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Abstract 

Tropomyosin receptor kinases TrkA/B/C family supports neuronal growth, survival and 

differentiation during development, adult life and ageing. Downregulation of TrkA/B/C is a 

prominent hallmark of numerous neurological disorders including Alzheimer disease (AD). 

Abnormally expressed or overexpressed full length or fusion TrkA/B/C proteins which bear 

oncogenic potential and were shown to drive tumorigenesis in a variety of neurogenic and non-

neurogenic human cancers are currently the focus of intensive clinical research. The study, both 

in oncology and neurology, of the spatiotemporal alterations in TrkA/B/C expression and density 

or the determination of target engagement of emerging antineoplastic kinase inhibitor drugs with 

those receptors in normal and diseased tissue is crucially needed but has however remained 

largely unexplored due to the lack of suitable non-destructive analytic tools. Here, we aim to 

develop and provide multi-species validation of carbon-11- and fluorine-18-labeled positron 

emission tomography (PET) radiotracers based on purposely designed small molecule kinase 

catalytic domain-binding inhibitors of TrkA/B/C.  

We first demonstrate that pan-Trk selective inhibitor scaffolds which target both the active DFG-

in and inactive DFG-out kinase conformations can be rationally modified to yield suitable 

compounds for translation into PET radiotracers.  In particular, the carbon-11 isotopologue of 

the preclinical 4-aza-2oxindole lead GW441756 is characterized as the first brain penetrant Trk 

radiotracer based on rodent PET experiments in vivo. Using human neuroblastoma tissue, it is 

also shown that type-I pan-Trk-selective radiotracers, including [11C]GW441756, enable tumor 

visualization selectivity, based on TrkB status in vitro.  

Subsequently, we show that impediments associated with the development of orthosteric 

tracers for intracellular in vivo neuroimaging of protein kinases can be addressed via thorough 

structure-activity relationship (SAR) screening such as generating a lead suitable for human 
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use. From the screening of an imidazo[1,2-b]pyridazine-based pan-Trk inhibitors library, 

followed by the in vivo assessment of multiple radiotracers from this series, we provide the 

detailed evaluation of [11C]-(R)-IPMICF16 as the first TrkB/C-targeted lead radiotracer with 

suitable properties for neuroimaging in human. The evaluation presented includes PET imaging 

studies in four species from mice to first-in-human as well as Trk kinase inhibitor target 

engagement confirmation using the phase II clinical inhibitor entrectinib in mice. Relying on 

extensive human kinome analyses, we also show that (R)-IPMICF16 constitutes both the most 

potent and most selective TrkB/C inhibitor known to date. We furthermore demonstrate that this 

lead efficiently enables the discrimination of AD versus healthy control brains based on 

hippocampal binding in human in vitro. 

We present additional efforts in our exploration of Trk radiotracers with the development of an 

18F-labeled quinazoline-based pan-Trk lead which displays suitable properties for in vivo 

translation and favorable Trk activities, including towards clinically relevant Trk oncogenic 

drivers such as TrkA-TPM3. Finally, current work in the second generation optimization of our 

[11C]-(R)-IPMICF16 clinical lead is described. Of interest, it is shown that a state-of-art copper-

mediated 18F-fluorination technique can be used to secure the inactivated 18F-arene moiety of 

our new lead tracer, [18F]-(R)-IPMICF17.  

The Trk-targeted probes delineated here represent a novel class of molecular imaging 

radiotracers for the non-invasive and in-depth interrogation study of signal transduction at the 

interface of oncology and neurology. Globally, the results presented entail the further 

exploration of Trk radiotracers as a novel tool for the study and diagnosis of human 

neurodegenerative diseases and patients identification in the context of personalized oncology. 
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Chapter 1 

1.1 Overview of radiopharmaceutical development 

Throughout the last decades, the use of radiotracers in medical research has provided 

unique insights and supported fundamental advances in neurology, oncology and cardiology.
1-3
 

In nuclear medicine, the study of radiopharmaceuticals suitably labeled with gamma- (J) or 

positron-emitting (E+) isotopes offers a powerful way to achieve three-dimensional distribution 

imaging through the use of single photon computed tomography (SPECT) and positron 

emission tomography (PET). In particular, PET enables quantitative dynamic imaging with both 

high spatial resolution (~2 mm) and remarkable sensitivity (~10
-12 mol•L-1) via the detection of 

coincidental annihilation high-energy photons originating from E+ decay. Beyond sensitivity and 

resolution, another advantage of PET relates to the diverse nature of chemically appropriate E+-

emitting radioisotopes available which can be incorporated into biologically relevant molecules. 

Most notably, the use of carbon-11 (t1/2 = 20.38 min) and fluorine-18 (t1/2 = 109.8 min) offers the 

possibility of investigating exact isotopologues or minor structural derivatives of bioactive 

organic compounds or prospective pharmaceuticals. PET tracers often provide specific data 

relating to enzyme functions, diseases pathophysiology or expression levels of specific 

receptors or other relevant biomarkers – data which would otherwise be impossible to collect 

non-invasively with other currently available techniques. In the context of neuroimaging, which 

constitutes a central theme of the current thesis, PET is uniquely positioned to delineate proof-

of-mechanism of emerging drugs, clarify dosing protocols via occupancy studies or assess brain 

penetration of peripherally administered drug candidates and has therefore played an increasing 

role in drug development and discovery.
4-6
 Importantly, despite those major progresses, the 

development of PET radiotracers remains altogether a time-consuming, high cost, iterative and 

empirical process which faces substantial attrition rates, like drug development itself.  Those 

limitations are best illustrated in the light of the fact that only a few dozen protein targets have 
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been successfully visualized using PET neuroimaging so far in human,
7
 such coverage 

representing less than 0.01% of the brain proteome.
8-9
  

 

Figure 1.1. Overview of PET radiopharmaceutical development. 

 

Figure 1.1 provides an overview of the radiopharmaceutical development process from 

the identification of medically relevant target to the resulting clinical application.
10
 In broad 

terms, the underlying challenge behind the development of PET radiotracers resides in the fact 

that only a minute mass of material has to distribute and reach a target tissue or region in vivo, 

then engage this target whilst generating minimal non-target signal. Crucially, this has to be 

achieved while surviving metabolism.
11
 Such stringent criteria preclude most compounds to 

serve as suitable candidates for radiotracer development and require careful selection 

parameters and often extensive structure-activity relationship (SAR) screenings prior to in vivo 

imaging experiments. Upstream of imaging considerations, the planning of radiochemical routes 
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to access lead tracers and the synthesis of the corresponding precursors as well as relevant 

cross validations using cellular or tissue autoradiography techniques should be well-thought-out. 

In this thesis, each step from the identification of an unmet clinical need to first-in-human 

imaging will be detailed and discussed. A description of our molecular target is provided below. 
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1.2 Trk family of neurotrophin receptors 

1.2.1 Trk signaling and role in neurobiology. Tropomyosin receptor kinases A, B and C 

(TrkA, TrkB and TrkC – also referred to as tropomyosin-related kinases) are single-pass type I 

transmembrane tyrosine kinases encoded by the NTRK1, NTRK2 and NTRK3 genes, 

respectively, which are predominantly found in various subsets of neurons.
12-13

 Those receptors  

are 3 homologous members of the kinome which, in human, encompasses 518 related 

proteins.
14
 TrkA, TrkB, and TrkC, are most responsive to their respective primary neurotrophic 

ligands: nerve growth factor (NGF),
15-16

 brain-derived neurotrophic factor (BDNF)
17
 and 

neurotrophin-3 (NT-3).
17-18

 Neurotrophin-4 (NT-4) has also been characterized and shown to 

primarily interacts with TrkB.
19
 Extracellular recognition of neurotrophins, which occur as 

noncovalent dimers,
20-21

 by their cognate Trk receptors induce dimerization and trans-

autophosphorylation of tyrosine residues in the receptor’s cytosolic catalytic domain.13  The 

ensuing activation of downstream signal transduction pathways, mitogen-activated protein 

kinase (MAPK/Erk), phosphatidylinositol 3-kinase (PI3K) and phospholipase Cγ (PLCγ), 

mediates neuronal survival and differentiation in developing and mature neural circuits and 

significantly affects the functional properties of neurons in both the central nervous system 

(CNS) and the periphery.
22-23

 The cytoplasmic domains of Trk receptors each include 5 tyrosine 

residues which upon phosphorylation provide docking sites for several effector/adaptor proteins. 

Briefly, phosphorylation at the juxtamembrane tyrosine Tyr490/515 (TrkA/B) activates PI3K via 

translocation and activation of Akt promoting survival.
24
 PI3K signaling also enhances RNA 

translation supporting neuronal development and dendritic arborisation via the mammalian 

target of rapamycin (mTOR) (Figure 1.2).25-27 Differently, phosphorylation at the tyrosine residue 

close to C-terminal region triggers phospholipase Cγ (PLCγ) activation leading to the 

intracellular release of Ca
2+
. Calcium release in turn increases presynaptic neurotransmitter 

release as well as activation of Ca
2+
-calmodulin-regulated protein kinase (CaMKII) and protein 

kinase C (PKC) resulting in a rise in AMPA receptor expression.
28-29

 Postsynaptic Trk activation 
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can also directly modulate glutamate receptors activity and increase actin polymerization.
29-30

 In 

addition, mitogen-activated protein kinase (MAPK) pathway activation results in pre- and 

postsynaptic pro-survival gene transcription while favoring neurotransmitter release via synapsin 

phosphorylation (Figure 1.2).29, 31-33
 Thereupon, Trk receptors play pivotal roles in 

synaptogenesis, plasticity and neuron survival during embryogenesis as well as for the 

maintenance of the mammalian nervous system.
29
  

In addition to full-length Trk receptors (herein referred as Trk), truncated spliced variants 

such as TrkB.T1 (gp95
TrkB
) and TrkB.T2 which lack kinase domain activity but act as dominant 

negative regulators are also found extensively within the nervous system.
34
 All neurotrophins 

also non-selectively interact with another structurally unrelated receptor, the low affinity 

neurotrophin receptor (p75
NTR
), member of the tumor necrosis factor receptor superfamily (TNF 

receptors).
35
 The p75

NTR
 receptor has been mostly characterized for its involvement in neuronal 

apoptosis signaling but was also shown to act as a co-receptor with Trk, enhancing 

neurotrophin affinity while conferring increased selectivity.
36-38

 As discussed in some detail 

below, dysregulation of Trk expression and signalling can potentiate many aberrant 

physiological processes that negatively impact human health.  Substantial evidence has 

emerged over the last decade that implicates irregular Trk signalling in a multitude of 

neurodegenerative diseases including Alzheimer’s (AD), Huntington’s (HD), and Parkinson’s  

(PD) diseases for example.
39
 Neurotrophins and Trk signalling, particularly through TrkA, also 

play significant roles in peripherally derived ailments such as atopic dermatitis, psoriasis, 

nociceptive pain, and Chagas disease.
40
  Pathological over-expression and activation of Trk in 

non-neural tissues are involved in many cancers.
41-43

 Perhaps most significantly, NTRK1/2/3 

gene rearrangements leading to oncogenic Trk proteins expressing intact Trk kinase domains 

have been identified increasingly in recent years for multiple tumor histologies suggesting that 

Trk oncogenic fusions may be a wide spread but low frequency occurrence in human cancer.
44
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Albeit less studied, most signaling pathways relevant to full-length Trk receptors, initially studied 

in rat adrenal pheochromocytoma (PC12) then later in diverse primary neuron cultures (Figure 

1.2), are anticipated to be relevant in the context of Trk fusion proteins as well.44-47  

 

Figure 1.2. Overview of synaptic functions mediated by neurotrophins/Trk receptors (NTs: neurotrophins; 
PLCγ: phospholipase Cγ pathway; MAPK: mitogen-activated protein kinase; MYO6: motor myosin VI; 
NMDAR: N-methyl-D-aspartate -type glutamate receptor; CaMKII: calmodulin-dependent kinase II; PKC: 
protein kinase C; AMPAR: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid-type glutamate 
receptor; TRPC: transient receptor potential cation channels; PP2A: protein phosphatase 2A;  GABAARs: 

γ-aminobutyric acid (GABA) receptors; (PI3K)–AKT: phosphoinositide 3-kinase-protein kinase B;  ARC: 
activity-regulated cytoskeleton-associated protein; cAMP: cyclic AMP). (adapted from Park et al.29) 

 

The study of the relevance of Trk kinase signalling is profoundly intertwined in the very 

history of oncology and neuroscience.
48
 The discovery and initial characterization of NGF, the 

prototypical neurotropic factor, was detailed in a series of seminal contributions at the turn of 

1960 led by Levi-Montalcini resulting in the isolation of the protein.
49-52

 Those findings were 

immediately followed by the demonstration of the remarkable growth promoting nature of NGF 

and the concurrent dramatic effect leading to the near obliteration of the sympathetic nervous 
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system in vivo in mice upon treatment with anti-NGF serum.53-54 Not only was NGF the first 

“growth factor” described, which at the time was a profound conceptual discovery,55-56 the 

“immunosympathectomy” experiments described with the anti-NGF serum also represent the 

first phenotypic knockout using antibodies
57
 – both discoveries ultimately having a profound 

impact beyond developmental neurobiology, most notably in oncology. Extensive work in the 

ensuing decades led to the full description of the additional neurotrophins BDNF
58-59

 and NT-3
60-

61
 (and later on NT-4

62
). However, the identity of the receptor family responsible for the trophic 

action of those factors remained elusive for over three decades. In parallel, increasing work in 

the 1980s, pioneered by Barbacid and colleagues, led to the characterization of various 

oncogenes in some cases containing activable tyrosine kinase (TK) sequences.
 63-64

 One the 

first identified such transforming gene was trk, which was originally described from transfection 

studies of a human colon carcinoma and shown to contained a nonmuscle tropomyosin gene 

fused with a novel transmembrane and kinase domain sequence (hence the nomenclature trk – 

in reference to Tropomyosin-Receptor-Kinase).
64-66

 Further studies showed that the transcription 

of the human trk proto-oncogene was tightly regulated during mouse embryonic development 

and restricted to specific regions of the peripheral nervous system (PNS).
67
 Other proto-

oncogenic receptors from the same family, namely trkB and trkC  were also identified in 

neurons, engendering the expectation of a specific and crucial role for those receptors in 

neuronal development while the nature of the possible ligands of those receptors was 

indefinite.
68
 The recognition that the receptor responsible for the trophic activity of NGF 

contained a phosphokinase domain came in 1991.
69
 The same year, two groups showed that 

NGF was indeed the obscure TrkA (trk proto-oncoprotein) ligand,
15, 70-71

 providing remarkable – 

and somewhat unexpected at the time – demonstration of the  bridge which exists between 

oncology and neurobiology with regard to Trk receptors.
72
 

Among the large body of evidence including cellular and in vitro studies gathered 

through decades of detailing the influences of Trk in the mammalian nervous system, perhaps 
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the most striking indication of the centrality of Trk signaling comes from the study of Trk receptor 

knockout mice.
73-74

 Knockout mice for all Trk receptors have been studied and showed to exhibit 

dramatic phenotypes (also true in the case of NGF, BDNF and NT-3 knockouts). For example, 

TrkA null mice have reduced response to painful stimuli and show massive neuronal loss in 

sympathetic nervous system ganglia.
75
 Those animals display limited changes in the CNS but 

die within 3 weeks of birth. In contrast, neuronal losses in TrkB-/- mice are comparatively limited 

except in CNS motor neurons but animals fail to feed and die within the first hours following 

birth.
76
 Finally, TrkC knockouts ultimately present proprioceptive defects and die before 1 month 

of age despite appearing relatively normal at birth compared to other Trk deficient mice.
77
  

Collectively, those data unveil the complex and crucial nature of Trk in neuronal processes and 

brain function.  

1.2.2 Trk structure and normal expression.  From a structural standpoint, all Trk receptors 

share a common architecture which includes a highly organized and N-glycosylated N-terminal 

ectodomain (ECD) connected to a transmembrane region (TM) followed by an archetypal C-

terminal cytoplasmic kinase domain (KD) (Figure 1.3).78-80 On both sides, the TM domain is 

flanked by sequences of residues, about 30 on the N-terminal ectodomain region and 60 on the 

cytoplasmic C-terminal side respectively, which lack determined secondary structures and allow 

for overall receptor flexibility and regulation.
81-83

 Crystallographic data of the distinct regions of 

Trk receptors (ECD, TM and KD) have been reported and have provided a mechanistic 

rationalization for receptors functionality.
36, 78-79, 81, 84

 The extracellular domains of TrkA/B/C 

display three leucine-rich repeats entrapped between two cysteine clusters (domains D1-D3) 

which are joined towards the membrane to two successive immunoglobulin domains, Ig-1 and 

Ig-2 (D4, D5, Figure 1.3). Only the crystal structure of the full ECD TrkA domain has been 

described, that is in complex with dimeric NGF in a 2:2 ligand receptor cluster.
78
 Those data, 

alongside reports of 2:2 TrkA-D5/NGF and TrkB-D5/NT-4 complexes as well as the individual 

unliganded TrkA-D5, TrkB-D5 and TrkC-D5 crystallized segments have provided direct 
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evidence that the D5 (Ig-2) subdomains are primarily responsible for neurotrophin interaction 

and specific recognition (vide infra, and Figure 1.7).85-87 

 

Figure 1.3. (A) Sequence of human TrkA. Residues from the extracellular domain are shown in cyan.  
Residues from the transmembranar domain are shown in pale blue. Residues from the kinase domain are 

shown in dark blue. The residues corresponding to the kinase domain are framed. Key structural 

elements are shown above the sequence (green). Identical residues are underlined (kinase domain only). 

(B) Structure overview of the full TrkA receptor (D1-D5: domain 1-5; C1/3: cysteine cluster 1/3; LRR: 

leucine-rich repeat; Ig-1/2: immunoglobulin domain 1/2, TM: transmembranar domain). 

  

 The sequence homology found in the Trk ECDs, although important, is comparatively 

small relative to the kinase domains. Comparison of the crucial D5 unit for example reveals 41-

44% pairwise sequence identity between TrkA/B/C. In contrast, the corresponding intracellular 

kinase domains are not only architecturally conserved but also bear a particularly high degree of 

sequence homology within the Trk family; TrkA, TrkB, and TrkC share between 71.9% to 78.3% 

sequence homology, with TrkB and TrkC being the closest homologues (Figure 1.3A). The 
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catalytic domain consists of an archetypal bi-lobed catalytic core structure where ATP binds in a 

deep cleft located between the N- and C-terminal lobes (Figure 1.3B, see also Figure 1.9), 

forming key hydrogen bonds between the adenine ring and the hinge segment that connects the 

two lobes.
79
  The apo crystal structures of TrkA and TrkB have been reported.

79
 Otherwise, all 

available X-ray data involving the Trk kinase domains are co-crystal inhibitor-bound structures 

gathered in the development small molecules tyrosine kinase inhibitors (TKIs) programs. Details 

regarding the kinase domain plasticity in this context will be provided in the section describing 

the development of Trk TKIs as a drug class (section 1.2.4.2). 

 Multiple lines of evidence have confirmed the expected regional CNS TrkA/B/C 

expression deduced via early cellular analyses and phenotypic observations made with 

knockouts for example. In key studies, using iodinated human recombinant NGF 
125
I-rhNGF, 

Altar and colleagues
88-89

 quantified regionally limited high affinity binding sites (e.g. TrkA) in the 

rat brain (Figure 1.4A-E). This work and previous in situ hybridization experiments90 confirmed 

the highly restricted nature of TrkA expression in the mammalian CNS which is found almost 

exclusively in cholinergic neurons of the  basal forebrain and caudate-putamen. Highest specific 

binding levels of 
125
I-rhNGF corresponding to TrkA binding sites were not only discrete but also 

low in density in the rat brain with Bmax values ≤ 13 fmol/mg of protein. Similar regional binding 

experiments, combining hybridization and radiolabelled neurotrophins binding, were also 

conducted for TrkB and TrkC with rodent and human brains (Figure 1.4F-L).91-93 Those 

experiments confirmed that, in comparison to TrkA, TrkB expression is extensive and near-

ubiquitous in mammalian CNS. Comparative binding experiments using 
125
I-BDNF, 

125
I-NT-3 

and 
125
I-NT-4 showed binding distribution matching TrkB/C hybridization. However, only the high 

affinity binding site of 
125
I-NT-3 (which mainly interact with TrkC but display also interact to a 

lesser extent with TrkB) were quantified in the rat brain and showed to exceed by over 3-fold 
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that of 
125
I-rhNGF in the highest 

125
I-rhNGF binding regions and by much higher proportions in 

other regions. 

 

Figure 1.4. Expression of Trk in the rodent CNS. (A) Sagittal depiction of the mouse brain (caudate/ 
putamen/ basal forebrain outlined). Analogous sections corresponding to (B,C,E) NTRK1, (G,H,I) NTRK2 
and (J,K) NTRK3 transcripts analyzed by in situ hybridization in the Allen Brain Atlas project. Images are 
taken from the Allen Brain Atlas (http://mouse.brain-map.org). Image credit: Allen Institute for Brain 

Science. (D) Quantitative map of displaceable 
125
I-rhNGF binding in rat brain. (F,L) Representative 

autoradiographs and in situ hybridization data for labeled neurotrophins and NTRK (rat brain). (M) 
Representative autoradiograms illustrating the distribution of 

18
F-7,8-DHF in baseline, self-block and 

BDNF competition  experiments (rat brain). (N) Chemical strucutre fo 
18
F-7,8-DHF and (O) surface 

rendering of BDNF/NT-3 (PDB ID: 1BND) (adapted from refs.
88, 93-94

 ). 

 

Hybridization data also showed that probes targeting the ECD and KD of TrkB had 

widespread but non-overlapping distributions. While full-length TrkB receptors targeted by KD-

binding probes were found exclusively expressed in neuronal populations and virtually absent 

from white matter, truncated variants were found extensively in non-neural cells when using the 
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ECD-binding probe in addition to the neuronal populations seen with the KD riboprobe 

(indication of truncated TrkB binding). Considering that sufficient target density is one of the 

central requirements for the development of a PET radiotracer, the expectation that catalytically-

competent full-length TrkB receptors display a relative high capacity and distribution in most 

neurons of the mammalian CNS is noteworthy. In the pursuit of the first TrkB-targeted PET 

radiotracer, we have shown previously that the TrkB binding topology observed in the rat brain 

in vitro could be recapitulated using the small molecule BDNF mimic radioligand 18F-7,8-DHF as 

a surrogate for the large dimeric 
125
I-BDNF probe (Figure 1.4L-O).94 However, 18F-7,8-DHF and 

ECD-binding tracers in the context of TrkB especially, intrinsically fail to differentiate between 

full-length and truncated populations of receptors – which would be crucial. 

1.2.3 Trk in human diseases 

1.2.3.1 Role of Trk in neurological diseases. The many roles of Trk dysregulation in the context 

of neurological disorders and neurodegenerative diseases have been reviewed extensively.
39, 95

 

Briefly, changes in expression level or dysfunctional Trk signalling have been linked to a 

plethora of neurological conditions, chief among which is AD (see discussion in Chapter 5 for a 

more detailed overview in the context of AD).
96-100

 Other conditions and diseases associated 

with changes in TrkA/B/C function include PD,
101-102

 HD,
103-104

 Rett’s syndrome,105-106 Down’s 

syndrome,
107-108

 amyotrophic lateral sclerosis,
109
 epilepsy,

110-111
 ischemic brain injuries

112-113
 and 

anxiety disorders.
114
  

1.2.3.2 Role of Trk in cancer. Accumulating in vivo preclinical evidence and in vitro human data 

have indicated the involvement of neurotrophin-mediated autocrine/paracrine signaling of Trk 

proto-oncoproteins in the aggressiveness and metastatic potential of different human 

neoplasms.  Examples of cancers where full-length Trk receptors signaling or overexpression 

were shown to play pro-tumorigenic roles include breast (TrkA/TrkB),
115-116

 prostate cancers 

(TrkA/TrkB),
117
 adrenal cancer (TrkA),

118
 esophageal cancer (TrkA),

118
 ovarian cancer (TrkA), 
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pancreatic cancer (TrkA/TrkB),
42, 118

 colorectal cancers (TrkATrkB),
43
 as well as 

neuroblastoma.
41
 As further discussed in Chapter 3, the case of neuroblastoma is of partilucar 

interest since TrkA/C and TrkB expressions have been associated with drastically opposite 

clinical outcomes, leading to good and poor prognoses respectively.
119-120

 In addition, TrkB and 

TrkC signaling has recently been implicated in the growth of brain tumor-initiating cells.
121
 

The centrality of NTRK fusions in human cancer has become evident with recent 

analyses. Those realisations have been fueled by the rise of next-generation sequencing (NGS) 

techniques, which revealed that oncogenic NTRK1/2/3 gene fusions are recurrent occurrences 

in human cancer, well beyond the initially described TPM3-NTRK1 mutation in colorectal 

cancer
65, 122

 and ETV6-NTRK3 identified in congenital mesoblastic nephroma and secretory 

breast cancer.
123-125

 The diversity and incidence of NTRK1/2/3 oncogenic fusions, which are 

now recognized in approximately twenty cancer types, have been reviewed recently (Figure 

1.5B).44, 126-127 NTRK gene fusions are rare occurrences in common neoplasms, such as 

NSCLC, and are displayed in high frequency in a number of rare cancers such as MASC.
44, 128

 

Importantly, NTRK fusions were also reported in up to 40% cases of non-brainstem pediatric 

high-grade glioma.
129
 The chimeric products resulting from those chromosomal rearrangements 

can either by membrane bound or cytoplasmic proteins. Most such identified transforming 

fusions bear an unrelated gene 5’-partner dimerization/multimerization domains in the place of 

the cognate extracellular/TM Trk domains constitutively triggering sustained activation of kinase 

signaling.
130
 Figure 1.6 illustrates the structure of such coil-coiled domain in the context of 

tropomyosin partners.
131
 The rapid unfoldment of the relevance of NTRK fusions in human 

cancer has engendered increasing interest in the development of drugs with Trk inhibitory 

capacity and the study of those oncogenic drivers in vivo (vide infra). 
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Figure 1.5. (A) Representation of TrkA isoforms including deletions and mutations. (B) Shematic 
overview of known NTRK1-3 fusions with corresponding tumor types. Known gene partner are shown 

(ADC: adenocarcinoma; PTC: papillary thyroid cancer; AML: acute myeloid leukemia; CMN: congenital 

mesoblastic nephroma; MASC: mammary analogue secretory carcinoma; HNSCC: head and neck 

squamous cell cancer; CCD: coiled-coil domain; TD: trimerization domain; IG-C2: Immunoglobulin-like 

C2-type domain; IG-V: Immunoglobulin-like V domain; OD: oligomerization domain; ZF QUA1: Quaking 1 

domain; BTB: bric-a-brac, tramtrack, and broad complex domain; ETS: E26 transformation-specific 

domain (adapted from ref
44
). 

 

Other mechanisms of Trk oncogenic activation were also characterized such as the 

NGF-unresponsive TrkA splice variant (TrkAIII) in neuroblastoma
132
 and activating TrkA deletion 

('TrkA) in acute myeloid leukemia (AML) both leading to the loss of multiple glycosylation sites 
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(Figure 1.5A).133-135  All those alterations are associated with the loss of some level of ECD 

integrity which supports the view that the ectodomain of TrkA/B/C plays a crucial regulatory role 

by preventing spontaneous receptor dimerization.
136
   

 

Figure 1.6. (A) Carton/stick and (B) surface rendering of the coil-coiled structure of a representative 
tropomyosin polypeptide (PDB ID: 1MV4, see ref

137
) 

 

1.2.3.3 Role of Trk in pain. The TrkA/NGF pathway plays a central role in nociceptive and 

neuropathic pain and as such represents a promising target for the development of a novel 

potential NSAID/non-narcotic analgesic drug class.
138-139

 Diverse early reports provided support 

to the clinical relevance of TrkA regarding pain beyond preclinical validation.
140-141

 For example, 

defects in TrkA have been characterized as the causative factors in hereditary neuropathies
142-

143
 while local hyperalgesia has been described following NGF injection.

144
  

Ultimately, the increasing recognition of the pleiotropic pathogenicity of Trk has provided 

a strong enticement for the development of novel targeted therapeutic and diagnostic tools – 

including, as discussed in the next chapters, imaging probes. The next section examines the 

different chemical strategies developed to target Trk pharmacologically including Trk TKIs which 

constitute the foundation of our radiotracer development efforts. 
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1.2.4 Structural biology considerations: Trk protein-small molecule interactions. 

1.2.4.1 Small molecule neurotophin mimetics. With the appreciation of the relevance of Trk in 

brain disorders came almost immediately the obvious, yet challenging question, of whether or 

not small molecule neurotrophin mimetics could be developed.
145
 The study of nonprotein Trk 

ECD-binding compounds largely predates the advent of Trk-targeted TKIs described below but 

has had very limited success due to the inherent poor druggability of the ectodomains compared 

to the kinase domains of TrkA/B/C. Initial hopes in the treatment of Trk-related 

neurodegeneration where placed in neurotrophins themselves. Yet, those expectations rapidly 

eroded after the successive failure of neurotrophins in clinical trials for AD,
146
 amyotrophic 

lateral sclerosis
147
 and neuropathies

95, 148-152
 which altogether shed light on the suboptimal drug-

like properties of those proteins, when exogenously administered.
153
 Strategies to develop 

smaller yet selective and highly potent peptidic probes have largely relied on the mimicry of key 

neurotrophin regions responsible the multidomain-based interaction with TrkA/B/C (Figure 

1.7).85, 154-157 While peptides and peptidomimetics constructs targeting TrkA or TrkB and 

displaying a range of Trk-agonistic activities have been relatively well explored,
158-161

 examples 

of peptidic Trk antagonists have been comparatively more limited (Figure 1.8).162-163 In an 

attempt to further address the limited brain permeation, high proteolytic degradation and overall 

poor half-life in vivo of neurotrophin which also affect peptide derivatives,164 library-based and 

virtual compound screening has been used to identify Trk-targeting small molecule compounds 

with limited success. Gambogic amide (1.7, Figure 1.8), a xanthonoid derivative, was the first 

TrkA isoform-selective agonist described. Other compounds identified, mostly with claims of 

selective agonistic activities towards one of the Trk receptor, include the symmetric triamide 1.1 

(LM22A-4),
165
 7,8-dihydroxyflavone (7,8-DHF)

166
 and imidazole-containing bioisosteric 

derivatives thereof,
167-168

 compound 1.4 (MT2)169 and deoxygedunin.170 The entire repertoire of 

small molecule Trk ECD-binding compound also comprises the antagonist ANA-12,
171
 dimeric 
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TrkC antagonists
172-175

 and the non-selective compounds amitriptyline
176
 and N-acetylserotonin 

(Figure 1.8).177  

 

Figure 1.7. Extracellular Trk receptor domains and binding interfaces with neurotrophins – potential 
druggable sites; (A,B) Two views of the NGF-TrkA-d5 complex (PDB ID: 2IFG). (C) Interaction at the 

conserved patch surrounding R103 of NGF with TrkA.  (D) Superposition of selected residues of 
TrkA/NGF and TrkB/BDNF at the conserved patch. (E) Overview of one of the NGF N terminus-TrkAIg2 
interaction patch (TrkAIg2 is represented as a grey surface and the N terminus region of NGF is cyan 

sticks/ribbon).  (F,G) Superposition of the NGF (PDB ID: 1WWW) and NT-4/5 (PDB ID: 1HCF) N terminus 

residues. (H) Sequence alignments of the N terminus region (neurotrophins). (I,J) View of the non-

conserved residues the Ig2 domains of TrkA (I) and TrkB (J) (specificity patch) in contact with the N 

terminus of NGF and NT-4/5.  

 

In each case, original compounds characterization has been conducted in TrkA- or TrkB-

expressing cell lines with the demonstration of TrkA/B dimerization/autophosphorylation and 

activation/blocade modulations downstream of TrkA/B in those complex biological systems only. 

In most instances, original reports were also accompanied by phenotypic experiments in 

neurodegenerative disease mice models showing favorable and diverse neuroprotective effects 
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when compounds were administered in vivo.167, 178-179 Yet, most of those compounds display 

poor drug-like properties and undesirable physico-chemical properties for brain penetration and 

bioavailability (vide infra).180-181 Importantly, cross-validations beyond original publication have 

been scarce. One exception is 7,8-DHF, which has attracted significant attention and has been 

studied repeatedly since its original characterization.
182-183

 However, those experiments only 

looked at the phenotypical and cellular outcomes following large systemic administration and 

prolonged dosing regimens in rodents in vivo. We (unpublished data) and others184 have 

attempted revising the original biochemical findings in neuron systems of a number of those 

compounds, including 7,8-DHF, LM22A-4, ANA-12, N-acetylserotonin and amitriptyline as well 

as additional synthetic derivatives but failed to observed any effect on TrkB phosphorylation or 

downstream signaling with any of those compounds in concentrations and conditions matching 

original reports. Intriguingly and as mentioned before, we also previously used the 
18
F-

isotopologue of a fluorinated derivative initially validated in the original description of 7,8-DHF 

for in vitro autoradiography experiments in rat brains and observed a specific and BDNF-

competitive binding profile reminiscent of 
125
I-BDNF binding topology (Figure 1.4M,N).94  As of 

today, we have not been able to reconcile the lack of reproducibility of the basic biochemical 

effects of 7,8-DHF derivatives and the apparent TrkB-specific signal obtained in 

autoradiography experimentations. It remains that radiotracers derived from 7,8-DHF are not 

suitable for in vivo PET imaging due to rapid metabolism as expected.185  Globally, the lack of 

reproducibility of the most basic biochemical data compounded with the absence of structural 

crystallographic information to support structural derivatization – often required for tracer 

development – have provided little incentive to use this compound class for CNS radiotracer 

development despite the advantage of an extracellular binding site versus an intracellular one. 

Other strategies to target Trk ectodomains pharmacologically include the use monoclonal 

antibodies
186-188

 and aptamers
189
   – all of which are poorly suitable for CNS imaging. Differently, 

the development of a probe which would target the cytoplasmic kinase domains appears more 
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suitable given that, ECD-binding probes even if successful would in the end fail to differentiate 

catalytically-incompetent truncated from full-length receptors and would be unable to engage 

targets which lack cognate ectodomains such as the many NTRK fusion proteins which are a 

prime clinical interest. 

 

Figure 1.8. Representative Trk extracellular-binding small molecules and peptide-based probes. 

 

1.2.4.2 Trk kinase domains: structures, molecular basis for inhibition and selectivity. In 

comparison to extracellular binding compounds, inhibitors targeting the cytoplasmic Trk kinase 

domains tend to be well characterized both functionally and structurally and have been reported 
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alongside detailed crystallographic data. From a structural standpoint, Trk TKIs also embody a 

significantly more diverse compound class relative to small molecule neurotrophin mimics or 

antagonists and bear potential for rational design, both crucial aspects for eventual PET 

radiotracer development.
190-191

 Most of the data which pertain to Trk TKIs has been described in 

patent literature while reports in primary literature have, for the most part, only begun to emerge 

in recent years (and more significantly so in the course of this project). In the following section, 

we take a closer look at Trk TKIs and emphasise basic structural aspect of Trk kinase domains 

through the presentation of a brief overview of the Trk TKI compound class. For in depth-

analyses of Trk TKIs, please refer to Article 2-4192-194 and prior comprehensive reviews.195-196  

 

 

Figure 1.9. Trk kinase domain. (A) Overlap of TrkA, TrkB and TrkC kinase domain (inactive 
conformations, PDB ID: 4F0I, 4ASZ, 3V5Q). (B,C) Views of the conformational differences between DFG-

in and DFG-out TrkB. The Phe residues of the DFG triad are shown in spheres (PDB ID: 4AT3, 4AT5).  

 

 

Figure 1.9A illustrates the overlap of TrkA, TrkB and TrkC kinase domain. Most Trk 

inhibitors described, except recent TrkA-selective allosteric examples, display pan-Trk activity 

due to kinase domain homology. Fundamentally, the primary function of kinases is to catalyze 

the transfer of a terminal phosphate from ATP to a protein substrate as part of a signalling 

cascade as described before for Trk. The proximal activation loop, marked by a conserved Asp-
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Phe-Gly (DFG) sequence, regulates the activity of the enzyme (Figure 1.9B, C, see also Figure 

11A).  This loop is fully ordered in the inactivated state of Trk and occupies the active site, 

preventing ATP from binding.
197
 This conformation is referred to as the DFG-out conformation 

and positions the Phe of the DFG motif in a hydrophobic pocket behind the gatekeeper Phe in 

the active site (Figure 1.9B, C). A conformational change wherein the DFG residues rotate out 

of the active site, known as the DFG-in conformation, allows ATP to bind to the kinase and 

subsequently transfer its terminal phosphate group. 

 

Figure 1.10. Representative examples of early Trk-TKI inhibitors (pre-2011). The hinge binder fragments 
are shown in blue. 

 

A significant portion of the Trk inhibitors developed to date, including most early Trk 

inhibitors developed (pre-2010, see Figure 1.10), have been type I inhibitors which recognize 

the active DFG-in conformation of the kinase. This inhibitor class engages the ATP-binding site 

through hydrogen bonds with the hinge residues and backbone and through hydrophobic 

interactions in the small adjacent pocket created by the activation loop (Figure 1.11F).  This 

type I binding mode was first illustrated in Trk by AstraZeneca in 2012 with the co-crystal 

structure of their diamino-substituted pyridine inhibitor AZ-64 (Figure 1.10) bound to TrkA,198 
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and was later accompanied by additional type I inhibitor-Trk complexes such as the thiazole 

carboxamide inhibitor Cpd5n (Figure 1.10) bound to TrkB as disclosed by Sanofi,199 and 

Merck’s imidazopyridazine inhibitor 1.33 bound to TrkA (Figure 1.11F, Figure 1.12).200 Other 

early type I inhibitors described include the promiscuous inhibitor lestaurtinib
201
 and 4-aza-

oxindole inhibitor GW441756 (Figure 1.10, see Chapter 3).196, 202-203 Inhibitors bearing 6,5-

bicyclic nitrogen-containing hinge binder such as imidazo[1,2-b]pyridazine, triazolo[4,3-

b]pyridazine, triazolo[4,3-a]pyridine and pyrazolo[1,5-a]pyrimidine have in fact emerged as 

priviledged structure for type I Trk inhibitor in the last five years (see Chapter 4 and 5).193-194, 204-

205
 More recent such examples of type I Trk inhibitor include macrocycles wherein a 

phenylpyrrolidine moeity is tethered via an alkyl chain to the 3 position of the pyrazolo[1,5-

a]pyrimidine core such as compound 1.23 (Figure 1.12, see discussion in Chapter 7).206 

 Type II inhibitors bind to and stabilize the inactive DFG-out conformation of the kinase.  

These inhibitors not only engage the ATP-binding site through the hinge, but are able to exploit 

an additional site, the allosteric pocket, which is made accessible via the rotation of the DFG 

motif to its ‘out’ conformation which opens up the adjacent hydrophobic pocket (Figure 1.11D, 

E). Type II inhibitors are characteristically elongated in structure, which is a requisite to engage 

both the ATP-binding site and the distal allosteric pocket (see for the case of Trk Figure 1.10 

and Figure 1.12). Planar aromatic systems are common to the hydrophobic pocket and 

allosteric pocket pharmacophore, and are typically joined by a polar entity, such as a urea, that 

may engage in hydrogen bonding interactions with the DFG motif and the opposing αC helix. 

The first co-crystal structure of a type II inhibitor/Trk complex was disclosed by GNF/Novartis in 

2012 with a derivative of the ureayl inhibitor GNF-5837 (Figure 1.10) complexed with TrkC.207 

Subsequent co-crystal structures include, but are not limited to, the inhibitors EX429 and 

GW2580 bound to TrkB (disclosed by Sanofi) (Figure 1.10, see Chapter 2),199, 208 and the 
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phenyltriazole acetamide which binding mode is shown in Figure 1.11D, E (derivative from 

1.28, Figure 1.12), from Merck in complex with TrkA.209   

 

Figure 1.11. (A) Apo-TrkA DFG-out (PDB: 4FOI) with key structural features depicted in bronze. (B) 
Superposition of the Phe565/Phe521 residues of glycine-rich loops of TrkB (shades of green)/TrkA 

(shades of blue) in the DFG-out conformation. (C) Superposition of TrkA-type II inhibitor complex (PDB: 

4PMS, surface rendering) with Phe565 residues of TrkB (PDB: 4AT5, 4AT4). (D, E) Two views of 

representative DFG-out (derivative of 1.28) kinase binding a pan-Trk inhibitor. (F) View of representative 
DFG-in binding pan-Trk inhibitor (1.33). (G) Comparison of the position of the TrkA (shades of blue) and 
TrkB (shades of greens) KID in DFG-out conformation. (H) Comparison of the position of the TrkA 

(shades of blue) and TrkB (shades of greens) KID in DFG-out conformation with TrkA (pale gray) and 

TrkB (dark gray) KID in DFG-in conformation. 

 

Interestingly, Trk’s documented basic conformational plasticity is not the rule among 

kinases as few kinases have been observed to readily adopt both classic DFG-in and DFG-out 

conformations.
210-211

 Type III inhibitors also bind the kinase through the extended hydrophobic 
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pocket and contiguous allosteric site but do not interact with the ATP-binding site and are 

typically non-competitive with ATP binding.
212
 This binding mode has been identified for a very 

small number of kinase targets.
213-214

 A recent report by Merck has provided robust biochemical 

and crystallographic data describing a unique juxtamembrane domain (JM)-dependant subclass 

of type III inhibitors of Trk – including the structural rationalization for allosteric TrkA inhibitors 

(vide infra).82, 215 

 

Figure 1.12. Representative examples of Trk-TKI inhibitors (2011-present). The hinge binder fragments 
are shown in blue (when applicable). 

 

Regarding potential therapy using Trk TKIs, achieving selectivity within the Trk family is 

desirable to limit potentially avoidable adverse side effects. When considering potential CNS 

PET applications, Trk family selectivity may be less crucial if TrkB is targeted owing to the 

higher global expression this receptor compared to TrkA/C.  For the same reason however, the 
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prospect of imaging TrkA in the CNS would require a probe with remarkable selectivity over 

TrkB/C. Altogether, intra-Trk family selectivity has been particularly challenging to achieve with 

Trk due to the high degree of homology between Trk isoforms especially around the ATP 

binding site which share 95% and 100% residue identity between TrkA/TrkB and TrkB/TrkC 

respectively. Therefore, type I and II Trk inhibitors display relatively marginal differences in their 

ability to inhibit TrkA, TrkB and TrkC (typically within ~10-fold). One important exception to this 

observation is the preferential TrkB/C inhibitor developed and described in Chapter 5 of the 

present thesis. The residues within the ATP-binding site, adjacent hydrophobic pocket, and 

distal allosteric site of the three isoforms of Trk are highly conserved and may not be sufficient 

to support an isoform-specific inhibitor but may explain more modest potency differences within 

the Trk family for type I and type II inhibitors.
199
 Flanking the binding site, there are two regions 

with structural differences between Trk isoforms that could facilitate partial selective recognition, 

one being the glycine-rich loop which forms a lid over the active site (Figure 1.11A).  The 

residues of this loop are fully conserved between Trk isoforms, although comparison of multiple 

TrkA/B crystal structures reveal that the Phe side chain on the end of the loop is orientated 

away from the allosteric site of TrkA whereas it is positioned toward the allosteric site of TrkB 

(Figure 1.11B, C).  This subtle arrangement of the Phe side chain restricts the gap between the 

hydrophobic pocket and the allosteric site.  The second site is the kinase insert domain (KID) 

which was proposed by Sanofi in a 2012 publication
199
 as a possible region to achieve Trk 

isoform selectivity based on differences observed between TrkA/B crystal structures.  The KID 

is an extension from the C-terminal lobe which is positioned below the hinge region (Figure 

1.11G) and differs in length and sequence between Trk isoforms.  Comparison of the inactive 

form of apo-TrkA/B crystal structures reveals the KID extending to and engaging the hinge in 

TrkA and adopting a compressed conformation well below the hinge in TrkB (Figure 1.11G).  

Crystal structures included for DFG-out TrkA and DFG-in/out TrkB bound to an inhibitor reveal 

the same compressed KID for TrkB while the KID of TrkA no longer engages the hinge and 
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instead adopts a conformation halfway between the fully extended and fully compressed 

conformations.  However, more recent crystal structures of inhibitor-bound TrkA in the DFG-in 

conformation
200
 expose a KID-hinge interaction similar to the apo-TrkA crystal structure (Figure 

1.11H).  While such disparities in the KID conformation may arise from artifacts derived from 

crystal packing, the structural differences of these loops and their propensity to interact with the 

hinge appear to be more complex than previously thought. Yet, neither the glycine-rich loop nor 

the KID appear sufficient to explain TrkA isoform recognition from recent small molecule 

inhibitors.  

 

Figure 1.13. (A) Co-crystal structure of TrkA (gray) with a urea-based type III inhibitor 1.31 (salmon). The 
juxtamembrane domain (JM) sequence is shown in orange and the DFG motif in yellow. (B) Sequence 

alignment of human TrkA, TrkB and TrkC juxtamembrane domains. TrkA-specific residues are bold. 

Contact residues from the N-terminal sequence in orange correspond to residues in orange in the cartoon 

rendering. (D) View of the co-crystal structure of TrkA (gray) with an amide-based type III inhibitor 1.32 
(purple). (C) Expanded view of inhibitor binding from (A). (K) Superposition of the co-crystal structure of 

TrkA (gray) and bound amide-based type III inhibitor (cyan) with the co-crystal structure of an amide-

based type II to inhibitor (green, derivative of 1.28) bound to TrkA (blue) , highlighting the shifted DFG 
motif (yellow and grey sticks).   
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Urea-based TrkA-selective inhibitors, claiming > 200-1000-fold TrkA selectivity over 

TrkB/C, were first described by Array (1.24, 1.25, Figure 1.12).216-217 The binding mode of those 

compounds has remained elusive until Merck recently showed that hits such as 1.31 and 1.32 

(Figure 1.12) at the origin of a number of their recent Trk inhibitor series act as non-

conventional type III inhibitors (Figure 1A, C, D, E). Representative amide- and urea-based 

inhibitors, lacking conventional hinge binder motifs (similar to Array’s ureas), make bidentate 

hydrogen-bond interactions with Asp668 side chain (DFG) while engaging different residues 

from the juxtamembrane domain (JM) which sequence is largely not conserved between Trk 

family members (36% identity between TrkA and TrkB, and 40% identity between TrkA and 

TrkC – residues 440-497 of TrkA) (Figure 1.13B).  The involvement of the JM domain includes 

residues in the vicinity of Ile490 backbone which interact via hydrogen bond with the carbonyl of 

both urea and amide inhibitors. Close inspection of those crystal structures shows that the 

accommodation of large lipophilic substituents such as the fluorene moiety shown in Figure 

13A, C is possible due to the side chain rearrangement of residues from the aC loop as well as 

a drastic displacement of the DFG triad, well beyond its observed position when TrkA (or 

TrkB/C) is bound to type II DFG-out inhibitors (Figure 13E). Supported by biochemical assay 

using various JM truncated variants of the intracellular TrkA domain and crystallographic data, 

this study also shows that while interaction with non-conserved JM residues seems to enable 

type III allosteric binding and trigger TrkA selectivity in selected examples, interaction at more 

conserved amino acid portion from the JM domain is also possible but lead to pan-Trk allosteric 

inhibitors. This suggests that allosteric JM domain-interacting type III Trk inhibitors may either 

be TrkA-selective or display pan-Trk activity. While type III inhibitors have not been used as 

scaffolds for the development of radiotracers in the present thesis due to the recent advent of 

their characterization, the development of such inhibitors undoubtedly represent a definite 

advance not only in the field of Trk TKIs but also in the broader context of kinase pharmacology. 

28



Chapter 1 

1.2.5 Clinical trials with Trk inhibitors: current state. Based on robust preclinical data 

regarding the role of Trk in neuroblastoma especially,
218-221

 an early clinical trial using the 

multitargeted pan-Trk inhibitor lestaurtinib (formerly CEP-701, compound 1.12, Figure 1.10) 

was conducted within the context of refractory neuroblastoma.
222
 At that point, the lack of Trk 

selectivity of lestaurtinib combined with the unspecified Trk expression status from responsive 

versus unresponsive patient groups emerged as conspicuous limitations which prevented 

unambiguous validation of the anti-Trk approach in the clinical setting.
223
 The characterization of 

Trk chimeric protein, combined with the discovery of novel pan-Trk inhibitors with favorable 

kinome selectivity profiles constitute the mainstay of current clinical trials. Nearly a dozen 

distinct Trk kinase inhibitors are currently investigated in several recruiting or active phase I and 

II trials for cancer treatment (Figure 1.14).  In contrast to the early lestaurtinib trial, all inhibitors 

currently under investigation except one (milciclib) are included in genomically-driven trials 

focused around NTRK fusion-positive patient subpopulations.  Milciclib (Tiziana Life Sciences) 

is a dual Trk/CDK inhibitor which has been previously investigated in patients with advanced 

malignancies in phase I.
224
 Milciclib has progressed to phase II evaluations based on promising 

phase I results. Yet, as for lestaurtinib, no data on Trk expression has been provided in the 

phase I report.  The authors have however described reversible dose-limiting neurological 

toxicities (e.g. grade 2-4 ataxia and grade 2-3 tremors) which may be attributed to CNS Trk 

engagement at higher doses. 

The other ten Trk inhibitors currently under evaluation can be divided into either a 

multitargeted or a selective inhibitor category.  The ostensible proof-of-concept of the clinical 

relevance of Trk inhibition for human cancer has been provided consecutively by the early 

disclosure of phase I study results from the investigation of the multitargeted inhibitor entrectinib 

(Ignyta) 
225-226

 and the Trk-selective inhibitor LOXO-101 (formerly ARRY-470, Loxo Oncology) 

227
 for NTRK fusion-positive solid cancers.  Interestingly, two years prior to those reports, a 
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study which compared the inhibitory activities of LOXO-101 (then identified as ARRY-470 – first 

structural disclosure) with lestaurtinib and the anaplastic lymphoma kinase (ALK) inhibitor 

crizotinib (also displaying moderate pan-Trk activity), described the off-label use of crizotinib in a 

lung cancer patient presenting with a NTRK1 fusion-expressing tumor.228 In spite of the modest 

clinical activity observed then, likely due in part to the suboptimal Trk activity of crizotinib, it is 

reasonable to assume that this result catalyzed the increasing interest in clinical Trk inhibitors 

for cancers harboring NTRK oncogenic drivers.  Favorable results from two early phase trials 

with entrectinib were first reported at the 2015 ASCO Annual Meeting.
225-226

 Entrectinib was 

initially described and optimized as part of an ALK inhibitor program from the Nerviano 

pipeline.
229
 The compound was later shown to display stronger pan-Trk inhibition compared to 

ALK as well as ROS1 activity – all relevant molecular targets in the context of fusion oncogenic 

drivers – and showed promising preclinical activities.230-231 Further kinase profiling revealed ≥ 

10-fold selectivity for all targets tested except JAK2 and ACK1.  The ALKA-372-001 and 

STARTRK-1 trials are evaluating the safety and dose escalation responses of entrectinib in 

adult patients with advanced solid tumors presenting oncogenic alterations (fusion, amplification 

and SNP for NTRK1/2/3, ROS1 and ALK) and have enrolled 119 patients so far.  Most subjects 

in those trials are NSCLC patients presenting ALK alterations.  Antitumor response in the phase 

II-eligible patient population has been reported.  Within those 25 patients treated at or above the 

recommended phase II dose (RP2D), 100% objective response rate was achieved in patients 

with NTRK-rearranged tumors (3/3)128, 232-233  For a NSCLC case study, the patient showed 

complete and durable response of brain metastasis upon treatment, which is in line with 

appropriate CNS penetration initially described in preclinical investigations and the fact that 

entrectinib was purposely designed in order to permeate the BBB.
229-230

 So far in early studies, 

entrectinib has been demonstrated to be safe and well-tolerated under RP2D.  Three 

occurrences of dose-limiting toxicities (DLTs) were described at higher dose.  Pediatric patients 

presenting with recurrent or refractory solid tumors (including neuroblastoma) and primary CNS 
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tumors are currently being recruited for a new trial based on the aforementioned CNS-related 

results.
231
 An important corollary of the deep molecular profiling dimension of those studies has 

been the rapid characterization of the first resistance mechanisms from phase I case study 

patients.  Russo et al. 234 described the emergence and detailed biochemical characterization of 

p.G595R (solvent front) and p.G667C (activation loop) TrkA mutations following 4 months of 

treatment in the CRC case study.  While the pG595R mutation completely abrogated the activity 

of entrectinib, p.G667C only partially affected its inhibitory effect (as for LOXO-101).  Those 

residues are conserved outside the Trk family and have been previously linked with secondary 

resistance for other TKIs.  The investigation of entrectinib is currently pursued in the ongoing 

STARTRK-2 trial (phase II). 

 

Figure 1.14. Trk-TKI under evaluation in clinical trials for the treatment of cancer. 

In parallel, summaries from the evaluation of LOXO-101 from a phase I trial have also 

been provided.
227, 235

 LOXO-101 is a type I low nanomolar pan-Trk inhibitor with >1000-fold 

selectivity over all off-targets tested so far and was initially described in an Array Biopharma 

patent application (selectivity in a 226 kinases panel and an 82-non-kinase targets screen).  

With respect to Trk-selectivity, LOXO-101 stands alone amongst all clinical Trk inhibitors 

currently under investigation.  The clinical efficacy and safety of this inhibitor has been tested in 
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seven NTRK-positive patients so far, identified from a larger 43 patient group enrolled in the 

phase I trial.  Tumor regression was observed in all six patients evaluable.
236-237

 Treatment with 

LOXO-101 was overall well-tolerated.  LOXO-101, contrary to entrectinib, was selected based 

on its modest CNS exposure in order to contain potential toxicities associated with the inhibition 

of Trk signaling in the brain and balance possible CNS efficacy.  Early data indicate potential 

utility for CNS tumors as the NSCLC case report also mentioned brain metastasis regression 

upon treatment in addition to modest primary tumor reduction.  Overall, patients lacking NTRK 

fusions did not experience a response to LOXO-101.  Accordingly, the NAVIGATE phase II 

basket trial is currently enrolling patients with NTRK-fusion positive cancer.  No LOXO-101 

responders have been reported to have experienced secondary resistance upon prolonged 

treatment as of yet.  However, the potency of this inhibitor has already been shown to be 

dramatically affected by point mutations in vitro as previously described in the context of 

entrectinib.  With this perspective, Loxo Oncology is already developing a second generation 

Trk inhibitor, LOXO-195 (undisclosed structure) which is claimed to retain activity against all 

resistance mutations characterized so far for Trk.  This inhibitor is expected to enter phase I in 

2017. 

The additional pan-Trk inhibitors with claimed kinome selectivity currently under 

investigation are the dual Trk/ROS1 inhibitor DS-6051a (Daiichi Sankyo) and the dual Trk/Alk 

inhibitor belizatinib (formerly TSR-011, Amgen/Tesaro).  Both compounds have demonstrated 

promising preclinical and in vitro activities.238-239 Belizatinib is developed as a second generation 

ALK inhibitor, affording better retention of potency upon point mutations during secondary 

resistance compared to crizotinib.  Early phase I/IIa trial results for patients with ALK-driven 

tumors have been described.
240
 Although 11 patients with NTRK-positive molecular drivers have 

reportedly been enrolled, no data on this patient subpopulation is currently available.  Similarly, 

no data has arisen so far from clinical studies of DS-6051a.  The multitarget ALK/ROS1/Trk 
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inhibitor F17752 is in a solid tumor study in France with a particular focus on targeting gene 

rearrangements and patients who are resistant to a prior ALK inhibitor, although no data from 

the trial is yet available.  The remaining five clinical leads are multitargeted inhibitors which 

show some level of anti-Trk activities.  Some of the corresponding trials aim at diversifying or 

repurposing otherwise clinically approved (e.g. cabozantinib) or heavily investigated (e.g. 

dovitinib) inhibitors initially developed for other kinase targets which are or have been included 

in several trials unrelated to Trk.  Altiratinib, PLX7486 and sitravatinib are inhibitors undergoing 

a first time clinical setting investigation and the corresponding trials capitalize on a basket 

design to gain insights on potentially useful indications for those novel multitargeted agents.  No 

data from those clinical trials is available at the moment. Apart from antineoplastic applications, 

Trk inhibitors are currently screened as putative therapeutics for the treatment of chronic 

pain.
193-194

 

The most important caution in the clinical development of Trk inhibitors remains the 

prospect of potential CNS neurotoxicity – hence the importance of developing a PET tracer for 

neuroimaging. Until details from larger trials are available, it would be prudent not to interpret 

the safety profiles described in case studies from phase I trials at or under RP2D with LOXO-

101 and entrectinib as supporting the overall safety of Trk inhibitors.  In fact, preclinical and 

clinical evidence of the risks associated with CNS exposure upon treatment with Trk inhibitors 

have been accumulating on many fronts.  In preclinical studies with a series of selective pan-Trk 

inhibitors (from which LOXO-101 emerged), Array characterized reversible ataxia profiles in rats 

with therapeutic indices correlated to the brain-to-plasma ratios of individual inhibitors.  Ataxia 

scores were shown to increase moving from peripherally restricted to CNS-penetrating inhibitors 

and ultimately abrogated upon treatment with TrkA selective inhibitors.  Array also described 

hyperphagia and weight gain in rats following treatment with CNS-penetrating selective pan-Trk 

inhibitors – behaviour not seen with TrkA-selective compounds.  Similar phenotypes were also 
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observed in preclinical work involving humanized TrkB agonist antibody, TAM-163, although the 

authors described drastic species dependent variations.
186
 Neurotoxicity was also demonstrated 

during the early development of the brain penetrating CDK2/Trk inhibitor milciclib.
241
  CNS side 

effects, reversible upon treatment cessation, included cases of ataxia (Grade 2-4) and tremors 

(Grade 2-3) and were likely associated with a sustained CNS Trk signaling blockade.  The 

selective dual Tie-2/Trk inhibitor CE-245677 (Pfizer) was also discontinued in a phase I trial for 

the treatment of solid tumors due to Trk-related CNS side effects.
195, 242

 In order to address risks 

associated with unnecessary brain penetration in the treatment of peripheral indications, Pfizer’s 

strategy has been to purposely target P-glycoprotein (P-gp) interaction at the BBB (see section 

1.3.2). Recent reports from entrectinib trials also described one case of Grade 3 cognitive 

impairment above RP2D (reversible following treatment interruption) while paresthesia and 

peripheral sensory neuropathy was observed in 28% and 9% of patients respectively (at RP2D).  

As such, potential side effects from CNS exposure will require careful examination in the 

ongoing phase II trials both for cancer and pain treatment. It is of interest that the data emerging 

from the development of entrectinib delineate the effort towards achieving robust brain 

penetration while progress from all other companies emphasize the need to avoid or limit CNS 

penetration in the light of possible CNS adverse effects as discussed above.  For example, the 

indication of the potential of LOXO-101 in the treatment of brain metastases has been described 

in spite of low brain penetration.  Loxo Oncology has provided detailed preclinical modeling 

suggesting that intermittent or pulsatile CNS Trk inhibition with LOXO-101 may achieve 

sufficient CNS exposure for anti-tumor efficacy while preventing neurotoxicity associated with 

continued CNS inhibition.  As the study of brain exposure for TKIs is gaining momentum for the 

treatment of neurooncological malignancies
243
, it may be important to recognize that systematic 

BBB permeation assessment is also crucially needed for some kinase targets such as Trk which 

play key biological roles in the CNS.  Globally, there is an urgent need to implement efficient 

preclinical screening for brain penetration as a systematic and basic tool in compound selection 
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and more importantly, tools to enable patient identification, stratification, staging and 

pharmacokinetics/pharmacodynamics (PK/PD) studies. Moving forward, the development of an 

efficient, non-invasive and targeted approach to assess Trk kinase target engagement and 

support drug development process would be crucial.   
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1.3 Positron emission tomography imaging and radiotracer design 

 

Figure 1.15. (A) Cyclotron (adapted from http://www.iba-radiopharmasolutions.com/products/cyclotrons - 
accessed Jan 2017). (B) Plan view diagram of the path of ions in a classical cyclotron (adapted from 

http://www.mpoweruk.com/figs/cyclotron.htm - accessed Jan 2017). 

