaging ........................................................................ 42 

1.3.1 Functional Imaging ..................................................................... 42 

1.3.2 PET Imaging of mTOR .............................................................. 48 

1.4 Aims of This Work ............................................................................ 51 

1.4.1 General Scope ............................................................................. 51 

1.4.2 Design of Molecular Probes for PET Imaging............................. 51 



Contents 

XII 

Chapter 2: Synthesis of Non-Radioactive Compounds .................................. 55 

2.1 Introduction ...................................................................................... 56 

2.2 Results & Discussion ......................................................................... 58 

2.2.1 Benzofuran Based Compounds ................................................... 58 

2.2.2 Imidazopyrazinone Based Compounds ...................................... 103 

2.3 Conclusion ....................................................................................... 131 

2.4 Experimental ................................................................................... 132 

2.4.1 General Information.................................................................. 132 

2.4.2 Synthesis of MPC-1-M Precursor .............................................. 134 

2.4.3 Synthesis of the Benzofuran Backbone ..................................... 137 

2.4.4 Synthetic efforts towards MPC-1 Compounds .......................... 140 

2.4.5 Synthesis of 4-substituted Piperidines ...................................... 145 

2.4.6 Synthesis of MRC-1-1 ............................................................... 148 

2.4.7 Synthesis of MRC-1-2 ............................................................... 151 

2.4.8 Synthesis of MPC-1-1 Precursor ............................................... 152 

2.4.9 Synthesis of [19F]MPC-1-1 ......................................................... 153 

2.4.10 Synthesis of MPC-1-1-488 ..................................................... 155 

2.4.11 Synthesis of MRC-2-1 ............................................................ 156 

2.4.12 Synthesis of MPC-2-1 Precursor ............................................ 160 

2.4.13 Synthesis of [19F]MPC-2-1 ...................................................... 171 

Chapter 3: Synthesis of Radioactive Compounds ....................................... 175 

3.1 Introduction .................................................................................... 176 

3.1.1 Production of Fluorine-18 ......................................................... 176 

3.1.2 Automated Synthesis Modules .................................................. 179 

3.1.3 Click Chemistry ........................................................................ 183 

3.2 Results & Discussion ....................................................................... 184 

3.2.1 Production and Recovery of [18F]Fluoride ................................. 184 



Contents 

XIII 

3.2.2 Benzofuran Based Compounds ................................................. 184 

3.2.3 Imidazopyrazinone Based Compounds ...................................... 196 

3.3 Conclusion ....................................................................................... 202 

3.4 Experimental ................................................................................... 203 

3.4.1 General Information.................................................................. 203 

3.4.2 Recovery and Azeotropic Drying of [18F]Fluoride ..................... 203 

3.4.3 Radiosynthesis of [18F]MPC-1-M ............................................... 204 

3.4.4 Radiosynthesis of [18F]MPC-1-1 ................................................ 204 

3.4.5 Radiosynthesis of [18F]MPC-2-1 ................................................ 205 

3.4.6 Lipophilicity.............................................................................. 205 

3.4.7 S9 Liver Fractions .................................................................... 206 

Chapter 4: In Vitro Studies ....................................................................... 207 

4.1 Introduction .................................................................................... 208 

4.1.1 Cell Number Titration Assays .................................................. 209 

4.1.2 Cytotoxicity Assays .................................................................. 209 

4.1.3 Internalization Assays ............................................................... 209 

4.1.4 Confocal Microscopy ................................................................. 210 

4.2 Results & Discussion ....................................................................... 212 

4.2.1 Cell Number Titration Assay.................................................... 212 

4.2.2 Cytotoxicity Assay ................................................................... 214 

4.2.3 Radioactive Binding Assay ....................................................... 216 

4.2.4 Confocal Microscopy with MPC-1-1-488 ................................... 223 

4.3 Conclusion ....................................................................................... 229 

4.4 Experimental ................................................................................... 230 

4.4.1 Cell Lines and Reagents ........................................................... 230 

4.4.2 Cell Number Titration Assay.................................................... 230 

4.4.3 Drug Sensitivity ........................................................................ 231 



Contents 

XIV 

4.4.4 SRB Assay ................................................................................ 231 

4.4.5 Radioactive Binding Assay ....................................................... 232 

4.4.6 BCA Assay ............................................................................... 233 

4.4.7 Confocal Microscopy ................................................................. 234 

Chapter 5: In Vivo Studies ........................................................................ 235 

5.1 Introduction .................................................................................... 236 

5.2 Results & Discussion ....................................................................... 238 

5.2.1 Growth of Murine Xenografts ................................................... 238 

5.2.2 Preclinical Imaging with [18F]MPC-1-1 ..................................... 241 

5.3 Conclusion ....................................................................................... 256 

5.4 Experimental ................................................................................... 257 

5.4.1 Implantation of Estrogen Pellets .............................................. 257 

5.4.2 Inoculation Procedure ............................................................... 257 

5.4.3 PET Imaging Procedure ........................................................... 258 

Chapter 6: Conclusion & Outlook .............................................................. 259 

Chapter 7: Appendix ................................................................................. 263 

7.1 Abbreviations .................................................................................. 264 

7.2 List of Tables .................................................................................. 272 

7.3 List of Schemes ............................................................................... 274 

7.4 List of Figures ................................................................................. 277 

7.5 Cytotoxicity Assay .......................................................................... 287 

7.6 References ....................................................................................... 288 



 

1 

Chapter 1: Introduction 

Cancer is most often described as the uncontrolled division of cells in the body. 

The suggested triviality of this disease falls apart quickly when considering the 

sheer number of different kind of cancers. There are in excess of 100 distinct types 

of cancers with some organs accounting for multiple subtypes. Apart from cancers 

found in newborns such as leukemia or neuroblastoma, this condition develops 

over time through conversion of normal cells into cancer cells, a process known 

under terms like oncogenesis, carcinogenesis or tumourigenesis. 

While rodent cells can acquire carcinogenic properties with just two introduced 

genetic changes, their human equivalents show more resistance.[1] It is understood 

that the transformation of normal cells into cancer cells is a stepwise process, 

whereby cells accumulate genetic advantages much like humans did in their 

evolution from primates as described by Darwin. 

The evolution of cancer is governed by six characteristics which favour the 

malignant growth of cells. Figure 1-1 summarizes these 'hallmarks' of cancer as 

coined by D. Hanahan and R. A. Weinberg.[2] These traits are a combination of 

cells ensuring sufficient supply of nutrients (angiogenesis, metastasis), sustained 

growth (proliferative signalling, evading growth suppressors, enabling replicative 

immortality) and avoidance of cell death (resisting apoptosis).  

Recently two additional hallmarks have emerged which affect the cellular 

metabolism and the body's immune response to abnormal cells.[3] Reprogramming 
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the energy metabolism of a cell fosters energy supply to support the elevated 

demands of increased cell growth and proliferation. Under normal circumstances, 

emerging abnormal cell populations are eliminated by the immune system. 

Therefore, tumours that do develop have somehow evaded immune destruction. 

 

Figure 1-1: The six hallmarks of cancer; Acquisition of these traits describes the transformation 

of normal cells into cancer cells. Reproduced from Reference [3]. 

This work focusses on therapeutic approaches that fall under the following two 

cancer hallmarks. Inhibition of mTOR protein counters the cellular evasion from 

growth suppressors such as the phosphatase and tensin homolog (PTEN). Human 

epidermal growth factor receptor 2 (HER2) targeted therapy tries to combat 

sustained proliferative signalling by reducing the activity of the ErbB network. 

The intricacies of both therapeutic strategies are discussed in the following. 
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1.1 The ErbB Signalling Network 

ErbB signalling has been the subject of extensive research.[4-5] ErbBs are 

receptor tyrosine kinases and their associated signalling network shows 

characteristics of a typical growth factor pathway. Formation of a ligand-receptor 

complex prompts receptor dimerization and self-phosphorylation which activates 

the catalytic function of the ErbB receptor. 

 Ligands such as the epidermal growth factor (EGF) or EGF-like molecules 

such as neuregulins (NRG) bind to the ErbB family of receptors and trigger a 

rich network of signalling pathways (Figure 1-2). Biological responses are as 

diametrical as cell division to death and cell motility to adhesion. From the EGF 

binding ErbB1 (EGFR) the family has grown to a total of four different receptors, 

ErbB1-4 otherwise referred to as HER2/3/4. 

 

Figure 1-2: Illustration of the ErbB signalling network; Signals generated in the input layer (a) 

by extracellular ligands are transmitted through the signal-processing layer via protein cascades 

(b) resulting in a biological phenotype in the output layer (c). Reproduced from Reference [4].  
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The ErbB network can be divided into three categories. The input layer 

consists of the ErbB receptors which span from the extracellular space across the 

cell membrane into the cytoplasm (a). Receptor mediated signals enter the signal-

processing layer where they are conducted along signalling cascades involving a 

vast amount of proteins (b). Pathways affected by ErbB signalling include SRC, 

PI3K/AKT and MAPK/ERK which is influenced by the oncogenic protein 

kinases RAS and RAF. The output layer describes the biological phenotype 

associated with specific signal inputs (c). 

 

Figure 1-3: Role of ErbB2 in ErbB signalling; Receptors consist of two lobes (green) connected by 

a transmembrane linker; Extracellular lobe binds ligands such as EGF or NRG (blue square); 

Overexpression of ErbB2 leads to formation of heterodimers which generate a potent signal (green 

box) that translates into pronounced downstream effects (yellow box). Reproduced from Reference 

[4]. 

Dimerization of ErbB receptors is a crucial step in the signal generation process 

(Figure 1-3). Homodimers are either inactive or cause weak signals. 

Overexpression of ErbB2 leads to the formation of heterodimers containing ErbB2 
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and ErbB1/3/4. These heterodimers exhibit slow ligand dissociation, slow 

endocytosis, prolonged firing and act as potent signal activators. This translates 

into amplified downstream signalling and augmented biological response such as 

increased cell proliferation and migration and resistance to apoptosis. These 

effects are relevant for the development of cancer which draws attention to ErbB-

receptors as oncogenic targets.[2-3] 

1.1.1 HER2-Targeted Therapy 

Initially, ErbB-receptors were implicated in cancer in the 1980s. Since then, 

their role in cancer therapies has grown mostly due to the oncogenic relevance of 

ErbB2 (HER2).[6-7] Its expression levels are increased in 18 - 20% of breast cancers 

and activating mutations are estimated to occur at a frequency of 1.6 - 2.0%.[8-11] 

Diagnosis of the HER2-positive (HER2+) breast cancer subtype entails poor 

prognosis.[8, 10, 12] Developed by Genentech, trastuzumab (Herceptin) was the first 

approved humanized monoclonal antibody against HER2.[13] Especially patients 

with metastatic breast cancer which showed no response to chemotherapy 

benefited from trastuzumab therapy.[14-15] Since 1998, trastuzumab has expanded 

its clinical importance and is now widely administered in combination with other 

agents such as Pertuzumab which blocks HER2/HER3 dimerization.[16] 

Figure 1-4 illustrates the different strategies directed at inhibition of the ErbB 

signalling network. Herceptin exploits the fact that the ErbB network reaches 

across the cell membrane by targeting its extracellular domain. Other strategies 

involve agents such as Hsp90 and tyrosine kinase inhibitors which target 

intracellular proteins. 
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Figure 1-4: Therapeutic strategies directed at inhibition of the ErbB signalling network. 

Reproduced from Reference [4]. 

Figure 1-5 shows 5-year follow-up data of 3351 patients that were diagnosed 

with operable HER2+ breast cancer. The patients were split up equally into a 

study and a control group and treated with doxorubicin and cyclophosphamide 

followed by weekly administration of paclitaxel. The study cohort (solid line) 

received a further 52 weeks of simultaneous trastuzumab treatment initiated at 

the start of the paclitaxel cycle. The trastuzumab-treated group exhibits 

significantly higher disease-free survival at the 3- and 4-year checkpoints 

compared to the control group (dashed line). Overall survival of patients was also 

significantly prolonged by trastuzumab treatment with a 33% reduction of the 

risk of death (P = 0.015). 
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Figure 1-5: Kaplan-Meier estimates of disease-free (left) and overall (right) survival of patients 

with operable HER2+ breast cancer treated with trastuzumab in addition to chemotherapy. 

Reproduced from Reference [17]. 

Primary or secondary mechanisms of resistance to therapy have been 

increasingly recognized as a major obstacle in the clinical management of breast 

cancer. The initial response rate of HER2+ breast cancer patients to trastuzumab 

treatment is less than 35%. The remaining patient population is inherently 

resistant to the drug.[18] Furthermore, 70% of patients who initially responded 

suffer development to metastatic disease within a year suggesting that secondary 

resistance is frequently acquired.[19] 

Figure 1-6 illustrates three different pathways that can effect resistance 

towards trastuzumab treatment. (1) Structural mutation of HER2, such as 

proteolytic truncation of its extracellular domain (p95HER2), prevents 

trastuzumab from binding. Furthermore, this isoform shows continuous oncogenic 

downstream signalling. (2) Elevated expression levels of other tyrosine kinase 

receptors such as insulin-like growth factor receptor (IGFR) or HER3 can lead to 

circumvention of the therapeutic effects of trastuzumab. Overexpression of HER3 
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can lead to increased dimerization with HER2 which leads to elevated 

phosphorylation of HER3 and thereby downstream activation of the 

phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) pathway.[20] (3) Most 

relevant to this work, intracellular alterations can essentially decouple the 

receptor driven signal activation from downstream signalling. In this case, HER2 

inhibition by trastuzumab no longer has an effect on the proliferation of oncogenic 

signals downstream. In this case, functional imaging of a downstream target 

involved in HER2 signalling can provide information about the effectiveness of 

HER2 targeted therapy. 

 

Figure 1-6: Resistance to HER2-targeted therapy can occur due to steric effects (1), elevation of 

other receptor tyrosine kinases (2) or intracellular alterations that affect HER2 signalling 

downstream of the receptor (3). Reproduced from Reference [21]. 
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Such intracellular abnormalities can be loss of the phosphatase and tensin 

homolog (PTEN) or mutations in the PI3K pathway, both of which lead to 

hyperactivation of the PI3K/AKT pathway. The loss of PTEN function has been 

connected to poor response rates in trastuzumab-treated patients compared to 

patients carrying PTEN wild-type.[22] The loss of this potent tumour suppressor 

has also been linked to trastuzumab resistance and shorter survival.[23] A 

functional link between PTEN deficiency and trastuzumab resistance has further 

been established through in vitro PTEN knockdown experiments.[24] 

Mutations in the PIK3CA gene which encodes the catalytic subunit of PI3K, 

p110α, occur with high frequency.[25] Activating mutations of PIK3CA in 25% of 

trastuzumab resistant patients was associated with shorter progression-free 

survival compared to patients without mutated PIK3CA.[26-27] 

The anti-proliferative effect of ErbB-targeted therapeutics such as 

trastuzumab often relies on the downregulation of the PI3K/AKT pathway. 

PTEN dephosphorylates PIP3 and thereby acts as a negative regulator of PI3K. 

In vitro experiments with breast cancer cells lacking PTEN function showed 

resistance to treatment with tyrosine kinase inhibitors (TKIs). Tetracycline-

induced expression of PTEN in these cells reinstated the sensitivity to TKI.[28] 

While the clinical implementation of this approach is difficult, the core issue of 

hyperactivated PI3K/AKT signalling can be addressed by pharmacological 

means. 

In summary, the PI3K/AKT pathway seems to be a major oncogenic player 

downstream of HER2. Signalling alterations through loss of PTEN function or 

mutations of PIK3CA can be contributing factors to primary and secondary 

trastuzumab resistance. 
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1.1.2 Trastuzumab Combination Therapy 

Inherent and acquired resistance to HER2-targeted therapy with trastuzumab 

demanded the development of more sophisticated therapeutic approaches. Due to 

the substantial involvement of the PI3K/AKT pathway, efforts were focused on 

inhibitors targeting certain proteins in the associated signalling cascade (Figure 

1-7).[29-31] 

Mammalian target of Rapamycin (mTOR), a protein kinase downstream of 

the PI3K/AKT pathway, has been of particular interest. mTOR is a member of 

the PI3K-related family of protein kinases. Aberant activation of the PI3K/AKT 

signalling pathway causes hyperactivation of mTOR which is a central regulator 

of cellular growth and proliferation.[32-33] Increased mTOR activation has been 

implicated in drug resistance. Importantly, trastuzumab therapy has been shown 

to partially decrease PI3K but not mTOR activity.[34] Considering that the 

PI3K/AKT pathway is located downstream of ErbB receptors, it is not surprising 

that changes in ErbB signalling can affect mTOR activity.[35-36] However, evidence 

suggests that mTOR is also able to fire autonomously without stimulation from 

receptor tyrosine kinases (RTKs).[37-38] This indicates that dual mTOR / HER2 

combination therapy might demonstrate higher antitumourigenic potency 

compared to a single agent approach. 
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Figure 1-7: Role of mTOR in HER2-mediated signal transduction. Reproduced from Reference 

[39]. 

Resistance to HER2-targeted therapy has been shown in breast cancer models 

with constitutively active PI3K/AKT/mTOR signalling.[40] Aberrant activation 

of mTOR kinase function is implicated in angiogenesis and drug resistance.[41-43] 

Overexpression of ErbB2 has been related to activation of the mTOR pathway 

and subsequent poor prognosis.[36, 44] 

The malfunction of multiple components upstream of the mTOR pathway in 

breast cancer places mTOR in a unique position. Suppression of mTOR kinase 

activity has the potential to interfere with tumour progression caused on several 

levels. 

Combination therapy of trastuzumab and everolimus (RAD001) has been 

investigated in preclinical and clinical settings. In vitro and in vivo experiments 



Introduction 

12 

with a tumourigenic subclone of BT-474 breast cancer cells expressing high levels 

of ErbB2 showed that combination therapy restored sensitivity and inhibited 

growth of trastuzumab resistant cells.[45] Combination therapy proved to be more 

effective than treatment with either drug alone. Other agents targeting mTOR, 

PI3K and dual PI3K/mTOR inhibitors have shown similar results in preclinical 

models.[46-52] 

A plethora of clinical studies are exploring the potential of mTOR inhibitor 

combination therapy as a way to overcome resistance to HER2-targeted therapy 

with trastuzumab. The clinical development of everolimus / trastuzumab 

combination therapy has progressed through phase I and II clinical trials and is 

currently being evaluated in phase III trials. 

A phase I study explored the dose-limiting toxicities (DLTs) and tumour 

response in 50 patients with HER2+ advanced breast cancer whose disease 

progressed or relapsed after previous trastuzumab and chemotherapy.[53] DLT 

results suggested a daily dose of 5 mg oral everolimus in combination with weekly 

doses of trastuzumab and vinorelbine. The everolimus cohort showed an objective 

response rate (ORR) of 19% and a median progression-free survival (PFS) of 30.7 

weeks. 

A phase Ib dose-escalation study with 33 patients diagnosed with metastatic 

HER2+ breast cancer who experienced progression during or after trastuzumab 

therapy, recommended a daily dose of 10 mg everolimus, based on DLTs. The 

study reported an objective response rate of 44% and a median PFS of 34 weeks.[54] 

Clinical investigation in a phase II trial including 55 evaluable patients with 

resistance to trastuzumab and taxane who received 10 mg/day everolimus in 

combination with weekly paclitaxel and trastuzumab reported a clinical benefit 

rate (CBR) of 36%. The objective response rate was 22% and the median PFS 

was 5.5 months.[55] 
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The incidences of adverse events (AEs) in these trials were consistent with the 

safety profiles of the individual therapies. Grade 3/4 neutropenia was the most 

likely hematologic and grade 3 stomatitis the most likely nonhematologic event. 

No grade 4 nonhematologic AEs were reported at a daily dose of 10 mg 

everolimus. 

     

Figure 1-8: Study design of phase III clinical trials evaluating the efficacy of everolimus in 

untreated, BOLERO-1 (left), or trastuzumab-resistant metastatic breast cancer, BOLERO-3 

(right). Reproduced from Reference [30]. 

Starting in 2009, phase III clinical trials sponsored by Novartis explored the 

efficacy of everolimus / trastuzumab combination therapy in large patient cohorts 

(Figure 1-8). In BOLERO-1 (left) combination therapy of everolimus, 

trastuzumab and paclitaxel was trialled as a first-line treatment of locally 

advanced or metastatic HER2+ breast cancer. BOLERO-3 studies (right) 

investigated the value of everolimus in combination with trastuzumab and 

vinorelbine in patients with trastuzumab-resistant cancer of the same indication. 

The primary endpoint of these randomized, double-blind, placebo-controlled, 

multicentre, international trials was PFS. Secondary endpoints included ORR, 

OS and safety. 

The median follow-up of the BOLERO-1 study was 41.3 months and the most 

common reason for discontinuation of the treatment was disease progression, 51% 



Introduction 

14 

and 65% in the study and the placebo group, respectively. The profile of adverse 

events confirmed findings of previous phase I and II clinical trials with 

neutropenia and stomatitis being the most frequent haematological and non-

haematological AEs. Figure 1-9 shows the progression-free survival curves of the 

complete, centrally assessed patient population (top) and the hormone-receptor 

negative (HR-) subpopulation (bottom). The full patient group showed 

insignificant difference of PFS in the everolimus treated group compared to the 

placebo group. HR- patients showed a median PFS of 23.06 months when treated 

with everolimus compared to 14.82 months PFS of HR- patients in the placebo 

group. This indicates that HR- patients benefit from mTOR inhibition whereas 

HR+ patients do not.[56] The influence of hormone-receptor status on the response 

to trastuzumab-containing therapy has been reported in other clinical studies.[57] 
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Figure 1-9: Kaplan-Meier curves of median PFS of the BOLERO-1 full patient cohort (top) and 

the HR-negative subpopulation (bottom). Reproduced from Reference [58]. 

The median follow-up of the BOLERO-3 study at the time of analysis was 

20.2 months and the most frequent reason for treatment discontinuation was 

disease progression which was higher compared to the BOLERO-1 study,  68% 

and 78% in the study and the placebo group, respectively. As in previous studies, 

the type of AEs correlated with the established profile and the incidence of 
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haematological and non-haematological AEs was higher in the study compared to 

the placebo group. A PFS of the everolimus group (red) of 7.0 months has been 

reported (Figure 1-10). This shows significant improvement over the placebo 

group (blue) which showed 5.78 months median PFS. Analysis of subgroups 

showed more pronounced effects of everolimus in oestrogen- (ER) and 

progesterone-receptor (PR) negative compared to ER+/PR+ patients. Response 

in ER+/PR+ patients was insignificant suggesting that inhibition of HER2 and 

mTOR is not sufficient to provide clinical benefit to patients with metastatic 

HR+/HER2+ breast cancer.[59] 

 

Figure 1-10: Kaplan-Meier curves of median PFS of the BOLERO-3 locally assessed patient 

cohort. Reproduced from Reference [60]. 

This shows the limitation of the BOLERO-1/3 studies. According to the 

authors of BOLERO-3, the significance of everolimus as a non-HER2-targeted 

therapeutic, is the rationale of addressing the underlying molecular mechanism of 

trastuzumab resistance.[60] However, patient selection of the BOLERO-1/3 studies 

was entirely based on HER2 status rather than specific biomarkers. 

Figure 1-11 provides a differentiated view of the BOLERO-3 results with 

regards to the biomarkers involved in the PI3K/AKT/mTOR pathway. PFS of 
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patients is classified according to the status of relevant biomarkers such as pS6, 

PTEN and PIK3CA mutation. pS6 is a direct marker for mTOR activation since 

S6 kinase is directly phosphorylated by mTOR kinase. 

 

Figure 1-11: PFS results of BOLERO-3 dependent on biomarkers such as pS6, PTEN and PIK3CA 

mutation; Size of black diamond indicates cohort size; HR = hazard ratio; * marker-treatment 

interaction; † cannot estimate 95% confidence interval (CI) due to small sample size. Reproduced 

from Reference [60]. 

Patient cohorts with mutant PIK3CA did not show significant difference in 

PFS compared to patients carrying the PIK3CA wild-type. Low PTEN expression 

and increased phosphorylation of S6 kinase were significantly associated with 

higher sensitivity to everolimus / trastuzumab combination therapy. These 

findings suggest that mTOR inhibition is able to counter PI3K/AKT/mTOR 

pathway related resistance to HER2-targeted therapy with trastuzumab in breast 

cancer patients. Analysis of data obtained from the BOLERO-1 trial showed 

similar dependence of PFS on biomarker levels and by extension on 

PI3K/AKT/mTOR pathway activation.[61] 
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In summary, results from the BOLERO-1/3 trials strengthen the hypothesis 

that aberrant intracellular signalling pathways participate in the development of 

trastuzumab resistance. Studies with mTOR inhibitors in combination with other 

HER2-targeted therapies are underway.[62-63] 

There is little doubt that biomarkers capable of selectively identifying 

everolimus-responsive patient cohorts will be of clinical importance in the 

future.[58] PTEN and pS6 seem to be on the forefront of these efforts. However, 

clinical determination of biomarker levels requires analysis of tissue samples. 

Biopsies only provide local information, usually of primary tumour sites or larger 

metastases. In order to draw a comprehensive picture of oncogenic sites in a 

patient, a systemic, functional and non-invasive technique is required. 

Positron emission tomography (PET) satisfies these criteria and its potential 

has been proven. The clinical benefit of [18F]fluorodeoxyglucose ([18F]FDG), the 

most common PET biomarker today, has been shown in different types of 

cancer.[64-69] PET technology, in conjunction with a specific molecular probe, can 

facilitate the routine screening of patients for responsive individuals. This would 

allow for unprecedented rational design of individual therapeutic strategies.  
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1.2 The mTOR Pathway 

The mammalian target of Rapamycin (mTOR) is named after its first 

inhibitor, rapamycin, which was extracted from a soil bacterium1 found on Easter 

island.[70] The macrolide was first discovered as an antifungal agent. Later it was 

recognized as having immunosuppressive and anticancer properties.[71] 

 

Figure 1-12: mTOR is a central regulator of cell growth and proliferation. Reproduced from 

Reference [72]. 

mTOR is a large Ser/Thr kinase which regulates protein and lipid biosynthesis 

and cell cycle progression dependent on the level of nutrients (amino acids), 

bioenergy (ATP), stress and growth factors.[73-76] Under the right cellular 

                                      
1 Streptomyces hygroscopicus 
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circumstances mTOR stimulates activation of the translational machinery and 

drives cell growth.[72] 

mTOR forms two distinctive complexes consisting of the catalytic subunit 

(mTOR) and different associated regulatory proteins (Figure 1-13). The 

regulatory associated protein of mTOR (RAPTOR) is responsible for recruiting 

substrates to the kinase domain of mTOR complex 1 (mTORC1) and is essential 

for successful phosphorylation. mTOR complex 2 (mTORC2) has been discovered 

later and is less understood. It is assumed that the rapamycin-independent 

companion of mTOR (RICTOR) is the mTORC2 equivalent of RAPTOR. The 

regulatory subunits specify different downstream targets for each mTOR kinase. 

Their biological functions are therefore not overlapping.[77] 

 

Figure 1-13: Complexes of mTOR showing their associated regulatory proteins. Reproduced from 

Reference [77]. 

Due to the structural differences of both mTORCs, mTOR inhibitors are 

divided into 2 generations. The first generation mTOR inhibitors target 

RAPTOR, therefore exclusively interfering with mTORC1 activity. 

Ineffectiveness of this approach in some cases prompted next or second generation 

mTOR inhibitors which are aimed directly at the mTOR kinase activity. This 

affects both mTORC1 and mTORC2.[78] 
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Co-crystal structures of N-terminally truncated mTOR led to a good 

understanding of the kinase function and clarified the mechanism of mTORC1 

inhibition by rapamycin (Figure 1-14). Rapamycin forms a complex with FK506 

binding protein 12 (FKBP12) which binds near the RAPTOR binding site causing 

it to dissociate from mTORC1.[79-80] Since RAPTOR is responsible for recruiting 

substrates to the mTOR kinase domain its kinase activity is greatly reduced. 

 

Figure 1-14: Co-crystal structure of N-terminally truncated mTOR with mLST8 and ATP-Mg 

complex (left); Right: (a) mTOR-mLST8-ADP-MgF3-Mg2 in two orthogonal views, (b) mTOR-

mLST8-rapamycin-FKBP12. Reproduced from Reference [81]. 

Figure 1-15 illustrates the mTOR pathway and its role in cell signalling. The 

complexity of the pathway arises from the large number of factors contributing 

to the signal transduction and shaping of the phenotypic result. 

Feedback loops are one aspect of the intricate circuitry surrounding mTOR.  

Marked in red, Figure 1-15 shows a negative feedback loop in which S6 kinase 

inhibits insulin receptor substrate 1 (IRS1) function. Naturally, this acts as a 

safety mechanism to avoid uncontrolled cell growth through prolonged 

stimulation by growth-factors. In mTOR targeted therapy, on the other hand, 

negative signalling causes generation 1 mTOR inhibitors to loose efficiency after 

a time-delay. Phosphorylation of S6 kinase leads to activation of upstream targets 
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such as PI3K, mTORC2 and PDK1 (green). Today, the clinical focus lies on 

combination therapy with dual PI3K/mTOR inhibitors blocking multiple proteins 

in the pathway. 

 

Figure 1-15: Schematic view of the mTOR pathway; Upon mTORC1 inhibition down-regulated 

(red) and up-regulated parts of the signalling pathway (green). Adapted from Reference [82]. 

Due to the numerous factors influencing the mTOR pathway it is not possible 

to use a single biomarker such as absence of the tumour repressor gene PTEN as 

a predictor of treatment response. Even if loss of the PTEN gene has been 

confirmed in a patient, it is not possible to conclude that therapy with a PI3K 

inhibitor, for instance, will be beneficial. Determination of the activity of the 

mTOR pathway in vivo using functional imaging like PET can offer valuable 

diagnostic information for patient selection and therapy planning.  
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1.2.1 An Intracellular Target 

The nature of the target and its cellular location has to be considered carefully 

when designing a molecular probe for PET imaging. The ability of a probe to 

reach its target is as important as the much sought-after target concentration. 

Hence, the cellular location of a target protein is key to selecting the appropriate 

imaging strategy.[83] There is a fundamental difference between imaging of 

extracellular and intracellular targets. In the case of intracellular targets, size and 

polarity of imaging probes have to allow for transport through the cell membrane. 

Antibodies which can be superb imaging agents of extracellular receptors are 

highly unlikely to cross the cell membrane unless they are internalized through 

receptor-mediated endocytosis. 

 

Figure 1-16: Membrane transport proteins. Reproduced from Reference [83]. 

Generally, membrane transport can be classified into active and passive 

transport. Passive diffusion through the membrane only leads to transport from 

an area of high to an area of low concentration and is typically very slow. To aid 

this process cells have developed supporting proteins which accelerate the 
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diffusion of certain molecules. Figure 1-16 illustrates examples of facilitated 

diffusion (ion channel, uniporter), co-transport (symporter, antiporter) and active 

transport (ATP-powered pump). The last two of which allow for transport against 

a concentration gradient. It has been found that cells can develop resistance to a 

drug by clearing themselves of chemotherapeutic against an influx from the 

usually much higher plasmatic concentration. 

This raises the question of the cellular localization of mTOR. Providing a 

comprehensive answer is a matter of ongoing research, however, some 

characteristics have been uncovered (Figure 1-17).[84]  

To date, fully assembled mTORC1 has only been found at the lysosome. 

Increased levels of nutrients in the cytoplasm such as amino acids lead to the 

Rag-dependent recruitment of mTORC1 to the lysosomal surface. There, a 

signalling cascade eventually leads to association of the regulatory protein Rheb-

GTP which activates mTORC1. 

Essential components of mTORC1 such as RAPTOR have been detected in 

the nucleus, however they do not seem to assemble the active complex. Some form 

of mTOR has also been found in mitochondria, although it is unclear which one 

of the two distinct mTOR complexes was observed. 
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Figure 1-17: Subcellular localization of mTORC1. Reproduced from Reference [84]. 

Less is known about mTORC2 (Figure 1-18). It has been associated with the 

plasma membrane and the ER, more precisely the interface between the ER and 

the mitochondrion. Both, mTORC2 and AKT, one of its substrates, have been 

found at these sites, however its signalling mechanism is not fully understood. 

Immunofluorescence detection of RICTOR, a characteristic regulatory protein of 

mTORC2, suggested that only a small amount of mTORC2 is located at the cell 

membrane. mTORC2 is further believed to shuttle between the nucleus and the 

cytoplasm, however no nuclear function has been reported so far. 
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Figure 1-18: Subcellular localization of mTORC2. Reproduced from Reference [84]. 

Regardless of the exact location of either mTOR complex, all previously 

reported localization sites share the fact that they are positioned within the cell. 

This presents potential imaging agents with the task of crossing the cell 

membrane. Since chemically altered structures are often not naturally occurring, 

it is likely that there is no active transport mechanism for these molecules. Hence, 

transport into the cytoplasm will have to rely on some form of diffusion. 

Pharmaceutical companies realized several years ago that membrane diffusion 

can be a major limiting factor for new drugs. Lipinski et al. at Pfizer developed 

certain criteria which can be used to predict the membrane permeability and oral 

bioavailability of new drugs.[85] Reduction of a library of about 50000 drugs based 

mainly on the fact whether or not compounds at least entered phase II clinical 
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trials led to a selection of 2245 compounds which were expected to have superior 

physico-chemical properties.  Experimental and computational analyses resulted 

in Lipinski’s rule of five (Ro5). This set of rules predicts the drug likeliness of 

molecules based on their physical properties. In essence, good permeability is 

likely when the following criteria are fulfilled2: 

 

➢ no more than 5 H-bond donors (Σ of OHs and NHs) 

➢ no more than 10 H-bond acceptors (Σ of Ns and Os) 

➢ molecular weight smaller than 500 

➢ logP smaller than 5 

 

More sophisticated methods of prediction have been developed in recent years. 

Quantitative estimate of drug-likeness (QED) prioritizes given compounds rather 

than returning a binary fail/pass response like the Ro5.[86] QED considers a larger 

number of molecular properties and adds weighting parameters to account for 

their varying significance.[87] 

 

Figure 1-19: Comparison of the Ro5 and QED for a set of drugs; Lipinski's fail and pass response 

(left); QEDs of the same set of drugs using the mean optimal entropy (QEDw,mo) weighting scheme 

(right). Reproduced from Reference [87]. 

                                      
2 compounds that are substrates of biological transporters are exceptions to the rule 
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Lipinski’s Ro5 does not distinguish between compounds that fail a single or 

several criteria. This leads to very drug-like compounds just failing the Ro5 and 

very un-drug-like compounds passing (Figure 1-19). 

Nevertheless, the Ro5 are widely used in early stage drug discovery due to 

their easy implementation and simplicity. Thus, they will be used in this work to 

assess new compounds in terms of their likely membrane permeability.  
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1.2.2 Inhibition of mTOR 

Initially, rapamycin has been clinically approved as an immunosuppressant for 

organ transplant patients as an alternative to the nephrotoxic calcineurin 

inhibitors.[88] Rapamycin led to the first generation of mTOR inhibitors used as 

anti-cancer drugs which are mostly close derivatives called rapalogues (Figure 

1-20). Novartis and Pfizer received FDA approval of their derivatives for the 

treatment of a variety of conditions such as renal cell carcinoma, breast cancer, 

or SEGA3. 

 

Figure 1-20: Structure of rapamycin and its commercial derivatives. 

To overcome the feedback signalling issues of generation 1 inhibitors several 

pharmaceutical companies are now testing second generation and dual mTOR 

inhibitors. Figure 1-21 shows dual PI3K/mTOR inhibitors developed by 

GlaxoSmithKline as well as Pfizer. The strategy of these dual inhibitors is that 

inhibition of PI3K as a core mediator of feedback signalling decreases the 

mTORC1-inhibition induced upregulation of the pathway. X-ray co-crystal 

structures of PF-04691502 analogs bound to PI3Kγ have shown that it competes 

                                      
3 subependymal giant cell astrocytoma 
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with ATP for the ATP-pocket of mTOR as well as PI3K.[89] A recent publication 

by Wang et al. reported the successful radiolabelling of GSK2126458 with carbon-

11 and fluorine-18. However, no in vitro cell binding studies or in vivo data have 

been published.[90] 

Dactolisib (BEZ235) is another dual PI3K/mTOR inhibitor which competes 

for the ATP-binding site on both kinases.[91] The drug was investigated in patients 

with everolimus-resistant pancreatic neuroendocrine tumours (pNETs) in a phase 

II clinical trial. However, it was discontinued after treatment-related grade 3/4 

adverse events and poor tolerance.[92] 

The fact that dual mTOR inhibitors have other targets aside from mTOR 

kinase limits their target specificity. This renders them unsuitable as molecular 

probes for functional imaging of mTOR. 

 

Figure 1-21: Dual PI3K/mTOR inhibitors by GlaxoSmithKline (left) and Pfizer (right) currently 

under investigation in phase I clinical trials. 

Second generation mTOR inhibitors (TORKinibs) target the mTOR kinase 

domain and therefore affect both mTORC1 and mTORC2. Figure 1-22 shows the 

structures of TORKinibs PP242, INK-128, AZD8055 and KU-0063794 which 

exhibit high potency and good to excellent selectivity for mTORC1 and mTORC2 

over other closely related kinases such as PI3K.[51, 93-95] 
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Figure 1-22: Second generation mTOR kinase inhibitors. 

Specificity for a single molecular target is a prerequisite for a successful PET 

imaging ligand. Hence, mTOR inhibitors that exclusively target one of the two 

mTOR complexes are better suited for this type of application. First generation 

mTOR inhibitors target mTORC1, however there have been no reports of 

mTORC2 specific molecules to date.[96] 

To cover the two clinically relevant mTOR complexes, one inhibitor of each 

category, first and second generation, was selected for this work and modified to 

serve as a PET ligand. The two selected classes of compounds display diverse 

chemical and biological characteristics which are discussed in the following 

chapters. 
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1.2.2.1 Benzofuran Based Compounds 

A high throughput screening performed by Kau et al. at Harvard in 2003 which 

targeted compounds blocking the nuclear export of Forkhead box protein O1a 

(FOXO1a, also known as FKHR) yielded the benzofuran shown in Figure 1-23.[97] 

 

Figure 1-23: HTS hit Chembridge 5219657 blocking nuclear export of FOXO1a. 

PI3K/AKT/mTOR-induced hyperphosphorylation of FKHR promotes the 

nuclear export of pFKHR into the cytoplasm through CRM1 (Figure 1-24). HIV 

Rev is a protein known to undergo CRM1-dependent transport from the nucleus 

into the cyptoplasm. Experiments using U2OS cells which express the RevGFP 

fusion protein showed that Chembridge 5219657 did not block the CRM1-

dependent nuclear export of RevGFP. This suggests that this class of molecules 

inhibits a protein within the PI3K/AKT/mTOR pathway. 
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Figure 1-24: Proposed mechanism of action of compounds identified by HTS; Chembridge 5219657 

inhibits PI3K/AKT/mTOR pathway. Reproduced from Reference [97]. 

Further preliminary characterization of the mode of inhibition of this 

benzofuran did not show reduced phospho-Ser473-AKT levels compared to the 

control (DMSO) which indicated a target downstream of AKT. 

Salome et al. published two extensive structure-activity relationship studies 

(SARs) on the basis of this compound.[98-99] An excerpt with the most important 

analogs is shown in Table 1-1. The analogs were assessed with regards to their 

cytotoxicity in SQ20B cancer cells after 72h treatment. 

Variation of the aryl substituent (Ar) between phenyl, benzyl, benzoyl, benzyl 

alcohol, chlorophenyl, anisole, furyl, thiophenyl, naphthyl and phenoxybenzyl left 

2-phenoxybenzyl as the most potent substituent with phenyl about 6-fold less 

potent in a comparable setting (entries #19,22). While phenyl and benzyl were 

very similar (entries #4,5), benzoyl showed an almost 6-fold drop in affinity 
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(entry #6). This will affect the radiolabelling strategy since the electron-

withdrawing effect of carbonyls is exploited in direct nucleophilic aromatic 

substitution with [18F]fluoride. 