 

1.3.1 Principle and instrumentation. The development of PET radiotracers begins with 

radionuclide production which, in the case of carbon-11 and fluorine-18 as discussed here, is a 

daily task required to be closely coordinated with the radiotracer synthesis, purification, 

formulation and use owing to the short half-life of those isotopes.
244
 Production of those 

radioisotopes is performed using a cyclotron which accelerates ions, in many cases hydride ions 

(H
-
), in a spiral path before focussing them into a target material to enable a desired nuclear 

reaction to occur (Figure 1.15). Hydride ions are initially produced in a central ion chamber 

placed in a magnetic field and are accelerated under high vacuum by the charge oscillation of 

two semi-circular chambers called ‘’dees’’. After reaching maximum energy close to the limit of 

the dees, negatively charged ions are extracted by interacting with a carbon stripper foil, 

liberating a proton beam which, for example, can be directed at an [
18
O]H2O enriched target to 

generate fluorine-18 via the 
18
O(p,n)18F nuclear reaction. Table 1.1 lists selected properties of 

the primary non-metallic radioisotopes used in PET.
245
 

 

A B
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Table 1.1. Properties of non-metal radionuclides commonly used in PET, corresponding half-
lives, nuclear reactions, targets, products and decay products 

Radionuclide 
(E + decay, %; Emax 
(E +)) 

Half-life, 
t ½ (min) 

Nuclear 
reaction 

Target Product Decay product 

11C 
(100 %, 961 KeV) 

20,4 14N(p,a)11C N2 (+O2) 
N2 (+H2) 

[11C]CO2 
[11C]CH4 

11B 

13
N  

(100 %, 1190 KeV) 

9,97 
16
O(p�a)13N H2O 

H2O + 

EtOH 

[
13
N]NOx 

[
13
N]NH3 

 

13
C 

15
O 

(100 %, 1732 KeV) 

2,04 
15
N(d,n)15O N2 (+O2) [

15
O]O2 

15
N 

18F 
(97 %, 634 KeV) 

110 20
Ne(d,a)18F 

18O(p,n)18F 
Ne (+F2) 

[18O]H2O 
[
18
F]F2 
18F- 

18O 

 

The central challenges of radiotracer production truly begin with the radioisotope use, 

when the chemistry and isolation steps required for the radiosynthesis of a given radiotracer has 

to be deployed in a short period of time under stringent conditions. Owing to the short half-lives 

of neutron-deficient isotopes used in PET, a three isotope-half-life rule is normally accepted as 

the maximum timeframe from the end of bombardment (EOB) to the completed formulation of a 

radiotracer. The labeling of small molecules with carbon-11 or fluorine-18 normally operates 

under large excess of unlabeled precursor (typically in micromolar amounts) relative to the 

radioactive synthon (e.g. picomole to low nanomole of 
11
CH3I, 

18
F
-
, etc. vide infra). While 

enabling reactions to occur in short period of time relative to macroscopic scale conditions, in 

some cases such stoichiometry also comes at the cost of high susceptibility to impurity – even 

so only present in minute amounts. The handling of such small quantity of reagent requires the 

use of purposely small reaction vessels and equipment and also implies that exceptional caution 

has to be taken in manipulation and transfer steps in order to minimize possible loss of material. 

Radiotracers for clinical use are produced in automated synthesis modules allowing the 

manipulation of large amounts of radioactivity, minimum radiation exposure for the operators 

and, ideally, high reproducibitliy.
246
 In a research environment, radiotracers are often initially 

developed using manual procedures with smaller radioactivity quantities, which enables some 
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flexibility and optimization. Manual radiosyntheses may also be required in cases where multiple 

steps are needed to obtain a tracer which may not be suitable for automation.
247
 For practical 

reasons, it is however preferable to aim for the radioisotope to be incorporated efficiently in a 

single step from a suitable precursor. In this regard, the availability and choice of optimal 

chemical routes and techniques is crucial (vide infra). In all cases, purification and 

characterization of radiotracers are generally performed using high performance liquid 

chromatography (HPLC) equipped with a radioactivity detector. The assessment of the identity 

of the radiotracer is performed using HPLC, thin-layer chromatography and gas chromatography 

employing suitable detectors. Production of radiopharmaceuticals for human use follows current 

good manufacturing practice (cGMP) and faces quality control with similar constraints as for 

pharmaceuticals in general. For both preclinical and clinical work, tracers are normally 

formulated as injectable sterile isotonic saline solutions (with up to 10% v/v ethanolic content).  

An important aspect to consider in the process of radiotracer synthesis is the specific 

activity (SA) which is defined as the amount of radioactivity by unit of mass of radiotracer (SA = 

Ai/∑ni, where Ai is the activity of the radiopharmaceutical expressed as GBq and ∑ni the sum of 

the entire isotopic forms of the radiopharmaceutical in Pmol). Maximum theoretical SA for 

carbon-11 and fluorine-18 are 3.4X10
5
 and 6.3X10

4
 GBq•Pmol-1 respectively but values much 

lower are obtained with labeled tracers due to unavoidable isotopic dilution which occurs during 

radioisotope production and radiosynthesis. Routinely obtained SA ranges around 100-10,000-

fold under maximum theoretical values which is sufficient to visualize most targets, including 

CNS ones.
245, 248
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Figure 1.16. Principle of positron emission tomography. 

 

 In PET, the reconstruction of the spatiotemporal localization of radiotracers is possible 

following the detection of a large amount of coincidental 511 keV J-ray photons which originate 

from the annihilation of E+, emitted by PET radionuclides upon decay, with surrounding electrons 

(Figure 1.16). Before annihilating with an electron, an emitted E+ travels in the surrounding 

tissue (typically 1 mm - 2 cm) while losing kinetic energy in a process known as thermalization. 

The distance traveled by a E+ prior to annihilation (e.g. the positron range) is a key determinant 

of spatial resolution and is specific for each nuclide (Table 1.1).249 In the next sections we will 

examine some key principles for radiotracer design in the context of PET neuroimaging and 

enzyme targets more specifically.  

1.3.2 Development of small molecule PET radiotracers for neuroimaging. In the relative 

short period of time (60-120 min) from the injection into a living subject, which can coincide or 

not with the beginning of the imaging procedure depending on the nature of the tracer, to the 

end of the PET scan, radiotracers will generally undergo extensive distribution and complex 

chemical  transformations. With the imaging technique being naturally insensitive to the 

chemical nature of positron-emitting species detected, it is important to ensure that the signal 

obtained corresponds to the bioactive radiotracer and measures which metabolite may be 
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present. It is uncommon, yet highly desirable, to discover a tracer which will remain 

metabolically untouched or will undergo only inconsequential metabolism following injection in 

vivo.11 A minimum criterion is that radiometabolites should be minimal, well-characterized and 

excluded from the tissue or region of interest in ways not to confound quantitative 

measurements. In the context of CNS imaging, where most probes are expected to reach the 

brain through passive diffusion, a radiotracer can still be useful despite metabolism if 

radiometabolites are more polar and hence restricted to the periphery – which is frequently the 

case from phase I oxidative metabolism (Figure 1.17B).11 Although site-of-metabolism 

prediction can often be derived accurately using in silico tools,250-251 obtaining reliable data on 

rates of metabolism at subpharmacological doses prior to in vivo assessment in different 

species is more challenging and constitutes a central limitation to radiotracer success.
11
 

 

Figure 1.17. (A) Representation of bound and unbound drug concentration equilibrium across BBB; 
nterstitial fluid (ISF), intracellular fluid (ICF), and cerebrospinal fluid (CSF). (B) Relation between unbound 

brain-to-plasma ratio (Kp,uu) and transport across the BBB (adapted from ref.
252
). (C) Crystal structure of 

the mouse P-gp (ECD1/2: extracellular domains 1/2; TMD1/2: transmembranar domains 1/2; ICD1/2: 

intracellular domains 1/2, PDB ID: 3G5U
253
). 

 

Meta-analyses documenting desired physico-chemical properties to favor brain 

permeation while limiting non-specific binding (NSB), including studies aimed at PET tracers 

specifically, have recently provided guidelines to ‘’de-risk’’ CNS drugs and neuroimaging tracers 

development.
252, 254-256

 Most of those parameters outline optimal properties for diffusion through 

A B C
ECD1

TMD1

ICD1

ECD2

TMD2

ICD2

NBD1 NBD2
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the highly restricted blood-brain barrier (Figure 1.17). Ranges for CNS multiparameter 

optimization (MPO) are presented in Table 1.2.  

Table 1.2. Physicochemical Properties, Weighting, and Parameter Ranges for CNS MPO and 
CNS PET MPO 

Properties Weighta CNS MPOb  CNS PET MPOc 
   
More desirable 
range (T0 = 1.0) 

Less desirable 
range (T0 = 0.0) 

 More desirable 
range (T0 = 1.0) 

Less desirable 
range (T0 = 0.0) 

ClogP 1.0 ClogP d�3 ClogP > 5  ClogP d�2.8 ClogP ≥�4.0 
ClogD 1.0 ClogD d�2 ClogD > 4  ClogD d�1.7 ClogD > 2.8 

MW 1.0 MW d�360 MW > 500  MW d�305.3 MW > 350.5 

TPSA 1.0 40 < TPSA d�90; TPSA d�20; 
TPSA > 120 

 44.8 < TPSA 

d�63.3 
TPSA d�32.3; 
TPSA > 86.2 

HBD 1.0 HBD d�0.5 HBD > 3.5  HBD d�1 HBD > 2 

pKa 1.0 pKa d�8 pKa > 10  pKa d�7.2 pKa > 9.5 
a
 Scores > 3 are desirable for CNS PET tracers. 

b
 Adapted from Ref.

255 c 
Adapted from Ref.

254
.  

 

Although those parameters have been delineated in the context of CNS exposure, they 

also undeniably apply to peripheral imaging in case of intracellular target requiring passive 

permeability and a ligand-receptor type interaction for tracer accumulation. From an ADME 

standpoint, CNS tracers should also have low liability for efflux transporters and non-negligible 

unbound fraction in plasma (fu,p > 0.15) and brain (fu,b > 0.05). High-throughput in vitro assays 

aimed at determining those properties are readily accessible in industry but often not available 

in academia, where most radiotracer research and development is conducted. In average, when 

fulfilling basic CNS MPO properties adequately, compounds however in turn tend to display also 

favorable ADME properties.
254
  

One of the most important and least predictable aspect of CNS tracer development is 

efflux active transport.
257
 P-gp, which belong to the ATP-binding cassette transporter family, has 

been the most characterized efflux transporter (Figure 1.17C) and shown to be heavily 

expressed at the luminal face of endothelial cells from the BBB where it acts as a pump 

extruding a wide variety of compound classes outside the brain compartment.
258-259

 With efflux 
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pumps also expressed in tumor cells, the question of minimizing efflux liability is also of central 

importance for oncological tracers. Finally, in terms of pharmacology, PET tracer should display 

high affinity in relation with expression density such as Kd/Bmax > 10 and excellent target 

selectivity (again, depending on the expression level of off target proteins).
11
 The criteria  of 

selectivity is of paramount importance if aiming at imaging a specific target from the human 

kinome owing to the non-negligible homology amongst kinases and the sizable diversity of this 

protein family (2.2% of the human genome).
14
 The requirements listed here and the limitations 

associated with radiolabeling techniques discussed below largely narrow the number 

compounds which may be suitable to serve as PET tracers and implies that extensive SAR and 

iterative trial and errors rounds tend to be norms for radiotracer development.  

Figure 1.18. (A,B) CNS PET radiotracers in clinical research based on target classes (adapted CNS 
Radiotracer Table http://www.nimh.nih.gov/researchpriorities/therapeutics/cns-radiotracer-table.shtml - 

accessed Jan 2017). (C) Small molecule oncology PET radiotracers in clinical research based on tumor 

uptake mechanisms (adapted from Ref.
260
). 

 

1.3.3 Enzyme neuroimaging and oncological imaging using small molecule PET 

radioligands. Neuroimaging clinical PET tracers (agonists, antagonists or binders) have 

historically targeted G protein-coupled receptors (GPCR), ion channels, transporters and more 

recently abnormally conformed proteins (Figure 1.18).7 In comparison, the use of high affinity 

enzyme radiolabeled inhibitors has been relatively unexplored (< 13% of CNS human 

radiotracers; Figure 1.18A).261 Few notable exceptions include radiotracers for 
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phosphodiesterases (PDE), monoamine oxidases (MAO), and most recently histone 

deacetylases (HDAC) (Figure 1.18B).261-262 As opposed to conventional neurotransmitter 

receptors, most enzymes tend to display relatively low densities and intracellular binding sites, 

which constitute additional burdens in terms of PET tracer development and may explain the 

historical penchant not to aim at enzymes PET imaging to the profit of ‘’lower risk’’ targets.261, 263  

Since progresses in radiotracer development also inevitably follow progresses in drug 

development, the very history of CNS drug development certainly constitutes a key reason to 

explain the relegation of enzymes, including kinases, as high affinity tracer targets to the profit 

of better characterized neuroreceptors in previous decades.
264
 To our knowledge, before our 

contribution, there has not been a single neuroimaging human study with radiotracer targeting 

endogenous kinases despite increasing preclinical work in recent years.
265-270

    

In the context of oncological clinical PET imaging (including neurooncology), tracer 

retention tends to rely on various mechanisms beyond high affinity receptor-ligand interaction. 

There has been, for example, extensive work relating to probing enzyme activity, with the use 

most notably of [
18
F]-fluorodeoxyglucose ([

18
F]FDG) and to a lesser extent, tracers such as [

18
F]-

fluoro-3′-deoxy-3′-L-fluorothymidine ([18F]FLT) and [11C]choline among others (Figure 1.18C).260 

A number of more recently developed clinical oncology tracers rely on receptor-ligand 

interaction for tumor accumulation. Prominent targets covered include hydrolases, caspases 

and kinases (Figure 1.18C).270-271 Importantly, in recent years, radiolabeled kinase inhibitors 

have been used to identify cancer patients most likely to respond kinase inhibitor therapy non-

invasively.
272-273

 So far, only isotopologues of approved inhibitors or advanced leads have 

reached a clinical evaluation stage. While the radiolabeling of approved compounds enjoys the 

obvious advantages of a facilitated clinical translation, such a strategy presents some 

shortcomings efflux liabilities and limited kinome selectivity.
270
 In the next section, we present a 
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brief overview of carbon-11 and fluorine-18 radiochemistry and positioned the labelling 

techniques used in this thesis in the broader context of both fields.  
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1.4 PET radiochemistry 

The practice of organic radiochemistry largely differs from the practice of nonradioactive 

macroscopic organic chemistry. One major difference relates to the notion of yield for example. 

While achieving high radiochemical yields (RCYs) is always desirable, it is however not always 

necessary. In many cases, it may be possible to deliver sufficient amounts of radiotracer for in 

vivo imaging experiments, even for clinical imaging, despite low RCYs – yields which in organic 

chemistry would be deemed inadequate (e.g. < 5% RCY). The overall efficiency of a 

radiosynthesis depends on a number of factors which have often precedence over the RCY (for 

example; the reaction time, the reaction conditions, the nature of the side product generated 

and the ease of separation and purification). RCYs are either reported as decay corrected or 

non-decay corrected. Non-decay corrected RCYs contain information relative to the temporal 

dimension of a synthesis and provide, arguably, a more accurate descriptor of the efficiency of a 

radiosynthetic sequence – which is highly time-sensitive due to the short half-life of the 

radioisotope involved.
245
 High radiochemical and chemical purities (ideally > 98%) are also key 

parameters alongside the RCY during synthesis optimization. It is important to bear in mind that 

the choice of a radiosynthetic sequence and radiolabelling position may also ultimately impact in 

vivo imaging results. For example, depending on metabolism, the same compound labeled at 

different positions may give drastically opposite in vivo results.11, 274 When selecting a 

radiochemistry approach, all the abovementioned aspects have to be weighted. 

1.4.1 Overview of carbon-11 radiochemistry. Carbon-11 (t1/2 = 20.38 min) offers diverse 

synthetic possibilities with regard to labeling bioactive drug-like small molecules owing to the 

ubiquitous presence of carbon in those compounds. Carbon-11 radiochemistry is however 

limited by the availability of 
11
C-labeled synthons and the straightforwardness and reliability with 

which these can be produced (Figure 1.19).245 The carbon-11 half-life also poses a formidable 

challenge in terms of synthesis, requiring ideally reactions to occur in a matter of seconds or 
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minutes from cyclotron-produced material. The most used precursor building blocks in carbon-

11 radiochemistry are [
11
C]CO2 and [

11
C]CH4 (Table 1.1 and Figure 1.19) which can be further 

converted into reactive species to perform a range of radiochemical transformations. 

 

Figure 1.19. Overview of carbon-11 radiochemistry.  

 

Methylation reactions using either [
11
C]CH3I or [

11
C]CH3OTf, which can be produced efficiently 

following automated protocols, account for the vast majority and the radiochemistry performed 

with carbon-11. The synthesis of [
11
C]CH3I via the LiAlH4 reduction followed by iodination  with 

hydroiodic acid (the so-called ‘’wet method’’) has been used for over three decades.275 A widely 

used alternative to produce [
11
C]CH3I which also procures higher SA involves the conversion of 

[
11
C]CO2 to [

11
C]CH4 and the solid-gas iodination of [

11
C]CH4 at elevated temperature (‘dry 

method’’) (Figure 1.19).276 Highly reactive [11C]CH3OTf may be preferable in some cases and 

can be readily obtained by passing [
11
C]CH3I over a silver triflate column at around 200°C.

277
 

Substitution reactions involving [
11
C]CH3I and [

11
C]CH3OTf with suitable nor-methyl O-, N- and 

S-nucleophilic precursors is generally straightforward and rapid (< 5 min). Collectively, carbon-

11 methylation reactions have been used to synthesized a plethora methylated research and 
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clinical tracers and also constitute the privileged carbon-11 approach throughout this thesis.
278
 

[
11
C]CH3I is also suitable for palladium-mediated cross-coupling reactions.

245, 279
 The use of 

[
11
C]CO2 itself for Grignard reaction

280
 and more recently the emergence of efficient 

carboxylation (carbon-fixation) and carbonylation (following conversion into [
11
C]CO) synthetic 

methods have enable the synthesis of various 
11
C-labeled functional groups including ureas, 

carbamates, oxazolidinones, carboxylic acids, esters, and amides.
281-282

 Other less commonly 

used 
11
C-based synthons included [

11
C]CH2O,

283
 [

11
C]dimethylamine,

284
 [

11
C]HCN

285
 and 

[
11
C]COCl2.

286
   

1.4.2 Overview of fluorine-18 radiochemistry. Fluorine-18, with its longer half-life (t1/2 = 

109.8 min) and near-optimal nuclear properties relative to other available positron emitters, is 

the most widely used PET isotope. A disadvantage of using fluorine-18 relates to the limited 

pool of suitable fluoroorganic compounds available. This often requires additional work to be 

conducted in the biological validation process if a fluorine substituent has to be added in a 

position amenable for labeling from a bioactive non-fluorinated lead.  Radiotracers labeled with 

fluorine-18 can be obtained following electrophilic or nucleophilic reactions.
287-288

 Although now 

mostly abandoned as a result of headways made in nucleophilic 
18
F-fluorination, electrophilic 

18
F-fluorinations have been instrumental in the development of a large number of radiotracers. 

For example, the first synthesis of [
18
F]FDG employed an electrophilic reaction with [

18
F]acetyl 

hypofluorite obtained from elemental fluorine ([
18
F]F2; Table 1.1).289 Radiofluorination using 

highly reactive [
18
F]F2 gas directly is possible but often leads to mixtures of products of low SA 

due to the carrier-added production method required for the synthesis of this synthon.
245
 Those 

limitations have led to the development of alternative approaches to achieve regioselectivity 

such as the use of fluorodemetallation of electron-rich aryl stannanes using [
18
F]F2 or the 

reaction of boronic ester precursors in the presence of silver triflate with more versatile 

47



Chapter 1 

electrophilic N-
18
F-fluorinated reagents

290
 has illustrated by the synthesis 6-[

18
F]fluoro-L-DOPA 

in Scheme 1.1.287, 291  

 

Scheme 1.1.  Representative examples of electrophilic 18F-radiofluorination and the synthesis of 6-
[
18
F]fluoro-L-DOPA. Comparison of electrophilic fluorodestannylation and silver-mediated radiosynthetic 

approaches.  

 

Otherwise, nucleophilic fluorination is the primary labeling technique in 
18
F-

radiochemistry. Cyclotron-produced aqueous [
18
F]F

-
 (Table 1.1), which is largely inert, requires 

a few processing steps before being useful in nucleophilic reactions. Typically, this is achieved 

via the trapping of [
18
F]F

-
 onto an ion-exchange cartridge, followed by elution with an 

acetonitrile/water mixture containing potassium carbonate and a phase-transfer reagent such as 

kryptofix-222 (K222). The [
18
F]KF/K222 solution hence obtained is then azeotropically dried which 

minimises the water content and the residue obtained is ultimately redissolved in a polar aprotric 

solvent which generates an activated nucleophilic ‘’naked’’ [18F]F- with sufficient reactivity to 

performed well in various nucleophilic reactions. Nucleophilic aromatic substitutions (SNAr) 

using activated aryl precursors and SN2 nucleophilic substitutions with alkyl precursors bearing 

suitable leaving groups are by far the most usual practices encountered in 
18
F-radiochemistry to 

date and account, to all intents and purposes, for the synthesis of all 
18
F-labeled tracers in 

clinical use (Scheme 1.2). 
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Scheme 1.2. General substrate scope for (A) SNAr and (B) SN2 18F-radiofluorination reactions and 
representative radiosynthesis of [

18
F]fluorodeoxyglucose ([

18
F]FDG).  

 

Under normal circumstances, 
18
F-fluroroalkyl radiotracers or prosthetic groups can be 

obtained readily from alkyl halides or alkyl sulfonates. [
18
F]FDG for example is routinely 

obtained via SN2 from O-acetyl-2-triflate-E-mannose (Scheme 1.2B).292-293 Obtaining high yields 

in this context is frequent but special caution has to be taken to avoid competing elimination of 

the 
18
F-fluroroalkyl species or the precursors under some reaction conditions. As for most 

reactions using [
18
F]F

-
, adjacent reactive functional groups such as alcohols, amines and acids 

have to be protected prior the radiofluorination. A radiosynthetic approach relying on the SNAr 

reaction requires the use of an aryl precursor bearing a strong electron-withdrawing group in 

either para or ortho to the fluorination position (Scheme 1.2A). Nitro and trimethylammonium 

triflate leaving groups are readily displaced with [
18
F]KF/K222 and lead to 

18
F-labeled tracers in 

good RCYs with substrates containing suitable electron-withdrawing substitutions (p-NO2 > p-

CF3 ≈ p-CN > p-CHO > p-Ac > m-NO2).
287
 Apart from rare exceptions, the SNAr is however only 

productive at high temperatures which may not be suitable for every precursors. 
18
F-

fluoropyridine labeled at C-2 and C-4 positions can also be obtained by SNAr.
294
 Despite the 

undeniable utility and the robustness of the SNAr reaction, the limitations imposed by the 

activated nature and electronic arrangement of functional precursors imply that only a very 

narrow set of aryl and heteroaryl motifs can be  obtained efficiently following this route. The use 

of both the aliphatic and aromatic nucleophilic substitutions approaches are described in this 

thesis. 
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Scheme 1.3. Comparative radiosynthesis of [18F]flumazenil  ([18F]FMZ) by diaryliodonium salts and SNAr. 

 

For decades, besides the use of diaryliodonium salts which tend to generate various 

amounts of undesired radioactive side products, there have been limited general alternatives for 

the radiofluorination of electron-neutral and electron-rich aryls and heteroaryls (which account 

for a much larger portion of bioactive drug-like compounds compared to electron-deficient 

structures alone) (Scheme 1.3).287, 295-296 However, the last five years have seen the emergence 

of a promising new set of techniques to synthesize such compounds.
288, 297-301

 Two of the most 

encouraging approaches are the use of spiroiodine(III)-based precursors and the radiochemical 

adaptation of the Cu-mediated radiofluorination of arylboronate esters and acids initially 

described in non-radioactive chemistry.
302
 Spirocyclic hypervalent iodine(III)-mediated 

radiofluorination has been pioneered by the groups of Coenen303 and Vasdev297 and shown to 

provide remarkable regioselectivity along with functional group tolerability and high efficiency 

with both electron-rich and sterically hindered arenes (Scheme 1.4). This technique has also 

been demonstrated recently to be suitable for the production of clinical radiopharmaceuticals. 
304
  

 

Scheme 1.4. Spirocyclic iodonium ylides approach and representative radiosynthesis of [18F]FPEB. 

Concurrently, Cu-mediated radiofluorination using either boronic esters or acids have 

been developed and shown to provide an expedient route towards a wide range of 
18
F-
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fluroroaryl fragments, more or less irrespectively of specific electronic considerations (Scheme 

1.5).288, 305-307 Being versatile and operationally simple, this approach, in comparison to most 

other novel 
18
F-aryl labeling techniques, is emerging as a practical and realistic radiolabeling 

method for routine 
18
F-tracer production. In particular, the fact that this approach uses boronic 

acids and esters which are easily accessible motifs from a synthetic standpoint offers a true 

advantage relative to most other techniques. We have explored the utility of this labeling 

technique for the last radiotracer described in this thesis.  

 

Scheme 1.5. Comparison of representative conditions and application of the Cu-mediated 18F-fluorination 
of arylboronate esters and acids. 

 

  

51



Chapter 1 

1.5 Conclusion and objectives 

Non-invasive molecular tools to quantify TrkA/B/C expression in preclinical/clinical 

neurology, oncology and drug development would be highly desirable but are, at the moment, 

critically lacking. Moreover, there is currently only sparse data with regard to the broader 

possibility of achieving CNS kinase imaging and the specific steps required to achieve such 

goal. The level of structural flexibility of Trk TKIs provides, we conjectured, an appropriate 

framework for the development of the first Trk-targeted PET radiotracers. Therefore, we 

hypothesize that a suitable TrkA/B/C radioligand for in vivo PET imaging applications could be 

developed using a broad TKIs-based radiotracer platform through a rational design strategy. 

The overarching goal of the present thesis is to identify structural and biological guidelines 

necessary for successful kinase neuroimaging, from compound design to human use, using 

TrkA/B/C as a pharmacologically relevant target. In this sense, the primary objectives of the 

thesis were to explore and refine a diverse set of highly potent Trk TKIs leads and perform small 

library syntheses revolving around key CNS PET selection parameters. Another key objective 

relates to the design and syntheses of suitable precursors for radiolabeling and the 

implementation of appropriate and efficient radiosynthetic strategies for radioisotope 

incorporation using fluorine-18 or carbon-11 sources. Owing to the diverse potential applications 

of Trk radiotracers, we envisioned that the molecular probes developed should be assessed 

using a wide variety of in vitro and in vivo techniques and various experimental approaches 

when applicable including: in vitro autoradiography experiments (rat/mice brain, TrkB-

expressing human neuroblastoma sections, human brain), metabolic studies (plasma, whole 

blood, microsomal assay), plasma binding studies and in vivo PET imaging using different 

species (including: Sprague Dawley rat, BALB/c mice, FVB/ Mdr1a/b
(−/−) 

Bcrp1
(−/−) 

mice, 

primates).  
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Dordrecht, The Netherlands 2011, 1903-1933. 
245. Miller, P. W.; Long, N. J.; Vilar, R.; Gee, A. D., Synthesis of 11C, 18F, 15O, and 13N 

radiolabels for positron emission tomography. Angew Chem Int Ed Engl 2008, 47 (47), 8998-
9033. 

246. Piel, M.; Vernaleken, I.; Rosch, F., Positron emission tomography in CNS drug discovery 

and drug monitoring. J Med Chem 2014, 57 (22), 9232-58. 
247. Liang, S. H.; Vasdev, N., Total Radiosynthesis: Thinking outside "the box". Aust J Chem 

2015, 68 (9), 1319-1328. 

75



Chapter 1 

248. Ametamey, S. M.; Honer, M.; Schubiger, P. A., Molecular imaging with PET. Chem Rev 

2008, 108 (5), 1501-16. 
249. Levin, C. S., Primer on molecular imaging technology. Eur J Nucl Med Mol Imaging 

2005, 32 Suppl 2, S325-45. 
250. Campagna-Slater, V.; Pottel, J.; Therrien, E.; Cantin, L. D.; Moitessier, N., Development 

of a Computational Tool to Rival Experts in the Prediction of Sites of Metabolism of Xenobiotics 

by P450s. Journal of Chemical Information and Modeling 2012, 52 (9), 2471-2483. 
251. Zaretzki, J.; Boehm, K. M.; Swamidass, S. J., Improved Prediction of CYP-Mediated 

Metabolism with Chemical Fingerprints. J Chem Inf Model 2015, 55 (5), 972-82. 
252. Rankovic, Z., CNS Drug Design: Balancing Physicochemical Properties for Optimal 

Brain Exposure. Journal of Medicinal Chemistry 2015, 58 (6), 2584-2608. 
253. Aller, S. G.; Yu, J.; Ward, A.; Weng, Y.; Chittaboina, S.; Zhuo, R.; Harrell, P. M.; Trinh, 

Y. T.; Zhang, Q.; Urbatsch, I. L.; Chang, G., Structure of P-glycoprotein reveals a molecular 

basis for poly-specific drug binding. Science 2009, 323 (5922), 1718-22. 
254. Zhang, L.; Villalobos, A.; Beck, E. M.; Bocan, T.; Chappie, T. A.; Chen, L.; Grimwood, S.; 

Heck, S. D.; Helal, C. J.; Hou, X.; Humphrey, J. M.; Lu, J.; Skaddan, M. B.; McCarthy, T. J.; 

Verhoest, P. R.; Wager, T. T.; Zasadny, K., Design and selection parameters to accelerate the 

discovery of novel central nervous system positron emission tomography (PET) ligands and 

their application in the development of a novel phosphodiesterase 2A PET ligand. J Med Chem 

2013, 56 (11), 4568-79. 
255. Wager, T. T.; Hou, X. J.; Verhoest, P. R.; Villalobos, A., Moving beyond Rules: The 

Development of a Central Nervous System Multiparameter Optimization (CNS MPO) Approach 

To Enable Alignment of Druglike Properties. Acs Chemical Neuroscience 2010, 1 (6), 435-449. 
256. Wager, T. T.; Hou, X.; Verhoest, P. R.; Villalobos, A., Central Nervous System 

Multiparameter Optimization Desirability: Application in Drug Discovery. ACS Chem Neurosci 

2016, 7 (6), 767-75. 
257. Di, L.; Rong, H. J.; Feng, B., Demystifying Brain Penetration in Central Nervous System 

Drug Discovery. Journal of Medicinal Chemistry 2013, 56 (1), 2-12. 
258. Cordon-Cardo, C.; O'Brien, J. P.; Casals, D.; Rittman-Grauer, L.; Biedler, J. L.; 

Melamed, M. R.; Bertino, J. R., Multidrug-resistance gene (P-glycoprotein) is expressed by 

endothelial cells at blood-brain barrier sites. Proc Natl Acad Sci U S A 1989, 86 (2), 695-8. 
259. Hitchcock, S. A., Structural modifications that alter the P-glycoprotein efflux properties of 

compounds. J Med Chem 2012, 55 (11), 4877-95. 

76



Chapter 1 

260. Alam, I. S.; Arshad, M. A.; Nguyen, Q. D.; Aboagye, E. O., Radiopharmaceuticals as 

probes to characterize tumour tissue. Eur J Nucl Med Mol Imaging 2015, 42 (4), 537-61. 
261. Holland, J. P.; Cumming, P.; Vasdev, N., PET radiopharmaceuticals for probing 

enzymes in the brain. Am J Nucl Med Mol Imaging 2013, 3 (3), 194-216. 
262. Wey, H. Y.; Gilbert, T. M.; Zurcher, N. R.; She, A.; Bhanot, A.; Taillon, B. D.; Schroeder, 

F. A.; Wang, C. G.; Haggarty, S. J.; Hooker, J. M., Insights into neuroepigenetics through 

human histone deacetylase PET imaging. Sci Transl Med 2016, 8 (351). 
263. Hicks, J. W.; VanBrocklin, H. F.; Wilson, A. A.; Houle, S.; Vasdev, N., Radiolabeled 

small molecule protein kinase inhibitors for imaging with PET or SPECT. Molecules 2010, 15 
(11), 8260-78. 

264. Santos, R.; Ursu, O.; Gaulton, A.; Bento, A. P.; Donadi, R. S.; Bologa, C. G.; Karlsson, 

A.; Al-Lazikani, B.; Hersey, A.; Oprea, T. I.; Overington, J. P., A comprehensive map of 

molecular drug targets. Nat Rev Drug Discov 2017, 16 (1), 19-34. 
265. Gao, M.; Wang, M.; Zheng, Q. H., Synthesis of carbon-11-labeled isonicotinamides as 

new potential PET agents for imaging of GSK-3 enzyme in Alzheimer's disease. Bioorg Med 

Chem Lett 2017, 27 (4), 740-743. 
266. Li, L.; Shao, X.; Cole, E. L.; Ohnmacht, S. A.; Ferrari, V.; Hong, Y. T.; Williamson, D. J.; 

Fryer, T. D.; Quesada, C. A.; Sherman, P.; Riss, P. J.; Scott, P. J.; Aigbirhio, F. I., Synthesis 

and Initial in Vivo Studies with [(11)C]SB-216763: The First Radiolabeled Brain Penetrative 

Inhibitor of GSK-3. ACS Med Chem Lett 2015, 6 (5), 548-52. 
267. Cole, E. L.; Shao, X.; Sherman, P.; Quesada, C.; Fawaz, M. V.; Desmond, T. J.; Scott, 

P. J., Synthesis and evaluation of [(11)C]PyrATP-1, a novel radiotracer for PET imaging of 

glycogen synthase kinase-3beta (GSK-3beta). Nucl Med Biol 2014, 41 (6), 507-12. 
268. Kumata, K.; Yui, J.; Xie, L.; Zhang, Y.; Nengaki, N.; Fujinaga, M.; Yamasaki, T.; 

Shimoda, Y.; Zhang, M. R., Radiosynthesis and preliminary PET evaluation of glycogen 

synthase kinase 3beta (GSK-3beta) inhibitors containing [(11)C]methylsulfanyl, 

[(11)C]methylsulfinyl or [(11)C]methylsulfonyl groups. Bioorg Med Chem Lett 2015, 25 (16), 
3230-3. 

269. Liang, S.; Chen, J. S.; Normandin, M.; Collier, T.; Perlis, R.; Holson, E.; Haggarty, S.; El 

Fakhri, G.; Kurumbail, R.; Vasdev, N., Discovery of [C-11]PF-367 for neuroimaging of glycogen 

synthase kinase 3. Journal of Nuclear Medicine 2015, 56 (3). 
270. Bernard-Gauthier, V.; Bailey, J. J.; Berke, S.; Schirrmacher, R., Recent Advances in the 

Development and Application of Radiolabeled Kinase Inhibitors for PET Imaging. Molecules 

2015, 20 (12), 22000-22027. 

77



Chapter 1 

271. Slobbe, P.; Poot, A. J.; Windhorst, A. D.; van Dongen, G. A., PET imaging with small-

molecule tyrosine kinase inhibitors: TKI-PET. Drug Discov Today 2012, 17 (21-22), 1175-87. 
272. Memon, A. A.; Weber, B.; Winterdahl, M.; Jakobsen, S.; Meldgaard, P.; Madsen, H. H. 

T.; Keiding, S.; Nexo, E.; Sorensen, B. S., PET imaging of patients with non-small cell lung 

cancer employing an EGF receptor targeting drug as tracer. Brit J Cancer 2011, 105 (12), 1850-
1855. 

273. Meng, X.; Loo, B. W., Jr.; Ma, L.; Murphy, J. D.; Sun, X.; Yu, J., Molecular imaging with 

11C-PD153035 PET/CT predicts survival in non-small cell lung cancer treated with EGFR-TKI: 

a pilot study. J Nucl Med 2011, 52 (10), 1573-9. 
274. Osman, S.; Lundkvist, C.; Pike, V. W.; Halldin, C.; McCarron, J. A.; Swahn, C. G.; 

Ginovart, N.; Luthra, S. K.; Bench, C. J.; Grasby, P. M.; Wikstrom, H.; Barf, T.; Cliffe, I. A.; 

Fletcher, A.; Farde, L., Characterization of the radioactive metabolites of the 5-HT1A receptor 

radioligand, [O-methyl-11C]WAY-100635, in monkey and human plasma by HPLC: comparison 

of the behaviour of an identified radioactive metabolite with parent radioligand in monkey using 

PET. Nucl Med Biol 1996, 23 (5), 627-34. 
275. Langstrom, B.; Antoni, G.; Gullberg, P.; Halldin, C.; Malmborg, P.; Nagren, K.; Rimland, 

A.; Svard, H., Synthesis of L- and D-[methyl-11C]methionine. J Nucl Med 1987, 28 (6), 1037-40. 
276. Link, J. M.; Krohn, K. A.; Clark, J. C., Production of [11C]CH3I by single pass reaction of 

[11C]CH4 with I2. Nucl Med Biol 1997, 24 (1), 93-7. 
277. Jewett, D. M., A simple synthesis of [11C]methyl triflate. Int J Rad Appl Instrum A 1992, 
43 (11), 1383-5. 

278. Wuest, F.; Berndt, M.; Kniess, T., Carbon-11 labeling chemistry based upon [11C]methyl 

iodide. Ernst Schering Res Found Workshop 2007,  (62), 183-213. 
279. Doi, H., Pd-mediated rapid cross-couplings using [(11) C]methyl iodide: groundbreaking 

labeling methods in (11) C radiochemistry. J Labelled Comp Radiopharm 2015, 58 (3), 73-85. 
280. Hwang, D. R.; Simpson, N. R.; Montoya, J.; Man, J. J.; Laruelle, M., An improved one-

pot procedure for the preparation of [11C-carbonyl]-WAY100635. Nucl Med Biol 1999, 26 (7), 
815-9. 

281. Rotstein, B. H.; Liang, S. H.; Placzek, M. S.; Hooker, J. M.; Gee, A. D.; Dolle, F.; Wilson, 

A. A.; Vasdev, N., (11)C[double bond, length as m-dash]O bonds made easily for positron 

emission tomography radiopharmaceuticals. Chem Soc Rev 2016, 45 (17), 4708-26. 
282. Rotstein, B. H.; Liang, S. H.; Holland, J. P.; Collier, T. L.; Hooker, J. M.; Wilson, A. A.; 

Vasdev, N., 11CO2 fixation: a renaissance in PET radiochemistry. Chem Commun (Camb) 

2013, 49 (50), 5621-9. 

78



Chapter 1 

283. Neelamegam, R.; Hellenbrand, T.; Schroeder, F. A.; Wang, C.; Hooker, J. M., Imaging 

evaluation of 5HT2C agonists, [(11)C]WAY-163909 and [(11)C]vabicaserin, formed by Pictet-

Spengler cyclization. J Med Chem 2014, 57 (4), 1488-94. 
284. Jacobson, O.; Mishani, E., [11C]-dimethylamine as a labeling agent for PET biomarkers. 

Appl Radiat Isot 2008, 66 (2), 188-93. 
285. Iwata, R.; Ido, T.; Takahashi, T.; Nakanishi, H.; Iida, S., Optimization of [11C]HCN 

production and no-carrier-added [1-11C]amino acid synthesis. Int J Rad Appl Instrum A 1987, 
38 (2), 97-102. 

286. Nishijima, K.; Kuge, Y.; Seki, K.; Ohkura, K.; Motoki, N.; Nagatsu, K.; Tanaka, A.; 

Tsukamoto, E.; Tamaki, N., A simplified and improved synthesis of [11C]phosgene with iron and 

iron (III) oxide. Nucl Med Biol 2002, 29 (3), 345-50. 
287. Preshlock, S.; Tredwell, M.; Gouverneur, V., (18)F-Labeling of Arenes and Heteroarenes 

for Applications in Positron Emission Tomography. Chem Rev 2016, 116 (2), 719-66. 
288. Tredwell, M.; Preshlock, S. M.; Taylor, N. J.; Gruber, S.; Huiban, M.; Passchier, J.; 

Mercier, J.; Genicot, C.; Gouverneur, V., A general copper-mediated nucleophilic 18F 

fluorination of arenes. Angew Chem Int Ed Engl 2014, 53 (30), 7751-5. 
289. Ehrenkaufer, R. E.; Potocki, J. F.; Jewett, D. M., Simple synthesis of F-18-labeled 2-

fluoro-2-deoxy-D-glucose: concise communication. J Nucl Med 1984, 25 (3), 333-7. 
290. Teare, H.; Robins, E. G.; Kirjavainen, A.; Forsback, S.; Sandford, G.; Solin, O.; Luthra, 

S. K.; Gouverneur, V., Radiosynthesis and evaluation of [18F]Selectfluor bis(triflate). Angew 

Chem Int Ed Engl 2010, 49 (38), 6821-4. 
291. Stenhagen, I. S.; Kirjavainen, A. K.; Forsback, S. J.; Jorgensen, C. G.; Robins, E. G.; 

Luthra, S. K.; Solin, O.; Gouverneur, V., [18F]fluorination of an arylboronic ester using 

[18F]selectfluor bis(triflate): application to 6-[18F]fluoro-L-DOPA. Chem Commun (Camb) 2013, 
49 (14), 1386-8. 

292. Hamacher, K.; Coenen, H. H.; Stocklin, G., Efficient stereospecific synthesis of no-

carrier-added 2-[18F]-fluoro-2-deoxy-D-glucose using aminopolyether supported nucleophilic 

substitution. J Nucl Med 1986, 27 (2), 235-8. 
293. Beuthien-Baumann, B.; Hamacher, K.; Oberdorfer, F.; Steinbach, J., Preparation of 

fluorine-18 labelled sugars and derivatives and their application as tracer for positron-emission-

tomography. Carbohydr Res 2000, 327 (1-2), 107-18. 
294. Dolle, F., Fluorine-18-labelled fluoropyridines: advances in radiopharmaceutical design. 

Curr Pharm Des 2005, 11 (25), 3221-35. 

79



Chapter 1 

295. Moon, B. S.; Kil, H. S.; Park, J. H.; Kim, J. S.; Park, J.; Chi, D. Y.; Lee, B. C.; Kim, S. E., 

Facile aromatic radiofluorination of [18F]flumazenil from diaryliodonium salts with evaluation of 

their stability and selectivity. Org Biomol Chem 2011, 9 (24), 8346-55. 
296. Massaweh, G.; Schirrmacher, E.; la Fougere, C.; Kovacevic, M.; Wangler, C.; Jolly, D.; 

Gravel, P.; Reader, A. J.; Thiel, A.; Schirrmacher, R., Improved work-up procedure for the 

production of [(18)F]flumazenil and first results of its use with a high-resolution research 

tomograph in human stroke. Nucl Med Biol 2009, 36 (7), 721-7. 
297. Rotstein, B. H.; Stephenson, N. A.; Vasdev, N.; Liang, S. H., Spirocyclic hypervalent 

iodine(III)-mediated radiofluorination of non-activated and hindered aromatics. Nat Commun 

2014, 5. 
298. Lee, E.; Hooker, J. M.; Ritter, T., Nickel-Mediated Oxidative Fluorination for PET with 

Aqueous [F-18] Fluoride. J Am Chem Soc 2012, 134 (42), 17456-17458. 
299. Eumann, C. N. N.; Hooker, J. M.; Ritter, T., Concerted nucleophilic aromatic substitution 

with F-19(-) and F-18(-). Nature 2016, 534 (7607), 369-373. 
300. Ren, H.; Wey, H. Y.; Strebl, M.; Neelamegam, R.; Ritter, T.; Hooker, J. M., Synthesis 

and Imaging Validation of [F-18]MDL100907 Enabled by Ni-Mediated Fluorination. Acs 

Chemical Neuroscience 2014, 5 (7), 611-615. 
301. Lee, E.; Kamlet, A. S.; Powers, D. C.; Neumann, C. N.; Boursalian, G. B.; Furuya, T.; 

Choi, D. C.; Hooker, J. M.; Ritter, T., A fluoride-derived electrophilic late-stage fluorination 

reagent for PET imaging. Science 2011, 334 (6056), 639-42. 
302. Ye, Y.; Schimler, S. D.; Hanley, P. S.; Sanford, M. S., Cu(OTf)2-mediated fluorination of 

aryltrifluoroborates with potassium fluoride. J Am Chem Soc 2013, 135 (44), 16292-5. 
303. Cardinale, J. E., J.; Humpert, S.; Coenen, H. H. , Iodonium ylides for one-step, no-

carrier-added radiofluorination of electron rich arenes, exemplified with 4-(([18F]fluorophenoxy)-

phenylmethyl)-piperidine NET and SERT ligands. RSC Adv. 2014, 4, 17293−17299. 

304. Stephenson, N. A.; Holland, J. P.; Kassenbrock, A.; Yokell, D. L.; Livni, E.; Liang, S. H.; 

Vasdev, N., Iodonium ylide-mediated radiofluorination of 18F-FPEB and validation for human 

use. J Nucl Med 2015, 56 (3), 489-92. 
305. Zischler, J.; Kolks, N.; Modemann, D.; Neumaier, B.; Zlatopolskiy, B. D., Alcohol-

Enhanced Cu-Mediated Radiofluorination. Chemistry 2016. 
306. Zlatopolskiy, B. D.; Zischler, J.; Krapf, P.; Zarrad, F.; Urusova, E. A.; Kordys, E.; 

Endepols, H.; Neumaier, B., Copper-mediated aromatic radiofluorination revisited: efficient 

production of PET tracers on a preparative scale. Chemistry 2015, 21 (15), 5972-9. 

80



Chapter 1 

307. Mossine, A. V.; Brooks, A. F.; Makaravage, K. J.; Miller, J. M.; Ichiishi, N.; Sanford, M. 

S.; Scott, P. J., Synthesis of [18F]Arenes via the Copper-Mediated [18F]Fluorination of Boronic 

Acids. Org Lett 2015, 17 (23), 5780-3. 

 

81



Chapter 2 

Article 5 

A version of this chapter has been published as: Bernard-Gauthier, V. & Schirrmacher, R. 5-(4-
((4-[18F]fluorobenzyl)oxy)-3-methoxybenzyl)pyrimidine-2,4-diamine: A Selective Dual Inhibitor 
for Potential PET Imaging of Trk/CSF-1R. Bioorg. Med. Chem. Lett. 2014, 24, 4784-4790. 

Author contributions: V.B.G. and R.S. design research; V.B.G. performed all research, data 
analysis and interpretation; V.B.G. wrote the paper; V.B.G. and R.S. reviewed/corrected paper. 

 

  

82



Chapter 2 
 

5-(4-((4-[18F]Fluorobenzyl)oxy)-3-methoxybenzyl)pyrimidine-2,4-diamine: A 

Selective Dual Inhibitor for Potential PET Imaging of Trk/CSF-1R 

Vadim Bernard-Gauthier1,2 & Ralf Schirrmacher2,3* 

1Experimental Medicine, Department of Medicine, McGill University, 1110 Pine Avenue West, 
Montreal, QC, H3A 1A3. 2Department of Oncology, University of Alberta, 11560 University 
Avenue, Edmonton, AB, Canada, T6G 1Z2. 3McConnell Brain Imaging Centre, Montreal 

Neurological Institute, McGill University, 3801 University Street, Montreal, QC, Canada, H3A 
2B4.*Corresponding author 

 

2.1 Abstract 

The tropomyosin receptor kinases (TrkA/B/C) and colony-stimulating factor-1 receptor 

(CSF-1R) represent highly pursued oncological therapeutic targets. The 2,4-diaminopyrimidine 

inhibitor GW2580 (2.9) has been previously reported as a highly selective low nanomolar 

TrkB/TrkC/CSF-1R inhibitor. In this study, fluorinated derivatives of 2.9 were designed, 

synthesized and evaluated in enzymatic assays. The highly potent inhibitor 2.10 was identified, 

which retained the selectivity profile of the non-fluorinated lead compound 2.9, and the 

radiosynthesis of [18F]2.10 was developed.  The results obtained from the biological evaluation 

of 2.10 and the radiosynthesis of [18F]2.10 support further investigation of this tracer as a 

potential PET imaging probe for TrkB/TrkC and CSF-1R. 

2.2 Introduction 

In recent years, the growing understanding of the underlying role of protein tyrosine 

kinases in the abnormal signal transduction in cancer has sustained the development of 

numerous targeted small molecule tyrosine kinase inhibitors (TKIs) for cancer treatment.1-3 TKIs 

stand as one of the fastest growing anticancer drug classes with 16 FDA-approved inhibitors 

within the last twelve years and hundreds more currently in development.4 Despite those clinical 
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successes, the low response rates of those TKIs reaching the market forces the development of 

efficient tools to facilitate drug development and ultimately identify patients which are most likely 

to respond to treatment.5 The current use of invasive approaches such as tumor biopsy only 

provide partial information on specific target expression/mutation status. In this context, the 

advent of radiolabeled TKIs for positron emission tomography (PET) may potentially offer 

fundamental insights useful for drug development and individualized medicine as far as target 

expression, binding kinetics, potential toxicity and treatment efficacy is concerned.5-10 

Trk receptors critically support the development and maintenance of the nervous 

system11-13 but their over-expression in various neural and non-neural neoplasms such as 

breast,14 pancreatic,15-16 lung17 and neuroendocrine tumors18-21 also confers aggressive 

phenotypes to tumor cells and correlates with poor prognosis.22 In the last decade, many 

studies have focused on the development of Trk ligands, especially ATP-competitive inhibitors 

for the treatment of cancer (Figure 2.1).23-25 Currently, the inhibition of Trk receptors is 

investigated in six clinical trials and numerous pre-clinical studies.26-27 

Comprehensive kinase inhibitor analysis recently demonstrated that the orally bioactive 

diaminopyrimidine colony-stimulating factor-1 receptor (CSF-1R) inhibitor GW2580 (2.9)28 

strongly inhibits Trk receptors – especially TrkB (Kd; CSF-1R = 2.2 nM, TrkA = 630 nM, TrkB = 

36 nM, TrkC = 120 nM).29-31 Notably, GW2580 exhibits one of the most specific kinase inhibition 

profiles among known kinase inhibitors (no supplementary inhibition of other kinases with Kd  < 

3PM) which, when considering PET imaging, represents an advantageous target selectivity.32 

Therefore, we hypothesized that the high selectivity of 2.9 could constitute a promising basis for 

the development of PET-TKI probes with potential imaging applications for CSF-1R, since CSF-

1R also represents a useful PET imaging target. CSF-1R regulates mononuclear phagocyte 

differentiation and proliferation and as such plays a central role in multiple macrophage-

mediated pathological conditions.33-34 In particular, infiltration of tumor-associated macrophages 
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(TAMs) within tumor microenvironments relying upon CSF-1R for survival and differentiation, is 

associated with poor prognosis in numerous cancers.35-36 Thus, translation of 2.9 into a dual 

Trk/CSF-1R PET probe could be highly useful in many cases where cancer cells overexpress 

Trk receptors while abundant CSF-1R is found within the stromal cells due to high TAMs 

infiltration.37-39 

 

Figure 2.1. Chemical structures of selected Trk receptor ligands and radioligands. 

2.3 Results and Discussion 

2.3.1 Design of compounds. The structure of GW2580 possesses two aromatic methoxy 

moieties potentially amenable for carbon-11 (t1/2 = 20 min) labeling (Figure 2.1). However, 

fluorine-18 displays better nuclear properties (t1/2 = 109 min; 97% E+; Emax (E+) = 0.64 MeV) 

which allow for a more flexible radiosynthesis and lead to high quality PET images. It is also 

documented that the introduction of fluorine into bioactive molecules may positively influence 

physicochemical properties and oxidative/hydrolytic metabolic stabilities.40 This study thus 

describes the design, synthesis and biological evaluation of a small series of fluorinated analogs 
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of GW2580. The derivatives where selected in order to be accessible as 18F-isotopologues. A 

new potent fluorinated Trk(B/C)/CSF-1R inhibitor 2.10 was identified, which was consequently 

labeled with fluorine-18.  In addition, exhaustive selectivity profiling over a panel of 342 kinases 

established that 2.10 maintains the remarkable selectivity of the non-fluorinated lead compound 

2.9. 

 

Figure 2.2. (A) Binding interactions of GW2580 (2.9) to TrkB based on the co-crystal structure of 2.9-TrkB 
(PDB code: 4AT5). Hydrogen bonds between the ligand and the hinge region, DFG motif and adjacent 
water molecules are indicated with red dash lines. (B) Derivatization of the para-methoxybenzyl ring for 
the introduction of fluorine substituents accessible with common radiofluorination methods. 

 

Three fluorinated derivatives of inhibitor 2.9 where rationally designed based on the 

available co-crystal structure of TrkB with GW2580 (PDB code: 4AT5)41 and developed with the 

objectives of maintaining the potency/selectivity profile of the lead while being amenable 

towards 18F-labeling. Our rationale consisted of introducing structural modifications on the para-

methoxybenzyl (PMB) ring occupying the selectivity hydrophobic pocket formed by residues 

Ile616, Leu611, Leu608 and Leu688. The diaminopyrimidine fragment in contact with the hinge 

region and the 1-(benzyloxy)-2-methoxybenzene central ring interacting with Asp710 from the 
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DFG motif (Figure 2.2) were left untouched. Inspection of the hydrophobic back pocket 

revealed that the ortho- and para-position of the tail fragment can probably only accommodate 

small structural modifications. The orientation from one side of the PMB ring left the meta-

position solvent exposed thus suggesting that this position might be compatible with bulkier 

alterations. Therefore, fluoroaryl-derivatives 2.10 and 2.11 (ortho and para-activated position for 

labeling – vide supra) and the 2-fluoroethoxy-derivative 2.12 (Figure 2.1B) were synthesized 

and evaluated. 

 

Scheme 2.1. Chemical synthesis of intermediate 2.20. Reagents and conditions: (a) MOMCl, DIPEA, 
CH2Cl2, 0°C – rt, 30 min, then rt, 20 h; (b) 3,4-dihydro-2H-pyran, PPTS cat., CH2Cl2, rt, 12 h, (c) 3-
morpholinopropionitrile, NaOMe, DMSO,  75°C, 1 h; (d) 3-ethoxypropionitrile, NaOEt, DMSO, 75°C, 1 h; 
(e) i. aniline.HCl, EtOH, reflux, 1 h; ii. guanidine.HCl, NaOEt, EtOH, reflux, 12 h; (f) guanidine.HCl, 
NaOEt, EtOH, reflux, 16 h (g) HCl conc., MeOH, rt, 5 h. 
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2.3.2 Chemical syntheses. First, we synthesized inhibitor 2.9 following the patent procedure 

reported by Shewchuk et al.42 to provide its first complete characterization (See Supporting 

Information). Two different synthetic approaches were used to obtain compounds 2.10-2.12. 

The first method relied on the alkylation of the common 5-phenol-2,4-diaminopyrimidine 

intermediate 2.20 (Scheme 2.1). We envisioned that this fragment could also be used as 

nonradioactive precursor for the synthesis of [18F]2.10 and [18F]2.11 via simple alkylation 

employing 18F-fluorobenzyl halides.43-45 Our initial strategy towards 2.20 involved the direct 

catalytic hydrogenolysis of 2.9.  Disappointingly, this approach only delivered very low yields of 

2.20 under the different conditions tested. Alternatively, the synthesis of 2.20 was envisioned via 

the deprotection of either the O-MOM- or O-THP-protected 2,4-diaminopyrimidine intermediates 

2.18 and 2.19. Those compounds were synthesized via condensation/cyclization using the 

protected vanillin 2.14 and 2.15 with either the 3-morpholinopropionitrile/aniline exchange 

strategy46 or with 3-ethoxypropionitrile47 followed by treatment with guanidine (Scheme 2.1). 

Overall, the cyclization with the E-morpholinopropionitrile intermediate proved far more useful 

than the synthesis of 2.19. MOM deprotection of 2.18 afforded the phenol intermediate 2.20 in 

28% overall yield from vanillin. Attempts to combine the use of the more labile THP protecting 

group with the 3-morpholinopropionitrile/aniline exchange strategy failed to yield 2.19 or 2.20, 

presumably due to acid promoted aminolysis of the THP fragment in the presence of aniline 

hydrochloride.  

 

Scheme 2.2. Chemical synthesis of 2,4-diaminopyrimidines compounds 2.10-2.12. Reagents and 
conditions: (a) K2CO3, benzyl halide derivative, DMSO, EtOH, rt, 12 h.  
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Scheme 2.3. Chemical synthesis of intermediate 2.24. Reagents and conditions: (a) K2CO3, 2-fluoroethyl 
4-methylbenzenesulfonate (S2.5), DMF, rt, 10 h; (b) LiAlH4, THF, 0°C – rt, 2-4 h; (c) cyanuric chloride, 
DMSO, rt, 5 min. 

 

Alkylation of 2.20 with suitable benzyl halides afforded 2.10-2.12 in good yields (Schemes 

2 and 3). Yet, the high polarity imparted by the common diaminopyrimidine moiety shared by 

2.20 and 2.10-2.12 often led to the isolation of poorly separable residual starting 

material/alkylated product mixtures.  We thus adapted a linear synthesis similar to the approach 

used to obtain 2.9 which is exemplified by the synthesis of 2.10 and 2.12 as depicted in 

Scheme 2.4 (Intermediate 2.29 was recrystallized as a mixture of the E and Z geometric 

isomer. Only (E)-2.29 was fully identified and illustrated in Scheme 2.4).  

 

Scheme 2.4. Reagents and conditions: (a) Benzyl halide, K2CO3, DMF, 70°C/3 h or rt/12 h rt; (b) 3-
morpholinopropionitrile, DMSO, 60-75°C, 40 min; (c) aniline.HCl, i-PrOH, 40°C, 30 min; (d) 
guanidine.HCl, NaOEt, EtOH, reflux, 16 h. Single-Crystal X-Ray structure of 2.25 and (E)-2.29; ellipsoids 
drawn at 70% probability. 
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2.3.3 Biological evaluations and in silico studies. The synthesized compounds were then 

evaluated for their inhibitory activity against TrkA, TrkB, TrkC and CSF-1R in comparison to 

GW2580 (2.9). The resulting IC50s along with relevant physico-chemical properties are 

summarized in Table 2.1 (dose-response curves are presented in Scheme S1, Supporting 

Information). Under assayed conditions, lead inhibitor 2.9 was shown to display moderate intra 

Trk isoform selectivity compared to Kd values reported with binding assays.29-31 Fluorine-for-

methoxy substitution had a negligible impact on the potency towards TrkB (IC50 = 119 ± 38.7 nM 

for 2.10 versus IC50 = 132 ± 12.0 nM for 9). This highly potent fluorinated TrkB inhibitor 2.10 

also displayed similar potencies for TrkC (135 ± 5.66 nM) and CSF-1R (169 ± 27.6 nM) and 

slightly improved selectivity towards TrkA. Therefore, 2.10 has a suitable affinity for PET 

imaging. Fluorinated compound 2.10 also showed a reduced surface polar area (TSPA) and 

increased cLogD/cLogP compared to 2.9 in a range which is favorable considering ideal 

physico-chemical properties for PET radiotracers.32, 48  Inhibitor 2.12 was 2- to 4.5-fold less 

potent towards Trk receptors and 28-fold less potent for CSF-1R as compared to 2.9. 

Interestingly, replacement of one hydrogen for a fluorine atom in ortho-position in 2.11 had a 

dramatic negative impact on the potency for all four targets despite being the smallest structural 

modification of all tested derivatives (>100-fold decrease in potency). As expected, derivative 

2.20, lacking the tail benzyloxy fragment did not display kinase inhibition (Table 2.1). 

In order to rationalize the unexpected potency leap between 2.9/2.10 and 2.11, a molecular 

modeling study was performed using the X-ray co-crystal structure of TrkB-GW2580 complex 

(PDB ID: 4AT5) and CSF-1R co-crystal complex (PDB ID: 3LCO) with FITTED (FORECASTER 

platform).49-51 The binding modes of compounds 2.10 and 2.11 in the ATP-binding cavity of TrkB 

(DFG-out), which as expected overlaid significantly with the resolved crystal structure of 2.9, are 

depicted in Figure 3A,B. While key hydrogen bonds and hydrophobic interactions at the hinge 

and within the DFG motif do not differ between inhibitors, discrepancies occur at the 
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hydrophobic back pocket regarding the spatial orientation of the tail benzyl moiety. The 

fluorobenzyl ring in 2.10 displays the same perpendicular orientation relative to the central 

methoxybenzyl ring as the PMB ring in 2.9.  

Table 2.1. In Vitro Activity of Fluorinated Diaminopyrimidine Inhibitors 2.10-2.12, 2.20 and 2.9 

a Values were computed with the program Pallas 3.7 for Windows (CompuDrug; SanFrancisco, CA). cLogD at pH = 
7.4. bAll data given in nM and are an average of duplicate measurements. ckD values in nM from Ref. 30. dni = no 
inhibition (at 10-5 M).   

 

This conformation is also favoured considering the lowest energy conformation in this 

motif and presumably allows for the optimal interaction with the hydrophobic pocket residues. In 

contrast, the ortho-fluoro PMB fragment in 2.11 is distorted from this conformation (Figure 

2.3C). The ortho-hydrogen atoms (position 2- and 6-) in 2.9 are positioned in close proximity 

(2.8 Å) to the oxygen atom from the carbonyl groups from both sides, namely residues Asp710 

 

cpd 

 

MW 

 

clogDa 

 

ClogPa 

 

TPSA  

(Å2)a 

 

In vitro IC50 (nM) b 

 

IC50 TrkA/IC50 TrkB; 

IC50 TrkB/IC50 CSF-1R TrkA TrkB   TrkC CSF-1R 

 

2.9 

 

366.4 

 

1.89 

 

2.30 

 

105.51 

 

338 ± 
29.0 
(630)c 

 

119 ± 
38.7 
(36)c 

 

69.1 ± 
0.99 
(120)c 

 

33.0 ± 
10.8 
(2.2)c 

 

2.84;3.61 

2.10 354.4 2.35 2.80 96.28 663 ± 
19.8 

132 ± 
12.0 

135 ± 
5.66 

169 ± 
27.6 

5.02;0.78 

 

2.11 

 

384.4 

 

- 

 

2.75 

 

105.53 

 

nid 

 

>10000 

 

>10000 

 

5060 ± 
226 

 

- 

2.12 428.5 - 2.55 114.77 674 ± 
79.2 

409 ± 
3.54 

309 ± 
31.2 

939 ± 
115 

1.65;0.44 

2.20 246.3 - 0.70 107.29 nid nid nid nid - 
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and Val617 – which is inferior to the sum of the van der Waals radii of fluorine and oxygen (2.99 

Å). 

 

Figure 2.3. Predicted binding poses of 2.10 (purple) and 2.11 (cyan) bound to TrkB (PDB code: 4AT5) 
showing (A) the hinge binding interactions and (B) the interaction with Asp710 from the DFG motif 
(hydrogen bonds are depicted with black dash lines). (C) Superposition of the docking pose of 2.10 and 
2.11 with the crystal structure of GW2580-TrkB illustrating the disruption in the orientation of the 
benzyloxy moiety in 2.11 compared to GW2580 and 2.10. (D-E) Opposite angles presenting the overlay 
between the ortho-fluoro diaminopyrimidine derivative 2.11 docking pose and the distances between the 
ortho-hydrogen of GW2580 (green) and the oxygen from the carbonyl group of the residues Asp710 and 
Val617 (highlighted in blue; distances are depicted with red lines). 

 

Those unfavorable electrostatic interactions, exacerbated in 2.11 as compared to 2.9 when 

considering the longer C-F bond compared to C-H, results in the distorted and seemingly 

disfavored orientation of the tail group of 2.11 (Figure 2.3D,E) – similar interactions occur with 

CSF-1R (Figure S2.2, Supporting Information). Moreover, even in this conformation, the 

fluorine substituent is potentially forced to lie in the vicinity of Asp710 only, due to the 

overlapping proximity of the side chain from Val617 if oriented towards the back of the 

hydrophobic cavity. In addition, conformational factors involving intermolecular hydrogen 

bonding of the solvated ligand, reminiscent of the intramolecular interactions observed in ortho-
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fluorobenzylic alcohol structures52 and ortho-fluoro arylamides53-54, may also contribute to the 

poor relative potency of 2.11 through the stabilisation of suboptimal conformations for binding 

(Figure S2.3, Supporting Information). 

 

Figure 2.4. Selectivity profile of compound (A) 2.10 and (B) 2.12 tested on a panel of 342 kinases. The 
kinome dendrogram represents the percent of inhibition at 1.0 PM of inhibitors. The measurements were 
performed using a [γ-33P]ATP-based enzymatic assay performed by Reaction Biology Corporation and 
the dendrogram was obtained from Kinase Mapper (Reaction Biology). 

 

Apart from its high affinity, the selection of GW2580 as a lead in our radiotracer 

development program was motivated by its exceptional selectivity. The observed profound 

impact of small structural modifications on the selected panel of four kinases tested prompted 

us to conduct comprehensive kinase selectivity profiling of our fluorinated inhibitors. Compound 

2.10, as well as the less potent derivative 2.12, were tested in enzymatic assays on a panel of 

342 kinases (Reaction Biology Corporation, full wild type kinase panel, Figure 2.4, Supporting 

93



Chapter 2 
 

Information). In the presence of 1.0�PM�of 2.10, only TrkB, TrkC and CSF-1R were strongly 

inhibited – remaining activity inferior to 25% compared to DMSO control (Figure 2.4A). 

Compound 2.10 also showed moderate TrkA inhibition (55.7±1.4% remaining activity) and 

negligible inhibition of only few other kinases (CDK6, HGK/MAP4K4, TXK). A similar kinase 

profile was obtained for 2.12 with few more off-target minor inhibitions (Figure 2.4B, 10-25% 

inhibition: CDK6, CK1g3, DAPK2, ERK5/MAPK7, HGK/MAP4K4, SNARK/NUAK2, TXK). Those 

results confirmed the retention of the high selectivity of 2.10 towards TrkB/TrkC/CSF-1R relative 

to the non-fluorinated lead and encourage its further development into a radiolabeled probe.  

 

Scheme 2.5. Radiosynthesis of [18F]2.10. Reagents and conditions: (a) [18F]S2.8, Cs2CO3, TBAI, 
DMSO/EtO2 (2:1), 100°C, 10 min. 

 

2.3.4 Radiosynthesis of [18F]2.10. In preliminary radiolabeling experiments, [18F]2.10 was 

prepared via the alkylation of precursor 2.20 with [18F]fluorobenzyl bromide ([18F]S2.8, Scheme 

2.5, Supporting Information). Alkylation leading to [18F]2.10 was performed in radiochemical 

yield (RCY) of 13% (HPLC incorporation yield, non-decay corrected) in the presence of Cs2CO3 

and tetrabutylammonium iodide (TBAI) at 100°C for 10 min. [18F]S2.8 was obtained following an 

on-cartridge procedure adapted from Lemaire et al.45 starting with 4-formyl-N,N,N-

trimethylanilinium triflate (S2.5). The radiosynthesis of [18F]S2.8 was typically accomplished in 

25-30% RCY (non-decay corrected) as a crude mixture (>85% [18F]S2.8 containing residual 4-

[18F]fluorobenzaldehyde – [18F]S2.6, Supporting Information) which was used directly in the 

alkylation step. The multi-step approach used, carried out manually, despite being sufficient for 

evaluation purposes, will be difficult to implement into an automated synthesis unit for routine 
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production. Therefore, an alternative and more straightforward route to [18F]2.10 will be 

developed, such as a diaryliodonium salt strategy.55-56  

2.4 Conclusion 

In conclusion, starting from the known inhibitor 2.9 a potent and highly selective 

fluorinated TrkB/TrkC/CSF-1R inhibitor, 2.10, was designed and labeled with fluorine-18. The 

remarkable selectivity profile of 2.10 was confirmed by exhaustive kinase profiling. Those initial 

results, together with our preliminary radiosynthesis study, warrant further evaluation of 

[18F]2.10 as a uniquely selective tool to assess TrkB, TrkC and CSF-1R level in vivo with PET. 

Imaging studies in Trk-positive tumor bearing nude mice, especially TrkB-overexpressing 

neuroblastoma xenograft models, will be reported in due course. 

Supporting Information. 

Supporting information available. Syntheses of 2.9 and 2-fluoroethyl 4-methylbenzenesulfonate, 

[18F]2.31, supplementary Figures S2.1-S2.3 and Scheme S2.1, kinase profiling data for 

inhibitors 2.10 and 2.12 and crystallographic data for compounds 2.25 and (E)-2.29. 

Author Information. 

*To whom the correspondence should be addressed.  Prof. R. Schirrmacher. Fax: (+1) 514-396-

1857; e-mail: ralf.schirrmacher@mcgill.ca 

Acknowledgement. 

We thank Mehdi Boudjemeline for his support with the collection of the NMR data.  We thank 

Marilyn Grand’Maison for the valuable help for the preparation of figures. This work was 

financially supported by Canada Foundation for Innovation (CFI) project no. 203639 to R.S.  

 

 

95



Chapter 2 
 

2.5 Supporting Information of Article 5 

 

5-(4-((4-[18F]fluorobenzyl)oxy)-3-methoxybenzyl)pyrimidine-2,4-diamine: A 

Selective Dual Inhibitor for Potential PET Imaging of Trk/CSF-1R 

Vadim Bernard-Gauthier1,2 & Ralf Schirrmacher2,3* 

1Experimental Medicine, Department of Medicine, McGill University, 1110 Pine Avenue West, 
Montreal, QC, H3A 1A3. 2Department of Oncology, University of Alberta, 11560 University 
Avenue, Edmonton, AB, Canada, T6G 1Z2. 3McConnell Brain Imaging Centre, Montreal 

Neurological Institute, McGill University, 3801 University Street, Montreal, QC, Canada, H3A 
2B4.*Corresponding author 

 

 

 

CONTENT OF SUPPORTING INFORMATION  

1. CHEMSITRY 

2. BIOLOGICAL EVALUATION 

3. DOCKING SIMULATION. 
 

4. COMPUTATION OF PHYSICO-CHEMICAL PROPERTIES  

5. FIGURES (Figure S2.1-S2.3) 

6. RADIOCHEMISTRY 

7. CRYSTALLOGRAPHY DATA FOR COMPOUNDS 2.25 AND 2.29.  

  

96



Chapter 2 
 

1. CHEMISTRY 

1.1 Material and Methods. 

General. All moisture sensitive reactions were carried out in oven-dried flasks under nitrogen 

atmosphere with dry solvents. Reagents and solvents were purchased at the highest 

commercial quality from Sigma-Aldrich, Acros or Alfa-Aesar, and were used without further 

purification unless specified otherwise. 4-Formyl-N,N,N-trimethylanilinium triflate (S2.5) was 

purchase from ABX Advanced Biochemical Compounds. Organic solutions were concentrated 

under reduced pressure on a Heidolph rotary evaporator. In general, reactions were 

magnetically stirred and monitored by TLC performed on pre-coated glass-backed TLC plates 

(Analtech, 250 microns) and chromatographic purification of products was accomplished using 

flash chromatography on Alfa-Aesar silica gel (230-450 mesh).  TLC visualization was 

performed by fluorescence quenching, KMnO4 or ninhydrin. 1H NMR and 13C NMR spectra were 

recorded on a 300 Varian Mercury spectrometer in CDCl3 or d6-DMSO and peak positions are 

given in parts per million using TMS as internal standard. 19F NMR spectra were recorded on a 

200 Varian Mercury in CDCl3 or d6-DMSO and peak positions are given in parts per million 

using CFCl3 as internal standard. Peaks are reported as: s = singlet, d = doublet, t = triplet, q = 

quartet, p = quintet, m = multiplet, b = broad; coupling constant(s) in Hz; integration. High 

Resolution Mass Spectra (HRMS) were obtained from the Regional Center for Mass 

Spectrometry of The Chemistry Department of the Université de Montréal (LC-MSD-TOF 

Agilent).  No-carrier-added (n.c.a) aqueous [18F]fluoride was prepared by the 18O(p,n)18F nuclear 

reaction on an enriched [18O]water (98 %) target.  

The synthesis of compounds S2.1-S2.3, S2.4 and 2.9 were adapted from reported 

procedures.42, 57-58  

 

1.2 Chemical synthesis of GW2580 (2.9) and intermediates.  

 

1.2.1. 3-Methoxy-4-((4-methoxybenzyl)oxy)benzaldehyde (S2.1). To a heterogeneous 

mixture of 4-hydroxy-3-methoxybenzaldehyde (3.0 g, 19.7 mmol, 1 equiv.) and K2CO3 (6.53 g, 

47.3 mmol, 2.4 equiv.) in DMF (55 mL) at room temperature was added dropwise 4-
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methoxybenzyl chloride (3.18 g, 20.9 mmol, 1.06 equiv.). The mixture was heated at 70°C for 3 

h, cooled and concentrated under reduced pressure. The crude residue was taken in diethyl 

ether (200 mL) and the organic layer was washed with water (200 mL). The aqueous phase was 

subsequently extracted with diethyl ether (100 ml) and CH2Cl2 (2 X 100 mL). The combined 

organic phases were washed water (100 mL), brine (100 mL), dried over Na2SO4 and 

concentrated in vacuo. The crude residue was triturated from CHCl3/hexane and washed with 

cold hexane to afford 4.94 g of the title compound as a white solid (92%).  

1H NMR (300 MHz, CDCl3) δ 9.83 (s, 1H), 7.42 – 7.35 (m, 4H), 7.00 (d, J = 8.1 Hz, 1H), 6.91 

(dd, J2 = 8.7 Hz, J1 = 2.1 Hz, 1H), 5.16 (s, 2H), 3.93 (s, 3H), 3.80 (s, 3H) ppm. 13C NMR (75 

MHz, CDCl3) δ 190.9, 159.6, 153.7, 150.0, 130.2, 129.0, 127.9, 126.6, 114.1, 112.3, 109.2, 

70.7, 56.0, 55.2 ppm. HRMS (ESI) calcd for C16H16O4 (M+H)+ 273.11214, found 273.1132. 

 

1.2.2. 2-(3-Methoxy-4-((4-methoxybenzyl)oxy)benzyl)-3-morpholinoacrylonitrile (S2.2). The 

aldehyde S2.1 (1.09 g, 4 mmol, 1 equiv.) and 3-morpholinopropionitrile (617 mg, 4.4 mmol, 1.1 

equiv.) were stirred in DMSO (4 mL) at 65°C. Upon homogenisation, the reaction mixture was 

cooled to 40°C and sodium methoxide (2.66 mL from 0.5M in MeOH, 1.33 mmol, 0.3 equiv.) 

was added. The mixture was stirred at 75°C for 15-25 minutes and cooled to room temperature. 

CH2Cl2 (40 mL) and brine (40 mL) were added and the two layers were separated.  The organic 

phase was dried over Na2SO4 and concentrated in vacuo. The crude reddish oil obtained was 

purified by flash chromatography (50% EtOAc/hexane) and afforded 1.19 g of the title 

compound as a yellow oil (76%).  

1H NMR (300 MHz, CDCl3) δ 7.35 (d, J = 8.4 Hz, 2H), 6.89 (d, J = 8.4 Hz, 2H), 6.87 - 6.68 (m, 

3H), 6.20 (s, 1H) (olefinic proton), 5.05 (s, 1H) (olefinic proton), 3.87 (s, 3H), 3.80 (s, 3H), 3.70 

(t, J = 5.1 Hz, 4H), 3.46 (t, J = 5.1 Hz, 4H), 3.30 (s, 2H) ppm. 13C NMR (75 MHz, CDCl3) δ 

159.3, 149.7, 148.8, 147.0, 132.5, 129.2, 129.0, 120.3, 114.2, 114.0, 113.9, 112.2, 75.4, 70.9, 

66.3, 56.0, 55.3, 49.5, 38.9 ppm. HRMS (ESI) calcd for C23H27N2O4 (M+H)+ 395.19653, found 

395.19671. 
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1.2.3. 2-(3-Methoxy-4-((4-methoxybenzyl)oxy)benzyl)-3-(phenylamino)acrylonitrile (S2.3).  

To a solution of 2-(3-methoxy-4-((4-methoxybenzyl)oxy)benzyl)-3-morpholinoacrylonitrile (1.45 

g, 3.67 mmol,  1 equiv.) in isopropanol (5.0 mL) was added aniline hydrochloride (0.49 g, 3.75 

mmol, 1.02 equiv.). The reaction mixture was stirred at reflux for 20 minutes, combined with 2.0 

mL of water and cooled in an ice bath for 30 minutes. The resulting precipitate was filtered off, 

washed with water and air dried. The crude residue was recrystallized from methanol/ethanol to 

afford 1.12 g of the pure title product as crystalline beige needles (76%).  

1H NMR (300 MHz, DMSO-d6) δ 9.08 (d, J = 12.9 Hz, 1H), 7.64 (d, J = 12.9 Hz, 1H), 7.34 (d, J = 

8.7 Hz, 2H), 7.28 – 7.15 (m, 4H), 6.98 – 6.87 (m, 5H), 6.74 (dd, J2 = 6.9 Hz, J1 = 1.2 Hz, 

1H),4.94 (s, 2H), 3.73 (s, 3H), 3.72 (s, 3H), 3.54 (s, 2H) ppm. 13C NMR (75 MHz, DMSO-d6) δ 

159.4, 149.5, 146.9, 141.9, 141.0, 131.7, 129.8, 129.5, 123.3, 131.9, 120.4, 115.6, 114.2, 112.9, 

110.0, 82.9, 70.2, 55.9, 55.5, 31.5 ppm. HRMS (ESI) calcd for C25H24N2O3 (M+H)+ 401.18597, 

found 401.18447. 

 

1.2.4. 5-(3-Methoxy-4-((4-methoxybenzyl)oxy)benzyl)pyrimidine-2,4-diamine (2.9). 2-(3-

methoxy-4-((4-methoxybenzyl)oxy)benzyl)-3-(phenylamino)acrylonitrile (300 mg, 0.75 mmol, 1 

equiv.) was suspended in EtOH (5 mL) and guanidinium chloride (108 mg, 1.13 mmol, 1.5 

equiv.) was added. The reaction mixture was stirred at room temperature while sodium ethoxide 

(77 mg, 1.13 mmol, 1.5 equiv.) was added. The reaction mixture was stirred at reflux for 12 h. 

The mixture was cooled at 5°C and aqueous sodium hydroxide (2 mL, 2N solution) was added. 

The mixture was allowed to precipitate at 5°C for 15 minutes and filtered. The precipitate was 

successively washed with a mixture of cold ethanol/water (1:1), EtOAc and hexane and dried in 

vacuo to afford 212 mg of the title compound as a white amorphous solid (77%). 

1H NMR (300 MHz, DMSO-d6) δ 7.45 (s, 1H), 7.32 (d, J = 8.7 Hz, 2H), 6.91 (d, J = 8.7 Hz, 2H), 

6.89 (d, J = 8.1 Hz, 1H), 6.85 (d, J = 1.8 Hz, 1H), 6.65 (dd, J2 = 8.4 Hz, J1 = 1.5 Hz, 1H), 6.06 (s, 

2H), 5.66 (s, 2H), 4.91 (s, 2H), 3.73 (s, 3H), 3.69 (s, 3H), 3.49 (s, 2H) ppm.13C NMR (75 MHz, 

DMSO-d6) δ 162.7, 162.6, 159.4, 156.0, 149.4, 146.5, 133.4, 130.0, 129.8, 129.6, 120.6, 115.6, 

114.2, 113.2, 106.5, 70.2, 22.9, 55.5, 32.7 ppm. HRMS (ESI) calcd for C20H22N4O3 (M+H)+ 

367.17647, found 367.1753. 
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1.2.5. 2-Fluoroethyl 4-methylbenzenesulfonate (S2.5). To a solution of 2-fluoroethanol (5.0 g, 

78.1 mmol, 1 equiv.) in pyridine (25 mL) was added 4-methylbenzene-1-sulfonyl chloride (17.9 

g, 93.7 mmol, 1.2 equiv.) in five portions over 30 min. The reaction mixture was stirred at room 

temperature for 24 h and the volume was reduced in vacuo. The residue was taken in 1N 

aqueous HCl (50 mL) and extracted with CHCl3 (4 X 50 mL). The combined organic phases 

were dried over Na2SO4 and concentrated in vacuo. The crude product was purified by flash 

chromatography (30% EtOAc/hexane) to afford 10.6 g of the title compound as a colorless solid 

(92%).  

1H NMR (300 MHz, CDCl3) δ 7.80 (d, J = 8.1 Hz, 2H), 7.36 (d, J = 8.1 Hz, 2H), 4.56 (dt, J2 = 47.1 

Hz, J1 = 1.5 Hz, 2H), 4.25 (dt, J2 = 27.3 Hz, J1 = 3.9 Hz, 2H), 2.45 (s, 3H) ppm. 13C NMR (75 

MHz, CDCl3) δ 145.2, 132.6, 129.9, 128.0, 80.5 (d, J = 172.7 Hz), 68.5 (d, J = 20.8 Hz), 21.7 

ppm. 19F NMR (188 MHz, DMSO-d6) δ -224.66 ppm. HRMS (ESI) calcd for C9H12FO3S (M+H)+ 

219.04857, found 219.04849. 

 

1.3 Chemical synthesis.  

1.3.1. General procedure for the synthesis of 2,4-diaminopyrimidine derivatives from 4-

((2,4-diaminopyrimidin-5-yl)methyl)-2-methoxyphenol (20). Syntheses of 2.10, 2.11, 2.12. 

To a solution of 4-((2,4-diaminopyrimidin-5-yl)methyl)-2-methoxyphenol and K2CO3 (2 equiv.) in  

DMSO (3 mL/mmol) was added dropwise a solution of substituted benzyl chloride (1.5 equiv.) in 

EtOH (3 mL/mmol). The reaction mixture was stirred for 12 h  at room temperature, then 

concentrated in vacuo, diluted in EtOAc (10mL) and directly eluted on a silica plug (0 – 10 % 

MeOH/EtOAc) to give the pure corresponding 2,4-diaminopyrimidine derivatives. 

1.3.2. General procedure for the synthesis of 2,4-diaminopyrimidine derivatives from 3-

morpholinoacrylonitrile intermediates. Syntheses of 2.18, 2.29, 2.30, 2.10 and 2.12. Step 1: 

The morpholinoacrylonitrile intermediate was dissolved in i-PrOH (0.1M) at 40°C and anilinium 

chloride (1.05 equiv.) was added in one portion. The reaction mixture was stirred at reflux for 20 

– 30 min and cooled at room temperature. Water was added (40% of i-PrOH volume) and the 

reaction mixture was cooled in an ice bath for 30 minutes. The resulting precipitate was filtered, 

washed with water and air dried. The crude phenylamino-acrylonitrile residue was recrystallized 

from methanol/ethanol and used in the next. If no precipitate formed, the reaction mixture was 
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dilute with water, extracted with EtOAc, dried over Na2SO4 and concentrated in vacuo and the 

crude phenylamino-acrylonitrile residue was directly used in the next without further purification.  

Step 2: The crude phenylamino-acrylonitrile was suspended in EtOH (0.15 M) at room 

temperature and guanidinium chloride (1.5 equiv.) was added in one portion. Sodium ethoxide 

(1.5 equiv.) was added and the reaction mixture was stirred at reflux overnight. The mixture then 

was cooled at 5°C and aqueous sodium hydroxide (2N solution, 40% of EtOH volume) was 

added. The mixture was allowed to precipitate at 5°C for 15 minutes and filtered. The precipitate 

was successively washed with a mixture of cold EtOH/water (1:1), EtOAc and hexane and dried 

in vacuo to give the pure corresponding 2,4-diaminopyrimidine derivative. 

 

1.3.4. 3-Methoxy-4-(methoxymethoxy)benzaldehyde (2.14). To an ice cold mixture of 4-

hydroxy-3-methoxybenzaldehyde (3.04 g, 20 mmol, 1 equiv.) and N,N-diisopropylethylamine 

(2.83 g, 22 mmol, 1.1 equiv.) in CH2Cl2 (50 mL) was added chloromethyl methyl ether (1.76 g, 

22 mmol, 1.1 equiv.). Following addition, the reaction mixture was allowed to warm at room 

temperature and stirred at this temperature for 20 h. Water was added to the mixture and the 

aqueous phase was extracted with CH2Cl2. The combined organic phases were dried over 

Na2SO4 and concentrated in vacuo. The crude product was purified by flash chromatography 

(20% EtOAc/hexane) to afford 3.60 g of the title compound as a pale yellow oil (92%). Rf  0.24 

(20% EtOAc/hexane). 

1H NMR (300 MHz, CDCl3) δ 9.84 (s, 1H), 7.41 – 7.38 (m, 2H), 7.25 (d, J = 9.0 Hz, 1H), 5.30 (s, 

2H), 3.92 (s, 3H), 3.49 (s, 3H) ppm. 13C NMR (75 MHz, CDCl3) δ 191.0, 151.9, 150.0, 131.0, 

126.4, 114.6, 109.4, 94.5, 56.5, 56.0 ppm. HRMS (ESI) calcd for C10H13O4 (M+H)+ 197.08084, 

found 197.0809. 

 

1.3.5. 3-Methoxy-4-((tetrahydro-2H-pyran-2-yl)oxy)benzaldehyde (2.15). To a mixture of 4-

hydroxy-3-methoxybenzaldehyde (4.56 g, 30 mmol, 1 equiv.) and pyridinium p-toluenesulfonate 

(754 mg, 3.0 mmol, 0.1 equiv.) in CH2Cl2 (200 mL) was added 3,4-dihydro-2H-pyran (3.83 mL, 

45 mmol, 1.5 equiv.). The reaction mixture was stirred at room temperature for 24 h and water 
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was added. The aqueous phase was extracted with CH2Cl2 and the combined organic phases 

were dried over Na2SO4 and concentrated in vacuo. The crude product was purified by flash 

chromatography (50% EtOAc/hexane) to afford 4.39 g of the title compound as a colorless oil 

(62%). Rf  0.74 (50% EtOAc/hexane). 

1H NMR (300 MHz, CDCl3) δ 9.82 (s, 1H), 7.39 (s, 1H), 7.38 (dd, J2 = 46.6 Hz, J1 = 1.8 Hz, 1H), 

7.21 (d, J = 8.7 Hz, 1H), 5.51 (t, J = 3.0 Hz, 1H), 3.88 (s, 3H), 3.86 – 3.82 (m, 1H), 3.64 - 3.55 

(m, 1H), 2.11 - 1.79 (m, 3H),  1.74 -1.56 (m, 3H) ppm. 13C NMR (75 MHz, CDCl3) δ 191.0, 

151.9, 150.3, 130.8, 126.3, 115.5, 109.8, 96.8, 62.1, 56.0, 30.0, 25.0, 18.5 ppm. HRMS (ESI) 

calcd for C13H16NaO4 (M+Na)+ 259.09408, found 259.09361. 

 

1.3.6. 2-(3-Methoxy-4-(methoxymethoxy)benzyl)-3-morpholinoacrylonitrile (2.16). To a 

solution of 3-methoxy-4-(methoxymethoxy)benzaldehyde (3.50 g, 17.84 mmol, 1 equiv.) in 

DMSO (15 mL) was added NaOMe (10.7 mL from 0.5M MeOH solution, 5.35 mmol, 0.3 equiv.). 

The reaction mixture was heated at 70°C for 1 h and quenched by addition of brine (50 mL) and 

extracted with CH2Cl2 (3 X 50 mL). The organic phase was dried over Na2SO4 and concentrated 

in vacuo and the crude residue was purified by flash chromatography (30% EtOAc/hexane) to 

afford 4.24 g of the title compound as a yellow gum (75%). Rf  0.20 (30% EtOAc/hexane). 

1H NMR (300 MHz, CDCl3) δ 7.07 (d, J = 8.4 Hz, 1H), 6.77 (d, J = 2.1 Hz, 1H), 6.73 (dd, J2 = 8.1 

Hz, J1 = 2.1 Hz, 1H), 6.22 (s, 1H), 5.19 (s, 2H), 3.87 (s, 3H), 3.69 (t, J = 4.5 Hz, 4H), 3.50 (s, 

3H), 3.46 (t, J = 4.5 Hz, 4H), 3.31 (s, 2H) ppm. 13C NMR (75 MHz, CDCl3) δ 149, 7, 148.8, 

145.2, 133.8, 120.4, 120.1, 116.5, 112.1, 95.5, 75.3, 66.3, 56.2, 55.9, 49.5, 39.0 ppm. HRMS 

(ESI) calcd for C17H23N2O4 (M+H)+ 319.16523, found 319.16543. 

 

1.3.7. 2-(Ethoxymethyl)-3-(3-methoxy-4-((tetrahydro-2H-pyran-2- 

yl)oxy)phenyl)acrylonitrile (2.17). To a solution of 3-methoxy-4-((tetrahydro-2H-pyran-2-

yl)oxy)benzaldehyde (118.0mg, 0.5mmol, 1.0 equiv.) in DMSO (5 mL) was added 3-

ethoxypropanenitrile (0.06 mL, 0.525 mmol, 1.05 equiv.). The reaction was stirred 10 minutes at 

40°C and to the reaction mixture was added sodium ethoxyde (7.0 mg, 0.1, 0.2 equiv.) and 
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finally heated at 75°C until completion as monitored by TLC. The reaction was cooled to room 

temperature and poured into 20 mL of ice-cold water. The aqueous phase was extracted with 

dichloromethane. The combined organic phases were dried over Na2SO4 and concentrated in 

vacuo. The crude residue was purified by flash chromatography (25% EtOAc/hexane) and 

afforded 119.03 g of the title compound as a wide powder (75%). Rf  0.52 (25% EtOAc/hexane). 

1H NMR (300 MHz, CDCl3) δ 7.40 (m, 2H), 7.23 (d, J = 8.7 Hz, 1H), 7.05 (bs, 1H), 5.46 (t, J = 

3.3 Hz, 1H), 4.18 (d, J = 1.2 Hz, 2H), 3.90 (s, 3H), 3.64-3.50 (m, 4H), 2.09-1.57 (m, 6H), 1.25 (t, 

J = 6.9 Hz, 3H) ppm.  13C NMR (75 MHz, CDCl3) δ 149.9, 148.4, 144.6, 127.1, 123.7, 118.4, 

116.5, 111.4, 97.0, 96.8, 71.9, 66.1, 62.1, 56.0, 30.1, 25.1, 18.6, 15.0 ppm. HRMS (ESI) calcd 

for C18H23NNaO4 (M+Na)+ 340.15193, found 340.15099. 

 

 

1.3.8. 5-(3-Methoxy-4-(methoxymethoxy)benzyl)pyrimidine-2,4-diamine (2.18). The general 

procedure 1.3.2 for the cyclization of 3-morpholinoacrylonitriles with guanidine was followed 

starting with 1.59 g (5 mmol) of 2-(3-methoxy-4-(methoxymethoxy)benzyl)-3-

morpholinoacrylonitrile (2.16). The title compound (980 mg, 67%) was obtained as white 

needles. Rf  0.30 (10% MeOH/EtOAc). 

1H NMR (300 MHz, DMSO-d6) δ 7.47 (s, 1H), 6.93 (d, J = 8.4 Hz, 1H), 6.89 (s, 1H), 6.66 (d, J = 

8.1 Hz, 1H), 6.07 (bs, 2H), 5.70 (bs, 2H), 5.06 (s, 2H), 3.71 (s, 3H), 3.51 (s, 2H), 3.35 (s, 3H) 

ppm. 13C NMR (75 MHz, DMSO-d6) δ 162.6(3), 162.6(2), 156.0, 150.1, 144.4, 135.1, 120.6, 

117.6, 113.4, 106.4, 95.5, 56.0, 55.9, 32.8 ppm. HRMS (ESI) calcd for C14H19N4O3 (M+H)+ 

291.14517, found 291.14559. 

 

1.3.9. 5-(3-Methoxy-4-((tetrahydro-2H-pyran-2-yl)oxy)benzyl)pyrimidine-2,4-diamine (2.19). 

To a solution of 2-(ethoxymethyl)-3-(3-methoxy-4-((tetrahydro-2H-pyran-2-

yl)oxy)phenyl)acrylonitrile (1.59 g, 5 mmol, 1 equiv.) in EtOH (50 mL) was added solution of 

guanidinium chloride (2.89 g, 25 mmol, 5 equiv.) and NaOEt (1.70 g, 25 mmol, 5 equiv.) in EtOH 
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(10 mL).  The reaction mixture was refluxed for 16 h and then concentrated in vacuo. The crude 

residue was purified on a silica plug (0 – 10 % MeOH/1% Et3N/EtOAc) to afford 206 mg of the 

title compound as a white amorphous solid (12%). Rf  = 0.20 (10% MeOH/EtOAc). Rf  0.10 (10% 

MeOH/EtOAc).  

1H NMR (300 MHz, DMSO-d6) δ 7.47 (s, 1H), 6.94 (d, J = 8.4 Hz, 1H), 6.88 (d, J = 1.8 Hz, 1H), 

6.65 (dd, J2 = 8.1 Hz, J1 = 1.8 Hz, 2H), 6.05 (bs, 2H), 5.67 (bs, 2H), 5.28 (d, J = 3.3 Hz, 1H), 3.85 

– 3.78 (m, 1H), 3.71 (s, 3H), 3.51 (s, 2H), 3.49 – 3.45 (m, 1H), 1.85 – 1.49 (m, 6H) ppm. 13C 

NMR (75 MHz, DMSO-d6) δ 162.7, 162.6, 156.1, 150.2, 144.2, 134.9, 120.7, 118.3, 113.6, 

106.4, 97.3, 61.8, 56.1, 32.7, 30.4, 25.2, 19.0 ppm. HRMS (ESI) calcd for C17H22N4O3 (M+H)+ 

331.17647, found 331.17652. 

 

1.3.10. 4-((2,4-Diaminopyrimidin-5-yl)methyl)-2-methoxyphenol (2.20). 37% HCl (0.25 

mL/mmol of compound) was added to an ice-cold solution of the 5-(3-methoxy-4-

(methoxymethoxy)benzyl)pyrimidine-2,4-diamine (2.18) (290 mg, 1 mmol) in MeOH (0.1M). The 

reaction mixture was stirred at room temperature for 3 – 5 h and the volatiles were removed in 

vacuo. The residue was diluted in water (2 mL/mmol) followed by adjustment of the pH to 

neutrality by addition of aqueous sodium hydroxide (2N). The mixture was kept at 5°C for 15 

min, filtered and the crude residue was diluted with EtOAc and purified on a silica plug (0 – 10 

% MeOH/EtOAc) to give the pure corresponding phenol derivative. The title compound (140 mg, 

61%) was obtained as a white amorphous solid. Rf  0.10 (50% MeOH/EtOAc).  

1H NMR (300 MHz, DMSO-d6) δ 8.72 (bs, 1H), 7.42 (s, 1H), 6.79 (s, 1H), 6.65 (d, J = 8.1 Hz, 

1H), 6.55 (d, J = 7.8 Hz, 1H), 6.08 (bs, 2H), 5.72 (bs, 2H), 3.70 (s, 3H), 3.46 (s, 2H) ppm. 13C 

NMR (75 MHz, DMSO-d6) δ 162.7, 162.3, 155.4, 147.8, 145.1, 131.1, 120.9, 115.7, 113.3, 

106.8, 56.0, 32.7 ppm. HRMS (ESI) calcd for C12H14N4O2 (M+H)+ 247.11895, found 247.11805. 
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1.3.11. 5-(4-((4-Fluorobenzyl)oxy)-3-methoxybenzyl)pyrimidine-2,4-diamine (2.10). The 

general procedure 1.3.1 for the synthesis of 2,4-diaminopyrimidines was followed starting with 

76 mg (0.3 mmol) of 4-((2,4-diaminopyrimidin-5-yl)methyl)-2-methoxyphenol. The title 

compound (81 mg, 76%) was obtained as a white amorphous solid. Alternatively, the general 

procedure 4.1.2 afforded 2.10 in 31% yield from intermediate 27. Rf  0.10 (40% MeOH/EtOAc). 

1H NMR (300 MHz, DMSO-d6) δ 7.47 – 7.43 (m, 3H), 7.22 – 7.16 (m, 2H), 6.92 – 6.87 (m, 2H), 

6.66 (d, J = 7.8 Hz, 1H), 6.05 (bs, 2H), 5.68 (bs, 2H), 4.98 (s, 2H), 3.71 (s, 3H), 3.50 (s, 2H) 

ppm. 13C NMR (75 MHz, DMSO-d6) δ 162.7, 162.6, 158.6 (d, J = 292.5 Hz), 156.1, 149.4, 146.3, 

134.0 (d, J = 2.3 Hz), 133.6, 130.4 (d, J = 8.3 Hz), 120.6, 115.6 (d, J = 21.2 Hz), 114.3, 113.3, 

106.4, 69.8, 55.9, 32.7 ppm. 19F NMR (188 MHz, DMSO-d6) δ -114.6 ppm. HRMS (ESI) calcd 

for C19H19FN4O2 (M+H)+ 355.15648, found 355.15579. 

 

1.3.12. 5-(4-((2-Fluoro-4-methoxybenzyl)oxy)-3-methoxybenzyl)pyrimidine-2,4-diamine 

(2.11).  The general procedure 1.3.1 for the synthesis of 2,4-diaminopyrimidines was followed 

starting with 49 mg (0.2 mmol) of 4-((2,4-diaminopyrimidin-5-yl)methyl)-2-methoxyphenol. The 

title compound (50 mg, 64%) was obtained as a white amorphous solid. Rf  0.10 (40% 

MeOH/EtOAc). 

1H NMR (300 MHz, DMSO-d6) δ 7.63 (s, 1H), 7.41 (d, J = 8.7 Hz, 1H), 7.24 – 7.17 (m, 4H), 6.99 

(d, J = 8.1 Hz, 1H), 6.89 – 6.77 (m, 4H), 4.96 (s, 2H), 3.76 (s, 3H), 3.70 (s, 3H), 3.55 (s, 2H) 

ppm. 13C NMR (75 MHz, DMSO-d6) δ 163.4, 161.3, 131.2, 160.1, 149.5, 146.8, 132.4 (d, J = 6.0 

Hz), 129.8, 120.4, 116.1.6 (d, J = 15.0 Hz), 115.6, 114.3, 113.0, 110.7 (d, J = 2.6 Hz), 101.9 (d, 

J = 25.2 Hz), 64.5, 56.1, 55.9, 31.5 ppm. 19F NMR (188 MHz, DMSO-d6) δ -116.2 ppm. HRMS 

(ESI) calcd for C20H21FN4O3 (M+H)+ 385.16705, found 385.19782. 
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1.3.13. 5-(4-((3-(2-Fluoroethoxy)-4-methoxybenzyl)oxy)-3-methoxybenzyl)pyrimidine-2,4-

diamine (2.12). The general procedure 1.3.1 for the synthesis of 2,4-diaminopyrimidines was 

followed starting with 49 mg (0.2 mmol) of 4-((2,4-diaminopyrimidin-5-yl)methyl)-2-

methoxyphenol. The title compound (50 mg, 64%) was obtained as a white amorphous solid. 

Alternatively, the general procedure 4.1.2 afforded 2.10 in 47% yield from intermediate 26.  Rf  

0.10 (40% MeOH/EtOAc). 

1H NMR (300 MHz, DMSO-d6) δ 7.44 (s, 1H), 7.03 (s, 1H), 6.95 – 6.85 (m, 4H), 6.53 (dd, J2 = 

8.4 Hz, J1 = 0.9 Hz, 1H), 6.04 (bs, 2H), 5.67 (bs, 2H), 4.90 (s, 2H), 4.71 (dt, J2 = 48.0 Hz, J1 = 3.3 

Hz, 2H),4.17 (dt, J2 = 30.0 Hz, J1 = 3.9 Hz, 2H), 3.74 (s, 3H), 3.70 (s, 3H), 3.49 (s, 2H) ppm. 13C 

NMR (75 MHz, DMSO-d6) δ 162.7, 162.6, 156.0, 149.4, 149.2, 147.8, 146.5, 133.5, 130.0, 

121.6, 120.6, 114.4, 114.0, 113.3, 113.3, 106.5, 82.7 (d, J = 172.5 Hz), 70.5, 68.3 (d, J = 18.9 

Hz), 56.0, 55.9, 32.7 ppm. 19F NMR (188 MHz, DMSO-d6) δ -221.7 ppm. HRMS (ESI) calcd for 

C22H25FN4O4 (M+H)+ 429.19326, found 429.19206. 

 

1.3.14. 3-(2-Fluoroethoxy)-4-methoxybenzaldehyde (2.22). To a solution of 3-hydroxy-4-

methoxybenzaldehyde (761 mg, 5 mmol, 1 equiv.) in DMF (10 mL) was added K2CO3 (1.04 g, 

7.5 mmol, 1.5 equiv.) followed by dropwise addition of a solution of 2-fluoroethyl 4-

methylbenzenesulfonate (2.18 g, 10 mmol, 2 equiv.) in DMF (5 mL). The reaction mixture was 

stirred at room temperature for 10 h and water (50 mL) was added. The phases were separated 

and the aqueous layer was extracted with diethyl ether (3 X 50 mL). The combined organic 

phases were washed with brine, dried over Na2SO4 and concentrated in vacuo. The crude 

product was purified by flash chromatography (20% EtOAc/hexane) to afford 865 mg of the title 

compound as colorless oil (62%). Rf  0.44 (20% EtOAc/hexane). 

1H NMR (300 MHz, CDCl3) δ 9.83 (s, 1H), 7.48 (dd, J2 = 8.1 Hz, J1 = 1.8 Hz, 1H), 7.40 (d, J = 1.8 

Hz, 1H), 6.99 (d, J = 8.4 Hz, 1H), 4.80 (dt, J2 = 47.4 Hz, J1 = 3.9 Hz, 2H), 4.32 (dt, J2 = 27.6 Hz, 

J1 = 3.9 Hz, 2H), 3.94 (s, 3H) ppm. 13C NMR (75 MHz, CDCl3) δ 190.6, 155.0, 148.4, 111.0, 

110.9, 81.6 (d, J = 170.3 Hz), 38.1 (d, J = 20.4 Hz), 56.2 ppm. 19F NMR (188 MHz, CDCl3) δ -

223.52 ppm. HRMS (ESI) calcd for C10H12FO3 (M+H)+ 199.0765, found 199.07735. 
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1.3.15. (3-(2-Fluoroethoxy)-4-methoxyphenyl)methanol (2.23). To a solution of 3-(2-

fluoroethoxy)-4-methoxybenzaldehyde (396 mg, 2 mmol, 1 equiv.) in THF (10 mL) was added 

LiAlH4 (76 mg, 2 mmol, 1 equiv.) in one portion. The reaction mixture was stirred at room 

temperature for 2 h then quenched with water and passed through a celite pad. The celite was 

washed with cyclohexane and the filtrates were dried over Na2SO4 and concentrated in vacuo. 

The title compound (349 mg, 87%) was obtained as a colorless oil. Rf  0.10 (30% 

EtOAc/hexane). 

1H NMR (300 MHz, CDCl3) δ 6.92 – 6.80 (m, 3H), 4.75 (dt, J2 = 47.4 Hz, J1 = 4.2 Hz, 2H), 4.56 

(s, 2H), 4.24 (dt, J2 = 27.9 Hz, J1 = 4.2 Hz, 2H), 3.84 (s, 3H) ppm. 13C NMR (75 MHz, CDCl3) δ 

149.2, 147.9, 133.6, 120.6, 113.3, 11.8, 81.9 (d, J = 169.5 Hz), 68.4 (d, J = 20.6 Hz), 65.0, 56.0 

ppm. HRMS (ESI) calcd for C10H13FNaO3 (M+Na)+ 223.07409, found 223.07464. 

 

1.3.16. 4-(Chloromethyl)-2-(2-fluoroethoxy)-1-methoxybenzene (2.24). (3-(2-fluoroethoxy)-4-

methoxyphenyl)methanol (1.30 g, 6.5 mmol 1 equiv.) was dissolved in DMSO (7 mL) and 

cyanuric chloride (659 mg, 3.58 mmol, 0.55 equiv.) was added in small quantities over 5 min to 

the stirred solution at room temperature. Once the addition was completed, the reaction mixture 

was stirred for an additional 5 min and then diluted with Et2O (70 mL). The organic phase was 

washed with water (5 X 50 mL), dried over Na2SO4 and concentrated in vacuo. The crude 

residue was eluted through a silica plug with Et2O and the volatile were removed to give 1.22 g 

of the title compound as a low-melting point beige solid (86%). Rf  0.68 (30% EtOAc/hexane). 

1H NMR (300 MHz, CDCl3) δ 6.99 – 6.95 (m, 2H), 6.84 (d, J = 8.1 Hz, 1H), 4.78 (dt, J2 = 47.4 Hz, 

J1 = 4.2 Hz, 2H), 4.54 (s, 2H), 4.28 (dt, J2 = 27.6 Hz, J1 = 4.5 Hz, 2H), 3.86 (s, 3H) ppm. 13C 

NMR (75 MHz, CDCl3) δ 149.9, 147.9, 130.0, 122.3, 114.6, 111.7, 81.9 (d, J = 169.8 Hz), 68.5 

(d, J = 20.6 Hz), 56.0, 46.5 ppm. HRMS (ESI) calcd for C10H13[35Cl]FO2 (M+H)+ 219.05826, 

found 219.05747. 
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1.3.17. 4-((4-fluorobenzyl)oxy)-3-methoxybenzaldehyde (2.25). To a heterogeneous mixture 

of 4-hydroxy-3-methoxybenzaldehyde (1.52 g, 10.0 mmol, 1.0 equiv.) and K2CO3 (3.45g, 25 

mmol, 2.5 equiv.)  in DMF (25 mL) at room temperature was added dropwise a solution of 4-

(chloromethyl)-2-(2-fluoroethoxy)-1-methoxybenzene (918 mg, 4.2 mmol, 1.05 equiv.) in DMF (2 

mL). The reaction mixture was stirred at 70°C for 3h. The reaction mixture was then 

concentrated under reduced pressure and diluted with EtOAc (100 mL). The organic phase was 

washed with water (2 X 50 mL) and brine (1 X 50 mL), dried over Na2SO4 and evaporated in 

vacuo. The crude residue was recrystallized from CH2Cl2/hexane to afford of the title compound 

quantitatively as white crystals. Rf  0.45 (20% EtOAc/hexane). 

1H NMR (300 MHz, DMSO-d6) δ 9.83 (s, 1H), 7.54-7.50 (m, 3H), 7.40 (d, J = 1.8 Hz, 1H), 7.26-

7.19 (m, 3H), 5.18 (s, 2H), 3.82 (s, 3H) ppm. 13C NMR (75 MHz, DMSO-d6) δ 191.8, 162.4 (d, J 
= 242.5 Hz), 133.0 (d, J = 3.1 Hz), 130.7 (d, J = 8.3 Hz), 130.3, 126.3, 115.8 (d, J = 21.3 Hz), 

113.1, 110.2, 69.7, 56.0 ppm. 19F NMR (188 MHz, DMSO-d6) δ -114.1 ppm. HRMS (ESI) calcd 

for C15H14FO3 (M+H)+ 261.09215, found 261.09316. 

 

1.3.18. 4-((3-(2-fluoroethoxy)-4-methoxybenzyl)oxy)-3-methoxybenzaldehyde (2.26). To a 

heterogeneous mixture of 4-hydroxy-3-methoxybenzaldehyde (609 mg, 4 mmol, 1 equiv.) and 

K2CO3 (1.11 g, 8 mmol, 2 equiv.) in DMF (15 mL) at room temperature was added dropwise a 

solution of 4-(chloromethyl)-2-(2-fluoroethoxy)-1-methoxybenzene (918 mg, 4.2 mmol, 1.05 

equiv.) in DMF (2 mL). The mixture was stirred at room temperature for 12 h. The reaction 

mixture was then concentrated under reduced pressure and diluted with EtOAc (100 mL). The 

organic phase was washed with water (2 X 50 mL) and brine (1 X 50 mL), dried over Na2SO4 

and evaporated in vacuo. The crude residue was recrystallized from CH2Cl2/hexane to afford 

1.11 g of the title compound as white needles (83%). Rf  0.40 (30% EtOAc/hexane). 
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1H NMR (300 MHz, DMSO-d6) δ 9.82 (s, 1H), 7.52 (dd, J2 = 8.1 Hz, J1 = 1.8 Hz, 1H), 7.38 (d, J = 

1.8 Hz, 1H), 7.26 (d, J = 8.4 Hz, 1H), 7.08 (d, J = 1.8 Hz, 1H), 7.01 (d, J = 1.8 Hz, 1H), 6.99 (s, 

1H), 5.09 (s, 2H), 4.72 (dt, J2 = 49.2 Hz, J1 = 3.9 Hz, 2H), 4.19 (dt, J2 = 30.3 Hz, J1 = 3.9 Hz, 2H), 

3.81 (s, 3H), 3.76 (s, 3H) ppm. .  13C NMR (75 MHz, DMSO-d6) δ 191.8, 153.6, 149.8, 149.4, 

147.8, 130.1, 128.9, 126.3, 122.0, 114.3, 113.1, 112.4, 110.1, 82.5 (d, J = 165.5 Hz), 70.5, 68.3 

(d, J = 19.0 Hz), 55.9 ppm. 19F NMR (188 MHz, DMSO-d6) δ -221.8 ppm HRMS (ESI) calcd for 

C18H19FO5 (M+Na)+ 357.11087, found 357.10946. 

 

1.3.19.  2-(4-((4-fluorobenzyl)oxy)-3-methoxybenzyl)-3-morpholinoacrylonitrile (2.27). To a 

solution of 4-((4-fluorobenzyl)oxy)-3-methoxybenzaldehyde) (775.8 mg, 3 mmol, 1 equiv.) in 

DMSO (3 mL) was added 3-morpholinopropionitrile (0.43 mL, 3.15 mmol, 1.05 equiv.) and the 

mixture was stirred for 10 min at 65°C. The reaction mixture was cooled to 40°C and sodium 

ethoxide (41.0 mg, 0.6 mmol, 0.2 equiv.) was added and the reaction was heated at 75°C for 30 

min. The reaction was cooled to room temperature and poured into brine solution (50 mL). The 

aqueous solution was extracted with dichloromethane. The combined organic phases were 

dried over Na2SO4 and concentrated in vacuo. The crude residue was purified by flash 

chromatography (50% EtOAc/hexane) and afforded 1.043 g of the title compound as a red oil 

(91%). Rf  0.49 (50% EtOAc/hexane). 

1H NMR (300 MHz, CDCl3) δ 7.39 (dd, J2 = 8.7 Hz, J1 = 1.8 Hz, 2H), 7.06-7.02 (m, 2H), 6.83-

6.59 (m, 2H), 6.21 (s, 1H), 5.06 (s, 2H), 3.87 (s, 3H), 3.68 (t, J = 4.5 Hz, 4H), 3.45 (t, J = 4.5 Hz, 

4H), 3.30 (s, 2H) ppm. 13C NMR (75 MHz, CDCl3) δ 162.4 (d, J = 244.3 Hz), 149.1, 148.8, 

146.8, 133.0, 131.9, 129.3 (d, J = 3.5 Hz), 120.03, 119.5, 115.4 (d, J = 21.3 Hz), 114.3, 112.2, 

75.3, 70.5, 66.4, 56.0, 49.5, 38.9 ppm. 19F NMR (188 MHz, CDCl3) δ -114.543 (-114.446 minor 

isomer) ppm HRMS (ESI) calcd for C22H23FN2O3 (M+H)+ 383.17655, found 383.17772. 

 

1.3.20. 2-(4-((3-(2-fluoroethoxy)-4-methoxybenzyl)oxy)-3-methoxybenzyl)-3-

morpholinoacrylonitrile (2.28). 4-((3-(2-Fluoroethoxy)-4-methoxybenzyl)oxy)-3-
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methoxybenzaldehyde (669 g, 2 mmol, 1 equiv.) and 3-morpholinopropionitrile (294 mg, 2.1 

mmol, 1.05 equiv.) were stirred in DMSO (2 mL) at 65°C. Upon homogenisation, the reaction 

mixture was cooled to 40°C and sodium ethoxide (27 mg, 0.4 mmol, 0.2 equiv.) was added. The 

mixture was stirred at 75°C for 30 minutes and cooled to room temperature. CH2Cl2 (40 mL) and 

brine (40 mL) were added and the two layers were separated.  The organic phase was dried 

over Na2SO4 and concentrated in vacuo. The crude reddish oil obtained was purified by flash 

chromatography (50% EtOAc/hexane) and afforded 876 mg of the title compound as a yellow oil 

(96%). Rf  0.43 (50% EtOAc/hexane). 

1H NMR (300 MHz, CDCl3) δ 7.00 (s, 1H), 6.98 (d, J = 4.8 Hz, 1H), 6.87 – 6.80 (m, 2H), 6.75 (s, 

1H), 6.68 (dt, J2 = 8.1 Hz, J1 = 2.1 Hz, 2H), 6.59 (s, 1H), 6.21 (s, 1H, minor isomer), 5.02 (s, 2H), 

4.75 (dt, J2 = 47.4 Hz, J1 = 3.9 Hz, 2H), 4.25 (dt, J2 = 27.9 Hz, J1 = 4.2 Hz, 2H), 3.86 (s, 3H, 

minor isomer), 3.85 (s, 3H), 3.84 (s, 3H), 3.68 (t, J = 4.8 Hz, 2H), 3.54 (t, J = 4.5 Hz, 2H), 3.53 

(s, 2H), 3.44 (t, J = 5.7 Hz, 2H), 3.23 (t, J = 4.8 Hz, 2H) ppm. 13C NMR (75 MHz, CDCl3) δ 149.9, 

149.5, 149.1, 147.8, 146.8, 132.7, 129.7, 121.2, 119.5, 114.6, 113.7, 112.2, 111.8, 111.4, 81.8 

(d, J = 169.4 Hz), 76.8, 71.1, 68.4 (d, J = 22.7 Hz), 66.4, 56.0, 55.9, 50.3, 33.4 ppm. 19F NMR 

(188 MHz, DMSO-d6) δ -223.6 ppm HRMS (ESI) calcd for C25H29FN2O5 (M+H)+ 457.21333, 

found 457.21494. 

 

1.3.21. 2-(4-((4-fluorobenzyl)oxy)-3-methoxybenzyl)-3-(phenylamino)acrylonitrile (2.29). 

The general procedure 1.3.2 for the cyclization of 3-morpholinoacrylonitriles with guanidine was 

followed. Recrystallization afforded the title compound quantitatively as white needles (mixed 

E/Z). Rf  0.83 (50% EtOAc/hexane). 

1H NMR (300 MHz, DMSO-d6) δ 9.07 (d, J = 12.9 Hz, 1H), 7.62 (d, J = 20.7 Hz, 1H), 7.46 (dd, J 

= 8.4 Hz, J = 5.7 Hz, 2H), 7.28-7.15 (m, 3H), 6.99-6.83 (m, 5H), 6.76 (d, J = 1.8 Hz, 1H), 5.01 

(s, 2H), 3.73 (s, 3H), 3.31 (s, 2H)  ppm.  13C NMR (75 MHz, DMSO-d6) δ 162.1 (d, J = 241.9 

Hz), 149.5, 146.7, 141.9, 140.9, 132.0, 130.3, 130.1 (d, J = 49.5 Hz), 129.6, 123.2, 121.9, 

120.4, 115.6 (d, J = 12.6 Hz), 115.4, 114.3, 112.9, 82.8, 69.7, 55.9, 31.5 ppm. 19F NMR (188 

MHz, DMSO-d6) δ -114.6 ppm. 
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1.3.22. 2-(4-((3-(2-fluoroethoxy)-4-methoxybenzyl)oxy)-3-methoxybenzyl)-3-(phenylamino) 

acrylonitrile (2.30). The general procedure 1.3.2 for the cyclization of 3-morpholinoacrylonitriles 

with guanidine was followed and afforded the crude title compound (876 mg, 96%) as yellow oil. 

This compound was used in the second step (cyclization) without further characterization. 

Rf  0.43 (50% EtOAc/hexane). 

2. BIOLOGICAL EVALUATION 

 

2.1. [γ-33P]ATP-Based Enzymatic Assay on TrkA, TrkB, TrkC and CSF-1R.  

Compounds 2.9, 2.10, 2.11, 2.12 and 2.20 were tested in a [γ-33P]ATP based enzymatic assay 

by Reaction Biology Corporation (Malvern, PA). Briefly, the compounds were tested in a 10-

concentration IC50 curve with 3-fold serial dilution starting at 10 μM. The reactions were 

performed with 10 PM ATP and initially profiled against 4 tyrosine kinases (Tropomyosin 

receptor kinase A (TrkA), tropomyosin receptor kinase B (TrkB), tropomyosin receptor kinase C 

(TrkC) and colony stimulating factor 1 receptor (CSF-1R)). 

2.2. Selectivity Profiling.  

Compounds 2.10 and 2.12 were subsequently investigated for general kinase selectivity (tested 

against 342 wild type kinase at Reaction Biology Corporation) using “HotSpot” assay platform. 

Briefly, kinase/substrate pairs along with required cofactors were prepared in reaction buffer. 

The selected compounds were delivered into the reaction. [γ-33P]ATP (10 μM) was delivered 

into the reaction mixture to initiate the reactions, and the reactions continued for 120 min at 

room temperature, followed by spotting of the reactions onto P81 ion exchange filter paper 

(Whatman). Unbound phosphate was removed by extensive washing of filters in 0.75% 

phosphoric acid. After subtraction of background derived from control reactions containing 

inactive enzyme, kinase activity data were expressed as the percent remaining kinase activity in 
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test samples compared to vehicle (DMSO) reactions.31 The kinase dendrogram was generated 

with Kinase Mapper – Reaction Biology 

(reactionbiology.com/webapps/mapper/kinase/launch.jnlp). 
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Table S2.1. Selectivity of compound 2.10 tested on a panel of 342 protein kinases at Reaction 
Biology Corporation. The results are expressed as the percentage of kinase activity measured 
at 1 µM of GW2580F01 compared to a 100% DMSO control (duplicate).  

 
 

 
GW2580F01 (%) 

Compound IC50 (M): 

Kinase: Data 1 Data 2 
Staurosporine 

Alternate 
Control 
cpd. 