Modification of the benzofuran backbone to an indole, benzoxazole, 

furopyridine or benzimidazole had adverse effects of varying degree on the affinity 

(entries #9-13). The hydroxy group in R1 position has been left mostly 

unexplored. Methylation to the methoxy, triflation or replacement by trifluoro-

N-methyl sulphonamide only caused subtle changes in cytotoxicity 

(entries #14,15,24). Elimination of the substituent however had a measureably 

negative effect (entry #16). 

Figure 1-25 shows the extensive range of amine substituents investigated. 

Modification of NR2R3 showed the greatest variation of compound efficiency. 

Replacement of the dimethylamino-group with the diethanolamine completely 

destroyed the target affinity (Table 1-1, entry #2). Alkylated piperazines were 

tolerated but surpassed by the 1,4'-bipiperidine and the 4-

(dimethylamino)piperidine derivatives which proved to be the most favourable 

substituents (entries #3,4). Attachment of a linker to the bipiperidine allowing 

for pull-down assays only resulted in a relatively minor loss of affinity (entry #7). 
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# X Y Ar R1 NR2R3 IC50 (µM) 

1 CH O CH2Ph OH NMe2 33 ± 2.8 

2 CH O CH2Ph OH N(CH2CH2OH)2 > 200 

3 CH O CH2Ph OH 
 

18 ± 4.7 

4 CH O CH2Ph OH 

 

3.0 ± 0.9 

5 CH O Ph OH 2.8 ± 0.7 

6 CH O COPh OH 17 ± 1.6 

7 CH O CH2Ph OH 

 

14 ± 0.9 

8 CH O Ph OH 

 

1.4 ± 0.24 

9 N O Ph OH 6.5 ± 0.56 

10 O CH Ph OH 11 ± 2.7 

11 N NH Ph OH 21 ± 5.2 

12 CH NMe Ph OH 19 ± 4.5 

13a CH O Ph Z = N 18 ± 4.2 

14 CH O Ph NHTf 2.1 ± 0.44 

15 CH O Ph OTf 2.8 ± 0.28 

16 CH O Ph H 7.5 ± 2.1 

17 CH O 4-OMe-Ph OH 0.85 ± 0.28 

18 CH O 4-OMe-Ph OH 
 

1.2 ± 0.38 

19 CH O Ph OH 

 

2.5 ± 1.3 

20 CH O 4-OMe-Ph OH 0.72 ± 0.48 

21 CH O 4-OMe-Ph OH 
 

1.5 ± 0.9 

22 CH O 2-OBn-Ph OH 

 

0.38 ± 0.22 

23 CH O Ph OMe 2.5 ± 1.7 

24 CH O 2-OBn-Ph OMe 
 

0.46 ± 0.25 

everolimus 7.3 ± 3.1 

Table 1-1: SAR of benzofuran based mTOR inhibitors; Only relevant analogs shown; IC50: 

cytotoxicity in SQ20B cancer cells after 72h treatment; Different studies are separated by 

continuous lines; Z = CH, (a) Z = N. 
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In conclusion, the most refined compound to date (entry #22) outperforms 

the initial structure identified by HTS by about two orders of magnitude and is 

close to 20-fold more cytotoxic than everolimus. Whether these numbers translate 

into mTORC1 affinity, however, remains an assumption due to the phenotypic 

nature of the assays used. Phenotypic outcome in biological systems is often a 

result of numerous factors coming together. Since we are interested in singling 

out one factor, i.e. mTORC1, and looking at it more closely, target-based assays 

would be preferential for the purposes of this work.[100] 

 

Figure 1-25: Tertiary amines at NR2R3 investigated in SARs. 

In order to gain some mechanistic understanding of the benzofurans at hand 

Salome et al. performed a pull-down assay with an accordingly modified 

derivative4. Western blot analysis showed binding only to mTOR or a protein 

                                      
4 Linker-bearing 1,4'-bipiperidinyl-benzofuran derivative coupled to Affi-Gel 10 beads via a 

PEG6 group 
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that interacts with mTOR (Figure 1-26a). No binding was observed to closely 

related proteins in the same pathway (Figure 1-26c) or the negative control (NC). 

 

Figure 1-26: Binding and inhibition of mTORC1; (a) Western blot analysis of the pull-down assay: 

Linker-coupled Affi-Gel 10 beads (NC), benzofuran derivative-coupled Affi-Gel 10 beads (13e) and 

the crude protein extract (-); (b) Dose-dependent inhibition of kinase activity of mTORC1 and 

AKT in SQ20B cells determined by immunoblotting of whole-cell lysates (left panel), 

quantification of pS6 and pAKT expression relative to actin levels (right panel); (c) Proteins in 

the PI3K/AKT/mTOR signalling pathway. Reproduced from Reference [98]. 

Western blot analysis of the phosphorylation levels of mTORC1 and PDK1 

substrates (S6K1 and AKT, respectively) showed dose-dependent reduction of p-

S6K1 protein levels after treatment with mTOR inhibitor (Figure 1-26b). 

Exposure to high doses of the benzofuran-based inhibitor led to increased 

phosphorylation of AKT (p-AKT). This could be a result of PDK1 upregulation 

through negative feedback signalling (Figure 1-15) and suggests that the 

benzofurans as a class of inhibitors are indeed mTORC1 specific. The exact 

localization of binding of this class of compounds, however, is unkown. 
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Actin is a reference of overall protein concentration in the sample and should 

show constant intensity. Although actin levels were increasing with higher doses 

of inhibitor, the reduction of p-S6K1 and the increase of p-AKT relative to protein 

levels is significant (Figure 1-26b, right panel). 

1.2.2.2 Imidazopyrazinone Based Compounds 

The PI3K/AKT pathway is frequently mutated in cancers which promotes 

hyperactivation of mTOR signalling. For this reason, Mortensen et al. chose 

mTOR as the target of a high throughput drug screening leading to 1,6-

disubstituted imidazo[4,5-b]pyrazin-2-one based inhibitors derived from the HTS 

hit 1 (Figure 1-27).[101] This class of compounds binds to the ATP-pocket of the 

kinase domain of both mTOR complexes. 

 

Figure 1-27: Mortensen hit to lead optimization; HTS hit 1 and SAR optimized lead compound 2; 

SAR studies exploring ring expansions were focused on improving oral bioavailability (RE1, RE2). 

Table 1-1 summarizes the most important SAR study analogs. Entry 1 

represents the initial HTS hit 1 with moderate mTOR potency. Extensive 

synthetic work exploring different substitution patterns at the N1- and C6-

positions resulted in lead structure 2 which showed nanomolar mTOR potency in 

HTR-FRET assays (IC50 = 2 nM, #2) and > 1000-fold selectivity against PI3Kα, 

a closely related kinase. High target selectivity is particularly important for 
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molecular imaging ligands as image quality in PET is a matter of target to 

background ratio. A large difference in compound affinity between the target, i.e. 

mTOR, and surrounding tissue is one requirement to achieve high contrast 

images. 

Further studies by Mortensen et al. such as ring expansions (Figure 1-27, 

RE1/RE2) were directed at improving the metabolic stability and oral 

bioavailability of the drug.[102-105] Structural modifications favouring oral 

bioavailability over potency or selectivity were disregarded for this work. RE-

derivatives bearing the triazole- in combination with the 4-methyltetrahydro-2H-

pyran-motif displayed excellent in vivo stability. No breakdown was observed 

after 60 min in rat and human S9 liver fractions. 

 

# Ar R mTOR IC50 (µM) 

1 
 

 

1.27 ± 0.30 

2 
  

0.002 ± 0.001 

3 
  

0.009 ± 0.001 

4 
  

> 10 

5a 

 
 0.021 

Table 1-2: SAR study of imidazo[4,5-b]pyrazin-2-ones based mTOR inhibitors; Only relevant 

analogs shown; IC50: HTR-FRET assay using recombinant mTOR; (a) RE2 derviative. 

PET imaging ligands were designed using lead compound 2 as a blueprint. 

The triazole moiety suggested that radiolabelling using Click Chemistry might 

offer a convenient way to convert the lead compound to a molecular probe for 
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PET imaging. However, a closer look at the published SAR studies showed that 

1,2,3-triazoles completely lost their mTOR potency (Table 1-2, #3 vs #4). 

Docking studies showed that the triazole moiety deeply extends into the 

catalytic pocket of the mTOR kinase domain suggesting the formation of multiple 

partial hydrogen bonds (Figure 1-28). While 1,2,4-triazoles can act as hydrogen 

bond donors and acceptors, 1,2,3-triazoles can only act as hydrogen bond 

acceptors. Therefore, substituents with hydrogen bond donor ability at the C6 

position seem to be crucial for high potency. 

 

  

Figure 1-28: Docked binding studies of imidazo-/dihydropyrazino-pyrazin-2-ones; Homology model 

of the mTOR ATP binding site based on the crystal structure of PI3Kγ (top);[101] Docking study 

using a published crystal structure of the mTOR kinase domain (bottom). Adapted from Reference 

[105]. 
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Docking studies further uncovered a dual hinge binding motif where 4-N/5-N 

acts as a hydrogen bond acceptor and 3-NH/4-NH acts as a hydrogen bond donor 

(Figure 1-28, top/bottom). Substituents at the 1-N position are exposed to the 

solvent area and may extend into the hydrophobic G-loop. 

These studies suggest that structural modifications at the 1-N position are 

tolerated well. Hence, this location was considered in the design of fluorine-18 

labelled derivatives.  
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1.3 Non-Invasive Imaging 

1.3.1 Functional Imaging 

Molecular imaging is an indispensable discipline in modern medicine. It allows 

visualization of biological function or metabolic activity in vivo whereas other 

imaging techniques such as X-ray Computed Tomography (CT), Magnetic 

Resonance Imaging (MRI) or Ultrasonography are limited to provide only 

structural insights in living organisms. Techniques like Positron Emission 

Tomography (PET) or Single-Photon Emission Computed Tomography (SPECT) 

use carefully designed molecular probes to visualize specific biological functions of 

living tissues in a non-invasive manner. Recent development of hybrid imaging 

systems such as PET/CT or PET/MRI indicate the growing importance of 

molecular imaging and a trend towards the intrinsically higher sensitivity of PET 

technology5. Hybrid imaging systems allow correlation of structural and functional 

imaging data. 

Molecular probes for PET usually consist of two components. A radioactive 

nuclide which emits positrons (e+) upon β+-decay is incorporated into a molecule 

which can be tuned via its chemical structure to target specific biological 

processes. Figure 1-29 shows the cascade of steps leading to a PET signal. A 

suitable molecule is labelled with a positron emitting radioisotope (1) and injected 

into the bloodstream of the test subject (2). Upon decay of the radionuclide the 

e+ travels a certain distance before it interacts with an electron from the 

environment and annihilates forming two anti-directional 511 keV γ-rays. These 

photons can be detected by arrays of scintillators and photomultiplier tubes (3). 

                                      
5 The sensivity of PET is about two orders of magnitude higher than that of SPECT as there 
is no need for collimation of detected particles ([106] Weissleder et al., 2001). 
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Coincidence events detected on opposite sides of the circular array are recorded 

and used to construct 3-dimensional images of the annihilation sites (4). These 

decay heatmaps are often coregistered with a CT or MRI image in the case of 

modern hybrid imaging system (5). 

 

Figure 1-29: Generation of a PET signal. Reproduced from Reference [107].  

Suitable PET radionuclides have a high probability of β+-decay, low positron 

energy and a medium half-life. Lower positron energies have positive effects on 

the spatial resolution of the resulting PET image since they determine how far 

positrons travel before they annihilate. 

Figure 1-30 shows Monte Carlo simulations of the positron energy distribution 

of common PET radioisotopes in water.[108] Due to the success of 

[18F]fluorodeoxyglucose (FDG) and 68Ga-DOTATATE, fluorine-18 and gallium-68 

are the two most prevalent PET radioisotopes in the clinic today. Assessment of 

their energy distributions shows that positrons from a fluorine-18 decay event 

have lower energies and a narrower distribution compared to gallium-68.  
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Figure 1-30: Monte Carlo simulations of positron enegy spectra of PET isotopes in liquid water. 

Reproduced from Reference [108]. 

The positron energy has direct implications on the range a positron travels 

before it annihilates and therefore limits the minimum resolution achievable. 

Figure 1-31 shows a Monte Carlo simulation of positrons originating from 

gallium-68 (top) or fluorine-18 (bottom). Assuming a linear trajectory, 68Ga-

positrons have a maximum energy of 1.89 MeV and can travel up to 9.1 mm in 

human tissue before they annihilate, whereas 18F-positrons have a maximum 

energy of 0.64 MeV and travel about 2.4 mm in human tissue (Table 1-3). The 

density of the tissue has great influence on the positron range. Soft tissue (Figure 

1-31, left) is denser than lung tissue (right) which results in a higher probability 

of Coulomb interactions between the positron and the electrons in the 

environment. After the positron has given up enough of its kinetic energy to reach 

thermal energies it annihilates with an electron. The finite range of positrons gives 

rise to an inherent spatial inaccuracy of PET technology. 
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Figure 1-31: Monte Carlo simulation of positrons from 18F- or 68Ga-decay; Range in human soft 

(left) and lung tissue (right). Reproduced from Reference [109]. 

This inaccuracy can be measured using phantoms of defined geometry. The 

phantoms shown in Figure 1-32 consist of groups of rods with different diameters. 

The distance between the centers of two adjacent rods equals two-times the rod 

diameter. The rods can be filled with solutions containing isotopes such as 

fluorine-18 (A) or gallium-68 (B). Phantoms are typically used to benchmark the 

performance of imaging instruments or protocols. Here, the comparison shows the 

impact of positron energies in a realistic imaging setting. The higher energy 

positrons emitted by gallium result in a greater linear range and hence a more 

diffuse image. 
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Figure 1-32: PET images of mini-Derenzo phantoms filled with solutions containing fluorine-18 

(A) or gallium-68 (B). Reproduced from Reference [110]. 

Table 1-3 compares the positron energies of common PET radionuclides to 

their corresponding range in human tissue. The significant difference between 

maximum and mean linear positron range is due to the fact that positrons and 

electrons possess equal mass. Newton's third law dictates that the overall 

momentum is conserved over the course of the collision. Therefore the collision 

induced directional change of the positrons is large which in turn reduces the 

linear range. 

Radionuclide 
Half-Life 

[min] 

Maximum Positron 

Energy [MeV] 

Maximum Linear 

Range [mm] 

Mean Linear 

Range [mm] 

11C 20.4 0.96 5.0 0.3 

13N 9.9 1.19 5.4 1.4 

15O 2.1 1.72 8.2 1.5 

18F 110 0.64 2.4 0.2 

68Ga 68 1.89 9.1 1.9 

82Rb 1.3 3.35 15.6 2.6 

Table 1-3: Physical properties of positron emitting radionuclides used in PET. Taken from 

Reference [111]. 

Carbon-11 and fluorine-18 both have maximum positron energies below 1 MeV 

and therefore offer high inherent resolution. Carbon-11, however, has a 

significantly shorter half-life than fluorine-18. This severely limits the scope of 

A B

A 
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biological processes that can be investigated and complicates the production 

logistics such as in-house isotope production and radiotracer synthesis. 

Fluorine-18 owes its dominance to its workable half-life which allows for 

sophisticated chemical manipulations and dynamic imaging over several hours. 

Furthermore, β+-decay to oxygen-18 which is a stable isotope occurs with 97% 

probability, the remaining 3% are accounted for by electron capture.[112] 

The radiotracer synthesis which is the combination of the radionuclide with 

the target specific structure often requires substantial effort. In the case of 

fluorine-18, there are several ways of chemical attachment. Not all situations allow 

for direct labelling such as nucleophilic and electrophilic substitution reactions. 

Indeed, more sophisticated use of prosthetic groups may be required.[113] 

Prosthetic groups are bifunctional molecules which can be linked to a 

radionuclide on one end and to a target specific structure on the other. The 

original purpose of prosthetic groups was to derivatize peptides which lack amino 

acids suitable for direct labelling such as cysteine. However, prosthetic groups 

have evolved to be highly versatile compounds used for labelling molecules ranging 

from peptides to macromolecular structures to small molecules. 

The downside of the versatility of these compounds, however, is the often 

lengthy and multi-step synthetic procedure. Recent efforts by the Cooperative 

Research Centre for Biomedical Imaging Development in association with 

technical and manufacturing expertise from iPHASE Technologies (Melbourne) 

led to the development of a specialized automated synthesis module targeting this 

very issue. With the iPHASE FlexLAB, a system is introduced which broadens 

the possibilities in automated synthesis of PET radiotracers.  
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1.3.2 PET Imaging of mTOR 

The current diagnostic method to diagnose aberrant signalling through the 

PI3K/AKT/mTOR pathway is analysis of downstream biomarkers in a tissue 

sample. This technique is invasive and restricted to accessible sites. Furthermore, 

the method only allows an indirect assessment of the activation status of the 

pathway as a whole rather than direct measurement of the activity of certain 

proteins. 

[18F]Fluorothymidine ([18F]FLT) is a general proliferation marker and has been 

used to monitor response to treatment with mTOR inhibitors.[114] Attempts to 

establish [18F]FLT as an early-response marker for trastuzumab treatment only 

showed correlation between uptake and tumour size in sensitive and resistant 

preclinical models using BT-474 and HR6 cells, respectively.[115] Its lack of 

specificity renders [18F]FLT unsuitable for pre-treatment patient selection. 

There have been a number of attempts to utilize mTOR inhibitors as PET 

imaging agents. Apart from GSK2126458, WYE-125132 (mTORC1&2 specific 

ATP competitive inhibitor) has been radiolabelled with fluorine-18 to give the 

derivate [18F]ATPFU (Figure 1-33).[90, 116-117] However, no in vivo data nor in vitro 

binding studies have been published for any of the radiolabelled compounds. 

 

Figure 1-33: [18F]ATPFU, a radiolabelled derivative of WYE-125132. 
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PET imaging relies on the contrast between the tissue of interest and 'normal' 

tissue such as muscle. The underlying kinetics can be explained in a compartment 

model diagram (Scheme 1-1). 

We are interested in the concentration of radiotracer bound to mTOR 

(TMcytoplasm). TMcytoplasm can be described as a function of the concentration of free 

radiotracer in the cell (Tcytoplasm), free mTOR (Mcytoplasm) and the rate constants for 

association and disassociation of the complex (k2 and k-2, respectively). In the case 

of irreversible binding k-2 would be zero. Tcytoplasm correlates to the concentration 

of free radiotracer in the blood stream (Tplasma) via the rate constants for tracer 

transport across the cell membrane (k1 and k-1, respectively). 

This is an idealized model and in reality there are a number of processes 

influencing the radiotracer concentration which are not accounted for such as 

plasma binding or tracer metabolism and excretion.  

Scheme 1-1: Two tissue compartment model to describe the behavior of a radiotracer in tissue; 

Concentration of free radiotracer in blood plasma (Tplasma) and cytoplasm (Tcytoplasm), conc. of 

mTOR in cytoplasm (Mcytoplasm) and conc. of mTOR-bound radiotracer (TMcytoplasm). 

The idea of using an mTOR inhibitor as a PET imaging probe is based on the 

theory that TMcytoplasm will be increased in mTOR upregulated cells. The longer 

an inhibitor binds to its target the larger its effect is. Hence, over the course of 

the structural optimization of an inhibitor the lifetime of the inhibitor-protein-
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complex should increase. A long complex-lifetime correlates to high k2, low k-2 or 

both. This, in combination with increased Mcytoplasm in mTOR upregulated cells 

should create contrast between the tissue of interest and the background. 
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1.4 Aims of This Work 

1.4.1 General Scope 

Given that there are a number of phase III clinical trials exploring combination 

therapies of mTOR inhibitors with HER2 targeting agents, there is a clinical need 

for rapid detection of mTOR expression status in a patient. This work tries to 

address this unmet clinical demand by developing a mTOR specific PET ligand 

that is capable of discriminating between mTOR positive and mTOR negative 

breast cancer cells. 

The organic syntheses of relevant compounds of two mechanistically different 

mTOR inhibitor classes are described in Chapter 2. The introduction of the 

radioisotope and quality control of the PET ligands are described in Chapter 3. 

Chapters 4 and 5 focus on the preclinical evaluation of PET ligands in in vitro 

and in vivo experiments, respectively. 

1.4.2 Design of Molecular Probes for PET Imaging 

1.4.2.1 Benzofuran Based Compounds 

Based on the work by Salome et al. the PET imaging agents shown in Figure 

1-34 were designed.[98-99] [18F]MPC-1-M probes a direct radiolabelling approach. 

The hydroxy group in 5-position was replaced by a methoxy-group to avoid 

problems during radiolabelling due to acidic protons. Direct radiofluorination via 

nucleophilic aromatic substitution requires an electron-withdrawing-group, such 

as a carbonyl, in the para-position to the leaving group. However, the SAR study 

showed that the benzyl substituted benzofuran yields almost 6-fold higher affinity 
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compared to its benzoyl analogue. This approach results in minimal changes to 

the optimized structure which should retain most of its original target affinity. 

 

Figure 1-34: Design of class 1 PET agents and reference compound and rule-of-5 analysis of the 

corresponding structures; MRC-1-1 has been characterized as a part of the SAR studies optimizing 

the structure of Chembridge 5219657.[98-99] 

Copper(I)-catalyzed Click Chemistry offers a robust way of labelling PET 

radiotracers with fluorine-18 and was used as a second strategy to introduce 

fluorine-18 into benzofuran-based mTOR inhibitors.[118] In this reaction an azide 

and a terminal alkyne react in a 1,3-dipolar cycloaddition (Huisgen reaction) to 

afford the 1,4-disubstituted triazole. The corresponding PET ligand imposes 

significant changes on the optimized structure which may alter the target 

selectivity or potency. 

The potency of MPC-1-M and MPC-1-1 will be benchmarked against a 

literature known reference compound (MRC-1-1) using in vitro cytotoxicity 
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assays. The structures of MPC-1-M, MPC-1-1 and MRC-1-1 passed Ro5 analysis 

using predicted logP values (Figure 1-34). 

In this work, benzofuran-based compounds will be referred to as class 1 

compounds. The nomenclature of PET imaging agents stands for mTOR PET 

Compound (MPC) followed by the compound class and the compound number. 

The nomenclature for reference compounds is similar, mTOR Reference 

Compound (MRC) followed by the compound class and number. 

1.4.2.2 Imidazopyrazinone Based Compounds 

Due to the involvement of the core structure in the binding mode, the 

imidazo[4,5-b]pyrazin-2-one backbone was conserved in the radiotracer designs. 

The 1,2,4-triazole is also paramount to the potency of imidazopyrazinone-based 

compounds and was left unchanged. 

MPC-2-1 relies on a direct radiolabelling (Figure 1-35). A suitable leaving 

group such as a tosylate will be replaced by [18F]fluoride in a nucleophilic aliphatic 

substitution. MPC-2-1 introduces minimal changes to the lead structure which 

should largely preserve the excellent affinity of the parent molecule. 

Nonetheless, the potency of MPC-2-1 will be benchmarked against a reference 

compound (MRC-2-1) in in vitro cytotoxicity assays. Ro5 analysis of MPC-2-1 

and MRC-2-1 showed compliance with all parameters. 
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Figure 1-35: Design of the class 2 PET agent and reference compound and rule-of-5 analysis of 

the corresponding structures. 

In this work, imidazopyrazinone-based compounds will be referred to as class 

2 compounds. The nomenclature follows the same guidelines outlined in 1.4.2.1. 

 



 

55 

Chapter 2: Synthesis of Non-

Radioactive Compounds 
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2.1 Introduction 

This chapter describes synthetic efforts to access three categories of non-

radioactive compounds. Radiolabelling precursors, non-radioactive standards and 

reference compounds. 

Radiolabelling precursors form the starting point of all radioactive syntheses. 

The design of 18F-based radiotracers is governed by the concept of late-stage 

fluorination. Due to the relatively short half-life of fluorine-18 it is essential to 

minimize the number of synthetic steps required post introduction of fluorine-18. 

Non-radioactive standards are the fluorine-19 bearing equivalents to their 

fluorine-18 labelled counterparts. The negligible chemical difference between the 

two isotopes allows for experiments investigating the structural and biological 

properties of the radiotracer that would not be feasible with radioactive material. 

In order to rank the potency of novel derivatives, literature known reference 

compounds can be used to compare the target affinity. Since neither the 

benzofuran- nor the imidazopyrazinone-based derivatives bear a fluorine-19 atom, 

complete structural conservation is impossible. Modifications to accommodate a 

fluorine-18 atom may result in altered target affinity. This can be monitored using 

reference compounds and appropriate biological assays.  

Both Salome et al. and Mortensen et al. published synthetic pathways to access 

various derivatives of their benzofuran- and imidazopyrazinone-based compounds, 

respectively. Structural adjustments to suit radiolabelling as well as low yields 

and irreproducibility, however, required the development of different synthetic 

routes. 

The centerpiece of Salome's synthesis consists of a Mannich reaction which 

introduces the carbon-carbon and carbon-nitrogen bonds that connect the 

benzofuran backbone to various amines. Unfortunately, this step suffered from 
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low yields and could not be reproduced with most amines. Therefore a new 

synthetic strategy had to be established. 

Radiolabelling can be achieved either via a direct or an indirect approach. 

Typically, direct labelling has higher demands on the structural circumstances of 

the precursor molecule and is only possible in certain situations. The class 1 model 

precursor MPC-1-M was designed to trial a direct radiolabelling approach of 

benzofuran-based compounds. 

Copper catalyzed alkyne-azide Click Chemistry (CuAAC) is by definition a 

high yielding and highly reliable reaction. MPC-1-1 has been designed to trial 

introduction of fluorine-18 into class 1 compounds via CuAAC. Compounds MRC-

1-1 and MRC-1-2 were previously synthesized by Salome et al. and will be used 

as reference compounds for the biological evaluation of MPC-1-1. Furthermore, 

CuAAC is a widely used method to from conjugates with fluorescent dyes which 

are abundantly available as azides. MPC-1-1-488 explores the conjugation of 

MPC-1-1 precursor to azide-fluor 488. 

Synthetic routes towards class 2 compounds developed by Mortensen et al. 

proved to be useful for the synthesis of reference compound MRC-2-1. The 

synthesis of the PET agent MPC-2-1 deviated significantly due to the structural 

modifications necessary to allow for late-stage fluorination. The SAR revealed an 

opportunity to exploit a direct radiolabelling approach via nucleophilic 

substitution with [18F]fluoride. 
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2.2 Results & Discussion 

2.2.1 Benzofuran Based Compounds 

2.2.1.1 Synthesis of MPC-1-M Precursor 

The purpose of MPC-1-M precursor is to trial a direct, one-step radiolabelling 

approach with fluorine-18. Therefore, the structure was simplified by eliminating 

the 1,4'-bipiperidine moiety. The impact on the radiolabelling conditions is 

assumed to be minor due to the distance of the 1,4'-bipiperidine substituent to 

the radiolabelling site. 

Scheme 2-1 shows the proposed retro-synthetic route of MPC-1-M precursor 

bearing a nitro-substituted benzene ring which can conceivably be converted to 

the 18F-labelled analog via nucleophilic aromatic substitution with activated 

[18F]fluoride. For the substitution reaction to proceed the aromatic ring system 

has to feature an EWG in para-position. Hence, it is imposed that the reduction 

of the ketone to the methylene is carried out after the radiofluorination step. 



Synthesis of Non-Radioactive Compounds 

59 

 

Scheme 2-1: Retro synthetic route of [18F]MPC-1-M. 

The 1,4'-bipiperidine substructure at the 4-position on the benzofuran 

backbone can be introduced by a Mannich reaction. The benzofuran backbone 

can be accessed via condensation of an α-chloroketone with a salicylaldehyde. 

Chloroacetophenone can easily be synthesized via Friedel-Crafts acylation of 

benzene with chloroacetyl chloride. Deactivation of the aromatic ring due to the 

nitro-substituent, however, renders Friedel-Crafts acylation inadequate. Instead, 

4-nitrobenzoyl chloride can be methylated in an Arndt-Eistert-like reaction and 

the resulting diazo-compound can be converted into the 4-nitrophenacyl chloride. 

Scheme 2-2 summarizes the synthetic approach which led to MPC-1-M 

precursor 1.5. The overall isolated yield of 8.6% was poor considering the low 

number of linear steps. However, none of the synthetic steps were optimised. 
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Scheme 2-2: Synthesis of MPC-1-M precursor. 

4-Nitrobenzoyl chloride was methylated with TMS-diazomethane by 

adaptation of literature conditions for Arndt-Eistert-like reactions.[119-120] NMR 

analysis of the reaction product showed the expected upfield TMS signals as 

singlets at 0.35 and -1.6 ppm in the proton and carbon spectrum, respectively. 

Removal of the TMS-group during the workup which included recrystallization 

from methanol resulted in a proton signal at 5.96 ppm due to the CH-group 

adjacent to the diazo-functionality. Treatment of 1.2 with conc. hydrochloric acid 

led to immediate nitrogen gas formation. Filtration and recrystallization from 

methanol delivered the α-chloroketone in 72% yield. NMR analysis of 1.3 showed 

upfield shifting of the CH2 signal in both 1H- and 13C-spectra by about 20% 

compared to the diazo-compound. Nuclei in the aromatic ring showed only minor 

changes in chemical shifts. Handling of the nitro-substituted chloroacetophenone 

proceeded with special care due to its close structural relation to 
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chloroacetophenone which is a riot control agent better known by its acronym 

CN-gas. The benzofuran scaffold was constructed over two steps. Nucleophilic 

aliphatic substitution of 2-hydroxy-5-methoxybenzaldehyde6 with 4-nitrophenacyl 

chloride under basic conditions resulted in the corresponding ether. Subsequent 

condensation facilitated the ring closure completing the benzofuran. Although the 

overall yield of 1.5 was 8.6% over 4 steps sufficient quantities were produced to 

proceed to radiolabelling. 
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Figure 2-1: 1H-NMR spectrum of 1.5; Benzofuran protons H3, 6, 7, 9 enlarged. 

1H-NMR analysis of 1.5 confirmed the expected total of 7 signals accounting 

for all protons in the structure with a cumulative integration of 11 (Figure 2-1). 

The coupling constants of the nitro-substituted phenone ring were 9.1 Hz which 

is in the typical range for ortho-coupled protons. The benzofuran ring bears 4 

protons due to its 2/5-substitution pattern. The doublet at 7.12 ppm exhibits a 

                                      
6 kindly provided by Dr. John Li (White Group) 
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J-coupling constant of 2 Hz which is indicative of protons in meta position to each 

other. The same long-range coupling is evident in the doublet of doublets at 

7.16 ppm which allowed assignment of H9. 3J-coupling constants of 9.1 Hz were 

found in both signals at 7.16 and 7.53 ppm hence these could be assigned to the 

ortho-situated protons H6 and H7. The remaining doublet at 7.56 ppm shows 

weak coupling of 1 Hz which could be either due to long-range coupling between 

H3 and H9 over 4 bonds or between H3 and H6 over 5 bonds. Since coupling 

constants decrease with the number of bonds between the atoms one would expect 

that 4J-couplings would become apparent before 5J-couplings. However, upon 

closer inspection of the NMR signal corresponding to H6, shouldering of the peaks 

was found which indicates weak coupling that has not been fully resolved by the 

NMR spectrometer. 

A study by Elvidge and Foster in which NMR splitting of benzofuran proton 

signals was investigated via iterative methyl-derivatisation showed that methyl-

substitution in 4-position did not eliminate the long-range coupling of H3 whereas 

substitution in 7-position reduced it to a sharp doublet.[121] This led to the 

conclusion that the splitting is a result of long-range coupling over 5 bonds 

between H3 and H6. 

The absence of 1H-NMR signals that are shifted far downfield, past the 

aromatic region, which are characteristic for aldehyde protons is a further 

indicator that the condensation was successful. The 13C-NMR spectrum showed 

the expected total of 14 chemically different carbons. Ring closure was also 

confirmed by GCMS analysis which showed good correlation between measured 

and calculated m/z ratios. 
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2.2.1.2 Retrosynthetic Pathway towards Benzofuran-based 

Compounds 

Early designs of class 1 compounds contained a hydroxy instead of a methoxy 

group. According to literature, the hydroxy derivative possesses minimally higher 

potency.[99] However, due to synthetic difficulties described over the course of this 

chapter the hydroxy group had to be altered. 

The synthesis of class 1 compounds can be split up into two linear reaction 

sequences. Scheme 2-3 provides an overview of the proposed convergent 

retrosynthetic route. 

 

Scheme 2-3: Retrosynthetic route of benzofuran-based compounds. 
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The literature describes a Mannich reaction between an appropriate amine and 

a benzofuran to obtain class 1 compounds.[98-99] SARs have shown that a phenyl 

substituted benzofuran has higher potency compared to its benzyl analog. This 

simplifies the backbone synthesis. 

The original approach A uses a hypervalent iodine compound, e.g. iodobenzene 

diacetate, to facilitate the oxidative cyclization of a hydroxystilbene.[122] The latter 

can be synthesized by Heck coupling of bromohydroquinone with styrene. Due to 

problems discussed in following sections an alternative path B was proposed. 

Sonogashira coupling of bromohydroquinone with phenylacetylene has the 

potential to afford the benzofuran in one step. Lastly, bromohydroquinone can be 

readily obtained by electrophilic aromatic substitution of hydroquinone with 

bromine following standard literature procedure. 

Substituted 4-aminopiperidines can be accessed via debenzylation and 

reductive amination of their protected ketone precursors with the corresponding 

secondary amine. 

2.2.1.3 Synthesis of the Benzofuran Backbone 

The benzofuran backbone is a central piece of the synthetic strategy towards 

class 1 compounds. Hence, the goal was to develop a robust and high yielding 

synthetic protocol to access 2.3. 
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Scheme 2-4: Synthesis towards benzofuran backbone via route A. 

Scheme 2-4 shows the reaction conditions towards benzofuran 2.3. Following 

the literature procedure the bromination of hydroquinone proceeded in good yield 

and substitution in more than one position was not observed.[123] Following 

retrosynthetic approach A bromohydroquinone and styrene were coupled under 

Heck conditions summarized in Table 2-1. 

# cat. base solvent T [°C] additives yielda 

1 Pd(OAc)2 (EtO)3N - 100 - 19% 

2 Pd(OAc)2 (EtO)3N DMF 100 - - 

3 Pd(OAc)2 Et3N - 80 PPh3 - 

4 Pd(PPh3)4 (EtO)3N DMF 100 - - 

5 Pd(OAc)2 NaOAc DMA 100 PPh3 - 

6 Pd(OAc)2 KHCO3 MeCN 60 PPh3, nBu4NHSO4, MS (4Å) - 

7 Pd(OAc)2 NaOAc DMA 100 P(o-tolyl)3 37% 

Table 2-1: Heck reaction conditions: Bromohydroquinone (1.0 eq), styrene (1.5 eq), base (1.0-

3.3 eq), catalyst loading (5 mol%), reaction time 18h; (a) isolated yield of E-stereoisomer. 

Entries #2-5 are results of optimization attempts of literature conditions 

which delivered the product in low yield (entry #1).[124] Variation of the base, the 
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catalyst system and the solvent system (solventless vs DMF/DMA) did not lead 

to an improvement of the isolated yield. Consulting the literature, especially an 

extensive review by Australian chemist G. T. Crisp, led to the understanding that 

bromohydroquinone was not an optimal reagent to employ in this sort of coupling 

reaction.[125] Aryliodides are much more susceptible to undergo oxidative addition 

of the palladium complex than arylbromides. In addition, bromohydroquinone is 

an electron-rich arylbromide and nucleophilic attack of the palladium metal is 

thereby impaired. This slows down the rate of oxidative addition further. 

Arylbromides bearing EDGs generally require high reaction temperatures of at 

least 100°C. This is problematic as common catalyst systems utilizing 

triphenylphosphine ligands tend to break down at higher temperatures. Cleavage 

of one of the phenyl groups on triphenylphosphine at the arylpalladium(II) stage 

and coupling to the alkene can lead to side-products and degradation of the 

catalyst. Stilbene, the side-product of the phenyl-coupling with styrene, has been 

observed in the reaction mixture by GCMS. The major product of Heck reactions 

1-6 in Table 2-1 was recovered starting material which indicates quick breakdown 

of the catalyst. 

There are three possible solutions to the problem at hand. Without changing 

the starting materials one could either find a more thermodynamically stable 

catalyst system or use reagents which allow for milder reaction conditions. The 

third option is to circumvent the low reactivity of bromohydroquinone by 

switching to the aryliodide analog. 

The use of tetrabutylammonium salts in combination with certain bases7 is 

supposed to allow for mild reaction conditions below 60°C.[126] n-Bu4NHSO4 / 

KHCO3 has been described as an efficient pair, however, product could not be 

                                      
7 also known as ‘Jeffery conditions’ 
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isolated (entry #6). Due to the lack of a trend among the wide range of conditions 

published, this route was then abandoned. 

Several thermodynamically stable ligands have been developed. Herrmann et 

al. showed activity of a [Pd(carbene)2] species8 in Heck olefinations of chloro- and 

bromoarenes at 125°C.[127] P(o-tolyl)3 ligands9 have long been known to extend the 

life-time of palladium complexes. Figure 2-2 illustrates the formation of dimeric 

palladacycles and their corresponding monomers which are in equilibrium in 

solution. Heck olefinations of deactivated arylbromides showed high TONs10 with 

this catalyst system.[128] Using this catalyst system, an isolated yield of 37% was 

achieved under non-optimized conditions (entry #7). 1H-NMR analysis of the 

isolated product showed vicinal proton coupling constants of 16.4 and 16.8 Hz 

which are typical for vinylic hydrogens in trans-configuration. This confirms the 

E-configuration, in addition the Z-stereoisomer was not observed. 

 

Figure 2-2: Formation of P(o-tolyl)3 based palladacycles and equilibrium in solution.[125] 

At the same time the Heck conditions were being investigated reactions 

towards iodohydroquinone were examined. Iodination of hydroquinone[129], various 

phenols and its ethers[130-133] and deactivated aryls[134] has been described in the 

literature with varying yields being reported. Table 2-2 summarizes the reaction 

conditions explored towards the electrophilic aromatic iodination of 

hydroquinone. 

                                      
8 1,3-dimethyldihydroimidazole-2-ylidene 
9 tri(o-tolyl)phosphine 
10 turn-over-number 
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# iodine source additive solvent T t [h] yielda 

1 I2 - Et2O reflux 2 - 

2 NaI FeCl3 MeCN RT 6 - 

3 NaI FeCl3 MeCN reflux 6 - 

4 I2 PVP-S2O8
2- MeCN reflux 18 - 

5 I2, NaI NaHCO3 MeCN reflux 18 - 

6 ICl - acetic acid reflux 18 - 

7 ICl - MeCN reflux 4 - 

8 ICl FeCl3/CeCl3 MeCN reflux 2 - 

9 KI H2O2, H2SO4 MeOH 60°C 2 - 

10 NIS cat. TfOH MeCN reflux 20 82% 

Table 2-2: Iodination conditions of hydroquinone; (a) yield determined by GCMS of crude reaction 

mixture. 

Adaptation of the bromination conditions did not lead to product formation 

at elevated temperatures (entry #1). The literature procedure for 

iodohydroquinone (entry #2) did not give product and heating the reaction did 

not lead to an improvement (entry #3).[129] An exotic publication suggested 

iodination supported by polymer-bound oxidant (entry #4).[133] The use of base-

catalysis is uncommon for electrophilic aromatic substitutions which are generally 

acid-catalyzed (entry #5). The rationale in favor of base-catalysis is the 

equilibrium shift through removal of the protons released during the substitution 

(LeChatelier’s principle).[135] Iodinemonochloride is widely used as a source of 

electrophilic iodine (entries #6-8). Hydrogen peroxide and potassium iodide in 

combination with a strong acid is an efficient way of producing iodo-compounds 

(entry #9).[131-132] All previously mentioned iodination conditions did, however, not 

yield detectable amounts of iodohydroquinone. N-iodosuccinimide (NIS) with 

catalytic amounts of trifluoromethanesulfonic acid (TfOH) as an iodonium 

donating reagent showed some success (entry #10).[134] Interestingly, excess acid 
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completely destroyed the reactivity. Substitution of TfOH by trifluoroacetic acid 

(TFA) did not lead to an improvement in yield.[130] Chromatographic purification 

of the crude reaction mixture gave an isolated yield of 17%. A small amount of 

impurity was found in the purified sample of iodohydroquinone. MS results 

suggest that the structure is the hydroquinone-trimer shown in Figure 2-3. This 

could be a result of repeated intermolecular nucleophilic substitution with the 

hydroxy groups acting as nucleophiles and iodide as the leaving group. This 

caused doubts about the stability of iodohydroquinone and therefore its suitability 

for further use. Dimeric hydroquinone or higher polymers have not been observed. 