Alternate 
compound ID 

ABL1 104.40 99.63 4.93E-08     
ABL2/ARG 106.38 113.03 2.07E-08     
ACK1 99.46 95.33 4.81E-08     
AKT1 96.04 100.40 6.89E-09     
AKT2 108.30 99.89 1.60E-08     
AKT3 104.27 100.97 3.61E-09     
ALK 120.26 103.74 2.37E-09     

ALK1/ACVRL1 108.03 106.14 ND 1.01E-08 LDN193189 
ALK2/ACVR1 95.53 93.37 ND 6.37E-09 LDN193189 
ALK3/BMPR1A 123.29 115.82 ND 4.57E-09 LDN193189 
ALK4/ACVR1B 114.23 111.20 ND 3.44E-07 LDN193189 
ALK5/TGFBR1 111.60 100.45 ND 3.90E-07 LDN193189 
ALK6/BMPR1B 102.08 104.60 ND 1.06E-08 LDN193189 

ARAF 91.97 91.07 ND 4.91E-09 GW5074 
ARK5/NUAK1 98.18 103.01 1.18E-09     
ASK1/MAP3K5 100.77 96.19 1.66E-08     
Aurora A 108.65 92.33 2.31E-09     
Aurora B 97.19 93.01 2.92E-08     
Aurora C 93.19 102.57 2.48E-09     
AXL 104.06 99.85 5.34E-09     
BLK 104.32 101.63 1.75E-09     
BMPR2 102.61 109.28 4.18E-07     
BMX/ETK 96.21 93.28 5.61E-09     
BRAF 98.34 92.27 ND 8.80E-09 GW5074 
BRK 99.07 95.53 8.34E-08     
BRSK1 100.00 99.42 3.92E-10     
BRSK2 100.21 95.39 1.89E-09     
BTK 95.73 94.42 2.46E-08     
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Table S2.1. (Continued) 
 

c-Kit 97.65 95.27 7.85E-08     
c-MER 106.21 104.73 1.44E-08     
c-MET 106.18 98.73 1.63E-07     
c-Src 104.54 95.78 2.29E-09     

CAMK1a 100.10 100.23 2.58E-09     
CAMK1b 104.72 103.96 9.45E-09     
CAMK1d 113.77 112.09 5.69E-10     
CAMK1g 98.65 93.67 8.11E-09     
CAMK2a 99.69 98.90 1.31E-10     
CAMK2b 103.54 92.45 8.07E-11     
CAMK2d 104.26 101.38 <7.63E-11     
CAMK2g 103.75 95.86 8.52E-10     
CAMK4 108.80 96.27 3.28E-07     
CAMKK1 108.62 112.91 2.30E-08     
CAMKK2 102.41 102.54 1.03E-07     
CDC7/DBF4 113.38 95.68 3.51E-08     
CDK1/cyclin A 114.25 103.12 4.44E-09     
CDK1/cyclin B 106.25 97.25 2.17E-09     
CDK1/cyclin E 99.48 98.95 2.29E-09     
CDK16/cyclin Y 
(PCTAIRE) 104.85 109.26 1.37E-08     

CDK2/cyclin A 94.64 96.95 1.02E-09     
CDK2/Cyclin A1 105.45 97.74 4.32E-09     
CDK2/cyclin E 94.50 88.07 5.60E-10     
CDK3/cyclin E 109.35 99.29 6.94E-09     
CDK4/cyclin D1 104.63 106.75 1.10E-08     
CDK4/cyclin D3 97.51 99.12 3.56E-08     
CDK5/p25 109.96 97.33 2.87E-09     
CDK5/p35 98.12 99.88 2.44E-09     

CDK6/cyclin D1 83.02 87.91 5.94E-09     
CDK6/cyclin D3 98.98 98.92 9.51E-08     
CDK7/cyclin H 100.19 93.65 1.05E-06     
CDK9/cyclin K 97.46 99.29 2.75E-08     
CDK9/cyclin T1 116.58 107.76 1.31E-08     

CHK1 99.09 101.84 1.44E-09     
CHK2 103.85 94.33 5.02E-09     
CK1a1 98.71 98.65 8.10E-06     
CK1d 90.59 97.68 ND 3.70E-07 D4476 

CK1epsilon 97.78 99.31 ND 2.44E-07 D4476 
CK1g1 93.08 97.56 6.72E-06     
CK1g2 113.80 96.73 2.76E-06     
CK1g3 73.74 94.01 2.61E-06     
CK2a 123.64 111.04 ND 1.20E-07 GW5074 
CK2a2 129.57 121.16 6.57E-07     
CLK1 95.63 104.93 2.05E-08     
CLK2 101.45 96.52 1.05E-08     
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Table S2.1. (Continued) 
 

 
CLK3 124.22 101.47 1.46E-06     
CLK4 112.30 106.56 4.75E-08     

COT1/MAP3K8 95.39 93.95 ND 9.52E-06 Ro-31-8220 
CSK 107.60 98.98 7.58E-09     

CTK/MATK 112.12 102.16 2.78E-06     
DAPK1 106.58 102.24 1.03E-08     
DAPK2 100.12 102.45 8.10E-09     
DCAMKL1 90.36 102.10 7.83E-07     
DCAMKL2 101.37 108.73 8.32E-08     
DDR1 97.12 97.62 3.43E-09     
DDR2 104.85 103.70 2.21E-08     

DLK/MAP3K12 91.76 83.50 3.33E-08     
DMPK 99.62 98.04 5.35E-08     
DMPK2 100.59 98.91 6.50E-10     

DRAK1/STK17A 94.60 90.24 1.61E-08     
DYRK1/DYRK1A 99.38 100.69 3.62E-09     

DYRK1B 98.70 93.28 1.20E-09     
DYRK2 109.43 100.52 3.21E-07     
DYRK3 107.40 98.24 7.13E-08     
DYRK4 111.47 100.74 ND 3.02E-06 GW5074 
EGFR 102.40 101.16 1.13E-07     
EPHA1 94.46 100.62 9.30E-08     
EPHA2 99.52 95.62 4.61E-08     
EPHA3 100.50 96.41 2.31E-08     
EPHA4 101.66 101.62 1.28E-08     
EPHA5 101.86 101.25 2.46E-08     
EPHA6 105.52 97.70 1.40E-08     
EPHA7 101.72 95.69 3.57E-08     
EPHA8 100.98 93.43 2.01E-07     
EPHB1 93.39 99.52 5.74E-08     
EPHB2 102.71 99.61 7.46E-08     
EPHB3 88.93 100.30 9.81E-07     
EPHB4 105.62 95.05 1.97E-07     

ERBB2/HER2 97.37 102.21 7.18E-08     
ERBB4/HER4 96.03 90.60 4.10E-07     

ERK1 98.33 103.11 >2.00E-05     
ERK2/MAPK1 91.55 92.05 9.10E-06     
ERK5/MAPK7 93.28 93.76 1.24E-05     
ERK7/MAPK15 111.84 105.81 1.04E-08     
FAK/PTK2 99.88 96.94 9.06E-09     
FER 96.92 95.14 3.67E-10     

FES/FPS 104.76 100.30 2.93E-09     
FGFR1 106.67 101.51 6.29E-09     
FGFR2 110.40 94.10 2.95E-09     
FGFR3 104.46 96.33 1.79E-08     
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Table S2.1. (Continued) 
 

 
 

FGFR4 104.24 87.85 2.75E-07     
FGR 109.41 99.78 1.02E-09     

FLT1/VEGFR1 107.33 97.28 6.94E-09     
FLT3 102.43 92.67 5.05E-10     

FLT4/VEGFR3 98.49 96.13 3.06E-09     
FMS 20.56 21.10 1.08E-09     

FRK/PTK5 94.88 93.38 8.04E-09     
FYN 110.39 103.61 1.71E-09     

GCK/MAP4K2 104.20 95.89 5.21E-10     
GLK/MAP4K3 98.50 102.94 1.36E-10     

GRK1 96.34 104.18 9.64E-08     
GRK2 92.41 96.61 8.17E-07     
GRK3 90.01 102.47 1.05E-06     
GRK4 101.41 97.86 9.69E-08     
GRK5 98.31 101.21 4.80E-08     
GRK6 101.11 101.78 2.20E-08     
GRK7 101.66 104.07 4.27E-09     
GSK3a 99.71 103.05 6.13E-09     
GSK3b 108.27 100.69 5.64E-09     
Haspin 95.73 101.86 2.57E-08     
HCK 107.16 103.66 2.10E-09     

HGK/MAP4K4 81.05 84.94 4.40E-10     
HIPK1 102.16 102.40 ND 2.61E-07 Ro-31-8220 
HIPK2 106.80 99.79 1.23E-06     
HIPK3 109.96 105.88 1.32E-06     
HIPK4 98.96 109.37 5.56E-07     

HPK1/MAP4K1 107.19 99.60 ND 2.06E-08 Ro-31-8220 
IGF1R 99.38 102.34 3.88E-08     

IKKa/CHUK 103.35 102.06 1.11E-07     
IKKb/IKBKB 111.26 100.42 4.19E-07     
IKKe/IKBKE 105.16 101.62 2.81E-10     

IR 98.83 89.28 1.63E-08     
IRAK1 105.68 98.72 7.36E-08     
IRAK4 107.50 100.01 3.52E-09     

IRR/INSRR 99.71 87.59 1.17E-08     
ITK 99.13 103.12 2.75E-08     
JAK1 91.98 96.00 3.37E-10     
JAK2 102.88 101.24 4.37E-10     
JAK3 105.16 93.52 8.71E-11     
JNK1 101.33 101.03 2.25E-06     
JNK2 100.38 96.37 5.79E-06     
JNK3 89.57 89.56 ND 4.13E-07 JNKi VIII 

KDR/VEGFR2 107.72 100.52 1.56E-08     
KHS/MAP4K5 100.28 96.46 2.18E-10     
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Table S2.1. (Continued) 
 
 
 
 

LATS1 97.38 102.04 1.05E-08     
LATS2 99.70 97.94 3.07E-09     
LCK 96.26 87.12 1.11E-09     

LCK2/ICK 103.06 107.29 1.26E-07     
LIMK1 107.56 99.12 6.84E-09     
LIMK2 103.71 100.97 2.19E-07     
LKB1 101.02 100.57 7.12E-08     

LOK/STK10 97.54 96.17 7.44E-09     
LRRK2 100.94 93.42 1.06E-08     
LYN 103.45 96.35 1.01E-09     
LYN B 103.15 93.74 2.56E-09     

MAPKAPK2 105.59 97.97 2.58E-07     
MAPKAPK3 107.33 97.06 4.53E-06     

MAPKAPK5/PRAK 95.47 95.22 4.17E-07     
MARK1 101.64 102.29 <7.63E-11     

MARK2/PAR-1Ba 97.38 99.14 1.46E-10     
MARK3 103.26 103.65 2.51E-10     
MARK4 100.04 84.85 1.11E-10     
MEK1 110.98 103.07 2.60E-08     
MEK2 104.61 97.47 4.28E-08     
MEK3 108.12 106.56 5.06E-08     
MEKK1 97.48 94.30 6.46E-07     
MEKK2 100.17 97.94 1.28E-08     
MEKK3 110.51 114.68 2.44E-08     
MELK 96.55 93.91 5.16E-10     

MINK/MINK1 96.76 86.95 7.89E-10     
MKK4 117.73 96.76 3.39E-06     
MKK6 107.80 107.85 2.66E-08     

MLCK/MYLK 98.56 93.80 3.14E-08     
MLCK2/MYLK2 108.83 97.96 2.13E-08     
MLK1/MAP3K9 100.97 107.60 3.85E-10     
MLK2/MAP3K10 100.15 102.01 2.47E-09     
MLK3/MAP3K11 99.00 104.00 7.57E-09     

MNK1 107.42 107.60 5.84E-08     
MNK2 100.82 104.78 2.82E-08     

MRCKa/CDC42BPA 91.64 90.19 1.05E-08     
MRCKb/CDC42BPB 109.35 101.05 6.34E-09     
MSK1/RPS6KA5 108.76 107.00 7.02E-10     
MSK2/RPS6KA4 97.27 99.13 2.70E-09     
MSSK1/STK23 103.90 103.96 1.97E-06     
MST1/STK4 96.04 91.36 5.77E-10     
MST2/STK3 104.92 104.71 4.75E-09     
MST3/STK24 103.00 101.81 1.59E-09     

MST4 110.52 109.19 4.28E-09     
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Table S2.1. (Continued) 
 
 
 
 

MUSK 95.32 102.28 1.66E-07     
MYLK3 97.29 94.65 1.83E-07     
MYO3b 102.18 99.07 8.57E-09     
NEK1 113.02 98.72 2.15E-08     
NEK11 97.37 87.16 8.97E-07     
NEK2 106.62 103.70 6.31E-07     
NEK3 114.36 102.92 1.38E-05     
NEK4 116.60 112.83 1.59E-07     
NEK5 121.48 107.20 7.58E-08     
NEK6 95.39 96.98 ND 5.28E-06 PKR Inhibitor 
NEK7 102.16 95.99 ND 3.50E-06 PKR Inhibitor 
NEK9 109.17 99.86 1.25E-07     
NLK 101.40 107.75 1.46E-07     

OSR1/OXSR1 98.98 94.72 8.92E-08     
P38a/MAPK14 98.11 96.00 ND 6.07E-09 SB202190 
P38b/MAPK11 93.52 96.66 ND 1.76E-08 SB202190 
P38d/MAPK13 128.48 110.26 2.60E-07     

P38g 95.77 92.37 2.57E-07     
p70S6K/RPS6KB1 105.40 97.63 3.07E-10     
p70S6Kb/RPS6KB2 104.27 96.79 2.89E-09     

PAK1 104.80 105.52 7.43E-09     
PAK2 99.86 100.43 1.88E-09     
PAK3 102.16 100.46 3.68E-10     
PAK4 93.22 94.40 2.04E-08     
PAK5 110.23 105.65 4.08E-09     
PAK6 103.81 91.22 7.00E-08     
PASK 104.36 102.47 9.81E-09     

PBK/TOPK 98.53 102.64 1.67E-07     
PDGFRa 91.25 92.58 9.02E-10     
PDGFRb 103.33 99.12 1.86E-09     

PDK1/PDPK1 91.92 99.29 5.23E-10     
PHKg1 96.26 102.89 1.28E-09     
PHKg2 104.26 104.73 5.60E-10     
PIM1 104.42 99.51 4.27E-09     
PIM2 93.27 99.46 2.90E-08     
PIM3 104.42 103.75 1.03E-10     
PKA 97.79 100.22 1.49E-09     
PKAcb 105.77 98.85 2.36E-09     
PKAcg 92.01 101.88 9.59E-09     
PKCa 99.89 99.02 1.82E-09     
PKCb1 108.68 103.26 3.94E-09     
PKCb2 97.86 81.22 8.42E-10     
PKCd 112.35 112.23 2.16E-10     

PKCepsilon 171.23 167.23 2.09E-10     
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Table S2.1. (Continued) 
 
 
 
 

PKCeta 99.06 99.91 6.04E-10     
PKCg 98.29 107.57 1.73E-09     
PKCiota 104.84 103.19 2.16E-08     

PKCmu/PRKD1 105.34 96.05 5.77E-10     
PKCnu/PRKD3 94.16 70.34 7.53E-10     
PKCtheta 106.68 110.19 3.74E-09     
PKCzeta 106.18 105.47 7.42E-08     

PKD2/PRKD2 108.90 98.83 1.39E-09     
PKG1a 94.31 89.97 1.35E-09     
PKG1b 96.94 100.13 2.73E-09     

PKG2/PRKG2 100.77 102.46 1.74E-08     
PKN1/PRK1 104.33 104.24 1.17E-10     
PKN2/PRK2 112.71 107.68 2.79E-10     
PKN3/PRK3 96.88 102.91 1.35E-08     

PLK1 93.28 96.80 1.35E-07     
PLK2 107.93 102.49 3.41E-07     
PLK3 103.06 92.57 2.78E-07     

PLK4/SAK 117.54 110.57 2.34E-08     
PRKX 100.39 111.22 2.99E-09     
PYK2 104.57 93.40 8.18E-09     
RAF1 104.12 98.06 ND 1.93E-09 GW5074 
RET 106.82 100.72 3.05E-09     
RIPK2 104.49 104.67 8.38E-07     
RIPK3 98.33 103.84 ND 6.78E-07 GW5074 
RIPK5 103.22 87.03 4.20E-08     
ROCK1 92.39 94.95 1.11E-09     
ROCK2 96.59 96.95 5.35E-10     

RON/MST1R 107.91 101.32 2.07E-07     
ROS/ROS1 105.12 93.76 1.10E-10     
RSK1 110.29 107.61 2.84E-10     
RSK2 98.87 99.61 1.61E-10     
RSK3 92.39 98.73 2.25E-10     
RSK4 108.03 101.72 1.51E-10     
SGK1 99.22 106.13 1.40E-08     
SGK2 105.24 93.77 3.09E-08     

SGK3/SGKL 105.24 94.65 1.08E-07     
SIK1 100.36 95.94 4.37E-10     
SIK2 109.78 101.26 3.80E-10     
SIK3 109.31 104.73 1.70E-09     

SLK/STK2 113.12 102.87 2.06E-08     
SNARK/NUAK2 99.33 104.62 2.87E-08     

SRMS 94.50 95.85 9.03E-06     
SRPK1 107.85 103.03 3.26E-08     
SRPK2 109.83 102.84 2.95E-07     
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Table S2.1. (Continued) 
 

 
SSTK/TSSK6 99.79 97.77 1.91E-07     

STK16 102.48 99.88 3.15E-07     
STK22D/TSSK1 98.54 79.39 8.14E-11     
STK25/YSK1 97.93 100.44 2.31E-09     
STK32B/YANK2 94.44 93.93 1.67E-07     
STK32C/YANK3 109.30 108.48 2.76E-07     

STK33 101.17 92.68 3.06E-08     
STK38/NDR1 98.24 101.41 1.19E-08     
STK38L/NDR2 101.88 98.07 1.29E-09     
STK39/STLK3 107.08 92.29 3.89E-08     

SYK 102.43 102.14 7.20E-10     
TAK1 108.04 105.31 5.08E-08     
TAOK1 98.35 97.48 1.33E-09     

TAOK2/TAO1 104.36 101.54 4.74E-09     
TAOK3/JIK 125.79 97.83 8.74E-10     
TBK1 112.85 104.31 1.30E-09     
TEC 104.29 101.16 4.12E-08     
TESK1 97.77 93.05 4.53E-07     
TGFBR2 89.17 87.98 ND 4.65E-06 GW5074 
TIE2/TEK 105.98 100.01 7.56E-08     
TLK1 117.95 97.28 3.08E-08     
TLK2 106.58 104.65 2.38E-09     
TNIK 100.80 101.97 5.19E-10     
TNK1 100.08 102.79 5.54E-09     
TRKA 55.66 57.67 1.51E-09     
TRKB 26.24 19.48 <7.63E-11     
TRKC 18.10 16.69 3.60E-10     
TSSK2 106.35 103.07 7.41E-09     

TSSK3/STK22C 91.46 92.87 9.14E-09     
TTBK1 100.01 97.56 >2.00E-05     
TTBK2 100.85 103.00 >2.00E-05     
TXK 74.48 76.05 2.71E-08     

TYK1/LTK 105.19 101.70 2.53E-08     
TYK2 102.29 94.63 3.83E-10     

TYRO3/SKY 108.89 99.97 4.12E-09     
ULK1 97.07 100.37 9.49E-09     
ULK2 108.81 124.29 4.01E-09     
ULK3 104.98 86.73 2.94E-09     
VRK1 101.98 110.64 ND 3.67E-07 Ro-31-8220 
VRK2 123.01 119.53 ND 1.89E-05 Ro-31-8220 

WEE1 110.77 104.34 ND 1.68E-07 
Wee1 
inhibitor 

WNK1 106.19 100.62 >2.00E-05     
WNK2 97.44 95.79 1.16E-06     

WNK3 99.80 98.28 ND 1.99E-06 
Wee1 
inhibitor 

120



Chapter 2 
 

Table S2.1. (Continued) 
 
 
 
 

YES/YES1 108.29 100.53 1.76E-09     
ZAK/MLTK 97.16 87.24 ND 7.76E-07 GW5074 
ZAP70 104.64 98.41 9.00E-09     

ZIPK/DAPK3 103.86 101.23 5.41E-09     
 

 

 

121



Chapter 2 
 

Table S2.2. Selectivity of compound 2.12 tested on a panel of 342 protein kinases at Reaction 
Biology Corporation. The results are expressed as the percentage of kinase activity measured 
at 1 µM of GW2580F01compared to a 100% DMSO control (duplicate).  

 

 Compound IC50 (M): 

 
GW2580F03 (%)  

Staurosporine 

Alternate 
Control 
cpd.  

Alternate 
compound ID Kinase: Data 1 Data 2 

ABL1 104.34 101.75 4.93E-08     
ABL2/ARG 104.15 113.96 2.07E-08     
ACK1 96.88 87.83 4.81E-08     
AKT1 109.85 103.15 6.89E-09     
AKT2 108.87 100.48 1.60E-08     
AKT3 103.18 103.36 3.61E-09     
ALK 107.77 97.69 2.37E-09     

ALK1/ACVRL1 103.48 106.02 ND 1.01E-08 LDN193189 
ALK2/ACVR1 100.01 102.12 ND 6.37E-09 LDN193189 
ALK3/BMPR1A 109.45 116.29 ND 4.57E-09 LDN193189 
ALK4/ACVR1B 114.97 115.37 ND 3.44E-07 LDN193189 
ALK5/TGFBR1 101.35 100.30 ND 3.90E-07 LDN193189 
ALK6/BMPR1B 103.36 109.32 ND 1.06E-08 LDN193189 

ARAF 96.34 88.15 ND 4.91E-09 GW5074 
ARK5/NUAK1 117.72 103.64 1.18E-09     
ASK1/MAP3K5 93.96 94.59 1.66E-08     
Aurora A 101.77 95.57 2.31E-09     
Aurora B 99.99 99.24 2.92E-08     
Aurora C 94.04 100.11 2.48E-09     
AXL 98.61 98.95 5.34E-09     
BLK 104.95 97.39 1.75E-09     
BMPR2 105.54 110.41 4.18E-07     
BMX/ETK 98.39 98.47 5.61E-09     
BRAF 98.40 93.87 ND 8.80E-09 GW5074 
BRK 105.60 99.69 8.34E-08     
BRSK1 98.28 96.61 3.92E-10     
BRSK2 99.97 94.24 1.89E-09     
BTK 99.67 97.48 2.46E-08     
c-Kit 98.86 99.17 7.85E-08     
c-MER 103.77 104.33 1.44E-08     
c-MET 106.18 99.57 1.63E-07     
c-Src 103.97 97.61 2.29E-09     

CAMK1a 95.52 101.96 2.58E-09     
CAMK1b 108.36 105.13 9.45E-09     
CAMK1d 118.36 107.22 5.69E-10     
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Table S2.2. (Continued) 
 
      

CAMK1g 102.22 95.24 8.11E-09     
CAMK2a 99.13 99.68 1.31E-10     
CAMK2b 102.47 100.50 8.07E-11     
CAMK2d 104.44 95.32 <7.63E-11     
CAMK2g 103.50 98.42 8.52E-10     
CAMK4 107.54 100.04 3.28E-07     
CAMKK1 104.58 101.59 2.30E-08     
CAMKK2 102.29 114.54 1.03E-07     
CDC7/DBF4 102.18 89.95 3.51E-08     
CDK1/cyclin A 113.74 107.21 4.44E-09     
CDK1/cyclin B 100.09 91.12 2.17E-09     
CDK1/cyclin E 99.58 98.81 2.29E-09     
CDK16/cyclin Y 
(PCTAIRE) 98.45 102.93 1.37E-08     

CDK2/cyclin A 100.38 97.48 1.02E-09     
CDK2/Cyclin A1 102.17 98.96 4.32E-09     
CDK2/cyclin E 95.63 91.64 5.60E-10     
CDK3/cyclin E 116.32 97.13 6.94E-09     
CDK4/cyclin D1 102.88 101.72 1.10E-08     
CDK4/cyclin D3 96.80 94.56 3.56E-08     
CDK5/p25 103.54 94.97 2.87E-09     
CDK5/p35 103.41 102.48 2.44E-09     

CDK6/cyclin D1 81.21 93.69 5.94E-09     
CDK6/cyclin D3 98.04 95.70 9.51E-08     
CDK7/cyclin H 99.07 98.32 1.05E-06     
CDK9/cyclin K 96.86 102.23 2.75E-08     
CDK9/cyclin T1 112.78 103.02 1.31E-08     

CHK1 104.26 108.76 1.44E-09     
CHK2 99.22 98.92 5.02E-09     
CK1a1 103.08 96.66 8.10E-06     
CK1d 94.07 102.98 ND 3.70E-07 D4476 

CK1epsilon 100.09 93.49 ND 2.44E-07 D4476 
CK1g1 89.54 93.99 6.72E-06     
CK1g2 106.76 96.44 2.76E-06     
CK1g3 71.06 62.92 2.61E-06     
CK2a 116.85 95.46 ND 1.20E-07 GW5074 
CK2a2 117.96 116.52 6.57E-07     
CLK1 99.60 103.91 2.05E-08     
CLK2 100.97 100.57 1.05E-08     
CLK3 104.54 99.62 1.46E-06     
CLK4 105.01 98.15 4.75E-08     

COT1/MAP3K8 102.00 96.71 ND 9.52E-06 Ro-31-8220 
CSK 108.82 106.04 7.58E-09     

CTK/MATK 112.87 108.32 2.78E-06     
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DAPK1 111.06 100.60 1.03E-08     
DAPK2 71.12 99.37 8.10E-09     
DCAMKL1 97.11 101.12 7.83E-07     
DCAMKL2 91.51 94.55 8.32E-08     
DDR1 101.45 96.23 3.43E-09     
DDR2 100.46 100.92 2.21E-08     

DLK/MAP3K12 84.44 82.79 3.33E-08     
DMPK 97.44 97.62 5.35E-08     
DMPK2 104.18 95.05 6.50E-10     

DRAK1/STK17A 83.32 97.08 1.61E-08     
DYRK1/DYRK1A 105.59 94.70 3.62E-09     

DYRK1B 99.56 91.29 1.20E-09     
DYRK2 105.39 110.94 3.21E-07     
DYRK3 99.29 91.41 7.13E-08     
DYRK4 105.67 103.42 ND 3.02E-06 GW5074 
EGFR 102.01 101.51 1.13E-07     
EPHA1 91.93 100.28 9.30E-08     
EPHA2 101.72 96.08 4.61E-08     
EPHA3 97.87 97.44 2.31E-08     
EPHA4 102.73 95.07 1.28E-08     
EPHA5 99.48 99.52 2.46E-08     
EPHA6 104.03 102.62 1.40E-08     
EPHA7 104.02 101.09 3.57E-08     
EPHA8 106.35 93.92 2.01E-07     
EPHB1 97.07 87.94 5.74E-08     
EPHB2 102.67 103.94 7.46E-08     
EPHB3 98.90 101.57 9.81E-07     
EPHB4 106.00 98.37 1.97E-07     

ERBB2/HER2 98.26 101.08 7.18E-08     
ERBB4/HER4 94.56 92.09 4.10E-07     

ERK1 97.50 102.58 >2.00E-05     
ERK2/MAPK1 86.07 92.53 9.10E-06     
ERK5/MAPK7 88.86 86.71 1.24E-05     
ERK7/MAPK15 108.24 105.59 1.04E-08     
FAK/PTK2 104.82 95.78 9.06E-09     
FER 95.13 94.74 3.67E-10     

FES/FPS 107.15 98.11 2.93E-09     
FGFR1 99.41 99.21 6.29E-09     
FGFR2 125.01 103.58 2.95E-09     
FGFR3 108.57 95.97 1.79E-08     
FGFR4 107.09 99.69 2.75E-07     
FGR 118.58 100.00 1.02E-09     

FLT1/VEGFR1 101.90 101.92 6.94E-09     
FLT3 100.51 89.54 5.05E-10     

FLT4/VEGFR3 96.36 100.80 3.06E-09     
FMS 38.92 38.35 1.08E-09     
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FRK/PTK5 95.50 90.00 8.04E-09     
FYN 107.92 100.85 1.71E-09     

GCK/MAP4K2 105.54 98.62 5.21E-10     
GLK/MAP4K3 98.78 100.16 1.36E-10     

GRK1 101.28 100.70 9.64E-08     
GRK2 98.81 96.80 8.17E-07     
GRK3 101.36 103.38 1.05E-06     
GRK4 99.66 94.81 9.69E-08     
GRK5 100.55 98.98 4.80E-08     
GRK6 92.50 99.61 2.20E-08     
GRK7 99.07 106.90 4.27E-09     
GSK3a 98.07 99.51 6.13E-09     
GSK3b 108.74 100.50 5.64E-09     
Haspin 99.36 100.04 2.57E-08     
HCK 111.44 103.29 2.10E-09     

HGK/MAP4K4 84.69 83.18 4.40E-10     
HIPK1 94.91 102.67 ND 2.61E-07 Ro-31-8220 
HIPK2 105.40 102.15 1.23E-06     
HIPK3 102.73 98.40 1.32E-06     
HIPK4 97.28 109.96 5.56E-07     

HPK1/MAP4K1 102.48 106.62 ND 2.06E-08 Ro-31-8220 
IGF1R 99.29 92.11 3.88E-08     

IKKa/CHUK 95.61 98.19 1.11E-07     
IKKb/IKBKB 111.07 101.32 4.19E-07     
IKKe/IKBKE 107.00 99.69 2.81E-10     

IR 95.29 91.39 1.63E-08     
IRAK1 109.99 101.54 7.36E-08     
IRAK4 101.05 95.27 3.52E-09     

IRR/INSRR 97.41 90.79 1.17E-08     
ITK 105.08 102.89 2.75E-08     
JAK1 93.11 97.23 3.37E-10     
JAK2 101.35 100.56 4.37E-10     
JAK3 102.51 95.53 8.71E-11     
JNK1 103.86 105.44 2.25E-06     
JNK2 104.67 98.60 5.79E-06     
JNK3 97.20 92.02 ND 4.13E-07 JNKi VIII 

KDR/VEGFR2 102.91 98.25 1.56E-08     
KHS/MAP4K5 110.21 91.82 2.18E-10     

LATS1 101.22 99.90 1.05E-08     
LATS2 99.61 101.28 3.07E-09     
LCK 95.62 89.69 1.11E-09     

LCK2/ICK 97.79 100.70 1.26E-07     
LIMK1 109.34 97.02 6.84E-09     
LIMK2 103.77 102.63 2.19E-07     
LKB1 100.87 95.17 7.12E-08     

LOK/STK10 98.54 99.79 7.44E-09     
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LRRK2 101.55 94.31 1.06E-08     
LYN 107.42 93.28 1.01E-09     
LYN B 99.65 90.17 2.56E-09     

MAPKAPK2 100.99 98.96 2.58E-07     
MAPKAPK3 101.78 93.52 4.53E-06     

MAPKAPK5/PRAK 96.06 102.15 4.17E-07     
MARK1 107.10 98.65 <7.63E-11     

MARK2/PAR-1Ba 99.74 98.19 1.46E-10     
MARK3 101.78 103.57 2.51E-10     
MARK4 97.84 94.80 1.11E-10     
MEK1 110.46 98.30 2.60E-08     
MEK2 103.70 96.92 4.28E-08     
MEK3 106.17 99.62 5.06E-08     
MEKK1 98.59 95.73 6.46E-07     
MEKK2 100.23 101.98 1.28E-08     
MEKK3 114.65 113.93 2.44E-08     
MELK 95.50 95.34 5.16E-10     

MINK/MINK1 97.26 83.63 7.89E-10     
MKK4 104.77 97.65 3.39E-06     
MKK6 108.61 112.49 2.66E-08     

MLCK/MYLK 101.91 102.86 3.14E-08     
MLCK2/MYLK2 106.34 103.32 2.13E-08     
MLK1/MAP3K9 104.03 103.69 3.85E-10     
MLK2/MAP3K10 102.98 96.25 2.47E-09     
MLK3/MAP3K11 102.72 103.41 7.57E-09     

MNK1 107.44 104.71 5.84E-08     
MNK2 106.01 102.35 2.82E-08     

MRCKa/CDC42BPA 95.27 93.39 1.05E-08     
MRCKb/CDC42BPB 106.00 98.58 6.34E-09     
MSK1/RPS6KA5 106.15 102.05 7.02E-10     
MSK2/RPS6KA4 102.88 102.26 2.70E-09     
MSSK1/STK23 101.73 98.41 1.97E-06     
MST1/STK4 102.19 94.44 5.77E-10     
MST2/STK3 104.81 102.99 4.75E-09     
MST3/STK24 104.01 104.90 1.59E-09     

MST4 118.72 103.17 4.28E-09     
MUSK 93.66 105.22 1.66E-07     
MYLK3 112.35 99.81 1.83E-07     
MYO3b 106.30 100.52 8.57E-09     
NEK1 109.04 106.10 2.15E-08     
NEK11 105.46 99.31 8.97E-07     
NEK2 101.73 94.02 6.31E-07     
NEK3 102.63 92.31 1.38E-05     
NEK4 118.85 110.95 1.59E-07     
NEK5 103.69 103.41 7.58E-08     
NEK6 99.96 101.85 ND 5.28E-06 PKR Inhibitor 
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NEK7 101.06 102.28 ND 3.50E-06 PKR Inhibitor 
NEK9 103.26 109.32 1.25E-07     
NLK 99.58 102.96 1.46E-07     

OSR1/OXSR1 99.18 94.78 8.92E-08     
P38a/MAPK14 96.39 96.99 ND 6.07E-09 SB202190 
P38b/MAPK11 100.00 98.21 ND 1.76E-08 SB202190 
P38d/MAPK13 121.86 117.48 2.60E-07     

P38g 94.43 96.49 2.57E-07     
p70S6K/RPS6KB1 100.26 96.79 3.07E-10     
p70S6Kb/RPS6KB2 90.11 92.69 2.89E-09     

PAK1 106.76 100.53 7.43E-09     
PAK2 102.38 103.61 1.88E-09     
PAK3 98.21 101.48 3.68E-10     
PAK4 98.28 94.26 2.04E-08     
PAK5 110.70 101.44 4.08E-09     
PAK6 102.56 96.77 7.00E-08     
PASK 106.92 104.17 9.81E-09     

PBK/TOPK 100.09 99.72 1.67E-07     
PDGFRa 101.60 93.74 9.02E-10     
PDGFRb 106.40 98.78 1.86E-09     

PDK1/PDPK1 100.95 99.01 5.23E-10     
PHKg1 99.03 97.10 1.28E-09     
PHKg2 107.95 96.23 5.60E-10     
PIM1 101.08 100.09 4.27E-09     
PIM2 93.35 96.15 2.90E-08     
PIM3 103.79 97.82 1.03E-10     
PKA 106.62 102.74 1.49E-09     
PKAcb 80.13 100.88 2.36E-09     
PKAcg 108.01 96.17 9.59E-09     
PKCa 96.62 92.08 1.82E-09     
PKCb1 108.03 101.23 3.94E-09     
PKCb2 100.38 93.29 8.42E-10     
PKCd 107.71 106.50 2.16E-10     

PKCepsilon 119.57 106.62 2.09E-10     
PKCeta 108.34 102.44 6.04E-10     
PKCg 97.98 102.33 1.73E-09     
PKCiota 104.30 101.21 2.16E-08     

PKCmu/PRKD1 106.50 104.43 5.77E-10     
PKCnu/PRKD3 102.66 102.65 7.53E-10     
PKCtheta 96.73 99.76 3.74E-09     
PKCzeta 103.38 108.05 7.42E-08     

PKD2/PRKD2 104.75 92.97 1.39E-09     
PKG1a 88.25 102.91 1.35E-09     
PKG1b 97.50 115.45 2.73E-09     

PKG2/PRKG2 97.76 99.05 1.74E-08     
PKN1/PRK1 109.04 103.62 1.17E-10     
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PKN2/PRK2 108.61 101.01 2.79E-10     
PKN3/PRK3 97.53 95.99 1.35E-08     

PLK1 105.46 102.74 1.35E-07     
PLK2 106.08 108.88 3.41E-07     
PLK3 104.53 104.20 2.78E-07     

PLK4/SAK 113.08 111.56 2.34E-08     
PRKX 105.40 98.50 2.99E-09     
PYK2 102.73 94.15 8.18E-09     
RAF1 102.21 112.51 ND 1.93E-09 GW5074 
RET 103.21 103.24 3.05E-09     
RIPK2 108.24 102.66 8.38E-07     
RIPK3 103.55 104.69 ND 6.78E-07 GW5074 
RIPK5 100.27 100.27 4.20E-08     
ROCK1 91.88 93.26 1.11E-09     
ROCK2 103.10 97.95 5.35E-10     

RON/MST1R 101.73 105.64 2.07E-07     
ROS/ROS1 104.65 91.18 1.10E-10     
RSK1 105.19 100.69 2.84E-10     
RSK2 105.80 104.92 1.61E-10     
RSK3 94.11 97.66 2.25E-10     
RSK4 104.10 102.76 1.51E-10     
SGK1 101.66 96.79 1.40E-08     
SGK2 103.29 106.10 3.09E-08     

SGK3/SGKL 103.21 102.87 1.08E-07     
SIK1 102.63 96.76 4.37E-10     
SIK2 104.67 98.99 3.80E-10     
SIK3 108.18 106.17 1.70E-09     

SLK/STK2 101.15 95.52 2.06E-08     
SNARK/NUAK2 89.46 85.69 2.87E-08     

SRMS 98.33 98.36 9.03E-06     
SRPK1 104.69 98.20 3.26E-08     
SRPK2 95.88 98.36 2.95E-07     

SSTK/TSSK6 105.76 97.63 1.91E-07     
STK16 99.72 95.46 3.15E-07     

STK22D/TSSK1 124.06 92.98 8.14E-11     
STK25/YSK1 93.24 102.75 2.31E-09     
STK32B/YANK2 94.92 96.55 1.67E-07     
STK32C/YANK3 112.82 112.00 2.76E-07     

STK33 99.74 94.62 3.06E-08     
STK38/NDR1 111.99 97.59 1.19E-08     
STK38L/NDR2 102.29 101.30 1.29E-09     
STK39/STLK3 105.74 81.06 3.89E-08     

SYK 102.60 103.50 7.20E-10     
TAK1 109.67 102.38 5.08E-08     
TAOK1 100.13 96.14 1.33E-09     

TAOK2/TAO1 102.77 104.65 4.74E-09     
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TAOK3/JIK 122.19 110.64 8.74E-10     
TBK1 109.28 101.38 1.30E-09     
TEC 102.65 104.39 4.12E-08     
TESK1 97.61 96.82 4.53E-07     
TGFBR2 90.28 100.70 ND 4.65E-06 GW5074 
TIE2/TEK 107.53 98.79 7.56E-08     
TLK1 101.91 95.67 3.08E-08     
TLK2 114.32 96.57 2.38E-09     
TNIK 115.26 98.31 5.19E-10     
TNK1 101.09 97.77 5.54E-09     
TRKA 64.62 62.65 1.51E-09     
TRKB 48.35 41.48 <7.63E-11     
TRKC 37.22 33.61 3.60E-10     
TSSK2 102.00 99.79 7.41E-09     

TSSK3/STK22C 92.70 91.21 9.14E-09     
TTBK1 99.75 99.77 >2.00E-05     
TTBK2 97.50 96.94 >2.00E-05     
TXK 79.12 90.90 2.71E-08     

TYK1/LTK 105.21 104.22 2.53E-08     
TYK2 101.39 92.68 3.83E-10     

TYRO3/SKY 102.92 98.39 4.12E-09     
ULK1 99.10 101.47 9.49E-09     
ULK2 112.10 116.65 4.01E-09     
ULK3 98.83 98.65 2.94E-09     
VRK1 102.06 107.14 ND 3.67E-07 Ro-31-8220 
VRK2 113.02 123.01 ND 1.89E-05 Ro-31-8220 

WEE1 114.55 101.48 ND 1.68E-07 
Wee1 
inhibitor 

WNK1 99.48 101.11 >2.00E-05     
WNK2 97.05 97.96 1.16E-06     

WNK3 96.93 94.00 ND 1.99E-06 
Wee1 
inhibitor 

YES/YES1 106.61 99.46 1.76E-09     
ZAK/MLTK 97.94 97.03 ND 7.76E-07 GW5074 
ZAP70 106.59 99.30 9.00E-09     

ZIPK/DAPK3 107.69 101.01 5.41E-09     
  

129



Chapter 2 
 

3. DOCKING SIMULATION  

 

Molecular docking simulations of structures 2.10, 2.11 and 2.12 were performed using the X-ray 

co-crystal structure of TrkB-GW2580 complex (PDB ID: 4AT5) and CSF-1R co-crystal (PDB ID: 

3LCO) using FITTED 3.5 program (FORECASTER platform).49-51 Docking structures with TrkB 

were prepared using Discovery Studio 3.5 Visualizer. The validity of FITTED was assess by 

comparing the ligand GW2580 (2.9) bound to the crystal structure with the docked ligand 

predicted by FITTED (self-docking, RMSD = 0.24).  

 

4. COMPUTATION OF PHYSICO-CHEMICAL PROPERTIES  

cLogP, cLogD and TSPA values were computed with the program Pallas 3.0 for Windows 

(CompuDrug; San Francisco, CA).  

 

5. FIGURES (Figure S2.1-S2.3) 

 

 

Figure S2.1. Dose-response curves for the in vitro kinase assays with 2.9, 2.10, 2.11 and 2.12 versus (A) 
CSF-1R, (B) TrkA, (C) TrkB and (D) TrkC. The inhibitors were tested at ten different concentrations using 
serial dilution and error bars represent standard deviation from the mean.  
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Figure S2.2. Different angles presenting the overlay between the ortho-fluoro diaminopyrimidine 
derivative 2.11 (cyan) and 2.9 (green) docking poses in the hydrophobic back pocket  of CSF-1R (PDB 
code: 3LCO). The ortho-hydrogen of 2.9 (2- and 6-) are depicted in white. The fluorine atom is in pale 
blue. Distances are depicted with black lines. 

 

 

Figure S2.3. (A) Conformation of GW2580 in complex with TrkB (the same conformation has been 
observed with (GW2580-CSF-1R). The tail benzyloxy group is nearly perpendicular to the central 
methoxybenzyl moiety in accordance to the lowest-energy conformation for this motif. (B) Analogous 
required perpendicular conformation for 2.10 (rotatable bonds in blue). (C) Putative intermolecular 
hydrogen bonding involving a water molecule bonded to O1 and the ortho-fluorine substituent. Such 
interaction may stabilize a rigid six-membered ring form by -O1-C1-C2-C3-F-H- and result in the 
stabilisation of 2.10 in conformations suboptimal for binding.  
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6. RADIOCHEMISTRY 

 

Radiosynthesis of [18F]S2.8 and [18F]2.10. [18F]Fluoride was produced using an IBA cyclotron 

(Cyclon 18/9) by the 18O(p,n)18F nuclear reaction on an enriched [18O]water target and passed 

through a Sep-Pak Light QMA cartridge (Waters) as an aqueous solution in 18O-enriched water. 

The cartridge was then dried by airflow, and the 18F activity was eluted with 1.0 mL (from a 10.0 

mL stock solution) of a Kryptofix 222/K2CO3 solution (22.6 mg of Kryptofix 222 and 4.2 mg of 

K2CO3 in acetonitrile/water (95/5)) in a 5.0 mL conical vial with a stirring bar. The solvent was 

removed at 100°C under reduced pressure, agitation and a stream of argon gas. The residue 

was azeotropically dried with 1.0 mL of anhydrous acetonitrile twice at 100°C under a stream of 

argon gas and dissolved in 300 μL of DMSO solution containing 3.0 mg of S2.5 and the reaction 

mixture was heated at 140°C for 5 min. Radiolabeling was assessed by radio-TLC as depicted 

in Scheme S1, RCY of 60-70% after 5 min – determine by radio-TLC (hexane/ethyl acetate 

(1:1)). The ensuing on-cartridge synthesis of [18F]S2.8 was adapted from a procedure reported 

by Lemaire et al.45 After labeling, the reaction solution containing [18F]S2.6 and 18F-fluoride was 

diluted with water (20 mL) a passed through a pre-conditioned Sep-Pak C18 Plus Cartridge. 

Direct reduction of [18F]S2.6 to the benzyl alcohol [18F]S2.7 was carried out on the cartridge by 

eluting 4.0 mL of a freshly prepared sodium borohydride (NaBH4 aq) solution (125 mg NaBH4) 

dropwise over 1.5 min. For the halogenation step, hydrogen bromide (HBr, 48%, 4.0 mL) was 

eluted dropwise through the cartridge containing [18F]S2.7 under gentle heating (50°C approx.) 

with an air drier. The elution of HBr was carried out in two portions: first 2.5 mL in 1 min followed 

by constant gentle heating for 4 min and then, 1.5 mL of the remaining acid was passed through 

the cartridge over 1 min. Then, sodium formate buffer (5.0 mL, pH 4) and water (4.0 mL) were 

passed through the cartridge dropwise. The cartridge was dried with a stream of nitrogen and 

eluted with diethyl ether (Et2O) via a Sep-Pak Dry Sodium Sulfate (Plus Long Cartridge) and the 

purity of the collected crude [18F]S2.8 was assessed by radio-TLC (80-85% with residual 

[18F]S2.6). Overall, this procedure deliver the crude [18F]S2.7 in 25-30% RCY (non decay-

corrected) from [18F]F-/H2O in 50 min. 
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Scheme S2.1. Radiosynthesis of [18F]S2.8 and [18F]2.10. 

 

The crude [18F]S2.8 (in 100 PL Et2O) was transferred in 5.0 mL conical vial containing 

precursor 2.20 (3.0 mg), Cs2CO3 (10 mg), TBAI (10 mg) and DMSO (200 PL). The vial was 

sealed and allowed to react at 100°C for 10 min. Alkylation of 2.20 with [18F]S2.8 was assessed 

by analytical HPLC with an Agilent 1200 system (Agilent Technologies, Santa Clara, CA, USA; 

running on Agilent ChemStation software) equipped with a Raytest Gabi Star radioactivity 

detector (Raytest Isotopenmessgeräte GmbH, Straubenhardt, Germany) and a Phenomenex 

aeris peptide 3.6u XB-C18 colomn (250*4.60 mm). Method: H2O (A)/MeCN (B) gradient (t = 0 

min: 85% A; t = 10 min A = 85%; t = 20 min A = 5%; t = 25 min A = 5%;) at 1.0 mL/min (tr = 8.80 

min – calibrated delay between uv and radio-detector: 0.5 min) . RCY for the formation of 

[18F]2.10 was 13% (non decay-corrected, HPLC determination).  
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7. CRYSTALLOGRAPHIC DATA FOR COMPOUNDS 2.25 AND (E)-2.29 

Data form this subsection can be found in Annex 1.
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3.1 Abstract 

Tropomyosin receptor kinases (TrkA/B/C) are critically involved in the development of 

the nervous system, in neurological disorders as well as in multiple neoplasms of both neural 

and non-neural origins. The development of Trk radiopharmaceuticals would offer unique 

opportunities towards a more complete understanding of this emerging therapeutic target. To 

that end, we first developed [11C]GW441756 ([11C]3.9), a high affinity photoisomerizable pan-Trk 

inhibitor as a lead radiotracer for our PET program. Efficient carbon-11 radiolabeling afforded 

[11C]3.9 in high radiochemical yields (isolated RCY, 25.9 ± 5.7 %). In vitro autoradiographic 

studies in rat brain and TrkB-expressing human neuroblastoma cryosections confirmed that 

[11C]3.9 specifically binds to Trk receptors in vitro. MicroPET studies revealed that binding of 

[11C]3.9 in the rodent brain is mostly nonspecific despite initial high brain uptake (SUVmax = 2.0). 

Modeling studies of the 4-aza-2-oxindole scaffold led to the successful identification of a small 

series of high affinity fluorinated and methoxy derivatized pan-Trk inhibitors based on our lead 
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compound 3.9. Out of this series, the fluorinated compound 3.10 was selected for initial 

evaluation and radiolabeled with fluorine-18 (isolated RCY, 2.5 ± 0.6 %). Compound [18F]3.10 

demonstrated excellent Trk selectivity in a panel of cancer relevant kinase targets and a 

promising in vitro profile in tumors and brain sections but high oxidative metabolic susceptibility 

leading to nonspecific brain distribution in vivo. The information gained in this study will guide 

further exploration of the 4-aza-2-oxindole scaffold as a lead for Trk PET ligands development. 

3.2 Introduction 

Tropomyosin receptor kinases (Trk) encompass the three highly homologous receptors 

TrkA, TrkB and TrkC which are transphosphorylated and activated upon preferential and high 

affinity binding with dimeric neurotrophins. Nerve growth factor (NGF) binds TrkA, brain-derived 

neurotrophic factor (BDNF) and neutrophin-4/5 binds TrkB, while neurotrophin-3 (NT-3) 

preferentially binds TrkC (Kd ≈ 1.7-2.3X10-11 M).1 All Trk proteins share an analogous sequence 

and common general arrangement, which includes an intracellular kinase domain connected via 

a transmembrane region to five consecutive extracellular domains.2 The downstream signaling 

ensuing from the extracellular activation of those receptor tyrosine kinases (RTKs) with their 

cognate ligands supports pivotal functions in the development and maintenance of the 

mammalian nervous system such as synaptogenesis, neuronal differentiation and synaptic 

plasticity.3-6 Each neurotrophin also interacts with a common low affinity receptor, p75NTR – a 

member of the tumor necrosis factor family (Kd ≈ 10-9 M).7  TrkA expression, along with its 

cognate ligand, is extensive in restricted neuronal populations such as cholinergic neurons of 

the basal forebrain (BFCNs) and striatum as well as in sensory and sympathetic ganglia.8-9 TrkB 

and TrkC receptors are, for their part, widely co-expressed throughout the mammalian central 

(CNS) and peripheral nervous system (PNS).10-11 Outside of neural lineages, cell-type specific 

expression of the different Trk receptors is also found in many organs such as diverse 

components of the lung.12 
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Within the CNS, alterations in expression and abnormal function of NGF/TrkA and 

BDNF/TrkB systems have been extensively investigated and linked to various neurological 

diseases and conditions.13-14 For example, the observation that the NGF/TrkA system crucially 

supports survival and differentiation in BFCNs combined with the significant cholinergic 

dysfunction observed in early Alzheimer’s disease (AD) points towards the underlying 

implication of NGF/TrkA in the onset and progression of AD.15-16  Indeed, substantial down-

regulation of Trk genes has been characterized within BFCNs of the nucleus basalis (NB) in 

mild cognitive impairment (MCI) and more significantly, in mild to moderate AD compared to no 

cognitive impairment (NCI) cases.17-18 Furthermore, TrkA receptor densities in cholinergic NB 

neurons are diminished in MCI and AD in contrast with NCI.19 In early-stage AD, TrkA protein 

levels are also reduced in cortical regions – where TrkA is naturally expressed in lower 

concentrations compared to the basal forebrain and caudate putamen (CP).20 Analogously, the 

decline in cortical TrkB receptor and BDNF levels are also found in AD patients.21  In fact, 

dysregulation of the BDNF/TrkB system is found in a variety of neurodegenerative/psychiatric 

diseases and neuropathological conditions such as Parkinson’s disease (PD), Rett syndrome, 

Huntington’s disease (HD), schizophrenia and traumatic brain injury (TBI).22-25 Moreover, 

accumulating evidence supports the critical involvement of Trk in malignant transformations, 

chemotaxis, anoikis resistance, metastasis and survival signaling in various neural and non-

neural human cancers including pancreatic, lung, prostate and neuroendocrine tumors.26-30 

Therefore, Trk receptors have been actively pursued as therapeutic targets for both 

neurological and oncological diseases.31-32  The development of non-invasive in vivo imaging 

probes allowing the assessment and quantitation of Trk levels would provide an invaluable tool 

to evaluate Trk-related neurological and oncological conditions. Such a research tool would 

offer a deeper understanding of the expression and functions of those receptors within the 

normal as well as pathological nervous system. It would provide a molecular instrument for the 
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assessment of receptor occupancy and therapeutic effects during current drug development 

efforts. Among available imaging techniques, positron emission tomography (PET) is particularly 

well suited to address these objectives owing to its high sensitivity and dynamic measurement. 

 

Figure 3.1. Chemical structures of Trk agonists, tyrosine kinase inhibitors and Trk radioligands.*From 
Ref. 47.  

 

Small molecules (MW < 500 Da) binding Trk receptors have been explored from two 

distinct perspectives. First, from a neurological standpoint, efforts have mainly been directed at 

compounds exerting their effect upon binding the extracellular domain (ECD) of Trk receptors.31 

This approach has relied on either random screening or neurotrophin mimicry and typically 

targets challenging druggable sites corresponding to clefts in protein-protein interfaces from 

individual Trk/neurotrophin heterodimers.33-35 One of the rare examples of successful non-

peptidic EDC-binding Trk probes of this type is the TrkB-selective agonist 7,8-dihydroxyflavone 

(3.1, Kd ≈ 320 nM; Figure 3.1) and its derivatives.36-38 From an oncological perspective, 

applications have focused on the intracellular well-characterized kinase domain, which has led 

to the identification of numerous and structurally diverse potent tyrosine kinase inhibitors (TKI).32 
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Some examples of Trk-TKI include 3,5-disubstituted 7-azaindoles 3.6 (TrkA IC50 = 1.67 nM),39 

isothiazole 3.7 (TrkA IC50 = 1 nM)40 and 2-amino-5-(thioaryl)thiazole 3.8 (TrkA IC50 = 0.6 nM)41 

(Figure 3.1). As a result of important kinase homology sequences of the different Trk isoforms, 

Trk-TKI, including the aforementioned inhibitors, generally present limited intra-Trk selectivity 

profiles – but often display excellent selectivity over non-Trk kinase targets.42 

Our group has recently reported the radiosyntheses of the first radiotracers aimed at Trk 

PET imaging.43 The probes evaluated, 4’-[18F]-7,8-DHF ([18F]3.2) and 4’-(>N-methyl-11C@-

dimethylamino-7,8-DHF ([11C]3.3) (Figure 3.1), are derivatives of 7,8-dihydroxyflavone (1). 

Despite promising in vitro autoradiographic profiles paralleling [125I]-BDNF assays44 and showing 

BDNF-competitive binding, the tracers were subject to rapid hepatic in vivo metabolism caused 

by the catechol moiety and were consequentially found unsuitable for PET brain imaging. While 

bioisosteric modifications of those EDC-binding tracers are currently underway, we aimed at 

accessing Trk receptors via the intracellular kinase domain with radiolabeled TKIs. As the 

ultimate goal of this project is the development of PET tracer candidates for both peripheral 

tumor and central nervous system imaging, our probe identification efforts were focused on TKIs 

with narrowed physicochemical properties such as : 1) blood-brain barrier (BBB) permeation 

and neuroreceptor imaging binding potential (ideally BP = Bmax/Kd> 10),  2) molecular weight 

(MW) ≤ 305, 3) calculated distribution coefficient (cLogD7.4) in the range of 2.0-3.5), 4) 

topological polar surface area (TSPA)  of 30-80Å2)  and 5) hydrogen bond donor (HBD) ≤ 1.45-46 

Based on those and other crucial considerations such as radiolabeling compatibility, we 

selected 3-((1-methyl-1H-indol-3-yl)methylene)-1H-pyrrolo[3,2-b]pyridin-2(3H)-one (GW441756, 

3.9)47 from an initial screening of over one hundred reported Trk-TKIs. 4-Aza-2-oxindole 3.9 

displays favourable physicochemical properties for BBB permeation (Figure 3.1) and high TrkA 

affinity (IC50 = 2 nM) leading to theoretical binding potentials up to BP > 6.6 in TrkA-rich brain 

regions (Bmax= 13.2 fmol mg-1tissue in rat CP).48 Also, 3.9 displays >100 fold selectivity over off-
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target tested kinases41 and importantly, can be readily converted into a radiolabeled N-[11C]-

methyl isotopologue for in vivo PET imaging. 

In the present study, the development of the 4-aza-2-oxindole Trk-binding tracer [11C]3.9 

is described, including the syntheses of (Z)-3.9 along with the desmethyl precursor (E)-3.16, 

their intrinsic isomerization properties and a molecular modeling investigation. Results from 

biological evaluations are provided including the in vitro enzymatic activity of 3.9 for all Trk 

receptors (TrkA, TrkB and TrkC), rat brain and human neuroblastoma in vitro autoradiography 

studies of [11C]3.9, metabolic studies as well as microPET imaging experiments, demonstrating 

that [11C]3.9 readily crosses the BBB but binds non-specifically in the rat brain. Furthermore, a 

series of novel highly potent 4-aza-2-oxindole-based Trk inhibitors amenable for 11C- or 18F-

radiochemistry are described. This effort led to the synthesis of [18F]3.10  which demonstrates 

promising in vitro profile. The tracer [11C]3.9 is the first brain penetrating Trk radioligands 

described and suggest that 4-aza-2-oxindoles represent a potentially versatile scaffold for 

further development of PET Trk probes.  

3.3 Results and discussion 

3.3.1 Synthesis and photoisomerization of (Z)-3.9. Inhibitor 3.9 belongs to the family of 3-

arylideneindolin-2-one RTK inhibitors with anti-oncogenic properties.49-52 Typically the arylidene 

fragment in these structures is incorporated via base-catalyzed or acid-promoted aldehyde 

condensation with a suitable indolin-2-one intermediate. In the present case, we synthesized the 

required precursor 4-aza-indoline-2-one (3.15) in four steps and 48% overall yield from 2-chloro-

3-nitropyridine (3.11) as previously described but without detailed instructions and 

characterization (Scheme 3.1).47 Intermediate 3.12 was also characterized by single molecule 

X-ray crystallography.  
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Scheme 3.1. Synthesis of (Z)-3.9 and (E)-3.9. Reagents and conditions: (a) NaH, dimethyl malonate, 
DMSO, rt, 30 min then 100°C, 1 h (97 %). (b) LiCl, H2O, DMSO, rt - 100°C, 18h (98 %). (c) H2 (1 atm), 
Pd/C, MeOH, rt, 6 h (98 %). (d) HClaq (2.0N), Et2O, rt, 12 h, 52% (52 %). (e) 1-Methylindole-3-
carboxaldehyde, AcOH, HClconc, 40°C, 12 h (65 %). (f) H2O/MeCN (1:1), visible light (ambient conditions). 
Single-Crystal X-Ray structure of 3.12 and MeOH•(Z)-3.9; ellipsoids drawn at 70% probability. 

 

The exocyclic olefin can adopt a strict Z conformation, E conformation or exists as a Z/E 

mixture, depending on the nature of the arylidene fragment in 3-substituted indolin-2-ones.44 

Increased inhibitory activities for various kinases have previously been reported for compounds 

preferentially adopting the Z conformation.50, 52-53 Initial synthesis of 3.9 by Wood et al.47 

described the isolation of a crude 8:1 mixture of non-specified isomeric composition. In our 

experiments, the condensation of 3.15 with 1-methylindole-3-carboxaldehyde in glacial acetic 

acid and concentrated HCl at 40°C gave 3.9 as a single isomer in 65% yield after flash 

chromatography (Scheme 3.1). This compound was identified as the Z isomer based on the 

characteristic 1H NMR downfield chemical shift (9.48 ppm) corresponding to the H-2’ proton in 

proximity to the carbonyl group.49, 53 This assignment was unambiguously confirmed by single 

molecule X-ray crystallography elucidation of the planar (Z)-3.9 MeOH adduct (Scheme 3.1). 
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Mechanistically, the preferential formation of the Z isomer under the reaction conditions used 

can be rationalized considering the least sterically hindered transition state of the stabilized β-

hydroxyketone intermediate which ultimately dictates the orientation of the arylidene moieties 

relative to the 4-azaoxindole core (Scheme S3.1, Supporting Information). Despite the 

isolation of the pure crystalline (Z)-3.9, we observed under various conditions rapid 

photoisomerization leading to the formation of a mixed-isomers photostationary state (PSS) of 

equimolar E/Z composition (Figure S3.1, Supporting Information). The N-desmethyl 

radiolabeling precursor 3.16 for 11C-radiomethylation was then synthesized in good yields 

following the procedure used for preparing (Z)-3.9 (Figure 3.3A). Interestingly, this product was 

obtained as the pure E isomer based on the H-2’ proton 1H NMR peak found 10.02 ppm (Figure 

S3.2, Supporting Information). This structural assignment is in agreement with previous NMR 

characterization of 3-subsituted 4-azaindolin-2-ones derivatives.49 We hypothesized that the 

isolation of (E)-3.15 was the consequence of a base-promoted isomerization during the workup 

procedure. Despite the fact that it should be expected that the inhibitory activity of 3.9 arises 

from the interaction of the Z isomer with the ATP binding pocket (vide infra), we anticipated that 

the radiomethylation of (E)- 3.16 would release [11C]3.9 as a ≈ 1:1 E/Z mixture owing to the 

rapid photoisomerization irrespective of the isomeric composition of the precursor.  