Due to the low isolated yield and the problematic stability of iodohydroquinone 

this approach was abandoned. 

 

Figure 2-3: Impurity of isolated iodohydroquinone. 

Ultimately the solution was to rethink the synthetic approach and revisit the 

literature which resulted in synthetic route B (Scheme 2-3).[136] In the first 

instance, the hydroxy groups of compound 2.1 were protected with acetyl chloride. 

Subsequent coupling with phenylacetylene mediated by Pd- and Cu-catalysis and 

deprotection under basic conditions yielded the benzofuran building block in a 

one-pot reaction in excellent yield (Scheme 2-5). It proved crucial to minimize 

oxygen content in the reaction mixture. Omission of the degassing step prior to 

heating the reaction led to significantly reduced yields. Oxygen contamination in 

Sonogashira coupling reactions leads to homocoupling between terminal alkynes. 

The corresponding 1,3-butadiyne was detected in the reaction mixture via MS. 

Scale-up of the reaction to 5g starting material did not lower the yield. Therefore 
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the Sonogashira coupling was considered a suitable reaction to provide the 

benzofuran backbone in sufficient quantities for further synthetic efforts.  

 

Scheme 2-5: Synthesis of benzofuran backbone via route B. 

In hindsight, protection of the hydroxy groups is likely to be the solution to 

the problems encountered in route A. Acetylation of the hydroxy groups reduces 

their electron donating effect and reduces electron density in the aromatic ring. 

This facilitates the oxidative addition of palladium and is possibly the reason for 

the good yield of the Sonogashira coupling. The same effect could have been 

exploited to improve the Heck reaction. Furthermore, protection of the hydroxy 

moieties would prevent intermolecular polymerization of iodohydroquinone, 

although electrophilic iodination might be impaired by the reduced electron 

density in the aryl-ring.  

Since both the benzofuran and the deprotected ethyne intermediate (Scheme 

2-4) have the same molecular weight characterization by MS was complemented 

by NMR spectroscopy. With the help of DEPT135 and standard 13C-NMR the 

number of quaternary carbons in the purified reaction product was determined to 

be 5. While the intermediate has a total of 6 quaternary carbons, the benzofuran 

loses one in the course of the ring closure. 1H-NMR analysis showed similiarities 

between the spectra of 2.3 and 1.5. 3J- and long-range coupling between the 

benzofuran protons showed largely the same coupling constants. The hydroxy 

protons of hydroquinone-like compounds are naturally electron deficient and 
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therefore shifted downfield to about 9 ppm. The proton NMR signal at 9.20 ppm 

corresponds to the hydroxy functionality in 5-postion on the benzofuran (Figure 

2-4). The carbon NMR spectrum of 2.3 shows no signals in the upfield region 

which is expected due to the lack of aliphatic substituents. Figure 2-4 (bottom) 

shows a total of 12 sharp carbon signals between 100 - 150 ppm accounting for 

all carbons in different electronic environments. 
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Figure 2-4: 1H-NMR (top) and 13C-NMR (bottom) of benzofuran backbone 2.3. 
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2.2.1.4 Synthesis of 4-substituted Piperidines 

The synthesis of piperidines bearing a substituent in 4-position was attempted 

over two steps as outlined in the literature.[137-139] Reductive amination of benzyl-

protected piperidin-4-one with sodium cyanoborohydride was followed by 

debenzylation. 

Unoptimized reductive amination with piperidine under acidic conditions 

proceeded in moderate yield to give benzyl-protected 1,4'-bipiperidine (Scheme 

2-6). Compound 2.4 exhibited a complex 1H-NMR spectrum due to the large 

number of aliphatic protons in similar chemical environments. However, all 26 

protons were accounted for with no major superfluous signals indicating good 

purity of the isolated product. The 13C-NMR spectrum showed 4 signals in the 

aromatic region between 125 - 140 ppm corresponding to the benzyl group. These 

signals were complemented by 7 peaks in the aliphatic region accounting for the 

1,4'-bipiperidine structure. 

 

Scheme 2-6: Synthetic efforts towards 1,4'-bipiperidine. 

Palladium catalyzed deprotection under hydrogen atmosphere did not deliver 

compound 2.5 after extended periods of time. Increasing hydrogen pressure to 

38 bar using a metal autoclave reactor resulted in recovered starting material as 

the major product, as determined by the presence of aromatic signals in the  

proton NMR spectrum. This indicated issues with the catalyst. Low molecular 

weight amines are known for catalyst poisoning in hydrogenation reactions. 
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Inspection of the proton NMR spectrum of 2.4 did not allow the identification of 

residual piperidine due to heavy overlapping of the aliphatic signals. Increase in 

catalyst loading did not improve the reaction outcome. 

Substitution with a smaller amine with lower boiling point11 that can be 

removed more readily under high vacuum resulted in quantitative removal of the 

benzyl group under similar conditions (Scheme 2-7). The formed byproduct 

toluene was removed under vacuum. 

 

Scheme 2-7: Synthesis of 4-(dimethylamino)piperidine. 

Compounds 2.4 and 2.6 shared characteristics in the proton NMR spectrum, 

however the latter was less convoluted since the dimethylamino substituent is 

causing a sharp singlet at 2.81 ppm. Standard carbon NMR was supplemented 

with a DEPT135 spectrum shown in Figure 2-5. Due to the 135 degree flip angle 

of the final proton decoupler pulse methyl (CH3) and methyne (CH) signals appear 

positive whereas methene (CH2) carbons show up negative. Quaternary carbon 

signals are not visible in DEPT135 spectra. Comparison of the spectra in Figure 

2-5 allowed assignment of C8 to the signal at 128.2 ppm and revealed C2, 3, 5 

and 6 at 50.2 and 23.8 ppm. The peak at 60.5 ppm corresponds to the most 

deshielded CH2 group which matches C7. 

NMR analysis of 2.7 shows the characteristic triplet of triplets at 3.45 ppm 

corresponding to the CH group which was observed in other 4-substituted 

                                      
11 Dimethylamine (7°C) vs piperidine (106°C) 
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piperidines. The 13C-NMR exhibited 4 upfield signals. The absence of peaks in the 

aromatic region confirmed the successful removal of the benzyl moiety. 

Since preliminary synthetic efforts did not yield 2.5, commercially available 

1,4'-bipiperidine was used for further reactions. 
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Figure 2-5: 13C-NMR (top) and DEPT-135 (bottom) of 2.6 in D2O. 
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2.2.1.5 Mannich Reaction 

The Mannich reaction is an important reaction for the α-aminoalkylation of 

CH-acidic compounds and forms the centerpiece of the proposed synthetic 

pathway (Scheme 2-3). Typically in a Mannich reaction a ketone is amino-

alkylated in its alpha position by an imine. Phenols can be functionalized in the 

same way since the reactive species of the ketone is the enolate undergoing 

electrophilic attack from the imine. 

Previously synthesized secondary amines can be attached to the benzofuran 

backbone through addition of a methylene linker. Scheme 2-8 shows a schematic 

of the reaction. To optimize the conditions a model system was used employing 

readily available piperidine as the secondary amine. 

 

Scheme 2-8: Schematic of Mannich reaction. 

2.2.1.5.1 Conventional Mannich Reaction 

Acid- and non-catalysed trial reactions with piperidine in different solvents led 

to trace amounts of Mannich product in the reaction mixture (Table 2-3, entries 

#1-4). However, chromatographic isolation was unsuccessful.  

Trial reactions with 4-dimethylamino piperidine hydrochloride led to the 

isolation of small amounts of product after extended periods of heating (entries 

#5,6). Workup of the crude reaction mixture proved to be challenging since basic 
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extraction left the product remaining in the aqueous phase as its charged salt. 

Stirring over potassium hydroxide for 72 hours was required to convert some of 

the product to its free base and extract it into the organic medium. Crystallization 

of trace amounts of 2.8 in its salt form from the aqueous layer, along with 

inorganic salts, was also observed. 

# secondary amine (HNR2) additive solvent t [h] yield 

1 piperidine - EtOH 60 MS only 

2 piperidine cat. p-TsOH EtOH 60 MS only 

3 piperidine - MeCN 60 MS only 

4 piperidine cat. p-TsOH MeCN 60 MS only 

5 4-dimethylamino piperidine x HCl cat. p-TsOH MeOH 180 < 5% 

6 4-dimethylamino piperidine x HCl cat. p-TsOH MeOH 24a < 5% 

Table 2-3: Reaction conditions for Mannich reaction (Scheme 2-8); For MS only yields product 

could not be isolated; Reaction at room temperature; (a) reaction at reflux. 

Unfortunately, the reaction suffers from its low yield. Partly due to 

unidentified side products, but more importantly the reactive species in the 

Mannich reaction, the methylene iminium salt, is formed in-situ over a series of 

equilibria and present only in very small quantities.[140] This necessitates prolonged 

reaction times which in turn leads to side products and deterioration of reactants. 

2.2.1.5.2 Reaction with Preformed Iminium Salts 

A reported way of improving the success of the Mannich reaction is subjecting 

preformed salts of Schiff bases to Mannich conditions.[141-142] These salts can be 

obtained from their corresponding aminals by reaction with acetyl chloride 

(Scheme 2-9). 
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Scheme 2-9: Reaction sequence towards iminium salts. 

However, after the common literature procedure for the synthesis of aminals 

using formaldehyde did not show formation of 2.12 in the MS analysis this 

approach was abandoned. 

2.2.1.5.3 Synthesis of MPC-1-1 Precursor via Mannich Reaction 

Contrary to issues with piperidine based amines, the Mannich reaction with 

piperazine proceeded in acceptable yield. Scheme 2-10 shows the retrosynthetic 

approach towards [18F]MPC-1-1 via MPC-1-1 precursor. 

 

Scheme 2-10: Retrosynthetic route towards MPC-1-1 precursor. 
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Two options were explored which differ in the order in which the piperazine 

and progargyl moieties are attached. One can either perform the Mannich reaction 

first and then alkylate the piperazine in a nucleophilic aliphatic substitution (A) 

or vice versa (B). 

 

Scheme 2-11: Synthetic route A towards MPC1-1 precursor. 

Piperazine was used in small excess to avoid reaction at both amines. Under 

these conditions the Mannich product 2.10 was isolated in 35% yield (Scheme 

2-11). Dimerization at the piperazine or double-substitution in 4- and 6-position 

of the benzofuran was not observed. The poor yield could not be improved by 

pretreatment of formaldehyde with the amine to form the imine prior to addition 

of the benzofuran.[143] 

Amino-alkylation of 2.3 can lead to substitution in the 4- or 6-position on the 

benzofuran. Substitution in 4-position would lead to protons in ortho-position to 

each other resulting in a J-coupling constant between 6-9 Hz. The other 

regioisomer would lead to small coupling constants or no splitting at all due to 

the large number of bonds between protons in para-position to each other. 
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The 1H-NMR spectrum of 2.10 showed strong 3J-coupling between two of the 

benzofuran protons which suggests substitution in 4-position. Furthermore, meta-

coupling found in 2.3 could not be detected. Hence, the former doublet of doublets 

corresponding to the proton on C6 now appeared as a doublet at 6.73 ppm. 

Interestingly, the signal related to the proton on C3 retained its weak coupling 

after introduction of the substituent in 4-position. This is in accordance with 

previous findings and confirms the studies by Elvidge and Foster described in 

2.2.1.1. 

Two-dimensional NMR spectroscopy can help to deconvolute complicated 

spectra. Correlation spectroscopy (COSY) was used to distinguish between the 

two potential regioisomers and further confirm the substitution in 4-position. 

Each regioisomer has a different set of spin-systems (Figure 2-6). While the 6-

isomer has 4 different aromatic spin-systems the 4-isomer has 3. The proton 

distribution among the aromatic spin-systems also varies between the 

regioisomers. 

 

Figure 2-6: Potential regioisomers of Mannich reaction; Amino-alkylation in 4-position leads to 3 

aromatic spin-systems (left) and in 6-position leading to 4 aromatic spin-systems (right). 

Homonuclear 1H-COSY of 2.10 showed 3 aromatic spin systems (Figure 2-7). 

Integration of the corresponding proton signals gave 5H, 2H and 1H for A, B and 

C, respectively. This correlates with the expected distribution of the 4-

regioisomer. 
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Figure 2-7: Homonuclear 1H-COSY of 2.10 with aromatic spin systems A (5H), B (2H) and C 

(1H). 

N-Alkylation of the substituted piperazine with propargyl bromide to afford 

2.11 failed under non-catalyzed conditions.[144] The use of Iridium[145] and 

Ruthenium[146-147] catalysts for N-alkylation with propargyl alcohol poses a 

synthetic alternative if route B proves unsuccessful. 

The first step of path B afforded N-propargyl piperazine in poor yield (Scheme 

2-12). Choice of a stronger base such as sodium hydride and prolonged reaction 

times did not improve the yield.[148] 

 

Scheme 2-12: Synthetic route B towards MPC-1-1 precursor. 

Small scale Mannich reactions of 2.13 with the benzofuran backbone did not 

yield 2.11. At this point the big picture was considered and it was concluded that 

B 

A 

C 
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the Mannich reaction is not suitable to achieve the desired coupling between the 

benzofuran backbone and the various amine substrates.  

The following chapters describe the search for synthetic alternatives to the 

Mannich reaction which require no or only minor adjustments to the design of 

the benzofuran backbone. 

2.2.1.6 Chloromethylation 

Chloromethylation and subsequent SN2 reaction with an appropriate amine 

was identified as an alternative to the Mannich reaction which would not require 

alteration of the benzofuran backbone. 

 

Scheme 2-13: Chloromethylation of the benzofuran backbone. 

HCl gas generated in-situ from sulfuric acid dripping onto ammonium chloride 

was bubbled through the reaction mixture for one hour. After up to 36 hours 

neither the unprotected (2.3) nor the protected benzofuran (2.3a) gave the 

product in measurable quantities. 

2.2.1.7 Reductive Amination 

Introduction of a carbonyl moiety in 4-position on the benzofuran scaffold 

would allow for circumvention of the Mannich reaction. Secondary amines can be 

introduced via simple reductive amination. However, this requires alterations to 

the benzofuran synthesis. 
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Scheme 2-14: Bromination of 2,5-dihydroxybenzaldehyde. 

Bromination of 2,5-dihydroxybenzaldehyde using bromine gave 2-bromo-3,6-

dihydroxybenzaldehyde in moderate yields (Scheme 2-14). The regioselectivity 

was confirmed via proton NMR spectroscopy. The 1H-NMR spectrum showed J-

coupling constants of 8.9 Hz which is typical for ortho-coupling protons. 

Surprisingly, formation of the electronically favoured regioisomer bearing bromide 

in the 3-position was not observed. 

 

Scheme 2-15: Sonogashira coupling with 2-bromo-3,6-dihydroxybenzaldehyde. 

Subjecting 2-bromo-3,6-dihydroxybenzaldehyde to different Sonogashira 

conditions failed to produce isolatable amounts of 2.16. GCMS analysis of the 

crude reaction mixture before and after the deprotection step showed no trace of 

coupling product. Splitting up the one-pot reaction into single steps by acetylating 

the hydroxy groups beforehand (2.15a) was also unsuccessful. This led to the 

assumption that the carbonyl-moiety had to be protected for the compound to 

successfully undergo Sonogashira coupling. 
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2.2.1.7.1 Carbonyl Protection 

Mimicing carbonyls as acetals is a common way of protecting these functional 

groups. 1,3-Dioxanes and -dioxolanes are stable under basic conditions even at 

higher temperatures which resembles typical coupling conditions. 

Since 2,5-dihydroxybenzaldehyde is relatively expensive and favours the 

formation of side products the methoxy derivative was used for further reactions. 

 

Scheme 2-16: Carbonyl protection using ethylene glycol and subsequent bromination attempts. 

Acid catalysed acetal formation under water removal using a Dean-Stark 

apparatus gave 2-(2,5-dimethoxyphenyl)-1,3-dioxolane in good yield (Scheme 

2-16). Subsequent bromination of the dioxolane, however, resulted in brominated 

species 2.19 as the major product. Since acetals are somewhat acid-labile, the 

hydrobromic acid formed during the electrophilic substitution presumably caused 

degradation of the acetal. 

Reversing the reaction sequence to bromination followed by protection of the 

aldehyde seemed to be the solution (Scheme 2-17). Bromination using bromine 

resulted in full conversion, however, closer analysis of 1H-NMR and COSY spectra 

showed no coupling between aromatic signals. J-coupling constants of para-

coupling protons are expected between 0-1 Hz. This correlates with the observed 
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peak broadening and indicates substitution in para-position relative to the 

carbonyl (2.19). The desired ortho-isomer 2.20 was not observed. 

 

Scheme 2-17: Bromination of 2,5-dimethoxybenzaldehyde. 

Switching the hydroxy group protection from methyl- to acetyl-groups did not 

solve the bromination issue as the acetoxy groups were too deactivating and not 

stable during the bromination (Scheme 2-18). 

 

Scheme 2-18: Acetylation of 2,5-dihydroxybenzaldehyde and subsequent bromination. 

The major isolated product was the partly deprotected starting material. 

Proton signals were assigned via 1H-NMR. Dipolar coupling determined by 2D-

NOESY experiments showed spatial proximity between C6-H and the hydroxy-

proton (Figure 2-8). This led to the conclusion that the acetyl-group in 4-position 

was lost during the bromination attempt. 
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Figure 2-8: NOESY spectrum of 2.23. 

Due to ongoing issues with this approach the literature was consulted in search 

of a simpler alternative to introduce the carbonyl-moiety. 

2.2.1.7.2 ortho – Formylation 

A method that was initially pursued to synthesize the expensive starting 

material 2,5-dihydroxybenzaldehyde from hydroquinone is direct ortho-

formylation. A two-step procedure using ethyl N-phenylformimidate to form the 

imine followed by hydrolysis under acidic conditions has been reported for 

benzofuran substrates.[149] A more convenient method published by Hofsløkken 

and Skattebøl describes the ortho-formylation of various phenols in one step.[150] 

Although this method had not been tested on benzofurans, it was investigated 

whether 2.3 could be formylated using the reported conditions. 
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Scheme 2-19: ortho-Formylation of 2-phenylbenzofuran-5-ol. 

The reaction is outlined in Scheme 2-19. It requires a minimum of 2 equivalents 

of formaldehyde relative to the amount of phenol. Using 6 equivalents, formation 

of the aldehyde in one step was achieved in good yield. Magnesium chloride which 

acts as a Lewis acid coordinates to the phenol and formaldehyde, directing it into 

the least sterically hindered ortho-position. Neither the 4- nor the 6-position of 

2.3 are particularly crowded hence regioselectivity was expected to be poor. 

However, the reaction gave only one major product. A reported side reaction that 

could lead to 2.24 was not observed. 

The proton NMR analysis of 2.16 showed a well resolved fine structure (Figure 

2-9). Previously unresolved spectral splitting of C6-H due to 5J-coupling with C3-

H was measured at 0.7 Hz.  Coupling between O16-H and C7-H was determined 

to be 0.4 Hz and was resolved in both signals. Ortho-coupling between C6-H and 

C7-H as well as correlating cross peaks in the 1H-1H-COSY spectrum confirmed 

formylation in 4-position. Protons on the phenyl substituent were assigned using 

2D NMR data due to coupling constants of similar magnitude. Figure 2-10 shows 

cross peaks at 7.87/7.47 and 7.47/7.41 which allows assignment of C11/12/14/15-

H as indicated in Figure 2-9 (bottom). 
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13C-NMR spectroscopy of 2.16 showed the expected total of 12 carbon signals 

in the aromatic region. The additional peak at 192.6 ppm corresponds to the 

newly introduced aldehyde carbon which is expected to be shifted downfield. 
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Figure 2-9: 1H-NMR of 2.16 (top) including magnification of aromatic region (bottom). 
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Figure 2-10: Homonuclear 1H-COSY of 2.16. 
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Figure 2-11: 13C-NMR of 2.16. 
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2.2.1.7.3 Reductive Amination Reaction 

Standard conditions for reductive amination as outlined in Scheme 2-20 were 

explored using the piperidine model system. Reaction with benzofuran 2.16 

resulted in significant amounts of product in the crude reaction mixture, however, 

chromatographic isolation was ineffective. This contrast between MS confirmed 

product formation and failure to isolate was similar to previously explored 

Mannich reactions.  

 

Scheme 2-20: Reductive amination of benzofuran 2.19. 

At this point it was hypothesized that the introduction of a tertiary amine in 

close proximity to the existing hydroxy functionality might be the issue. It was 

postulated that proton transfer as shown in Scheme 2-21 might give the molecule 

a zwitterionic nature. Since 2.8 is also somewhat amphoteric, it is difficult to 

remove the charge via pH control during the workup, be it basic or acidic. This 

could cause solubility issues in organic solvents. Previously described precipitation 

of 2.8 from the aqueous phase of the workup (see 2.2.1.5.1) supports this 

hypothesis. 

 

Scheme 2-21: Proposed zwitterionic nature of 2.8. 
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A solution to this problem would be masking of the hydroxy group. Salome et 

al. showed that a methoxy group is tolerated very well in this position with little 

loss of activity. Methylation of 2.16 using methyl iodide proceeded in quantitative 

yield and the resulting compound 2.19 was subjected to standard reductive 

amination conditions. 

Following nonaqueous workup, the product was isolated using normal-phase 

chromatographic methods. MS analysis of two distinctive fractions showed 

identical spectra accounting for both the product peak at m/z = 322 (M-H+) and 

the characteristic fragment at m/z = 237. Considering the significant difference 

in polarity between the two fractions, elution at 50% ethyl acetate vs 90% ethyl 

acetate in petroleum spirit, it was assumed that the less polar fraction constitutes 

the free base and the more polar fraction an ammonium salt species. Proton NMR 

spectra of both fractions further substantiated this hypothesis as both spectra 

fully accounted for expected proton signals, however signals of protons in close 

proximity to the nitrogen atom exhibited different chemical shifts. 

4.0 3.5 3.0 2.5 2.0 1.5
Chemical Shift (ppm)  

Figure 2-12: Overlay of 1H-NMRs of two isolated fractions containing 2.25. 
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Protonation of the nitrogen leads to de-shielding of the surrounding atoms and 

therefore downfield shifting of affected proton signals. The NMR overlay in Figure 

2-12 shows precisely this. Moreover, upon closer inspection it is noticeable how 

the greater distance of these protons to the nitrogen atom results in a smaller 

difference in chemical shifts (Δδ). 

 

Figure 2-13: ORTEP representation of X-ray crystal structure of 2.25 (right); Magnification of 

piperidine ring showing spatial distances of nearby carbon atoms to the nitrogen in angstrom 

(left). 

Figure 2-13 shows ORTEP representations of the crystal structure of 2.25. The 

left shows a magnification of the piperidine ring with atomic distances from the 

nitrogen to each ring-carbon and the methylene linker. Table 2-4 correlates Δδ 

with atomic distances measured in Angstrom. This shows a clear inverse 

correlation. 

position proton Δδ [ppm] C-N distance [Å] 

C1 0.27 1.51 

C2 0.29 1.50 

C3 0.16 2.48 

C4 0.07 2.93 

Table 2-4: Correlation between 1H-NMR Δδ and atomic distances to N in 2.25. 
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To verify the theory, a small amount of triethylamine was added to the NMR 

sample of the polar fraction (90% EA) and another proton spectrum was recorded. 

4.0 3.5 3.0 2.5 2.0 1.5 1.0
Chemical Shift (ppm)  

Figure 2-14: 1H-NMRs of polar fraction before (top) and after (bottom) addition of triethylamine 

(TEA). 

Figure 2-14 shows an overlay of the 1H-NMR spectra of the salt before (top) 

and after the addition of TEA (bottom). The large signals at 1.0 and 2.5 ppm are 

due to excess TEA and can be ignored. The shift of aliphatic proton signals is 

indicated by arrows. Signal 2 is buried beneath the TEA peak at 2.5 ppm and 

cannot be observed, however, the remaining signals 1, 3 and 4 show upfield shifts 

suggesting that what we are looking at is in fact the salt which has now been 

converted to the free base. 

Based on these observations the solution was to simply add a pH modifier to 

the solvent system used for chromatographic purification. Addition of 0.1% TEA 

led to the isolation of 2.25 as a single peak in its free base form in 54% yield. 

1 

2 

3 

4 
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2.2.1.7.4 Rate of Reaction 

Since the amine substrates of the reductive amination are easier to handle as 

their hydrochloride salts, their reactivity was compared to the free base using the 

piperidine model reaction (Scheme 2-22). 

 

Scheme 2-22: Piperidine vs piperidine hydrochloride in reductive aminations. 

Figure 2-15 shows GCMS yields determined from the crude reaction mixtures 

over time. Under the same conditions the free amine showed a significantly faster 

reaction whereas the HCl salt produced a number of side products likely due to 

the extended reaction times. The starting material was consumed in both cases. 

 

Figure 2-15: GCMS yield vs reaction time of reductive aminations following Scheme 2-22. 

These findings explain earlier amination attempts with 4-dimethylamino 

piperidine hydrochloride which failed to produce isolatable amounts of product. 

For future reactions it was highlighted that substrates for reductive aminations 

are obtained as their free bases rather than in salt form. 
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2.2.1.8 Synthesis of Reference Compounds & Precursor 

Utilizing the robust and reproduceable synthetic route developed in the 

previous chapters, class 1 compounds were prepared from 2.19 using sodium 

cyanoborohydride and catalytic amounts of acetic acid. 

 

Scheme 2-23: General reductive amination to access class 1 compounds. 

Table 2-5 summarizes the yields of reference compounds and radiolabelling 

precursor prepared following Scheme 2-23. Observed yields were stable between 

50-60% for the different amine substrates. All reference compounds and precursors 

were purified by semipreparative RP-HPLC for further use in in vitro assays or 

radiolabelling reactions. 

compound acronym NR2 t [h] yield 

2.25 MRC-1-2 

 

18 54% 

2.26 MRC-1-1 

 

48 58% 

2.27 MPC-1-1 precursor 

 

18 55% 

Table 2-5: Isolated yields following the reaction in Scheme 2-23. 
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NMR analysis of 2.26 showed familiar peak patterns in the aromatic region. 

The signals corresponding to the 1,4'-bipiperidine substituents are expected in the 

upfield region. Most proton signals between 1 - 3.5 ppm, however, suffered from 

peak broadening and therefore poor resolution. Reacquisition of the NMR spectra 

after RP-HPLC purification yielded much better fine structure of the signals. Due 

to its structural features 2.26 can assume different protonation states. Without 

pH control this can lead to peak broadening in NMR spectroscopy. Addition of 

trifluoroacetic acid can sharpen NMR signals presumably due to the reduction of 

different protonation states to one defined state.[151] Since the mobile phase used 

for HPLC purification contained 0.1% TFA this seemed likely to be the cause for 

the observed spectral change. Protonation of the tertiary piperidine nitrogens 

would lead to deshielding of nearby nuclei. Downfield shifting across signals in 

the aliphatic region was detected in the 1H-NMR spectrum after RP-HPLC 

purification compared to product purified by normal-phase chromatography only.  

The theory was confirmed by X-ray crystallography. Figure 2-16 shows 

protonation of both nitrogens and their corresponding trifluoroacetate 

counterions. The coordination of two TFA molecules per MRC-1-1 molecule has 

to be taken into account when preparing stock solutions for in vitro potency 

studies. 

The crystal structure provides insight into the 3-dimensional structure of 2.26. 

The 5-methoxy-2-phenylbenzofuran backbone shows a planar structure due to its 

extended aromatic system. Both piperidine rings assume low energy chair 

confirmations. Substituents on the nitrogens are in equatorial positions in both 

cases as seen in Figure 2-16 (right). 
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Figure 2-16: ORTEP respresentation of X-ray crystal structure of 2.26 after RP-HPLC purification 

(left); Rotated and hidden TFA and hydrogen atoms (right). 

2.2.1.9 Synthesis of [19F]MPC-1-1 

Starting from precursor 2.27 the non-radioactive standard [19F]MPC-1-1 was 

synthesised over two steps. 2-Fluoroethyl 4-toluenesulfonate was treated with 

sodium azide at room temperature to give 2-fluoroethyl azide which was used in 

the next step without prior purification. A 1,3-dipolar cycloaddition between 2.28 

and MPC-1-1 precursor gave 2.29 in poor yield. A copper(I) catalyst was used to 

direct the reaction towards forming the 1,4- over the 1,5-regioisomer. 

NMR and MS analysis confirmed the identity of 2.29. MS analysis showed a 

signal at m/z = 450.22839 which correlates to the [M-H]+ signal of 2.29 with a 

mass error of -3.5 ppm. 
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Scheme 2-24: Synthesis of [19F]MPC-1-1. 

Figure 2-17 shows NMR spectra of [19F]MPC-1-1. The aromatic region of the 

proton NMR spectrum shares most features with previous spectra of 1,4,5-

trisubstituted benzofurans. An additional singlet corresponding to the 1,2,3-

triazole proton was detected at 7.90 ppm. In the aliphatic region the spectrum 

shows the characteristic fluorine-19 splitting of the ethyl-protons C31/32-H2. 

Flourine-19 is a spin 1/2 nucleus with 100% abundance which gives rise to strong 

n+1 splitting with nearby proton signals. Typical coupling constants over 2 and 

3 bonds are 48 and 21 Hz, respectively.[152] The signals at 4.79 and 4.68 ppm are 

coupled to each other with a 3J-coupling constant of 4.7 Hz. In addition, both 

signals show strong coupling with fluorine-19 at 46.6 and 26.6 Hz. This correlates 

with typical 2JHF and 3JHF coupling constants and allows assignment of the proton 

signals as shown in Figure 2-17 (top). 

The carbon NMR spectrum accounted for all 21 chemically different carbon 

atoms. A doublet was found at 48.3 ppm with a JCF-coupling constant of 25.4 Hz 

which is typical for scalar carbon-fluorine coupling over 2 bonds. The expected 

1JCF coupling of C32 with a coupling constant of approximately 160 Hz was not 

identified. Trifluoroacetate signals appeared as quartets at 162.5 and 116.1 ppm. 
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Figure 2-17: 1H- and 13C-NMR spectra of 2.29. 



Synthesis of Non-Radioactive Compounds 

100 

2.2.1.10 Synthesis of MPC-1-1-488 

Fluorescent dyes are an essential tool in structural biology. Compounds such 

as Alexa Fluor 488 are omnipresent in cell biology largely due to their availability 

as ready-to-use kits. However, this convenience comes at a cost. A cheaper 

alternative is azide-fluor 488. The disadvantage of azide-fluor 488 compared to 

Alexa Fluor 488 is the lower solubility in hydrophilic solvents and the higher 

stability of the latter against photo-bleaching. 

Both dyes are Rhodamine based and exhibit a maximum excitation wavelength 

of 490 - 500 nm and a maximum emission wavelength of 525 nm. These optical 

characteristics allow them to be used alongside nuclear staining agents such as 

Hoechst 33342 or Hoechst 33258. 

 

Scheme 2-25: Synthesis of MPC-1-1-488 conjugate via Click Chemistry. 
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Conjugation of azide-fluor 488 to MPC-1-1 was achieved via Click Chemistry. 

Due to the small scale of the reaction (1.57 µmol) a more expensive but more 

efficient catalyst system was employed instead of the basic copper / ascorbate 

mixture. LCMS analysis of the reaction after 2 hours showed the product as two 

peaks at tR = 12.2 and 12.4 minutes (Figure 2-18, middle). The substitution 

pattern of the benzoate on azide-fluor 488 purchased from Sigma-Aldrich is not 

specified. Hence, the structures of 2.30 and 2.31 are ambivalent. The occurrence 

of two neighboring HPLC peaks with the same MS spectra suggested a mixture 

of two different substitution patterns. 

 
Figure 2-18: LCMS results of crude MPC-1-1-488 reaction mixture; UV254nm traces at 0, 2 and 4 

hours (top, middle, bottom); Conversion of 2.30 to 2.31 was confirmed via the MS spectrum of 

their corresponding HPLC peaks; Ambiguity in the structure of azide-fluor 488 translated into 

the structure of MPC-1-1-488; * HPLC column contamination. 
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The retention times of 2.30 (tR = 12.3 and 12.5 minutes) are close to the ones 

of 2.31 leading to poor peak separation and shouldering. Even though MPC-1-1 

precursor was used in excess (1.8 eq), LCMS analysis showed almost complete 

consumption of 2.27 after 2 hours. Since 2.27 (tR = 13.8 minutes) can be separated 

more easily from 2.31 compared to 2.30, a further 0.9 equivalents of 2.27 were 

added to the reaction. However, after a total reaction time of 4 hours, a small 

residue of 2.30 remained. The reaction was purified using semi-preparative RP-

HPLC and the solvents were removed via freeze drying. Light exposure was 

limited wherever possible to avoid premature photo-bleaching of the fluorescent 

dye. 

High-resolution MS analysis of the purified HPLC fraction showed a m/z ratio 

of 935.40891 which is in agreement with the calculated value of 935.40920 for the 

[M+H]+ species. Since MS was the only analytical technique used to characterize 

the isolated fraction, strong results were needed to confirm the identity of the 

product. The low mass error of -0.3 ppm corroborated the correct structure of the 

isolated fraction. The properties of the MPC-1-1-488 conjugate were then explored 

in in vitro confocal microscopy experiments. 
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2.2.2 Imidazopyrazinone Based Compounds 

The synthesis of class 2 compounds has been described in the literature in 

detail.[101, 153] Hence the method was followed closely for the reference compound 

and adjusted where necessary for the radiolabelling precursor and non-radioactive 

standard. 

2.2.2.1 mTOR Reference Compound 2-1 

2.2.2.1.1 Synthesis of MRC-2-1 

Scheme 2-26 outlines the synthetic approach to access the reference compound 

MRC-2-1. 

 

Scheme 2-26: Retrosynthesis of MRC-2-1. 

Carbon-carbon bonds can be formed readily via Suzuki coupling between an 

organoboronic acid and an aryl halide. The corresponding boronic acid can be 

accessed via triazole synthesis from its commercially available carbamoyl 

precursor. The bromide bearing side of the molecule can be synthesized by 
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nucleophilic aromatic substitution of commercially available 3,5-dibromopyrazin-

2-amine with (tetrahydro-2H-pyran-4-yl)methanamine followed by ring closure to 

form the imidazopyrazinone (Scheme 2-27). 

 

Scheme 2-27: Linear synthesis of boronic acid 3.3 in a two-step one-pot reaction. 

Reaction of (4-carbamoylphenyl)boronic acid with N,N-dimethylformamide 

dimethyl acetal (DMFDMA) gave the corresponding dimethyl amidine reagent 

3.2 which was reacted further in a one-pot fashion without prior purification. 

Literature suggested using DMFDMA as the solvent for the reaction, however it 

was found that the stoichiometry could be reduced to 3.0 equivalents.[101] Synthesis 

of 1,2,4-triazole 3.3 was achieved via reaction of amidine 3.2 with hydrazine under 

acidic conditions (Scheme 2-27). High-resolution mass spectrometry confirmed the 

conversion of 3.1 to 3.3. 
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Scheme 2-28: Linear synthesis of bromide 3.6 over 2 steps. 

Nucleophilic aromatic substitution of commercially available 3,5-

dibromopyrazin-2-amine with (tetrahydro-2H-pyran-4-yl)methanamine activated 

by diisopropylethylamine (DIPEA) gave amine 3.5 in reasonable yield (Scheme 

2-28). Substitution can occur in the 3- or the 5-position, however differentiation 

between the regioisomers is not straightforward. Due to the planar geometry of 

the aromatic ring it was assumed that only the 3-substituted species would engage 

in the subsequent ring closure. Microwave assisted reaction with 1,1'-

carbonyldiimidazole (CDI) gave the imidazopyrazinone 3.6 in 81% yield which led 

to the conclusion that the majority of the product isolated in the previous step 

consisted of the 3-regioisomer. Ring closure was confirmed via 13C-NMR by the 

additional signal at 153.8 ppm which is consistent with the expected chemical 

shift of a urea-type carbonyl. 

Scheme 2-29 illustrates the Suzuki coupling of 3.3 with 3.6 which gave 3.7 in 

good yield. In summary, this sequence gave MRC-2-1 in 38% isolated yield over 

3 linear steps. This allowed progression to in vitro studies. 

 

Scheme 2-29: Convergent synthesis of MRC-2-1 via Suzuki coupling. 
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2.2.2.1.2 Spectroscopic Analysis of MRC-2-1 

NMR analysis of 3.7 showed the expected total of 19 protons and 15 chemically 

different carbon signals (Figure 2-19). Peak broadening of the signals at 8.47 and 

4.44 ppm was suspected to be due to chemical exchange of the acidic NH protons. 
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Figure 2-19: 1H-NMR (top) and 13C-NMR (bottom) of 3.7. 

Figure 2-20 shows 1H-NMR spectra of 3.7 in DMSO-d6 before (top) and after 

(bottom) addition of a small amount of D2O. The absence of the signals at 12.07 

and 4.44 ppm in the latter spectrum due to deuterium exchange allowed 

assignment of N26-H and N10-H. The signal at 8.47 ppm corresponding to C27-H 

sharpened after addition of D2O. Broadening of this signal is most likely a result 
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of the tautomerisation which can occur in the triazole ring (Scheme 2-30). H/D 

exchange of N26-H does not eliminate tautomerization, however H-D coupling 

constants are typically much smaller than H-H coupling constants. This may lead 

to sharpening of the signal corresponding to C27-H. N26-D is not observed in 1H-

NMR due to the vastly different resonance frequency of deuterium compared to 

hydrogen. 

 

Scheme 2-30: Triazole tautomerisation of 3.7. 
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Figure 2-20: 1H-NMR overlay of 3.7 in DMSO-d6 without (top) and with 1 drop of D2O (bottom). 

The aliphatic region in the proton NMR spectrum is dominated by the 

tetrahydropyran ring. The methylene protons of CH2 groups in the ring are in 

different chemical environments due to the chair conformation of the ring 

structure. Axial and equatorial protons appear at different chemical shifts in the 

1H-NMR spectrum. Since the ring is substituted in 4-position and is therefore 

symmetrical, the axial and equatorial protons on C3/5 and C2/6 are in the same 

electronic environment bringing the integration of their corresponding signals to 

2. The 1H-NMR signals at 3.82, 3.78, 3.23, 1.55 and 1.30 ppm, each with an 

integration of 2, can easily be mistaken as signals corresponding to the 5 

methylene groups in the molecule. However, apart from one peak which 

corresponds to C7-H2, these signals originate from the pairs of chemically 

equivalent axial and equatorial protons. 

1H-13C-Heteronuclear single quantum coherence (HSQC) NMR spectroscopy 

can provide insight into the connectivity within a molecule by exclusively showing 

protons that are attached to a carbon over one bond. Figure 2-21 shows the 

gHSQCAD spectrum of 3.7. Matching axial and equatorial protons can be 

identified in the HSQC spectrum since they show crosspeaks with the same 

carbon. 
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Figure 2-21: 1H-13C-gHSQCAD of 3.7. 

The proton signals at 3.82 and 3.23 ppm showed cross-peaks with the same 

carbon at 67 ppm. Protons corresponding to the signals at 1.55 and 1.30 ppm are 

bound to the carbon at 30.6 ppm. This allowed assignment of CH2-groups located 

in the tetrahydropyran ring as shown in Figure 2-21. The carbon at 44.8 ppm 

showed only one crosspeak allowing the assignment of C7-H2. 

Mass spectrometry of 3.7 showed the base peak at m/z = 378.16766 which 

corresponds to the molecular ion. The calculated m/z ratio of 378.16730 for the 

protonated ion [M+H+] is in accordance with the experimentally determined value 

with a low mass error of 1.0 ppm. 

2.2.2.1.3 Computational Studies of 1,2,4-Triazoles 

Computational studies were performed to investigate the 1,2,4-triazole 

tautomerism in a class 2 compound. Figure 2-22 shows the 1H-, 2H- and 4H-

tautomers A, B and C respectively. The structures were optimized in vacuum or 

water media using the standard B3LYP/6-31G* DFT-method and the Spartan’16 

software package.  
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 ΔG‡ = GTS - Gtautomer (Eq. 1) 

 ΔG = §G1 - §G2 (Eq. 2) 

The results were used to calculate the Gibbs free energies of the transition 

states GTS, the tautomers Gtautomer and the change in free energy ΔG as well as the 

free energy of activation ΔG‡ (Eq. 1 & 2). Hartree energies are expressed in 

kcal/mol relative to the most stable tautomer. 

 

Figure 2-22: Relative hartree energies of tautomers A - C; Structures were optimized in vacuum 

(v.) and water (w.) by DFT-B3LYP/6-31G*. 

The stability of the tautomers is primarily governed by the interaction between 

Ha and H2/3. 1H-1,2,4-triazole proved to be the most stable tautomer in both 

media. B is 0.90 kcal/mol less stable than A in water. The 4H-tautomer is the 

least stable out of the three in either media which has been reported previously.[154] 
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Scheme 2-31: Energy diagram of 1,2,4-triazole tautomerisation in a class 2 type compound via 2 

or 3 water molecules; Hartree energies are expressed in kcal/mol relative to A. 

Transition states for tautomerization between A and B were obtained by the 

reaction coordinate method. Initial optimization of the transition states using 

HF/6-31G* was followed by final optimization via DFT-B3LYP/6-31G*. 

For the conversion of A to B two transition states were investigated which 

consisted of either 2 or 3 water molecules interacting with A. The energy 

difference between the two transition states was calculated to be 4.66 kcal/mol 
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favouring tautomerization via 3 solvent molecules. The activation energy for the 

conversion via TSA→B (3H2O) is 13.77 kcal/mol. The Gibbs free energy for the 

tautomerisation in water is 0.90 kcal/mol. These calculations indicate that the 

1H-isomer is the most stable tautomer of 3-phenyl substituted 1,2,4-triazoles. 

2.2.2.2 mTOR PET Compound 2-1 

2.2.2.2.1 Synthesis of MPC-2-1 Precursor 

Direct radiofluorination of aliphatic tosylates is an established way of late 

stage fluorination with [18F]fluoride. This approach will be used to introduce 

fluorine-18 into class 2 compounds. The proposed synthetic strategy to access 

MPC-2-1 precursor is illustrated in Scheme 2-32.  

 

Scheme 2-32: Retrosynthetic pathway towards MPC-2-1 precursor. 

Tosylates can be obtained from their corresponding alcohols. Synthesis of the 

imidazopyrazinone proceeds likewise to the MRC-2-1 building block 3.6. 
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Initially, the synthesis of the imidazopyrazinone building block was attempted 

without protection of the hydroxy-group on 2-aminoethanol (Scheme 2-33). 

Nucleophilic substitution with 3.4 proceeded in 76% yield which is higher 

compared to the corresponding reaction in 2.2.2.1.1. Subsequent ring closure 

afforded the desired imidazopyrazinone, however, the hydroxy-group also reacted 

with CDI to give the corresponding carboxylate as the major product (3.9). The 

low yield and complex mixture at this early stage in the synthetic pathway 

prompted a change in strategy. 

 

Scheme 2-33: Synthetic efforts towards MPC-2-1 precursor. 

TBDMS-ethers are base and heat resistant. Scheme 2-34 shows the TBDMS 

protection of 2-aminoethanol using TBDMS-chloride. Protection had to be carried 

out with care to avoid reaction with the amine functionality which would render 

it unreactive in the following nucleophilic substitution step. Using a dilute solution 

of TBDMS-Cl which was added to 10 equivalents of 2-aminoethanol over 2 hours 

using a syringe pump gave 3.10 in quantitative yield. 1H-NMR spectroscopy 

confirmed exclusive reaction of the alcohol with TBDMS-Cl. Due to its volatility 

3.10 could not be subjected to high vacuum and drying under regular vacuum 

had to be limited to 100 mbar. The product was used as a crude for further 

reactions. 
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Scheme 2-34: Synthetic efforts towards MPC-2-1 precursor employing TBDMS protection of 2-

aminoethanol. 

Reaction of 3.10 with 3.4 proceeded in good yield and subsequent ring closure 

gave 3.12 in 90% yield. Following the published conditions for Suzuki reactions 

between 3.3 and compounds featuring an imidazopyrazinone scaffold gave 3.13 in 

very poor yield under microwave assisted heating.[101] Thermal heating at 90°C 

did not afford product after extended reaction periods (1 week). 

Alternatively, the reaction order could be inverted by first performing the 

Suzuki coupling reaction between 3.12 and the triazole precursor (4-

carbamoylphenyl)boronic acid followed by triazole synthesis. Scheme 2-35 shows 
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formation of 3.14 using standard Suzuki conditions. The crude reaction mixture 

showed a relatively clean proton NMR spectrum. Chromatographic purification 

gave the product as a poorly soluble black solid in 53% yield. Previously exploited 

methods for the formation of triazoles failed to produce 3.13 in isolatable amounts. 

The poor solubility of 3.14 could be a contributing factor to the low yield.  

 

Scheme 2-35: Suzuki reaction of 3.12 with (4-carbamoylphenyl)boronic acid. 

At this point the Suzuki coupling between 3.12 and 3.3 as shown in Scheme 

2-36 was revisited. Variation of the catalyst system, the base, the solvent as well 

as reaction temperature and time were investigated. Table 2-6 summarizes the 

reaction conditions and their corresponding isolated yields. 
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Scheme 2-36: Suzuki coupling towards 3.13a. 

While the initial attempt using published conditions gave 3.13 in 13% yield it 

has to be noted that another fraction corresponding to 3.13a was isolated 

accounting for an additional 9% (Table 2-6, entry #1). Changing the organic 

solvent from 1,4-dioxane to DMF showed similar loss of TBDMS, however the 

yields were on a lower level (entry #2). Various reaction conditions based on 

literature failed to produce trace amounts of coupling product (entry #3-6). A 

test reaction using 3.6 instead of 3.12 to trial lower temperatures during 

microwave heating independent of TBDMS-degradation produced lower amounts 

of 3.7 compared to previous results at 150°C (entry #6). 

# cat. base solvent T [°C] t [h] 3.13 3.13a 

1 Pd(dppf)Cl2 Na2CO3 dioxane/H2O 150mw 1 13% 9% 

2 Pd(dppf)Cl2 Na2CO3 DMF/H2O 150mw 1 - < 5% 

3 Pd(dppf)Cl2 K3PO4 DMF/H2O 90 4 - - 

4 Pd(dppf)Cl2 KOtBu THF 150mw 0.5 - - 

5 Pd(PPh3)4 NaOAc EtOH reflux 168 - - 

6A Pd(dppf)Cl2 Na2CO3 dioxane/H2O 120mw 1    < 10% 3.7 

7B Pd(dppf)Cl2 Na2CO3 dioxane/H2O 150mw 1 n/a 94% 

Table 2-6: Suzuki conditions towards 3.13/3.13a; Starting material either 3.12, 3.6 (A) or 3.12a 

(B); Bases were used as 1M aqueous solutions; microwave heating (mw). 



Synthesis of Non-Radioactive Compounds 

117 

Little success using the protected compound 3.13 prompted the removal of the 

TBDMS-group. Although seemingly straightforward, deprotection to give 3.12a 

could only be achieved in quantitative yield using a ratio of 

TFA/MeCN/H2O = 1/30/30 with 1 mL TFA/g of 3.12 (= 0.37 mL/mmol). The 

scope of conditions that were explored encompassed different ratios of 

TFA/solvent ranging from catalytic amounts to neat TFA, different reagents 

(TFA, 1M TBAF) and different solvents (THF, MeCN, MeCN/H2O, MeOH). 

Subjecting 3.12a to standard Suzuki conditions gave 3.13a in excellent isolated 

yields ranging from 83 to 94%. Using degassed reagents (freeze-pump-thaw 

method) and carefully degassing the reaction under a gentle stream of argon gas 

in a sealed vial prior to heating resulted in reproducable yields greater than 90%. 

Basic or neutral aqueous workup of the crude reaction mixture resulted in total 

loss of product from the organic phase as monitored by MS. Due to the high 

solubility of 3.13a in water the workup procedure was omitted entirely. Instead 

the crude reaction product was filtered, concentrated and subjected to 

chromatographic purification. 

In summary, compound 3.13a could now be accessed in 57% yield over 4 linear 

steps. This allowed extensive investigation of the subsequent reaction forming the 

tosylate 3.15/a/b which did not proceed during initial small-scale trial reactions 

(< 15 µmol 3.13a). 

 

Scheme 2-37: Tosylation of 3.13a; Conditions and results are reported in Table 2-7. 
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Scheme 2-37 outlines the tosylation of 3.13a which can result in O- and/or N-

tosylation. The different species can be identified via 1H-NMR spectroscopy by 

disappearance of the corresponding OH/NH proton signals. A large batch of p-

toluenesulfonyl chloride (TsCl) was purified following the textbook procedure 

prior to commencement of the investigation of the tosylation step.[155] Bases were 

distilled prior to use and stored over MS (4Å) under argon gas. 

While 3.15b is the desired tosylate its formation was not observed. This was 

expected due to the higher nucleophilicity of amines compared to alcohols. 

However, sulphonamides can be converted into their corresponding amines and so 

compound 3.15 may be used as a substitute for 3.15b in future reactions. 

Tosylation conditions were optimized to minimize the amount of 3.15a which 

turned out to be a major side product. 

Addition of p-toluenesulfonyl chloride (TsCl) in small excess to a solution of 

3.13a and triethylamine (TEA) in a range of cooled solvents or neat did not result 

in detectable amounts of 3.15 or 3.15a (Table 2-7, entries #1-7). Increasing the 

stochiometric amounts of TsCl and TEA to 3 and 6, respectively, was also 

unsuccessful (entry #8). The reaction was scaled up to 1.6 mmol which afforded 

the mono-tosylated product in very low yield (entry #9). Variation of the base 

was ineffective (entries #10-12) as were reactions using trifluoromethanesulfonic 

anhydride or methanesulfonyl chloride (entries #13,14). 

First positive results were achieved using excess of pyridine as a solvent for 

the reaction (entry #15). After 30 minutes at ambient temperature a ratio of 

3.15/3.15a of about 1/1 with a combined yield of 23% was achieved. Solubility of 

3.13a was an issue apparent in the majority of the reactions listed in Table 2-7. 

It was postulated that the reaction outcome could be improved upon using 

sonochemistry. 
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# reagent (eq) base (eq) solvent T [°C] t [h] 3.15 3.15a 

1 TsCl TEA DMA 0 → RT 20 - - 

2 TsCl TEA DCM 0 → RT 2 - - 

3 TsCl TEA DMF 0 → RT 2 - - 

4 TsCl TEA DMSO 0 → RT 2 - - 

5 TsCl TEA THF 0 → RT 2 - - 

6 TsCl TEA - RT 2 - - 

7 TsCl TEA THF -78 2 - - 

8 TsCl (3) TEA (6) THF 0 → RT 2 - - 

9 TsCl TEA THF -78 → RT 2 - 1.7%L 

10 TsCl pyridine THF 0 → RT 3 - - 

11 TsCl pyridine DMF 0 → RT 3 - - 

12 TsCl PVP (ex) DCM RT 4 - - 

13 Tf2O TEA THF -20 2 - - 

14 MsCl TEA DCM 0 → RT 2 - - 

15 TsCl (2) pyridine (ex) RT 0.5 12% 11% 

16 TsCl (2) pyridine (ex) RT 0.5US 20%X 12%X 

17 TsCl (2) DMAP (0.1), pyridine (ex) RT 0.5US 10% 4% 

Table 2-7: Reaction conditions for tosylation towards 3.15/3.15a; Stochiometry of the reagents 

and bases were 1 - 1.5 eq and 2 - 3 eq, respectively, unless stated otherwise; Reaction scale 

typically between 0.08 - 0.3 mmol; Isolated yields of 3.15 and 3.15a reported; (L) large scale 

reaction: 1.6 mmol; (US) reaction was carried out in a sonicator; (X) reaction was split into 

multiple small scale batches while keeping the overall scale consistent; (ex) excess reagent. 

Ultrasonic waves (> 20 kHz) are believed to create small bubbles (100 microns) 

in solvents which upon collapsing create enormous local heat and pressure hot 

spots. This process is called cavitation and its intensity depends on the boiling 

point and vapor pressure of the solvent. Homogenous reactions involving a radical 

can be accelerated through promotion of a single electron transfer step (SET). 

However, tosylation of an alcohol/amine does not involve a SET. In a 

heterogenous environment cavitation can facilitate reactions by mechanical effects 
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such as breaking up microparticles and increasing interaction of reagents in 

different phases. 

Entries #16-17 show reactions aided by ultrasound (US). Introduction of 

sonochemistry seemed to tilt the reaction outcome towards 3.15 across conditions. 

To allow for better penetration of the sample by the ultrasound waves larger 

batches were split up into smaller batches. This effected an increase in isolated 

yield to 20%. Catalytic amounts of 4-dimethylaminopyridine (DMAP) were 

detrimental to the yield of both 3.15 and 3.15a. 

Alternatives to direct tosylation of 3.13a were investigated in parallel. Since 

the amount of recovered starting material of reactions shown in Table 2-7 was 

low it was assumed that the tosylate is too reactive and reacts further to form 

dimers and other adducts. In order to decrease the immediate reactivity of the 

compound the formation of the tosylate was separated into two steps. 

 

Scheme 2-38: Retrosynthesis of sulfonate via sulfinate or sulfenate. 

Scheme 2-38 shows proposed retrosynthetic pathway. Sulfinate and sulfenate 

esters exhibit lower leaving group potential compared to sulfonate esters. This 
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should improve the stability towards nucleophiles. Oxidation of the ester 

completes the sulfonate and restores the reactivity of the compound. The sulfinyl 

or sulfenyl chloride can be accessed using thionyl or sulfuryl chloride, respectively. 

Chlorination of sodium p-toluenesulfinate proceeded in an unoptimized yield 

of 56% (Scheme 2-39). Reaction of 3.16 with 3.13a gave 3.17 in very low isolated 

yield. Extended reaction times led to deterioration of the product which led to 

the assumption that the sulfinate is still too reactive. 

 

Scheme 2-39: Synthesis of the sulfinate 3.17. 

To trial the reactivity of the corresponding sulfenate, thiophenol was 

chlorinated quantitatively using sulfuryl chloride (Scheme 2-40). Thiopenol was 

used instead of 4-methylthiophenol due to ease of availability. The difference in 

reactivity of the benzene compared to the toluene derivative is negligible. Reaction 

of 3.18 with 3.12a failed to produce isolatable amounts of 3.19. 

After these preliminary reactions failed this synthetic avenue was abandoned 

and the yield obtained in previous reactions using p-toluenesulfonyl chloride was 

deemed sufficient to proceed to radiolabelling experiments. 
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Scheme 2-40: Synthesis of the sulfenate 3.18. 

2.2.2.2.2 Spectroscopic Analysis of MPC-2-1 Precursor 

1H-NMR analysis of MPC-2-1 precursor focused on the confirmation of the 

correct tosylation site. Tosylation can occur in three different positions leading to 

either 3.15, 3.15a or 3.15b, however the latter one was not observed. Proton NMR 

spectra of 3.15 and 3.15a are shown in Figure 2-23. The signal at 12.06 ppm 

corresponding to N3-H is apparent in both spectra. This shows that tosylation of 

the urea-like amine is unfavoured. The triplet at 4.87 ppm which is only apparent 

in the spectrum of 3.15a shows 3JHH coupling with the signal at 3.77 ppm which 

in turn couples with the triplet at 3.95 ppm. The fine structure of the signal at 

3.77 ppm was expected to be a doublet of triplets due to the coupling between 

C11-H2 and O12-H and between C11-H2 and C10-H2. Very similar 3JHH coupling 

constants however, 5.9 and 5.7 Hz repectively, caused the signal to merge into a 

pseudo quartet. 
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Figure 2-23: 1H-NMR of 3.15 (top) and 3.15a (bottom). 

In comparison to the 1H-NMR spectrum of 3.15a (Figure 2-23, bottom), the 

spectrum of 3.15 (top) shows the disappearance of the triplet at 4.87 ppm and 
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addition of a set of proton signals correlating with the addition of a tosyl moiety. 

These were strong indicators of the successful conversion to compound 3.15. 

Overall, the 1H-NMR spectrum accounted for the expected total of 25 protons, 10 

in the aliphatic and 15 in the aromatic region.  

It is interesting to note that both the spectrum of 3.15 and 3.15a showed 

significantly sharper peaks compared to spectra of other derivatives of class 2 

compounds. This can be attributed to the tosylation of the triazole amine which 

shuts down the tautomerization between 1H- and 2H-1,2,4-triazole. 

The carbon NMR spectrum of 3.15 shows 22 individual carbon signals. 

Although 23 chemically different carbon atoms are present in the structure, a 

number of them are in very similar electronic environments which is likely to 

cause overlapping of carbon signals. 

To complement NMR spectroscopy, high-resolution MS was used to analyse a 

pure sample of 3.15. In positive ESI-MS mode a m/z ratio of 632.13815 was 

detected which correlates to the [M+H]+ species. This is in solid agreement with 

the calculated value of m/z = 632.13805 with a very low mass error of 0.2 ppm. 
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Figure 2-24: 13C-NMR spectrum of 3.15. 
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2.2.2.3 MPC-2-1 Non-Radioactive Standard 

2.2.2.3.1 Synthesis of [19F]MPC-2-1 

Synthesis of the MPC-2-1 non-radioactive standard seemed straightforward. 

Adaptation of the retrosynthesis outlined in Scheme 2-26 by replacement of 

(tetrahydro-2H-pyran-4-yl)methanamine with 2-fluoroethylamine was expected to 

afford [19F]MPC-2-1. 

2-Fluoroethylamine has a low boiling point and is commercially available as 

its hydrochloride salt. Nucleophilic aromatic substitution with 3.4 under the 

conditions successfully employed in previous reactions did not produce 3.21 

(Scheme 2-41). Instead, only starting material 3.4 was recovered. 

SelectFluor is a derivative of DABCO and a well-documented source of fluorine 

in electrophilic fluorination reactions. In conjunction with a silver catalyst it can 

be used for decarboxylative fluorination of aliphatic carboxylic acids.[156] Ag(II)- 

or Ag(III)-mediated decarboxylation is well-known in the literature.[157-159] Due to 

the covalent character of the Ag(III)-F bond it has been assumed that the 

reactivity is very similar to the one of Ag(II), however, conclusive proof of the 

mechanism of this reaction has not been documented.[160] 

Synthesis of 3.20 from 3.4 and β-alanine proceeded in 13% yield. Fluorination 

with SelectFluor under the literature conditions applicable for a wide range of 

substrates did not give 3.21 in sufficient quantity to be detected by MS. 
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Scheme 2-41: Synthetic efforts towards 3.21. 

Compounds containing aliphatic fluorine can be obtained from their 

corresponding alcohols. Deoxyfluorination can be achieved by using reagents such 

as diethylaminosulfur trifluoride (DAST) or 2-pyridinesulfonyl fluoride (PyFluor). 

Apart from reaching satisfactory conversion, aliphatic fluorination is a struggle 

between fluorination and elimination. In some cases PyFluor has been shown to 

offer superior selectivity for the fluorination reaction compared to DAST.[161] 

 

Scheme 2-42: Synthesis of PyFluor. 

PyFluor was synthesised in 68% yield following the literature procedure which 

is comparable to the reported yield of 73%. Among other reagents, it was used in 

nucleophilic fluorination reactions outlined in Scheme 2-43 and summarized in 

Table 2-8. 
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Scheme 2-43: Fluorination pathways towards 3.23; Conditions summarized in Table 2-8. 

After introduction of fluorine-19 at an early stage of the synthesis failed 

(Scheme 2-41), direct fluorination of 3.13a and its derivatives 3.22 and 3.15 under 

a wide range of conditions was investigated. Table 2-8 summarizes the results 

ranked according to the starting material used. 

Deoxyfluorination of 3.13a using DAST in a range of solvents did not produce 

detectable amounts of 3.23 (entries #1-6). PyFluor in conjuction with an excess 

of DBU either neat or in dioxane produced trace amounts of product in case of 

the latter (entry #7). 

Conversion of 3.13a to its chloride proceeded readily using thionyl chloride. 

This created opportunities with other reagents such as tetra-n-butylammonium 

fluoride (TBAF). This fluorination reagent is commercially available as a 1M 

solution in THF. Reactions using this system were mildly successful at elevated 

temperatures (entries #10,11). Nucleophilic substitution reactions with fluoride 

are typically performed in polar aprotic solvents such as MeCN, DMSO or DMF. 

This is to avoid H-F hydrogen bonding rendering fluoride chemically inert. 

Recently, however, tertiary alcohols such as tert-butyl or tert-amyl alcohol have 

been shown to benefit nucleophilic substitution reactions in some cases.[162-163] The 

reasons behind this are believed to be multifaceted. With regards to fluoride it is 

believed that due to the steric bulk of tert-alcohols the hydrogen bonding is rather 



Synthesis of Non-Radioactive Compounds 

128 

weak leaving the fluoride a degree of flexibility to act as a nucleophile. This 

construct has been termed flexible fluoride and studies with alcohols of different 

steric hindrance have solidified this hypothesis. Using a 1M solution of TBAF in 

tert-amyl alcohol improved the isolated yield from 14 to 21% (entry #13). 

At this point the tosylate derivative was accessable in sufficient amounts to 

trial fluorination reactions using 3.15 as a precursor. Aprotic reaction conditions 

using potassium or caesium fluoride in conjunction with the common phase 

transfer catalysts 18-crown-6 or Kryptofix 222 showed limited success 

(entries #14-17). Breakdown of the tosylate at high temperatures seemed to be 

the major issue as 3.13a was recovered as the major species. Lowering the reaction 

temperature led to a longer half-life of the tosylate in the reaction mixture which 

allowed for extended reaction times and slighty increased yields. 

An attempt to exploit ultrasonic waves as done in the synthesis of the tosylate 

was unsuccessful (entry #18). Significant improvement was achieved by 

transferring the protic reaction conditions to the reaction with 3.15 (entry #19). 

3.23 was isolated in 44% yield after 1 hour at 80°C at which point the starting 

material was completely consumed. 
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# SM reagent (eq) solvent T [°C] t [h] yield 

1 3.13a DAST (0.95) dioxane -78 → RT 2 - 

2 3.13a DAST (0.95) DCM -78 → RT 2 - 

3 3.13a DAST (0.95) THF -78 → RT 2 - 

4 3.13a DAST (1.2) dioxane -78 → RT 2 - 

5 3.13a DAST (1.2) THF -78 → RT 2 - 

6 3.13a DAST (1.0) / NaF (2.0) DCM/THF 0 → RT 2 - 

7 3.13a PyFluor (1.1) / DBU (2.0) dioxane RT 24 trace 

8 3.13a PyFluor (1.1) / DBU (excess) - RTUS 0.5 - 

9 3.22 TBAF (10) THF RT 18 - 

10 3.22 TBAF (10) THF 50 18 4% 

11 3.22 TBAF (10) THF 80 18 14% 

12 3.22 TBAF (10) tamyl alcohol 80 1 9% 

13 3.22 TBAF (10) tamyl alcohol 80 18 21% 

14 3.15 CsF (3.0) / 18-crown-6 (3.5) DMSO 120 0.33 trace 

15 3.15 KF (10) / 18-crown-6 (10) DMSO 150mw 0.17 trace 

16 3.15 KF (20) DMSO 70 18 trace 

17 3.15 KF (5) / K222 (5.5) DMSO 50 2 < 5% 

18 3.15 TBAF (excess) THF RTUS 1 trace 

19 3.15 TBAF (10) tamyl alcohol 80 1 44% 

Table 2-8: Reaction conditions of fluorination towards 3.23; Different starting materials (SM) 

separated by dotted lines; reaction assisted by ultrasound (US) or microwave (mw). 

2.2.2.3.2 Spectroscopic Analysis of [19F]MPC-2-1 

Proton NMR analysis of 3.23 showed characteristic fluorine splitting. The 

signals corresponding to C22-H2 and C21-H2 appear as doublet of triplets at 4.83 

and 4.22 ppm, respectively. 3JHH coupling constants for both multiplets were 

measured at 5 Hz. Proton-fluorine coupling constants were determined to be 47 

and 26 Hz which is typical for JHF over 2 and 3 bonds. The aromatic region is in 

line with previously recorded spectra of class 2 compounds. Although signals 
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corresponding to N17-H and C5-H have shifted downfield significantly. This is a 

result of salt formation during the HPLC purification process caused by mobile 

phase additives such as TFA.  
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Figure 2-25: 1H-NMR of 3.23. 

High-resolution mass spectrometric analysis of 3.23 showed the base peak at 

m/z = 326.11626 which corresponds to the protonated molecular ion. With a mass 

error of 0.8 ppm, this experimental value is consistent with the theoretical value 

calculated for [M+H]+ (m/z = 326.11601). 
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2.3 Conclusion 

This chapter gave an overview over the synthetic steps carried out to obtain 

class 1 & 2 reference compounds, radiolabelling precursors and non-radioactive 

standards. Model compound MPC-1-M was synthesized in 9% isolated yield over 

4 linear steps. While significant adjustments of the synthetic route leading to class 

1 compounds had to be made, the typical isolated yields over 4 linear steps were 

28%. Critical steps were the Sonogashira coupling and the direct ortho-

formylation which allowed completion of the synthetic route via reductive 

amination. 

Class 2 compounds varied significantly in yield due to their diverse synthetic 

routes. Synthesis of MRC-2-1 was straightforward and resulted in 38% over 3 

linear steps following the published procedure.[101] MPC-2-1 precursor followed a 

different synthetic pathway which resulted in 12% isolated yield over 6 linear 

steps. Removal of the TBDMS group prior to the Suzuki reaction proved to be 

vital to ensure excellent coupling yields. Issues during the final tosylation step 

were overcome by choice of base and, more importantly, the application of 

sonochemistry to the reaction. [19F]MPC-2-1 was obtained by derivatization of 

MPC-2-1 precursor which resulted in an overall isolated yield of 5% over 7 linear 

steps. 

The developed synthetic procedures allowed the production of novel analogs 

in sufficient quantities to investigate the radiolabelling conditions (Chapter 3) 

and in vitro properties (Chapter 4) of these compounds. 
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2.4 Experimental 

2.4.1 General Information 

All chemicals and solvents were purchased from Sigma-Aldrich, Merck, Matrix 

Scientific, Combi-Blocks and AK Scientific and used as received unless stated 

otherwise. Analytical thin layer chromatography (TLC) was carried out using 

aluminium backed 2 mm thick Merck Kieselgel Silica gel 60 GF254 plates. 

Compounds were visualized under UV254 nm light. High pressure reactions were 

carried out in sealed tubes (ACE Glass Inc. Vineland, NJ). Automated flash 

chromatography was carried out on a Biotage Isolera One or a GRACE Reveleris 

system using Biotage SNAP or GRACE Flash cartridges. Semi-preparative 

reversed-phase high performance liquid chromatography (RP-HPLC) purification 

of organic molecules was performed on Agilent 1100, 1200 and 1260 series systems 

equipped with automated sample injector, diode array UV-detector and 

automated fraction collector. Mass selective semi-preparative RP-HPLC 

purification was perfomed on a Shimadzu LC-20AR HPLC system equipped with 

a LCMS-2020 module and a FRC-10A fraction collector. 

High-resolution mass measurements (High-res. ESI-MS) were performed on a 

Finnigan LTQ FT hybrid mass spectrometer (Bremen, Germany) linear ion trap 

with Fourier Transform Ion Cyclotron Resonance (FT-ICR) or a Thermo Fisher 

Q Exactive Plus Hybrid Quadrupole-Orbitrap mass spectrometer in conjunction 

with a Thermo Fisher UltiMate 3000 UHPLC system equipped with an 

autosampler. Liquid chromatography mass spectrometry (LCMS) was carried out 

on an Agilent 1200 series RP-HPLC system with an Agilent 6220 Accurate-Mass 

TOF LC/MS system or on a Shimadzu LC20AD RP-HPLC system with a 

Shimadzu LCMS-2010 EV mass spectrometer. Mass spectra are expressed as their 
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mass to charge ratio (m/z) values and are followed by relative intensities with 

respect to the base peak. 

Nuclear magnetic resonance (NMR) spectra for 1H, 13C and 19F nuclei were 

recorded at ambient temperature using an Agilent MR400 system with 

autosampler, Varian Unity Inova 500/600 or Bruker Avance III 600 NMR-

spectrometers. NMR chemical shifts are reported in parts per million (ppm) and 

can be followed (in brackets) by integration, multiplicity (s: singlet, d: doublet, t: 

triplet, m: multiplet, dd: doublet of doublets, dt: doublet of triplets), coupling 

constants (J) given in Hertz (Hz) and peak assignment. 

Gas chromatography-mass spectrometry (GCMS) was performed on an 

Agilent 7890A GC-system coupled to an Agilent 5975C MSD-module. 

Cartridges for solid phase extraction (SPE) of radioactive compounds were 

purchased from Waters and Phenomenex and conditioned with ethanol and 

washed with sterile water. 

Analytic RP-HPLC was performed on a Shimadzu LC-20AD gradient HPLC 

system equipped with a Shimadzu SPD-20A UV/VIS detector and a Bioscan 

Model 106 radio-HPLC flow-count detector. Molecules were eluted applying 

different gradients or isocratic conditions of 0.1% ammonium formate (NH4HCO2) 

(v/v) in H2O (solvent A) and 0.1% NH4HCO2 (v/v) in acetonitrile (solvent B). 

Semi-preparative RP-HPLC of radiolabelled componds was performed on the 

iPHASE FlexLAB associated HPLC system using a Knauer HPLC pump with 

solvents A & B. 
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2.4.2 Synthesis of MPC-1-M Precursor 

2.4.2.1 Synthesis of 2-diazo-1-(4-nitrophenyl)ethanone 

(1.2) 

 

4-Nitrobenzoylchloride was dissolved in diethyl ether (10 mL) and added 

dropwise to a stirring solution of 2N (trimethylsilyl)diazomethane in ether (3.1 g, 

27 mmol, 13.5 mL, 3.00 eq) at 0°C. The reaction was cooled to -10°C in an ice / 

salt bath and stirred overnight. The solvent was removed by a gentle stream of 

nitrogen and the residue was recrystallized from hot methanol to yield the pure 

product as yellow needles (1.38 g, 7.22 mmol) in 80%. 

 

High-res. ESI-MS (pos., MeCN): m/z = 264.0748 [M+TMS+H]+. 

Calculated for C11H13N3O3Si: m/z = 264.07989 [M+TMS+H]+. 

Melting point: 106.9 - 109.7°C (lit. reference: 116 - 117°C)[164] 

1H-NMR (500 MHz, CDCl3, 298 K): δ [ppm] = 8.30 (2H, m), 7.92 (2H, m), 

5.96 (1H, s). 

13C-NMR (125 MHz, CDCl3, 298 K): δ [ppm] = 184.0, 150.1, 141.4, 127.8, 

123.9, 55.6. 
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2.4.2.2 Synthesis of 2-chloro-1-(4-nitrophenyl)ethanone 

(1.3) 

 

1.1 (1.0 g, 5.23 mmol, 1.00 eq) was dissolved in acetic acid (16 mL) and 32% 

hydrochloric acid (3 mL, 30.52 mmoL, 6 eq) was added dropwise. After the release 

of nitrogen ceased the reaction was heated to 40°C for 15min. Subsequently, the 

mixture was poored onto an ice / water bath (100 mL) and filtered. The residue 

was recrystallized from hot methanol to yield the pure product as white crystals 

(750 mg, 3.76 mmol) in 72%. 

 

Low-res. EI-MS: m/z = 199.0 (100.0%), 200.9 (30.5%), 199.9 (9.4%), 202.0 (4.0%). 

Calculated for C8H6ClNO3: m/z = 199.00 (100.0%), 201.00 (32.0%), 200.01 (8.8%), 

202.00 (2.9%). 

1H-NMR (500 MHz, CDCl3, 298 K): δ [ppm] = 8.35 (2H, m), 8.13 (2H, m), 

4.71 (2H, s). 

13C-NMR (125 MHz, CDCl3, 298 K): δ [ppm] = 189.9, 150.7, 138.6, 129.7, 

124.1, 45.6. 

Observed NMR signals conform to the literature.[165] 
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2.4.2.3 Synthesis of (5-methoxybenzofuran-2-yl)(4-

nitrophenyl)methanone (1.5) 

 

1.2 (750 mg, 3.76 mmol, 1.00 eq) was dissolved in 2-butanone (25 mL) and 2-

hydroxy-5-methoxybenzaldehyde (630 mg, 4.14 mmol, 1.10 eq) and potassium 

carbonate (625 mg, 4.52 mmol, 1.20 eq) were added. The reaction was stirred at 

reflux for 5h and the solvent was removed under vacuum. The residue was 

dissolved in ethyl acetate (50 mL) and the organic phase was washed with 2N 

sodium hydroxide solution (2x 25 mL), brine (2x 25 mL), dried over MgSO4 and 

concentrated under vacuum. The residue was recrystallized from hot ethanol to 

yield the pure product as brown amorphous crystals (172 mg, 0.58 mmol) in 15%. 

 

Low-res. EI-MS: m/z = 297.1 (100.0%), 298.1 (17.7%), 299.1 (2.5%). 

Calculated for C16H11NO5: m/z = 297.06 (100.0%), 298.07 (17.6%), 299.07 (2.5%). 

Melting point: 165.5 - 167.4°C 

1H-NMR (500 MHz, CDCl3, 298 K): δ [ppm] = 8.38 (2H, d, 3J=9.1 Hz), 8.21 

(2H, d, 3J=9.1 Hz), 7.56 (1H, d, 5J=1.0 Hz), 7.53 (1H, d, 

3J=9.1 Hz), 7.16 (1H, dd, 3J=9.1 Hz, 4J=2.7 Hz), 7.12 (1H, d, 

4J=2.5 Hz), 3.87 (3H, s).  

13C-NMR (125 MHz, CDCl3, 298 K): δ [ppm] = 182.1, 156.9, 152.4, 151.5, 

150.1, 142.1, 130.5, 127.3, 123.7, 119.5, 117.3, 113.3, 103.9, 55.9. 
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2.4.3 Synthesis of the Benzofuran Backbone 

2.4.3.1 Synthesis of bromohydroquinone (2.1) 

 

Hydroquinone (10.00 g, 90.8 mmol, 1.00 eq) was dissolved in diethyl ether 

(100 mL). Bromine (14.51 g, 90.8 mmol, 4.65 mL, 1.00 eq) was added dropwise 

to the solution under cooling in an ice/water bath. The mixture was stirred at 

room temperature for 2h. Subsequently, the mixture was quenched with 10% 

Na2S2O3 solution (100 mL), extracted with diethyl ether (3x 100 mL), washed 

with water (2x 100 mL) and brine (100 mL), dried over MgSO4 and the solvent 

was removed under vacuum. The product was isolated by automated flash 

chromatography using an isocratic solvent system and a Grace Reveleris 80g silica 

cartridge. Removing the solvent under vacuum gave the product as a white 

powder (13.70 g, 72.5 mmol) in 80% yield. 

 

Low-res. EI-MS: m/z = 187.9 (100.0%), 189.9 (89.1%), 188.9 (9.4%), 190.9 (6.6%). 

Calculated for C6H5BrO2: m/z = 187.95 (100.0%), 189.95 (97.9%), 188.95 (6.6%), 

190.95 (6.5%). 

Melting Point: 114.6 - 116.2°C (lit. reference: 113 - 115°C)[166] 

1H-NMR (500 MHz, DMSO-d6, 298 K): δ [ppm] = 9.34 (1H, s), 9.03 (1H, s), 

6.85 (1H, d, J=2.9 Hz), 6.75 (1H, d, J=8.8 Hz), 6.59 (1H, dd, 

J=8.8 Hz, J=2.9 Hz). 

13C-NMR (100 MHz, DMSO-d6, 298 K): δ [ppm] = 109.4, 115.8, 117.2, 119.3, 

147.0, 150.9. 

Observed 1H-NMR signals conform to the literature.[123] 
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2.4.3.2 Synthesis of (E)-2-styrylbenzene-1,4-diol (2.2) 

 

Bromohydroquinone (300 mg, 1.59 mmol, 1.00 eq), palladium(II) acetate 

(18 mg, 0.079 mmol, 5 mol%), tri(o-tolyl)phosphine (26 mg, 0.087 mmol, 

5.5 mol%) and sodium acetate (430 mg, 5.24 mmol, 3.30 eq) were dissolved in 

dimethylacetamide (5 mL) and styrene (248 mg, 2.38 mmol, 1.50 eq) was added 

to solution. The mixture was stirred under nitrogen at 100°C for 18h. The reaction 

was cooled to room temperature and diluted with water (25 mL). Subsequently, 

the mixture was extracted with dichloromethane (3x 25 mL), dried over MgSO4 

and the solvent was removed under vacuum. The product was isolated by 

automated flash chromatography using a gradient solvent system and a Grace 

Reveleris 40g silica cartridge. Removing the solvent under vacuum gave the 

product as a light brown powder (126 mg, 0.59 mmol) in 37% yield. 

 

Low-res. EI-MS: m/z = 212.1 (100.0%), 213.0 (16.2%). 

Calculated for C14H12O2: m/z = 212.08 (100.0%), 213.09 (15.4%), 214.09 (1.5%). 

Melting point: 162.9 - 163.6°C 

1H-NMR (500 MHz, DMSO-d6, 298 K): δ [ppm] = 9.02 (1H, s), 8.72 (1H, s), 

7.53 (2H, m), 7.35 (3H, m), 7.24 (1H, m), 7.07 (1H, d, J=16.4 Hz), 

6.95 (1H, d, J=2.9 Hz), 6.68 (1H, d, J=8.6 Hz), 6.55 (1H, m). 

13C-NMR (125 MHz, DMSO-d6, 298 K): δ [ppm] = 150.4, 148.3, 138.1, 129.2, 

127.8, 127.7, 126.7, 124.5, 124.3, 117.0, 116.3, 112.3. 
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2.4.3.3 Synthesis of 2-phenylbenzofuran-5-ol (2.3) 

 

2-bromo-1,4-dihydroxybenzene (5.00 g, 26.45 mmol, 1.00 eq) and dry 

triethylamine (5.35 g, 52.91 mmol, 7.40 mL, 2.00 eq) were dissolved in dry THF 

(32 mL) and acetyl chloride (4.15 g, 52.91 mmol, 3.80 mL, 2.00 eq) was added 

dropwise at 0°C. After stirring at room temperature for 5 min diisopropylamine 

(32 mL), palladium(II) acetate (296 mg, 1.32 mmol, 5 mol%), tri-tert-

butylphosphonium tetrafluoroborate (574 mg, 1.98 mmol, 7.5 mol%), copper(I) 

iodide (251 mg, 1.32 mmol, 5 mol%) and phenylacetylene (5.40 g, 52.91 mmol, 

5.80 mL, 2.00 eq) were added to the solution. The reaction was degassed using 

the freeze-pump-thaw method, heated to 60°C and stirred for 2h under nitrogen. 

Subsequently, methanol (106 mL) and potassium hydroxide (14.80 g, 

264.54 mmol, 20.00 eq) in water (21 mL) were added and the solution was stirred 

at 75°C for 2h. After cooling to room temperature the mixture was neutralized 

with a 10% hydrochloric acid solution and extracted with dichloromethane (3x 

100 mL). The organic phase was washed with brine (150 mL), dried over MgSO4 

and the solvent was removed under vacuum. Isolation by automated flash 

chromatography using an isocratic solvent system and a Grace Reveleris 80g silica 

cartridge gave the product as a yellow powder (5.31 g) in 96% yield. 

 

Low-res. EI-MS: m/z = 210.1 (100%), 211.1 (17.2%), 212.1 (1.8%). 

Calculated for C14H10O2: m/z = 210.07 (100.0%), 211.07 (15.3%), 212.07 (1.5%). 