3.3.2 In vitro binding assays. Our focus on 3.9 as a potential radiotracer originated from the 

early work by Wood et al. which demonstrated that 3.9 displays a 2 nM IC50 for TrkA inhibition 

and >100-fold selectivity for TrkA over a panel of receptor tyrosine kinases (C-FMS, ITK, 

VEGFR2), non-receptor tyrosine kinases (SRC), mitogen-activated kinases (CDK1, CDK2, 

JNK3, p38, ERK) and histidine kinases (PDHK4).47 Yet, all Trk inhibitors characterized to date 

only display at best marginal intra-Trk selectivity as the three Trk isoforms share between 71.9% 

and 78.3% of their kinase domain and between 95% to 100% residue identity when considering 

only the 40 amino acids that are potentially involved in ligand binding from the DFG-in ATP 
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binding site.54 Therefore, we sought to evaluate the ability of MeOH•(Z)-3.9 to inhibit the entire 

human Trk receptor family –TrkA, TrkB and TrkC. Hence, the compound MeOH•(Z)-3.9 was 

tested in a radiolabeled ATP-based in vitro enzymatic assay and was shown to inhibit TrkA with 

an IC50 of 29.6 nM, but  4- and 6-fold more potent against TrkB and TrkC respectively (IC50 TrkB = 

6.7 nM and IC50 TrkC = 4.6 nM) (Figure 3.2D). Although the specific isomeric composition 

responsible for the observed in vitro inhibition could not be determined, our previous 

photoisomerization study suggests that it was derived from a near equimolar E/Z mixture (in 

dilute solutions).  

Figure 3.2. Comparison of the predicted binding poses for (Z)-3.9 bound to (A) TrkC (PDB code: 3V5Q) 
with a DFG-out binding mode and to (B,C) TrkB (PDB code: 4AT3) and with a DFG-in binding mode. The 
lactam moiety of (Z)-3.9 forms H-bonding interactions between with Glu634 and Met636 from TrkB and 
Glu618 and Met620 from TrkC. The coloring of the protein surface emphasizes positive/neutral/negative 
atom charge (red, white, blue). (D) Dose-response curves and comparison of IC50 values for the in vitro 
kinase assays with 3.9 (GW441756) versus TrkA, TrkB and TrkC. The inhibitor (3.9) was tested at ten 
different concentrations using serial dilution, experiments were carried out in duplicates in the presence of 
1 PM of ATP and error bars represent standard deviation from the mean.  

 

3.3.3 Molecular docking study of compound 3.9. In order to gain insight into the putative 

binding modes of 3.9 and indications for potential positions for eventual structural modifications, 

a docking study was performed using the FITTED program.55-57 Assessment of the differences 

in the binding poses of (Z)-3.9 and (E)-3.9 as well as the influence of the activation state of the 

kinase domain on binding were first conducted. Accordingly, we selected the available crystal 

structures of (1) the activated (DFG-in) TrkB kinase domain (PDB code: 4AT3) and (2) the 

inactivated (DFG-out) TrkC kinase domain (PDB code: 3V5Q). Docking of (Z)-3.9 on both 

proteins converged on analogous binding poses anchoring the ligand via H-bonding interactions 
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between the lactam proton with Glu634 or Glu618 and the carbonyl oxygen atom with Met636 or 

Met620 in TrkB and TrkC respectively (Figure 3.2A-C). Edge-to-face stacking interactions are 

also present between the pyridine ring and the gatekeeper Phe633 (TrkB) and Phe617 (TrkC). 

This binding mode does not involve interactions with the DFG motif and is overall consistent 

with most available 3-arylideneindolin-2-one -based ligands co-crystallized with various kinases 

(DFG-in)58-61 as well as TrkC (DFG-out).42 On the other hand, attempts of docking (E)-3.9 did 

not convincingly generate adequate binding modes with TrkB and TrkC, presumably due to 

unfavorable protein contact between the 1-methylindole and Phe565 in TrkB (DFG-in) and 

Phe698 in TrkC (DFG-out) (Figure 3.2A,B). An alternative binding mode, which brings the 1-

methylindole fragment into the vicinity of Phe589, could be obtained from the docking of (E)-3.9 

with TrkA (PDB code: 4AOJ) (Figure S3.3, Supporting Information), but this binding mode 

within the ATP binding site has only been rarely encountered in co-crystal structures and is 

associated with low affinity ligands.62 

As expected, the binding pose of (Z)-3.9 with TrkA corroborates the previously modeled 

TrkB- and TrkC-(Z)-3.9 interactions (Figure S3.4B). The docking information also exposed 

small discrepancies in non-covalent interactions between TrkA and TrkB/TrkC that may account 

for the moderate selectivity of 3.9 for the latter (See Supporting Information, Figure S4). Taken 

together, those results support the hypothesis that Trk inhibition of 3.9 involves the binding of 

the Z geometric isomer within the ATP binding site and provide reasonable details to explain the 

observed differences in IC50s.  

3.3.4 Radiolabeling of [11C]3.9. Radiolabeling of (E)-3.16 was performed by reacting the 

precursor with [11C]methyl iodide ([11C]CH3I) – obtained from reduction/iodination of cyclotron-

produced [11C]CO2 – in either DMF or acetone in the presence of a suitable base (Figure 3A,B). 

Optimization reactions were carried out in duplicates at room temperature for 5 min. Initial 

radiomethylation attempts with minute amounts of aqueous NaOH in acetone only yielded (E)-
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[11C]3.9 with 5.0 ± 0.3% radiochemical yield (RCY, HPLC-based and non-decay corrected, 

n.d.c.). However, the labeling was found to be highly efficient in the presence of either Cs2CO3 

in DMF or solid KOH suspended in acetone. Under those conditions, (E)-[11C]3.9 was obtained 

in 48 ± 13.0% and 49 ± 2.5% RCYs (HPLC-based and non-decay corrected) respectively.  

Figure 3.3. Synthesis of precursor (E)-3.16 and radiosyntheses of (Z)-[11C]3.9 and (E)-[11C]3.9. (A) 
Reagents and conditions: (a) Indole-3-carboxaldehyde, AcOH, HClconc, 40°C, 12 h. (B) Optimization for 
the radiosynthesis of (Z)-[11C]3.9 and  (E)-[11C]3.9; the RCYs are calculated by radio-HPLC and reported 
as the RCY±SD (%) (n.d.c.) from two independent experiments. Reagents and conditions: 1.0 mg of 
precursor (E)-3.15 in 250 PL of solvent; (left) i. NaOH(aq) (4.0N, 5.0 PL); ii. Cs2CO3 (10 mg); iii. KOH(s) (10 
mg). (right) i. KOH(s)  (10 mg), no light. (C) HPLC radiodetection QC of the collected (E)-[11C]3.9 peak at 
time of microPET injection showing racemization (HPLC method D). The dash line correspond to the UV 
trace of (Z)-3.9 and (E)-3.9 (0.7 min calibrated delay between UV and radioactivity detector. (D) HPLC 
separation of (Z)-[11C]3.9 and (E)-[11C]3.9 from (E)-3.15 (HPLC method B). 

 

Radiomethylation in the presence of stronger bases such as NaH or t-BuOK in THF only 

resulted in radioactive side-product formation. Reactions leading to the formation of (E)-[11C]3.9 

also afforded non-negligible and consistent amounts of (Z)-[11C]3.9 corresponding to 0.23 ± 0.06 

of the E isomer (HPLC-based and non-decay corrected Figure 3.3B,D). Considering the low 

pKa of the N-H indole moiety in (E)-3.16 (pKa < 12),63 we hypothesize that the radiomethylation 

quantitatively proceeds via the highly conjugated potassium (caesium) enolate azatriene 

intermediate (Figure S3.5A, Supporting Information). Thus, the isomeric ratio of the 11C-

labeled end products likely reflects the proportion of 3-8’-s-cis and 3-8’-s-trans intermediates, 

and not the isomeric composition of the precursor. Moreover, the formation of (Z)-[11C]3.9 was 
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not the result of a light-induced isomerization of the (E)-[11C]3.9 product, as the labeling 

reactions performed in light-protected conical vials with the identical KOH/acetone conditions 

resulted in similar RCYs and Z:E ratios (Figure 3.3B).  Moreover, the quantitative formation of a 

strongly conjugated anionic intermediate was confirmed by the UV-visible absorbance spectra 

of (E)-3.16 which undergoes a characteristic and rapid bathochromic shift of around 50 nm in 

the presence of NaOH under labeling conditions in water (Figures S3.5, S3.6, Supporting 

Information).63 

Therefore, the tracer [11C]3.9 could easily be obtained as a E:Z (1:1)  mixture as 

anticipated.  Reverse-phase HPLC purification and collection of the E isomer peak afforded (E)-

[11C]3.9 in 26 ± 5.7% (n = 8) RCY n.d.c. (based on starting activity of [11C]CH3I) which, within the 

time required for sterile medium formulation for imaging studies (t ~ 5 min), reached a PSS 

composed of approximately equimolar quantities of both Z and E isomers as expected (Figure 

3C). The formulated tracer was obtained in >98% radiochemical purity and specific activities 

ranging from 29.6-59.2 GBq/μmol at the end of synthesis in a procedure of approximately 60 

min from bombardment and was stable for over 60 min at room temperature. 

3.3.5 In vitro metabolism of [11C]3.9. Tracer [11C]3.9 (mixed isomers) was highly stable in rat 

plasma in vitro. No significant decomposition was observed by reverse phase radio-HPLC upon 

incubation for 60 min at 37°C (>99% [11C]3.9 unchanged). In addition, in silico predictions of the 

phase I cytochrome P450 (CYP) mediated sites of metabolism (SoM) were carried out using 

IMPACTS.64 This study provided the top two predicted sites of oxidation (Figure 3.4) and 

transition states modeling (Figure S3.7, Supporting Information) for a set of five CYP 

isoenzymes responsible for 90% of xenobiotics metabolism in human (CYP1A2, CYP2C9, 

CYP2D6, CYP3A4, CYP2C19).65-66   
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Figure 3.4.  In silico top predicted CYP-mediate sites of metabolism for (Z)-3.9 and (E)-3.9 and 
corresponding metabolites confirmed by RLM assays.  

 

1-Methylindole carbon (C’-1) was identified as the main SoM over the entire set of CYP 

evaluated for both (Z)-3.9 and (E)-3.9.  Aromatic hydroxylations at C-5’ and C-7’ were also 

predicted. In vitro microsomal assays with rat liver microsome (RLM) and the non-radioactive 

inhibitor 3.9 (E/Z mixture) were consistent with the computational predictions and confirmed that 

phase I metabolism preferentially led to the slow formation of desmethyl metabolite 3.16 (over 

90 min). HPLC analysis at various time points also revealed the formation of a minor and more 

polar metabolite consistent with a hydroxylated metabolite (Peak A, Figure S3.8).  

3.3.6 In vitro autoradiography of [11C]3.9. Binding of [11C]3.9 in the brain was assessed using 

in vitro autoradiography with rat brain slices (n = 3) over successive coronal sections (n = 10). 

Nonspecific binding was evaluated by co-incubation with excess of the corresponding non-

radioactive ligand. Figures 3.5A illustrates representative autoradiograms of brain slices after 

incubation with [11C]3.9 and blocking experiments along with the histological staining of the 

immediately adjacent sections. The radiotracer displays widespread displaceable binding to 

essentially all areas of the forebrain, midbrain and hindbrain including the neocortex, striatum, 

thalamus, hippocampus and cerebellum with the exception of white matter. The extensive 

binding distribution of [11C]3.9 is in agreement with the near ubiquitous expression of TrkB and 

TrkC in the mammal brain as assessed by mRNA in situ hybridization and [125I]BDNF, [125I]NT-

4/5 and  [125I]NT-3 binding studies.44 Binding in the whole brain was uniformly reduced by 69.2 ± 
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1.5% (n = 30 sections) upon co-incubation with excess of 3.9 (10 PM, Figure 3.5B). Moreover, 

the lack of preferential binding in the caudate putamen suggests that [11C]3.9 does not 

preferentially bind to TrkA. This result is in line with the IC50 values obtained which showed 

moderate selectivity for TrkB/C (vide supra). The binding to TrkB and TrkC is also supported by 

the superior receptor densities of those isoforms compared to TrkA in virtually all brain regions 

including the caudate putamen – Bmax ([125I]NT-3) = 26 fmol mg-1 tissue versus Bmax ([125I]NGF) ≤ 

13.2 fmol mg-1 tissue.67 It is likely that non-displaceable binding during blocking experiments 

ensued in part from off-Trk but kinase-specific interactions. 

 

Figure 3.5. (A) Representative in vitro autoradiography in four representative coronal sections of rat 
brain. (Upper row) Autoradiography images showing the binding of [11C]3.9 alone. (Middle row) Cresyl 
violet staining of the corresponding coronal sections. BSt = brain stem; CA = cerebral aqueduct; CC = 
corpus callosum; Cer = cerebellum; Ctx = cortex; EC = entorhinal cortex; H = hippocampus; HTh = 
hypothalamus; IC = inferior colliculus, SC =  superior colliculus; Th = Thalamus.  (Lower row) 
Autoradiography images showing the binding of [11C]3.9 in co-incubation with unlabeled 3.9 (10 μM). (B) 
Quantitative results of blocking experiments with brain sections. (C) In vitro autoradiography of four 
representative sections from four human neuroblastoma tumor. Autoradiography images showing the 
binding of [11C]3.9 alone, cresyl violet staining of the corresponding sections and binding of [11C]3.9 in co-
incubation with unlabeled 3.9 (10 μM). Western blots analysis of the TrkB (FL: full length) protein levels. 
Actin was used as loading control. (D) Quantitative results of blocking experiments from human 
neuroblastoma tumor cryosections. Value expressed as mean ± SD (from the average of 10 sections from 
three rat brain and (from four tumors with 2 sections analyzed each). 
 
 
 

Owing to the critical role of Trk receptors in various neoplasms,26-30 we sought to 

investigate the potential of [11C]3.9 for tumor imaging. In neuroendocrine tumors and 

neuroblastomas in particular, heterogeneous expression of Trk is strongly predictive of clinical 

outcomes, TrkB and BDNF being highly expressed in aggressive tumors with poor prognoses.30, 

68-69 Figure 3.5C shows representative autoradiograms of four human neuroblastoma samples 
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+ 3.9 (10 PM) 
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after incubation with [11C]3.9 in identical conditions as previously used for brain samples along 

with the corresponding histological staining. Binding of [11C]3.9 was highly heterogeneous and 

significantly reduced upon co-incubation with 3.9 (' = -71.3 ± 0.3 %, n = 4; Figure 3.5C,D). To 

confirm TrkB expression in the tumor samples, western blot analysis was performed with 

homogenate of each tumor.   

 

Figure 3.6. PET studies in Sprague Dawley rats. Time-radioactivity curves (TACs) illustrate the 
accumulation of [11C]3.9 in (A) the whole brain and (B) the lungs as function of time for baseline studies 
and for pretreatment studies with 3.9 (1 mg/kg, i.v. 15 min prior to [11C]3.9  injection).  SUV, standardized 
uptake value. 

 

3.3.7 In vivo PET imaging of [11C]3.9 in rats. Using microPET imaging, [11C]3.9 was 

preliminary evaluated in Sprague Dawley rats to determine brain permeation and in vivo 

distribution. In a brain scan at baseline, the tracer rapidly crossed the BBB, peaked at a 

maximum of 2.0 SUV (standardized uptake value) in the whole brain within 30 sec, then 

decreased rapidly over the remaining 60 min of scanning as depicted by the time-activity curve 

in Figure 3.6A. Regional brain distribution was uniform as could be expected from the near 

ubiquitous Trk expression in the CNS. A second imaging experiment conducted to assess the 

specific binding of [11C]3.9 where unlabeled inhibitor 3.9 was administered 15 min prior to tracer 

injection (1 mg/kg, i.v.) demonstrated that the uptake of [11C]3.9 in the rat brain was essentially 
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non-specific. The somewhat higher brain uptake in the pretreatment study may imply saturation 

of peripheral receptors while the similarly fast kinetics in baseline/blocking studies show that 

brain clearance overwhelms Trk-specific binding in the brain during the time of scanning. In 

another experiment, a thoracic/abdominal PET scan revealed hepatobiliary clearance of the 

tracer as well as an important uptake of radioactivity in the lungs in agreement with high 

pulmonary Trk-receptor concentrations (Figure 3.6B).70-71 Pretreatment with unlabeled 3.9 (1 

mg/kg, i.v. 15 min prior to [11C]3.9  injection) resulted in a marked reduction of the radioactivity 

uptake in the lungs compared to baseline – from 4.9 SUV to 1.6 SUV at 1 min and from 0.4 SUV 

to 0.1 SUV at 55 min. Blocking also resulted in a more pronounced renal radioactivity 

uptake.Those observations support the additional evaluation of [11C]3.9 in non-rodent species 

due to known drug pharmacokinetics inter-species differences, as well as a derivatization into a 

radiolabeled tracer with a longer physical half-life (e.g. fluorine-18).  

3.3.8 Design, syntheses and structure-activity-relationship (SAR) of 4-aza-2-oxindole 

derivatives towards 18F-labeling. On the basis of our previous results with [11C]3.9, the 

possibilities of potential derivatives of 18F-labeled analogues of 3.9 were explored. The selected 

structural alterations were chosen based on molecular modeling information from the interaction 

of 3.9 with TrkB/C (Figure 3.2A-C; Figure 3.7A) and their accessibility as carbon-11 and 

fluorine-18 isotopologues.  The solvent exposed phenyl moiety from the indole core of 3.9 

appeared to provide derivatization opportunities and was therefore explored. In particular, 

introduction of methoxy or 2-fluoroethoxy fragments (selected for radiolabeling purposes) at 

positions C4’ and C5’ seemed to potentially allow additional interactions either directly or via 

water-mediated contacts with Asp624 (TrkC) or Asp640 (TrkB) as exemplified with docking 

simulations (Figure 3.7B,C). The 2-fluoroethoxy substitution at C6’ position appeared more 

problematic owing to the close proximity of Arg598, Lys643 and Lys627 in TrkA, TrkB and TrkC 

respectively.  
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Figure 3.7. Design rationale and docking modes for 4-aza-oxindole-based Trk inhibitors. (A) Potential 
binding site interaction between TrkB and inhibitor (Z)-3.9 based on docking studies. (B,C) Overviews of 
the predicted binding pose of fluorinated (Z)-3.10 in the ATP-binding site of TrkC (PDB code: 3V5Q). 
(D,E) Overviews of the predicted binding pose of (Z)-3.18d in the ATP-binding site of TrkC. The coloring 
of the protein surface  emphasizes positive/neutral/negative atom charge (red, white, blue). (F) Inhibitory 
activity of 3.10 on 18 kinases at 500 nM (n = 2).*Derived from IC50 curves. 

 

Despite being the most straightforward modification, the introduction of a 2-fluoroethyl 

moiety at the N-1’ position of the indole fragment seemed disfavored compared to 3.9 due to 

repulsive interactions with the proximal backbone of the hinge forcing a gauche conformation 

bringing the fluorine substituent into close proximity with residues from the glycine rich loop for 

all TrkA/B/C receptors (Figure 3.7D,E). Still, to corroborate our binding model, the N-fluoroethyl 

derivative was included in the small series of synthesized derivatives (Scheme 3.2, Table 3.1). 

The synthesis of compounds 3.10 and 3.18a-e relied on the same approach as for 3.9 using 

suitable indole-3-carboxaldehyde building blocks (Scheme 3.2A). The intermediates 3.22a,b 

were prepared from the C5’/C6’-OMe precursors via BBr3-promoted deprotection in high yields 

and compounds 3.20 and 3.23a,b were obtained via alkylation with 2-fluoroethyl 4-

methylbenzenesulfonate (Scheme 3.2B,C; Supporting Information). 
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Scheme 3.2. Syntheses of 3-((1-methyl-1H-indol-3-yl)methylene)-1H-pyrrolo[3,2-b]pyridin-2(3H)-
one.  Reagents and conditions: (a) indole-3-carboxaldehyde fragment, AcOH, HClconc, 40°C, 12 h (43 –72 
%). (b) NaH, 2-fluoroethyl 4-methylbenzenesulfonate, THF, 0°C – rt, 12 h (96 %). (c) BBr3, CH2Cl2, 0°C – 
rt, 3 h (94 – 100 %). (d) K2CO3, 2-fluoroethyl 4-methylbenzenesulfonate, DMF, 70°C, 12 h (72 – 80 %). 

 

The synthesized derivatives, as well as the previously used desmethyl compound 3.16, 

were tested for TrkA/B/C receptor binding. Table 3.1 lists IC50 values, isolated isomeric 

compositions, selected isomerization studies as well as physico-chemical properties. 

Compounds having an N-alkylated indole position were isolated as Z isomers while the non-

alkylated compound 3.18b bearing an highly acidic indole proton was, as shown with 3.16 

previously, obtained as the E configurational isomer (vide supra). Configuration assignment was 

based on our previous X-ray structure determination in combination with the characteristic H1-

NMR signal from E and Z isomers as described earlier (see also Figure S3.9-3.10, Supporting 

Information).  
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Table 3.1. Potency and Physico-Chemical Data for 4-Aza-2-Oxindole Trk Inhibitors 

Cpd 

 

clogP
a 

 

TPSA 

(Å
2
)
a
 

% of Z 

isomer
b
 

 

IC50 (nM)
c B

max
/IC

50
 

(TrkA)
d
 

B
max
/IC

50
 

(TrkB/C)
d
 

TrkC 

selectivity 

(over 

TrkA) 

TrkA      TrkB    TrkC 

   

3.9 2.66 42.96 100/56/nte 29.6 6.7 4.6 0.5 3.9 6.4 

3.16 2.48 57.78 <1/ntf/nte 103 34.0 10.9 0.1 0.8 9.4 

3.10 2.87 56.15 >99/95/40 28.3 4.1 3.4 0.5 6.3 8.3 

3.18a 2.87 56.15 100/ntf /nte 62.1 10.1 9.1 0.2 2.9 6.8 

3.18b 2.39 70.80 0/ntf /nte 15.1 1.4 2.0 0.9 18.6 7.6 

3.18c 2.48 59.90 100/97/24 16.3 1.7 2.1 0.8 12.4 7.8 

3.18d 2.69 46.92 100/ntf /nte 660 108 45.9 0.02 0.6 14.4 

3.18e 2.48 59.90 100/ntf /nte 71.9 6.3 4.7 0.2 5.5 15.3 

aValues were computed with the program Pallas 3.7 for Windows (CompuDrug; SanFrancisco, CA).  bThe % of Z 
isomer was calculated based on the ratio of the diagnostic 1H NMR H-2’ peak at isolation (t = 0 min) in d6-DMSO and 
after ambient light incubation in d6-DMSO/D2O (5:1) after t = 120 min and t = 2 days. Values are presented as % of Z 
at t = 0 min/t = 120 min/t = 2 days. cValues from enzymatic assays. dCalculated with Bmax value for the caudate 
putamen and from the whole brain from Ref. 48 and the IC50s from TrkB. ent = not tested. 

 

NMR-based photoisomerism analysis for selected inhibitors confirmed that visible light 

exposition results in PSS formation of different isomeric compositions (Table 3.1). To our 

satisfaction and in agreement with modeling studies, all substitutions were well tolerated except 

for the N-fluoroethyl inhibitor 3.18d which was characterized by a marked decrease in potencies 

compared to the lead (IC50 = 660 nM for TrkA, IC50 = 108 nM for TrkB and IC50 = 45.9 nM for 

TrkC). The presence of an OMe or fluoroethoxy group at position C5’ and C6’ had a negligible 
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to modestly favourable impact on potency compared to 3.9, except in the case of the C6’-

fluoroethyoxy inhibitor 3.18a as expected (IC50 = 62.1 nM for TrkA, IC50 = 10.1 nM for TrkB and 

IC50 = 9.1 nM for TrkC). Replacement of the N-methyl fragment by an NH group negatively 

affected potency for all Trk receptors (especially TrkB) for compound 3.16 but increased the 

potency when combined with the 4’-OMe substitution in 3.18b, suggesting that the loss of van 

der Waals interactions at the N-1’ position may be compensated by additional hydrogen bonding 

permitted through the oxygen of the C4’ substituent. It is also important to bear in mind that 

small discrepancies in potency may ensue from different fractions of Z-isomer in the PSS of 

those inhibitors which could not be characterized in detail for the enzymatic assay. All inhibitors 

displayed modest 6 to 15-fold inter-Trk selectivity (TrkC ≈ TrkB > TrkA). Considering those 

results, compound 3.10 was selected for radiotracer development as the most favorable 

fluorinated derivative in the series (cLogP = 2.87; TPSA = 56.16 Å2; IC50 = 28.3 nM for TrkA, 

IC50 = 4.1 nM for TrkB and IC50 = 3.4 nM for TrkC; Bmax/IC50 = 6.3 for TrkB/C; see Table 3.1).  

Prior to its conversion into a potential PET tracer, a more detail description of the 

selectivity profile of 3.10 was sought (Figure 3.7F). The compound was therefore tested for 

inhibitory activity at 500 nM concentration with a panel of 18 cancer-related kinases with an 

additional focus on kinase targets expressed at high concentration in neurons and various 

components of the mammalian CNS under non-pathological conditions.72-76 Kinases tested were 

focused on closely related tyrosine kinases (TK) but also encompassed kinases from other 

major branches (TLK, CMGC and AGC). Inhibitor 3.10 demonstrated excellent specificity and 

>120-fold greater potency for TrkB/C and >15-fold greater potency for TrkA compared to all 

other tested kinases (ABL1, ALK, BRAF, c-KIT, c-MET, c-SRC, EGFR, ERBB2/HER2, ERK1, 

FMS, ITK, JAK1, JNK1, KDR/VEGFR2, P38a/MAPK14, PDGFRa, PDK1/PDHK1, SYK; tested 

at Reaction Biology Corporation). 
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Scheme 3.3. Synthesis and photoisomerization of (Z)-[18F]3.7b. (A) Reagents and conditions: (a) 
3.22b, AcOH, HClconc, 40°C, 12 h (44 %). (b) KOH(s), [18F]FETos, DMF, 90°C, 10 min (2.5 ± 0.6 % RCY, 
n = 4, non-decay corrected isolated yield from 18F-/H2O).  (c) ambient light. (B) HPLC radiodetection QC of 
the collected (Z)-[18F]3.10 (tR = 12.3 min) peak at 20 and 80 min post isolation showing racemization 
leading to the formation of (E)-[18F]3.10 (tR = 9.8 min)  (blue lines) and UV chromatogram of the 
corresponding (Z)-3.10 (tR = 11.5 min) and isomerized sample (E isomer, tR = 9.0 min) (black lines). 

 

3.3.9 Radiolabeling of [18F]3.10. The radiolabeling of [18F]3.10 was achieved using a two-step 

procedure involving the synthesis of  2-[18F]fluoroethyl tosylate ([18F]FETos)77 followed by the 

fluoroalkylation of  precursor (Z)-3.24 under basic conditions (Scheme 3.3). The phenolic 

precursor (Z)-3.24 was obtained and characterized as previously described for analogous 

structures (vide supra). Azeotropic drying of anionic fluorine-18  and radiosynthesis of 

[18F]FETos were carried out on a modified PET tracer module (Scintomics GRP) with in-house 

manifold setup and afforded [18F]FETos in 27.0 ± 2.0 % RCY (n = 4, non-decay corrected 

isolated yield from 18F-/H2O) after reverse-phase HPLC purification. This intermediate was 

aliquoted and used in a manual procedure for the alkylation of (Z)-3.24 (typically 0.74 GBq; ~ 20 

mCi). Following a second HPLC purification, [18F]3.10 was obtained in sufficient yields for 

preliminary biological evaluation (2.5 ± 0.6% n.d.c. RCY, end of bombardment) over a 60 min 

procedure in > 98% radiochemical purity and 122 – 180 GBq/μmol specific activities. A 

photoisomerization study of [18F]3.10 demonstrated a slower isomerization kinetic as compared 

to [11C]3.9 (Scheme 3.3B). In spite of the slower rate of photoconversion, the tracer ultimately 

reached a PSS composed of a ~ 2:1 (E/Z) mixture when unshielded from light over 60 min, as 

compared to the fast-reached 1:1 mixture observed for [11C]3.9. The lower rate of isomerization, 
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which turned out to be advantageous in providing the tracer in > 90% of the putative potent Z 

isomer for preliminary PET imaging studies (after final formulation, the tracer was immediately 

injected into the animal to minimize photoconversion), was ascribed to the electron donating 

nature of the alkyloxy subsitutent in 3.10 which may disfavor electron delocalization from the N-

1’ position of the indole core as compared to 3.9.  

 

Figure 3.8. (A) Representative in vitro autoradiograms and cresyl violet staining from coronal sections of 
rat brain showing the binding of [18F]3.10 and competition experiments with 3.9 (10 PM). Autoradiograms 
have the same absolute intensity range. BSt = brain stem; CA = cerebral aqueduct; Cer = cerebellum; Ctx 
= cortex; EC = entorhinal cortex; H = hippocampus; HTh = hypothalamus; IC = inferior colliculus; Th = 
Thalamus. (B) Quantitative results of competition experiments for selected regions of interest (ROI’s) 
relative to control for prefrontal cortex. (C,D) Quantitative results of baseline and blocking experiments 
with neuroblastoma. Human neuroblastoma tumor cryosections (n = 4). PSL/mm2 = photo-stimulated 
luminescence events per square millimetre. Value expressed as mean ± SD (n = 4). ****p < 0.0001. 
 

3.3.10 In vitro autoradiography of [18F]3.10. In an analogous study as previously detailed for 

[11C]3.9, the distribution of [18F]3.10 in  rat brain and human neuroblastoma was assessed 

(Figure 3.8). Binding of [18F]3.10 in the rat brain was rather ubiquitous, similar to our previous 

results with [11C]3.9. Yet, a more detailed analysis of selected regions of interest (prefrontal 
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cortex, striatum and cerebellum) revealed small regional differences. Binding to the prefrontal 

cortex and the cerebellum (TrkB/C-rich regions) was more pronounced than what was found for 

the striatum (TrkA-rich region), which is in line with the Trk isoform selectivity of 3.10 and the 

regional concentration of the different Trk receptors. In the presence of an excess of unlabeled 

3.9, binding of [18F]3.10 was significantly reduced in all evaluated regions (' = - 52 % for 

prefrontal cortex, ' = -39 % for striatum and ' = -45 % for cerebellum,  Figure 3.8A,B). Binding 

to neuroblastoma cryosections was heterogeneous (Figure 3.8C) and also significantly reduced 

by pre-treatment with excess 3.9 (' = -55.0 ± 8.0 %, n = 4; Figure 3.8D, see also Figures 

S3.12, Supporting Information).  

3.3.11 Preliminary in vivo PET imaging of [18F]3.10 in rats.  The evaluation of the in vivo 

distribution of [18F]3.10 was assessed with PET in rats (tracer at injection was > 90% (Z)-

[18F]3.10, Figure 3.9A, B). Similar to the results obtained with [11C]3.9, the regional brain 

distribution of [18F]3.10 was uniform. Yet, a major difference regarding phase I metabolism 

arose when comparing [18F]3.10 to [11C]3.9. Whereas the non-fluorinated inhibitor 3.9 was found 

stable in RLM assays, the fluoroethoxy-linked inhibitor 3.10 was highly susceptible towards 

CYP450 metabolism at the 2-fluoroethoxy C-1 position.  Rapid formation of 3.24 detected by 

HPLC was observed. This ultimately led to the formation of more polar metabolites – 

presumably further desmethylated/hydroxylated products (Figure 3.9D). Those results were 

paralleled by in silico predictions (O-dealkylation >> N-dealkylation > C-hydroxylation). The 

immediate consequence of this oxidative metabolism for [18F]3.10 is the sustained formation of 

18F-labeled brain penetrating metabolites stemming from the release and further in vivo 

reduction/oxidation of 2-[18F]fluoroacetaldehyde (3.26, Figure 3.4D).78 Moreover, pretreatment 

with 9 (1 mg/kg, i.v., 15 min prior to tracer injection) did not alter brain pharmacokinetics or 

maximal radioactivity uptake significantly. This is consistent with the brain distribution being 

dominated by radiometabolites which are inactive towards Trk.  This suggests that further 
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structural derivatization is needed to arrive at a fluorinated 3-indolydene 4-aza-2-oxindole 

scaffold suitable for Trk PET radioligands. For example, a fluoroalkyl chain without phenolic 

oxygen might be required in order to avoid unwanted elimination of the radionuclide bearing 

moiety.   

 

 

Figure 3.9. Preliminary metabolism and PET studies with [18F]3.10 in sprague dawley in rats. 
Time−activity curves for (A) brain regions (n =3) at baseline, (B) for selected organs (n =1) and (C)  brain 
regions (n = 3) for pretreatment studies with 3.9 (1 mg/kg, i.v. 15 min prior to [18F]3.10  injection, n = 3).  
SUV, standardized uptake value. (D) In silico top predicted CYP-mediate sites of metabolism for (E/Z)- 
3.10 confirmed by RLM assays.  
 

3.4 Conclusion 

In summary, we have explored the 3-indolydene 4-aza-2-oxindole scaffold for the 

potential development of pan-Trk PET ligands. We presented the radiosynthesis of 3-(([11C]-1-

methyl-1H-indol-3-yl)methylene)-1H-pyrrolo[3,2-b]pyridin-2(3H)-one ([11C]GW441756, [11C]3.9) 

along with the synthesis, photoisomerism characterization and biological evaluation of the 

corresponding nonradioactive highly potent inhibitor. Promising in vitro and in vivo profiles of 

[11C]3.9 led to the radiosynthesis of [18F]3.10 selected from a small series of novel highly potent 

pan-Trk inhibitors. [18F]3.10 displayed excellent Trk selectivity in a panel of brain and cancer 

165



Chapter 3 

 
relevant kinases and Trk-specific binding in vitro in rat brain and human neuroblastoma 

cryosections. PET imaging studies in rodents provided valuable biodistribution information. 

Radioligand [11C]3.9 exhibited higher brain uptake and metabolic stability towards CYP450 

compared to [18F]3.10. In both cases, albeit for distinct reasons, the radioactivity in the brain 

was nonspecifically distributed. Currently, the major drawback of those tracers as a potential 

class of Trk-targeted PET ligands remains their propensity towards photoisomerization even 

though we could show that small structural modifications may have a significant impact on the 

rate of formation and isomer ratios in the PSS (compound 3.9 vs 3.10). Hence, structural 

optimization is underway to generate an isomerically and metabolically stable counterpart to the 

3-indolydene 4-aza-2-oxindole scaffold. Collectively, this work constitutes the first promising 

basis for future developments of Trk radioligands for in vivo PET imaging. 
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3.5 Material and methods 

General. All moisture sensitive reactions were carried out in oven-dried flasks under nitrogen 
atmosphere with dry solvents. Reagents and solvents were purchased at the highest 

commercial quality from Fisher, Sigma-Aldrich or Alfa-Aesar, and were used without further 

purification unless specified otherwise. Organic solutions were concentrated under reduced 

pressure on a Heidolph rotary evaporator. In general, reactions were magnetically stirred and 

monitored by TLC performed on pre-coated glass-backed TLC plates (Analtech, 250 microns) 

and chromatographic purification of products was accomplished using flash chromatography on 

Alfa-Aesar silica gel (230-450 mesh).  TLC visualization was performed by fluorescence 

quenching, KMnO4 or ninhydrin. 1H NMR and 13C NMR spectra were recorded on a 300 Varian 

Mercury spectrometer in CDCl3 or d6-DMSO and peak positions are given in parts per million 

using TMS as internal standard. Peaks are reported as: s = singlet, d = doublet, t = triplet, q = 

quartet, p = quintet, m = multiplet, b = broad; coupling constant(s) in Hz; integration. High 

Resolution Mass Spectra (HRMS) and LC-MS/MS analysis were obtained from the Regional 

Center for Mass Spectrometry of The Chemistry Department of the Université de Montréal (LC-

MSD-TOF Agilent). Radio TLCs were monitored using Mini Gita (Raytest).   

[11C]MeI for radiolabeling was prepared by reducing cyclotron-produced [11C]carbon dioxide 

([11C]CO2) (IBA cyclotron (Cyclon 18/9); prepared by the 14N(p,α)11C reaction with 0,5% O2. 

Lithium aluminum hydride (LiAlH4) in THF reduced the [11C]CO2 to [11C]methanolate, followed by 

iodination with 57% hydroiodic acid. Gamma counting was performed using a CRC-25PET 

Dose Calibrator (Capintec, Ramsey, NJ, USA). No-carrier-added (n.c.a) aqueous [18F]fluoride 

was prepared by the 18O(p,n)18F nuclear reaction on an enriched [18O]water (98 %) target.  

HPLC Methods. Analytical and radio-preparative HPLC were performed on an Agilent 1200 
system (Agilent Technologies, Santa Clara, CA, USA; running on Agilent ChemStation software) 

equipped with a Raytest Gabi Star radioactivity detector (Raytest Isotopenmessgeräte GmbH, 

Straubenhardt, Germany) and a Phenomenex aeris peptide 3.6u XB-C18 colomn (250*4.60 

mm).  

Method A: elution at 0.8 ml min-1 with a mixture of H2O (A) and MeCN (B) isocratic at 40% A 

and 60% B (tr (Z)-3.9 = 4.48 min, tr (E)-3.9 = 5.28 min). Method B: elution at 0.6 ml min-1 with a 

mixture of H2O (A) and MeCN (B) starting at 80% A from 0 to 1 min, decreasing from 80% A to 

50% A from 1 to 3 min, remaining at 50% A from 3 to 20 min (tr (Z)-3.9 = 15.59 min, tr (E)-3.9 = 18.49 

min). Method C: elution at 0.4 ml min-1 with a mixture of H2O (A) and MeCN (B) starting at 80% 
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A at 0 min and decreasing to 50% A from 0 to 3 min, remaining at 50% A from 3 to 30 min (tr (Z)-

3.9 = 21.24 min, tr (E)-3.9 = 25.17 min). Method D: elution at 0.4 ml min-1 with a mixture of H2O (A) 

and MeCN (B) isocratic at 50% A and 50% B (tr (Z)-3.9 = 7.87 min, tr (E)-3.9 = 10.17 min). Method E: 

(Phenomenex partisil 5u OSD(3) colomn (250*4.60 mm) elution at 1.0 ml min-1 with a mixture of 

H2O (A) and MeCN (B) isocratic at 30% A and 70% B (tr (Z)-3.9 = 4.99 min, tr (E)-3.9 = 5.54 min). 

Method F: (Phenomenex partisil 5u OSD(3) colomn (250*4.60 mm) elution at 1.0 ml min-1 with a 

mixture of H2O (A) and MeCN (B) isocratic at 50% A and 50% B (tr (Z)-3.10 = 11.5 min, tr (E)-3.10 = 

9.0 min).  

Chemical Synthesis. 

 

Diethyl (3-nitropyridin-2-yl)-malonate (3.12). To a solution of sodium hydride (60% dispersion 

in oil, 0.6 g, 25 mmol, 2.3 equiv.) in DMSO (25 mL) was added dimethyl malonate (3.8 mL, 25 

mmol, 2.3 equiv.) dropwise over 20 min and the mixture was stirred for an additional 30 min at 

room temperature. 2-chloro-3-nitropyridine (1.74 g, 11 mmol, 1 equiv.) was added to the 

reaction and the reaction was heated at 100°C for 1h. The reaction was cooled to room 

temperature and poured into aqueous ammonium chloride (saturated solution, 45 mL). The 

aqueous solution was extracted with ethyl acetate. The combined organic phases were dried 

over Na2SO4 and concentrated in vacuo. The crude residue was purified by flash 

chromatography (30% EtOAc/hexane) and afforded 3.0 g of the title compound as a orange oil 

(97%). Rf  0.40 (30% EtOAc/hexane). 

1H NMR (300 MHz, CDCl3) δ 8.81 (d, J = 4.5 Hz, 1H), 8.48 (d, J = 8.4 Hz, 1H), 7.52 (dd, J = 8.4 

Hz, J = 4.8 Hz, 1H), 5.51 (s, 1H), 4.28 (q, J = 7.2 Hz, 4H), 1.27 (t, J = 7.2  Hz, 6H) ppm.  13C 

NMR (300 MHz, CDCl3) δ 166.4, 153.0, 149.0, 144.8, 133.2, 123.8, 62.1, 59.3, 13.9 ppm. 

HRMS (APCI) calcd for C12H14N2O6 (M+H)+ 283.09246, found 283.09175. 

 

Ethyl 2-(3-nitro-pyridin-2-yl)-acetate (3.13). A suspension of diethyl (3-nitropyridin-2-yl)-

malonate (5.6 g , 20 mmol, 1 equiv.) in DMSO (65 mL) and water (0.37 mL, 20 mmol, 1 equiv.) 

168



Chapter 3 

 
was added lithium chloride  (2.1 g, 50 mmol, 2.5 equiv.) at room temperature. The reaction was 

heated to 100°C overnight and more lithium chloride (1 g, 24 mmol) was added to the reaction. 

The reaction was heated for another 6 h and cooled to room temperature. The reaction mixture 

was poured into brine (100 mL) and the aqueous phase was extracted ethyl acetate. The 

organic layers were combined and dried over Na2SO4 and concentrated in vacuo. The crude 

residue was purified by flash chromatography (10-50% EtOAc/hexane) and afforded 4.1g of the 

title compound as a red oil (98%). Rf  0.62 (50% EtOAc/hexane). 

1H NMR (300 MHz, CDCl3) δ 8.77 (d, J = 4.5 Hz, 1H), 8.41 (d, J = 8.4 Hz, 1H), 7.47 (dd, J = 8.4 

Hz, J = 4.5 Hz, 1H), 4.31 (s, 2H), 4.17 (q, J = 7.2 Hz, 2H), 1.24 (t, J = 7.2 Hz, 3H) ppm.  13C 

NMR (300 MHz, CDCl3) δ 169.1, 153.0, 150.0, 132.9, 123.2, 109.9, 61.4, 43.2, 14.0 ppm. 

HRMS (APCI) calcd for C9H11N2O4 (M+H)+ 211.07133, found 211.07186. 

 

Ethyl 2-(3-amino-pyridin-2-yl)-acetate (3.14).  To a solution of ethyl 2-(3-nitro-pyridin-2-yl)-

acetate (2.7 g ,13 mmol, 1 equiv.) in ethanol (20 mL) was added Pd/C (10%, 0.2 g) slowly. The 

reaction was placed under an atmosphere of hydrogen and stirred at room temperature for 6 h. 

The reaction was filtered through celite and the filtrate was concentrated in vacuo (98%).. 

Rf  0.28 (50% EtOAc/hexane).  

1H NMR (300 MHz, DMSO) δ 7.94 (d, J = 5.4 Hz, 1H), 7.70 (d, J = 8.7 Hz, 1H), 7.59 (dd, J = 8.7 

Hz, J = 5.4 Hz, 1H), 6.51 (s, 2H), 4.17 (s, 2H), 4.09 (q, J = 6.9 Hz, 2H), 1.17 (t, J = 6.9 Hz, 3H) 

ppm.  13C NMR (300 MHz, CDCl3) δ 168.1, 147.2, 131.9, 128.7, 128.0, 126.4, 61.5, 34.1, 14.4 

ppm. HRMS (APCI) calcd for C9H13N2O2 (M+H)+ 181.09715, found 181.09642. 

 

1H-pyrrolo[3,2-b]pyridin-2(3H)-one (4-aza-2-oxindole) (3.15). To a solution of ethyl 2-(3-
amino-pyridin-2-yl)-acetate (2.4 g, 13 mmol, 1 equiv.) in diethyl ether (100 mL) at room 

temperature was added a hydrochloric acid solution (2M, 50 mL) and the reaction was stirred for 

12 hours. The diethyl ether was removed in vacuo and the aqueous phase was brought to pH 7 

and was concentrated in vacuo. The crude residue was purified by flash chromatography (5% 
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MeOH/AcOEt) and afforded 0.92 g of the title compound as a beige solid (52%). Rf  0.28 (5% 

MeOH/EtOAc).  

1H NMR (300 MHz, DMSO-d6) δ 10.50 (s, 1H), 8.03 (dd, J = 4.7 Hz, J = 1.8 Hz, 1H), 7.15-7.08 

(m, 2H), 3.55 (s, 2H) ppm.  13C NMR (300 MHz, DMSO-d6) δ 174.7, 149.0, 141.9, 138.9, 122.8, 

115.4 ppm. HRMS (ESI) calcd for C7H7N2O (M+H)+ 135.05529, found 135.05499. 

 

(3Z)-3-[(1-methyl-1H-indol-3-yl)methylene]-1,3-dihydro-2H-pyrrolo[3,2-b]pyridin-2-one ((Z)-
3.9).  1-Methylindole-3-carboxaldehyde (0.318 g, 2 mmol, 1 equiv), 4-aza-2-oxindole (0.268 g, 2 

mmol, 1 equiv.), acetic acid (20 mL) and concentrated HCl (5mL) were combined at room 

temperature and them warmed to 40°C for 12 h. The mixture was concentrated in vacuo and the 

crude was added to a NaHCO3 solution (sat.) and extracted several times with ethyl acetate. 

The organic layers were combined and dried over Na2SO4 and concentrated in vacuo. The 

crude residue was purified by flash chromatography (5% MeOH/AcOEt) and afforded 340 mg of 

a red solid (65%) and then recrystallized from MeOH/EtOAc. Rf  0.79 (5% MeOH/EtOAc). 

1H NMR (300 MHz, DMSO) δ 10.66 (s, 1H), 9.48 (s, 1H), 8.33 (s, 1H), 8.12 (dd, J = 4.8 Hz, J = 

1.5 Hz, 1H), 7.97 (dd, J = 6.6 Hz, J = 1.8 Hz, 1H), 7.60 (dd, J = 6.6 Hz, J = 1.8 Hz, 1H), 7.31 (m, 

2H), 7.15 (dd, J = 7.8 Hz, J = 1.5 Hz, 1H), 7.08 (dd, J = 7.8 Hz, J = 4.8 Hz, 1H), 3.95 (s, 3H)   

ppm.  13C NMR (300 MHz, CDCl3) δ 167.2, 145.4, 141.6, 139.0, 137.2, 134.2, 129.0, 128.9, 

123.4, 122.3, 121.7, 118.3, 117.4, 115.2, 111.5, 110.8, 34.1 ppm. HRMS (ESI) calcd for 

C7H7N2O (M+H)+ 276.11314, found 276.11266. 

 

(3E)-3-[(1H-indol-3-yl)methylene]-1,3-dihydro-2H-pyrrolo[3,2-b]pyridin-2-one (3.16).  

Indole-3-carboxaldehyde (0.318 g, 2 mmol, 1 equiv), 4-aza-2-oxindole (0.268 g, 2 mmol, 1 

equiv.), acetic acid (20 mL) and concentrated HCl (5mL) were combined at room temperature 

and them warmed to 40°C for 12h. The mixture was concentrated in vacuo and the crude was 
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added to a NaHCO3 solution (sat.) and extracted several times with ethyl acetate. The organic 

layers were combined and dried over Na2SO4 and concentrated in vacuo. The crude residue 

was purified by flash chromatography (100% AcOEt) and afforded 350 mg of a yellow solid 

(75%). Rf  0.66 (100% EtOAc). 

1H NMR (300 MHz, DMSO) δ 12.26 (s, 1H), 10.53 (s, 1H), 10.02 (s, 1H), 8.28 (d, J = 4,17 Hz, 

1H), 8.06 (s, 1H), 7.92 (m, 1H), 7.55 (m, 1H), 7.26-7.13 (m, 4H) ppm.  13C NMR (300 MHz, 

CDCl3) δ 168.9, 144.1, 141.5, 136.9, 136.8, 136.6, 130.5, 128.4, 123.3, 121.9, 118.3, 117.7, 

115.4, 113.1, 112.2, 109.9 ppm. HRMS (ESI) calcd for C7H7N2O (M+H)+ 262.09749, found 

262.09742. 

 

(Z)-3-((5-(2-fluoroethoxy)-1-methyl-1H-indol-3-yl)methylene)-1,3-dihydro-2Hpyrrolo[3,2-
b]pyridine-2-one ((Z)-3.10). The general procedure used for the synthesis of (Z)-9 was 
followed using 5-(2-fluoroethoxy)-1-methyl-1H-indole-3-carbaldehyde (0.123 g, 0.55 mmol) as 

starting material. The crude residue was purified by flash chromatography (100% AcOEt) and 

afforded 81.0 mg of a red solid (43%). Rf  0.42 (80% EtOAc/Hexane).  

1H NMR (300 MHz, DMSO-d6) δ 10.64 (s, 1H), 9.45 (s, 1H), 8.33 (s, 1H), 8.11 (dd, J = 4.8 Hz, J 

= 1.5 Hz, 1H), 7.52 (s, 1H), 7.51 (d, J = 6.3 Hz, 1H), 7.14 (dd, J = 7.8 Hz, J = 1.5 Hz, 1H), 7.08 

(dd, J = 7.65 Hz, J = 4.8 Hz, 1H), 6.96 (dd, J = 8.85 Hz, J = 2.4 Hz, 1H), 4.77 (td, J = 47.7 Hz, J 

= 3.9 Hz, 2H), 4.37 (td, J = 30.6 Hz, J = 3.9 Hz, 2H), 3.92 (s, 3H)  ppm.  13C NMR (75 MHz, 

DMSO-d6) δ 167.3, 155.0, 145.6, 141.5, 139.3, 134.1, 132.4, 129.9, 129.4, 121.5, 116.7, 115.1, 

113.8, 112.5, 110.9, 101.3, 82.0 (J = 165.6 Hz), 67.7 (J = 18.9 Hz), 34.2 ppm. HRMS (ESI) 

calcd for C19H17FN3O2 (M+H)+ 338.12993, found 338.13073. 

 

(Z)-3-((6-(2-fluoroethoxy)-1-methyl-1H-indol-3-yl)methylene)-1,3-dihydro-2Hpyrrolo[3,2-
b]pyridine-2-one ((Z)-3.18a). The general procedure used for the synthesis of (Z)-9 was 
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followed using 6-(2-fluoroethoxy)-1-methyl-1H-indole-3-carbaldehyde (0.133 g, 0.6 mmol) as 

starting material. The crude residue was purified by flash chromatography (100% AcOEt) and 

afforded 106.5 mg of a red solid (53%). Rf  0.42 (80% EtOAc/Hexane).  

1H NMR (300 MHz, DMSO-d6) δ 10.64 (s, 1H), 9.37 (s, 1H), 8.27 (s, 1H), 8.11 (d, J = 4.8 Hz, 

1H), 7.85 (d, J = 8.7 Hz, 1H), 7.21 (d, J = 1.2 Hz, 1H), 7.16-7.06 (m, 2H), 6.95 (dd, J = 8.7 Hz, J 

= 1.8 Hz, 1H), 4.77 (td, J = 48 Hz, J = 3.3 Hz, 2H), 4.37 (td, J = 30.3 Hz, J = 3.6 Hz, 2H), 3.90 

(s, 3H)  ppm.  13C NMR (75 MHz, DMSO-d6) δ 167.1, 156.0, 145.4, 141.6, 138.4, 138.1, 134.2, 

129.0, 123.1, 121.6, 119.2, 117.4, 115.2, 112.1, 110.9, 96.2, 82.0 (J = 165.6 Hz), 68.0 (J = 18.9 

Hz), 34.1 ppm. HRMS (ESI) calcd for C19H17FN3O2 (M+H)+ 338.12993, found 338.13069. 

  

(E)-3-((4-methoxy-1H-indol-3-yl)methylene)-1,3-dihydro-2H-pyrrolo[3,2-b]pyridine-2-one 
((E)-3.18b). The general procedure used for the synthesis of (Z)-9 was followed using 4-
methoxy-1H-indole-3-carboxaldehyde (0.100 g, 0.57 mmol) as starting material. The crude 

residue was purified by flash chromatography (100% AcOEt) and afforded 120.0 mg of a red 

solid (72%). Rf  0.48 (80% EtOAc/Hexane).  

1H NMR (300 MHz, DMSO-d6) δ 12.21 (s, 1H), 10.50 (s, 1H), 10.09 (s, 1H), 8.68 (s, 1H), 8.26 

(d, J = 4.8 Hz, 1H), 7.20-7.11 (m, 4H), 6.77 (d, J = 6.9 Hz, 1H), 3.97 (s, 3H) ppm.  13C NMR (75 

MHz, DMSO-d6) δ 169.0, 154.9, 144.1, 141.2, 138.4, 136.7, 136.2, 134.9, 124.2, 121.7, 117.3, 

116.8, 115.2, 113.2, 106.2, 103.0, 55.8 ppm. HRMS (ESI) calcd for C17H14N3O2 (M+H)+ 

292.10805, found 292.10858. 

 

(Z)-3-((5-methoxy-1-methyl-1H-indol-3-yl)methylene)-1,3-dihydro-2H-pyrrolo[3,2-
b]pyridine-2-one ((Z)-3.18c). The general procedure used for the synthesis of (Z)-9 was 
followed using 5-methoxy-1-methyl-1H-indole-3-carbaldehyde (0.151 g, 0.8 mmol) as starting 

material. The crude residue was purified by flash chromatography (3% MeOH/DCM) and 

afforded 149.7 mg of a red solid (61%). Rf  0.25 (3% MeOH/DCM).  
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1H NMR (300 MHz, DMSO-d6) δ 10.63 (s, 1H), 9.44 (s, 1H), 8.32 (s, 1H), 8.11 (d, J = 4.5 Hz, 

1H), 7.50 (d, J = 9 Hz, 1H), 7.45 (d, J = 2.4 Hz, 1H), 7.15-7.06 (m, 2 H), 6.92 (dd, J = 8.7 Hz, J = 

2.1 Hz, 1H), 3.91 (s, 3H), 3.87 (s, 3H) ppm.  13C NMR (75 MHz, DMSO-d6) δ 167.3, 156.2, 

145.6, 141.5, 139.3, 134.0, 132.2, 129.9, 129.4, 121.4, 116.6, 115.1, 113.3, 112.4, 110.8, 100.3, 

55.9, 34.2 ppm. HRMS (ESI) calcd for C18H16N3O2 (M+H)+ 306.1237, found 306.12434. 

 

(Z)-3-((1-(2-fluoroethyl)-1H-indol-3-yl)methylene)-1,3-dihydro-2H-pyrrolo[3,2-b]pyridin-2-
one ((Z)-3.18d). The general procedure used for the synthesis of (Z)-9 was followed using 1-(2-

fluoroethyl)-1H-indole-3-carbaldehyde (0.153 g, 0.55 mmol) as starting material. The crude 

residue was purified by flash chromatography (4% MeOH/DCM) afforded 159.0 mg of a red 

solid (64%). Rf  0.46 (4% MeOH/DCM).  

1H NMR (300 MHz, DMSO-d6) δ 10.67 (s, 1H), 9.56 (s, 1H), 8.34 (s, 1H), 8.13 (dd, J = 4.5 Hz, J 

= 0.6 Hz, 1H), 8.00-7.97 (m, 1H), 7.71-7.67 (m, 1H), 7.35-7.27 (m, 2H), 7.18-7.09 (m, 2H) , 4.82 

(td, J = 39.6 Hz, J = 4.2 Hz, 2H), 4.69 (td, J = 20.7 Hz, J = 4.5 Hz, 2H) ppm.  13C NMR (75 MHz, 

DMSO-d6) δ 167.2, 145.3, 141.7, 138.4, 136.6, 134.4, 129.0, 128.7, 123.5, 122.4, 121.9, 118.4, 

118.1, 115.3, 111.7, 111.2, 82.0 (J = 167.2 Hz), 47.5 (J = 19.6 Hz) ppm. HRMS (ESI) calcd for 

C18H15FN3O (M+H)+ 308.11937, found 308.12011.  

 

(Z)-3-((6-methoxy-1-methyl-1H-indol-3-yl)methylene)-1,3-dihydro-2H-pyrrolo[3,2-
b]pyridine-2-one ((Z)-3.18e). The general procedure used for the synthesis of (Z)-9 was 
followed using 6-methoxy-1-methyl-1H-indole-3-carbaldehyde (0.100 g, 0.53 mmol) as starting 

material. The crude residue was purified by flash chromatography (3% MeOH/DCM) afforded 

97.0 mg of a red solid (60%). Rf  0.37 (3% MeOH/DCM).  

1H NMR (300 MHz, DMSO-d6) δ 10.64 (s, 1H), 9.36 (s, 1H), 8.26 (s, 1H), 8.11 (dd, J = 4.5 Hz, J 

= 1.0 Hz, 1H), 8.83 (d, J = 8.7 Hz, 1H), 7.15-7.06 (m, 3H), 6.91 (dd, J = 8.7 Hz, J = 1.8 Hz, 1H), 

3.91 (s, 3H), 3.83 (s, 3H) ppm.  13C NMR (75 MHz, DMSO-d6) δ 167.1, 157.3, 145.5, 141.6, 
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138.2, 138.1, 134.1, 129.1, 122.8, 121.6, 119.1, 117.3, 115.2, 111.9, 110.9, 95.1, 55.9, 34.1 

ppm. HRMS (ESI) calcd for C18H16N3O2 (M+H)+ 306.1237, found 306.12424. 

 

(Z)-3-((5-hydroxy-1-methyl-1H-indol-3-yl)methylene)-1,3-dihydro-2H-pyrrolo[3,2-
b]pyridine-2-one ((Z)-3.24). The general procedure used for the synthesis of (Z)-9 was 
followed using 5-hydroxy-1-methyl-1H-indole-3-carbaldehyde (0.125 g, 0.72 mmol) as starting 

material. The crude residue was purified by flash chromatography (5% MeOH/DCM) afforded 

92.0 mg of a red solid (44%). Rf  0.41 (5% MeOH/DCM).  

1H NMR (300 MHz, DMSO-d6) δ 10.61 (s, 1H), 9.36 (s, 1H), 9.26 (s, 1H), 8.18 (s, 1H), 8.10 (dd, 

J = 4.8 Hz, J = 1.2 Hz, 1H), 7.41 (d, J = 8.7 Hz, 1H), 7.20 (d, J = 2.1 Hz, 1 H), 6.92 (dd, J = 8.7 

Hz, J = 2.1 Hz, 1H), 7,15-7.04 (m, 3H), 6.81 (dd, J = 8.7 Hz, J = 1.8 Hz, 1H), 3.89 (s, 3H) 

ppm.  13C NMR (75 MHz, DMSO-d6) δ 167.3, 153.9, 145.6, 141.6, 139.1, 133.9, 131.6, 130.3, 

129.0, 121.3, 116.1, 115.1, 113.2, 112.3, 110.3, 102.4, 34.2 ppm. HRMS (ESI) calcd for 

C17H14N3O2 (M+H)+ 292.10805, found 292.10861. 

 

1-(2-fluoroethyl)-1H-indole-3-carbaldehyde (3.20). To a solution of 1H-indole-3-carbaldehyde 

(300 mg, 2.07 mmol, 1 equiv), in THF (5 mL) was added sodium hydride (60% dispersion in oil, 

83 mg, 2.07 mmol, 1 equiv.) and stirred at 0°C during 10 minutes. 2-Fluoroethyl 4-

methylbenzenesulfonate (904 mg, 4.14 mmol, 2 equiv) was added dropwise and the reaction 

mixture was warmed at room temperature for 12 hours. Water was added and the aqueous 

layers was extracted with ethyl acetate 3 times. The combined organics layers was dried with 

Na2SO4 and concentrated in vacuo. The crude residue was purified by flash chromatography (0-

3% MeOH/DCM) and afforded 379 mg of an orange solid (96%). Rf  0.80 (3% MeOH/DCM).  

1H NMR (300 MHz, CDCl3) δ 10.00 (s, 1H), 8.32 (m, 1H),7.76 (s, 1H), 7.34-7.32 (m, 3H), 4.76 

(td, J = 46.8 Hz, J = 4.5 Hz, 2H), 4.45 (td, J = 26.4 Hz, J = 4.8 Hz, 2H) ppm.  13C NMR (75 MHz, 
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CDCl3) δ 184.6, 138.7, 137.0, 125.3, 124.2, 123.0, 122.3, 118.7, 109.6, 81.0 (J = 172.05 Hz), 

47.2 (J = 21 Hz) ppm. HRMS (ESI) calcd for C11H11FNO (M+H)+ 192.08192, found 192.08208.  

 

5-Hydroxy-1-methyl-1H-indole-3-carbaldehyde (3.22b). To a solution of 5-methoxy-1-methyl-
1H-indole-3-carbaldehyde (1.0 g, 5.29 mmol, 1 equiv.) in DCM (30 mL) was added BBr3 (1M in 

DCM, 26.4 mL, 26.42 mmol, 5 equiv.) at 0°C with stirring for 10 min. The reaction mixture was 

slowly warmed up to room temperature and stirred during 3h. The temperature was then 

lowered at 0°C, MeOH (100 mL) was slowly added and the pH of the mixture was adjusted to 8 

by adding saturated solution of NaHCO3. The organic solvents were removed under reduce 

pressure and the remaining aqueous mixture was extracted with ethyl acetate five times. The 

organic layers were combined, dried over Na2SO4, filtered and evaporated under reduced 

pressure. To the crude residue was added DCM and the precipitate was filtered off. The solid 

was air dried to give the title compound as 870 mg of purple powder (94%). Rf  0.28 (5% 

MeOH/DCM).  

1H NMR (300 MHz, DMSO-d6) δ 9.77 (s, 1H), 9.10 (s, 1H), 8.06 (s, 1H), 7.48 (d, J = 2.4 Hz, 1H), 

7.31 (d, J = 8.7 Hz, 1H), 6.77 (dd, J = 8.7 Hz, J = 2.4 Hz, 1H), 3.79 (s, 3H) ppm.  13C NMR (300 

MHz, DMSO-d6) δ 184.2, 154.1, 141.5, 132.4, 126.1, 116.8, 113.5, 111.7, 105.9, 33.8 ppm. 

HRMS (ESI) calcd for C10H10NO2 (M+H)+ 176.0706, found 176.07042. 

 

6-Hydroxy-1-methyl-1H-indole-3-carbaldehyde (3.22a). The general procedure used for the 
synthesis of 5-hydroxy-1-methyl-1H-indole-3-carbaldehyde was followed using 6-methoxy-1-

methyl-1H-indole-3-carbaldehyde (200 mg, 1.06 mmol) as starting material (quantitative). 

Rf  0.54 (5% MeOH/DCM).  

1H NMR (300 MHz, DMSO-d6) δ 9.76 (s, 1H), 9.40 (s, 1H), 8.03 (s, 1H), 7.84 (d, J = 8.7 Hz, 1H), 

7.03 (d, J = 1.2 Hz, 1H), 6.75 (dd, J = 8.7 Hz, J = 1.2 Hz, 1H), 3.75 (s, 3H) ppm.  13C NMR (300 

MHz, DMSO-d6) δ 184.3, 155.2, 141.0, 139.5, 122.0, 117.8, 117.6, 112.8, 96.5, 33.6 ppm. 

HRMS (ESI) calcd for C10H10NO2 (M+H)+ 176.0706, found 176.06982. 
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5-(2-fluoroethoxy)-1-methyl-1H-indole-3-carbaldehyde (3.23b). To a solution of 5-hydroxy-1-
methyl-1H-indole-3-carbaldehyde (195.5 mg, 1.12 mmol, 1 equiv), in DMF (15 mL) was added 

potassium carbonate (308 mg, 2.23 mmol, 2 equiv.). The reaction mixture was stirred at room 

temperature during 10 minutes. 2-Fluoroethyl 4-methylbenzenesulfonate (489 mg, 2.24 mmol, 2 

equiv) was added dropwise and the reaction mixture was warmed at 70°C for 12 hours. Water 

was added after the reaction was cooled to room temperature and the aqueous layer was 

extracted with ethyl acetate 3 times. The combined organics layers were dried with Na2SO4 and 

concentrated in vacuo. The crude residue was purified by flash chromatography (0-5% 

MeOH/DCM) and afforded 169 mg of a yellow solid (72%). Rf  0.55 (80% EtOAc/Hexane).  

1H NMR (300 MHz, CDCl3) δ 9.91 (s, 1H), 7.77 (d, J = 2.4 Hz, 1H), 7.61 (s, 1H), 7.24 (d, J = 8.4 

Hz, 1H), 7.02 (dd, J = 8.4 Hz, J = 2.4 Hz, 1H), 4.78 (td, J = 47.4 Hz, J = 4.2 Hz, 2H), 4.30 (td, J 

= 28.5 Hz, J = 4.2 Hz, 2H), 3.82 (s, 3H)  ppm.  13C NMR (75 MHz, CDCl3) δ 184.3, 155.4, 139.4, 

135.8, 133.0, 125.8, 115.0, 110.8, 104.3, 82.0 (J = 169.3 Hz), 67.7 (J = 20.0 Hz), 33.8 ppm. 

HRMS (ESI) calcd for C12H13FNO2 (M+H)+ 222.09248, found 222.09156. 

 

6-(2-fluoroethoxy)-1-methyl-1H-indole-3-carbaldehyde (3.23a). The general procedure used 
for the synthesis of 5-(2-fluoroethoxy)-1-methyl-1H-indole-3-carbaldehyde was followed using -

hydroxy-1-methyl-1H-indole-3-carbaldehyde (185.0 mg, 1.05 mmol) as starting material and 

afforded 169 mg of a yellow solid (80%). Rf  0.63 (3% MeOH/DCM).  

1H NMR (300 MHz, CDCl3) δ 9.88 (s, 1H), 8.15 (d, J = 8.7 Hz, 1H), 7.53 (s, 1H), 6.96 (dd, J = 

8.7 Hz, J = 2.1 Hz, 1H), 6.79 (d, J = 2.1 Hz, 1H), 4.77 (td, J = 47.4 Hz, J = 3.9 Hz, 2H), 4.30 (td, 

J = 27.9 Hz, J = 4.2 Hz, 2H), 3.75 (s, 3H)  ppm.  13C NMR (75 MHz, CDCl3) δ 184.2, 156.3, 

139.0, 138.7, 122.8, 119.6, 118.1, 112.2, 95.1, 82.0 (J = 169.6 Hz), 67.7 (J = 20.2 Hz), 33.6 

ppm. HRMS (ESI) calcd for C12H13FNO2 (M+H)+ 222.09248, found 222.09264. 

[γ-33P]ATP-Based Enzymatic Assay. Compound MeOH•(Z)-3.9 was tested in a [γ-33P]ATP 

based enzymatic assay by Reaction Biology Corporation (Malvern, PA). Briefly, the compound 
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was tested in a 10-concentration IC50 curve with 3-fold serial dilution starting at 10 μM. The 

reactions were performed with 1 PM ATP and profiled against 3 tyrosine kinases (Tropomyosin 

receptor kinase A (TrkA), tropomyosin receptor kinase B (TrkB), tropomyosin receptor kinase C 

(TrkC). IC50 values less than 5.08E-10 M or higher than 1.00E-05 is estimated based on the 

best curve fitting available (n = 2).  The same procedure was followed for the evaluation of 

inhibitors 3.16, 3.10 and 3.18a-e (n = 1). Compound 3.10 was tested for inhibitory activity at 500 

nM on a panel of 18 selected kinases (SYK, PDK1/PDHK1, PDGFRa, P38a/MAPK14, 

KDR/VEGFR2, JNK1, JAK1, ITK, FMS, ERK1, ERBB2/HER2, EGFR, c-SRC, c-MET, c-KIT, 

BRAF, ALK, ABL1) under similar conditions (n = 2). 

 

Docking Simulation and Computational Prediction of Sites of Metabolism. Molecular 

docking simulations of (Z)-3.9, (E)-3.9, (Z)-3.10 and (E)-3.10 were performed using the X-ray 

co-crystal structure of TrkB-cpdn5 complex (PDB code: 4AT3), TrkA-AZ-23 complex (PDB code: 

4AOJ) and TrkC-GNF-5837 (PDB code: 3V5Q) using FITTED 3.5 program (FORECASTER 

platform).55-57 Docking structures and figures were prepared using Discovery Studio 3.5 

Visualizer. The simulations for the SoM were performed using IMPACTS (FORECASTER 

platform) which predicts the top 2 SoM combining docking to metabolic enzymes, transition 

state modeling, and rule-based substrate reactivity prediction.64 (PDB ID for enzymes: CYP1A2: 

2HI4; CYP2C9: 1R9O, 1OG2, 1OG5; CYP2D6: 3QM4; CYP3A4: 1TQN, 1W0E, 1W0F, 1W0G, 

2J0D, 2V0M, 3NXU; CYP2C19: 4GQS).  

 

Radiosynthesis of (E/Z)-[11C]3.9. Precursor (E)-3.15 (1.0 mg, 4 Pmol) was placed in a 4.0 mL 

conical vial containing KOH (half a pellet crushed) and dissolved in acetone (250 μL).  [11C]MeI 

(~ 0.37 Gbq (10 mCi) for reaction optimization and ~ 7.4 Gbq (200 mCi) for isolation) was 

transported by a stream of nitrogen into the reaction vial for 5 minutes and the reaction mixture 

was purified by analytical HPLC using either HPLC Method B or C (0.037-0.37 GBq (1-10 mCi) 

HPLC injections). Eluates were monitored for radioactivity and for UV absorbance at 280 nm 

and the peak corresponding to (E)-[11C]3.9 was collected (25.9 ± 5.7% (n = 8) RCYs n.d.c. 

(based on trapped [11C]CH3I), 29.6-59.2 GBq/μmol (0.8-1.6 Ci/μmol)). When used for PET 

animal studies, the collected [11C]3.9 (isomerised upon light exposure – from (E)-[11C]3.9  peak 

collection yielding a 1:1 E/Z mixture) was passed through a preconditioned (10 mL EtOH 
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followed by 10 mL water) Sep-Pak C18 Light Cartridge, eluted with 0.5-1.0 mL EtOH and diluted 

with sterile saline prior to injection. 

 

Radiosynthesis of (E/Z)-[18F]3.10. The azeotropic drying of 18F- and the radiosynthesis of  
[18F]-FETos60 were carried out using a modified PET tracer radiosynthesis module (Scintomics 

GRP, Germany) with a home-made manifold setup operated with Scintomics software. The 

module was equipped with a radioactivity detector and a Knauer UV detector.  

Reaction of [18F]fluoride with Ethylene di(p-toluenesulfonate). The [18F]F-/H2O - (~ 11.1-18.5 GBq 

– 300-500 mCi) was passed through a Sep-Pak Light QMA cartridge (Waters) as an aqueous 

solution in 18O-enriched water and the 18F activity was eluted with 1.0 mL of a Kryptofix 

222/K2CO3 solution (Kryptofix2.2.2. - 10-12 mg, dissolved in 150 PL of 0.125M K2CO3 + 1.3 mL 

MeCN) in a 5.0 mL conical vial with a stirring bar. The solvent was removed at 100°C under 

reduced pressure, agitation and a stream of argon gas. The residue was azeotropically dried 

with 0.5 mL of anhydrous acetonitrile twice at 100°C. Following azeotropic drying, the reaction 

vial was charged with ethylene di(p-toluenesulfonate) (8-10 mg, in 1.0 mL MeCN) and the 

mixture was allowed to react for 10 min at 90°C. The crude [18F]FETos was then diluted with 

HPLC eluent (1.5 mL, 40% MeCN, 60% H2O) and injected on HPLC. Preparative radio-HPLC 

for the isolation of [18F]FETos was performed using a Waters uBondapak C18 10um, 125A, 

column (7.8x300 mm) with an isocratic eluent (40% MeCN/ 60% H2O) at 4.0 ml min-1. The 

[18F]FETos labeling precursor was obtained in 27.0 ± 2.0 % RCY, n = 4, non-decay corrected 

isolated yield from 18F-/H2O. An aliquot of the product fraction corresponding to [18F]FETos (~ 

1.85 GBq – 50 mCi) was collected and diluted with 50 mL H20 and passed through a 

preconditioned (10 mL EtOH followed by 10 mL water) Sep-Pak C18 Plus Cartridge and then 

eluted with 0.5-1.0 mL DMF, aliquoted and directly used in the second step.  

Radiosynthesis of (E/Z)-[18F]10. The radiosynthesis of (Z)-[18F]3.10 using [18F]FETos ([18F]) was 

carried out manually. [18F]FETos from the previous step (~ 0.74 GBq – 20 mCi, in 300 PL DMF) 

was directly transferred to a 4.0 mL reaction conical vial containing precursor (Z)-3.24 (1.0 mg, 

3.4 Pmol), KOH (half a pellet crushed). The conical vial was sealed and allowed to react at 90°C 

for 10 min. The reaction mixture was subsequently quenched with HPLC mobile phase (1 mL, 

50% MeCN, 50% H2O) and cooled at room temperature in an ice bath (2 min). An aliquot of the 

reaction mixture (~ 0.2-0.3 GBq – 6-8 mCi) was purified by analytical reverse-phase HPLC, 

HPLC Method F. The eluates were monitored for radioactivity and for UV absorbance (280 nm) 
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and the peak corresponding to (Z)-[18F]3.10 (~ 0.74 GBq – 2 mCi) was collected. When used for 

autoradiography, animal PET and for photoisomerization studies, the collected (Z)-[18F]3.10 was 

passed through a preconditioned (10 mL EtOH followed by 10 mL water) Sep-Pak C18 Light 

Cartridge, eluted with 0.5-1.0 mL EtOH and diluted with sterile saline. The tracer was obtained 

in 2.5 ± 0.6 % RCY (n = 4, non-decay corrected isolated yield from 18F-/H2O) and >98% 

radiochemical purity with SA in the range of 122.0-181.3 GBq/μmol (3.3-4.9 Ci/μmol) at the end 

of synthesis (60-70 min from end of bombardment). The ethanolic solution containing (E/Z)-

[18F]3.10 was used for the photoisomerization studies of the tracer with the Method F. The 

photoisomerization was previously evaluated for the non-radioactive compound 3.10 (tr (Z)-10 = 

11.5  min, tr (E)-10 = 9.0 min) – 0.7 min calibrated delay between the UV and radiodetector. The 

determination of SA was achieved by the comparison of the 280 nm UV absorbance peak 

(integration) of the carrier product with standard calibration curves of the corresponding non-

radioactive standards. The peak corresponding to (Z)-3.10 from non-isomerized solutions kept 

in light-protected conical vials was used to obtain the calibration curve. Radiochemical purity 

was determined by HPLC injection of samples from the final ethanolic solutions as the sum of 

the E- and Z-isomers. 

 

In Vitro Metabolism of [11C]3.9 and non-radioactive 3.9 and 3.10.  

Plasma Stability. Compound [11C]3.9 (radiochemical purity > 99%) was incubated in rat plasma 

(500 μL) at 37°C and ice-cold acetonitrile (250 μL, after 5, 10, 30, 60 min) was added for protein 

precipitation at different time points followed by centrifugation. The amount of intact [11C]3.9 was 

determined by HPLC analysis of the supernatant.  

Rat liver microsomal assay. In a shaking water bath at 37°C, 3.9 (or 3.10, 10.0 PM) was 

incubated in a final volume of 500 PL of 100 mM phosphate buffer (pH = 7.4) containing pooled 

rat microsomes (RLM) (0.25 mg/mL protein) together with NADPH regenerating system 

(Solution A : 1.3 mM NADP+, 3.3 mM glucose-6-phosphate, 3.3 mM MgCl2; Solution B : 0.4 

U/mL glucose-6-phosphate dehydrogenase). Reactions were initiated by successive addition of 

microsomes in a pre-incubated mixture (5 min) of NADPH regenerating system and 3.9. 50 PL 

aliquots of incubations samples were protein precipitated at 0, 5, 15, 60 and 90 min with 150 PL 

of ice-cold acetonitrile and centrifuged.  The supernatants were analyzed by HPLC.  Two control 

experiments were carried out: first incubation without NADPH regenerating system (no 

enzymatic activity) and second, incubation without the test compound (baseline).  
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Computational physicochemical properties.  CLogP, cLogD (at pH = 7.4) and TPSA values 

were computed with the program Pallas 3.0 for Windows (CompuDrug; San Francisco, CA).  

 

Western blot analysis. Neuroblastoma tissue samples were homogenized in ice-cold RIPA 

buffer (Tris 50mM, Nacl 150 mM, SDS 0.1 %, Sodium Deoxycholate 0.5 %, Triton X 100 0.1%, 

1mM PMSF, Roche Complete Protease inhibitor tablet), disrupted mechanically and 

centrifuged. Protein concentrations of each sample were determined by Bradford method. Next, 

10µg of samples were then separated by SDS-PAGE electrophoresis in Tris-glycine buffer 

under denaturing conditions and transferred to nitrocellulose membrane (Bio-Rad, Hercules, 

CA, USA) in Tris-glycine buffer (25 mM Tris, 250 mM glycine, 0.1% SDS; pH 8.3) with 20% 

methanol. Membranes were blocked with either 2% BSA for phospho-TrkB (TrkBY515; Abcam, 

Cambridge, MA, USA; ab51187, 1:100) or 5% nonfat milk for TrkB (the polyclonal antibody 

against TrkB (RTB) has been previously described55 in Tris-buffered saline-Tween 20 (TBS-

Tween; 25 mM Tris base, 125 mM NaCl, 0.1% Tween 20) for 1h at room temperature. 

Membranes were then incubated overnight at 4°C in 2% BSA or 5% nonfat milk in Tris-buffered 

saline with primary antibodies. Membranes were rinsed three times for 10 min with TBS-Tween 

then incubated for 1h at room temperature with a horseradish peroxidase-conjugated secondary 

antibody against the primary antibody host species (anti-rabbit from Sigma, St Louis, MO, USA). 

The membranes were washed three times for 10 min in TBS-Tween. Proteins were detected by 

enhanced chemiluminescence (ECL reagents; Amersham, Little Chalfont, UK). Monoclonal anti-

Actin (Fischer, 1:2000) was used as a loading control of each sample.  

 

Autoradiography. Three rats were decapitated, the brains rapidly removed, frozen in 2-

methylbutane (−40°C), and stored at −80°C. Brain sections (20 μm thick) were thaw mounted 

onto Superfrost Plus slides (Thermo Scientific) and stored at −80°C. Cryogenized human 

neuroblastoma tumors (Dr. Hervé Sartelet from Sainte-Justine Hospital courteously provided 

human neuroblastoma samples) were also mounted onto Superfrost Plus slides (Thermo 

Scientific) and stored at −80°C. After a pre-incubation in PBS buffer (30 mmol/L; pH 7.4 

containing 137 mmol/L NaCl, 27 mmol/L) for 10 minutes at room temperature, rat and tumor 

sections were incubated 60 minutes (room temperature) in buffer containing [11C]9 (344 PCi in 

1050 mL buffer total) and 3 h (room temperature) for [18F]3.10 (518 PCi in 750 mL buffer total). 

Compound 9 (10 μM) was used to determine the specific binding of [11C]3.9 and [18F]3.10. After 
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three washes in incubation buffer (5 minutes, 4°C) and a rapid rinse with ice-cold water 

(15 seconds), the sections were dried in a stream of air (room temperature). Sections were then 

dried further in a vacuum container with formaldehyde powder for mild fixation. Specific binding 

was calculated as the difference of total and nonspecific binding. Labeled sections were placed 

on phosphor-imaging plates (BAS 2025; Fuji, Japan), with industrial tritium activity standards 

(Amersham Biosciences, Piscataway, NJ, USA). On exposure, the plates were scanned with a 

plate reader (spatial resolution of 50 μm; BAS 5000; Fuji). A correction factor of 3 was applied 

for the specific binding of the binding of the (Z)-[18F]3.10 isomer in competition with 3.25 to 

account for the ≈2:1 (E/Z) isomer composition of the tracer during the assay. 

 

[11C]3.9 and [18F]3.10 PET Biodistribution Studies in Rat . MicroPET measurements were 

performed on a Siemens MicroPET R4 scanner (Siemens-CTI, Knoxville, TN, USA) which has a 

spatial resolution at the centre of the field of view of 1.84 mm full-width at half-maximum 

(FWHM) in the axial direction and 1.66 mm FWHM in the radial and tangential directions. The 

animals were prepared for imaging while under isoflurane (Abbott Laboratories), anesthesia 

delivered through a nose cone at a concentration of 2.0% volume and 2 L/min oxygen flow; a 

butterfly cannula (butterfly-25 Short; Venisystems) was placed in the tail vein and the radiotracer 

was administered as a 0.2 ml bolus injection. Respiration rate, heart rate and body temperature 

were monitored throughout the scan (Biopac systems MP150, Goleta, CA, USA). A 10 min 
57Co-transmission scan was acquired to correct for attenuation. Total acquisition time was 90 

min. All images were reconstructed using the filtered back projection after applying 

normalization, scatter corrected for attenuation and radioactivity decay. PET imaging studies 

were performed in 8 (4 for each tracer) Sprague Dawley rats during 2% isoflurane anaesthesia. 

Between 300-500 PCi [11C]3.9 or [18F]3.10 were injected into the tail vein at the beginning of 

each scan. Dynamic scans with 27 frames (8x30s, 6x60s, 5x120s, 8x300s) for [11C]3.9 and 33 

frames (8x30s, 6x60s, 5x120s, 14x300s) for [18F]3.10 were acquired over 60 minutes and 90 

minutes respectively. PET images were reconstructed in a 128x128x62 matrix with a voxel size 

of 0.6mm x 0.6mm x 1.2 mm using a filtered back projection algorithm with a Hanning filter. For 

analysis of the [11C]3.9 studies, decay corrected brain PET images of radioactivity 

concentrations [Bq/cc] were analyzed using VINCI 4.07 (Max-Planck-Institute for neurological 

research, Cologne, http://www.nf.mpg.de/vinci3/). Sum images of all 27 frames were used to 

place 3D elliptical volumes of interest (VOI) on brain, lung and liver. These VOIS were then 

used to generate time activity curves from the dynamic scans. Regional radioactivity 
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concentrations [Bq/cc] were converted to standard uptake values relative to bodyweight 

(SUVBW) and injected dose. For analysis of the [18F]3.10 studies The PET images were 

analyzed using minctools http://www.bic.mni.mcgill.ca/ServicesSoftware/HomePage). The time-

activity curves (TAC) based on regions of interest (ROI) defined on the rat template were 

calculated for the following brain regions; cortex, stratum, thalamus, and cerebellum.79 Uptake 

of [18F]3.10 in the tissues were expressed as standard uptake value (%SUV) calculated as 

average tissue concentration (MBq/cc) divided by the ratio of injected dose (MBq) over subject 

mass (grams, with the assumption cc = 1g) multiplied by 100%.80 

 

Animal Experiments. The MicroPET imaging protocol was approved by the Animal Care 

Committee of McGill University (Montreal, Canada).  

 

Supporting information. Supplementary Figures S3.1-S3.13 and Scheme S3.1, chemical 

synthesis of 2-fluoroethyl 4-methylbenzenesulfonate and crystallographic data for compounds 

3.12 and (Z)-3.9.  
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1. SUPPORTING INFORMATION Scheme S3.1 AND Figures S3.1-S3.13 

 

Scheme S3.1. Mechanistic rationale for the synthesis of (Z)-3.9 from intermediate 3.15. The formation of 
(Z)-3.9 proceeds via the sterically less congested E-hydroxyketone transition states TS1 and TS3 which 
are in equilibrium with the sterically demanding states TS2 and TS4 respectively. The final position of the 
1-methylindole moiety relative to the aza-oxindole fragment is dictated by their orientations in the depicted 
transition states. 
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We explored the isomerization of (Z)-3.9 as it is expected to influence the potencies and kinase inhibition 
profile. We observed that (Z)-3.9 isomerises within < 0.5 h under ambient condition upon incubation in 
mixtures of polar organic solvent and water (pH 6.0). The kinetics of isomerisation were assessed by 
reverse-phase HPLC. The 2 isomers were well resolved and their identity confirmed by LC-MS/MS. This 
rapid isomerization presumably ensues from the low rotational energy barrier of the highly conjugated 
(indolylmethylene)indolin-2-one system. As expected, the isomerization was prevented in the absence of 
light and significantly slower in slightly basic DMSO/phosphate buffer media (pH 7.4). Moreover, the 
photoisomerization of (Z)-3.9 was followed by observing the UV-visible spectra at 294 K with ambient light 
exposure (Figure 2A). The large absorption band centered in the visible region at 438 nm, corresponding 
to n-π* transition, progressively decreased until it reached the PSS over one hour. The absorbance of the 
π -π* transition bands at 285 nm also decreased until reaching the PSS. The composition of the PSS was 
determined with the integration of the 1H NMR spectra low field region corresponding to the N-H lactam, 
H-2’ and vinyl protons. This Z:E ratio in DMSO-d6/D2O mixture was 56:44. 
 

 

 

 

Figure S3.1. Assessment of the conformational equilibrium leading to the formation of (E)-3.9 from (Z)-
3.9. (A) Photoisomerization of a mixture (Z)-3.9 > (E)-3.9 in H2O (pH 6) monitored by UV–
vis spectroscopy over 60 min at 295 K (5 min intervals). (B) Downfield sections of the NMR spectra of (Z)-
9 in d6-DMSO and after 1h in D2O/d6-DMSO (1:1). (C) LC-MS/MS analysis of (Z)-3.9 and (E)-3.9. (D) 
Representative chromatograms (HPLC method A) from of 1.0 mM solutions of (Z)-3.9 at 280 nm 
incubated (a) in MeCN/H2O (1:1) in absence of light (1h), (b) in DMSO/phosphate buffer (pH 7.4) (1:9) 
under ambient light (1h) and (c) in MeCN/H2O (1:1) under ambient light.  
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Figure S3.2. The structure of (left) the crystalized MeOH•(Z)-3.9, (center) the low-energy calculated 
structure of (Z)-3.9  and (right) the low-energy calculated structure of (E)-3.9 (FITTED). Black dash line 
represents H-bonding and black lines represent inter-atomic distances (Å). Proximity between the H-2` 
proton and the carbonyl in the Z isomer leads to H-2` deshielding. It is expected and observed that 
equivalent deshielding associated with the physical proximity between the H-2` proton and the nitrogen 
doublet should lead to even more pronounced. The same rationale applies to precursor 3.16.  

 

 

 

 

Figure S3.3. Top predicted binding mode of (E)-3.9 within the active site of TrkA from FITTED docking 
(PDB code: 4AOJ). 
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Figure S3.4. Comparison of the modeled binding of (Z)-3.9 with (A) TrkB (PDB code: 4AT3) and (B) TrkA 
(PDB code: 4AOJ) both in DFG-in conformation. Minor differences include the replacement of residues 
Lys637 and Lys643 in TrkB by Arg593 and Arg599 respectively in TrkA as well as the organization of the 
E-strand-1 and the glycine-rich loop (arrows). The major difference in the orientation of Phe565 (TrkB) (C) 
or Phe521 (TrkA) (D) from the glycine-rich loop is highlight. The ensuing differences in the ligand-protein 
interactions are reflected with the receptors presented in the solvent-accessible surface area 
(hydrophobicity); TrkB (E) and TrkA (F). Residue sequence in proximity to the ligand only differ by the 
replacement of TrkA Arg593 and Arg599 by two lysines residues in TrkB and TrkC. Side chains of TrkA 
Arg593 and the corresponding Lys637 and Lys621 in TrkB and TrkC respectively are remotely oriented 
vis-à-vis the ligand and most likely do influence the binding of (Z)-9 nor the orientation of the hinge. 
Otherwise, the charged amino acid side chains of Arg599 (TrkA), Lys643 (TrkB) and Lys627 (TrkC) lies in 
the in proximity of the solvent exposed face of the 1-methylindole moiety (Figure S4A,B.). Therefore, the 
bulkier arginine side chain may engage in unfavorable electrostatic contact with (Z)-9 compared to the 
lysine residues. Additionally, the pyridine ring in (Z)-3.9 is firmly sandwiched between Phe633 (Rcen 5.0 Å) 
and Phe565 (Rcen 5.4 Å) from the glycine-rich loop in TrkB whereas no corresponding hydrophobic 
interaction is possible between the ligand and the Phe521 (Rcen 8.1 Å) from the glycine-rich loop in TrkA 
owing to the more compact organization of the loop in TrkA – leaving the vinyl and pyridine moieties 
solvent exposed (Figure 4SC-E.). This difference in the ordering of the glycine-rich loop was also 
characterize in the structures of apo-TrkA (PDB code: 4F0I) and apo-TrkB (PDB code: 4ASZ). 
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Figure S3.5. Plausible mechanistic explanation for the formation of (Z)-[11C]3.9 from (E)-3.16. (A) 11C-
methylation plausibly proceeds through the more stable 3-2’-s-trans-azatriene enolate intermediate 
leading to the preferential formation of (E)-[11C]3.9 with minor (Z)-[11C]3.9  (M = Na, K, Cs). The formation 
of the proposed 3-8’-s-trans-azatriene and 3-8’-s-cis-azatriene anionic states is supported by the 
bathochromic shift observed in the UV-visible spectra of 3.16 upon addition of NaOH(aq) in (B) acetone or 
(C) aqueous condition. 

 

 

 

 

Figure S3.6. UV-visible spectra changes upon treatment 3.9 (E/Z mixture) with NaOH(aq) under aqueous 
condition (identical condition to Figure S3.5) does not lead to a bathochromic shift. 
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Figure S3.7. In silico predicted sites of metabolism using IMPACT (In-silico Metabolism Prediction by 
Activated Cytochromes and Transition States) with transitions states modeling exemplified for (Z)-3.9 
(See experimental section for details).  
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Figure S3.8.  HPLC chromatograms over 90 min for the RLM assay with (E/Z)-3.9. 

 

 

 

 

 

 

Figure S3.9.  1H-NMR spectra at different time points during the course of the ambient light-induced 
photoisomerization of (Z)-3.10 leading to the formation of (E)-3.10. 

  

(E)-3.10(Z)-3.10

190



Chapter 3 

 

 

Figure S3.10. (A-C) LC-MS/MS analysis of the 3.10 E/Z mixture. 

 

 

 

 

Figure S3.11. Dose-response curves for the [γ-33P]ATP-based enzymatic in vitro assays with 3.16, 3.10 
and 3.18a-e versus (A) TrkA, (B) TrkB and (C) TrkC. The inhibitors were tested at ten different 
concentrations using serial dilution. 
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Figure S3.12.  In vitro autoradiography of four representative sections from four human neuroblastoma 
tumor. (A) Autoradiography images showing the binding of [18F]3.10 alone and in co-incubation with 
inhibitors 3 (10 PM). (B) Western blots analysis of the TrkB (FL: full length) protein levels. Actin was used 
as loading control. 

 

 

 

 

Figure S3.13.  HPLC chromatograms over 60 min for the RLM assay with (E/Z)-3.10. 

  

(E/Z)-3.24
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2. CHEMICAL SYNTHESIS OF 2-FLUOROETHYL 4-METHYLBENZENESULFONATE 

2-Fluoroethyl 4-methylbenzenesulfonate.81 To a solution of 2-fluoroethanol (5.0 g, 78.1 

mmol, 1 equiv.) in pyridine (25 mL) was added 4-methylbenzene-1-sulfonyl chloride (17.9 g, 

93.7 mmol, 1.2 equiv.) in five portions over 30 min. The reaction mixture was stirred at room 

temperature for 24 h and the volume was reduced in vacuo. The residue was taken in 1N 

aqueous HCl (50 mL) and extracted with CHCl3 (4 X 50 mL). The combined organic phases 

were dried over Na2SO4 and concentrated in vacuo. The crude product was purified by flash 

chromatography (30% EtOAc/hexane) to afford 10.6 g of the title compound as a colorless solid 

(92%).  1H NMR (300 MHz, CDCl3) δ 7.80 (d, J = 8.1 Hz, 2H), 7.36 (d, J = 8.1 Hz, 2H), 4.56 (dt, 

J2 = 47.1 Hz, J1 = 1.5 Hz, 2H), 4.25 (dt, J2 = 27.3 Hz, J1 = 3.9 Hz, 2H), 2.45 (s, 3H) ppm. 13C 

NMR (75 MHz, CDCl3) δ 145.2, 132.6, 129.9, 128.0, 80.5 (d, J = 172.7 Hz), 68.5 (d, J = 20.8 

Hz), 21.7 ppm. 19F NMR (188 MHz, DMSO-d6) δ -224.66 ppm. HRMS (ESI) calcd for C9H12FO3S 

(M+H)+ 219.04857, found 219.04849. 

  

193



Chapter 3 

 
3. CRYSTALLOGRAPHIC DATA FOR COMPOUNDS 3.12 AND (Z)-3.9 

Data form this subsection can be found in Annex 2. 
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4.1 Abstract 

Dysregulation of tropomyosin receptor kinases (TrkA/B/C) expression and signalling is 

recognized as a hallmark of numerous neurodegenerative diseases including Parkinson's, 

Huntington's and Alzheimer's disease. TrkA/B/C is known to drive tumorogensis and metastatic 

potential in a wide range of neurogenic and nonneurogenic human cancers. The development of 

suitable positron emission tomography (PET) radioligands would allow an in vivo exploration of 

this versatile potential therapeutic target. Herein, the rational remodeling of the amide moiety of 

a 6-(2-(3-fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-amide lead structure to 

accommodate efficient fluorine-18 labeling led to the identification of a series of fluorinated Trk 

inhibitors with picomolar IC50. The ensuing representative radiolabeled inhibitors [18F]4.16 ([18F]- 

(±)-IPMICF6) and [18F]4.27 ([18F]-(±)-IPMICF10) constitute novel lead radioligands with about 2- 

to 3- orders of magnitude increased TrkB/C potencies compared to previous lead tracers and 

display favorable selectivity profiles and physicochemical parameters for translation into in vivo 

PET imaging agents. 
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4.2 Introduction 

The tropomyosin receptor kinase (Trk) family consists of three structurally analogous 

tyrosine kinases with pivotal significance in the embryonic development and post-natal 

maintenance of the mammalian nervous system. Upon extracellular binding of cognate specific 

neurotrophins and subsequent kinase domain autophosphorylation of the full length receptors, 

the Trk/neurotrophin protein interplay activates key signal transduction pathways including 

Ras/MAPK, PI3K and PLCγ which spatiotemporally support growth, survival and differentiation 

within distinct neuronal populations.1-3 Nerve growth factor (NGF) specifically interacts with 

TrkA, while brain derived neurotrophic factor (BDNF) and neurotrophin-3 (NT-3) selectively bind 

TrkB and TrkC respectively (Kd ≈ 1.7– 2.3 × 10−11 M).4 NT-3 was also shown to activate TrkA 

and TrkB, albeit with lower efficiency.4 TrkA receptor expression in the central nervous system 

(CNS) is mostly circumscribed to cholinergic neurons of the basal forebrain (BFCNs) and dorsal 

root ganglion (DRG).5-7 TrkA density is reduced in BFCNs and cholinergic projections in the 

cerebral cortex at early Alzheimer's disease (AD) stages underlining the involvement of TrkA in 

the cognitive decline characteristic of the early onset of AD.8-10 In the periphery, TrkA activation 

is involved in nociception and is a validated target for chronic pain.11-12 In contrast to TrkA, 

TrkB/C have comparatively high expression levels in the CNS with topographies encompassing 

most brain regions including cortex, striatum, thalamus and cerebellum.6, 13-14 In rodents, the 

NTRK2 (TrkB) family gene expression includes the full length TrkB.tk+ (herein referred to as 

TrkB) and the truncated splice variants TrkB.T1 and TrkB.T2 which lack the intracellular kinase 

domain.15-16 TrkB.T1 has been characterized and shown to be abundantly expressed in the 

CNS.17 Specific biological functions of TrkB.T1 remain elusive but include negative regulation of 

TrkB.tk+ signalling and BDNF sequestration and translocation.18 The expression ratio of 

TrkB.tk+/TrkB.T1 are highly regulated in the embryonic and early postnatal nervous system 

development. In adult life, mounting evidences support TrkB isoform dysregulation and aberrant 
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TrkB/BDNF signalling as a hallmark of neurodegenerative and psychiatric diseases/ conditions 

including AD, Parkinson's disease (PD), Huntington's disease (HD), schizophrenia and 

traumatic brain injury (TBI).19-23 

 

Figure 4.1. Structure of Trk agonistic radioligands, tyrosine kinase inhibitor (TKIs) radioligands and 
fluorophenyl- and difluorophenyl pyrrolidine-containing Trk TKIs. 

 

Though historically explored in the context of neurology, Trk involvement in 

tumorigenesis and aggressiveness of human cancers is also well recognized.24-26 Indeed, the 

prototypical NTRK1 (TrkA) gene was initially identified from a colon carcinoma leading to a 

constitutively activated fused tropomyosin-TrkA protein.27 Besides rearranged/mutated NTRK 

gene products, compelling evidence shows that overexpression of the intact Trk proto-

oncoproteins, especially TrkB, is associated with aggressive tumor growth and treatment 

resistance in a set of neurogenic and nonneurogenic neoplasms including neuroblastoma and 

pancreatic cancer.28-29 During the last decade, considerable medicinal chemistry effort, mostly 
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focused towards intracellular binding kinase inhibitors, has led to the identification of diverse 

and highly potent selective pan-Trk tyrosine kinase inhibitors (TKIs) as putative cancer 

therapeutics.30-34 

In order to non-invasively assess and monitor TrkA/B/C levels in the brain and in cancer, 

our group has sought to develop 11C- and 18F-labeled Trk-targeted positron emission 

tomography (PET) radiotracers suitable for in vivo imaging. We have previously described both 

extracellular and intracellular binding PET radioligands, the first of which being the TrkB 

selective 7,8-dihydroxyflavone-based probes [18F]4.1 and [11C]4.2 (Figure 4.1).35 These 

radioligands, based on one of the rare efficacious small molecules to bind the extracellular Trk 

proteins described thus far suffered extensive metabolism in vivo and did not permeate the 

blood brain barrier (BBB) despite favorable in vitro profiling. More recently, we reported on the 

development of low nanomolar pan-Trk inhibitor [11C]GW441759 and an analogous fluorinated 

derivative [18F]4.4.36 Preclinical imaging in rodents confirmed [11C]GW441759 as the first brain 

penetrating Trk PET radiotracer but blocking studies failed to demonstrate specific brain binding 

at the tested dose. Both [11C]GW441759 and [18F]4.4 also successfully imaged Trk in rat brain 

sections and human neuroblastoma tumor samples expressing TrkB in vitro. In addition, the 

radiosynthetic methodology to access the fluorinated demethoxy derivative of the Trk inhibitor 

GW2580 ([18F]4.5), was described.37 Despite its unique selectivity, [18F]4.5 only displays 

moderate potencies towards Trk (IC50s = 135–663 nM) and lacks necessary physicochemical 

properties to be suitable for brain PET imaging (Figure 4.1). Those radioligands are currently 

being evaluated for peripheral neuroblastoma tumor imaging by our group. As far as Trk 

neuroimaging is concerned, it would be desirable to concentrate efforts on compounds 

exhibiting subnanomolar affinities for Trk in combination with desired properties for PET ligand 

development (including Bmax/Kd > 10, clogD7.4 in the range of 2.0 – 3.5, topological polar surface 

area (TSPA) < 80 Å2, hydrogen bond donor (HBD) ≤ 1).38 Amenability to fluorine-18 labeling (t1/2 
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= 109.8 min; 97% β+ ; Emax (β+) = 0.64 MeV) would also be favorable due to the better nuclear 

properties, including longer half-life which allow for longer synthesis time and shipping, as 

compared to carbon-11. 

In recent years, diverse scaffolds including heterocycle cores such as imidazo[1,2-

b]pyridazine, pyrido[3,2-d]pyrimidine and pyrazolo[1,5-a]pyrimidine related through conserved 

fluorinated 2-phenylpyrrolidines fragments have emerged as Trk selective inhibitor 

pharmacophores (4.6–4.8, Figure 4.1).39-46 (R)-2-Phenylpyrrolidine is the preferred enantiomeric 

building block. However in most cases where pure (S)-2-phenylpyrrolidine containing derivatives 

were characterized, nanomolar Trk inhibitions were still achieved.40 Moreover, N-(2-

fluoroethyl)acetamide inhibitor (R)-4.8 and related compounds showed unprecedented 

picomolar potencies towards TrkA.40 Very recently, a derivative of 4.7 was also shown to 

achieve tumor regression in a KM12 rat tumor model.45 We hypothesized that a scaffold derived 

from compound 4.8, which provides a favorable alignment of the required physicochemical 

parameters for PET radioligand development and was shown to tolerate numerous 3-

carboxamide structural alterations, would be valuable in the exploration of new Trk radioligands 

bearing purposely designed 18F-radiolabeled amide substituents. Herein, we present the design, 

syntheses and first in vitro evaluation of novel 18F-labeled Trk PET 6-(2-(3-

fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-amide radioligand candidates.  

4.3 Results and discussion  

A priority of this work was to explore and identify the optimal fluorinated 3-carboxamide 

building blocks integrated into the (2-pyrrolidin-1-yl)imidazo[1,2-b]pyridazine lead structure to 

yield Trk inhibitors of highest possible affinity. As another important premise, the identified 

compounds should be easily labeled in one step with [18F]fluoride to facilitate applicability. Since 

both (R)- and (S)-substituted pyrrolidines were previously shown to be highly potent and the 
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racemic building block is readily available, we selected the racemic 2-(3-fluorophenyl)pyrrolidine 

motif with the core structure of lead 8 as a starting point in our structure activity relationship 

(SAR) study (it was decided that at a later stage, once the SAR study delineating the amide 

motif would be completed, selected radiolabeled inhibitors could then more easily be obtain in 

pure enantiomeric forms for comparison with the corresponding racemates. This decision was 

also motivated by the current worldwide sparteine shortage – the only described synthesis of 

the putatively preferred compound (R)-2-(3-fluorophenyl)pyrrolidine proceeding via a key 

sparteine-mediated lithiation stage).  

 

Figure 4.2. Predicted binding poses for (R)-4.27 bound to TrkA/B in DFG-in conformation. (A) Docking of 
(R)-4.27 to the ATP binding site of TrkA (PDB 4PMT). (B) Surface model of (R)-4.27 docked to TrkA (PDB 
4PMT). (C) Superposition of TrkB (pale gray, DFG-in, PDB 4AT3) and the docking of (R)-4.27 with TrkA 
(dark gray, PDB 4PMT). The TrkA (blue) and TrkB (cyan) glycine-rich loops are highlighted.  
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Following procedures previously described,44 this approach allowed the preparation of a 

sufficient amount of the key 3-carboxylic acid intermediate 4.9 for further derivatization (Table 

4.1, see Scheme S4.1; Supporting Information). 

4.3.1 Amide moiety design for radiolabeling and chemistry. It was noted that despite the 

excellent potency attained with the N-(2-fluoroethyl)-amide substituent in 4.8 as reported in 

patent literature, the synthesis of the 18F-labeled counterpart of this motif would require a 

multistep approach using 2-[18F]-fluoroethylamine which in turn would ultimately limit the later 

use of the resulting radioligand in a clinical setting.47-48 Initial SAR efforts therefore focussed on 

introducing small aliphatic fluorinated chains attainable as 18F-isotopologues via simple SN2-type 

radiofluorination but which would not undergo intramolecular five-exo-tet cyclisation to the 

oxazoline upon prior functionalization with a leaving group or during the radiolabeling. In this 

context structurally analogous fluorocyclobutyl moieties were selected. Previous reports also 

suggest that 18F-labeled fluorocyclobutyl-containing PET probes may be metabolically more 

robust than their linear equivalents.49 Hence, compounds 4.15 and 16 along with the linear N-

fluoroalkyl amides 4.13 and 4.14 were synthesized in good yield via HATU coupling between 

4.9 and the corresponding amines (Table 4.1). In order to assess the impact of the amide 

proton towards Trk binding, the 3-azetidine amide 4.17 was synthesized as the closest cyclized 

structural analog to 4.13. Direct amidation of the ester intermediate 4.10 also efficiently provided 

the simpler derivatives 4.11 and 4.12. Using docking simulations, congruent binding poses to 

TrkA/B/C were initially obtained in both the inactive (DFG-out) and active (DFG-in) 

conformations for 4.16 (R and S; Figure S4.1 and S4.2; Supporting Information). Choi et al.45 

recently described X-ray cocrystal structures of (R)-enantiomer derivatives of 4.7 bound to TrkA 

and TrkC in DFG-in and DFG-out conformations and suggested that the favoured binding mode 

likely depends upon the substituent pattern of the imidazo[1,2-b]pyridazine core. The binding 

modes of 4.16 and derivatives thereof obtained in our in silico experiments corroborate those X-
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ray results with regard to the binding with the active Trk kinases. In this conformation, the N1 

from the imidazo[1,2-b]pyridazine interacts via H-bonding with the backbone nitrogen of 

Met592/636 (TrkA/TrkB) from the hinge and provides excellent overlap of the fluorophenyl ring 

to the ribose binding pocket including π-stacking with the proximal Phe521/565 (no DFG-in TrkC 

crystal structure is publicly available).50 In this model, the amide substituent is pointing towards 

the solvent region and rotation of the C3–C(carbonyl) can lead to the amide carbonyl or NH 

directed at the hinge (Figure S4.1, Supporting Information). The predicted binding pose of the 

representative compound 4.27 (vide infra) is shown in Figure 4.2. With the carbonyl pointing 

outward, additional water-mediated H-bonds to residue Met592/636 may occur while a strong 

intramolecular H-bond is possible between the amide proton and N5. It is likely that the binding 

of this preorganized rigidified low energy conformation to Trk in the DFG-in mode explains in 

part the increased potencies observed between inhibitors such as 4.8 versus 4.7 due to a lower 

entropic penalty. This binding conformation is also consistent with the disclosure of highly potent 

related macrocyclized Trk inhibitors.51 In agreement with the plausible binding mode elucidated, 

the synthesis of potential inhibitors incorporating larger amide substituents was undertaken. 

Compounds bearing a 4,4-difluorocyclohexyl group and a N-2-(2-fluoroethoxy)ethyl chain were 

synthesized. The amine 4.30 required for the synthesis of 4.19 was obtained in two steps from 

2-fluoroethyl 4-methylbenzenesulfonate 4.28 (Scheme 4.1A).  

Fluorobenzyl- (4.20–4.22) and fluorophenylamide (4.23–4.27) compounds were also 

obtained. The required aniline 4.34 for the synthesis of 4.27 was prepared via a 

protection/DAST fluorination/deprotection sequence (Scheme 4.1B). It was anticipated that 

compounds 4.20–4.26 would be accessible for radiolabeling using direct radiofluorination of 

non-activated arenes bearing iodonium ylides leaving groups if required.52-53 Compound 4.27 

was designed to be readily accessible using conventional SN2 radiofluorination. Compounds 

4.22 and 4.26 also bear alternative anisol moieties suitable for carbon-11 labelling using 
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[11C]CH3I. The suggested low energy intramolecular H-bonded U-shaped conformation was 

illustrated by single crystal X-ray diffraction of the representative compound (R)-4.22 (obtained 

from the racemate; Figure 4.3).  

Table 4.1. SAR and In Vitro Enzymatic Activities and Physicochemical Data for Imidazo[1,2-
b]pyridazines Trk Inhibitors 

 

 

Cpd 

 

R clog
P
 

 

TPSA 

(Å
2
) 

IC50 (nM)a IC50TrkA/IC
50TrkB; 

IC50TrkA/IC
50TrkC 

Bmax/ 

IC50 

(caudate 
putamen/ 

cortex; 
TrkA)

b
 

Bmax/ 

IC50 

(whole 
brain 

average; 
TrkB/C)

b
 

TrkA TrkB TrkC   

4.10 
 

2.39 59.73 17.7 2.36 1.37 7.5; 12.9 0.8/0.1 11.0 

4.9 
 

1.66 70.73 >10 000 3250 1880 -c - c - c 

4.11 
 

1.16 76.52 12.9 1.31 0.943 9.8; 13.7 1.1/0.2 19.8 

4.12 
 

1.51 62.53 7.66 0.565 0.374 13.6; 20.5 1.8/0.3 46.0 

4.13d 
 

1.70 62.53 1.11 ± 0.13 0.037 ± 
0.013 

0.080 ± 
0.030 

30.0; 13.8 8.9/1.8 703 

4.14d 
 
2.15 62.53 2.48 ± 0.96 0.105 ± 

0.043 
0.115 ± 
0.034 

23.6; 21.6  4.0/0.8 248 
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4.15d 
 
2.28 62.53 2.69 ± 0.24 0.120 ± 

0.021 
0.163 ± 
0.011 

22.4; 16.5 3.7/0.7 217 

4.16d 
 

2.08 62.53 1.91 ± 0.41 0.076 ± 
0.035 

0.076 ± 
0.035 

25.1; 25.1 5.2/1.0 342 

4.17 
 

 

1.93 53.74 

 

140 

 

22.8 13.8 6.1; 10.1 0.1/0.01 1.1 

4.18 

 

3.06 62.53 1.50 0.132 0.154 11.4; 9.7 9.1/1.3 197 

4.19 
 
1.45 

 

71.76 

 

4.31 0.926 0.440 4.7; 9.8 3.2/0.5 28.1 

4.20 
 
2.88 

 

62.53 3.53 1.09 0.580 3.2; 6.1 3.9/0.6 23.8 

4.21 

 

2.88 62.53 2.76 0.509 0.299 5.4; 9.2 4.9/0.7 51.1 

4.22 

 

2.91 

 

71.76 

 

11.2 1.96 0.950 5.7; 11.8 1.2/0.2 13.3 

4.23 

 

3.17 62.53 5.00 0.584 0.408 8.6; 12.3 2.7/0.4 44.5 

4.24 

 

3.1 71.76 4.80 0.456 0.233 10.5; 20.6 2.8/0.4 57.0 

4.25d 

 

3.17 62.53 2.06 ± 0.17 0.131 ± 
0.047 

0.214 ± 
0.093 

15.7; 9.6 4.8/1.0 199 

4.26d 

 

3.17 62.53 1.94 ± 0.90 0.080 ± 
0.012 

0.095 ± 
0.013 

24.3; 20.4 5.1/1.0 325 

4.27d 
 
3.61 62.53 2.10 ± 0.34 0.099 ± 

0.008 
0.127 ± 
0.005 

21.2; 16.5 4.7/1.0 262 

 

a[γ-33P]ATP-based enzymatic assay performed by Reaction Biology. bCalculated with Bmax value for the caudate 
putamen for TrkA and from the whole brain for TrkB from Ref. 56 and the IC50s from TrkA and TrkB respectively. cNot 
determined. dValues accompanied by standard deviation were averaged from three independent experiments. 
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Scheme 4.1. Reagents and conditions: (A) (a) N-boc-ethanolamine, NaH, DMF, rt, 12 h (50%). (b) TFA, 
CH2Cl2, rt, 1 h, then HCl (1M in diethyl ether) (98%). (B) (c) Boc2O, Et3N, THF, 0°C - rt, 16 h (85%). (d) 
DAST, CH2Cl2, -78°C, 30 min then 0°C, 6 h (86%). (e) TFA, CH2Cl2, 0°C - rt, 5 h (93%).  

 

4.3.2 In vitro binding studies. The inhibitory activity of compounds 4.9–4.27 was obtained 

using a [γ-33P]ATP-based enzymatic assay (the assay was performed in using the same 

conditions than previously used in ref. 36). The TrkA/B/C assay data is summarized in Table 

4.1. The most potent inhibitor for all Trk proteins was derivative 4.13 containing the 2-fluoroethyl 

amide lateral chain with an IC50 of 1.11 nM for TrkA, 0.037 nM for TrkB and 0.080 nM for TrkC. 

To our satisfaction, replacement of the linear chain of 4.13 with the fluorocyclobutyl found in 

4.16 did not significantly alter the excellent potencies observed (1.05 to 2.05-fold reduction). 

Elongation of the amide chains in 4.14 and 4.15 by one additional carbon only slightly affected 

the potencies. Compound 4.12 displayed subnanomolar and low nanomolar potencies for 

TrkB/C and TrkA respectively while being ~2-fold more potent than the primary amide 4.11 for 

all Trks. While the ester 4.10 displayed significantly lower, yet still low nanomolar potencies, the 

presence of a carboxylate in 4.9 was highly detrimental to the affinity. As predicted above, the 

removal of the amide proton in 4.17 had a negative effect despite this inhibitor being the closest 

analog of 4.13 with respect to all other structural elements (616-fold decreased potency for 
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TrkB). As expected, good tolerance of the sterically demanding gem-difluorocyclohexane 

(compound 4.18), extended linear chain (compound 4.19) and aryl-containing derivatives 

(compounds 4.20–4.27) was also observed. The best potencies in the aryl-containing 

derivatives were attained by fluorophenyl – compared to fluorobenzylamides. Inhibitors 4.13 and 

4.16 were found to match the Trk activity of staurosporine – to our knowledge, the most potent 

Trk inhibitor currently available (Figure S4.20, Supporting Information). All compounds also 

show favorable clogP and TPSA values for translation into PET tracers (Table 4.1).  

 

Figure 4.3. Single-crystal X-Ray structure of (R)-4.22; ellipsoids drawn at 30% probability. 

 

Overall, we identified a total of 8 inhibitors (4.13–4.16, 4.18, 4.25–4.27) displaying 

approximately 200 pM potencies or lower for TrkB/C and low nanomolar potencies for TrkA with 

radiotracer-favorable properties. These most potent derivatives, except for 4.18, were also 

found to display the best selectivity profile in the assayed conditions (TrkB/C versus TrkA, 

Figure S4.21, Supporting Information, the use of the IC50s obtained for TrkA/B/C comparison 

and selectivity is based on the hypothesis that KmATP for TrkA, TrkB and TrkC do not differ 

significantly due to their conserved sequence at the ATP binding site). Due to the extensive 

sequence conservation in the 40 residues likely to be involved in binding at the ATP site (DFG-
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in) between TrkA and TrkB (95%) and TrkB and TrkC (100%), it is largely accepted that Trk 

isoform selectivity for ATP competitive inhibitors will be challenging to attain.30-31, 54 The 

observed moderate selectivity here may be related to the organization of the glycine-rich loops 

(Figure 4.2C) or the difference in conformational restriction of the hinge in TrkA versus TrkB as 

previously suggested.54  

While the development of a pan-Trk PET radioligand would be highly valuable, 

selectively imaging TrkB/C independently of TrkA and vice versa would be even more desirable. 

In imaging studies, the specific PET signal is contingent on both the receptor density (Bmax) and 

affinity of the tracer for the specific target.55 Hence, for Trk neuroimaging, visualizing TrkB/C 

selectively will likely be facilitated by the drastic differences in Bmax and topographies of Trks in 

the brain. Binding studies with [125I]-neurotrophins along with in situ hybridization experiments 

have shown that TrkB/C densities largely exceed that of TrkA.7, 14, 56 While TrkB/C are largely 

co-expressed in all brain regions with an average Bmax > 26 nM, TrkA expression is mostly 

restricted to the striatum with a Bmax < 9 nM. Therefore, the (TrkB/C)/TrkA Bmax ratios for all brain 

regions range from 3 in the striatum to ≫10 in most other brain regions. It should then be 

expected that, even in the absence of selectivity, the binding of a PET radiolabeled Trk inhibitor 

should mostly reflect the TrkB/C distribution. This implies that selective visualization of TrkA in 

the brain would require a highly selective probe to overcome those Bmax differences. With our 

most potent and selective compounds (4.13–4.16, 4.18, 4.25–4.27), using IC50 values as a 

substitute for Kd, this translates into substantial whole brain average binding potentials for 

TrkB/C and significantly lower values for TrkA (striatum; Table 4.1).  

Compounds 4.16 and 4.27 were selected for initial evaluation based on their potencies 

and expected labeling in one step. The selectivity profile of the two inhibitors was first performed 

in the presence of 0.1 μM of compounds on a panel of 20 kinases (Table 4.2). This initial off-Trk 

kinase coverage included targets from different kinase groups with an emphasis on kinases 
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expressed in the nervous system and neoplasms. Only ERBB2/HER2 and EGFR were 

significantly affected by co-incubation of 4.16 with remaining activities of 50% and 67% 

respectively. Those interactions were less pronounced in the presence of 4.27. Other minor 

reductions in inhibitory activity were observed with 4.16 towards FLT3 and PDHK1 (15% 

reduction) and 27 with PDHK1 (20% reduction). Overall both compounds were found to be 

≥1000-fold selective for TrkB/C for all tested kinases.  

 

Table 4.2. Kinase Profiling of 4.16 and 4.27 

Kinase Target Inhibitory activity 
of 4.16 

(% remaining at  
0.1 PM ± SD)a 

Inhibitory activity 
of 4.27 

(% remaining at  
0.1 PM ± SD)a 

CSF-1R 102.53 ± 0.91 104.90 ± 3.63 
VEGRR-2 110.00 ± 0.54 95.05 ± 0.79 
ITK 93.38 ± 0.22 97.63 ± 0.80 
FLT3 85.07 ± 0.11 95.09 ± 1.39 

ERK1/MAPK3 103.41 ± 0.08 101.28 ± 0.40 
ABL1 95.64 ± 0.46 91.34 ± 0.64 
c-Src 97.01 ± 0.52 103.11 ± 0.40 
EGFR 66.65 ± 2.02 93.12 ± 4.80 
c-MET 94.81 ± 1.41 97.05 ± 1.78 

P38A/MAPK14 98.46 ± 1.58 99.54 ± 0.07 
ALK 95.20 ± 0.92 89.00 ± 0.57 

ERBB2/HER2 49.61 ± 0.55 79.63 ± 0.13 
JNK1 99.44 ± 0.08 100.24 ± 62 
PDHK1 85.47 ± 0.13 78.90 ± 0.26 
PDGFRa 99.81 ± 1.14 99.52 ± 0.05 
JAK1 90.67 ± 0.42 99.69 ± 1.43 
SYK 105.04 ± 0.28 103.93 ± 0.59 
RET 90.21 ± 1.10 105.87 ± 0.06 
BRAF 100.30 ± 1.48 94.07 ± 1.97 
c-KIT 104.76 ± 0.57 100.86 ± 0.48 
TrkA 2.95 ± 0.46b 3.37 ± 0.65 
TrkB 0.44 ± 0.29b 0.56 ± 0.18 
TrkC 0.39 ± 0.52b 0.58 ± 0.40 

a[γ-33P]ATP-based enzymatic assay performed by 
Reaction Biology. Values relative to DMSO controls; duplicate 

experiments.bDerived from dose-response curves at 1.11x10-07 M 
(triplicates). 

 

4.3.3 Radiosyntheses and plasma stability. Radiosyntheses of [18F]4.16 (named 

[18F]IPMICF6) and [18F]4.27 (named [18F]IPMICF10) proceeded from the corresponding tosylate 

217



Chapter 4 
 
precursors. Precursor 4.36 was obtained in 70% yield from the intermediate 35 which was 

synthesized near-quantitatively from the coupling of 4.9 with 3-aminocyclobutanol·HCl (Scheme 

4.2). Synthesis of the tosylate 4.41 was obtained in 45% overall yield and 4 steps from 2-(4-

aminophenyl)ethanol (37, Scheme 4.3). Initial 18F-fluoride incorporation was optimized manually 

using standard conditions. The radiosynthesis of [18F]4.16 proceeded efficiently at 120 °C for 10 

min in anhydrous dimethylformamide (DMF) with 18F fluoride as a Kryptofix-222/K+/[18F]F− 

complex while the ideal conditions to obtain [18F]4.27 required a lower temperature due to the 

apparent degradation of the tosylate precursor. Following semi-preparative reverse-phase high 

performance liquid chromatography (HPLC), the radiochemical yields (RCYs) obtained under 

those optimal reaction conditions were 24.8 ± 2.6% (n = 3) and 18.3 ± 3.7% (n = 3) for [18F]4.16 

and [18F]27 respectively (non-decay-corrected (n.d.c.) based on injected HPLC activity).  

 

 

Scheme 4.2. Reagents and conditions: (a) 3-Aminocyclobutanol hydrochloride, HATU, DIPEA, DMF, rt, 
12 h (99%). (b) TsCl, Et3N, CH2Cl2, rt, 48 h (70%). (c) Kryptofix-222/K+/[18F]F−, DMF, 120°C, 10 min, 24.8 
± 2.6 % RCY (n.d.c.), (n = 3). 

 

For in vitro autoradiogaraphy experiments, the radiofluorination was successfully 

implemented on a Scintomics automated radiosynthesis module using similar procedures as 

manually developed. Radioligands [18F]4.16 and [18F]4.27 were then respectively obtained in 3% 

and 8% isolated RCYs (n.d.c.), >98.5% radiochemical purities (RCP), specific activity (SA) of 

163–244 GBq μmol−1 at the end of synthesis (EOS) in a total synthesis time of 75 min or under 

(see ESI†). Both tracers were shown to be highly stable in human plasma in vitro at 37 °C with 
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only minute amounts of 18F-fluoride (<5%) emerging at 60 min post-incubation (Figure 

S4.5,S4.8).   