Melting point: 186.8 - 188.5°C (lit. reference: 186 - 186.5°C or 191°C)[167-168] 

1H-NMR (500 MHz, DMSO-d6, 298 K): δ [ppm] = 9.20 (1H, s), 7.85 (2H, m), 

7.47 (2H, m), 7.39 (1H, d, 3J=8.8 Hz), 7.36 (1H, m), 7.26 (1H, d, 
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5J=0.7 Hz), 6.93 (1H, d, 4J=2.4 Hz), 6.74 (1H, dd, 3J=8.8 Hz, 

4J=2.7 Hz). 

13C-NMR (125 MHz, DMSO-d6, 298 K): δ [ppm] = 156.0, 154.0, 148.9, 130.4, 

130.0, 129.4, 129.1, 124.9, 113.8, 111.8, 105.8, 102.4.  

Observed NMR signals conform to the literature.[136] 

2.4.4 Synthetic efforts towards MPC-1 Compounds 

2.4.4.1 Synthesis of 2-phenyl-4-(piperazin-1-

ylmethyl)benzofuran-5-ol (2.10) 

 

Piperazine (246 mg, 2.85 mmol, 2.00 eq) was added to a solution of (2) 

(300 mg, 1.43 mmol, 1.00 eq) and 40% aqueous formaldehyde (215 mg, 

2.85 mmol, 2.00 eq) in ethanol (14.3 mL). The reaction was stirred under reflux 

for 20h. The solvent was removed under vacuum and the product was isolated by 

automated flash chromatography using a gradient solvent system and a Biotage 

SNAP 25g silica cartridge. Removing the solvent under vacuum gave the product 

as a yellow powder (155 mg) in 35% yield. 

 

High-res. ESI-MS (pos., MeOH): m/z = 309.15967 [M+H]+. 

Calculated for C19H20N2O2: m/z = 309.15975 [M+H]+. 

1H-NMR (500 MHz, MeOH-d4, 298 K): δ [ppm] = 7.85 (2H, m), 7.43 (2H, m), 

7.34 (1H, tt, 3J=7.5 Hz, 4J=1.4 Hz), 7.28 (1H, d, 3J=8.8 Hz), 7.18 
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(1H, d, 5J=0.7 Hz), 6.73 (1H, d, 3J=8.8 Hz), 3.95 (2H, s), 2.77 (4H, 

m), 2.65 (4H, m). 

13C-NMR (125 MHz, MeOH-d4, 298 K): δ [ppm] = 156.2, 152.9, 149.0, 130.5, 

129.1, 128.4, 128.1, 124.3, 113.0, 111.6, 110.0, 99.2, 89.0, 56.5, 52.2. 

2.4.4.2 Synthesis of 1-(prop-2-yn-1-yl)piperazine (2.13) 

 

Propargyl bromide (1.19 g, 1.11 mL, 10.0 mmol, 1.00 eq) and piperazine 

(8.61 g, 100 mmol, 10.00 eq) were dissolved in THF (90 mL) and potassium 

carbonate (4.15 g, 30.0 mmol, 3.00 eq) was added. The reaction was stirred for 

4h under reflux. Subsequently, the solvent was removed under vacuum and the 

residue was dissolved in water (40 mL). The aqueous phase was extracted with 

ethyl acetate (4x 40 mL), washed with brine (2x 40 mL), dried over MgSO4 and 

the solvent was removed under vacuum to afford the product as a light brown 

powder (174 mg) in 14% yield. 

 

High-res. ESI-MS (pos., MeCN): m/z = 125.10734 [M+H]+. 

Calculated for C7H12N2: m/z = 125.10732 [M+H]+. 

1H-NMR (500 MHz, CDCl3, 298 K): δ [ppm] = 3.28 (2H, d, J=2.5 Hz), 2.93 

(4H, t, J=4.9 Hz), 2.65 (1H, s), 2.54 (4H, m), 2.25 (1H, t, J=2.5 Hz). 

13C-NMR (125 MHz, CDCl3, 298 K): δ [ppm] = 73.2, 53.1, 51.7, 47.4, 46.0. 

 Observed NMR signals conform to the literature.[169] 
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2.4.4.3 Synthesis of 2-bromo-3,6-dihydroxybenzaldehyde 

(2.15) 

 

2,5-Dihydroxybenzaldehyde (3.00 g, 21.7 mmol, 1.00 eq) was dissolved in 

chloroform (30 mL). Bromine (3.47 g, 21.7 mmol, 1.11 mL, 1.00 eq) was added 

dropwise to the solution under cooling in an ice/water bath. The mixture was 

stirred at room temperature for 4h. Subsequently, the mixture was quenched with 

10% NaHSO3 solution (90 mL), extracted with chloroform (3x 90 mL), washed 

with water (2x 150 mL) and brine (150 mL), dried over MgSO4 and the solvent 

was removed under vacuum. The product was isolated by automated flash 

chromatography using an isocratic solvent system and a Grace Reveleris 80g silica 

cartridge. Removing the solvent under vacuum gave the product as a white 

powder (2.09 g, 9.63 mmol) in 44% yield. 

 

Low-res. EI-MS: m/z = 216.0 (100.0%), 218.0 (95.6%), 217.0 (69.1%), 219.0 

(7.8%). 

Calculated for C7H5BrO3: m/z = 215.94 (100.0%), 217.94 (97.3%), 216.95 (7.7%), 

218.94 (7.5%). 

1H-NMR (600 MHz, MeOH-d4, 298 K): δ [ppm] = 6.86 (1H, d, 3J=8.9 Hz), 

6.73 (1H, d, 3J=8.9 Hz), 6.38 (1H, s). 

13C-NMR (151 MHz, MeOH-d4, 298 K): δ [ppm] = 148.8, 144.5, 119.4, 117.9, 

115.9, 108.2, 89.6. 
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2.4.4.4 Synthesis of 2-(2,5-dimethoxyphenyl)-1,3-dioxolane 

(2.17) 

 

2,5-Dimethoxybenzaldehyde (5.00 g, 30.09 mmol, 1.00 eq) and ethylene glycol 

(2.34 g, 37.61 mmol, 2.10 mL, 1.25 eq) were dissolved in toluene (265 mL). p-

Toluenesulfonic acid (259 mg, 1.50 mmol, 5 mol%) was added and the solution 

was heated to reflux under a Dean-Stark apparatus for 48h. Subsequently, the 

mixture was cooled to room temperature, washed with half-sat. NaHCO3 

(100 mL) and brine (100 mL), dried over Na2SO4 and the solvent was removed 

under vacuum. The product was isolated by automated flash chromatography 

using a step gradient solvent system and a Grace Reveleris 80g silica cartridge. 

Removing the solvent under vacuum gave the product as a light yellow oil (3.71 g, 

17.64 mmol) in 59% yield. 

 

Low-res. EI-MS: m/z = 210.1 (100.0%), 211.1 (12.0%). 

Calculated for C11H14O4: m/z = 210.09 (100.0%), 211.09 (12.0%). 

1H-NMR (400 MHz, CDCl3, 298 K): δ [ppm] = 7.11 (1H, d, J = 2.7 Hz), 6.85 

(2H, m), 6.13 (1H, s), 4.13 (2H, m), 4.04 (2H, m), 3.83 (3H, s), 3.78 

(3H, s). 

13C-NMR (101 MHz, CDCl3, 298 K): δ [ppm] = 153.6, 151.9, 126.7, 115.3, 

112.2, 112.1, 99.1, 65.3, 56.3, 55.8. 
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2.4.4.5 Synthesis of 2-formyl-1,4-phenylene diacetate 

(2.21) 

 

2,5-Dihydroxybenzaldehyde (2.00 g, 14.48 mmol, 1.00 eq) was dissolved in 

diethyl ether (40 mL) and potassium carbonate was added (4.00 g, 28.96 mmol, 

2.00 eq). Acetic anhydride (7.4 g, 72.40 mmol, 6.85 mL, 5.00 eq) was added 

dropwise and the suspension was stirred at room temperature for 3.5h. 

Subsequently, the mixture was filtered, washed with sat. Na2CO3 (30 mL), water 

(2 x 30 mL) and brine (30 mL), dried over MgSO4 and the solvent was removed 

under vacuum to give a yellow oil. The crude product was triturated in pentane 

and filtered to give the product as a white powder (1.84 g, 8.26 mmol) in 57% 

yield. 

 

Low-res. EI-MS: m/z = 222.1 (100.0%), 223.0 (13.3%), 224.0 (1.5%). 

Calculated for C11H10O5: m/z = 222.05 (100.0%), 223.06 (12.2%), 224.06 (1.7%). 

1H-NMR (600 MHz, CDCl3, 298 K): δ [ppm] = 10.06 (1H, s), 7.60 (1H, d, 

4J=2.8 Hz), 7.35 (1H, dd, 3J=8.8 Hz, 4J=2.8 Hz), 7.20 (1H, d, 

3J=8.8 Hz), 2.38 (3H, s), 2.31 (3H, s). 

13C-NMR (101 MHz, CDCl3, 298 K): δ [ppm] = 187.5, 169.0, 168.4, 148.9, 

148.4, 128.7, 128.4, 124.5, 123.3, 21.0, 20.8. 
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2.4.5 Synthesis of 4-substituted Piperidines 

2.4.5.1 Synthesis of 1'-benzyl-1,4'-bipiperidine (2.4) 

 

1-Benzyl-4-piperidone (2.0 g, 10.57 mmol, 1.96 mL, 1.00 eq) and acetic acid 

(698 mg, 11.62 mmol, 665 μL, 1.10 eq) were added to a solution of piperidine 

(1125 mg, 13.21 mmol, 1.25 eq) in ethanol (10 mL). The mixture was stirred in 

an ice bath and sodium cyanoborohydride (996 mg, 15.85 mmol, 1.50 eq) in 

ethanol (10 mL) was added dropwise. The reaction was stirred for an additional 

20 minutes at 0°C before it was allowed to warm to room temperature. After 70h 

the solvent was removed under vacuum and the residue was dissolved in a mixture 

of water (30 mL) and ethyl acetate (50 mL). The aqueous phase was extracted 

with ethyl acetate (3 x 40 mL), the combined organic phases were dried over 

MgSO4 and the solvent was removed under vacuum. The brown oil was distilled 

using a Kugelrohr which afforded the product as a clear oil in 70% yield (1.92 g). 

 

ESI-TOF (pos., MeOH): m/z = 259.2101 [M+H]+. 

Calculated for C17H26N2: m/z = 259.21688 [M+H]+. 

1H-NMR (400 MHz, CDCl3, 298 K): δ [ppm] = 7.31 (4H, m), 7.24 (1H, m),  

3.48 (2H, s), 2.93 (2H, m), 2.49 (4H, t, J=5.1 Hz), 2.25 (1H, tt, 

J=11.5 Hz, J=3.7 Hz), 1.94 (2H, td, J=11.8 Hz, J=2.2 Hz), 1.74 

(2H, m), 1.57 (6H, m), 1.42 (2H, m). 

13C-NMR (101 MHz, CDCl3, 298 K): δ [ppm] = 138.6, 129.1, 128.1, 126.9, 

63.1, 62.9, 53.5, 50.2, 27.8, 26.5, 24.8. 



Synthesis of Non-Radioactive Compounds 

146 

2.4.5.2 Synthesis of 1-benzyl-N,N-dimethylpiperidin-4-

amine (2.6) 

 

1-Benzyl-4-piperidone (3.0 g, 15.85 mmol, 2.94 mL, 1.00 eq) and acetic acid 

(1047 mg, 17.44 mmol, 998 μL, 1.10 eq) were added to a solution of 

dimethylamine hydrochloride (1.62 g, 19.82 mmol, 1.25 eq) in ethanol (45 mL) 

with molecular sieve (3A). The mixture was stirred in an ice bath and sodium 

cyanoborohydride (1.49 g, 23.78 mmol, 1.50 eq) was added slowly. The reaction 

was stirred for an additional 20 minutes at 0°C before it was allowed to warm to 

room temperature. After 70h the solvent was removed under vacuum, the residue 

was dissolved in water (40 mL) and ethyl acetate (50 mL) and filtered. The 

aqueous phase was extracted with ethyl acetate (3 x 40 mL), the combined 

organic phases were dried over Na2SO4 and the solvent was removed under 

vacuum. The brown oil was re-dissolved in diethyl ether (15 mL) and product 

was precipitated with 4N hydrochloric acid solution in ethyl acetate (9 mL). The 

suspension was diluted with diethyl ether (7.5 mL) and hexane (7.5 mL). 

Filtration, washing with diethyl ether and drying under vacuum gave the product 

as a white powder (1.84 g) in 53% yield. 

 

High-res. ESI-MS (pos., MeOH): m/z = 219.18554 [M+H]+. 

Calculated for C14H22N2: m/z = 219.18558 [M+H]+. 

Melting point: 308.0 - 310.0°C 
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1H-NMR (500 MHz, D2O, 298 K): δ [ppm] = 7.41 (5H, m), 4.25 (2H, s), 3.60 

(2H, d, J=12.7 Hz), 3.49 (1H, m), 3.06 (2H, t, J=12.6 Hz), 2.80 (6H, 

s), 2.29 (2H, m), 1.88 (2H, m). 

13C-NMR (126 MHz, D2O, 298 K): δ [ppm] = 131.2, 130.3, 129.3, 128.2, 60.5, 

59.9, 50.2, 39.9, 23.8. 

DEPT-135 (126 MHz, D2O, 298 K): δ [ppm] = 131.1 (CH/CH3), 130.3 

(CH/CH3), 129.3 (CH/CH3), 60.5 (CH2), 59.9 (CH/CH3), 50.2 

(CH2), 39.9 (CH/CH3), 23.8 (CH2). 

2.4.5.3 Synthesis of N,N-dimethylpiperidin-4-amine (2.7) 

 

1-benzyl-N,N-dimethylpiperidin-4-amine (512 mg, 2.34 mmol) was suspensed 

in methanol (20 mL) and stirred under hydrogen atmosphere overnight. Filtration 

and removal of the solvent under vacuum gave the product (315 mg) in 

quantitative yield. 

 

High-res. ESI-MS (pos., MeOH): m/z = 129.13864 [M+H]+. 

Calculated for C7H16N2: m/z = 129.13863 [M+H]+. 

1H-NMR (500 MHz, D2O, 298 K): δ [ppm] = 3.54 (2H, m), 3.45 (1H, tt, 

J=12.2 Hz, J=3.8 Hz), 2.99 (2H, dt, J=13.5 Hz, J=2.9 Hz), 2.25 

(2H, m), 2.77 (6H, s), 1.85 (2H, m). 

13C-NMR (100 MHz, D2O, 298 K): δ [ppm] = 60.1, 42.4, 39.7, 23.1. 
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2.4.6 Synthesis of MRC-1-1 

2.4.6.1 Synthesis of 5-methoxy-2-phenylbenzofuran (2.16) 

 

Paraformaldehyde (857 mg, 28.54 mmol, 6.0 eq), magnesium chloride 

(770 mg, 8.09 mmol, 1.7 eq) and triethylamine (9.51 mmol, 1.33 mL, 2.0 eq) were 

added to a stirred solution of 2-phenylbenzofuran-5-ol (1.00 g, 4.76 mmol, 1.0 eq) 

in acetonitrile (25 mL). The mixture was heated to reflux for 19h and the yellow 

suspension was subsequently quenched with 10% aq. HCl (10 mL). The aqueous 

layer was extracted with EtOAc (3 x 30 mL). The combined organic layers were 

washed with water (50 mL), brine (50 mL), dried over MgSO4 and the solvents 

were evaporated under reduced pressure to give the crude product as a brown 

solid. The product was isolated by automated flash chromatography to give the 

product as bright yellow crystals (741 mg, 65%). 

 

Low-res. EI-MS: m/z = 238.1 (100.0%), 239.1 (16.4%), 240.1 (1.9%). 

Calculated for C15H10O3: m/z = 238.06 (100.0%), 239.07 (16.5%), 240.07 (1.9%). 

Melting point: 121.5 - 122.9°C 

1H-NMR (600 MHz, CDCl3, 298 K): δ [ppm] = 11.40 (1H, s), 10.35 (1H, d, 

4J=0.4 Hz), 7.87 (2H, m), 7.64 (1H, dd, 3J=8.9 Hz, 5J=0.7 Hz), 7.47 

(2H, m), 7.40 (1H, tt, 3J=7.4 Hz, 4J=1.4 Hz), 7.30 (1H, d, 

5J=0.9 Hz), 6.86 (1H, dd, 3J=8.9 Hz, 4J=0.4 Hz). 

13C-NMR (150MHz, CDCl3, 298 K): δ [ppm] = 192.6, 159.8, 159.4, 148.8, 

130.8, 129.6, 129.4, 128.9, 125.2, 120.2, 113.8, 111.4, 97.6. 
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2.4.6.2 Synthesis of 5-methoxy-2-phenylbenzofuran-4-

carbaldehyde (2.19) 

 

Methyl iodide (523 µL, 8.39 mmol, 2.0 eq) and potassium carbonate (1.16 g, 

8.39 mmol, 2.0 eq) were added to a solution of 5-methoxy-2-phenylbenzofuran 

(1.00 g, 4.20 mmol, 1.0 eq) in acetone (20 mL). The mixture was heated in a 

sealed tube at 55°C for 18h. The reaction was then cooled to room temperature 

and the solvent was removed under a stream of nitrogen. The residue was 

dissolved in water (50 mL) and extracted with dichloromethane (3 x 50 mL). The 

combined organic layers were washed with brine (100 mL), dried over MgSO4 and 

the solvent was removed under vacuum which afforded the pure product as a 

yellow powder (1.06 g, 99%). 

 

Low-res. EI-MS: m/z = 252.1 (100.0%), 253.1 (17.3%), 254.1 (2.0%). 

Calculated for C16H12O3: m/z: 252.08 (100.0%), 253.08 (17.6%), 254.09 (1.4%). 

Melting point: 106.5 - 110.3°C 

1H-NMR (600 MHz, CDCl3, 298 K): δ [ppm] = 10.64 (1H, s), 7.90 (2H, d, 

J=7.3 Hz), 7.83 (1H, s), 7.64 (1H, d, J=8.9 Hz), 7.45 (2H, t, 

J=7.6 Hz), 7.37 (1H, t, J=7.3 Hz), 6.90 (1H, d, J=8.8 Hz), 3.96 (3H, 

s). 

13C-NMR (150 MHz, CDCl3, 298 K): δ [ppm] = 190.3, 160.2, 160.0, 150.0, 

130.0, 129.3, 128.9, 125.4, 117.7, 116.6, 108.0, 102.6, 56.7. 



Synthesis of Non-Radioactive Compounds 

150 

2.4.6.3 Synthesis of 1'-((5-methoxy-2-phenylbenzofuran-4-

yl)methyl)-1,4'-bipiperidine (2.26) 

 

Catalytic acetic acid (2 drops), followed by sodium cyanoborohydride (100 mg, 

1.59 mmol, 2.0 eq) was added to a stirred solution of 5-methoxy-2-

phenylbenzofuran-4-carbaldehyde (200 mg, 0.79 mmol, 1.0 eq) and 4-

piperidinopiperidine (133 mg, 0.79 mmol, 1.0 eq) in methanol (20 mL). The 

mixture was stirred at room temperature for 48h. The solvent was removed under 

vacuum and the product was isolated by automated flash chromatography to 

yield the product as a yellow oil (187 mg, 58%). 

 

High-res. ESI-MS (pos., MeCN): m/z = 405.25227 [M+H]+. 

Calculated for C26H32N2O2: m/z = 405.25366 [M+H]+. 

Melting point: 225.3 - 229.0°C 

1H-NMR  (500 MHz, CDCl3, 298 K): δ [ppm] = 7.88 (2H, m), 7.45 (2H, m), 

7.36 (2H, m), 7.27 (1H, s), 6.90 (1H, d, 3J=8.8 Hz), 3.87 (3H, s), 

3.80 (2H, s), 3.03 (2H, d, J=11.7 Hz), 2.50 (4H, br. s.), 2.22 (1H, 

m), 2.07 (2H, td, J=11.9 Hz, J=2.0 Hz), 1.78 (2H, d, J=12.2 Hz), 

1.58 (6H, br. s.), 1.43 (2H, br. s.). 

13C-NMR  (126 MHz, CDCl3, 298 K): δ [ppm] = 156.3, 154.0, 150.0, 130.9, 

130.7, 128.7, 128.4, 124.9, 118.9, 109.7, 109.7, 101.6, 62.9, 57.4, 54.0, 

53.6, 50.3, 28.2, 26.4, 24.8. 
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2.4.7 Synthesis of MRC-1-2 

2.4.7.1 Synthesis of 1-((5-methoxy-2-phenylbenzofuran-4-

yl)methyl) piperidine (2.25) 

 

Catalytic acetic acid (2 drops), followed by sodium cyanoborohydride (50 mg, 

0.79 mmol, 2.0 eq) was added to a stirred solution of 5-methoxy-2-

phenylbenzofuran-4-carbaldehyde (100 mg, 0.40 mmol, 1.0 eq) and piperidine 

(34 mg, 0.40 mmol, 1.0 eq) in methanol (10 mL). The mixture was stirred at room 

temperature for 18h. The solvent was removed under vacuum and the product 

was isolated by automated flash chromatography to yield the product as a yellow 

oil (69 mg, 54%). 

 

High-res. ESI-MS (pos., MeCN): m/z = 322.17932 [M+H]+. 

Calculated for C21H23NO2: m/z = 322.18016 [M+H]+. 

Melting point: 98.1 - 99.7°C 

1H-NMR  (500 MHz, CDCl3, 298 K): δ [ppm] = 7.89 (1H, d, J=7.1 Hz), 7.46 

(1H, t, J=7.7 Hz), 7.36 (1H, m), 7.30 (1H, s), 6.91 (1H, d, 

J=8.8 Hz), 3.88 (1H, s), 3.80 (1H, s), 2.50 (2H, br. s.), 1.60 (2H, 

quin, J=5.6 Hz), 1.44 (1H, d, J=5.9 Hz). 

13C-NMR  (151 MHz, CDCl3, 298 K): δ [ppm] = 156.3, 154.1, 150.0, 131.0, 

130.8, 128.8, 128.5, 125.0, 118.9, 109.8, 109.7, 101.7, 57.4, 54.8, 54.7, 

26.2, 24.5. 
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2.4.8 Synthesis of MPC-1-1 Precursor 

2.4.8.1 Synthesis of 1-((5-methoxy-2-phenylbenzofuran-4-

yl)methyl)-4-(prop-2-yn-1-yl)piperazine (2.27) 

 

Catalytic acetic acid (2 drops), followed by sodium cyanoborohydride (50 mg, 

0.79 mmol, 2.0 eq) was added to a stirred solution of 5-methoxy-2-

phenylbenzofuran-4-carbaldehyde (100 mg, 0.40 mmol, 1.0 eq) and 1-(prop-2-yn-

1-yl)piperazine (49 mg, 0.40 mmol, 1.0 eq) in methanol (10 mL). The mixture was 

stirred at room temperature for 18h. The solvent was removed under vacuum and 

the product was isolated by automated flash chromatography to yield the product 

as a yellow oil (78 mg, 55%). 

 

High-res. ESI-MS (pos., MeCN): m/z = 361.18994 [M+H]+. 

Calculated for C23H24N2O2: m/z = 361.19105 [M+H]+. 

1H-NMR  (500 MHz, CDCl3, 298 K): δ [ppm] = 7.88 (2H, d, J=7.1 Hz), 7.46 

(2H, t, J=7.7 Hz), 7.36 (2H, m), 7.25 (1H, s), 6.91 (1H, d, 

J=8.8 Hz), 3.87 (3H, s), 3.84 (2H, s), 3.29 (2H, d, J=2.4 Hz), 2.62 

(8H, br. s.), 2.24 (1H, t, J=2.4 Hz). 

13C-NMR  (126 MHz, CDCl3, 298 K): δ [ppm] = 156.4, 154.1, 150.0, 130.9, 

130.6, 128.7, 128.5, 124.9, 118.1, 110.0, 109.6, 101.4, 79.1, 73.0, 57.3, 

53.8, 53.0, 52.1, 46.8. 
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2.4.9 Synthesis of [19F]MPC-1-1 

2.4.9.1 Synthesis of 2-fluoroethylazide (2.28) 

 

Sodium azide (65 mg, 1.00 mmol) was added to a solution of 2-fluoroethyl 4-

toluenesulfonate (218 mg, 1.00 mmol) in dimethylformamide (10 mL). The 

mixture was stirred for 24h at room temperature and used for subsequent Click 

Chemistry reactions without further purification and assuming full conversion. 

2.4.9.2 Synthesis of 1-((1-(2-fluoroethyl)-1H-1,2,3-triazol-4-

yl)methyl)-4-((5-methoxy-2-phenylbenzofuran-4-

yl)methyl)piperazine (2.29) 

 

Copper(I) iodide (2.5 mg, 0.013 mmol, 10 mol%) and sodium ascorbate 

(26 mg, 0.13 mmol, 1.1 eq) were dissolved in water (250 µL). Subsequently, 

acetonitrile (250 µL), dimethylformamide (200 µL) and diisopropylethylamine 

(25 µL, 0.14 mmol, 1.2 eq) were added and mixed thoroughly to give a cloudy 

orange mixture. Freshly prepared 2-fluoroethylazide solution (1.2 mL, 0.12 mmol, 

1.0 eq) was added to a stirred solution of MPC-1-1 precursor (30 mg, 0.12 mmol, 

1.0 eq) in dimethylformamide (300 µL). The catalyst mixture was then added and 

the reaction was left to stir at room temperature for 2h. Upon completion the 

reaction was concentrated under reduced pressure and extracted with ethyl 
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acetate (3 x 3 mL). The combined organic phases were dried over MgSO4 and the 

solvent was removed under reduced pressure to give a yellow oil. The product 

was isolated by semi-preparative RP-HPLC and obtained as its TFA salt in the 

form of a white powder (20 mg, 25%). 

 

High-res. ESI-MS (pos., MeCN): m/z = 450.22839 [M+H]+. 

Calculated for C25H28FN5O2: m/z = 450.22998 [M+H]+. 

1H-NMR  (600 MHz, CDCl3, 298 K): δ [ppm] = 7.90 (1H, s), 7.87 (2H, d, 

J=7.3 Hz), 7.56 (1H, d, J=8.8 Hz), 7.46 (2H, t, J=7.6 Hz), 7.39 (1H, 

t, J=7.4 Hz), 7.21 (1H, s), 6.91 (1H, d, J=9.0 Hz), 4.79 (2H, dt, 

2JHF=46.6 Hz, 3JHH=4.7 Hz), 4.68 (2H, dt, 3JHF=26.6 Hz, 

3JHH=4.7 Hz), 4.52 (2H, s), 4.28 (2H, s), 3.89 (3H, s), 3.62 (4H, br. 

s.), 3.56 (4H, br. s.). 

13C-NMR  (151 MHz, CDCl3, 298 K): δ [ppm] = 158.9, 155.0, 149.5, 136.8, 

132.2, 129.5, 129.3, 128.8, 126.6, 125.2, 113.9, 107.7, 106.0, 99.1, 

81.6, 80.4, 56.2, 52.4, 50.9, 50.7, 48.3 (d, 1JCF=25.4 Hz). 
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2.4.10 Synthesis of MPC-1-1-488 

2.4.10.1 Synthesis of 2-(6-amino-3-iminio-3H-xanthen-9-yl)-

X-((2-(2-(2-(2-(4-((4-((5-methoxy-2-phenylbenzofuran-4-

yl)methyl)piperazin-1-yl)methyl)-1H-1,2,3-triazol-1-

yl)ethoxy)ethoxy)ethoxy)ethyl)carbamoyl)benzoate (2.31) 

 

Azide-fluor 488 (0.9 mg, 1.57 µmol, 1.0 eq) in DMF (20 µL) was added to a 

solution of MPC-1-1 precursor (1.0 mg, 2.77 µmol, 1.8 eq) in DMF (20 µL). A 

solution of tetrakis(acetonitrile)copper(I) hexafluorophosphate (204 µg, 

0.55 µmol, 35 mol%) and tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine 

(323 µg, 0.609 µmol, 39 mol%) in DMF (20 µL) was added and the reaction was 

left to stir at room temperature. After 2 hours more MPC-1-1 precursor (0.5 mg, 

1.39 µmol, 0.9 eq) was added and the reaction was left to stir for a further 2 

hours. Subsequently, the product was isolated by semi-preparative RP-HPLC. 

Removal of the solvents using a freeze dryer afforded the product as an orange 

oil. 

 

High-res. ESI-MS (pos., MeCN): m/z = 935.40891 [M+H]+. 

Calculated for C52H55N8O9: m/z = 935.40920 [M+H]+. 
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2.4.11 Synthesis of MRC-2-1 

2.4.11.1 Synthesis of (4-(1H-1,2,4-triazol-3-yl)phenyl) 

boronic acid (3.3) 

 

N,N-dimethylformamide dimethyl acetal (4.80 mL, 36.36 mmol, 3.0 eq) was 

added to a solution of (4-carbamoylphenyl)boronic acid (2.00 g, 12.12 mmol, 

1.0 eq) in DMF (2 mL). The mixture was heated to 85°C for 3h and subsequently 

concentrated under reduced pressure. The residue was taken up in acetic acid 

(26 mL) and hydrazine hydrate (8.90 mL, 183 mmol, 15 eq) was added dropwise 

under cooling in an ice bath (5 °C). Upon stirring the reaction over night, the 

product was precipitated by pooring the mixture into ice water. Filtration and 

washing to neutral pH with cold water gave the product as a white powder 

(1.28 g, 56%). 

 

High-res. ESI-MS (pos., MeCN): m/z = 190.07828 [M+H]+. 

Calculated for C8H8BN3O2: m/z = 190.07839 [M+H]+. 

Melting point: 208.0 - 210.0°C 

1H-NMR  (400 MHz, DMSO-d6, 298 K): δ [ppm] =  8.48 (1H, s), 7.96 (2H, m, 

J=8.2 Hz), 7.87 (2H, d, J=7.8 Hz). 

13C-NMR  (101 MHz, DMSO-d6, 298 K): δ [ppm] = 158.6, 147.3, 135.0, 131.2, 

125.3, 116.2. 

 



Synthesis of Non-Radioactive Compounds 

157 

2.4.11.2 Synthesis of 6-bromo-N2-((tetrahydro-2H-pyran-4-

yl)methyl) pyrazine-2,3-diamine (3.5) 

 

Diisopropylethylamine (6.13 g, 47.45 mmol, 2.4 eq) was added to a stirred 

solution of 3,5-dibromopyrazin-2-amine (5.00 g, 19.77 mmol, 1.0 eq) and 

(tetrahydro-2H-pyran-4-yl)methanamine (2.85 g, 24.71 mmol, 1.25 eq) in n-

butanol (120 mL). The mixture was heated to 130 °C for 44 h in a sealed tube. 

Subsequently, the reaction was concentrated under reduced pressure and the 

resulting viscous brown oil was purified using automated flash chromatography 

to yield the product as a light yellow powder (3.04 g, 54%). 

 

High-res. ESI-MS (pos., MeCN): m/z = 287.05033 [M+H]+. 

Calculated for C10H15BrN4O: m/z = 287.05020 [M+H]+. 

Melting point: 161.7 - 163.8°C 

1H-NMR  (400 MHz, CDCl3, 298 K): δ [ppm] = 7.45 (1H, s), 4.35 (1H, br. s.), 

4.13 (2H, br. s.), 4.00 (2H, dd, J=11.5 Hz, J=3.3 Hz), 3.41 (2H, dd, 

J=11.7 Hz, J=1.6 Hz), 3.35 (2H, t, J=6.3 Hz), 1.89 (1H, ddtd, 

J=15.0 Hz, J=11.2 Hz, J=7.2 Hz, J=3.9 Hz), 1.68 (2H, m), 1.38 

(2H, dq, J=12.3 Hz, J=4.5 Hz). 

13C-NMR  (101 MHz, CDCl3, 298 K): δ [ppm] = 144.8, 141.7, 129.9, 126.8, 

67.6, 47.2, 34.8, 30.8. 
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2.4.11.3 Synthesis of 6-bromo-1-((tetrahydro-2H-pyran-4-

yl)methyl)-1H-imidazo[4,5-b]pyrazin-2(3H)-one (3.6) 

 

N,N'-carbonyldiimidazole (1.06 g, 6.53 mmol, 1.25 eq) was added to a solution 

of 6-bromo-N2-((tetrahydro-2H-pyran-4-yl)methyl) pyrazine-2,3-diamine (1.50 g, 

5.22 mmol, 1.0 eq) in tetrahydrofuran (15 mL). The mixture was heated to 120 °C 

for 30 min in a capped vial using a microwave reactor. Subsequently, the reaction 

was concentrated under reduced pressure and the residue was redissolved in 

minimal DMF. The product was precipitated by addition of water, filtrated and 

washed with water to yield the product as a light yellow powder (1.33 g, 81%). 

 

High-res. ESI-MS (pos., MeCN): m/z = 313.02945 [M+H]+. 

Calculated for C11H13BrN4O2: m/z = 313.02947 [M+H]+. 

1H-NMR  (600 MHz, DMSO-d6, 298 K): δ [ppm] = 8.02 (1H, s), 3.82 (2H, dd, 

J=11.2 Hz, J=2.4 Hz), 3.67 (2H, d, J=7.3 Hz), 3.24 (2H, t, 

J=11.4 Hz), 2.05 (1H, ttt, J=11.1 Hz, J=7.4 Hz, J=3.7 Hz), 1.53 

(2H, d, J=12.8 Hz), 1.24 (2H, qd, J=12.2 Hz, J=4.3 Hz). 

13C-NMR  (151 MHz, DMSO-d6, 298 K): δ [ppm] = 153.8, 140.3, 139.0, 135.3, 

128.7, 66.9, 45.1, 34.2, 30.5. 
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2.4.11.4 Synthesis of 6-(4-(1H-1,2,4-triazol-3-yl)phenyl)-1-

((tetrahydro-2H-pyran-4-yl)methyl)-1H-imidazo[4,5-

b]pyrazin-2(3H)-one (3.7) 

 

Pd(dppf)Cl2 (94 mg, 0.13 mmol, 10 mol%) was added to a suspension of 6-

bromo-1-((tetrahydro-2H-pyran-4-yl)methyl)-1H-imidazo[4,5-b]pyrazin-2(3H)-

one (400 mg, 1.28 mmol, 1.0 eq), (4-(1H-1,2,4-triazol-3-yl)phenyl)boronic acid 

(290 mg, 1.53 mmol, 1.2 eq) and 1M sodium carbonate (3.84 mL, 3.84 mmol, 

3.0 eq) in dioxane (15 mL). The mixture was heated to 150°C for 1h in a capped 

vial using a microwave reactor. Subsequently, the reaction was diluted with water 

(15 mL), neutralized with 10% HCl and extracted with ethyl acetate (3 x 50 mL). 

The combined organic layers were washed with brine, dried over MgSO4 and the 

solvent was removed under reduced pressure. The product was isolated as a yellow 

powder using automated flash chromatography (415 mg, 86%). 

 

High-res. ESI-MS (pos., MeCN): m/z = 378.16766 [M+H]+. 

Calculated for C19H19N7O2: m/z = 378.16730 [M+H]+. 

Melting point: 310.0 - 313.1°C 

1H-NMR  (400 MHz, DMSO-d6, 298 K): δ [ppm] = 12.07 (1H, s), 8.55 (1H, s), 

8.47 (1H, br. s.), 8.13 (2H, d, 3J=8.6 Hz), 8.10 (2H, d, 3J=8.6 Hz), 

4.44 (1H, br. s.), 3.82 (2H, m), 3.78 (2H, d, J=7.4 Hz), 3.24 (2H, 

dq, J=11.4 Hz, J=1.2 Hz), 2.14 (1H, m), 1.56 (2H, d, J=11.3 Hz), 

1.31 (2H, dq, J=12.2 Hz, J=4.3 Hz). 
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13C-NMR  (151 MHz, DMSO-d6, 298 K): δ [ppm] = 158.6, 154.2, 147.2, 142.4, 

139.9, 138.9, 138.0, 132.3, 130.1, 126.9, 126.7, 67.0, 44.9, 34.4, 30.6. 

2.4.12 Synthesis of MPC-2-1 Precursor 

2.4.12.1 2-((3-amino-6-bromopyrazin-2-yl)amino)ethanol 

(3.8) 

 

Diisopropylethylamine (4.13 mL, 3.07 g, 23.74 mmol, 2.4 eq) was added to a 

stirred solution of 3,5-dibromopyrazin-2-amine (2.50 g, 9.89 mmol, 1.0 eq) and 2-

aminoethanol (746 µL, 755 mg, 12.36 mmol, 1.25 eq) in n-butanol (45 mL). The 

mixture was heated to 130°C for 88h in a sealed tube. Subsequently, the reaction 

was concentrated under reduced pressure and the resulting viscous brown oil was 

purified using automated flash chromatography to yield the product as a light 

yellow powder (1.75 g, 76%). 

 

High-res. ESI-MS (pos., MeCN): m/z = 233.00331 [M+H]+. 

Calculated for C6H9BrN4O: m/z = 233.00325 [M+H]+. 

Melting point: 146.5 - 148.1°C 

1H-NMR  (400 MHz, MeOH-d4, 298 K): δ [ppm] = 7.16 (1H, s), 3.73 (2H, t, 

J=5.7 Hz), 3.52 (2H, t, J=5.7 Hz). 

13C-NMR  (101 MHz, MeOH-d4, 298 K): δ [ppm] = 143.8, 143.0, 126.9, 122.8, 

59.9, 43.3. 
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2.4.12.2 Synthesis of 2-((tert-butyldimethylsilyl)oxy) 

ethanamine (3.10) 

 

A 1 M solution of tert-butyldimethylsilyl chloride (16.6 mL, 16.56 mmol, 

1.0 eq) in dichloromethane was added dropwise over 1h to a stirred and ice bath 

cooled solution of 2-aminoethanol (10.0 mL, 165.6 mmol, 10.0 eq) in 

dichloromethane (20 mL) under nitrogen atmosphere. The mixture was allowed 

to react for 16h and subsequently poored on water (60 mL). The layers were 

separated and the organic layer was washed with water (2 x 40 mL), brine 

(40 mL), dried over MgSO4 and the solvent was removed under reduced pressure 

(≥ 100 mbar) to yield the product as a light yellow viscous oil (2.90 g, 99%). 

 

High-res. ESI-MS (pos., MeCN): m/z = 176.14639 [M+H]+. 

Calculated for C8H21NOSi: m/z = 176.14652 [M+H]+. 

1H-NMR  (600 MHz, CDCl3, 298 K): δ [ppm] = 3.64 (2H, t, J=5.3 Hz), 2.79 

(2H, t, J=5.0 Hz), 1.52 (2H, br. s.), 0.92 (9H, s), 0.08 (6H, s). 

13C-NMR  (151 MHz, CDCl3, 298 K): δ [ppm] = 65.3, 44.4, 25.9, 18.3, -5.3. 
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2.4.12.3 Synthesis of 6-bromo-N2-(2-((tert-butyldimethyl-

silyl)oxy)ethyl) pyrazine-2,3-diamine (3.11) 

 

Diisopropylethylamine (3.68 g, 28.46 mmol, 2.4 eq) was added to a stirred 

solution of 3,5-dibromopyrazin-2-amine (3.00 g, 11.86 mmol, 1.0 eq) and 2-((tert-

butyldimethylsilyl)oxy)ethanamine (2.60 g, 14.83 mmol, 1.25 eq) in n-butanol 

(50 mL). The mixture was heated to 130°C for 88h in a sealed tube. Subsequently, 

the reaction was concentrated under reduced pressure and the resulting viscous 

brown oil was purified using automated flash chromatography to yield the product 

as a light yellow powder (2.87 g, 70%). 

 

1H-NMR  (500 MHz, MeOH-d4, 298 K): δ [ppm] = 7.16 (1H, s), 3.81 (2H, t, 

J=6.0 Hz), 3.51 (2H, t, J=6.0 Hz), 0.89 (9H, s), 0.05 (6H, s). 