 

Scheme 4.3. Reagents and conditions: (a) TBDPSCl, imid., DMF, rt , 16 h (80%). (b) 9, HATU, DIPEA, 
DMF, rt, 12 h (99%). (c) TBAF, THF, rt, 2 h (89%). (d) TsCl, Et3N, CH2Cl2, rt, 96 h (64%). (e) Kryptofix-
222/K+/[18F]F−, MeCN, 100°C, 20 min, 18.4 ± 3.7 % RCY (n.d.c.), (n = 3). 

 

4.3.4 In vitro autoradiography. In addition, the autoradiograms generated from the incubation 

of [18F]4.16 with coronal rat brain sections conclusively matched the high affinity binding sites of 

[125I]BDNF, [125I]NT3 and [125I]NT4/5 and the topographies of TrkB and TrkC mRNA hybridization 

(including cortex, striatum, thalamus and cerebellum; Figure 4.4).14 In those assays, moderate 

but significant specific binding was confirmed with co-incubation of non-labeled 4.16 (1.0 μM; Δ 

~ −30%) and similar blocking results were also obtained with the incubation of [18F]27 in the 

presence of the selective Trk inhibitor GNF-5837 (Figure S4.22, Supporting Information). The 

analogous blocking obtained with the racemic 4.16 and the structurally unrelated oxindole-

based DFG-out inhibitor GNF-5837 is indicative that both the (R)- and (S)-enantiomers binds 

Trk receptors in vitro. 
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Figure 4.4. Representative in vitro autoradiograms from coronal sections of rat brain showing the binding 
of [18F]4.16 and competition experiments with 4.16 (1 PM) (successive sections between baseline and 
blocking; anterior: left, posterior: right). BSt = brain stem; CC = corpus callosum; Cer = cerebellum; CP = 
caudate putamen; Ctx = cortex; H = hippocampus; Th = Thalamus.  
 

4.4 Conclusion 

In this study we report the design, synthesis and evaluation of a series of novel 

fluorinated 6-(2-(3-fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-based Trk inhibitors with 

the aim of identifying suitable candidates for translation into PET imaging agents for brain and 

tumor imaging. Compounds 4.16 and 4.27 were selected from a group of 8 identified structures 

which displayed around or < 200 pM potency against TrkB/C and were shown to be at least 

1000-fold selective in a kinase panel. The rationally designed amide side chains of 4.16 and 

4.27 allowed for their straightforward 18F-radiolabeling. In vitro autoradiography using [18F]4.16 

and [18F]4.27 on coronal rat brain sections confirmed specific binding to TrkB/C-rich brain 

regions. The selected representative probes from this series, [18F]4.16 ([18F]IPMICF6) and 

[18F]4.27 ([18F]IPMICF10), constitute novel potential PET tracers with 2 to 3 orders of magnitude 

potency improvement compared with our previous leads [11C]GW441759 and [18F]4.5, while 

possessing various other key properties suitable for conversion into PET tracers. While the 

radioligands developed in this work were evaluated as isomeric mixtures, further structural 

refinement is currently ongoing in order to deliver pure pyrrolidine motifs as it is to be expected 

that those different enantiomers will also display distinct affinities and potentially distinctive in 
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vivo imaging profiles. Comparative in vivo imaging studies of [18F]4.16, [18F]4.27 and other 

radiotracers derived from this work will be reported in due course.  
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1.  ORGANIC SYNTHESES 

 

1.1 Material and Methods 

 

General Procedures. All moisture sensitive reactions were carried out in oven-dried flasks 
under nitrogen atmosphere with dry solvents. Reagents and solvents were purchased at the 

highest commercial quality from Fisher, Sigma-Aldrich, Alfa-Aesar, Synthonix or Oakwood 

Products and were used without further purification unless specified otherwise. GNF-5837 (≥ 

98%) was purchased from EMD Millipore. 2-Fluoroethyl 4-methylbenzenesulfonate (32) was 
synthesized as previously described. Organic solutions were concentrated under reduced 
pressure on a Heidolph rotary evaporator. In general, reactions were magnetically stirred and 

monitored by TLC performed on pre-coated glass-backed TLC plates (Analtech, 250 microns) 

and chromatographic purification of products was accomplished using flash chromatography on 

Alfa-Aesar silica gel (230-450 mesh).  TLC visualization was performed by fluorescence 

quenching, KMnO4 or ninhydrin. 1H NMR and 13C NMR spectra were recorded on a 

Agilent/Varian DD2 MR two channel 400 MHz spectrometer, a Agilent/Varian VNMRS two-

channel 500 MHz spectrometer or a Agilent/Varian Inova four-channel 500 MHz spectrometer in 

CDCl3 or d6-DMSO and peak positions are given in parts per million using TMS as internal 

standard. Peaks are reported as: s = singlet, d = doublet, t = triplet, q = quartet, p = quintet, m = 

multiplet, b = broad; coupling constant(s) in Hz; integration. High Resolution Mass Spectra 

(HRMS) analysis was obtained from the Mass Spectrometry Facility of the Chemistry 

Department of the University of Alberta (Agilent Technologies 6220 oaTOF). Compounds tested 

in vitro were >95% pure (HPLC). Crystallographic analyses were performed by the X-Ray 

crystallography laboratory at the Chemistry Department of the University of Alberta.  
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1.2 Chemical Synthesis. 

 

 

Scheme S4.1. Syntheses of amides 4.11-4.27. Reagents and conditions: (a) 2-(3-
Fluorophenyl)pyrrolidine, KF, DMSO, 100°C, 22 h (77%). (b) ammonia solution (7.0 M in 
methanol) or methylamine solution (33 wt. % in absolute ethanol), rt, 15 h (96-100%). (c) EtOH, 
H2O, KOH, rt, 3 h (72%). (d) amine, HATU, DIPEA, DMF, rt, 12-14 h (43-100%). 

 

Ethyl 6-(2-(3-fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-carboxylate (4.10). To 
a solution of ethyl 6-chloroimidazo[1,2-b]pyridazine-3-carboxylate (1.13 g, 5.0 mmol) in DMSO 

(6.0 mL) was added KF (872 mg, 15 mmol). This reaction mixture was heated at 100°C and 2-

(3-fluorophenyl)pyrrolidine  (991 mg, 6.0 mmol) was added. After stirring the reaction mixture at 

this temperature for 12 h, additional portions of 2-(3-fluorophenyl)pyrrolidine  (165 mg, 1.0 

mmol) and KF (58 mg, 1.0 mmol) were successively added. Third portions of 2-(3-

fluorophenyl)pyrrolidine  (165 mg, 1.0 mmol) and KF (58 mg, 1.0 mmol) were added 5 h after 

the second addition step and the reaction mixture was stirred at 100°C for an additional  5 h. 

The heterogeneous mixture was cooled at room temperature, poured into water and extracted 

with EtOAc. The combined organic layers were washed with brine, dried over Na2SO4 and 

concentrated in vacuo. The crude residue was purified by flash chromatography (gradient 
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1/19/80 Et3N/hexane/EtOAc – 1/99; Et3N /EtOAc) and afforded the title compound (1.37 g, 77%) 

as a pale yellow solid. Rf  0.15 (1:1:98 Et3N/MeOH/ CH2Cl2).  

1H NMR (498 MHz, CDCl3) δ 8.10 (s, 1H), 7.60 - 7.55 (m, J = 9.9 Hz, 1H), 7.29 - 7.22 (m, 1H), 

7.01 (d, J = 7.5 Hz, 1H), 6.95 - 6.88 (m, 2H), 6.49 - 6.43 (m, J = 9.9 Hz, 1H), 5.01 - 4.94 (m, 

1H), 4.38 (q, J = 7.1 Hz, 2H), 3.96 (s, 1H), 3.80 (s, 1H), 2.51 - 2.42 (m, 1H), 2.08 - 1.96 (m, 3H), 

1.38 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 163.11 (d, J = 247.0 Hz, 1C), 159.24, 

152.87, 146.01 (d, J = 6.5 Hz, 1C), 139.35, 138.86, 130.37 (br d, J = 8.0 Hz, 1C), 125.75, 

121.32 (d, J = 2.6 Hz, 1C), 119.54, 114.19 (br d, J = 21.2 Hz, 1C), 112.76 (br d, J = 22.2 Hz, 

1C), 111.82, 61.91, 60.25, 48.58, 35.97, 22.84, 14.43; HRMS: Calcd m/z for C19H20FN4O2 

[M+H]+ : 355.1565, Found: 355.1566. 

 

6-(2-(3-Fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-carboxylic acid (4.9). To a 
solution of ethyl 6-(2-(3-fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-carboxylate (1.06 

g, 3 mmol) in ethanol (20 mL) and water (1 mL) was added KOH (842 mg, 15 mmol). The 

reaction mixture was stirred at room temperature for 3 h and evaporated to dryness. The 

residue was diluted with water (10 mL) and the pH was adjusted to 5-6 using concentrated 

hydrochloric acid. The aqueous phase was extracted with CH2Cl2 (2 X 25 mL) and EtOAc (2 X 

25 mL). The combined organic layers were washed with brine, dried over Na2SO4 and 

concentrated in vacuo to afford the title compound (701 mg, 72%) as a white yellow solid. 

Rf  0.10 (1:1:98 Et3N/MeOH/ CH2Cl2).  

 
1H NMR (498 MHz, DMSO-d6) δ 7.98 (s, 1H), 7.86 (d, J = 9.9 Hz, 1H), 7.37 - 7.27 (m, 1H), 7.16 

- 7.06 (m, 2H), 7.06 - 6.97 (m, 1H), 7.02 (br t, J = 8.4 Hz, 1H), 5.14 (dd, J=2.8, 8.1 Hz, 1H), 3.93 

- 3.85 (m, 1H), 3.63 (br d, J = 10.4 Hz, 1H), 2.47 - 2.35 (m, 1H), 2.03 - 1.93 (m, 2H), 1.93 - 1.83 

(m, 1H); 13C NMR (125 MHz, DMSO-d6) δ 162.75 (d, J = 243.6 Hz, 1C), 159.70, 152.73, 147.11 

(d, J = 6.5 Hz, 1C), 138.98, 138.43, 130.89 (br d, J = 8.5 Hz, 1C), 126.50, 122.35 (br d, J = 2.1 

Hz, 1C), 119.67, 114.15 (d, J = 20.9 Hz, 1C), 113.36 (br d, J = 21.9 Hz, 1C), 113.06, 61.46, 

48.74, 35.63, 23.05; HRMS: Calcd m/z for C17H15FN4NaO2 [M+Na]+ : 349.1074, Found: 

349.1071. 

 

225



Chapter 4 
 
General procedure A: Coupling of carboxylic acid 4.10 with amines. DIPEA (44 PL, 0.25 
mmol, 2.5 equiv) was added to a solution of 6-(2-(3-fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-

b]pyridazine-3-carboxylic acid (33 mg, 0.10 mmol, 1 equiv) in DMF (1 mL). Solutions of HATU 

(38 mg, 0.10 mmol, 1 equiv) and the appropriate amine (0.12 mmol, 1.2 equiv; free amine or 

hydrochloric salt) in DMF (0.5 mL) were successively added dropwise. The reaction mixture was 

stirred at room temperature for 12 – 14 h. After completion, the reaction mixture was diluted with 

EtOAc (100 mL), washed with water (25 mL) and brine (25 mL). The organic phase was dried 

over Na2SO4 and concentrated in vacuo. The crude residue was purified by flash 

chromatography (gradient 1/99; MeOH/ CH2Cl2 – 3/97; MeOH/ CH2Cl2). 

 

N-(2-Fluoroethyl)-6-(2-(3-fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-
carboxamide (4.13). The general procedure A was used with 2-fluoroethylamine hydrochloride. 
The title compound was obtained as a pale yellow solid (37 mg, quantitative). Rf  0.27 (1:1:98 

Et3N/MeOH/ CH2Cl2).  

1H NMR (498 MHz, CDCl3) δ 8.91 (br s, 1H), 8.21 (br s, 1H), 7.72 (br d, J = 9.8 Hz, 1H), 7.35 - 

7.29 (m, 1H), 7.01 (d, J = 7.8 Hz, 1H), 6.97 (dt, J = 1.9, 8.4 Hz, 1H), 6.92 (d, J = 9.7 Hz, 1H), 

6.59 (br d, J = 7.6 Hz, 1H), 5.07 (br d, J = 8.0 Hz, 1H), 4.58 (td, J = 4.1, 47.3 Hz, 2H), 3.95 - 

3.80 (m, 2H), 3.73 - 3.66 (m, 1H), 3.57 (br s, 1H), 2.57 - 2.47 (m, 1H), 2.17 - 2.01 (m, 3H); 13C 

NMR (125 MHz, CDCl3) δ163.16 (d, J = 247.2 Hz, 1C), 159.38, 151.87, 145.27 (d, J = 6.2 Hz, 

1C), 136.32 (br s, 1C), 135.42, 130.55 (d, J = 8.3 Hz, 1C), 126.96, 121.10, 121.02 (br d, J = 2.8 

Hz, 1C), 114.41 (br d, J = 21.2 Hz, 1C), 112.49 (br d, J = 21.9 Hz, 1C), 110.70, 83.17 (d, J = 

166.2 Hz, 1C), 62.02, 48.61, 39.14 (d, J = 19.4 Hz, 1C), 35.80, 22.84; HRMS: Calcd m/z for 

C19H19F2N5NaO [M+Na]+ : 394.1450, Found: 394.1453. 
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6-(2-(3-Fluorophenyl)pyrrolidin-1-yl)-N-(3-fluoropropyl)imidazo[1,2-b]pyridazine-3-
carboxamide (4.14). The general procedure A was used with 2-fluoropropylamine 
hydrochloride. The title compound was obtained as a beige solid (36 mg, 92 %). Rf  0.27 (1:1:98 

Et3N/MeOH/ CH2Cl2).  

1H NMR (498 MHz, CDCl3) δ 8.47 (br s, 1H), 8.17 (s, 1H), 7.72 (br d, J = 9.8 Hz, 1H), 7.33 (dt, J 

= 5.8, 7.9 Hz, 1H), 7.01 (d, J = 7.7 Hz, 1H), 6.96 (dt, J = 2.1, 8.4 Hz, 1H), 6.93 - 6.84 (m, 3H), 

6.70 - 6.55 (m, 1H), 5.14 - 5.01 (m, 1H), 4.64 - 4.42 (m, 2H), 3.94 - 3.85 (m, 1H), 3.72 - 3.63 (m, 

1H), 3.59 - 3.49 (m, 1H), 3.39 (br s, 1H), 2.57 - 2.48 (m, 1H), 2.16 - 2.08 (m, 2H), 2.07 - 2.01 (m, 

1H), 2.01 - 1.81 (m, 2H); 13C NMR (125MHz, CDCl3) δ = 163.17 (d, J = 247.2 Hz, 1C), 159.44, 

151.90, 145.23 (d, J = 6.2 Hz, 1C), 137.10, 130.68 (br d, J = 8.0 Hz, 1C), 126.97, 122.43, 

120.94, 120.92, 114.37 (d, J = 21.2 Hz, 1C), 112.30 (d, J = 22.2 Hz, 1C), 110.50, 81.97 (d, J = 

164.4 Hz, 1C), 62.07, 48.69, 35.73, 35.28 (d, J = 5.2 Hz, 1C), 30.59 (d, J = 19.4 Hz, 1C), 22.91; 

HRMS: Calcd m/z for C20H21F2N5NaO [M+Na]+ : 408.1606, Found: 408.1608. 

 

N-((3-Fluorocyclobutyl)methyl)-6-(2-(3-fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-
b]pyridazine-3-carboxamide (4.15). The general procedure A was used with (3-
fluorocyclobutyl)methanamine hydrochloride. The title compound was obtained as a white solid 

(37 mg, 90 %). Rf  0.25 (1:1:98 Et3N/MeOH/ CH2Cl2).  

1H NMR (498 MHz, CDCl3) δ 8.47 (br s, 1H), 8.18 (s, 1H), 7.72 (br d, J = 9.7 Hz, 1H), 7.33 (dt, J 

= 5.9, 8.0 Hz, 1H), 7.06 - 6.96 (m, 2H), 6.90 (td, J = 1.9, 9.7 Hz, 1H), 6.60 (br d, J = 8.6 Hz, 1H), 

5.25 - 5.08 (m, 1H), 5.05 (br d, J = 7.3 Hz, 1H), 3.92 - 3.82 (m, 1H), 3.73 - 3.61 (m, J = 8.1 Hz, 

1H), 3.53 - 3.42 (m, 1H), 3.34 (br s, 1H), 2.44 - 2.44 (m, 1H), 2.59 - 2.42 (m, 2H), 2.41 - 2.28 (m, 

2H), 2.20 - 2.20 (m, 1H), 2.28 - 2.04 (m, 4H); 13C NMR (125 MHz, CDCl3) δ 163.19 (d, J = 247.5 

Hz, 1C), 159.47, 152.00, 145.08 (d, J = 6.2 Hz, 1C), 137.78, 137.22, 130.65 (br d, J = 8.3 Hz, 

1C), 127.02, 122.38, 120.92 (d, J = 2.6 Hz, 1C), 114.48 (br d, J = 21.2 Hz, 1C), 112.42 (d, J = 

21.9 Hz, 1C), 110.53, 87.30 (br d, J = 206.5 Hz, 1C), 62.10, 48.62, 43.31, 35.79, 33.88 (d, J = 

4.4 Hz, 1C), 33.71 (d, J = 4.6 Hz, 1C), 27.62 (br d, J = 11.9 Hz, 1C), 22.81; HRMS: Calcd m/z 

for C22H23F2N5NaO [M+Na]+ : 434.1763, Found: 434.1767. 
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N-(3-Fluorocyclobutyl)-6-(2-(3-fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-
carboxamide (4.16). The general procedure A was used with 3-fluorocyclobutanamine 
hydrochloride (cis-trans). The title compound was obtained as a white solid (35 mg, 88 %). 

Rf  0.25 (1/1/98; Et3N/MeOH/ CH2Cl2). The NMR characterization was achieved on the 

inseparable diastereoisomeric mixture. Whenever distinguishable, chemical shifts given are for 

one isomer with those of the second one listed in square brackets.   

1H NMR (498 MHz, CDCl3) δ 8.77 (d, J = 34.6 Hz, 1H), 8.18 (s, 1H), 7.69 (br d, J = 9.9 Hz, 1H), 

7.41 - 7.29 (m, 1H), 7.08 - 6.94 (m, 2H), 6.93 - 6.85 (m, 1H), 6.55 (br d, J = 8.6 Hz, 1H), 5.19 (d, 

J = 56.8 Hz, 0.5H), 5.09 (br t, J = 7.0 Hz, 1H), [4.86 (q, J  =6.6, 55.7 Hz, 0.5H)], 4.74 - 4.62 (m, 

0.5H), [4.21 (br sxt, J = 7.8 Hz, 0.5H)], 3.95 - 3.84 (m, 1H), 3.76 - 3.65 (m, 1H), 3.01 - 2.90 (m, 

1H), 2.76 - 2.60 (m, 1H), 2.59 - 2.50 (m, 1H), 2.42 - 1.94 (m, 5H); 13C NMR (125 MHz, CDCl3) δ 

163.19 (d, J = 247.8 Hz, 1C), 158.89, [158.57], 152.09, [152.06], 144.73, 137.84, 137.31, 

130.81 (d, J = 8.3 Hz, 1C), [130.67 (br d, J = 8.0 Hz, 1C)], 127.03, [127.00], 122.31, [122.14], 

121.23 (br d, J = 2.6 Hz, 1C), [121.10 (br d, J = 2.6 Hz, 1C)], 114.54 (br d, J = 21.2 Hz, 1C), 

112.62 (d, J = 4.9 Hz, 1C), [112.47 (br d, J = 4.9 Hz, 1C)], 110.71, [110.62], 86.84 (br d, J = 

200.3 Hz, 1C), [81.67 (br d, J = 210.6 Hz, 1C)], 61.84, 48.53, [48.46], 40.57 (d, J = 8.3 Hz, 1C), 

39.97 (d, J = 20.1 Hz, 1C), [39.83 (d, J = 21.2 Hz, 1C)], 38.55 (d, J = 3.4 Hz, 1C), [38.37 (br d, J 

= 3.6 Hz, 1C)], 35.84, [35.80], [34.35 (br d, J = 23.0 Hz, 1C)], 22.74, [22.70]; HRMS: Calcd for 

C21H21F2N5NaO [M+Na]+ : 420.1606, Found: 420.1610. 

 

(3-Fluoroazetidin-1-yl)(6-(2-(3-fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazin-3-
yl)methanone (4.17). The general procedure A was used with 3-fluoroazetidine hydrochloride. 
The title compound was obtained as a white solid (36 mg, 95 %). Rf  0.27 (1:1:98 Et3N/MeOH/ 

CH2Cl2).  
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1H NMR (498 MHz, CDCl3) δ 7.81 (s, 1H), 7.60 (d, J = 9.9 Hz, 1H), 7.27 (br s, 1H), 7.01 (br d, J 

= 7.7 Hz, 1H), 6.92 (br d, J = 9.0 Hz, 2H), 6.51 (br d, J = 9.9 Hz, 1H), 5.23 (br d, J = 59.7 Hz, 

1H), 5.02 (d, J = 7.0 Hz, 1H), 4.50 - 4.17 (m, 4H), 4.00 - 3.89 (m, 1H), 3.78 - 3.69 (m, 1H), 2.53 - 

2.38 (m, 1H), 2.11 - 1.94 (m, 3H); 13C NMR (125 MHz, CDCl3) δ 163.12 (d, J = 247.0 Hz, 1C), 

161.37, 152.73, 138.07, 135.43, 130.44, 130.38, 125.96, 121.56, 121.22 (d, J = 2.6 Hz, 1C), 

114.19 (d, J = 21.2 Hz, 1C), 112.68 (br d, J = 22.2 Hz, 1C), 111.30, 82.43 (br d, J = 204.7 Hz, 

1C), 61.92, 48.71, 38.58, 36.43, 35.78, 22.84; HRMS: Calcd m/z for C20H20F2N5O [M+H]+ : 

384.1630, Found: 384.1632. 

 

N-(4,4-Difluorocyclohexyl)-6-(2-(3-fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-
carboxamide (4.18). The general procedure A was used with 4,4-difluorocyclohexanamine 
hydrochloride. The title compound was obtained as a white solid (30 mg, 68 %). Rf  0.22 (1:1:98 

Et3N/MeOH/ CH2Cl2).  

 
1H NMR (498 MHz, CDCl3) δ 8.55 (br s, 1H), 8.19 (s, 1H), 7.70 (br d, J = 9.9 Hz, 1H), 7.34 (dt, J 

= 5.9, 7.9 Hz, 1H), 7.01 (d, J = 7.7 Hz, 1H), 6.97 (dt, J = 2.0, 8.2 Hz, 1H), 6.87 (br d, J = 9.5 Hz, 

1H), 6.55 (br d, J = 8.6 Hz, 1H), 5.06 (br d, J = 7.7 Hz, 1H), 4.18 - 4.07 (m, 1H), 3.90 - 3.81 (m, 

1H), 3.67 (dt, J = 7.1, 9.6 Hz, 1H), 2.52 (s, 1H), 2.23 - 1.81 (m, 9H), 1.68 - 1.51 (m, 2H), 1.45 - 

1.29 (m, 1H); 13C NMR (125 MHz, CDCl3) δ 163.19 (d, J = 247.5 Hz, 1C), 158.69, 152.10, 

144.69, 137.86, 137.28, 130.73 (br d, J = 8.3 Hz, 1C), 127.03, 122.34, 121.23 (d, J = 2.8 Hz, 

1C), 114.49 (br d, J = 21.2 Hz, 1C), 112.53 (br d, J = 22.2 Hz, 1C), 110.63, 61.82, 48.51, 45.54, 

38.59, 35.80, 32.43 (br t, J = 24.8 Hz, 1C), 32.36 (br t, J = 24.6 Hz, 1C), 28.92 (br dd, J = 9.3, 

30.7 Hz, 1C), 22.69; HRMS: Calcd m/z for C23H25F3N5O [M+H]+ : 444.2006, Found: 444.2009. 
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N-(2-(2-Fluoroethoxy)ethyl)-6-(2-(3-fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-
3-carboxamide (4.19). The general procedure A was used with 2-(2-fluoroethoxy)ethanamine 
hydrochloride. The title compound was obtained as a white solid (41 mg, 98 %). Rf  0.23 (1:1:98 

Et3N/MeOH/ CH2Cl2).  

1H NMR (498 MHz, CDCl3) δ 8.88 (br s, 1H), 8.16 (s, 1H), 7.68 (br d, J = 9.9 Hz, 1H), 7.28 - 

7.28 (m, 1H), 7.29 (dt, J = 5.9, 8.1 Hz, 1H), 7.03 (d, J = 7.7 Hz, 1H), 6.99 - 6.89 (m, 2H), 6.56 

(br d, J = 8.4 Hz, 1H), 5.07 (br d, J = 7.3 Hz, 1H), 4.74 - 4.72 (m, 1H), 4.66 - 4.51 (m, 2H), 3.95 - 

3.89 (m, 1H), 3.88 - 3.81 (m, 1H), 3.80 - 3.71 (m, 2H), 3.71 - 3.57 (m, 3H), 3.46 (br s, 1H), 2.56 - 

2.45 (m, 1H), 2.15 - 1.96 (m, 3H); 13C NMR (125 MHz, CDCl3) δ 163.12 (d, J = 247.0 Hz, 1C), 

159.31, 151.78, 145.54 (d, J = 6.5 Hz, 1C), 137.74, 137.11, 130.48 (br d, J = 8.0 Hz, 1C), 

126.81, 122.39, 121.09 (d, J = 3.1 Hz, 1C), 114.30 (br d, J = 21.2 Hz, 1C), 112.56 (br d, J = 

22.2 Hz, 1C), 110.60, 82.89 (d, J = 169.8 Hz, 1C), 70.70, 70.26 (d, J = 19.6 Hz, 1C), 61.90, 

48.62, 38.46, 35.71, 22.83; HRMS: Calcd m/z for C21H23F2N5NaO2 [M+Na]+ : 438.1712, Found: 

438.1714. 

 

N-(4-Fluorobenzyl)-6-(2-(3-fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-
carboxamide (4.20). The general procedure A was used with (4-fluorophenyl)methanamine. 
The title compound was obtained as a white solid (41 mg, 95 %). Rf  0.20 (1:1:98 Et3N/MeOH/ 

CH2Cl2).  

1H NMR (400 MHz, CDCl3) δ 8.74 (br s, 1H), 8.17 (s, 1H), 7.68 (br d, J = 9.8 Hz, 1H), 7.34 - 

7.24 (m, 2H), 7.20 (dt, J = 5.9, 7.8 Hz, 1H), 7.06 - 6.97 (m, 2H), 6.87 (dd, J = 2.3, 8.4 Hz, 1H), 

6.83 (d, J = 7.9 Hz, 1H), 6.73 (br d, J = 9.7 Hz, 1H), 6.55 (d, J = 8.5 Hz, 1H), 4.94 - 4.86 (m, 

1H), 4.62 (dd, J = 6.2, 14.8 Hz, 1H), 4.33 (br dd, J = 5.9, 19.8 Hz, 1H), 3.58 (br s, 1H), 3.46 - 

3.30 (m, 1H), 2.48 - 2.35 (m, 1H), 2.05 - 1.89 (m, 3H); 13C NMR (101 MHz, CDCl3) δ 163.31 - 

163.28 (m, 1C), 163.31 - 163.28 (m, 1C), 163.80 (d, J = 97.0 Hz, 1C), 161.35 (d, J = 95.0 Hz, 

1C), 159.17, 151.78, 145.01 (d, J = 6.2 Hz, 1C), 137.22, 134.43 (d, J = 3.3 Hz, 1C), 130.55 (br 

d, J = 8.3 Hz, 1C), 129.31 (br d, J = 8.3 Hz, 1C), 126.97, 122.17, 120.78 (br d, J = 2.5 Hz, 1C), 

115.37 (br d, J = 21.6 Hz, 1C), 114.36 (d, J = 21.1 Hz, 1C), 112.24 (br d, J = 22.0 Hz, 1C), 
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110.59, 61.96, 48.48, 42.21, 35.67, 22.67; HRMS: Calcd m/z for C24H21F2N5NaO [M+Na]+ : 

456.1606, Found: 456.1615. 

 

N-(3-Fluorobenzyl)-6-(2-(3-fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-
carboxamide (4.21). The general procedure A was used with (3-fluorophenyl)methanamine. 
The title compound was obtained as a white solid (41 mg, 95 %). Rf  0.20 (1:1:98 Et3N/MeOH/ 

CH2Cl2).  

1H NMR (498 MHz, CDCl3) δ 8.77 (br s, 1H), 8.22 (s, 1H), 7.73 (br d, J = 9.7 Hz, 1H), 7.32 (dt, J 

= 6.1, 7.8 Hz, 1H), 7.22 (br q, J = 7.7 Hz, 1H), 7.12 (br d, J = 7.5 Hz, 1H), 7.03 (br d, J = 9.5 Hz, 

1H), 6.99 (dt, J = 2.2, 8.4 Hz, 1H), 6.93 - 6.81 (m, 2H), 6.75 (br d, J = 9.5 Hz, 1H), 6.60 (br d, J 

= 6.6 Hz, 1H), 4.99 - 4.92 (m, 1H), 4.69 (dd, J = 6.2, 15.2 Hz, 1H), 4.42 (br s, 1H), 3.66 (br s, 

1H), 3.54 - 3.40 (m, 1H), 2.45 (br qd, J = 8.5, 11.8 Hz, 1H), 2.02 (dt, J = 4.8, 7.9 Hz, 3H); 13C 

NMR (125 MHz, CDCl3) δ 163.09 (br d, J = 247.2 Hz, 1C), 163.03 (d, J = 246.2 Hz, 1C), 159.26, 

151.83, 145.02 (d, J = 6.2 Hz, 1C), 141.34 (d, J = 6.7 Hz, 1C), 137.82, 137.41, 130.57 (br d, J = 

8.3 Hz, 1C), 130.13 (d, J = 8.3 Hz, 1C), 127.06, 122.18, 120.77, 114.30 (d, J = 21.2 Hz, 1C), 

114.13 (br d, J = 20.9 Hz, 1C), 112.32, 112.14, 110.56, 62.04, 48.61, 42.36, 35.67, 22.75; 

HRMS: Calcd m/z for C24H22F2N5O [M+H]+ : 434.1787, Found: 434.1794. 

 

N-(2,4-Difluoro-3-methoxybenzyl)-6-(2-(3-fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-
b]pyridazine-3-carboxamide (4.22). The general procedure A was used with (2,4-difluoro-3-
methoxyphenyl)methanamine. The title compound was obtained as a white solid (22 mg, 46 %). 

Rf  0.20 (1:1:98 Et3N/MeOH/ CH2Cl2).   

 
1H NMR (498 MHz, CDCl3) δ 8.85 (br s, 1H), 8.22 (s, 1H), 7.75 (br d, J=9.6 Hz, 1H), 7.33 - 7.25 

(m, 1H), 7.06 - 7.00 (m, 1H), 6.96 - 6.84 (m, 4H), 6.61 (br d, J=9.2 Hz, 1H), 5.02 (dd, J=1.2, 8.7 
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Hz, 1H), 4.69 - 4.62 (m, 1H), 4.54 - 4.43 (m, 1H), 4.06 - 4.03 (m, 3H), 3.84 - 3.76 (m, 1H), 3.64 - 

3.56 (m, 1H), 2.56 - 2.47 (m, 1H), 2.13 - 2.02 (m, 3H); 13C NMR (125 MHz, CDCl3) δ = 163.17 

(d, J=247.4 Hz, 1C), 159.37, 155.15 (br d, J = 252.1 Hz, 1C), 151.86, 148.25 (d, J = 181.2 Hz, 

1C), 145.13, 145.08, 137.84, 137.51, 130.61 (br d, J=8.2 Hz, 1C), 127.15, 122.80 (d, J = 10.1 

Hz, 1C), 122.20, 120.86 (br d, J = 2.3 Hz, 1C), 114.45 (d, J = 21.1 Hz, 1C), 112.30 (d, J = 21.9 

Hz, 1C), 111.82 (br d, J = 19.3 Hz, 1C), 111.79 (br d, J = 19.3 Hz, 1C), 110.57, 62.10, 62.02 - 

61.92 (m, 1C), 48.57, 36.60, 35.82, 22.84; HRMS: Calcd m/z for C25H23F3N5NaO2 [M+Na]+ : 

504.1618, Found: 504.1623. 

 

N-(4-Fluorophenyl)-6-(2-(3-fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-
carboxamide (4.23). The general procedure A was used with 4-fluoroaniline. The title 
compound was obtained as a white solid (18 mg, 43 %). Rf  0.20 (1:1:98 Et3N/MeOH/ CH2Cl2).  

 
1H NMR (498 MHz, CDCl3) δ 10.50 (br s, 1H), 8.31 (br s, 1H), 7.73 (d, J = 9.9 Hz, 1H), 7.49 (br 

s, 2H), 7.33 - 7.28 (m, 1H), 7.05 (t, J = 8.7 Hz, 2H), 7.02 - 6.96 (m, 2H), 6.92 (td, J = 2.0, 9.5 Hz, 

1H), 6.58 (br d, J = 8.1 Hz, 1H), 5.12 (br d, J = 8.1 Hz, 1H), 4.02 - 3.96 (m, 1H), 3.83 - 3.76 (m, 

1H), 2.62 - 2.53 (m, 1H), 2.25 - 2.10 (m, 3H); 13C NMR (125 MHz, CDCl3) δ 163.24 (d, J = 247.8 

Hz, 1C), 159.37 (d, J = 243.4 Hz, 1C), 157.15, 152.12, 144.68, 130.70 (br d, J = 8.3 Hz, 1C), 

127.17, 122.14, 122.10 (br s, 1C), 121.13, 121.11, 115.65 (br d, J = 22.7 Hz, 1C), 114.64 (d, 

J=21.4 Hz, 1C), 112.59 (d, J = 22.2 Hz, 1C), 110.91, 62.08, 48.66, 35.86, 22.79; HRMS: Calcd 

m/z for C23H20F2N5O [M+H]+ : 420.1630, Found: 420.1635. 

 

N-(3-Fluorophenyl)-6-(2-(3-fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-
carboxamide (4.24). The general procedure A was used with 3-fluoroaniline. The title 
compound was obtained as a white solid (21 mg, 50 %). Rf  0.20 (1:1:98 Et3N/MeOH/ CH2Cl2).  
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1H NMR (498 MHz, CDCl3) δ 10.64 (br s, 1H), 8.29 (s, 1H), 7.69 (br d, J = 9.7 Hz, 1H), 7.57 (br 

d, J = 6.8 Hz, 1H), 7.33 (br dt, J = 6.0, 7.9 Hz, 1H), 7.26 (dt, J = 6.6, 8.1 Hz, 1H), 7.18 - 7.06 (m, 

1H), 7.03 (d, J = 7.9 Hz, 1H), 7.01 - 6.99 (m, 1H), 6.99 (dt, J = 2.0, 8.4 Hz, 1H), 6.93 (br td, J = 

2.1, 9.6 Hz, 1H), 6.81 (ddt, J = 0.7, 2.6, 8.3 Hz, 1H), 6.55 (br d, J = 9.3 Hz, 1H), 5.12 (br d, J = 

7.9 Hz, 1H), 4.03 - 3.95 (m, 1H), 3.85 - 3.75 (m, 1H), 2.66 - 2.55 (m, 1H), 2.16 (br s, 3H); 13C 

NMR (125 MHz, CDCl3) δ 163.25 (d, J = 247.8 Hz, 1C), 163.00 (d, J = 244.7 Hz, 1C), 157.16, 

152.14, 144.67 (br d, J = 7.7 Hz, 1C), 139.50 (br d, J = 11.1 Hz, 1C), 138.17, 130.76 (br d, J = 

8.3 Hz, 1C), 130.01 (br d, J = 9.3 Hz, 1C), 127.10, 122.22, 121.15 (d, J = 2.8 Hz, 1C), 115.41, 

114.69 (br d, J = 21.2 Hz, 1C), 112.60 (br d, J = 22.2 Hz, 1C), 111.13, 110.82 (br d, J = 21.4 Hz, 

1C), 107.74 (br d, J=26.6 Hz, 1C), 62.12, 48.66, 35.88, 22.75; HRMS: Calcd m/z for 

C23H20F2N5O [M+H]+ : 420.1630, Found: 420.1638. 

 

 

N-(2-Fluorophenyl)-6-(2-(3-fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-
carboxamide (4.25). The general procedure A was used with 2-fluoroaniline. The title 
compound was obtained as a white solid (41 mg, quantitative). Rf  0.19 (1:1:98 Et3N/MeOH/ 

CH2Cl2).  

 
1H NMR (498 MHz, CDCl3) δ  10.73 (br s, 1H), 8.58 (t, J = 7.9 Hz, 1H), 8.35 (s, 1H), 8.79 - 8.09 

(m, 1H), 7.69 (d, J = 9.9 Hz, 1H), 7.31 - 7.25 (m, 1H), 7.24 - 7.19 (m, 1H), 7.19 - 7.09 (m, 3H), 

7.04 - 6.99 (m, 1H), 6.96 (dt, J = 2.3, 8.4 Hz, 1H), 6.91 (td, J = 1.8, 9.5 Hz, 1H), 6.51 (d, J = 9.9 

Hz, 1H), 5.07 (dd, J = 1.7, 8.0 Hz, 1H), 4.09 - 4.01 (m, 1H), 3.89 - 3.81 (m, 1H), 2.62 - 2.52 (m, 

1H), 2.19 - 2.04 (m, 3H); 13C NMR (125 MHz, CDCl3) δ 163.22 (d, J = 247.8 Hz, 1C), 157.32, 

152.31, 152.87 (d, J = 242.8 Hz, 1C), 145.19 (d, J = 5.9 Hz, 1C), 138.41, 138.19, 130.65 (br d, J 

= 8.5 Hz, 1C), 126.89, 126.66, 124.67 (d, J = 3.1 Hz, 1C), 124.24 (br d, J = 8.0 Hz, 1C), 122.88, 

122.51, 121.08 (d, J = 3.1 Hz, 1C), 114.74 (d, J = 19.1 Hz, 1C), 114.55 (d, J = 21.2 Hz, 1C), 

112.54 (br d, J = 22.2 Hz, 1C), 111.39, 62.30, 48.58 (d, J = 9.8 Hz, 1C), 36.04, 22.78; HRMS: 

Calcd m/z for C23H20F2N5O [M+H]+ : 420.1630, Found: 420.1636. 
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N-(3-Fluoro-4-methoxyphenyl)-6-(2-(3-fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-
b]pyridazine-3-carboxamide (4.26). The general procedure A was used with 3-fluoro-4-
methoxyaniline. The title compound was obtained as a white solid (45 mg, quantitative). Rf  0.20 

(1:1:98 Et3N/MeOH/ CH2Cl2).  

1H NMR (498 MHz, CDCl3) δ 10.45 (br s, 1H), 8.27 (s, 1H), 7.69 (br d, J = 9.9 Hz, 1H), 7.48 (br 

s, 1H), 7.31 (dt, J = 6.0, 7.9 Hz, 1H), 7.10 (br d, J = 4.4 Hz, 1H), 7.01 (td, J = 0.7, 7.7 Hz, 1H), 

6.98 (dt, J = 2.6, 8.5 Hz, 2H), 6.95 - 6.84 (m, 2H), 6.55 (br d, J = 8.2 Hz, 1H), 5.11 (br d, J = 7.9 

Hz, 1H), 3.97 (br s, 1H), 3.89 (s, 3H), 3.78 (br d, J = 19.4 Hz, 1H), 2.65 - 2.54 (m, 1H), 2.24 - 

2.11 (m, 3H); 13C NMR (125 MHz, CDCl3) δ 165.22, 163.23 (d, J = 247.8 Hz, 1C), 157.01, 

152.08, 151.09, 149.10 - 149.10 (m, 1C), 150.10 (br d, J = 247.8 Hz, 1C), 144.47 (br d, J = 63.7 

Hz, 1C), 131.41 (br d, J = 7.5 Hz, 1C), 131.37 - 131.29 (m, 1C), 131.37 - 131.29 (m, 1C), 

130.73 (br d, J = 8.5 Hz, 1C), 127.04, 122.29, 121.13 (br d, J=2.6 Hz, 1C), 114.64 (br d, J=21.4 

Hz, 1C), 113.73, 112.58 (br d, J = 21.9 Hz, 1C), 110.97, 62.09, 56.60, 48.64, 35.87, 22.77; 

HRMS: Calcd m/z for C24H22F2N5O2 [M+H]+ : 450.1736, Found: 450.1746. 

 

N-(4-(2-Fluoroethyl)phenyl)-6-(2-(3-fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-
3-carboxamide (4.27). The general procedure A was used with 4-(2-fluoroethyl)aniline. The title 
compound was obtained as a white solid (28 mg, 62 %). Rf  0.22 (1:1:98 Et3N/MeOH/ CH2Cl2).  

1H NMR (498 MHz, CDCl3) δ 10.54 (br s, 1H), 8.28 (s, 1H), 7.65 (d, J = 9.9 Hz, 1H), 7.57 - 7.42 

(m, 2H), 7.33 - 7.28 (m, 1H), 7.22 (d, J = 8.2 Hz, 2H), 7.02 - 6.95 (m, 2H), 6.91 (td, J = 1.9, 9.6 

Hz, 1H), 6.51 (br d, J = 9.2 Hz, 1H), 5.09 (br d, J = 8.1 Hz, 1H), 4.65 (td, J = 6.4, 47.1 Hz, 2H), 

4.01 - 3.94 (m, 1H), 3.80 - 3.71 (m, 1H), 3.01 (td, J = 6.4, 23.4 Hz, 2H), 2.60 (s, 1H), 2.22 - 2.09 

(m, 3H); 13C NMR (125 MHz, CDCl3) δ 163.22 (d, J = 247.5 Hz, 1C), 157.08, 152.05, 144.85, 
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144.80, 137.89, 136.57, 133.03, 132.98, 130.67 (br d, J = 8.3 Hz, 1C), 129.54, 126.96, 121.15 

(br d, J = 2.6 Hz, 1C), 120.53, 114.60 (br d, J = 21.2 Hz, 1C), 112.60 (br d, J = 21.9 Hz, 1C), 

110.96, 84.10 (d, J = 168.8 Hz, 1C), 62.08, 48.63, 36.39 (d, J = 20.4 Hz, 1C), 35.87, 22.73; 

HRMS: Calcd m/z for C25H24F2N5O [M+H]+ : 448.1943, Found: 448.1948. 

 

6-(2-(3-Fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-carboxamide (4.11). Ethyl 
6-(2-(3-fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-carboxylate (89 mg, 0.25 mmol) 

was dissolved in an ammonia solution (7.0 M in methanol, 5 mL). The reaction mixture was 

stirred at room temperature for 15 h then concentrated and dried in vacuo to afford the title 

compound (78 mg, 96 %) as a white solid. Rf  0.10 (1:99 MeOH/ CH2Cl2). 

 
1H NMR (498 MHz, DMSO-d6) δ 8.04 - 7.87 (m, 2H), 7.87 - 7.72 (m, 1H), 7.71 - 7.58 (m, 1H), 

7.39 - 7.29 (m, 1H), 7.14 - 6.96 (m, 3H), 6.84 (br s, 1H), 5.17 - 5.05 (m, 1H), 3.93 (br s, 1H), 

3.61 (br d, J = 9.6 Hz, 1H), 2.47 - 2.40 (m, 1H), 2.04 - 1.90 (m, 2H), 1.81 (br s, 1H); 13C NMR 

(126 MHz, DMSO-d6) δ 162.41 (d, J = 244.1 Hz, 1C), 159.44, 151.75, 146.33 (d, J = 6.4 Hz, 

1C), 137.43, 135.99, 130.64 (br d, J = 8.2 Hz, 1C), 126.65, 122.07, 121.58 (br d, J = 2.1 Hz, 

1C), 113.74 (br d, J = 20.9 Hz, 1C), 112.18 (br d, J = 21.4 Hz, 1C), 111.84, 61.23, 48.28, 35.24, 

22.50; HRMS: Calcd m/z for C17H16FN5O [M+H]+ : 326.1412, Found: 326.1418. 

 
 

6-(2-(3-Fluorophenyl)pyrrolidin-1-yl)-N-methylimidazo[1,2-b]pyridazine-3-carboxamide 
(4.12). Ethyl 6-(2-(3-fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-carboxylate (89 mg, 
0.25 mmol) was dissolved in a methylamine solution (33 wt. % in absolute ethanol, 5 mL). The 

reaction mixture was stirred at room temperature for 15 h then concentrated and dried in vacuo 

to afford the title compound (85 mg, quantitative) as a tan solid. Rf  0.10 (1:99 MeOH/ CH2Cl2). 
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1H NMR (498 MHz, DMSO-d6) δ 8.18 - 7.98 (m, 1H), 7.95 (br d, J = 9.9 Hz, 1H), 7.87 (s, 1H), 

7.37 (dt, J = 6.1, 8.0 Hz, 1H), 7.17 - 7.09 (m, 2H), 7.07 - 7.01 (m, 1H), 7.01 - 6.86 (m, 1H), 5.16 

(dd, J = 2.7, 8.3 Hz, 1H), 4.00 - 3.93 (m, 1H), 3.68 - 3.60 (m, 1H), 2.82 - 2.61 (m, 3H), 2.47 - 

2.39 (m, 1H), 2.06 - 1.94 (m, 2H), 1.89 - 1.79 (m, 1H); 13C NMR (125 MHz, DMSO-d6) δ 162.88 

(br d, J = 243.9 Hz, 1C), 159.05, 152.10, 146.94 (br d, J = 6.2 Hz, 1C), 137.70, 135.99, 131.12 

(d, J=8.0 Hz, 1C), 127.17, 122.18, 121.86, 114.11 (br d, J = 20.6 Hz, 1C), 112.72 (br d, J = 20.1 

Hz, 1C), 112.36, 61.68, 48.88, 35.66, 25.63, 23.09; HRMS: Calcd m/z for C18H18FN5NaO 

[M+Na]+ : 362.1388, Found: 362.1391. 

 

tert-Butyl (2-(2-fluoroethoxy)ethyl)carbamate (4.29). To a solution of N-Boc-ethanolamine 
(0.75 g, 4.71 mmol, 1.03) and 2-fluoroethyl tosylate (1.00 g, 4.58 mmol) in DMF (10 mL) was 

added NaH (60% disp. in oil, 0.19 g, 4.75 mmol) in portions.  After 12 hours, the reaction 

mixture was diluted with EtOAc and water was slowly added.  The aqueous layer was extracted 

with EtOAc and the combined organic phases were washed with brine, dried over Na2SO4, and 

concentrated in vacuo to yield a crude yellow oil.  Purification by flash chromatography (gradient 

9/1; hexane/EtOAc – 6/4; hexane/EtOAc) yielded 0.47 g of the title compound as clear oil 

(50%).  Rf  0.27 (6:4 hexanes/EtOAc).  

1H NMR (498 MHz, CDCl3) δ 4.94 (br s, 1H), 4.62 - 4.47 (m, 2H), 3.75 - 3.65 (m, 2H), 3.57 (t, J 

= 5.2 Hz, 2H), 3.33 (br q, J = 5.1 Hz, 2H), 1.44 (s, 9H); 13C NMR (125 MHz, CDCl3) δ 155.95, 

82.95 (d, J = 169.0 Hz, 1C), 79.21, 70.43, 70.08 (d, J = 19.6 Hz, 1C), 28.38; HRMS: Calcd m/z 

for C9H18FNNaO3 [M+Na]+ : 230.1163, Found: 230.1164. 

 

2-(2-Fluoroethoxy)ethanamine hydrochloride (4.30). To a solution of tert-butyl (2-(2-
fluoroethoxy)ethyl)carbamate (0.42 g, 2.03 mmol) in dichloromethane (2 mL) was added TFA (2 

mL).  After 1 hour, the reaction mixture was concentrated under reduced pressure to a crude 

brown oil.  The crude product precipitated as the amine hydrochloride salt upon addition of a 1 

M solution of HCl in diethyl ether (4 mL), filtered and obtained as a white powder (0.28 g, 98% 

yield).  

1H NMR (498 MHz, CDCl3) δ 8.40 - 8.13 (m, 3H), 4.72 - 4.56 (m, 2H), 3.87 (t, J = 4.8 Hz, 2H), 

3.81 (td, J = 3.8, 30.0 Hz, 2H), 3.34 - 3.24 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 83.14 (d, J = 
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168.0 Hz, 1C), 70.29 (d, J = 19.4 Hz, 1C), 66.77, 39.59; HRMS: Calcd m/z for C4H11FNO [M*]+ : 

108.0819, Found: 108.0822. 

 

tert-Butyl (4-(2-hydroxyethyl)phenyl)carbamate (4.32). To a solution of 2-(4-

aminophenyl)ethanol (1.0 g, 7.3 mmol) in THF (20 mL) at 0°C was added Et3N (1.01 mL, 7.3 

mmol) followed by Boc2O in 3 portions (1.59 g, 7.3 mmol). The reaction mixture was left to warm 

to room temperature and stirred overnight. The mixture was diluted with EtOAc and washed with 

water. The aqueous phase was further extracted with EtOAc and the combined organic phases 

were washed with brine, dried over Na2SO4, filtered and concentrated in vacuo. The crude 

product was purified by flash chromatography (20% EtOAc/CH2Cl2) to afford 1.47 g of the title 

compound as a white solid (85%). Rf  0.35 (1:4 EtOAc/CH2Cl2).  

1H NMR (400 MHz, CDCl3) δ 7.30 (d, J = 8.4 Hz, 2H), 7.15 (d, J = 7.4 Hz, 2H), 6.47 (br s, 1H), 

3.82 (t, J = 6.6 Hz, 2H), 2.81 (t, J = 6.6 Hz, 2H), 1.51 (s, 9H), 1.49 (s, 1H); 13C NMR (101 MHz, 

CDCl3) δ 152.83, 136.78, 133.07, 129.50, 118.93, 80.47, 63.70, 38.49, 28.34; HRMS: Calcd m/z 

for C13H23N2O3 [M+NH4]+ : 255.1703, Found: 255.1700. 

 

tert-Butyl (4-(2-fluoroethyl)phenyl)carbamate (4.33). To a solution of tert-butyl (4-(2-
hydroxyethyl)phenyl)carbamate (949 mg, 4 mmol) in CH2Cl2 (25 mL,  plastic vessel) at -78°C 

under nitrogen was added DAST (1.06 mL, 8 mmol) dropwise. After 30 min, the reaction mixture 

was left to warm to 0°C and stirred at this temperature for 6 h. Unreacted DAST was carefully 

quenched by water under vigorous stirring followed by addition of saturated K2CO3 aqueous 

solution. The phases were separated and the aqueous layer extracted three times with CH2Cl2. 

The combined organic layers were washed with brine, dried over Na2SO4, filtered and 

concentrated in vacuo. The crude product was purified by flash chromatography (10% 

EtOAc/CH2Cl2) to afford 824 mg of the title compound as a pale yellow crystalline solid (86%). 

Rf  0.90 (1:9 EtOAc/CH2Cl2).    

1H NMR (498 MHz, CDCl3) δ 7.32 (br d, J = 8.2 Hz, 2H), 7.17 (d, J = 7.9 Hz, 2H), 6.46 (br s, 

1H), 4.60 (td, J = 6.6, 47.1 Hz, 2H), 2.98 (td, J = 6.6, 22.9 Hz, 2H), 1.54 (s, 9H); 13C NMR (125 

MHz, CDCl3) δ 152.77, 136.98, 131.67 (br d, J = 6.7 Hz, 1C), 129.48, 129.35, 118.79, 84.15 (br 
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d, J = 169.0 Hz, 1C), 80.49, 38.54, 36.25 (br d, J = 20.4 Hz, 1C), 28.35; HRMS: Calcd m/z for 

C13H18FNNa2O2 [M+Na]+ : 262.1214, Found: 262.1213. 

 

4-(2-Fluoroethyl)aniline (4.34). To an ice cold solution of tert-Butyl (4-(2-

fluoroethyl)phenyl)carbamate (600 mg, 2.5 mmol) in CH2Cl2 (10 mL) was added TFA (1.15 mL, 

15 mmol). The reaction mixture was left to warm to room temperature and stirred for 5 h. The 

volatiles were removed in vacuo and the residue was dissolved in EtOAc and washed with 

aqueous saturated NaHCO3. The organic layer was washed with brine, dried over Na2SO4, 

filtered and concentrated under reduced pressure. The crude product was purified by flash 

chromatography (30% EtOAc/hexanes) to afford 325 mg of the title compound as a pale yellow 

oil (93%). Rf  0.31 (3:7 EtOAc/hexanes).  

1H NMR (400 MHz, CDCl3) δ 7.05 - 7.00 (m, 2H), 6.67 - 6.63 (m, 2H), 4.57 (td, J = 6.8, 47.2 Hz, 

2H), 3.75 - 3.28 (m, 2H), 2.91 (td, J = 6.8, 22.2 Hz, 2H); 13C NMR (101 MHz, CDCl3) δ 145.03, 

129.80, 126.80 (d, J = 7.3 Hz, 1C), 115.30, 84.50 (br d, J = 169.0 Hz, 1C), 36.08 (d, J = 20.1 

Hz, 1C); HRMS: Calcd m/z for C8H11FN [M+H]+ : 140.0870, Found: 140.0871. 

 

6-(2-(3-Fluorophenyl)pyrrolidin-1-yl)-N-(3-hydroxycyclobutyl)imidazo[1,2-b]pyridazine-3-
carboxamide (4.35). To a solution of 6-(2-(3-fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-
b]pyridazine-3-carboxylic acid (90 mg, 0.28 mmol) in DMF (4 mL) was added DIPEA (0.12 mL, 

0.7 mmol) and HATU (107 mg, 0.28 mmol). The reaction mixture was stirred at room 

temperature for 5 min and 3-aminocyclobutanol hydrochloride (42 mg, 0.34 mmol) was added in 

one portion. The reaction mixture was stirred overnight and then diluted with EtOAc and poured 

into water. The aqueous phase was extracted three times with EtOAc and the combined organic 

phases were washed with brine, dried over Na2SO4, filtered and concentrated under reduced 

pressure. The crude product was purified by flash chromatography (5% MeOH/CH2Cl2) to afford 

110 mg of the title compound as a beige solid (99%). Rf  0.15 (5:95 MeOH/CH2Cl2). The NMR 

characterization was achieved on the inseparable diastereoisomeric mixture. Whenever 
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distinguishable, chemical shifts given are for one isomer with those of the second one listed in 

square brackets.  

1H NMR (500 MHz, CDCl3) δ 8.84 (br s, 1H), 8.22 (d, J = 3.7 Hz, 1H), 7.74 (br d, J = 9.9 Hz, 

1H), 7.39 - 7.32 (m, 1H), 7.09 - 6.97 (m, 2H), 6.97 - 6.91 (m, 1H), 6.63 - 6.49 (m, 1H), 5.10 (br d, 

J = 7.3 Hz, 1H), 4.71 - 4.52 (m, 1H), 4.21 - 4.12 (m, 1H), 3.98 - 3.90 (m, 1H), 3.79 - 3.72 (m, 

1H), 3.20 (dq, J = 4.2, 7.5 Hz, 1H), [2.97 - 2.91 (m, 1H)], 2.61 - 2.53 (m, 1H), 2.52 - 2.42 (m, 

1H), 2.42 - 2.28 (m, 1H), 2.28 - 2.04 (m, 3H), 2.00 - 1.91 (m, 1H), 1.85 (br d, J = 9.2 Hz, 1H); 13C 

NMR (126 MHz, CDCl3) δ 163.24 (br d, J = 247.5 Hz, 1C), [163.21 (br d, J = 247.5 Hz, 1C)], 

158.93, [158.70], 152.14, [152.07], 144.84, 137.79, 137.20 (br d, J = 7.3 Hz, 1C), 130.76 (d, J = 

8.5 Hz, 1C), [130.71 (d, J = 8.5 Hz, 1C) ], 127.05, [127.01], 122.47 (br s, 1C), [122.36 (br s, 

1C)], 121.21 (d, J = 2.8 Hz, 1C), [121.14 (d, J = 2.8 Hz, 1C) ], 114.57 (br d, J=21.3 Hz, 1C), 

[114.59 (br dd, J = 3.4, 21.2 Hz, 1C) ], 112.63 (br d, J = 22.3 Hz, 1C), [112.65 (br d, J = 21.8 Hz, 

1C)], 110.69, [110.65], 65.28, 61.92, [61.42], 55.75, 48.59, [48.47], 41.78, [41.63], 40.50, 

[40.38], 35.88, [35.75], 22.77, [22.76]; HRMS: Calcd m/z for C21H22FN5NaO2 [M+Na]+ : 

418.1650, Found: 418.1650. 

 

3-(6-(2-(3-Fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-
carboxamido)cyclobutyl 4-methylbenzenesulfonate (4.36). To an ice cold solution of 6-(2-(3-
Fluorophenyl)pyrrolidin-1-yl)-N-(3-hydroxycyclobutyl)imidazo[1,2-b]pyridazine-3-carboxamide 

(156 mg, 0.40 mmol) in CH2Cl2 (15 mL) was successively added Et3
4-toluenesulfonyl chloride (81 mg, 0.42 mmol). The reaction was left to warm to room 

temperature and allowed to stir for 2 days. The reaction mixture was then diluted with CH2Cl2 

and poured into water. The layers were separated and the aqueous phase was extracted three 

times with CH2Cl2. The combined organic extracts were washed with brine, dried over Na2SO4, 

filtered and concentrated under reduced pressure. The crude product was purified by flash 

chromatography (5% MeOH/CH2Cl2) to afford 149 mg of the title compound as a tan solid (70 

%). Rf  0.46 (5:95 MeOH/CH2Cl2). The NMR characterization was achieved on the inseparable 

diastereoisomeric mixture. Whenever distinguishable, chemical shifts given are for one isomer 

with those of the second one listed in square brackets.  
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1H NMR (498 MHz, CDCl3) δ 8.76 (br s, 1H), 8.14 (br s, 1H), 7.81 - 7.74 (m, 2H), 7.70 - 7.64 (m, 

1H), 7.39 - 7.29 (m, 3H), 7.07 - 7.00 (m, 1H), 6.99 - 6.94 (m, 1H), 6.90 - 6.84 (m, 1H), 6.54 (br s, 

1H), 5.09 - 5.04 (m, 1H), 4.56 - 4.49 (m, 1H), 4.23 - 4.15 (m, 1H), 3.87 (br d, J = 8.6 Hz, 1H), 

3.73 - 3.64 (m, 1H), [3.39 - 3.24 (m, 1H)], 2.87 - 2.79 (m, 1H), 2.74 (br s, 1H), [2.62 - 2.50 (m, 

2H)], 2.44 (d, J = 4.7 Hz, 3H), 2.39 - 2.07 (m, 5H); 13C NMR (126 MHz, CDCl3) δ 163.20 (br d, J 

= 247.5 Hz, 1C), [163.23 (br d, J = 247.5 Hz, 1C), 144.78 (br d, J = 6.0 Hz, 1C), 144.66 (br d, J 

= 6.0 Hz, 1C), 131.01 (d, J = 8.0 Hz, 1C), 130.76 (d, J = 8.0 Hz, 1C), 129.98, 129.93, 127.92, 

127.77, 121.27 (br d, J = 2.5 Hz, 1C), 121.11 (d, J = 2.5 Hz, 1C), 114.64 (br d, J = 21.3 Hz, 1C), 

114.60 (br d, J = 21.1 Hz, 1C), 112.57 (br d, J = 22.1 Hz, 1C), 112.51 (br d, J = 22.1 Hz, 1C), 

37.75, 35.89, 22.77, 21.69; HRMS: Calcd m/z for C28H29FN5O4S [M+H]+ : 550.1919, Found: 

550.1926. 