13C-NMR  (126 MHz, MeOH-d4, 298 K): δ [ppm] = 143.7, 142.9, 126.9, 123.0, 

60.8, 43.1, 25.0, 17.8, -6.6. 
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2.4.12.4 Synthesis of 6-bromo-1-(2-((tert-butyldimethylsilyl) 

oxy)ethyl)-1H-imidazo[4,5-b]pyrazin-2(3H)-one (3.12) 

 

N,N'-carbonyldiimidazole (1.17 g, 7.20 mmol, 1.25 eq) was added to a solution 

of 6-bromo-N2-(2-((tert-butyldimethylsilyl)oxy)ethyl)pyrazine-2,3-diamine 

(2.0 g, 5.76 mmol, 1.0 eq) in tetrahydrofuran (17 mL). The mixture was heated 

to 120°C for 30min in a capped vial using a microwave reactor. Subsequently, the 

reaction was concentrated under reduced pressure and the residue was redissolved 

in minimal DMF. The product was precipitated by addition of water, filtrated 

and washed with water to yield the product as a light yellow powder (1.94 g, 

90%). 

 

High-res. ESI-MS (pos., MeCN): m/z = 373.06799 [M+H]+. 

Calculated for C13H21BrN4O2Si: m/z = 373.06899 [M+H]+. 

Melting point: 152.3 - 153.0°C 

1H-NMR  (500 MHz, CDCl3, 298 K): δ [ppm] = 9.67 (1H, br. s.), 8.03 (1H, s), 

4.11 (2H, t, J=5.6 Hz), 3.96 (2H, t, J=5.5 Hz), 0.77 (9H, s), -0.05 

(6H, s). 

13C-NMR  (126 MHz, CDCl3, 298 K): δ [ppm] = 153.1, 139.6, 136.8, 136.0, 

130.3, 59.5, 42.3, 25.6, 18.0, -5.6. 
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2.4.12.5 Synthesis of 6-(4-(1H-1,2,4-triazol-3-yl)phenyl)-1-

(2-((tert-butyldimethylsilyl)oxy)ethyl)-1H-imidazo[4,5-

b]pyrazin-2(3H)-one (3.13) 

 

Pd(dppf)Cl2 (20 mg, 0.03 mmol, 10 mol%) was added to a suspension of 6-

bromo-1-(2-((tert-butyldimethylsilyl)oxy)ethyl)-1H-imidazo[4,5-b]pyrazin-2(3H)-

one (100 mg, 0.27 mmol, 1.0 eq), (4-(1H-1,2,4-triazol-3-yl)phenyl)boronic acid 

(61 mg, 0.32 mmol, 1.2 eq) and 1M sodium carbonate (0.80 mL, 0.80 mmol, 

3.0 eq) in dioxane (3.2 mL). The mixture was heated to 150°C for 1h in a capped 

vial using a microwave reactor. Subsequently, the reaction was diluted with water 

(10 mL), neutralized with 10% HCl and extracted with ethyl acetate (3 x 10 mL). 

The combined organic layers were washed with brine, dried over MgSO4 and the 

solvent was removed under reduced pressure. The product was isolated as a yellow 

powder using automated flash chromatography (15 mg, 13%). 

 

High-res. ESI-MS (pos., MeCN): m/z = 438.20657 [M+H]+. 

Calculated for C21H27N7O2Si: m/z = 438.20683 [M+H]+. 

1H-NMR  (400 MHz, DMSO-d6, 298 K): δ [ppm] = 12.08 (1H, br. s.), 8.55 (1H, 

s), 8.46 (1H, br. s.), 8.14 (2H, d, J=8.2 Hz), 8.09 (2H, d, J=8.6 Hz), 

4.07 (1H, s), 4.01 (2H, t, J=5.3 Hz), 3.95 (2H, t, J=5.1 Hz), 0.67 

(9H, s), -0.14 (6H, s). 
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13C-NMR  (101 MHz, DMSO-d6, 298 K): δ [ppm] = 243.4, 154.0, 142.3, 139.9, 

139.0, 132.1, 132.0, 131.2 (d), 128.8 (d), 126.6 (d), 72.1 (dd), 69.7, 

59.6, 41.7, 25.9, 18.1. 

2.4.12.6 Synthesis of 6-bromo-1-(2-hydroxyethyl)-1H-

imidazo[4,5-b]pyrazin-2(3H)-one (3.12a) 

 

6-Bromo-1-(2-((tert-butyldimethylsilyl)oxy)ethyl)-1H-imidazo[4,5-b]pyrazin-

2(3H)-one (1.81 g, 4.85 mmol, 1.0 eq) was suspended in a mixture of acetonitrile 

(55 mL) and water (55 mL). Subsequently trifluoroacetic acid (1.80 mL) was 

added and the mixture was stirred at room temperature for 60min. The clear 

brown solution was concentrated under reduced pressure and freeze-dried to yield 

the product as a light brown powder (1.26 g, quant.). 

 

High-res. ESI-MS (pos., MeCN): m/z = 258.98247 [M+H]+. 

Calculated for C7H7BrN4O2: m/z = 258.98252 [M+H]+. 

1H-NMR  (500 MHz, DMSO-d6, 298 K): δ [ppm] = 12.16 (1H, s), 8.01 (1H, s), 

4.82 (1H, br. s.), 3.84 (2H, t, J=5.9 Hz), 3.67 (2H, t, J=5.8 Hz). 

13C-NMR  (126 MHz, DMSO-d6, 298 K): δ [ppm] = 153.7, 140.4, 139.0, 135.0, 

128.6, 57.9, 42.6. 
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2.4.12.7 Synthesis of 6-(4-(1H-1,2,4-triazol-3-yl)phenyl)-1-

(2-hydroxyethyl)-1H-imidazo[4,5-b]pyrazin-2(3H)-one 

(3.13a) 

 

Degassed 1,4-dioxane (16 mL) was added to 6-bromo-1-(2-hydroxyethyl)-1H-

imidazo[4,5-b]pyrazin-2(3H)-one (350 mg, 1.35 mmol, 1.0 eq) and Pd(dppf)Cl2 

(99 mg, 0.14 mmol, 10 mol%). Subsequently, degassed 1M aq. sodium carbonate 

(4.05 mL, 4.05 mmol, 3.0 eq) was added and argon gas was bubbled through the 

mixture. (4-(1H-1,2,4-Triazol-3-yl)phenyl)boronic acid (306 mg, 1.62 mmol, 

1.2 eq) was added and the reaction mixture degassed under a flow of argon gas 

for 10 minutes. The reaction was sealed and heated to 150°C for 1h using 

microwave irradiation. Subsequently, the reaction was filtered, silica was added 

and the solvent was removed under reduced pressure. The product was isolated 

as a light brown powder using automated flash chromatography (410 mg, 94%). 

 

High-res. ESI-MS (pos., MeCN): m/z = 324.12041 [M+H]+. 

Calculated for C15H13N7O2: m/z = 324.12035 [M+H]+. 

Melting point: 318.1 - 325.2°C 

1H-NMR  (400 MHz, DMSO-d6, 298 K): δ [ppm] = 12.08 (1H, br. s.), 8.55 (1H, 

d, J=5.1 Hz), 8.46 (1H, br. s.), 8.13 (2H, d, J=8.6 Hz), 8.09 (2H, d, 

J=8.6 Hz), 4.00 (2H, t, J=5.6 Hz), 3.95 (2H, t, J=5.3 Hz). 
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13C-NMR  (101 MHz, DMSO-d6, 298 K): δ [ppm] = 167.9, 154.4, 141.9 (d), 

139.9 (t), 138.0, 134.2, 132.4, 132.0, 128.5, 126.7 (d), 125.9, 58.1, 

42.3. 

2.4.12.8 Synthesis of 4-methylbenzene-1-sulfinyl chloride 

(3.16) 

 

Thionyl chloride (6.14 mL, 10.0 g, 84 mmol, 3 eq) was added dropwise to 

sodium 4-methylbenzenesulfinate (5.0 g, 28 mmol, 1.0 eq). The mixture was 

stirred at room temperature for 1h. Subsequently, excess thionyl chloride was 

removed under reduced pressure which afforded the crude product as an orange 

oil (2.72 g, 56%). 

 

1H-NMR  (400 MHz, CDCl3, 298 K): δ [ppm] = 7.76 (2H, d, J=8.2 Hz), 7.39 

(2H, d, J=8.2 Hz), 2.46 (3H, s). 

13C-NMR  (101 MHz, CDCl3, 298 K): δ [ppm] = 145.7, 145.0, 130.2, 123.8, 

21.8. 
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2.4.12.9 Synthesis of phenyl hypochlorothioite (3.18) 

 

Sulfuryl chloride (890 μL, 1.48 g, 11 mmol, 1.1 eq) was added dropwise to a 

solution of thiophenol (1.10 g, 10 mmol, 1.0 eq) in dichloromethane (20 mL) 

under cooling in an ice bath. The mixture was stirred at 0°C for 1h. Subsequently, 

excess sulfuryl chloride was removed under reduced pressure which afforded the 

crude product as a red liquid (1.42 g, quant.). 

 

1H-NMR  (400 MHz, CDCl3, 298 K): δ [ppm] = 7.67 (2H, m), 7.41 (3H, m). 
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2.4.12.10 Synthesis of 2-(2-oxo-6-(4-(1-tosyl-1H-1,2,4-

triazol-3-yl)phenyl)-2,3-dihydro-1H-imidazo[4,5-b]pyrazin-1-

yl)ethyl 4-methylbenzenesulfonate (3.15) 

 

A solution of freshly purified tosyl-chloride (354 mg, 1.86 mmol, 2.0 eq) in dry 

pyridine (3 mL) was added to a suspension of 6-(4-(1H-1,2,4-triazol-3-yl)phenyl)-

1-(2-hydroxyethyl)-1H-imidazo[4,5-b]pyrazin-2(3H)-one (300 mg, 0.93 mmol, 

1.0 eq) in dry pyridine (6 mL). The mixture was sonicated at room temperature 

for 30min under argon. Subsequently, silica was added to the reaction and the 

solvent was removed under reduced pressure. The products were isolated as white 

powders using automated flash chromatography (120 mg, 20% combined). 

 

High-res. ESI-MS (pos., MeCN): m/z = 632.13815 [M+H]+. 

Calculated for C29H25N7O6S2: m/z = 632.13805 [M+H]+. 

Melting point: 196.1 - 200.0°C 

1H-NMR  (500 MHz, DMSO-d6, 298 K): δ [ppm] = 12.06 (1H, s), 9.49 (1H, s), 

8.52 (1H, s), 8.08 (4H, m), 8.05 (2H, d, J=8.6 Hz), 7.55 (2H, d, 

J=8.1 Hz), 7.44 (2H, d, J=8.2 Hz), 7.02 (2H, d, J=7.9 Hz), 4.49 

(2H, t, J=4.9 Hz), 4.10 (2H, t, J=4.9 Hz), 2.41 (3H, s), 2.15 (3H, 

s). 

13C-NMR  (126 MHz, DMSO-d6, 298 K): δ [ppm] = 164.1, 153.6, 148.2, 147.8, 

145.1, 141.8, 139.1, 139.0, 138.9, 132.7, 132.5, 131.9, 131.2, 130.1, 

129.0, 128.8, 127.4, 126.7, 67.1, 38.7, 21.7, 21.4. 
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2.4.12.11 Synthesis of 1-(2-hydroxyethyl)-6-(4-(1-tosyl-1H-

1,2,4-triazol-3-yl)phenyl)-1,3-dihydro-2H-imidazo[4,5-

b]pyrazin-2-one (3.15a) 

 

The product was isolated as a side-product of the reaction described in 

2.4.12.10. 

 

High-res. ESI-MS (pos., MeCN): m/z = 478.12943 [M+H]+. 

Calculated for C22H19N7O4S: m/z = 478.12920 [M+H]+. 

Melting point: 229.8 - 233.6°C 

1H-NMR  (500 MHz, DMSO-d6, 298 K): δ [ppm] = 12.06 (1H, s), 9.47 (1H, s), 

8.55 (1H, s), 8.15 (2H, d, J=8.4 Hz), 8.08 (2H, d, J=8.4 Hz), 8.04 

(2H, d, J=8.2 Hz), 7.54 (2H, d, J=8.2 Hz), 4.87 (1H, t, J=5.9 Hz), 

3.95 (2H, t, J=5.7 Hz), 3.77 (2H, dt, J=5.8 Hz, J=5.7 Hz), 2.41 (3H, 

s). 

13C-NMR  (126 MHz, DMSO-d6, 298 K): δ [ppm] = 164.1, 154.1, 148.1, 147.8, 

141.9, 140.1, 139.5, 139.4, 132.7, 132.3, 131.2, 128.9, 128.8, 127.5, 

126.7, 58.0, 42.3, 21.7. 
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2.4.13 Synthesis of [19F]MPC-2-1 

2.4.13.1 Synthesis of 3-((3-amino-6-bromopyrazin-2-

yl)amino)propanoic acid (3.20) 

 

Diisopropylethylamine (4.13 mL, 3.07 g, 23.74 mmol, 2.4 eq) was added to a 

stirred solution of 3,5-dibromopyrazin-2-amine (2.50 g, 9.89 mmol, 1.0 eq) and 

3-aminopropanoic acid (1.1 g, 12.36 mmol, 1.25 eq) in n-butanol (45 mL). The 

mixture was heated to 130°C for 88h in a sealed tube. Subsequently, the reaction 

was concentrated under reduced pressure and the resulting viscous brown oil was 

purified using automated flash chromatography to yield the product as a light 

yellow powder (337 mg, 13%). 

 

High-res. ESI-MS (pos., MeCN): m/z = 260.99825 [M+H]+. 

Calculated for C7H9BrN4O2: m/z = 260.99817 [M+H]+. 

1H-NMR  (400 MHz, MeOH-d4, 298 K): δ [ppm] = 7.13 (1H, s), 3.62 (2H, t, 

J=6.8 Hz), 2.51 (2H, t, J=7.0 Hz). 
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2.4.13.2 Synthesis of 6-(4-(1H-1,2,4-triazol-3-yl)phenyl)-1-

(2-chloroethyl)-1H-imidazo[4,5-b]pyrazin-2(3H)-one (3.22) 

 

Thionyl chloride (5 mL) was added to 6-(4-(1H-1,2,4-triazol-3-yl)phenyl)-1-(2-

hydroxyethyl)-1H-imidazo[4,5-b]pyrazin-2(3H)-one (200 mg, 0.62 mmol). The 

mixture was heated to reflux for 16h under argon. Subsequently, excess thionyl 

chloride was removed under reduced pressure. The product was isolated as a light 

yellow powder using automated flash chromatography (177 mg, 84%). 

 

High-res. ESI-MS (pos., MeCN): m/z = 342.08661 [M+H]+. 

Calculated for C15H12ClN7O: m/z = 342.08646 [M+H]+. 

Melting point: 269.1 - 275.2°C 

1H-NMR  (500 MHz, DMSO-d6, 298 K): δ [ppm] = 14.30 (1H, br. s.), 8.55 (1H, 

s), 8.44 (1H, br. s.), 8.36 (1H, br. s.), 8.15 (2H, d, J=8.7 Hz), 8.10 

(2H, d, J=8.7 Hz), 4.23 (2H, t, J=6.1 Hz), 4.06 (2H, t, J=6.1 Hz). 

13C-NMR  (126 MHz, DMSO-d6, 298 K): δ [ppm] = 155.2, 141.5, 139.9, 138.1, 

132.4, 126.7, 126.5, 41.8, 41.3. 
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2.4.13.3 Synthesis of pyridine-2-sulfonyl fluoride (3.23) 

 

2-Mercaptopyridine (1.1 g, 10 mmol, 1.0 eq) was dissolved in sulfuric acid 

(16 mL, 98%). A 13% aq. sodium hypochlorite solution (47.5 mL) was added 

dropwise over 4h under vigorous stirring at 0°C. Upon completed addition the 

reaction was extracted with ethyl acetate (2 x 25 mL) and  the combined organic 

extract was concentrated under reduced pressure. The resulting oil was added to 

a 1:3 (v/v) acetonitrile:water mixture (16 mL) and potassium bifluoride (3.9 g, 

50 mmol, 5 eq). The reaction was stirred vigorously for 20 min and subsequently 

extracted with ethyl acetate (2 x 15 mL). The combined organic extracts were 

dried over Na2SO4 and filtered through a silica plug (3 g). The solvent was 

removed under reduced pressure and the product was isolated as a clear liquid 

using automated flash chromatography (1.09 g, 68%). 

 

High-res. ESI-MS (pos., MeCN): m/z = 162.00196 [M+H]+. 

Calculated for C5H4FNO2S: m/z = 162.00195 [M+H]+. 

1H-NMR  (500 MHz, CDCl3, 298 K): δ [ppm] = 8.86 (1H, dq, J=4.7 Hz, 

J=0.8 Hz), 8.15 (1H, dq, J=7.9 Hz, J=0.9 Hz), 8.07 (1H, tt, 

J=7.8 Hz, J=1.5 Hz), 7.72 (1H, ddd, J=7.7 Hz, J=4.7 Hz, 

J=0.8 Hz) 

13C-NMR  (126 MHz, CDCl3, 298 K): δ [ppm] = 151.4 (d, J=30.4 Hz), 151.0, 

138.7, 129.2, 124.1. 

19F NMR  (470 MHz, CDCl3, 298 K): δ [ppm] = 55.8 (s). 

 Observed NMR signals conform to the literature.[161] 
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2.4.13.4 Synthesis of 6-(4-(1H-1,2,4-triazol-3-yl)phenyl)-1-

(2-fluoroethyl)-1H-imidazo[4,5-b]pyrazin-2(3H)-one (3.23) 

 

A 1M solution of tetrabutylammonium fluoride in tert-amyl alcohol (0.95 mL, 

0.95 mmol, 10 eq) was added to 2-(2-oxo-6-(4-(1-tosyl-1H-1,2,4-triazol-3-

yl)phenyl)-2,3-dihydro-1H-imidazo[4,5-b]pyrazin-1-yl)ethyl-4-methyl-

benzenesulfonate (60 mg, 0.095 mmol, 1.0 eq). The mixture was heated to 80°C 

for 1h under argon. Subsequently, the reaction was concentrated under reduced 

pressure and the product was isolated as a white powder using preparative RP-

HPLC (13.7 mg, 44%). 

 

High-res. ESI-MS (pos., MeCN): m/z = 326.11626 [M+H]+. 

Calculated for C15H12FN7O: m/z = 326.11601 [M+H]+. 

1H-NMR  (500 MHz, DMSO-d6, 298 K): δ [ppm] = 14.19 (1H, br. s.), 12.18 

(1H, s), 8.59 (1H, s), 8.13 (4H, m), 4.83 (2H, dt, 2JHF=47.1 Hz, 

3JHH=5.0 Hz), 4.22 (2H, dt, 3JHF=25.6 Hz, 3JHH=5.0 Hz), 3.16 (1H, 

s). 

13C-NMR  (151 MHz, DMSO-d6, 298 K): δ [ppm] = 154.0, 139.6, 139.2, 132.5, 

126.8, 126.7, 81.4, 80.3, 58.1, 49.1, 40.5. 
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Chapter 3: Synthesis of 

Radioactive Compounds 
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3.1 Introduction 

Chapter 2 described the synthesis of so-called radiolabelling precursors. By 

design, these molecules are set up for late-stage fluorination. This chapter 

describes reactions of MPC-1-1 and MPC-2-1 precursor involving [18F]fluoride to 

yield the radioactive derivatives [18F]MPC-1-1 and [18F]MPC-2-1 which can be 

used as molecular probes in PET.   

3.1.1 Production of Fluorine-18 

Fluorine-18 was produced from enriched 18O-water via the 18O(p,n)18F nuclear 

reaction. Protons were generated in a 18/9 or a 10/5 MeV cyclotron. Figure 3-1 

shows the excitation function of the 18O(p,n)18F reaction determined by neutron 

and activation measurements.[170] 

 

Figure 3-1: Cross section of the 18O(p,n)18F nuclear reaction as a function of proton energy 

determined by neutron and activation measurements. Reproduced from Reference [170]. 

Due to the distribution of the reaction probabilities, i.e. larger cross sections 

at lower proton energies (Ep), the economical use of cyclotrons is preferred 
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compared to linear accelerators. Commercially available compact cyclotrons 

typically provide proton energies between 10-20 MeV. 

The rate (R) at which the radioisotope is formed in a cyclotron can be 

described by the equation below (Eq. 3), where n is the target thickness in nuclei 

per cm2, l is the incident particle flux per second which is a proportional to the 

beam current, λ is the decay constant, t is the irradiation time, σ(Ep) is the 

reaction cross section, Ep is the proton energy and x is the distance travelled by 

the proton. 

 𝑅 = 𝑛𝑙(1 − 𝑒−𝜆𝑡) ∫
𝜎(𝐸𝑝)

𝑑𝐸𝑝/𝑑𝑥
𝑑𝐸𝑝

𝐸0

𝐸𝑠

 (Eq. 3) 

There are two ways to improve the reaction yield of nuclear reactions. One 

can either increase Ep to exploit a larger part of the excitation function or increase 

the beam current.[171] The latter is limited by the ability of the target to withstand 

the resulting heat and pressure buildup. Increasing the beam time can only 

increase the yield to a certain degree. 

By their nature, radioisotopes start decaying as soon as they are formed in the 

target. This leads to an equilibrium at which the rate of decay is equal to the 

reaction rate of the nuclear reaction R. In addition to the factors mentioned above, 

the saturation yield depends on the half-life of the radioisotope. The saturation 

factor is described by (1 − 𝑒−𝜆𝑡) and causes the reaction yield to approach a 

maximum. Typical maximum beam times are approximately two half-lifes which 

results in 75% of the theoretical saturation yield.  

When combining the factors above, the saturation yield can be calculated as 

a function of Ep. Figure 3-2 illustrates that moving from a 10 to a 20 MeV proton 

beam the saturation yield can be improved by a factor greater than two.  
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Figure 3-2: Calculated saturation integral yield of fluorine-18 as a function of proton energy from 

100% enriched 18O. Reproduced from Reference [170]. 

In this work fluorine-18 was produced using a 10/5 MeV cyclotron at a target 

current of 20 - 22 µA. After irradiation the target contained [18F]fluoride in 18O-

enriched water (18F-
aq). Hydration of fluoride-ions reduces their reactivity in 

nucleophilic substitution reactions significantly12. Furthermore, fluoride is very 

susceptible to forming hydrogen fluoride which is no longer available for 

nucleophilic substitution reactions13. Azeotropic distillation with acetonitrile and 

complexation of the employed counterion by Kryptofix 2.2.214 has been found to 

be a reliable method to provide [18F]fluoride with high nucleophilicity. 

                                      
12 High charge density of fluoride-ions leads to strong hydration (¢Hhydr = 506 kJ/mol) cf. 
[172] Coenen, 2007, p. 23. 
13 High bond strength in H-F and high enthalpy of solution compensate the more negative 
hydration enthalpy of the fluoride-ion, hence HF formation is slightly favoured over ion 
hydration. cf. [173] Housecroft et al., 2005, p. 170. 
14 The cryptand Kryptofix 2.2.2 (K222) is an aminopolyether which can in contrast to crown 
ethers support the reaction as a phase transfer catalyst ([174] Landini et al., 1979; [175] Coenen 
et al., 1986). 
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3.1.2 Automated Synthesis Modules 

Reduction of received personal radiation dose is of special interest in the field 

of nuclear medicine. Automated production of radiopharmaceuticals plays a major 

role in this endeavour. Today, there are a number of commercially available 

automated synthesis modules to choose from. The adaptability of the iPHASE 

FlexLAB module stands out opening up a wide range of possibilities for clinical 

production of sophisticated fluorine-18 radiotracers. Fully automated syntheses 

allow reliable and reproducible production of radiopharmaceuticals which are 

essential for meeting the guidelines of Good Manufacturing Practice (GMP). 

Figure 3-3 shows the front view of the iPHASE FlexLAB synthesizer. Individual 

components are described in Table 3-1. 

 

Figure 3-3: Front view of the iPHASE FlexLAB module; Elements are described in Table 3-1. 
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Despite the bulky appearance symmetric elements become obvious when 

drawing a line down the center of the module. There are two reaction vessels (# 

5 and 12, Figure 3-3) and two semi-preparative HPLC systems which are both 

set up for subsequent reformulation of the HPLC fraction. 

# description # description 

1 Reagent vials 1 to 19 (1, 3 and 15 mL) 12 Reactor 2 

2 Target vial 13 Post reactor 2 cartridge (C) 

3 18O-water recovery vial 14 HPLC-2 loop vial 

4 QMA cartridge 15 Fluid detector for HPLC-2 injector 

5 Reactor 1 16 HPLC-2 injector 

6 Post reactor 1 cartridge (slot A) 17 HPLC column selection valves 

7 HPLC-1 loop vial 18 HPLC radiation detector 

8 Fluid detector for HPLC-1 injector 19 HPLC-2 dilution flask 

9 HPLC-1 injector 20 HPLC-2 reformulation cartridge (D) 

10 HPLC-1 dilution flask 21 Final product collection vial 

11 HPLC-1 reformulation cartridge (B) 22 Vacuum pump 

Table 3-1: iPHASE FlexLAB: Description of elements shown in Figure 3-3. 

The scope of components covers 50 electrically operated solenoid valves 

regulating fluid transfers, two electronically operated HPLC selection valves 

guiding eluents from the HPLC pump onto the column or through a bypass, two 

pneumatically operated HPLC injection valves and K-type thermocouples for 

temperature monitoring of the reactor heating blocks15. Means of feedback control 

are given by 10 radiation detectors located at crucial points16 and manometers 

providing reactor and inert gas pressure. 

                                      
15 Maximum heating temperature is limited to 220°C by software 
16 Target vial, QMA cartridge, reactor 1, post reactor 1 cartridge, reactor 2, post reactor 2 
cartridge, HPLC radioactivity, HPLC-1 reformulation cartridge, HPLC-2 reformulation 
cartridge, final product collection vial. 



Synthesis of Radioactive Compounds 

181 

All subsystems such as valves, actuators, heaters and the various sensors are 

controlled by an in-module Programmable Logic Controller (PLC). Integration of 

the PLC controller into the module makes the system less prone to malfunctions. 

Synthesis programs are downloaded to the PLC's internal memory over an 

interface software which can be installed on a standard personal computer. Once 

the program is transferred to the PLC the synthesis process becomes independent 

from the computer. 

The format of synthesis programs are stepwise excel spreadsheets. Each step 

can be assigned with either a timer or a condition or both. Instead of using 

prepared programs the synthesizer can be operated in ̀ manual mode' allowing full 

control over the system including HPLC devices. The manual control interface 

consists of an interactive schematic drawing of the FlexLAB module (Figure 3-4). 

Changes to the system can be made by clicking on the valves or input boxes. 

Manual mode can also be activated during a running program-controlled synthesis 

via the pause function. Sensor data including radioactivity, temperature and 

pressure trends and HPLC traces are recorded and stored for later analysis. 

The schematic overview in Figure 3-4 shows the vial arrangement and 

connectivity of the tubing. Each reactor vessel can be reached by 5 reagent vials 

(2-6 & 15-19). An additional vial (1) is used to elute [18F]fluoride from the QMA 

cartridge into reactor 1. Each post-reactor SPE cartridge slot (A & C) can be 

reached by one reagent vial (7 & 14). HPLC systems 1 and 2 can be addressed 

by liquids from reactor 1 and 2, respectively. Each reformulation system consists 

of a dilution flask (HPLC-1 & 2), 3 reagent vials (8-10 & 11-13) and one SPE 

cartridge slot (B & D). 
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Figure 3-4: Schematic overview of the iPHASE FlexLAB synthesizer; Elements are explained in 

Table 3-1. 
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3.1.3 Click Chemistry 

The term 'Click Chemistry' has primarily been coined by Sharpless et al. in 

2001.[176] It describes a wide range of reactions that have an extensive scope, are 

very high yielding, modular in nature, form only minor and easily removable side 

products and are usually insensitive to water and oxygen. These criteria are 

fulfilled by reactions that are 'spring-loaded' for a single trajectory and exhibit a 

high thermodynamic driving force, usually greater than 20 kcal/mol. 

1,3-Dipolar cycloadditions and more specifically the copper(I)-catalyzed 

alkyne-azide cycloaddition (CuAAC) are a prime example of Click Chemistry. 

CuAAC has been used extensively in medicinal chemistry due to the 

bioorthogonality of the building blocks.[177] Another widespread application of this 

type of reaction is the late-stage introduction of fluorine-18 in the synthesis of 

PET imaging agents. 

The regioselectivity of the Huisgen 1,3-dipolar cycloaddition can be tuned with 

catalytic methods using transition-metals. Copper or ruthenium-catalysis 

respectively produce the 1,4- or the 1,5-disubstituted regioisomer. Hence, CuAAC 

can produce PET agents with defined structural identity. 
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3.2 Results & Discussion 

3.2.1 Production and Recovery of [18F]Fluoride 

In this work 18F-
aq from [18O]-target water was immobilized on a Waters Sep-

Pak Light Accell Plus QMA cartridge and eluted with a potassium 

bicarbonate/Kryptofix 2.2.2 solution. 

[18F]fluoride recovery from the [18O]-target water proceeded with reproducibly 

high radiochemical yields of > 90% and overall process time of the drying 

procedure did not exceed 20 min. 

3.2.2 Benzofuran Based Compounds 

3.2.2.1 Radiosynthesis of [18F]MPC-1-M 

Scheme 3-1 shows the nucleophilic substitution of the nitro-group by 

[18F]fluoride. 1.6 can then be reduced and deoxygenated under selective conditions 

to convert the ketone to a methylene group.[178] Radiofluorination conditions of 

aromatic nitro-groups have been reported in the literature. Elution of the 

[18F]fluoride from the ion-exchange cartridge with an aqueous solution of 

KHCO3/K222 was followed by multiple drying steps. The labelling reaction was 

performed in MeCN/tBuOH = 1/4 at 100°C for 5 minutes.[179] 

 

Scheme 3-1: Radiosynthesis of [18F]MPC-1-M. 
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Table 3-2 shows how the iPHASE FlexLAB synthesizer was loaded with 

reagents to facilitate fully automated production of 1.6 controlled by a 38-step 

program including fully automated pre-conditioning and cleaning of the semi-

preparative RP-HPLC column. 

location reagent 

vial 1 2.0 mg KHCO3 in 200 μL H2O + 10.0 mg K222 in 800 μL MeCN 

vial 2 10.0 mg precursor 1.5 in 200 μL MeCN + 800 μL tBuOH 

vial 3 1.0 mL MeCN 

vial 6 4.5 mL H2O 

Table 3-2: Reagent setup for radiosynthesis towards n.c.a. 1.6 using the automated iPhase 

FlexLAB synthesis module. 

Labelling experiments gave a mixture of radiofluorinated compounds. Figure 

3-5 shows the radio-HPLC trace of the crude reaction mixture. Due to the complex 

mixture and the fact that free [18F]fluoride accounted for most of the radioactivity 

this approach was abandoned in favour of a different radiolabelling strategy based 

on Click Chemistry. 

 

Figure 3-5: RP radio-HPLC of crude radiofluorination mixture of [18F]MPC-1-M. 

3.2.2.2 Radiosynthesis of [18F]MPC-1-1 

In this work the CuAAC was exploited to form [18F]MPC-1-1. Click 

derivatisation of MPC-1-1 precursor with [18F]fluoroethylazide using copper(I)-
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catalysis is illustrated in Scheme 3-2. Activated [18F]fluoride is reacted with 2-

azidoethyl-4-toluenesulfonate to form 2.30 which is purified by distillation. 

Cycloaddition is aided by a Cu(I)-TBTA complex which generally shows better 

results compared to the cheaper copper iodide / sodium ascorbate system used 

for the synthesis of [19F]MPC-1-1.[180] 

 

Scheme 3-2: Radiosynthesis of [18F]MPC-1-1. 

The radioactive synthesis was carried out on the FlexLAB synthesis module 

(iPHASE, Melbourne). Table 3-3 shows how the synthesizer was loaded with 

reagents to facilitate fully automated production of [18F]MPC-1-1. The module 

was controlled by a 39-step program including fully automated pre-conditioning 

and cleaning of the semi-preparative RP-HPLC column. 

For imaging studies about 500 mCi/18.5 GBq of [18F]fluoride in target 

[18O]water were concentrated on an ion exchange cartridge and dried 

azeotropically with acetonitrile (vial 3). After addition of 2-azido-4-

toluenesulfonate and heating to 90°C the synthon was distilled from reactor 1 

(R1) into reactor 2 (R2). Like the rest of the procedure, the distillation process 

was fully automated. Simultaneous heating of R1 and cooling of R2 to about 10°C 

under application of a gentle stream of argon gas supported by  evacuation of  R2 
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resulted in the transfer of approx. 300 mCi/11.1 GBq (non decay-corrected, 60%). 

Click reaction at 70°C followed by sem-preparative RP-HPLC purification and 

reformulation on a C18 sep-pak cartridge gave [18F]MPC-1-1 in 40 ± 5 % n.d.c. 

yield (146 mCi/5.4 GBq) after 90 min of synthesis. 

location reagent 

QMA Waters QMA Light (activated with 10 mL 0.5 M K2CO3) 

Sep-Pak D Phenomenex Strata-X C18 (conditioned with EtOH/H2O) 

vial 1 3.5 mg K2CO3 in 200 μL H2O + 20.0 mg K222 in 400 μL MeCN 

vial 2 4.0 μL 2-azidoethyl-4-toluenesulfonate in 750 μL MeCN 

vial 3 1.0 mL MeCN 

vial 7 100 μL DMF 

vial 11 10 mL H2O 

vial 12 1.0 mL EtOH / a1.0 mL DMSO 

vial 13 10 mL H2O / a1.0 mL DMSO 

vial 17 4 mL H2O 

vial 18 1.0 mL MeCN 

vial 19 6.0 mg Cu(CH3CN)4 PF6 + 4.0 mg TBTA in 300 μL DMF 

HPLC-2 flask 40 mL H2O 

reactor 2 3.0 mg precursor (neat) 

Table 3-3: Reagent setup for production of n.c.a. [18F]MPC-1-1 using the automated iPhase 

FlexLAB synthesis module. 

Figure 3-6 shows the data output of the in-built radiation sensors of the 

FlexLAB module. The sensors were calibrated prior to commencement of this 

work, however, the detectors are sensitive towards the sample geometry, i.e. the 

volume of the liquid in the reactor or the type of SPE cartridge used. Nevertheless, 

the data provides a good indication of the whereabouts of the radioactivity during 

the synthesis and is an invaluable monitoring tool. In conjunction with 
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temperature and pressure sensor data (Figure 3-7) the course of the synthesis can 

be retraced in hindsight and possible malfunctions can be indentified. 

 
Figure 3-6: FlexLAB radiation sensor data of [18F]MPC-1-1 radiosynthesis. 

Initially, the radioactivity from the cyclotron target is collected in the target 

vial. From there [18F]fluoride is isolated on the QMA cartridge and eluted into 

R1. The radioactivity trend nicely shows the distillation from R1 to R2 at about 

30 minutes. Completion of the radioactivity transfer at this point was used as a 

checkpoint for the synthesis to proceed. Since the FlexLAB module uses vortex 

tubes instead of liquid nitrogen for cooling operations continuous cooling of R2 

for about 10 minutes is required to reach the temperature minimum. This process 

is started simultaneously with the drying procedure in R1. Upon completion of 

the Click reaction R2 was evacuated under continued heating to remove any 

residual [18F]fluoroethylazide from the reaction mixture. This process can be 

monitored by the pressure reading of R2 at 70 minutes and the faster than decay 

reduction of radioactivity in R2 at the same time. 
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Figure 3-7: Temperature (top) and pressure (bottom) data of [18F]MPC-1-1 radiosynthesis. 

Typically, the purification of crude Click reactions is straightforward since no 

major radioactive side products are formed during the reaction. Figure 3-8 shows 

the semi-preparative RP-HPLC traces of the automated chromatography system 

integrated into the FlexLAB module. The radioactivity trace (top) shows the 

omnipresent injection peak at the beginning of the chromatogram. This results 

from the fact that the HPLC injection loop is located close to the HPLC radiation 

detector. As sample leaves the injection loop and enters the better shielded metal 

column the radiation signal weakens. This phenomenon provides valuable live 

feedback of the injection status. Apart from the initial injection peak only one 

other significant signal eluting at 15 minutes is apparent. Elution at 15 minutes, 

however, coincides with the elution of major non-radioactive side products as 

apparent in the UV chromatogram (bottom). Although detrimental to the 
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chemical purity and potentially the molar activity of the imaging agent, the 

problem of coelution could not be solved easily and was mitigated by choosing a 

narrow collection window. 

 

Figure 3-8: Semi-preparative RP-HPLC traces of [18F]MPC-1-1; Semi-automated purification 

performed on the iPhase FlexLAB module; Radio-HPLC trace (top) and UV254nm (bottom). 

Due to the intrinsic radioactive nature of PET imaging agents only limited 

characterisation is possible. Techniques applied routinely in the classical 

chemistry lab such as NMR or IR spectroscopy are not sensitive enough to be 

applied to radioactive compounds. MS has the potential to detect samples at the 

picomolar level, however, as with the previously mentioned techniques radiation 

safety protocols usually prohibit the introduction of radioactive samples into these 

instruments. 

An established way to characterise radioactive peptides or small molecules is 

by comparison of the HPLC traces of their radioactive with their non-radioactive 

derivatives. Formulated [18F]MPC-1-1 in DMSO (in vitro studies) or 10% 

ethanol/saline (in vivo studies) was characterised via comparison of analytical 

RP-HPLC traces of [18F]MPC-1-1 (Figure 3-9, top) and [19F]MPC-1-1 (Figure 3-9, 
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bottom). Both compounds showed a retention time of 13.6 min. The UV trace of 

the non-radioactive derivative showed a second signal at approximately 22 

minutes. This UV-peak is omnipresent in chromatograms recorded on this 

particular system and is a result of a HPLC-column contamination. 

Excellent correlation of the retention times between the radioactive and the 

non-radioactive derivatives is a strong indicator that the two compounds are 

chemically identical thus confirming the structure of [18F]MPC-1-1. 

 

Figure 3-9: Analytical RP-HPLC of [18F]/[19F]MPC-1-1; Radio-HPLC trace of [18F]MPC-1-1 (top) 

and UV254nm trace of [19F]MPC-1-1 (bottom); * HPLC column contamination. 

3.2.2.3 Quality Control of [18F]MPC-1-1 

3.2.2.3.1 Radiochemical Purity 

From the radio-HPLC trace in the previous chapter (Figure 3-9, top) the 

radiochemical purity of [18F]MPC-1-1 was determined to be ≥ 99 %. RP dropped 

to 98% over 4h in DMSO (Figure 3-10). Radiochemical purity greater than 95% 

is generally deemed acceptable for mouse and human studies. 
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Figure 3-10: Radiochemical stability of [18F]MPC-1-1 in DMSO. 

3.2.2.3.2 Molar Activity 

The molar activity17 of a radiopharmaceutical is a measure of the ratio of 

radioactive to non-radioactive species of the same molecule expressed in 

radioactivity/molar amount, e.g. GBq/µmol. The radioactivity can easily be 

measured in a well counter. The molar amount of the compound in the radioactive 

sample can be determined via its UV-absorption. 

First, the specific UV-absorbance of the analyte is established through 

acquisition of the UV-absorption of a series of standard solutions with known 

concentration. Figure 3-11 shows the standard curve obtained from HPLC-

injections of 4 different standard solutions in triplicates. The slope derived from 

the standard curve allows correlation of the peak area to the molar amount.  

For [18F]MPC-1-1 typical molar activities of 27.6 GBq/µmol (EOS) were 

calculated with a maximum of 72.4 GBq/µmol (EOS). Activities were decay 

corrected to the time at the end of the synthesis (EOS). 

                                      
17 Expressed in radioactivity/molar amount. Generally confused with specific activity which 

is expressed in radioactivity/mass. 
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Figure 3-11: Standard curve of [19F]MPC-1-1; HPLC injections in triplicates at 4 different molar 

amounts: 5, 50, 500 & 5000 pmol. 

3.2.2.3.3 Lipophilicity 

The lipophilicity of a drug is an important characteristic which influences its 

distribution in vivo. The partition coefficient P in two immiscible solvents, usually 

n-octanol and water, is a common descriptor of lipophilicity. However, one 

limitation is that P only applies to neutral compounds or compounds that appear 

as a single species. The distribution coefficient D can be used to describe ionizable 

compounds. It is a measure of the differential solubility of all microspecies in the 

solvent system at various pH. Generally, P and D are expressed on a logarithmic 

scale, i.e. logP and logD. 

 Analysis of the distribution of [18F]MPC-1-1 in the n-octanol/water system at 

pH 7.4 and pH 3 gave partition coefficients of logP7.4 = 0.89 and logP3.0 = -0.11. 

The distribution coefficient can be calculated according to Eq. 4. 
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 D =
∑[𝑚𝑖𝑐𝑟𝑜𝑠𝑝𝑒𝑐𝑖𝑒𝑠]𝑜𝑐𝑡𝑎𝑛𝑜𝑙

∑[𝑚𝑖𝑐𝑟𝑜𝑠𝑝𝑒𝑐𝑖𝑒𝑠]𝑤𝑎𝑡𝑒𝑟
 (Eq. 4) 

Assuming all microspecies are covered at pH 7.4 and pH 3, the distribution 

coefficient can be calculated by dividing the sum of the concentrations of 

[18F]MPC-1-1 in octanol at pH 7.4 and 3 by the sum of the concentrations of 

[18F]MPC-1-1 in water at pH 7.4 and 3. logD was determined to be 0.31. 

The values for logP and logD place [18F]MPC-1-1 in the optimal range 

according to Lipinski's rule of five. This should allow the molecule to enter cells 

via passive diffusion through cell membranes. 

3.2.2.3.4 Metabolic Stability 

It has been shown that a good estimate of the hepatic breakdown can be 

obtained by in vitro assays using S9 liver fractions.[181] This post-mitochondrial 

supernatant fraction is obtained by centrifugation of liver homogenate at 9000g 

and consists of microsomes and cytosol.[182] It contains Phase I and II metabolic 

enzymes such as cytochrome p450 and various transferases.[183] Addition of certain 

cofactors stimulates Phase I (NADPH) or Phase II (UDPGA, PAPS) metabolism. 

In this work it was more important to determine whether the PET imaging 

agents are prone to metabolism rather than elucidating the complete mechanism 

of metabolic breakdown of the molecule. 

Experiments were carried out under aerobic conditions. Figure 3-12 shows the 

radiochemical purity over time in mouse and rat S9 liver fractions with NADPH. 

The control contained no S9 liver fraction. After incubation at 37°C for 3 hours 

the RP of [18F]MPC-1-1 dropped from 98.6% to 96.2% in mouse and from 98.6% 

to 95.8% in rat S9 compared to a 1.5% drop of the control. 

The main metabolite in all cases was free fluoride. At a greater than 95% RP 

after 3 hours [18F]MPC-1-1 can be considered metabolically stable. However, this 
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assay does not take Phase II/III metabolism and effects such as clearance and 

excretion into account. Results can therefore only be seen as an indicator of in 

vivo metabolic stability. 

 

Figure 3-12: Metabolic stability of [18F]MPC-1-1 in S9 liver fractions of mice and rats compared 

to the control. 
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3.2.3 Imidazopyrazinone Based Compounds 

3.2.3.1 Radiosynthesis of [18F]MPC-2-1 

Central to the radiosynthetic approach towards [18F]MPC-2-1 was a direct 

nucleophilic aliphatic substitution reaction. Sulphonic esters have shown superior 

leaving group ability compared to halogens. Primary trifluoromethanesulphonic 

esters (OTf) generally give the best results with reactivity dropping from primary 

to tertiary leaving groups.[184] However, due to their high reactivity the stability 

of OTf-based precursors can be a limiting factor. The toluenesulphonic ester 

(tosylate) bearing precursor 3.15 was synthesized in chapter 2.2.2 and will be used 

to facilitate radiofluorination of the molecule. 

Activated [18F]fluoride was reacted with the 3.15 to form [18F]3.23 (Scheme 

3-3). Literature reports the direct radiofluorination of aliphatic tosylates at high 

temperatures (120 - 150°C) for short periods of time (5 - 20 min).[163]  

 

Scheme 3-3: Radiosynthesis of [18F]MPC-2-1. 

Table 3-4 shows a summary of the conditions investigated in an attempt to 

introduce fluorine-18 into 3.15. Bicarbonate- and triflate-based eluents were used 

in conjunction with a bicarbonate ion-exchange (IE) cartridge (HCO3
-). 
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# IE eluent solvent T [°C] t [min] product (RCY) 

1 QMA K2CO3/K222 DMSO 100 10 - 

2 HCO3
- KOTf/K222 DMSO 120 10 [18F]TsF 

3 HCO3
- KHCO3/K222 tamyl-alcohol 100 20 [18F]TsF 

4 HCO3
- TBAHCO3 tamyl-alcohol 100 20 [18F]TsF 

5 HCO3
- KOTf/K222 DMSO 80 10 [18F]TsF 

6 QMA K2CO3/K222 DMSO 150 10 [18F]TsF 

7a QMA K2CO3/K222 DMSO 150 10 [18F]MPC-2-1 (trace) 

8ab QMA K2CO3/K222 DMSO 150 10 [18F]MPC-2-1 (1.5%) 

Table 3-4: Radiolabel conditions for [18F]MPC-2-1; Reactions were carried out on the iPhase 

FlexLAB module using 1 mg of 3.15; Radioactive products apart from [18F]fluoride reported; RCY 

of isolated and formulated product reported; (a) RP-HPLC purified precursor; (b) 3 mg precursor. 

An initial trial run using the standard carbonate based eluent gave no 

conversion of the free [18F]fluoride (entry #1). The basic nature of the carbonate 

eluent could aid the chemical breakdown of the precursor molecule. Reactions 

with eluents that are less basic such as potassium bicarbonate or triflate and 

Kryptofix 2.2.2 or as a tetrabutylammonium salt gave a single radioactive product 

apart from unreacted free [18F]fluoride (entries #2-5). Figure 3-13 shows the radio-

HPLC trace of a typical crude reaction mixture. The retention time (tR) of 

[19F]MPC-2-1 was 14.3 minutes which does not compare favourably to the reaction 

product (tR = 21.3 min). A reported side product of radiofluorination of tosylate-

precursors is [18F]toluenesulphonyl fluoride ([18F]TsF).[185] 

 

Figure 3-13: Radio-HPLC trace of crude [18F]MPC-2-1 labelling mixture. 
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Figure 3-14 shows a comparison of isolated unidentified reaction product (top) 

and a [19F]TsF standard (bottom). The retention times of both compounds were 

determined to be 21.3 minutes which confirms the identity of the reaction product.  

 

 

Figure 3-14: Radio-HPLC trace of isolated reaction product (top) and UV254 trace of [19F]TsF 

(bottom); (*) HPLC column contamination. 

It has been shown that [18F]TsF is formed by reaction of [18F]fluoride with 

toluenesulphonyl chloride under typical radiofluorination conditions. TsCl can be 

difficult to separate quantitatively using normal-phase chromatographic methods. 

Using a RP-HPLC purified batch of 3.15 as a precursor showed trace amounts of 

product (Table 3-4, entry #7). Increasing the amount of precursor from 1 to 3 mg 

gave an increase in yield to 1.5% formulated product (entry #8). Due to its low 

solubility 3.15 was very difficult to purify using RP-HPLC. Therefore the amount 

of precursor was not increased further. Figure 3-15 shows the radio-HPLC trace 

of the crude reaction mixture. 
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Figure 3-15: Radio-HPLC trace of crude [18F]MPC-2-1; Reaction conditions according to Table 

3-4, entry #8. 

Isolation and coinjection of the radioactive species at tR = 14.3 minutes (top) 

with [19F]MPC-2-1 (bottom) confirmed the identity of [18F]MPC-2-1 (Figure 3-16). 

 

Figure 3-16: Coinjection of [19F] and [18F]MPC-2-1. 

Table 3-5 shows the final setup of the FlexLAB module to facilitate fully-

automated radiosynthesis, isolation and formulation of [18F]MPC-2-1 in about 70 

minutes. Using this method amounts up to 259 MBq (7 mCi, EOS) were produced 

which was sufficient to proceed to in vitro binding assays and potentially 

preclinical studies. The radiochemical purity was > 99%, however the 

radiochemical yield of 1.5% was extremely poor. The RCY could be improved if 
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neccessary by increasing the amount of precursor. Due to the tedious precursor 

synthesis the amount of precursor was chosen very conservatively. 

location reagent 

QMA Waters Light QMA (activated with 10 mL 0.5 M K2CO3) 

Sep-Pak D Phenomenex Strata-X C18 (conditioned with EtOH/H2O) 

vial 1 3.5 mg K2CO3 in 200 μL H2O + 20.0 mg K222 in 400 μL MeCN 

vial 2 3 mg precursor 3.15 in 400 μL DMSO 

vial 3 1.0 mL MeCN 

vial 5 1.0 mL MeCN 

Vial 6 4 mL 0.1M ammonium formate 

vial 11 10 mL H2O 

vial 12 1.0 mL DMSO 

vial 13 1.0 mL DMSO 

HPLC-2 flask 40 mL H2O 

Table 3-5: Reagent setup for production of n.c.a. [18F]MPC-2-1 using the automated iPhase 

FlexLAB synthesis module. 
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3.2.3.2 Molar Activity 

The molar activity of [18F]MPC-2-1 was determined according to the standard 

procedure. Figure 3-17 shows the standard curve of [19F]MPC-2-1. Using the slope 

typical molar activities for [18F]MPC-2-1 of 22.1 GBq/µmol (EOS) were 

calculated. These molar activities are comparable to the ones determined for 

[18F]MPC-1-1. 

 

Figure 3-17: Standard curve of [19F]MPC-2-1; HPLC injections in triplicates at 4 different molar 

amounts: 5, 50, 500 & 5000 pmol. 
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3.3 Conclusion 

Radiosynthesis of [18F]MPC-1-1 was achieved following the CuAAC chemistry 

approach. Distillation of [18F]fluoroethylazide proceeded in 60% RCY. Typical 

overall radiochemical yields of [18F]MPC-1-1 were 40 ± 5% after 90 minutes with 

a maximum of 5.4 GBq (146 mCi) produced. The typical molar activity was 

27.6 GBq/µmol (EOS). 

Radiosynthesis of [18F]MPC-2-1 was achieved in 1.5% RCY after 70 minutes 

and in excellent radiochemical purity. The purity of the precursor proved to be 

critical to the success of the labelling reaction. The molar activity of [18F]MPC-2-1 

was 22.1 GBq/µmol (EOS). 
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3.4 Experimental 

3.4.1 General Information 

[18F]Fluoride was produced via the 18O(p,n)18F nuclear reaction by 

bombardment of an isotopically enriched [18O]-H2O target with either a 18 MeV 

or a 10 MeV proton beam generated by an IBA 18/9 or 10/5 cyclotron at the 

Austin Hospital (Heidelberg, Australia). 

Waters Sep-Pak Light Accell Plus QMA cartridges were activated with 10 mL 

0.5M aqueous potassium carbonate solution and washed with 10 mL water. C18 

cartridges were activated with 3 mL ethanol and washed with 5 mL water. 

3.4.2 Recovery and Azeotropic Drying of 

[18F]Fluoride 

[18O]-target water from the cyclotron target (2 - 5 mL) containing 

3.7 - 74 GBq [18F]fluoride (100 - 2000 mCi) was transferred to the Target Vial by 

argon pressure. Application of a vacuum guided the solution over a strong anion-

exchange cartridge immobilizing [18F]fluoride on the cartridge. Elution with a 

eluent mixture consisting of a salt and a phase transfer catalyst (PTC) in a 

water / acetonitrile mixture was followed by azeotropic drying. 

In the first instance the solvents of the eluate were evaporated at 75°C under 

vacuum and a gentle Ar-stream over 6 minutes. 1 mL of acetonitrile was added 

to the residue and the azeotropic drying step was repeated for another 6 minutes. 

Subsequent drying at 120°C under full vacuum for 5 minutes provided the dry 

18F-/cryptate. 



Synthesis of Radioactive Compounds 

204 

3.4.3 Radiosynthesis of [18F]MPC-1-M 

[18F]Fluoride was concentrated on an ion exchange cartridge and eluted using 

a solution of 2.5 mg KHCO3 in 200 µL water and 10 mg Kryptofix 2.2.2 in 800 µL 

acetonitrile. The eluate was dried azeotropically according to the standard 

procedure. 10 mg nitro-precursor in a mixture of 200 µL acetonitrile and 800 µL 

tert-butanol were added and the reaction was heated to 100°C for 5 minutes. 

After conclusion of the reaction 4.5 mL of water were added to the reaction and 

the mixture was subjected to semi-preparative RP-HPLC purification. 

3.4.4 Radiosynthesis of [18F]MPC-1-1 

[18F]Fluoride was concentrated on a Waters Accell Plus QMA light ion 

exchange cartridge and eluted using a solution of 3.5 mg potassium carbonate in 

200 μL water and 20 mg Kryptofix 2.2.2 in 400 μL acetonitrile. The eluate was 

dried azeotropically according to the standard procedure. 4.0 μL 2-azidoethyl-4-

toluenesulfonate in 750 μL acetonitrile were added and the reaction was heated 

to 90°C for 7 minutes. The reaction product was distilled into a cooled vessel 

containing 3.0 mg alkyne-precursor aided by application of temperature and 

pressure gradients. Subsequently a mixture of 6.0 mg tetrakis(acetonitrile) 

copper(I) hexafluorophosphate and 4.0 mg tris[(1-benzyl-1H-1,2,3-triazol-4-

yl)methyl]amine (TBTA) in 300 μL DMF was added to the distilled product and 

heated to 70°C for 30 minutes in a sealed reactor. The reaction was heated a 

further 7 minutes under vacuum before adding 1 mL acetonitrile and 4 mL water. 

The diluted mixture was subjected to semi-preparative RP-HPLC purification 

and the collected fraction was diluted in 40 mL water. The radioactive product 
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was immobilized on a Phenomenex Strata-X C18 cartridge, washed with 10 mL 

water and reformulated using either 2 mL DMSO or 1 mL ethanol followed by 

9 mL of saline. 

3.4.5 Radiosynthesis of [18F]MPC-2-1 

[18F]Fluoride was concentrated on a Waters Accell Plus QMA light ion 

exchange cartridge and eluted using a solution of 3.5 mg potassium carbonate in 

200 μL water and 20 mg Kryptofix 2.2.2 in 400 μL acetonitrile. The eluate was 

dried azeotropically according to the standard procedure. 3.0 mg tosylate 

precursor in 400 μL DMSO was added and the reaction was heated to 150°C for 

10 minutes. At the conclusion of the reaction 1 mL acetonitrile and 4 mL 0.1M 

ammonium formate were added. The diluted mixture was subjected to semi-

preparative RP-HPLC purification and the collected fraction was diluted in 

40 mL water. The radioactive product was immobilized on a Phenomenex 

Strata-X C18 cartridge, washed with 10 mL water and reformulated using 2 mL 

DMSO. 

3.4.6 Lipophilicity 

The lipophilicity of radioactive compounds was determined by addition of 

0.4 - 0.5 MBq to a mixture of 800 μL n-octanol and 800 μL 0.1M phosphate buffer 

(varying pH). The mixture was vortexed for 3 minutes and centrifuged at 

10.000 rpm for 5 minutes. The radioactivity in 100 μL aliquots of each phase was 

measured in a gamma counter (Wizard 2, Perkin Elmer). Experiments were 

performed in triplicates for each pH. 
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3.4.7 S9 Liver Fractions 

The metabolic stability of imaging agents was assessed using S9 liver fractions 

(mouse, rat). NADPH was generated in-situ using a NADPH generating system. 

To create 800 μL of the NADPH generating stock 200 μL aliquots of the following 

solutions were mixed: 9.3 mg glucose-6-phosphate in 250 μL PBS; 9.95 mg -

nicotinamide adenine dinucleotide phosphate sodium salt hydrate (NADP sodium 

salt hydrate) in 250 μL PBS; 6.7 mg magnesium chloride hexahydrate in 250 μL 

Milli-Q water; 6 μL (11.5 U) glucose-6-phosphate dehydrogenase (G-6-P-DH) 

stock solution in 1 mL PBS. The G-6-P-DH stock solution (2000 U/mL) was 

prepared by dissolving 2.33 mg protein in 1 mL PBS and stored at -30°C. 

The assay was carried out by mixing 230 μL of PBS with 40 μL NADPH 

generating solution, 15 μL S9 liver fraction stock and 15 μL analyte in 10% 

ethanol/saline containing about 3.7 MBq (100 μCi). The control study was 

prepared accordingly without the S9 liver fraction stock. The solutions were 

incubated at 37°C in a thermo shaker. Samples were quenched with 150 μL 

methanol at various time points and centrifuged at 12.000 rpm for 10 minutes. 

The supernatant was analysed using radio-HPLC. 
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Chapter 4: In Vitro Studies 



In Vitro Studies 

208 

4.1 Introduction 

Chapters 2 and 3 described the preparation of reference compounds, non-

radioactive standards and fluorine-18 labelled PET ligands of two different classes 

of mTOR inhibitors. The biological properties of these derivatives were 

investigated in a selection of human breast cancer cell lines with different 

sensitivities to RAD001. Hurvitz et al. ranked a large panel of breast cancer cell 

lines according to their response to Everolimus (RAD001).[186] RAD001 sensitivity 

was defined as an average inhibition greater than 80% at 100 nM concentration 

of RAD001 and an IC50 value smaller than 1 nM. RAD001 resistant, or 

insensitive, cell lines were characterized by IC50 values greater than 50 nM. In 

this work, two representatives of each category were selected, the RAD001 

sensitive cell lines BT-474 and HCC-1419 and the RAD001 insensitive cell lines 

MDA-MB-231 and MDA-MB-468. 

First, the growth characteristics of each cell line were established using 

proliferation assays. The results formed the basis to determine the cytotoxicity of 

each derivative via proliferation assays. In this work, the fraction of live cells was 

determined via staining of fixed proteins with Sulforhodamine B (SRB). The 

cytotoxicity can be used as an indicator of the target affinity of the inhibitor 

derivatives. 

Lastly, the binding kinetics of radioactive derivatives were investigated in 

populations of RAD001 sensitive and insensitive cell lines. Comparison of the 

sensitive with the insensitive subpopulations will provide insight into the 

selectivity of the radioactive derivatives and their potential as selective imaging 

agents in vivo. 



In Vitro Studies 

209 

4.1.1 Cell Number Titration Assays 

Cell number titrations (CNT) are used to establish the optimal growth 

conditions for a given cell line in a given system and over a given time. This is to 

avoid overgrowth which can distort the results as cells become detached and are 

lost during the assay resulting in a similar reading as an anti-proliferative result. 

Since cytotoxicity assays were performed in 96-well plates the optimal growth 

conditions of BT-474, HCC-1419, MDA-MB-231 and MDA-MB-468 cells were 

established in this system. 

4.1.2 Cytotoxicity Assays 

SRB assays were used to investigate the potency of the synthesized 

compounds. The PET imaging agents MPC-1-1 and MPC-2-1 were compared 

with reference compounds MRC-1-1, MRC-1-2, MRC-2-1 and RAD001. 

Furthermore, sets of RAD001 sensitive and insensitive cell lines were chosen to 

establish the selectivity of the new derivatives. 

4.1.3 Internalization Assays 

Radioactive binding assays can provide further information about the 

selectivity of compounds. Whereas cytotoxicity assays determine the ultimate 

downstream effect, i.e. cell viability, internalization assays examine the binding 

behaviour of molecules directly. These results will form a major criterion to select 

candidates for in vivo studies. 
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4.1.4 Confocal Microscopy 

Confocal laser scanning microscopy (CLSM) offers improved spatial and 

temporal resolving power compared to classical light microscopes. While both 

widefield and confocal microscopes are restricted by the diffraction limit, the 

latter achieve higher effective resolution by reducing the amount of optical 

convolution. 

 

Figure 4-1: Principle of confocal microscopy; Excitation (blue), detection (yellow) and shared 

(green) light path. Reproduced from Reference [187] with permission. 

Figure 4-1 illustrates the components of a CLSM. Monochromatic light from 

a laser is guided into the scanning head via a fibre optic cable. A collimator forms 

a parallel beam which is reflected into the light path of the microscope by the 

main dichroic beamsplitter. The excitation beam is then focussed onto a small 
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region by an objective called the excitation volume. The smaller the excitation 

volume the higher the resolution of the microscope. The ability to focus the light 

is a property of the aperture of the objective. Therefore the resolution of the 

microscope is dependent on its objective rather than the instrument. The 

microscope stage can be manipulated in all three dimensions (X, Y and Z-axes). 

However, during raster-scanning the excitation volume is moved laterally via 

scanning mirrors and vertically via the position of the objective (focussing). 

The maximum excitation and emission wavelengths of fluorescent probes are 

different by design. Hence, fluorescent light emitted from the excitation volume 

is able to pass through the dichroic mirror and is guided to a detector, usually a 

photomultiplier tube (PMT). The eponymous characteristic of a CLSM is the 

pinhole diaphragm (confocal pinhole) located before the detector. It allows for the 

selection of a certain focal plane. The depth of the focal plane is governed by the 

pinhole diameter. Out-of-focus planes above and below the focal plane are rejected 

and do not reach the PMT. This reduces the otherwise significant amount of 

optical convolution and generates high resolution images. Since image acquisition 

is performed via raster-scanning, spatial resolution of the PMT is not a 

requirement. The raster-scanning technique provides a high degree of flexibility 

in terms of image size and acquisition strategies. However, it is slow compared to 

parallel scanning techniques such as spinning disk. 
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4.2 Results & Discussion 

4.2.1 Cell Number Titration Assay 

BT-474, HCC-1419, MDA-MB-231 and MDA-MB-468 are breast cancer cell 

lines derived from patients with adenocarcinoma or ductal carcinoma, the most 

common form of breast cancer. BT-474 cells are HER2 and hormone receptor 

positive (HER2+/HR+) and HCC-1419 cells are HER2+ and HR- whereas MDA-

MB-231 and MDA-MB-468 are HER2 and HR negative (HER2-/HR-).[188] 

Varying numbers of cells were incubated in 1% fetal calf serum (FCS) at 37°C 

for 4 days on a 96-well plate, stained with sulforhodamine B (SRB) and the 

absorption of each well was measured at 540 nm. 

Figure 4-2 shows plots of the absorbance versus the corresponding number of 

seeded cells. Typically, absorbance rises linear with the number of cells and 

flattens or decreases if the cells outgrow the well. It is assumed that cells grow in 

a monolayer at first (linear growth period) and start to form multilayers once the 

well surface is exhausted. These multilayers cause scattering of the UV light which 

is observed by a decrease in absorption. Optimal conditions are reached just before 

the plateau at about 80% of the maximum growth (dotted line). 

Optimal cell seeding numbers of BT-474 cultures were determined to be 2000 

cells per well, 30000 cells per well for HCC-1419 and MDA-MB-231 and 10000 

cells per well for the MDA-MB-468 cell line. This maximizes the number of cells 

per well for cytotoxicity assays without stressing the system. 
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Figure 4-2: Growth curves of various cell lines after incubation in 1% FCS for 4 days; Optical 

density (OD) measured at 540 nm; Dotted line at 80% of maximum cell growth. 
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4.2.2 Cytotoxicity Assay 

Optimal cell numbers determined in 4.2.1 were plated on 96-well plates, 

adhered for 24 hours and treated with varying concentrations of drug in triplicate. 

A 1:3 serial dilution over 10 wells gave a concentration range of 1000 - 0.05 µM. 

The remaining two wells were used as controls for an untreated cell population 

and a no-cell well for background staining correction. The cells were treated for 

72 hours, stained with SRB and the absorption was measured at 540 nm. 

  

   

Figure 4-3: Cytotoxicity assay of class 1 and 2 compounds in breast cancer cell lines; 1% FCS 

growth medium and 72h treatment with varying concentrations of inhibitors. 

Figure 4-3 shows the normalized cell viability over a range of concentrations 

for each compound in each cell line. The table below shows the numberic values 

of the IC50 data obtained from the plots. Since the dose-response curves have 
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been normalized to span 0 to 100% the IC50 values reported are relative IC50 

values. Caution has to be exercised when comparing IC50 values from different 

sources. Experimental differences such as the treatment time (96 vs 72 hours) and 

the detection assay (CCK-8 vs MTS vs SRB) can affect IC50 values greatly. 

Hence, only results obtained in our experiments were compared with each other. 

Class 2 compounds showed a higher cytotoxicity compared to class 1 

compounds in the RAD001 sensitive cell lines BT-474 and HCC-1419 (Figure 4-4). 

The radiolabelling modification, i.e. introduction of a triazole, caused the affinity 

of class 1 compounds to drop significantly (MPC-1-1 vs MRC-1-1). Radiolabelling 

of class 2 compounds did preserve the affinity in most cell lines or improved it in 

the case of MDA-MB-231 (MPC-2-1 vs MRC-2-1). Unexpectedly, class 1 

compounds showed higher cytotoxicity in RAD001 insensitive cell lines (MDA-

MB-231, MDA-MB-468) compared to sensitive cell lines. Class 2 compounds 

showed lower IC50 values in RAD001 sensitive cell lines (HCC-1419, BT-474), as 

expected. Radioactive binding assays were performed to consolidate the specificity 

of class 1 & 2 compounds. 

 

Figure 4-4: Summary of proliferation data; IC50s reported including error of triplicates. 
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4.2.3 Radioactive Binding Assay 

Internalization assays are a common tool used to determine the kinetics of 

antibodies. In this work a similar protocol was used to investigate the interaction 

of the radiolabelled small molecules [18F]MPC-1-1 and [18F]MPC-2-1 with the BT-

474, HCC-1419, MDA-MB-231 and MDA-MB-468 cell lines. 

4.2.3.1 Internalization of [18F]MPC-1-1 

400,000 cells per well were seeded on a 6-well plate and incubated in media 

containing 10% FCS overnight at 37°C. Subsequently, the media was changed to 

2 mL of 1% FCS and radiolabelled compound was added to the cells. Plates were 

incubated at 37°C before being quenched at varying time points. Termination of 

a time point consisted of removal of the media and washing twice with cold PBS. 

The combined solutions shall henceforth be referenced to as the supernatant 

fraction (S). The remaining cell pellet was lysed with cold 0.1M sodium hydroxide 

solution and the well was washed twice with PBS. The combined solutions shall 

henceforth be referenced to as the pellet fraction (P). Uptake was determined at 

8 time points over 2 hours (5, 10, 15, 20, 30, 60, 90 and 120 minutes). S and P 

fractions were counted in a gamma counter and the relative uptake in the cell 

pellet was calculated according to Eq. 6. A background substraction was 

performed for readouts obtained from the gamma counter (Eq. 5). Since the 

efficiency of the gamma counter is highly dependent on the sample geometry the 

volume of both fractions was adjusted to 3 mL prior to measurement. 

 𝐶𝑃𝑀𝑃/𝑆
∗ = 𝐶𝑃𝑀𝑝𝑒𝑙𝑙𝑒𝑡/𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 − 𝐶𝑃𝑀𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 (Eq. 5) 
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 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑢𝑝𝑡𝑎𝑘𝑒 =
𝐶𝑃𝑀𝑃

∗

𝐶𝑃𝑀𝑃
∗ + 𝐶𝑃𝑀𝑆

∗ (Eq. 6) 

Figure 4-5 shows a plot of the relative uptake in the cell pellet over time in 

HCC-1419 and MDA-MB-468 cells. Both cell lines exhibit fast initial uptake 

kinetics. At equilibrium the RAD001 sensitive cell line HCC-1419 showed 2.5-fold 

higher uptake compared to the insensitive cell line. 

This dynamic study provided insight into the uptake kinetics, however, it is 

not suitable for screening a larger number compounds in different cell lines under 

different conditions. Hence, 2 hours was chosen as the equilibrium time point for 

static assays which do not require the large number of wells necessary to cover 

multiple time points. This time frame was also chosen as the length of the dynamic 

imaging window in vivo discussed in Chapter 5. 

 

Figure 4-5: Dynamic binding assay of [18F]MPC-1-1; 400k cells per well were incubated at 37°C 

and quenched at varying time points up to 2 hours; Results are mean  SD of triplicates. 

Figure 4-6 shows the relative cell pellet uptake of [18F]MPC-1-1 in BT-474, 

HCC-1419, MDA-MB-231 and MDA-MB-468 cells after 2 hours incubation. The 

results are means of 3 experimental replicates each performed in triplicate. 
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[18F]MPC-1-1 shows the best contrast ratio in HCC-1419 cells. Compared to 

MDA-MB-468 cells, the uptake is 2.4-fold increased which correlates nicely with 

the results from the dynamic binding study. BT-474 cells showed a cell pellet 

uptake of about 13% of the total activity which is significantly lower compared 

to HCC-1419 cells. Whether the difference between BT-474 and RAD001 

insensitive cell lines is large enough to produce sufficient contrast for useful PET 

imaging in vivo was however a concern.  

Statistical analysis was carried out using an unpaired, one-tailed, two-sample 

Student's t-test assuming unequal variances. The differences between RAD001 

sensitive and insensitive cell lines were found to be statistically significant with 

p-values at least smaller than 0.01. 

 

Figure 4-6: Static binding assay of [18F]MPC-1-1; Cells were incubated at 37°C for 2 hours; Values 

are mean  SD out of 3 experimental replicates each performed in triplicates. 
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A paramount characteristic of any PET imaging agent is target specificity. 

Blocking experiments are commonly used to determine non-specific uptake. Figure 

4-7 shows the relative cell uptake of [18F]MPC-1-1 at 37°C compared to 4°C or in 

competition with a blocking agent. MRC-1-1 is a member of the same structural 

class and is therefore an appropriate blocking agent. The blocking concentration 

was set to 10 µM to avoid excessive cell death over the 2 hour incubation period. 

To counter possible distortion of the experiment due to the cytotoxicity of 

MRC-1-1 the protein level of each well was monitored using the bicinchoninic 

acid (BCA) assay. This assay was integrated into the procedure of the radioactive 

binding assay by changing the lysing agent. Sodium hydroxide is too harsh to 

provide cell lysate for BCA protein measurements and can corrupt the results.[189] 

Instead, a small amount of radioimmunoprecipitation assay (RIPA) buffer was 

used to maximise protein concentration in the sample. The radioactivity in the 

lysed cell pellet was then measured according to the standard procedure upon 

which the samples were immediately stored at -80°C. After the radioactivity had 

decayed sufficiently the protein level in each sample was determined according to 

the general BCA assay protocol. It proved essential to ensure cooling of the well-

plates during the entire workup of the internalization assay, especially during the 

lysis step. The protein levels in each well were then used to calculate 

normalization factors for blocked and cooled samples. This also normalized for 

total protein levels. However, since normalization was performed separately for 

each cell line, it should preserve differences between uptake values in cell lines 

with overexpression of target and the negative control. 

A further dimension was added to the experiment by replacing the second PBS 

wash with an acid wash. This way surface bound compounds are removed and 

the cell membrane bound fraction of the drug can be determined. Sodium acetate 
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buffer (pH 4.8) is compatible with the microplate BCA assay protocol up to a 

concentration of 200 mM according to the Thermo Scientific compatibility table. 

In this work 50 mM sodium acetate buffer (pH 5.0) was used to remove the 

surface bound fraction of [18F]MPC-1-1. Since the majority of the acetate buffer 

is removed the residual concentration in the BCA assay will be significantly lower. 

The results are summarized in Figure 4-7. As expected the cell pellet uptake 

is increased in HCC-1419 and BT-474 cells compared to MDA-MB-231 and MDA-

MB-468 cells. Blocking with MRC-1-1 led to a significant reduction in cell pellet 

uptake across the panel which indicates specific uptake in all four cell lines. This 

was anticipated since, to a varying degree, mTOR is expressed in all four cell 

lines. In contrast to the substantial decrease in cell pellet uptake, the surface 

bound fraction could not be reduced by treatment of the cells with MRC-1-1. This 

indicates nonsaturable, nonspecific binding and can be explained by the fact that 

mTOR is not expressed on the extracellular plasma membrane.  

Incubation at 4°C reduces vesicular transport across the plasma membrane 

and molecular movement, i.e. diffusion.[190] The uptake into the cell is expected to 

be slowed down compared to 37°C if the drug relies on passive transport 

mechanisms.  

The activity in the cell pellet at 4°C was found to be reduced whereas surface 

uptake remained mostly unchanged across cell lines. This is plausible as surface 

bound molecules do not undergo any form of cellular transport. Reduced uptake 

in the pellet suggests that [18F]MPC-1-1 relies at least partially on diffusion or 

vesicular transport. 
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Figure 4-7: Blocked and reduced temperature binding assays of [18F]MPC-1-1; Blocking agent: 

MRC-1-1 (10 µM); Mean ± SD of triplicates reported. 

4.2.3.2 Internalization of [18F]MPC-2-1 

Due to the promising IC50 values of class 2 compounds determined in 4.2.2 

the specificity of MPC-2-1 in radioactive binding assays was expected to be 

excellent. The assay was performed following the general procedure including the 

optional surface fraction and reduced temperature modifications. 

Figure 4-8 shows a summary of the relative cell uptake after incubation at 

various conditions for 2 hours. The lowest cell uptake at 4 and 37°C was found 

in MDA-MB-231 cells. This result is in agreement with the high IC50 value of 

MPC-2-1 in this cell line. In contrast, very high potency was found in HCC-1419 

and BT-474 cell lines (IC50 = 2.7 and 1.7 µM, respectively). Cell uptake in these 

cells is significantly increased compared to MDA-MB-231 cells. However, due to 

the almost 2-fold increased cell uptake in MDA-MB-468 cells the specificity of 
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[18F]MPC-2-1 is questionable. In HCC-1419 cells the uptake increased when 

incubated at reduced temperature. This is an indicator of active transport of 

[18F]MPC-2-1 into the cell. 

Blocking studies were performed by pretreating cells with 10 µM MRC-1-1 for 

10 minutes prior to addition of the radioligand. Significant reduction of cell uptake 

was only found in MDA-MB-468 cells. To establish a more complete picture of 

the non-specific uptake further blocking studies using a class 2 compound such as 

MRC-2-1 will have to be performed. 

Surface uptake of [18F]MPC-2-1 was found to be similar across cell lines and 

conditions. Although at a lower level, this agrees with previous findings. 

 

Figure 4-8: Blocked and reduced temperature binding assays of [18F]MPC-2-1; Blocking agent: 

MRC-1-1 (10 µM); Mean ± SD of triplicates reported. 
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4.2.4 Confocal Microscopy with MPC-1-1-488 

Confocal microscopy is a powerful tool to investigate the cellular and 

subcellular localization of fluorescent probes. Radioactive internalization assays 

have indicated that class 1 as well as class 2 compounds are able to cross the cell 

membrane and accumulate. Due to its design, MPC-1-1 lends itself to labelling 

with a fluorescent probe. Conjugation of MPC-1-1 precursor to azide fluor 488 

gave MPC-1-1-488 via Click Chemistry. MPC-1-1-488 was then used to confirm 

the cellular localization of class 1 compounds. 

In contrast to larger peptides or antibodies, the addition of a fluorophore to a 

small molecule poses a significant structural change. Results gained from such a 

fluorescent probe can only be extrapolated to the general class of compounds to 

a certain degree. A control treated with the azide fluor 488 was used to establish 

the biological profile of the fluorophore alone. A second control treated with azide 

fluor 488 and Hoechst 33342 served as a methodical control to rule out 

bleedthrough of emitted light between the blue and the green channel. This bis-

benzimidazole based fluorophore is commonly used in microbiology to visualize 

the cell nucleus (Figure 4-9). It acts as a DNA stain by binding to AT-rich regions 

of the minor groove. 

 

Figure 4-9: Structure of Hoechst 33342. 

Microscopy experiments were limited to one cell line. BT-474 breast cancer 

cells were seeded overnight onto a glass well plate and subsequently treated with 
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azide fluor 488, azide fluor 488 and Hoechst 33342 or various concentrations of 

MPC-1-1-488 and Hoechst 33342. After incubation for 2 hours at 37°C the media 

was removed, the cells were washed and the fixed cells were imaged in PBS using 

a Zeiss LSM 780 with a 100x magnification oil lens. 

Two lasers and emission filters with different wavelengths were used to 

successively excite and detect fluorescent light from the two fluorophores in the 

sample. A 405 nm laser was used to excite Hoechst 33342 and a 488 nm laser was 

used to excite MPC-1-1-488. Emission filters were chosen to match the emission 

maxima of the fluorescent dyes, 460 and 525 nm, respectively, which shall from 

hereon be known as the blue and the green channel. Images of representative cell 

clusters were acquired using the same laser intensity and laser gain. 

Figure 4-10 shows 4 representations of each of the two controls and the study 

sample. The transmitted light image outlines the cell perimeter. The blue channel 

(460 nm) shows the location of the nuclei and the green channel (525 nm) shows 

the location of azide fluor 488 or MPC-1-1-488. The image on the right shows an 

overlay of the transmitted light image with the blue and the green channel. 
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Figure 4-10: Confocal microscopy of MPC-1-1-488 in BT-474 cells; Control cells were either stained 

with azide fluor 488 (control 1, top) or Hoechst 33342 (H33342) and azide fluor 488 (control 2, 

middle); Sample cells were stained with MPC-1-1-488 and Hoechst 33342; Image on the right 

shows an overlay of the transmitted light image with the blue (460 nm) and the green (525 nm) 

channel. 

The azide fluor 488 treated control 1 (Figure 4-10, top) showed no emission in 

the blue channel (460 nm) when excited with the 405 nm laser. This was expected 

due to the lack of Hoechst 33342 in this sample. However, it also shows that there 

is no bleedthrough from the 488 fluorophore into the blue channel. Bleedthrough 

can occur if the emission filter is set too wide. Excitation and emission functions 

are broad curves (Figure 4-11). Irradiation of control 1 with a 405 nm laser causes 

excitation of azide fluor 488 to some degree. Emission filters are also not specific 

to a single wavelength and rather posses an operating band. During acquisition 
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of the blue channel the emission filter needs to be set up to exclude emission from 

the 488 fluorophore. 

 

Figure 4-11: Excitation and emissin functions of Hoechst 33342 and Alexa Fluor 488; Like azide 

fluor 488, Alexa Fluor 488 is a member of the family of Rhodamine-based fluorescent dyes; Both 

fluorophores share optical characteristics such as excitation and emission functions. Reproduced 

from Reference [191]. 

The green channel of control 1 showed no emission when irradiated with a 

488 nm laser. This confirmed that azide fluor 488 on its own is incapable of 

entering the cell. This was an essential control due to the following to reasons. 

MPC-1-1-488 and unreacted azide fluor 488 displayed very similar polarity. 

Hence, chromatographic separation of the two species was difficult and 

contamination of MPC-1-1-488 with small amounts of azide fluor 488 was likely. 

Furthermore, accumulation of the fluorophore in the cell would have made it 

difficult to assign potential cell uptake of MPC-1-1-488 to the target affinity of 

MPC-1-1 rather than the properties of the fluorophore. 

Control 2 (Figure 4-10, middle) showed uptake of Hoechst 33342 in the 

nucleus. Overlay of the transmitted light image with the blue and the green 

channel showed the location of the nuclei relative to the cells. Again, no cell 

uptake of the 488 fluorophore alone was observed. A third control containing only 
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untreated cells served as a measure for detector noise and background 

fluorescence, which were both negligible (data not shown). 

The study well was stained with Hoechst 33342 and MPC-1-1-488 (Figure 

4-10, bottom). The transmitted light and the blue channel showed familiar results 

confirming the cell boundaries and the location of the nuclei. Irradiation of the 

sample with the 488 nm laser and acquisition of the green channel showed regions 

of intense fluorescence. Superimposition of the transmitted, blue and green 

channels confirmed localization of MPC-1-1-488 within the cytoplasm. The lack 

of colocalization of fluorescence in the blue and the green channel further shows 

that MPC-1-1-488 does not accumulate in the nucleus. 

mTOR is a cytoplasmic serine/threonine kinase.[29] This is in agreement with 

the profile of MPC-1-1-488, which is strictly confined to the cytoplasm, and 

suggested binding of the probe to mTOR protein. 

The study images presented in Figure 4-10 were typical for cell clusters in the 

MPC-1-1-488 treated cell population. Figure 4-12 shows a number of examples 

which show similar results. Local regions of increased accumulation of MPC-1-1-

488 which were particularly apparent in image C. These regions could indicate 

organelles with increased mTOR concentration such as lysosomes. However, 

further colocalization studies are required to confirm this theory. 

Image D shows an interesting cell cluster where no MPC-1-1-488 uptake in 

one of the cells of the cluster was observed. D1 and D2 show magnifications of 

the relevant cell cluster and confirm the lack of uptake in the cyptoplasm of the 

cell. This is potentially due to a heterogenous expression of the MPC-1-1 target 

in this cell population. 

Interestingly, no fluorescent hot spots in the green channel were observed along 

the cell membranes. This was surprising since radioactive internalization assays 

showed a large fraction of surface bound molecules. It was assumed that this is a 
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result of the significantly changed polarity of MPC-1-1-488 compared to 

[18F]MPC-1-1. 

In order to fully confirm the specificity of MPC-1-1-488 for mTOR, future 

experiments include competition assays with MRC-1-1, similar to the ones 

performed in 4.2.3.1. 

 

Figure 4-12: Overlay of the blue (460 nm) and green (525 nm) channel of confocal microscopy 

images of BT-474 cancer cells (A-D); Digital magnification of D showing an overlay of the blue 

and green channels (D1) and and overlay of the transmitted light, blue and green channels (D2).
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4.3 Conclusion 

The potency of PET derivatives (MPC-1-1 and MPC-2-1) was benchmarked 

against relevant reference compounds of known target affinity (MRC-1-1 and 

MRC-2-1). The binding characteristics of [18F]MPC-1-1 and [18F]MPC-2-1 were 

established in a panel of breast cancer cell lines using radioactive internalization 

assays. [18F]MPC-1-1 showed good selectivity between RAD001 sensitive and 

insensitive cell lines. Furthermore the cell uptake could be blocked suggesting the 

observed binding is specific. Confocal microscopy with MPC-1-1-488 showed 

localization of the probe in the cytoplasm. On the basis of these findings 

[18F]MPC-1-1 was advanced into in vivo studies. 

Due to the lack of a clear trend between RAD001 sensitive and insensitive cell 

lines [18F]MPC-2-1 was not progressed into a preclinical model at this point.  
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4.4 Experimental 

4.4.1 Cell Lines and Reagents 

Cell lines were obtained from American Type Culture Collection ATCC 

(Manassas, MD). RIPA buffer was purchased from Thermo Scientific (catalog 

89900). Everolimus (RAD001) was purchased from Sapphire Bioscience (catalog 

S1120). 

BT-474 cells were cultured in DMEM/F-12 media containing 10% FBS, 1% 

GlutaMAX (Gibco), 1% Penicillin Streptomycin (Pen Strep, Gibco) and 1 mL of 

a 50 mg/mL solution of hydrocortisone in distilled water. All other cell lines were 

cultured in RPMI media containing 10% FCS, 1% GlutaMAX (Gibco) and 1% 

Penicillin Streptomycin (Pen Strep, Gibco). Cells were maintained at 37°C in 

humidified 5% CO2 atmosphere. Cell number and viability determination was 

performed using trypan blue and a Bio-Rad TC20 automated cell counter. 

Radioactivity was determined using a Perkin Elmer Wizard2 gamma counter. 

Absorbance was measured using a BMG Labtech SPECTROstar Nano microplate 

reader. Confocal microscopy was performed using a ZEISS LSM 780 inverted 

microscope with the ZEN software package. 

4.4.2 Cell Number Titration Assay 

50,000 cells per well were plated in column 1 of a 96-well plate and a 1:2 serial 

dilution in media was performed across columns 1 - 11. Cells were then prepared 

in accordance with the SRB assay general procedure outlined below. 
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4.4.3 Drug Sensitivity 

Cells were seeded overnight in 100 µL of media with column 12 left as a blank 

with 1% FCS. The following day 100 µL of drugged-media was used to replace 

the untreated media. Drug media concentrations were prepared by performing 1:3 

serial dilutions over 10 wells in triplicates on separate plates. The drug media was 

then transferred to the cell plates, leaving an “untreated” and a blank well. Cells 

were then prepared in accordance with the SRB assay general procedure outlined 

below. 

4.4.4 SRB Assay 

Cells were incubated for 72 hours and then fixed to plates by removal of media 

and addition of 100 µL of cold 10% trichloroacetic acid (TCA) for 

30 - 60 minutes. Cells were washed 3 times with tap water and dried at 37°C 

before 50 µl of SRB reagent were added and the plates were allowed to sit for 

10 - 15 minutes. The SRB reagent was removed and cells were washed 3 times 

with 1% acetic acid to remove unbound dye before drying at 37°C. Dye was 

solubilized in 100 µL 10 mM Tris-base under shaking for 5 - 10 minutes before 

the absorption at 540 nm was measured using a microplate reader. 
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4.4.5 Radioactive Binding Assay 

400,000 cells per well were seeded in a 6-well plate and incubated in 5 mL 

RF10 or DMEMA media overnight at 37°C. Subsequently the media was replaced 

with 2.0 mL media containing 1% FCS and 10 - 15 µCi of radioligand in < 5% 

DMSO/media (0% FCS) was added to each well. Plates for blocking studies were 

pre-treated with blocking agent for 10 minutes prior to addition of the radioligand. 

Plates for studies at reduced temperature (4°C) were precooled for 10 minutes 

prior to addition of the radioligand. 

Plates were incubated according to their respective time points and quenched 

by removal of the media and washing twice with 0.5 mL cold PBS. The fractions 

were combined and the radioactivity was measure in a gamma counter. Optionally 

the second washing step was replaced by an acid wash using 0.5 mL of cold 50 mM 

sodium acetate buffer (pH 5) followed by washing twice with 1 mL cold PBS. 

The cell pellet was lysed using 0.8 mL of cold 0.1M sodium hydroxide solution 

and the lysate was collected. The well was rinsed twice with 1 mL cold PBS and 

the radioactivity in the combined fractions was determined in a gamma counter. 

In cases where the cell pellet samples were analysed by a subsequent BCA assay 

the cell pellet was lysed via incubation in 150 µL of RIPA buffer for 10 minutes 

on ice.  The rinsing steps of the well were omitted, instead the lysis step was 

repeated once to give 300 µL of cell lysate. The radioactivity in the lysate was 

determined using a gamma counter and the samples were stored at -80°C. 
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4.4.6 BCA Assay 

Frozen samples were thawed after the radioactivity had decayed to an 

acceptable level (2 days). The samples were centrifuged at 13,000 RPM for 10 

minutes and the supernatant was collected. 

In a 96-well plate 50 µL of 2 mg/mL BSA standard was added to wells 1 & 2 

and a 1:2 serial dilution in PBS was performed vertically across column 1 & 2 in 

dublicates leaving the last well in each column empty. 25 µL PBS was added to 

the two remaining wells of column 1 & 2. 

25 µL of the sample cell lysate was added to empty wells in triplicates and 

200 µL of BCA reagent was added to the sample wells. The plates were incubated 

at 37°C for 30 - 60 minutes, agitated and the absorption at 562 nm was measured 

using a microplate reader. 
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4.4.7 Confocal Microscopy 

BT-474 cancer cells were seeded at a concentration of 50,000 cells/well and 

incubated at 37°C overnight. Subsequently, the media was exchanged with 200 uL 

of media containing 0% FCS and the following combinations of fluorescent dyes. 

Control wells contained either untreated cells, cells treated with azide fluor 

488 (4 µg/mL) or cells treated with Hoechst 33342 (1:500) and azide-fluor 488 

(4 µg/mL). Study wells contained cells treated with Hoechst 33342 (1:500/1:250) 

and different concentrations of MPC-1-1-488 (0.7, 7, 70 and 350 µg/mL). 

The plate was incubated for 2 hours at 37°C, the media was removed and cells 

were washed with PBS, fixed with 4% paraformaldehyde (PFA) for 10 minutes 

at room temperature. Following fixation, cells were washed twice with PBS and 

wells were imaged using a 405 and a 488 nm laser. 
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Chapter 5: In Vivo Studies 
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5.1 Introduction 

With the introduction of the Kefauver Harris Amendment to the FDA, which 

was a response to the thalidomide scandal in the 1950s that left numerous 

newborns with phocomelia, preclinical studies have become a necessary step 

towards the clinical application of any new drug. Due to the relatively low cost 

and space requirements, experiments in mice are usually the first step towards 

obtaining in vivo results. The different size of human physiology compared to 

rodents poses a significant technological challenge to the application of PET 

imaging in small animal subjects. Advances such as the development of dedicated 

small animal PET imaging devices underline the importance of preclinical studies 

in today's field of medical research.[192] With the introduction of state-of-the-art 

technologies such as hybrid PET/MR and PET/CT systems into the realm of 

small animal imaging, the level of sophistication has reached a level at least equal 

to the full-sized clinical systems which are in use today. 

Generally, PET imaging results obtained in mice compare well with results 

obtained from translation into humans.[193] However, there have been studies in 

the field of immunology but also in nuclear medicine concluding that translation 

of results obtained from animal experiments often fails due to a number of reasons 

such as underpowered studies, poor study design (lack of randomization / blinded 

assessment), insufficient standardization and translational problems.[194] 

An excitingly applicable preclinical approach is the use of so-called mouse 

avatars in co-clinical trials for the development of personalized therapeutic 

concepts.[195] Drug efficacy studies are performed in mice bearing patient derived 

xenografts (PDx) and results are applied directly to the patient. This approach 

has shown success in a clinical trial of patients with KRAS-mutant lung cancer.[196] 

With the help of small animal and human PET using [18F]FDG, researchers were 
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able to predict the most efficient line of treatment for individual lung-cancer 

patients. 

In Chapter 4 the biological properties of class 1 and 2 compounds were 

investigated in vitro. [18F]MPC-1-1 has emerged as a potential candidate due to 

its ability to differentiate between RAD001 sensitive and insensitive breast cancer 

cell lines. This Chapter describes in vivo studies of [18F]MPC-1-1 in murine 

xenografts of human breast cancer cells. 
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5.2 Results & Discussion 

5.2.1 Growth of Murine Xenografts 

Experiments to establish xenografts of 4 breast cancer cell lines in BALB/c 

nude mice were conducted. Due to difficulties establishing the slow growing cell 

lines the mouse model was changed to a different strain with higher 

immunodeficiency. NSG mice lack mature T cells, B cells and natural killer cells 

(NK) and are deficient in multiple cytokine signalling pathways. This increases 

the likelihood of tumour establishment. 

Estrogen pellets were used to ensure appropriate estradiol concentration in 

mice bearing estrogen receptor positive (ER+) BT-474 breast cancer cells. Mice 

were implanted with subcutaneous, slow-release estrogen pellets prior to 

inoculation with cancer cells. 5 million breast cancer cells in a 1:1 ratio with 

matrigel were injected subcutaneously into the flank or the shoulder. Matrigel 

aids the initial growth of cancer cells by providing a physical scaffold for the 

tumour to occupy. After inoculation, mice are initially monitored twice per week, 

with daily monitoring occurring for large tumour bearing animals.  

Figure 5-1 shows the growth curves of mice implanted with BT-474 cancer 

cells. After initial slow growth the tumour entered a rapid expansion phase. 

Imaging was performed on day 38 post inoculation. 
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Figure 5-1: Growth curves of BT-474 xenografts in NSG mice. 

Figure 5-2 shows the growth curve of MDA-MB-231 cancer cells in two NSG 

mice. The tumour sizes increased mostly linearly starting from day 0. On day 27 

the tumour growth increased its pace in both mice. Mice were imaged on day 40. 

 

Figure 5-2: Growth curves of MDA-MB-231 xenografts in NSG mice. 

Figure 5-3 shows the growth curve of MDA-MB-468 cancer cells in two NSG 

mice. The tumour sizes increased mostly linearly starting from day 0. This allows 
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confident prediction of tumour size progression which aids in experimental 

planning. Mice were imaged on day 21 and retained for possible re-imaging. 

 

Figure 5-3: Growth curves of MDA-MB-468 xenografts in NSG mice. 

HCC-1419 breast cancer cells did not show measureable growth 3 months after 

inoculation. Therefore, a murine xenograft of this cancer cell line could not be 

established. 
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5.2.2 Preclinical Imaging with [18F]MPC-1-1 

5.2.2.1 General 

Dynamic PET images were acquired with a 10-minute interval over a 90 or 

120 minute time-frame followed by a T1 weighted static MRI. Reconstruction was 

performed using Mediso's built-in quasi Monte Carlo simulation algorithm. 

Reconstructed images were analysed using the PMOD software package. PET 

and MRI images were aligned using the bladder as a reference point. Aligned 

images were processed by manually drawing volumes-of-interest (VOIs) around 

the tumour and muscle tissue and various other organs. Using the whole mouse 

uptake determined by fully integrating the field-of-view (FOV) of the PET image, 

the relative tissue uptake in various organs was calculated and expressed as 

% ID/ccm. 

5.2.2.2 PET/MR Imaging 

3D surface-rendered MRI images were generated using the PMOD 3D 

rendering tool. MRI images were smoothend with a Gaussian filter prior to 

rendering using the region growing method and a threshold of 700. 

Figure 5-4 shows a summary of 3D surface-rendered MRI images of all 8 mice 

used in imaging experiments. Two mice carry tumours in their flanks (M1, M2). 

The remaining mice bear tumours in the shoulders (M3, M4, M5, M6, M8 and 

M9). 
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Figure 5-4: 3D surface-rendered MRI images of tumour bearing NSG mice; Tumours are indicated 

with black arrows; BT-474 (top), MDA-MB-231 (bottom - left) and MDA-MB-468 (bottom - 

right). 

5.2.2.2.1 RAD001 Sensitive 

Maximum intensity projections (MIPs) are a way of visualizing 3-dimensional 

data in a 2-dimensional plane. Spatial or temporal MIPs show the brightest voxels 

along a space or time axis, respectively. 
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Figure 5-5: Coronal spatial MIPs of BT-474 bearing mice at 90 minutes post injection (left) and 

3D surface rendered MRI images (right). 
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Figure 5-5 shows spatial MIPs of the coronal plane of BT-474 bearing mice at 

90 minutes post injection (p.i.). All four mice show increased uptake in the area 

of the tumour. However, the MIPs are hampered by the significant organ uptake 

specifically in the intestines and the bladder. This indicates renal and 

hepatobiliary excretion of [18F]MPC-1-1 in mice. The lack of clearance of non-

specific uptake from the body limits the use of MIPs. This is typical for most 

fluorine-18 based small molecule PET agents. The relatively short half-life of 

fluorine-18 (110 min) does not permit a sufficiently long delay between tracer 

injection and image acquisition to allow for complete excretion of the molecule. 

Figure 5-6 summarizes selected slices of the tumour planes of BT-474 bearing 

mice. The tumour of M2 is in an exposed position on the left flank separating it 

well from the internal organs. The tumour centers of M1, M2 and M4 show 

reduced uptake compared to the outer layers of the tumour. This could be due to 

poor vascularization in overgrown tumours which is a common occurrence in fast 

growing tumours. In extreme cases the tumour center can become necrotic. By 

comparison, the tumour on M5 shows full penetration by [18F]MPC-1-1. The 

coronal and sagittal slices presented were centered on the tumour center. 

Comparison of the tumour sizes of M2 and M5 at the time of the imaging study, 

355 and 312mm3 respectively, suggests that the vascularization limit lies between 

these numbers. 

In all cases, comparison of the tumour uptake with the background in muscle 

tissue shows a tumour-to-muscle (T/M) ratio greater than 1. This suggests 

accumulation of the tracer in the tumour. 
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Figure 5-6: Coronal and sagittal planes of PET/MR (color) and MRI (grey) images of BT-474 

tumour bearing mice at 90 minutes p.i.. 

5.2.2.2.2 RAD001 Insensitive 

MIPs of MDA-MB-231 and MDA-MB-468 bearing mice showed similar 

biodistribution results compared to BT-474 bearing mice at 90 minutes p.i. 

(Figure 5-7). The images are overshadowed by large intestinal and bladder uptake. 

However, the tumour locations show no visible accumulation of tracer in either of 

the two RAD001 insensitive cell lines. 
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Figure 5-7: Coronal spatial MIPs of MDA-MB-231 and MDA-MB-468 bearing mice at 90 minutes 

post injection (left) and 3D surface rendered MRI images (right). 

Closer investigation of the tumour planes showed similar or reduced uptake in 

the region of the tumour compared to muscle tissue (Figure 5-8). T/M ratios 
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around 1 suggest no evident biological difference between the tumour and muscle 

tissue in terms of target concentration. Quantitative analysis of the T/M ratios 

of RAD001 sensitive and insensitive xenografts will reveal the potential of 

[18F]MPC-1-1 as a diagnostic tool for everolimus based treatment strategies. 

 

Figure 5-8: Coronal and sagittal planes of PET/MR (color) and MRI (grey) images of MDA-MB-

231 and MDA-MB-468 tumour bearing mice at 90 minutes p.i.. 
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5.2.2.3 Biodistribution in BT-474 Murine Xenografts 

The biodistribution of [18F]MPC-1-1 was investigated by analysis of acquired 

PET images. BT-474 bearing mouse M1 was selected to exemplify the 

quantitative organ uptake (Figure 5-9). Since MIPs across mice of the same cell 

line as well as across different cell lines were comparable, the results of this 

analysis can be a guide of the biodistribution in MDA-MB-231 and MDA-MB-

468 bearing mice. 

As strongly indicated by MIPs, [18F]MPC-1-1 is excreted through both the 

renal and the hepatobiliary pathway. Kidney uptake in the left and the right 

kidney is comparable and stabilizes at about 12% ID/ccm after a fast initial 

increase. After a short delay, bladder uptake followed the trend of the kidneys 

and reached an equilibrium at 24.1% ID/ccm. Tracer uptake in the intestines was 

slower rising constantly until the end of acquisition at 120 minutes. The intestines 

reached a final uptake of 15.2% ID/ccm. Liver uptake slowly dropped from 

11.3% to 7.6% ID/ccm after a rapid increase in the first 10 mintes post injection.   

 

Figure 5-9: Biodistribution of [18F]MPC-1-1 in a BT-474 tumour bearing NSG mouse (M1). 
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The slow increase of uptake in the heart is unexpected since the agent was 

injected intravenously. This could indicate accumulation in heart tissue due to 

specific or non-specific binding. 

Visual inspection of PET images suggested no brain uptake of [18F]MPC-1-1. 

Quantification of the tracer uptake showed 1.5% ID/ccm in brain tissue. Muscle 

uptake cleared from 2.5% ID/ccm at 10 minutes p.i. to 1.5% ID/ccm at 120 

minutes. Assuming that this level of tracer uptake correlates to general 

background radiation due to detector cross-talk, one could conclude that 

[18F]MPC-1-1 does not cross the blood-brain-barrier. 

Tumour uptake increased from 2.1% at 10 minutes p.i. to 3.0% ID/ccm at 50 

minutes p.i. and stabilized at this level until the end of acquisition. The level of 

tumour uptake is low compared to the overwhelming uptake in organ tissues. 

However, the ratio of tumour uptake compared to muscle uptake (T/M ratio) is 

in favour of the former. T/M ratios are pivotal to the generation of in vivo 

contrast using PET imaging agents. The following analysis will focus on the 

quantification of tumour and muscle uptake in murine RAD001 sensitive and 

insensitive breast cancer xenografts. 
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5.2.2.4 In Vivo Contrast 

Apart from other technical aspects, the contrast in PET imaging is determined 

by the difference between tumour and background uptake. When looking at 

subcutaneous xenografts the in vivo background is largely governed by the uptake 

in muscle tissue. Time-activity-curves (TACs) can be useful to determine the 

optimal imaging time point at which maximum contrast can be achieved. 

TACs showing the %ID/ccm of tumour and muscle tissue are shown in Figure 

5-11. A total of 8 mice were imaged bearing either BT-474, MDA-MB-231 or 

MDA-MB-468 subcutaneous xenografts. The TACs of mouse 1 and 2 (M1, M2) 

show the ideal trend. Tumour uptake increases over time and reaches a stable 

equilibrium without clearance. The muscle tissue shows high initial uptake which 

clears over time. This leads to excellent T/M ratios and therefore contrast. At 

equilibrium, about 75 minutes p.i., the tumour uptake in M1 is 3.0% compared 

to 1.5% ID/ccm in muscle tissue. This translates into a T/M ratio of 2.0. At 

equilibrium, M2 reached a T/M ratio of 1.7 with 2.8% tumour and 1.6% ID/ccm 

muscle uptake. Mouse 4 and 5 (M4, M5) show less pronounced forms of this trend, 

however the tumour uptake at equilibrium is always higher than the uptake in 

muscle tissue. 
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Figure 5-10: TACs of [18F]MPC-1-1 in RAD001 sensitive breast cancer xenografts; Uptake is 

expressed as % ID/ccm as determined by analysis of PET image data. 

The TACs of mice bearing RAD001 insensitive breast cancer xenografts show 

a profoundly different trend (Figure 5-11). The tumour uptake was generally 

lower or equal to the uptake in muscle tissue. This results in T/M ratios of 1 or 

lower. A T/M ratio of 1 means that tumour tissue cannot be discriminated from 

muscle tissue using PET images alone. 

M3 showed accumulation of [18F]MPC-1-1 in the tumour over time. The 

highest level of uptake however was 1.6% ID/ccm. Muscle uptake remained 

constant at 2.0% ID/ccm. The clearance profiles of tumour and muscle tissues in 

mice bearing MDA-MB-468 xenografts were mostly identical (M6, M8). 
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Figure 5-11: TACs of [18F]MPC-1-1 in RAD001 insensitive breast cancer xenografts; Uptake is 

expressed as % ID/ccm as determined by analysis of PET data. 

Comparison of uptake values between animals showed high correlation among 

muscle tissues in mice bearing RAD001 insensitive xenografts. The mean muscle 

uptake in M3, M6, M8 and M9 was 1.93% ± 0.08% ID/ccm. Tumour uptake in 

the same group was 1.74% ± 0.28% ID/ccm. By comparison, the mean muscle 

uptake in BT-474 xenograft bearing mice was 1.62% ± 0.12% ID/ccm and the 

mean tumour uptake was 2.72% ± 0.25% ID/ccm. Variability of tumour uptake 

in both groups seemed to be greater than the variability of muscle uptake. The 

lower muscle uptake in mice bearing RAD001 sensitive xenografts contributed to 

the increased T/M ratios observed in this group. However, significantly different 

tumour uptake was the key driver of in vivo contrast in this model (p < 0.004). 
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Figure 5-12 shows a summary of the tumour-to-muscle ratios over time. A 

T/M ratio of 1 means there is no difference in uptake and therefore tumour tissue 

cannot be differentiated from surrounding muscle tissue. A T/M ratio greater 

than 1 means tumour uptake is elevated and can produce contrast in PET images. 

T/M ratios lower than 1 relate to little or no uptake in the tumour.  

 

Figure 5-12: Tumour-to-muscle ratios of [18F]MPC-1-1 in murine xenografts over time; T/M ratio 

of 1 represented by dotted line. 

At the start of the image acquisition the T/M ratios of all mice are between 

0.5 and 1. Over the first 30 minutes, the RAD001 sensitive xenograft cohort begins 

to separate from the RAD001 insensitive cohort.  This trend continues until then 

end of acquisition at 90 minutes post injection. While some mice have reached an 

equilibrium at this time (M1, M2), others would have required a longer delay 

between the time of injection and the imaging time point to reach maximum T/M 

ratios (M4, M5). 
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Figure 5-13 shows the mean tumour-to-muscle ratios at 90 minutes p.i. (lines) 

and the individual results of each mouse (dots). Statistical analysis was performed 

using an unpaired, one-tailed, two-sample Student's t-test assuming unequal 

variances. Individual comparison of the RAD001 sensitive cell line BT-474 to each 

of the RAD001 insensitive cell lines showed statistically significant differences of 

the T/M muscle ratios between these groups. The mean T/M ratio in BT-474 

bearing mice was 1.7 ± 0.2 compared to 0.9 ± 0.2 and 0.8 ± 0.2 in MDA-MB-231 

and MDA-MB-468, respectively. 

 

Figure 5-13: T/M ratios at 90 minutes p.i. in BT-474, MDA-MB-231 and MDA-MB-468 cancer 

cell lines; Dots represent individual results; Lines represent mean. 

While T/M ratios can be used as a benchmark to distinguish between 

responsive and resistant patient cohorts, generally clinicians rather rely on relative 

tumour uptake. Figure 5-14 shows the mean tumour uptake at 90 minutes p.i. 

(lines) and the individual results of each mouse (dots). Even though the difference 

between the BT-474 and MDA-MB-231 cohorts was statistically significant, the 

study is too underpowered to establish a robust tumour uptake range that can be 

correlated to RAD001 sensitive tumours. A follow-up study with a larger number 

of animals is needed to strengthen these preliminary results. Ultimately, 
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preclinical and clinical therapy studies are required to establish [18F]MPC-1-1 as 

a PET marker capable of differentiating responders to everolimus combination 

therapy from non-responders. 

 

Figure 5-14: Tumour uptake at 90 minutes p.i. in BT-474, MDA-MB-231 and MDA-MB-468 

cancer cell lines; Dots represent individual results; Lines represent mean. 
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5.3 Conclusion 

Murine xenografts of BT-474, MDA-MB-231 and MDA-MB-468 breast cancer 

cells were grown in NSG mice and imaged using a PET/MR hybrid system. 

Qualitative and quantitative analysis of PET images showed significant remaining 

organ uptake of [18F]MPC-1-1 at 120 minutes post injection. Analysis of T/M 

ratios of RAD001 sensitive and insensitive cohorts showed significant differences 

between the two groups. Relative tumour uptake was significantly higher in BT-

474 compared to MDA-MB-231 xenografts. 
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5.4 Experimental 

5.4.1 Implantation of Estrogen Pellets 

Mice were anaesthetised by inhalation of isoflurane and the skin at the surgery 

site was disinfected with 70% ethanol. A 0.6 mm incision was made in the shoulder 

region of the mouse and a small pocket was fashioned under the skin with sterile 

tweezers. A 3 x 1 mm 0.72 mg slow release estrogen pellet (Innovative Research 

of America, NE-121) was inserted and the wound was closed with a single suture 

stitch (Covidien, 5-0 SL1689 polysorb). 

5.4.2 Inoculation Procedure 

Experiments were performed according to the guidelines published by the 

Australian Animal Ethics Committee (approval A2016/005321). 6 Weeks old 

female NSG (in house ARC) mice were injected subcutaneously into the shoulder 

or the flank with either 5x106 BT-474, MDA-MB-231 or MDA-MB-468 breast 

cancer cells in a 100 µL solution with or without Matrigel (1:1 with media; InVitro 

Technologies Pty Ltd, #354234) using a 0.5 mL insulin syringe fitted with a 29G 

needle. 

Tumour sizes and body weights were monitored daily for three days using a 

caliper and a balance. Tumour volume was calculated using the following formula 

where a is the largest and b is the shortest diameter of the tumour: ab2/2 [mm3]. 

Day zero denotes the day of inoculation. Mice were euthanized if excessive weight 

loss or general signs of sickness were registered or tumour sizes exceeded 

1000 mm3.  
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5.4.3 PET Imaging Procedure 

Animals were imaged in a dedicated small animal hybrid imaging system 

(Mediso nanoScan PET/MR, Budapest, Hungary). Mice were warmed up prior 

to radiotracer injection. A solution containing 18.5 MBq (500 µCi) radiotracer in 

100 µL of < 10% ethanol in saline was injected intraveneously into the tail vain 

using a 0.5 mL insulin syringe with a 29G needle. 

Animals were anaesthetized with isoflurane during the imaging procedure. 

Acquisition time was 10 minutes per bed. Reconstruction was performed with a 

trans-axial matrix size of 255 x 255 using the built-in quasi Monte Carlo 

simulation algorithm. To calculate %ID/ccm values a volume-of-interest (VOI) 

was drawn around the respective organ on cross-sectional PET images and the 

tracer uptake was determined (kBq/ccm). The organ volume was determined on 

the basis of the selected VOIs on cross-sectional MR images. An additional VOI 

around the entire field-of-view (FOV) of the PET images was drawn to measure 

the total injected dose (kBq). Relative organ uptake (%ID/ccm) was calculated 

by dividing the respective organ uptake (kBq/ccm) by the total injected dose 

(kBq). 
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Chapter 6: Conclusion & Outlook 

Cellular receptors are of undisputed significance in cancer medicine. As a 

result, academic and commercial entities have devoted substantial effort to the 

development of antibody therapies. However, the adaptive nature of cancers often 

requires a more sophisticated therapy approach. 

HER2 targeted antibody therapy has improved outcomes for some breast 

cancer patients. The development of clinical resistance has driven studies 

exploring the efficacy of combination therapies of HER2 targeting antibodies with 

other agents. The prominent role of mTOR has driven the rational design of 

BOLERO-1/3 phase III trials. Systemic detection of the mTOR activation status 

offers an exclusive opportunity to guide individual treatment strategies. 

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

can visualize specific processes in vivo with the help of tailor-made molecules 

called radiotracers. Given a suitable radiotracer, PET technology has proven its 

value in many diseases beyond cancer. However, developing a specific radiotracer 

that yields high contrast PET images is a challenge. 

While radiolabelled antibodies are capable of producing stunning PET images 

with exceptional contrast, their size render them unsuitable for intracellular 

targets such as mTOR. Small molecule protein inhibitors have been successfully 

adapted to accommodate PET radioisotopes. Due to the central role of mTOR in 

a number of cellular processes, ever more effective inhibitors are being developed 

by pharmaceutical companies, in addition to multiple existing FDA approved 
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molecules. This work took advantage of these efforts by selecting molecules that 

showed properties favorable for use as a PET imaging ligand. The structures were 

then altered to accommodate the introduction of fluorine-18. 

Chapter 2 described the organic synthesis of a series of benzofuran and 

imidazopyrazinone based molecules, which specifically bind to mTOR protein. 

The published synthetic strategies had to be altered to allow for late-stage 

fluorination. Chapter 3 explained the radiosynthesis of corresponding molecules 

to yield the fluorine-18 labelled PET ligands. This was achieved using Click 

Chemistry and direct nucleophilic substitution. 

Despite the clinical need for non-invasive detection of mTOR activation, no 

clinical or preclinical mTOR specific PET ligand has been published to date. 

There have been incidences where researchers introduced fluorine-18 into the 

structure of mTOR inhibitors by Wyeth and GSK. However, without thorough 

biological evaluation the biological properties of these molecules remain unkown. 

Therefore, PET images obtained using these uncharacterized ligands are 

meaningless. To achieve clinical impact, the specificity of new PET ligands has 

to be proven beyond doubt. 

In this work, chapter 4 and 5 focussed on the preclinical evaluation of potential 

PET ligands. A breast cancer model system was used to investigate the ability of 

new PET ligands to discriminate between high and low mTOR expression. 

Successful ligands showed consistently increased uptake in the positive group in 

in vitro and in vivo experiments. 

The fact that the developed molecular probe was successfully applied in mouse 

models is an important step towards clinical application. An intermediate 

milestone in the continuation of this work, could be the use of the developed PET 

ligand in patient derived xenograft (PDx) models in preclinical or co-clinical 

studies. This could be an innovative way of collecting further preclinical data in 
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a manner that is close to clinical application. Ultimately, these efforts would 

culminate in the clinical application of this PET ligand improving the standard 

of care for patients suffering from breast cancer and other diseases. 
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7.1 Abbreviations 

 

% ID/ccm percent of injected dose per cubic centimeter 

µ micron / micrometer 

µA microampere 

µL microliter 

µM micromolar 

µmol micromole 

2D-NOESY two-dimensional nuclear Overhauser effect spectroscopy 

Å angstrom 

ADP adenosine diphosphate 

AE adverse event 

AKT protein kinase B 

ATP adenosine triphosphate 

BALB/c laboratory-bred albino mouse strain 

BCA bicinchoninic acid 

cat. catalytic amount 

CBR clinical benefit rate 

CCK-8 cell counting kit-8 

ccm cubic centimeter 

CDI 1,1'-carbonyldiimidazole 

CLSM confocal laser scanning microscopy 

cm  centimeter 

CNT cell number titration 

COSY correlation spectroscopy 

CPM counts per minute 

CRM1 chromosomal maintenance 1 

CT computed tomography 

CuAAC copper catalyzed alkyne-azide Click Chemistry 

d doublet 

D distribution coefficient 
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DABCO 1,4-diazabicyclo[2.2.2]octane 

DAST diethylaminosulfur trifluoride 

DBU 1,8-diazabicyclo[5.4.0]undec-7-ene 

DCM dichloromethane 

dd doublet of doublets 

DEPT distortionless enhancement by polarization transfer 

DFT density functional theory 

DIPA diisopropylamine 

DIPEA diisopropylethylamine 

DLT dose-limiting toxicities 

DMA dimethylacetamide 

DMAP 4-dimethylaminopyridine 

DMEM Dulbecco's Modified Eagle's medium 

DMF dimethylformamide 

DMFDMA dimethylformamide dimethylacetal 

DMSO dimethylsulfoxide 

DNA deoxyribonucleic acid 

dppf 1,1'-ferrocenediyl-bis(diphenylphosphine) 

dt doublet of triplets 

e- electron 

e+ positron 

EA ethylacetate 

EDG electron donating group 

EGF epidermal growth factor 

EGFR epidermal growth factor receptor 

EOS end of synthesis 

Ep proton energy 

eq equivalents 

Eq. equation 

ER endoplasmic reticulum 

ER+/- estrogen receptor positive/negative 

ERK extracellular signal-regulated kinase 
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ESI electrospray ionization 

EWG electron withdrawing group 

ex excess 

FBS fetal bovine serum 

FCS fetal calf serum 

FDA United States food and drug administration 

FDG fluorodeoxyglucose 

FKBP12 FK506 binding protein 12 

FKHR see FOXO1a 

FLT fluorothymidine 

FOV field-of-view 

FOXO1a forkhead box protein O1a 

G-6-P-DH glucose-6-phosphate dehydrogenase 

GBq gigabecquerel 

GCMS gas chromatography coupled to mass spectrometry 

gHSQCAD gradient heteronuclear single quantum coherence 

 adiabatic 

GMP good manufacturing practice 

Gtautomer Gibbs free energy of tautomer 

GTS Gibbs free energy of transition state 

h hour 

HER2+/- human epidermal growth factor receptor 2 positive/ 

 negative 

HR+/- hormone receptor positive/negative 

Hsp90 heat shock protein 90 

HSQC heteronuclear single quantum coherence 

HTR-FRET homogeneous time-resolved fluorescence resonance energy 

 transfer 

HTS high throughput screening 

Hz hertz 

IC50 inhibitory concentration 50 

IE ion-exchange 
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IGFR insulin-like growth factor receptor 

IR infrared 

IRS1 insulin receptor substrate 1 

K kelvin 

K222 kryptofix 2.2.2 

kcal kilocalories 

keV kiloelectronvolt 

kHz kilohertz 

kJ kilojoules 

kryptofix 2.2.2 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane 

l incident particle flux per second 

LCMS liquid chromatography coupled to mass spectrometry 

logD common logarithm of D 

logP common logarithm of P 

m multiplet 

M or N molar 

m/z mass (m) to charge (z) ratio 

MAPK mitogen-activated protein kinase 

mbar millibar 

MBq megabecquerel 

mCi millicurie 

MeV megaelectronvolt 

min minutes 

MIP maximum intensity projection 

mm millimeter 

MPC mTOR PET compound 

MRC mTOR reference compound 

MRI magnetic resonance imaging 

MS mass spectrometry 

MsCl methanesulfonyl chloride 

mTOR mammalian target of rapamycin 

mTORC1 mTOR complex 1 
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mTORC2 mTOR complex 2 

MW molecular weight 

mw microwave assisted heating 

n neutron 

n target thickness in nuclei per cm2 

n.c.a. no carrier added 

n.d.c. non decay-corrected 

NADPH/NADP+ nicotinamide adenine dinucleotide phosphate 

NC negative control 

NIS N-iodosuccinimide 

NK natural killer cells 

nm nanometer 

NMR nuclear magnetic resonance 

NRG neuregulins 

NSG NOD scid gamma mice 

OAc acetate 

OD optical density 

ORR objective response rate 

ORTEP Oak Ridge thermal ellipsoid plot 

OS overall survival 

OTf trifluoromethansulfonate 

OTs 4-toluenesulfonate 

P octanol/water partition coefficient 

p proton 

p.i. post injection 

pAKT phospho-AKT 

PAPS 3'-phosphoadenosine-5'-phosphosulfate 

PBS phosphate buffered saline 

PDK1 phosphoinositide-dependent kinase-1 

PDx patient derived xenograft 

PET positron emission tomography 

PFA paraformaldehyde 
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PFS progression-free survival 

PI3K phosphatidylinositide 3-kinase 

PIK3CA p110α encoding gene 

PIP3 phosphatidylinositol (3,4,5)-trisphosphate 

PLC programmable logic controller 

pmol picomole 

PMT photomultiplier tube 

ppm parts per million 

PR+/- progesterone receptor positive/negative 

pS6 phospho-S6 

PTC phase transfer catalyst 

PTEN phosphatase and tensin homolog 

p-TsOH para-toluenesulfonic acid 

PVP polyvinyl pyridine 

PyFluor 2-pyridinesulfonyl fluoride 

QED quantitative estimate of drug-likeness 

R rate 

R1 FlexLAB reactor 1 

R2 FlexLAB reactor 2 

RAD radiation trace in liquid chromatography 

RAD001 everolimus 

RAF rapidly accelerated fibrosarcoma 

Rag recombination-activating gene 

RAPTOR regulatory associated protein of mTOR 

RCY radiochemical yield 

RE1/2 ring expansion 1/2 

res. resolution 

Rheb-GTP Ras homolog enriched in brain bound to guanosine 

 triphosphate 

RICTOR rapamycin-independent companion of mTOR 

RIPA radioimmunoprecipitation assay 

Ro5 rule of five 
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RP radiochemical purity 

RP-HPLC reversed-phase high-performance liquid chromatography 

RPMI Roswell Park Memorial Institute medium 

RT room temperature 

RTK receptor tyrosine kinase 

s singlet 

SAR structure activity relationship study 

SD standard deviation 

SEGA subependymal giant cell astrocytoma 

Ser serine 

SET single electron transfer 

SN2 bimolecular nucleophilic substitution 

SPE solid phase extraction 

SPECT single-photon emission computed tomography 

SRB sulforhodamine b 

t triplet 

T/M tumor-to-muscle ratio 

TAC time-activity-curve 

TBAF tetra-n-butylammonium fluoride 

TBDMS tert-butyldimethylsilyl 

TBTA tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine 

TCA trichloroacetic acid 

TEA triethylamine 

TFA trifluoroacetic acid 

TfOH trifluoromethanesulfonic acid 

THF tetrahydrofuran 

Thr threonine 

TKI tyrosine kinase inhibitor 

TLC thin layer chromatography 

TMS trimethylsilyl 

tR retention time in liquid chromatography 

Tris-base 2-amino-2-(hydroxymethyl)propane-1,3-diol 
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TS transition state 

TsCl 4-toluenesulfonyl chloride 

TsF para-toluenesulfonic fluoride 

U enzyme unit 

UDPGA uridine 5'-diphospho-α-D-glucuronic acid 

US ultrasound 

UV ultraviolet visible 

v. vacuum 

VIS visible light 

VOI volume of interest 

w. water 

x distance 

xJYZ spin coupling between atoms Y and Z over x bonds 

ΔG change in free energy 

ΔG‡ energy of activation 

λ radioactive decay constant 

σ cross section 
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7.5 Cytotoxicity Assay 

       

 

       

 

IC50 [µM] MPC-1-1 MRC-1-1 MRC-1-2 MPC-2-1 MRC-2-1 

BT-474 47.06 1.891 8.092 1.694 2.072 

HCC-1419 133 18.14 22.97 2.661 3.739 

MDA-MB-231 10.17 1.629 6.376 12.32 30.51 

MDA-MB-468 23.05 1.223 5.563 4.217 4.696 
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