 

4-(2-((tert-butyldiphenylsilyl)oxy)ethyl)aniline (4.38). A solution of TBDPSCl (1.32 g, 4.8 
mmol) in DMF (5 mL) was added to a mixture of 2-(4-aminophenyl)ethanol (660 mg, 4.8 mmol) 

and imidazole (654 mg, 9.6 mmol) in DMF (20 mL) at room temperature. The reaction mixture 

was stirred overnight and water was added. The mixture was extracted with EtOAc and the 

combined organic phases were washed with brine, dried over Na2SO4, filtered and concentrated 

under reduced pressure. The crude product was purified by flash chromatography (30% 

EtOAc/hexane) to afford 1.44 g of the title compound as a yellow oil (80 %). Rf  0.48 (30% 

EtOAc/hexane).  

1H NMR (498 MHz, CDCl3) δ = 7.68 (d, J = 7.0 Hz, 4H), 7.49 - 7.38 (m, 6H), 6.99 (d, J = 8.3 Hz, 

2H), 6.64 (d, J = 7.8 Hz, 2H), 3.85 (t, J = 7.1 Hz, 2H), 3.57 (br s, 2H), 2.82 (t, J = 7.1 Hz, 2H), 

1.10 (s, 9H); 13C NMR (125 MHz, CDCl3) δ = 144.56, 135.64, 134.00, 130.03, 129.54, 129.09, 

127.62, 115.13, 65.62, 38.52, 26.92, 19.22; HRMS: Calcd m/z for C24H30NOSi [M+H]+ : 

376.2091, Found: 376.2091. 
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N-(4-(2-((tert-butyldiphenylsilyl)oxy)ethyl)phenyl)-6-(2-(3-fluorophenyl)pyrrolidin-1-
yl)imidazo[1,2-b]pyridazine-3-carboxamide (4.39). To a solution of 6-(2-(3-

fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-carboxylic acid (38) (90 mg, 0.28 mmol) 
in DMF (3 mL) was added DIPEA (0.12 mL, 0.7 mmol) and HATU (107 mg, 0.28 mmol). The 

reaction mixture was stirred at room temperature for 5 min and a solution of 38 (128 mg, 0.34 
mmol) in DMF (1 mL) was added in one portion. The reaction mixture was stirred overnight and 

then diluted with EtOAc and poured into water. The aqueous phase was extracted three times 

with EtOAc and the combined organic phases were washed with brine, dried over Na2SO4, 

filtered and concentrated under reduced pressure. The crude product was purified by flash 

chromatography (1% MeOH/CH2Cl2) to afford 191 mg of the title compound as a beige solid 

(99%). Rf  0.24 (1:99 MeOH/CH2Cl2).  

1H NMR (498 MHz, CDCl3) δ = 10.64 - 10.46 (m, 1H), 8.31 (s, 1H), 7.71 (br d, J = 10.0 Hz, 1H), 

7.66 - 7.57 (m, 4H), 7.25 - 7.23 (m, 1H), 7.53 - 7.13 (m, 11H), 7.04 - 6.87 (m, 3H), 6.60 - 6.49 

(m, 1H), 5.11 (br d, J = 7.6 Hz, 1H), 4.00 (br t, J = 7.0 Hz, 1H), 3.90 - 3.76 (m, 3H), 2.87 (t, J = 

6.8 Hz, 2H), 2.63 - 2.51 (m, 1H), 2.25 - 2.05 (m, 3H), 1.07 (s, 9H); 13C NMR (125 MHz, CDCl3) δ 

= 163.24 (d, J = 247.5 Hz, 1C), 157.06, 152.10, 144.84 (br s, 1C), 144.80 (br s, 1C), 136.09, 

135.58, 135.51, 135.18, 133.81, 130.73, 129.80, 129.57, 127.63, 127.09, 122.62, 121.16, 

120.29, 114.62 (br d, J = 21.2 Hz, 1C), 112.60 (br d, J = 22.2 Hz, 1C), 110.90, 65.17, 62.05, 

48.65, 38.78, 35.88, 26.87, 22.75, 19.20; HRMS: Calcd m/z for C41H42FN5NaO2Si [M+Na]+ : 

706.2984, Found: 706.2999. 

 

6-(2-(3-fluorophenyl)pyrrolidin-1-yl)-N-(4-(2-hydroxyethyl)phenyl)imidazo[1,2-
b]pyridazine-3-carboxamide (4.40). To a solution of N-(4-(2-((tert-

butyldiphenylsilyl)oxy)ethyl)phenyl)-6-(2-(3-fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-

3-carboxamide (180 mg, 0.26 mmol) in THF (8 mL) was added TBAF (1.0 M in THF, 0.39 mL, 

0.39 mmol) and the reaction mixture was stirred at room temperature for 2 h then diluted with 

water and extracted with EtOAc. The combined organic phases were washed with brine, dried 

over Na2SO4, filtered and concentrated under reduced pressure. The crude product was purified 
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by flash chromatography (10% MeOH/CH2Cl2) to afford 103 mg of the title compound as a beige 

solid (89%). Rf  0.42 (10:90 MeOH/CH2Cl2).  

1H NMR (498 MHz, CDCl3) δ = 10.56 (br s, 1H), 8.28 (s, 1H), 7.68 (br d, J = 9.7 Hz, 1H), 7.57 - 

7.39 (m, 2H), 7.32 (dt, J = 6.0, 7.8 Hz, 1H), 7.21 (d, J = 8.4 Hz, 2H), 7.03 (d, J = 7.7 Hz, 1H), 

6.99 (dt, J = 2.2, 8.4 Hz, 1H), 6.96 - 6.91 (m, 1H), 6.54 (br d, J = 9.4 Hz, 1H), 5.11 (br d, J = 7.8 

Hz, 1H), 4.05 - 3.95 (m, 1H), 3.89 (t, J = 6.5 Hz, 2H), 3.84 - 3.75 (m, 1H), 2.87 (t, J = 6.5 Hz, 

2H), 2.65 - 2.52 (m, 1H), 2.27 - 2.07 (m, 3H), 1.98 - 1.73 (m, 1H); 13C NMR (125 MHz, CDCl3) δ 

= 163.25 (d, J = 247.5 Hz, 1C), 157.09, 152.10, 144.79, 137.97, 136.31, 134.55, 130.70 (d, J = 

8.0 Hz, 1C), 129.59, 127.01, 122.49, 121.16, 121.14, 120.53, 114.63 (d, J = 20.6 Hz, 1C), 

112.65 (br d, J = 21.9 Hz, 1C), 110.96, 63.62, 62.11, 48.66, 38.72, 35.90, 22.76; HRMS: Calcd 

m/z for C25H25FN5O2 [M+H]+ : 446.1987, Found: 446.1994. 

 

4-(6-(2-(3-fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-carboxamido)phenethyl 
4-methylbenzenesulfonate (4.41). To an ice cold solution of 6-(2-(3-fluorophenyl)pyrrolidin-1-
yl)-N-(4-(2-hydroxyethyl)phenyl)imidazo[1,2-b]pyridazine-3-carboxamide (100 mg, 0.22 mmol) in 

CH2Cl2 (5 mL) was successively added Et3N (46 PL, 0.33 mmol) and 4-toluenesulfonyl chloride 

(50 mg, 0.26 mmol). The reaction was left to warm at room temperature and allowed to stir for 4 

days. The reaction mixture was then diluted with CH2Cl2 and poured into water. The layers were 

separated and the aqueous phase was extracted three times with CH2Cl2. The combined 

organic extracts were washed with brine, dried over Na2SO4, filtered and concentrated under 

reduced pressure. The crude product was purified by flash chromatography (5% MeOH/CH2Cl2) 

to afford 84 mg of the title compound as a tan solid (64 %). Rf  0.52 (10:90 MeOH/CH2Cl2).  

1H NMR (498 MHz, CDCl3) δ = 10.59 (br s, 1H), 8.32 (s, 1H), 7.77 - 7.70 (m, 3H), 7.53 - 7.41 

(m, 2H), 7.36 - 7.29 (m, 3H), 7.13 (d, J = 8.3 Hz, 2H), 7.05 - 6.96 (m, 2H), 6.95 - 6.90 (m, 1H), 

6.61 - 6.54 (m, 1H), 5.16 - 5.09 (m, 1H), 4.23 (t, J = 7.0 Hz, 2H), 4.06 - 3.99 (m, 1H), 3.87 - 3.79 

(m, 1H), 2.97 (t, J = 6.9 Hz, 2H), 2.63 - 2.53 (m, 1H), 2.45 (s, 3H), 2.25 - 2.13 (m, 3H); 13C NMR 
(125 MHz, CDCl3) δ = 163.23 (d, J = 247.8 Hz, 1C), 157.11, 156.02, 152.14, 144.78, 136.81, 
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132.91, 132.09, 130.73 (br d, J = 8.3 Hz, 1C), 129.83, 129.52, 127.82, 127.14, 122.48, 121.16 

(br d, J = 2.8 Hz, 1C), 120.57 (br s, 1C), 120.54, 114.64 (br d, J = 20.9 Hz, 1C), 112.60 (d, J = 

22.2 Hz, 1C), 110.98, 70.64, 62.11, 48.69, 35.89, 34.84, 22.78, 21.64; HRMS: Calcd m/z for 

C32H30FN5NaO4S [M+Na]+ : 622.1895, Found: 622.1903.  
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2. DOCKING STUDIES 

Molecular docking simulations of compounds 4.9-4.27 were performed using the X-ray co-
crystal structure of TrkA complex (PDB 4PMT), TrkA complex (PDB 4PMM), TrkB-cpd5n 

complex (PDB 4AT3), TrkB-EX429 complex (PDB 4AT4) and TrkC-GNF-5837 (PDB 3V5Q) 

using FITTED 3.5 program (FORECASTER platform).57-59 Docking structures and figures were 

prepared using PyMOL. 

 

 

Figures S4.1. Comparison of the predicted binding poses for (R)- 4.16 bound to TrkA/B/C in DFG-in (A-
C) and DFG-out (D-F) conformations. (A) Docking of (R)-4.16 (trans-substituted cyclobutyl: cyan; cis-
substituted cyclobutyl: purple) to the ATP binding site of TrkA (PDB 4PMT). The DFG motif highlighted in 
brown. (B) Surface model of cis-(R)-4.16 docked to TrkA (trans-(R)-4.16 omitted for simplicity). (C) 
Superposition of TrkB (dark gray, DFG-in, PDB 4AT3) and the docking of trans-(R)-4.16 with TrkA. The 
TrkA (cyan) and TrkB (blue) glycine-rich loops are highlighted. (D) Docking of cis-(R)-4.16 (purple) and 
trans-(R)-4.16 (cyan) to the ATP binding site of TrkB (PDB 4AT4). (E) Surface model of trans-(R)-4.16 
docked to TrkB (cis-(R)-4.16 omitted for simplicity). (C) Superposition of TrkA (pale gray, PDB 4PMM), 
TrkC (blue, PDB 3V5Q) and the docking of trans-(R)-4.16 with TrkB.  
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Figures S4.2. (A) Docking of trans-(S)-4.16 to the ATP binding site of TrkB (PDB 4AT3). (B) Surface 
model of trans-(S)-4.16 docked to TrkB. (C) Superposition of TrkA (blue, PDB 4PMT) and TrkB (pale 
gray, PDB 4AT3) and the docking of trans-(S)-4.16 (cyan) and trans-(R)-4.16 (light pink) to TrkB. (D) The 
key Pi-interaction between the 3-fluorophenyl moiety positioned in the ribose binding pocket and the 
Phe565 form the glycine-rich loop is conserved due to the rotation of the C6 – N-pyrrolidine bond and 
concomitant rearrangement of the pyrrolidine ring. 

 

 

 

 

 

  

245



Chapter 4 
 
3. RADIOCHEMISTRY 

Radiochemistry. The manual radiosyntheses of [18F]-(±)-IPMICF6 ([18F]4.16) and [18F]-(±)-
IPMICF10 ([18F]4.27) were performed and optimized in the radiochemistry laboratory of the 
Edmonton PET Center Site (ACSI 19/9 MeV cyclotron). For in vitro autoradiography 

experiments, the radiotracers [18F]-(±)-IPMICF6 and [18F]-(±)-IPMICF10 were produced at the 
cyclotron laboratory (IBA Cyclon 18/9 MeV cyclotron) of the McConnell Brain Imaging Center 

Site (Montreal Neurological Institute, McGill University) using radiosynthesis module Scintomics 

GRP (Germany). No-carrier-added (n.c.a) aqueous [18F]Fluoride was produced by a 18O(p,n)18F 

nuclear reaction on an enriched [18O]water target. 

3.1 Edmonton PET Center Site.  

HPLC Methods. Semi preparative, radio-preparative high performance liquid chromatography 

(HPLC) purifications and quality control analyses were performed using a Phenomenex LUNA® 

C18 column (100 Å, 250 × 10 mm, 10 μm) using a Gilson 322 Pump module fitted with a 171 

Diode Array and a radio detector. Method A: elution at 3.0 ml min-1 with a mixture of H2O (A) 

and MeCN (B) isocratic at 40% A and 60% B (tr [18F]-(±)-IPMICF6(16) = 10.81 min). Method B: elution 

at 3.0 ml min-1 with a mixture of H2O (A) and MeCN (B) isocratic at 43% A and 57% B (tr [18F]-(±)-

IPMICF6(16) = 12.40 min). Method C: elution at 3.0 ml min-1 with a mixture of H2O (A) and MeCN (B) 

isocratic at 32% A and 68% B (tr [18F]-(±)-IPMICF10(27) = 13.20 min). 

Radiosynthesis of [18F]-(±)-IPMICF6. No-carrier-added (n.c.a) aqueous [18F]fluoride was passed 
through a Sep-Pak Light QMA cartridge (Waters) (typically 1-2 GBq in 2.0 mL water). The 

cartridge was dried by airflow, and the 18F activity was eluted with 1.0 mL of a Kryptofix 

2.2.2/K2CO3 solution (from a 10.0 mL stock solution of 22.6 mg of Kryptofix 222 and 4.2 mg of 

K2CO3 in acetonitrile/water (95/5)) to a 10.0 mL conical vial. The solvent was removed at 100°C 

under atmospheric pressure and a stream of nitrogen gas. The residue was azeotropically dried 

with a total of 6.0 mL of anhydrous acetonitrile at 100°C to afford the dried K2.2.2/K[18F]F 

complex residue which was dissolved in a solution of the tosylate precursor 4.36 (2.5 mg) in 
DMF (300 μL) and heated at 120°C for 10 min. The reaction mixture was cooled to room 

temperature and diluted with 600 μL of a mixture of MeCN/H2O (1:1) and purified by semi-

preparative HPLC (HPLC Method A or B). The eluates were monitored for radioactivity and for 

UV absorbance (254 nm) and the peak corresponding to [18F]-(±)-IPMICF6 was collected and 
diluted with 15 mL of water followed by trapping on a preconditioned (10 mL EtOH followed by 
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10 mL water) Sep-Pak C18 Ligth. The cartridge was eluted with 0.6 mL EtOH. The identity of 

[18F]-(±)-IPMICF6 was further confirmed by co-injection with nonradioactive 16. The tracer was 
obtained in 24.8 ± 2.6 % RCY (n = 3, non-decay corrected isolated yield from injected activity) 

and >99% radiochemical purities. (< 50 min procedure from end of bombardment). 

Radiosynthesis of [18F]-(±)-IPMICF10. The K2.2.2/K[18F]F complex residue from the drying step 
(1-2 GBq) was dissolve in a solution of the tosylate precursor 4.41 (2.5 mg) in MeCN (250 μL) 

and heated at 100°C for 20 min. The reaction mixture was cooled to room temperature and 

diluted with a 600 μL of a mixture of MeCN/H2O (1:1) and purified by semi-preparative HPLC 

(HPLC Method C). The eluates were monitored for radioactivity and for UV absorbance (254 

nm) and the peak corresponding to [18F]-(±)-IPMICF10 was collected and diluted with 15 mL of 
water followed by trapping on a preconditioned (10 mL EtOH followed by 10 mL water) Sep-Pak 

C18 Ligth. The cartridge was eluted with 0.6 mL EtOH. The identity of [18F]-(±)-IPMICF10 was 
further confirmed by co-injection with nonradioactive 27. The tracer was obtained in 18.4 ± 3.7 
% RCY (n = 3, non-decay corrected isolated yield from injected activity) and >99% 

radiochemical purities. (< 60 min procedure from end of bombardment). 

3.2 McConnell Brain Imaging Center Site.  

HPLC Methods. Semi preparative, radio-preparative high performance liquid chromatography 

(HPLC) purifications were performed using a Phenomenex LUNA® C18 column (100 Å, 250 × 

10 mm, 10 μm). Method D: elution at 3.0 ml min-1 with a mixture of H2O (A) and MeCN (B) 

isocratic at 43% A and 57% B (tr [18F]-(±)-IPMICF6(16) = 12.60 min). Method E: elution at 3.0 ml min-1 

with a mixture of H2O (A) and MeCN (B) isocratic at 32% A and 68% B (tr [18F]-(±)-IPMICF10(27) = 

14.30 min). Quality control analysis was performed on an Agilent 1200 system (Agilent 

Technologies, Santa Clara, CA, USA; running on Agilent ChemStation software) equipped with 

a Raytest Gabi Star radioactivity detector (Raytest Isotopenmessgeräte GmbH, Straubenhardt, 

Germany) using a Phenomenex Partisil ODS-3 (250 × 4.6 mm, 5 μm) column. Method F: elution 

at 1.0 ml min-1 with a mixture of H2O (A) and MeCN (B) isocratic at 30% A and 70% B (tr [18F]-(±)-

IPMICF6(16) = 7.39 min; tr [18F]-(±)-IPMICF10(27) = 9.73 min). 

Radiosynthesis of [18F]-(±)-IPMICF6. The azeotropic drying of 18F- and the radiosyntheses were 
carried out using a radiosynthesis module Scintomics GRP (Germany) with a home-made 

manifold setup operated with Scintomics software. The module was equipped with a 

radioactivity detector and a Knauer UV detector. The [18F]F-/H2O (32.2 GBq – 870 mCi) was 

passed through a Sep-Pak Light QMA cartridge (Waters) as an aqueous solution in 18O-
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enriched water and the 18F activity was eluted with 1.5 mL of a Kryptofix2.2.2./K2CO3 solution 

(Kryptofix2.2.2. - 10-12 mg, dissolved in 150 PL of 0.125M K2CO3 + 1.3 mL MeCN) to a 

disposable plastic reactor. The solvent was removed at 100°C under reduced pressure and a 

stream of argon gas. The residue was azeotropically dried with 0.5 mL of anhydrous acetonitrile 

twice at 100°C. Following azeotropic drying, the reaction vial was charged with tosylate 

precursor 4.36 (2.5 mg, in 0.5 mL DMF) and the mixture was allowed to react for 10 min at 
120°C. The crude mixture was then diluted with HPLC eluent (1.5 mL, 57% MeCN, 43% H2O) 

and injected on HPLC. The pure [18F]-(±)-IPMICF6 was obtained in 7.9 % RCY (EOS, non-
decay corrected isolated yield from 18F-/H2O; HPLC method D), > 99% radiochemical purity and 

specific activity of 163 GBq/μmol (4414 Ci/mmol). An aliquot of the product fraction 

corresponding to [18F]-(±)-IPMICF6 was collected and diluted with 15 mL H2O and passed 
through a preconditioned (10 mL EtOH followed by 10 mL water) Sep-Pak C18 Plus Cartridge 

and then eluted with 0.5 mL EtOH and used directly in the autoradiography experiments. Quality 

control, of the isolated [18F]-(±)-IPMICF6 was performed using HPLC method F. 

Radiosynthesis of [18F]-(±)-IPMICF10. The radiotracer was synthesized in a similar procedure 
using the precursor 4.41 (2.5 mg, in 0.5 mL MeCN). The reaction was carried out for 20 min at 
95°C and led to the isolation of [18F]-(±)-IPMICF10 in 3.4 % RCY (EOS, non-decay corrected 
isolated yield from 18F-/H2O; HPLC method D), > 98.5% radiochemical purity and specific activity 

of 242 GBq/μmol (6549 Ci/mmol). Quality control, of the isolated [18F]-(±)-IPMICF10 was 
performed using HPLC method F. 

 

3.3 Plasma Stability.  
Compound [18F]-(±)-IPMICF6 and [18F]-(±)-IPMICF10 (radiochemical purity > 99%) were 
incubated in human plasma (500 μL) at 37°C and ice-cold acetonitrile (250 μL, after 60 min) 

was added for protein precipitation at different time points followed by centrifugation. The 

amount of intact [18F]-(±)-IPMICF6 and [18F]-(±)-IPMICF10 was determined by HPLC analysis of 
the supernatant.  
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Figures S4.3. Typical semi-preparative HPLC chromatogram of the radiofluorination of the tolylate 
precursor 4.36 leading to the formation of [18F]-(±)-IPMICF6 (HPLC Method A). (In this instance, the UV 
peak at t =10.5 min in this chromatogram is expected to be an elimination products from the tosylate 
precursor which was observed when the reaction mixture was injected on HPLC >15 min after quenching. 
It illustrates the fact that the precursor readily degrades after quenching and that isolation as to be 
performed immediately after the reaction mixture is diluted with HPLC eluent.) 

 

 

Figures S4.4. Representative HPLC-QC chromatogram of the collected [18F]-(±)-IPMICF6 co-injected 
with the non-radioactive standard 4.16 (HPLC Method A).  
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Figures S4.5. HPLC analysis of human plasma at 60 min after [18F]-(±)-IPMICF6 incubation at 37°C 
(HPLC Method B).  

 

 

Figures S4.6. Typical semi-preparative HPLC chromatogram of the radiofluorination of the tolylate 
precursor 4.41 leading to the formation of [18F]-(±)-IPMICF10 (HPLC Method C). 
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Figures S4.7. Representative HPLC-QC chromatogram of the collected [18F]-(±)-IPMICF10 co-injected 
with the non-radioactive standard 4.27 (HPLC Method C). 

 

Figures S4.8. HPLC analysis of human plasma at 60 min after [18F]-(±)-IPMICF10 incubation at 37°C 
(HPLC Method C).  
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Figures S4.9. HPLC-QC chromatogram of the collected/formulated [18F]-(±)-IPMICF6 (HPLC Method F) 
(McConnell Brain Imaging Center Site) 

. 

 

 

Figures S4.10. HPLC-QC chromatogram of the collected/formulated [18F]-(±)-IPMICF10 (HPLC Method 
F). (McConnell Brain Imaging Center Site) 
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4. BIOLOGICAL EVALUATION 

4.1 [γ-33P]ATP-Based Enzymatic Assay.  

Compounds 4.9-4.27 were tested in a [γ-33P]ATP based enzymatic assay by Reaction Biology 
Corporation (Malvern, PA). Briefly, the compound was tested in a 10-concentration IC50 curve 

with 3-fold serial dilution starting at 1 or 10 μM (when required, additional dilutions were made).  

The reactions were initially performed with 1 PM ATP and profiled against 3 tyrosine kinases 

(tropomyosin receptor kinase A (TrkA), tropomyosin receptor kinase B (TrkB), tropomyosin 

receptor kinase C (TrkC)) in singlicate with staurosporine as a control. Additional measurements 

were carried out for selected compounds (triplicates for inhibitors 4.13-4.16 and 4.25-4.27). 
Compounds 4.16 and 4.27 were subsequently investigated for off-Trk kinase activity (Reaction 

Biology Corporation). Compounds 4.16 and 4.27 were tested for inhibitory activity at (0.1 PM) on 
a panel of 20 selected kinases (SYK, RET, PDK1/PDHK1, PDGFRa, P38a/MAPK14, 

KDR/VEGFR2, JNK1, JAK1, ITK, FMS, FLT3, ERK1, ERBB2/HER2, EGFR, c-SRC, c-MET, c-

KIT, BRAF, ALK, ABL1) under similar conditions as previously described (n = 2) (Table S4.1, 
S4.2). 

 

4.2 Dose Response Curves for Compounds 4.9-4.27 

 

Figures S4.11. Dose-response curve for inhibitor 4.9 (left; n = 1) and 4.10 (right; n = 1) versus TrkA, TrkB 
and TrkC. 
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Figures S4.12. Dose-response curve for inhibitor 4.11 (left; n = 1) and 4.12 (right; n = 1) versus TrkA, 
TrkB and TrkC. 

 

  

Figures S4.13. Dose-response curve for inhibitor 4.13 (left; n = 3) and 4.14 (right; n = 3) versus TrkA, 
TrkB and TrkC (error bars represent standard deviation from the mean).  

 
Figures S4.14. Dose-response curve for inhibitor 4.15 (left; n = 3) and 4.16 (right; n = 3) versus TrkA, 
TrkB and TrkC (error bars represent standard deviation from the mean).  
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Figures S4.15. Dose-response curve for inhibitor 4.17 (left; n = 1) and 4.18 (right; n = 1) versus TrkA, 
TrkB and TrkC. 

 

 

 

Figures S4.16. Dose-response curve for inhibitor 4.19 (left; n = 1) and 4.20 (right; n = 1) versus TrkA, 
TrkB and TrkC. 

 

 

Figures S4.17. Dose-response curve for inhibitor 4.21 (left; n = 1) and 4.22 (right; n = 1) versus TrkA, 
TrkB and TrkC. 
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Figures S4.18. Dose-response curve for inhibitor 4.23 (left; n = 1) and 4.24 (right; n = 1) versus TrkA, 
TrkB and TrkC. 

 

 
Figures S4.19. Dose-response curve for inhibitor 4.25 (left; n = 3) and 4.26 (right; n = 3) versus TrkA, 
TrkB and TrkC (error bars represent standard deviation from the mean).  

 

 

Figures S4.20. Dose-response curve for inhibitor 4.27 (left; n = 3) and staurosporine (control, right; n = 1) 
versus TrkA, TrkB and TrkC (error bars represent standard deviation from the mean).  
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Figures S4.21. Inhibition of TrkB kinase versus TrkB selectivity with regard to TrkA. The potencies are 
expressed as −log10(IC50). Inhibitors 4.16 and 4.27 were selected based on TrkB potency, selectivity and 
radiolabeling amenability. 
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4.3 Selectivity Profiling.  

Table S4.1. Data for off-Trk inhibitory activity of compound 4.16 (0.1 PM) 

 

 

 

   
Kinases 

% Enzyme Activity 
(relative to DMSO 

controls) 
 IPMICF6 

IC50 (M) 
Staurosporine* 

IC50 (M) 
Alternate 
Control 
cpd*.  

Alternate 
compound ID 

Data 1 Data 2 
ABL1 95.96 95.31 1.85E-08     
ALK 94.54 92.85 8.60E-10     
BRAF 101.34 99.25 ND 2.37E-08 GW5074 
c-Kit 105.16 104.36 4.46E-08     
c-MET 95.81 93.81 4.36E-08     
c-Src 97.38 96.64 2.34E-09     
EGFR 68.08 65.22 3.12E-08     

ERBB2/HER2 49.99 49.22 1.97E-08     
ERK1 103.46 103.35 3.93E-06     
FLT3 85.14 84.99 1.08E-09     
FMS 103.17 101.89 6.24E-10     
ITK 93.59 93.22 7.75E-09     
JAK1 90.97 90.37 2.96E-10     
JNK1 99.49 99.38 1.67E-07     

KDR/VEGFR2 110.38 109.61 4.00E-09     
P38a/MAPK14 99.59 97.36 ND 2.09E-08 SB202190 
PDGFRa 100.61 99.00 2.07E-10     

PDK1/PDHK1 85.56 85.37 ND 1.88E-05 GW5074 
RET 90.98 89.43 9.79E-10     
SYK 105.23 104.84 7.74E-10     
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Table S4.2. Data for off-Trk inhibitory activity of compound 4.27 (0.1 PM) 

 
% Enzyme Activity 
(relative to DMSO 

controls) 
 Compound IC50* (M): 

 
 

IPMICF10 
Staurosporine Alternate 

Control cpd.  
Alternate 
compound 

ID Kinase: Data 1 Data 2 
ABL1 91.79 90.89 3.51E-08     
ALK 89.40 88.60 8.92E-10     
BRAF 95.46 92.68   2.98E-08 GW5074 
c-Kit 101.20 100.52 5.74E-08     
c-MET 98.31 95.79 2.60E-08     
c-Src 103.39 102.83 1.61E-09     
EGFR 96.51 89.72 2.08E-08     

ERBB2/HER2 79.72 79.54 1.64E-08     
ERK1 101.56 100.99 1.21E-06     
FLT3 96.07 94.11 9.65E-10     
FMS 107.46 102.33 9.87E-11     
ITK 98.19 97.06 4.16E-09     
JAK1 100.70 98.68 1.32E-10     
JNK1 100.68 99.80 1.41E-07     

KDR/VEGFR2 95.60 94.49 1.26E-09     
P38a/MAPK14 99.59 99.49   2.09E-08 SB202190 
PDGFRa 99.55 99.48 7.30E-12     

PDK1/PDHK1 79.08 78.71   1.37E-04 GW5074 
RET 105.91 105.83 1.44E-09     
SYK 104.34 103.51 7.96E-10     
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4.4 Autoradiography.  

A rat was decapitated, the brains rapidly removed, frozen in 2-methylbutane (−40°C), and 

stored at −80°C. Brain sections (20 μm thick) were thawed and mounted onto Superfrost Plus 

slides (Thermo Scientific) and stored at −80°C. After pre-incubation in PBS buffer (30 mmol/L; 

pH 7.4 containing 137 mmol/L NaCl, 27 mmol/L) for 10 minutes at room temperature, rat and 

tumor sections were incubated 2 h 30 (room temperature) in buffer containing [18F]-(±)-IPMICF6 

 and 2 h 30   (room temperature) for [18F]-(±)-IPMICF10 (279 PCi 
in 200 mL buffer total). Compound 4.16 (IPMICF6; 1.0 μM) and GNF-5839 (10 μM) were used 

to determine the specific binding of [18F]-(±)-IPMICF6 and [18F]-(±)-IPMICF10 respectively. After 
three washes in incubation buffer (5 minutes, 4°C) and a rapid rinse with ice-cold water 

(15 seconds), the sections were dried in a stream of air (room temperature). Sections were then 

dried further in a vacuum container with formaldehyde powder for mild fixation. Labeled sections 

were placed on phosphor-imaging plates (BAS 2025; Fuji, Japan), with industrial tritium activity 

standards (Amersham Biosciences, Piscataway, NJ, USA). On exposure, the plates were 

scanned with a plate reader (spatial resolution of 50 μm; BAS 5000; Fuji or Typhoon Trio + 

Variable Mode Imager). 

 

Figures S4.22. (A) Representative in vitro autoradiograms from coronal sections of rat brain showing the 
binding of [18F]4.27 (A, right) and competition experiments with GNF-5837 (10 PM) (A, left). (B) Structure 
of GNF-5837. 
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Table S4.3. PSL Data [18F]-(±)-IPMICF6 Autoradiography  

 
18F-IPMICF6 MEAN  
 The area of 
brain   CRTL %CHANGE 

 Rat NORMAL NS-SPECIFIC IN RAT 

   IPMICF6 IPMICF6 

   1.0 µM   
Prefrontal 
cortex 2611,793 1913,229 26,75 

 Posterior 
cortex 2702,114 1950,547 27,81 

Hippocampus 2586,560 1904,214 26,38 
Cerebellum 2457,055 1860,967 24,26 
 

Table S4.4. PSL Data for [18F]-(±)-IPMICF10 Autoradiography 

 
 
18F-IPMICF10 

 
 
MEAN  

 The area of 
brain   CRTL %CHANGE 

 Rat NORMAL NS-SPECIFIC IN RAT 

 RAT GNF-5837 GNF-5837 

   10 µM   
Anterior cortex 54801,107 39985,001 27,04 
 Posterior 
cortex 55746,791 40286,937 27,73 

Hippocampus 54356,573 39561,146 27,22 
Cerebellum 57319,550 41240,174 28,05 
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5. NMR SPECTRA 

Data form this subsection can be found in Annex 3. 

 

6. CRYSTALLOGRAPHIC DATA FOR COMPOUND 4.22 

Data form this subsection can be found in Annex 3. 
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5.1 Abstract 

The proto-oncogenes NTRK1/2/3 encode the tropomyosin receptor kinases TrkA/B/C 

which play pivotal roles in neurobiology and cancer. Although the centrality of Trk in neurology 

has long been documented, the precise understanding and implications of the spatiotemporal 

fluctuations of Trk expression in the human brain remain poorly understood. The lack of non-

invasive techniques to determine Trk densities in the living brain impedes quantitative 

characterisation of Trk alterations in healthy and diseased states as well as the determination of 

antineoplastic inhibitor central nervous system (CNS) Trk occupancy. We describe herein the 

discovery of [11C]-(R)-IPMICF16, a first-in-class positron emission tomography (PET) TrkB/C-

targeting radiolabeled kinase inhibitor lead. Molecular imaging characterisation in four species is 
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provided including first-in-human. It is demonstrated that [11C]-(R)-IPMICF16 readily crosses the 

blood-brain barrier (BBB) in rodents and selectively binds to TrkB/C receptors in vivo, as 

evidenced by entrectinib blocking studies. Notably, the brain disposition of [11C]-(R)-IPMICF16 

was found to be translatable to rhesus-monkeys and human. TrkB/C-specific binding in human 

brain tissue is observed in vitro, with specific reduction in the hippocampus of Alzheimer’s 

disease (AD) versus healthy brains.  These results illustrate for the first time the use of a 

kinome-wide selective radioactive probe for endogenous kinase PET neuroimaging in human.   

5.2 Introduction 

Specific interaction between the full-length catalytic tropomyosin receptor kinases 

TrkA/B/C (encoded by NTRK1-3 respectively) and their cognate neurotrophin ligands (nerve 

growth factor (NGF), brain-derived neurotrophic factor (BDNF) and neurotrophin-3 (NT-3), 

respectively) crucially supports differentiation, growth and survival within distinct neuronal 

populations of the mammalian central (CNS) and peripheral nervous systems (PNS) as well as 

non-neural tissues during development and adult life.1-3 Reduced expression or impaired 

signaling of Trk tyrosine kinase (TK) receptors in the CNS is found in an extensive spectrum of 

disorders and pathologies including ischemic brain injury, schizophrenia, Rett syndrome, 

depression and various neurodegenerative diseases.2-14 In addition to their central roles in 

neurobiology, all three members of the Trk family are proto-oncoproteins with well-defined 

oncogenic potential in human, both in neural and non-neural neoplasms.15-19 So far, the 

validation of Trk changes during aging and neurodegenerative diseases has solely originated 

from studies relying on immunohistochemical (IHC) detection and in situ hybridization (ISH) of 

post-mortem tissue11-13, 20-24 while preclinical assessment of brain exposure for anticancer Trk 

inhibitors (Figure S5.1a and Table S5.1, Supporting Information) has been circumscribed to 

the use of destructive methods25-26 due to the absence of a non-invasive approach to assess 

and quantify Trk levels in vivo.  
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Quantitative neuroimaging of proteins in humans using positron emission tomography 

(PET) is a robust in vivo approach which relies on short-lived radiolabeled small molecules.27 

Most clinical CNS radiotracers validated to date target G protein-coupled receptors (GPCR), ion 

channels, transporters and abnormally conformed proteins28 (see also CNS Radiotracer Table 

http://www.nimh.nih.gov/researchpriorities/therapeutics/cns-radiotracer-table.shtml, accessed 

Oct 20, 2016). Clinical neuroimaging of CNS endogenous kinases has not yet been achieved 

despite key realisations in a few other enzyme classes.28-30 Given the importance of Trk 

(especially TrkB/C, which are most abundant in the CNS), we sought to develop a radiolabeled 

targeted kinase inhibitor for PET imaging to enable the visualisation and quantification of TrkB/C 

receptor density in healthy and diseased brains. An important advantage of the selection of a 

radiolabeled TKI rather than an extracellular binding compound resides in the intrinsic capacity 

of such probes to dissect pro-survival neuronal full-length TrkB/C receptors from catalytically-

incompetent truncated isoforms (most notably TrkB.T1) largely present in glia.31-32  

Herein, we describe our radiotracer development effort in the assessment of [11C]-(R)-

5.3 (referred herein as [11C]-(R)-IPMICF16) as a first-in-class brain penetrating TrkB/C-targeted 

lead for PET neuroimaging. The work presented includes the radiotracer structure-activity 

relationship (SAR) characterization and comparative analysis leading to [11C]-(R)-IPMICF16, the 

enantioselective synthesis of (R)-IPMICF16 and precursor thereof, as well as the entire in vivo 

imaging translational work in four species from early evaluation in rats and mice, preclinical non-

human primates as well as first-in-human clinical PET imaging. We concomitantly provide proof-

of-principle of in vivo TrkB/C target engagement in the living brain for [11C]-(R)-IPMICF16 and 

TrkB/C receptor occupancy with pharmacological pre-dosing of the phase II clinical lead 

entrectinib using imaging experiments in mice. We also demonstrate that the radiotracer 

displays high TrkB/C-specific binding in human brain tissue and observes a distinct regional 

binding pattern in AD versus healthy control (HC) in vitro. 
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5.3 Resutls 

5.3.1 Chemistry, biochemical evaluations and radiochemistry. Optimal compound triage for 

the development of neuroimaging PET radioligands entails the alignment of favorable 

physicochemical properties (molecular weight (MW) < 500 Da, topological polar surface area 

(TPSA) ≤ 80 Å2, hydrogen bond donor (HBD) ≤ 1, 2 ≤ clogD < 4, 3 ≤ clogP < 5, pKa ≤ 8, rotatable 

bonds (RBs) < 5,  flexibility for radiolabeling with carbon-11 (t1/2 = 20.3 min) or fluorine-18 (t1/2 = 

109.8 min)) and pharmacological parameters (low nano or picomolar affinity, Bmax/KD > 10, > 30-

100-fold target selectivity).28, 33-35 

 

Figure 5.1. Binding mode, potency/affinity and kinome selectivity profiling of (R)-IPMICF16. (a) 
View of the predicted type-I binding mode of (R)-IPMICF16 with TrkA (grey ribbons, PDB: 4PMT) overlaid 
onto the X-ray crystal structure of TrkB (DFG-in conformation, cyan ribbons, PDB: 4AT3). (b) Surface 
rendering of (R)-IPMICF16 bound to the ATP binding site of TrkA illustrating the overlap between the 2-
fluorophenylpyrrolidine moiety and the ribose pocket. (c) Dose-response curve for inhibitor (R)-IPMICF16 
versus TrkA, TrkB, TrkC, ACK1, ROS1 and TXK (1 PM ATP, n = 1). (d) Dose-response curve for inhibitor 
(R)-IPMICF16 versus TrkA, TrkB, TrkC, ([ATP] = Km ATP, n = 3, error bars represent standard deviation 
from the mean). (e) Comprehensive kinase selectivity profile of (R)-IPMICF16 against 369 kinases 
(Kinases are ordered alphabetically and data represented as radar chart with 100.0%, 50.0% and 0 % 
activity relative to control (200 nM, n = 2) ([γ-33P]ATP-based enzymatic assay performed by Reaction 
Biology). 

 

We applied those principles in our selection process for radiotracer development from a 

recently reported library of 6-(2-(3-fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine pan-Trk 

inhibitors.36 The validation of [11C]-(R)-IPMICF16 as a potential clinical radiotracer emerged from 
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the preclinical validation of a series of racemic radiolabeled derivatives with picomolar potencies 

for TrkB/C which included [11C]-(±)-IPMICF16 (Figure S5.1a, Figure S5.2, Supporting 

Information). A concomitant comparative advanced preclinical evaluation of the radiolabeled 

pan-Trk inhibitor [11C]GW441756 (Figure S5.1a, Supporting Information)37 is provided.  

Following preclinical validation in rodents and non-human primates (vide infra), radiotracer [11C]-

(±)-IPMICF16 was selected for structural refinement and the enantioselective synthesis of the 

putatively fitting R-enantiomer was undertaken (Figure S5.1b, Supporting Information, Figure 

5.1a,b).36, 38 

The non-radioactive inhibitor (R)-IPMICF16 displays half-maximal inhibitory 

concentrations (IC50s) of 4.0, 0.2 and 0.1 nM for human TrkA, TrkB and TrkC, respectively, in [γ-

33P]ATP-based enzymatic assays (Figure 5.1c). Inhibitory measurements at Km ATP and 

conversion using Cheng-Prusoff analysis39 for competitive inhibition gave inhibitory constants 

(Ki) values of 2.80 ± 0.16 nM, 0.050 ± 0.005 nM and 0.021 ± 0.011 nM for TrkA, TrkB and TrkC 

respectively (n = 3, s.d.) (~200,000-500,000-fold over Km ATP for Trk)40. (R)-IPMICF16 therefore 

exhibits notable intra-Trk isoform selectivities of 56-fold for TrkB and 133-fold for TrkC with 

regard to TrkA.  In order to evaluate the broader selectivity profile of our lead, comprehensive 

kinome screening on a panel of 369 human kinases was conducted at 0.2 PM cut-off (Reaction 

Biology Corp., full wild type kinase panel). This assay revealed that (R)-IPMICF16 exhibits 

>1000/2000-fold TrkB/C selectivity for 99% of targets tested, with only four kinases (BMX, TXK, 

ACK1 and ROS1) at or above their IC50 values for the tested concentration (Figure 5.1e, 

Supplementary Information Section 6). Aside from BMX, which was inhibited approximately 

at IC50 with (R)-IPMICF16 0.2 PM, individual dose response curves were generated for TXK, 

ACK1 and ROS1 revealing IC50s of 106 nM, 62.6 nM and 5.96 nM respectively (Figure 5.1c,e). 

(R)-IPMICF16 exhibits ~30- and 60-fold selectivity for TrkB and TrkC respectively versus ROS1 

– the closest off-target identified. As anticipated, (S)-IPMICF16 displayed still acceptable TrkB/C 
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activities albeit in the nanomolar rather than the picomolar range (Figure S5.3, Supporting 

Information).36, 38 

Overall, for the purpose of this study, the radiosynthesis of [11C]-(R)-IPMICF16 was 

implemented at four distinct production sites including a Good Manufacturing Practice (GMP)-

compliant automated synthesis for first-in-human PET imaging. For human PET studies, [11C]-

(R)-IPMICF16 was prepared from (R)-5.14 using [11C]CH3I in the presence of K2CO3 with 

radiochemical yields (RCYs) of 13.0 ± 2.0 % (s.d., decay-corrected RCYs at end-of-synthesis 

based upon [11C]CO2, n = 3, > 99% radiochemical purity), and specific activity of 118 GBq/Pmol 

(Figure S5.1b, Supporting Information). Throughout the translational imaging study, the 

radiosynthesis of [11C]-(R)-IPMICF16 was highly reproducible, robust and flexible to protocol 

adaptation (n > 40). In all cases, from preclinical to clinical PET, the identity of all radiotracers 

including [11C]-(R)-IPMICF16, was confirmed by non-radioactive standard co-injection using 

high-performance liquid chromatography (HPLC) (Supplementary Information Section 7). 

5.3.2 In vivo PET imaging of [11C]-(R)-IPMICF16 in the rodent brain demonstrates rapid 

and specific TrkB/C binding. Initial PET imaging experiments with [11C]-(±)-IPMICF16 in 

Sprague Dawley rats as part of the racemic series screening confirmed this scaffold as a lead 

based on overall brain penetration, brain-to-blood ratio and stability (Figure S5.4a-c, 

Supporting Information). The radioactivity uptake of [11C]-(R)-IPMICF16 in the FVB mouse 

brain (wildtype mice) was rapid and peak brain uptake (maximum SUV) of 1.33 ± 0.19 (s.d.) was 

reached within 1 min following intravenous injection (i.v.) (SUV, standardized uptake value - 

normalization for injected dose and body weight) as illustrated by the corresponding whole-brain 

time-activity curve (TAC) (Figure 5.2a,g). The radiotracer was found extensively distributed 

within the CNS in accordance with reported TrkB expression (Figure 5.2d,e,i).41 Peak brain 

radioactivity was followed by moderate washout throughout the remainder of the 60 min scan 

(0.40 ± 0.02 SUV at 60 min post injection, s.d., 'SUVpeak-60min = - 69%). Biodistribution imaging 
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studies highlighted extensive liver uptake suggesting hepatobiliary clearance as the primary 

route of excretion (Figure 5.2h).  

 

Figure 5.2.  Preclinical in vivo PET imaging of [11C]-(±)-IPMICF16, [11C]-(R)-IPMICF16 and 
[11C]GW441756 in FVB and Mdr1a/b(−/−)Bcrp1(−/−) mice, [11C]-(R)-IPMICF16 in vivo stability and 
blocking studies. CB, cerebellum; Ctx, cortex; HY, hypothalamus; OB, olfactory bulb; TH, thalamus. 
Expressed as mean ± SD. (a) Chemical structure of [11C]-(R)-IPMICF16. (b) Representative brain images 
of [11C]-(±)-IPMICF16 in FVB mice. (c) Representative brain images of [11C]-(±)-IPMICF16 in 
Mdr1a/b(−/−)Bcrp1(−/−) mice. (d) Representative brain images of [11C]-(R)-IPMICF16 in FVB mice. (e) 
Representative brain images of [11C]-(R)-IPMICF16 in Mdr1a/b(−/−)Bcrp1(−/−) mice. (f) TACs for [11C]-(±)-
IPMICF16 brain uptake at baseline (n = 3/group). (g) TACs for [11C]-(R)-IPMICF16 brain uptake at 
baseline (n = 3/group). (h) Selected biodistribution data presenting the accumulation of [11C]-(R)-
IPMICF16 in liver, kidneys, blood (heart), lung in comparison to brain over the duration the scans (n = 3; 
checkered colors = FVB mice; full colors = Mdr1a/b(−/−)Bcrp1(−/−) mice). (i) NTRK2 transcripts analyzed by 
in situ hybridization in the Allen Brain Atlas project. Images are taken from the Allen Brain Atlas 
(http://mouse.brain-map.org). Image credit: Allen Institute for Brain Science. (j) In vivo [11C]-(R)-IPMICF16 
stability and metabolite composition at 5, 15 and 30 min post injection in FVB mouse (n = 1) with 
corresponding radio-TLC. (k) Chemical structure of [11C]GW441756. (l) Representative brain images of 
[11C]GW441756 in FVB mice. (m) Representative brain images of [11C]GW441756 in Mdr1a/b(−/−)Bcrp1(−/−) 
mice. (n) TACs for [11C]GW441756 brain exposition at baseline (n = 3/group). (o) Selected biodistribution 
data presenting the accumulation of [11C]GW441756 in liver, kidneys, blood (heart), lung in comparison to 
brain over the duration the scans (n = 3; checkered colors = FVB mice; full colors = Mdr1a/b(−/−)Bcrp1(−/−) 
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mice). (p) Chemical structure of entrectinib. (q) Predicted binding mode of entrecitnib (green sticks) 
overlaid onto the binding of (R)-IPMICF16 (yellow sticks) (TrkA; grey, PDB: 4PMT and TrkB; cyan, PDB: 
4AT3). (r) Representative brain images of [11C]-(R)-IPMICF16 in FVB mice following pretreatment with 
vehicle (DMSO, 100 PL, 30 min pre-dosed i.p.). (s) Representative brain images of [11C]-(R)-IPMICF16 in 
FVB mice following pretreatment with 50 mg/kg entrectinib (DMSO solution, 100 PL, 30 min pre-dosed 
i.p.). (t) Representative brain images of [11C]-(R)-IPMICF16 in FVB mice following pretreatment with 350 
mg/kg entrectinib (DMSO solution, 100 PL, 30 min pre-dosed i.p.). (u) TACs for [11C]-(R)-IPMICF16 brain 
uptake with entrectinib pretreatment in comparison to vehicle (n = 1/group).   

  

Despite similar overall brain kinetics profile, with [11C]-(±)-IPMICF16 lower maximum SUV (1.04 

± 0.12 at 0.5 min, s.d.) were reached as compared to the enantiopure radiotracer (Figure 

5.2b,c,f). These results demonstrate that [11C]-(R)-IPMICF16 readily diffuses through the blood-

brain barrier (BBB) and persists moderately in the rodent brain while suggesting faster 

elimination of the racemate. Comparative analysis with [11C]GW441756, the only available pan-

Trk radiotracer lead previously reported was performed (Figure 5.2k).  In vivo PET of 

[11C]GW441756 in FVB mice revealed substantial and rapid brain penetration (maximum SUV of 

4.14 ± 0.55 at 1 min, s.d.) which was followed by prompt and extensive washout (0.14 ± 0.02 

SUV at 60 min post injection, s.d.��'SUVpeak-60min = -97%, Figure 5.2l-n) on par with previously 

reported data in rats.37 Renal clearance was more prominent with [11C]GW441756 compared to 

[11C]-(R)-IPMICF16 (Figure 5.2o). With the expectation that Trk CNS binding should be 

associated with tracer retention in the brain to allow for eventual quantification, the kinetics of 

[11C]GW441756, in contrast to [11C]-(R)-IPMICF16, likely indicate limited target engagement in 

rodents due to rapid subsequent washout, despite extensive initial permeation of the BBB. This 

observation can be rationalized in part by the significantly higher potency of [11C]-(R)-IPMICF16 

compared to [11C]GW441756 (34-46-fold potency difference for TrkB/C). Metabolite analysis 

revealed [11C]-(R)-IPMICF16 to be particularly robust in vivo, with > 95% intact tracer 30 min 

post injection in mouse blood plasma (Figure 5.2j). In order to investigate potential efflux, 

baseline scans were then conducted in Mdr1a/b(−/−)Bcrp1(−/−) knockout mice with both [11C]-(±)-

IPMICF16 and [11C]-(R)-IPMICF16 (as well as [11C]-(±)-5.4 – data presented in Figure S5.4 and 
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Figure S5.2d-f, Supporting Information). Increased whole-brain uptake was observed for all 

tracers (Figure 5.2b-g) indicating that primary ABC transporter components P-glycoprotein (P-

gp –Mdr1a/b) and breast cancer resistance protein (BCRP –Bcrp1) at the BBB play a role in 

elimination of the tracer from the brain in mice. In the case of IPMICF16 tracers (racemic and 

R), this effect was most pronounced with the racemate compared to the R-enantiomer with 

SUV0-60min (FVB)/SUV0-60min (Mdr1a/b(−/−)Bcrp1(−/−)) ratios of 0.56 for [11C]-(R)-IPMICF16 

compared to 0.39 for [11C]-(±)-IPMICF16 (Figure 5.2f,g). This result was however paralleled by 

opposite variations in blood radioactivity which may in part explain inter-tracer variations (Figure 

5.2h, Figure S5.5, Supporting Information).  Whole brain TACs displayed kinetics consistent 

with results obtained in FVB mice. Calcein-AM cellular assay in P-gp and BCRP overexpressing 

Madin-Darby Canine Kidney (MDCKII) cells and Lineweaver-Burk plot analysis confirmed (R)-

IPMICF16 as a P-gp/BCRP substrate with moderate affinity (EC50 of 2.9 ± 1.3 PM and 2.23 ± 

1.1PM respectively, s.d., Figure S5.6, Supporting Information). Interestingly, while no 

difference was observed in the brain distribution of [11C]GW441756 under microdosing PET 

imaging conditions between FVB and Mdr1a/b(−/−)Bcrp1(−/−) mice groups (Figure 5.2l-n), the 

calcein-AM assay outlined P-gp interaction of GW441756 at higher doses (EC50 of 79.2 ± 8.3 

PM, s.d.) (Figure S6e, Supporting Information). In contrast to (R)-IPMICF16, this disparity is 

consistent with the possibility that GW447156 acts as a weak P-gp inhibitor rather than a 

substrate.    

Supported by recent next-generation sequencing (NGS) efforts, oncogenic Trk fusions 

have been described in over twenty tumor types, reinforcing the view that Trk chimeric proteins 

are low-frequency but recurrent oncogenic drivers in human cancer2. Yet, concerns over 

neurotoxicity arising from sustained CNS Trk blockade upon treatment for peripheral conditions 

have been described15-16, 42-43 Current clinical trial efforts include genomically-driven phase II 

trials for NTRK fusion-positive patient subpopulations based on promising phase I results with 
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entrectinib (Figure 5.2p, Figure S5.1a and Table S5.1, Supporting Information).44-45 In order 

to provide unambiguous evidence for TrkB/C specific binding, we conducted Trk receptor 

heterologous blocking through pharmacological challenge in vivo using this inhibitor. [11C]-(R)-

IPMICF16 brain uptake following entrectinib administration (30 min intraperitoneal predosing) 

was investigated, simultaneously providing confirmation of brain penetration and target 

engagement of a currently advanced pan-Trk inhibitor clinical lead using a non-invasive 

technique (Figure 5.2q). Pretreatment doses were selected under and above a threshold of 240 

mg/kg which was previously shown to achieve 0.43 brain-to-plasma ratio in mice with sustained 

treatment regimen (240 mg/kg/day in continuous 2 weeks administration).25 We observed dose-

dependent whole brain radioactivity reduction (SUV0-60min) of -7% and -40% with 50 mg/kg and 

350 mg/kg pretreated mice (single doses) compared to vehicle-treated control respectively 

(Figure 5.2r-u). At the time of maximum SUV (1 min post injection) in the vehicle-treated 

animals, brain concentration was reduced in animals treated with entrectinib at pharmacological 

doses (50 and 350 mg/kg respectively) by 29% and 88% respectively. This is consistent with a 

rapid brain penetration and target binding followed by a tracer washout. As expected, trends in 

brain-to-blood Kp ratios during dynamic scanning did not differ from SUV measurements as 

entrectinib pretreatment did not affect blood radioactivity upon [11C]-(R)-IPMICF16 injection (as 

measured at 50 mg/kg). Data from a Calcein-AM cellular assay with MDCKII cells included 

herein also demonstrate that entrectinib is not a prominent substrate for P-gp or BCRP (Figure 

S5.6f-h, Supporting Information). At this point, [11C]-(R)-IPMICF16 emerged as a unique lead 

on the basis of favorable pharmacology and imaging properties in FVB mice. In spite of its efflux 

liability at microdoses described in Mdr1a/b(−/−)Bcrp1(−/−) mice, the choice of [11C]-(R)-IPMICF16 

was supported by documented inter-species variation in intracerebral disposition of actively 

effluxed PET tracers between rodents and higher species which was in line with our 

concurrently collected data in non-human primates (vide infra).33, 46-47 
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5.3.3 [11C]-(R)-IPMICF16 accumulates in the non-human primate brain in accordance to 

TrkB/C expression.  [11C]-(R)-IPMICF16 brain uptake was higher in non-human primates 

compared to rodents and displayed distinctively slow brain kinetics characterized by steady 

radioactivity increase without washout from brain tissue for the entire duration of the 60 min 

scan (Figure 5.3a, Figure S5.7e, Supporting Information). Based on volumetric region-of-

interest (ROI) analysis, [11C]-(R)-IPMICF16 uptake was shown to be heterogeneously 

distributed, ubiquitous across gray matter regions and most pronounced in the thalamus (~0.8 

SUV at 60 min post injection) while white matter displayed comparatively low accumulation 

(~0.3 SUV at 60 min post injection) matching known TrkB/C receptor distribution (thalamus ≥ 

cerebellum ≥ cortex >>> white matter) (Figure 5.3a, Figure S5.7e, Supporting Information). 

Binding kinetics of [11C]-(R)-IPMICF16 were different from [11C]-(±)-IPMICF16, exhibiting higher 

gray matter uptake compared to the racemic tracer 60 min post injection (Figure 5.3b, Figure 

S5.7d,e, Supporting Information). [11C]-(R)-IPMICF16 also presented significantly higher test-

retest reproducibility of SUVs compared to [11C]-(±)-IPMICF16. Brain pharmacokinetics of 

[11C]GW441756 contrasted with [11C]-(R)-IPMICF16, reaching maximum SUV of 2.41 SUV in 

cerebellum at 4 min post injection (2.17 SUV in thalamus at 2.5 min) followed by sustained 

washout (Figure 5.3c and Figure S5.7f, Supporting Information).  Whole brain washout in 

primates was however reduced compared to mice (0.62 SUV at 60 min post injection��'SUVpeak-

60min = -65%). [11C]GW441756 and [11C]-(R)-IPMICF16 showed identical brain concentration 60 

min post injection despite opposite kinetic trends.  Based on known CNS TrkB/C full length 

levels, regional gray-to-white matter SUV ratios (SUVgray matter/SUVwhite matter) were used as an 

estimate for specific binding and tracer prioritization. As illustrated in Figure 5.3d, specific signal 

approximations using summed SUV ratios for 30-60 min post injection were markedly higher for 

[11C]-(R)-IPMICF16 compared to [11C]-(±)-IPMICF16 and [11C]GW441756 in all gray matter 

regions with representative average values of 2.3 and 2.1 in the thalamus and cerebellum 
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respectively (similar trends were observed in 0-60 min summed data, Figure S5.8, Supporting 

Information). Despite [11C]GW441756 displaying higher uptake than [11C]-(R)-IPMICF16, the 

use of this tracer is impeded by lower specific binding, inferior target selectivity and intrinsic 

contamination with an inseparable [11C]-(E)-GW441756 inactive photoisomer,37 which constitute 

major hurdles to clinical translation. Taken together, the results obtained with [11C]-(R)-

IPMICF16 in primates are in contrast to the efflux kinetic profile in rodents and are indicative of 

a moderate and continuous brain uptake as well as favorable TrkB/C specific signal properties 

in the primate brain. 

 

Figure 5.3.  In vivo PET imaging of [11C]-(R)-IPMICF16, [11C]-(±)-IPMICF16 and [11C]GW441756 in the 
rhesus monkey brain. CB, cerebellum; CC, corpus callosum; Ctx, cortex; TH, thalamus. (a) 
Representative in vivo PET images of [11C]-(R)-IPMICF16. (b) Representative in vivo PET images of 
[11C]-(±)-IPMICF16. (c) Representative in vivo PET images of [11C]GW441756. (d) Comparative regional 
SUV ratio (SUVR, summed 30-60 min) for [11C]-(R)-IPMICF16 (n = 3), [11C]-(±)-IPMICF16 (n = 3) and 
[11C]GW441756 (n = 1). [11C]-(R)-IPMICF16 displays higher gray-to-white matter SUVR compared to 
[11C]-(±)-IPMICF16 and [11C]GW441756. 
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5.3.4 [11C]-(R)-IPMICF16 binds TrkB/C in human post-mortem brain tissue and parallels 

decreased TrkB hippocampal density in AD brain tissue in vitro. To further assess the 

binding specificity and selectivity of our lead radiotracer in brain tissue as well as to provide 

proof-of-principle evidence of its potential use in the context of neurodegenerative diseases, in 

vitro autoradiography experiments using post-mortem tissue from human healthy control (HC) 

and aged-matched AD patient groups were conducted. Binding properties of [11C]-(R)-IPMICF16 

were measured in four brain regions (20 PM cryosections) including the hippocampus which has 

been shown to undergo drastic TrkB full length reduction in AD brains13-14 as well as unaffected 

regions with regards to TrkB expression (e.g. parietal cortex and cerebellum).48  

 

Figure 5.4. Regional quantification for the in vitro human brain tissue autoradiography 
experiments with [11C]-(R)-IPMICF16. Quantification for the hippocampus (n = 11-12) (a,b), inferior 
parietal cortex (n = 12-15) (c,d), prefrontal cortex (n = 12-15) (e,f) and cerebellum (n = 11-15) (g,h) for 
baseline ([11C]-(R)-IPMICF16) and blocking ([11C]-(R)-IPMICF16 + GW441756, 10 PM)) of healthy control 
(black) and AD (blue) human brain cryosections. PSL/mm2 = photo-stimulated luminescence events per 
square millimetre. Specific bindingCtr/AD = TotalCtr/AD – BlockCtr/AD. Expressed as mean ± SD. ***P ≤ 0.001, 
****P ≤ 0.0001.  

 

In an initial series of baseline experiments using HC human brains (n = 12-15), [11C]-(R)-

IPMICF16 displayed extensive, yet heterogeneous total binding in all regions mirroring the near-
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ubiquitous expression of TrkB/C in neurons of the mammalian brain as characterized using 

[125I]BDNF, [125I]NT-3 and [125I]NT-4/5 and mRNA hybridization (Figure 5.4 and Figure S5.9, 

Supporting Information).41 In order to evaluate the extent of specific binding (impact of brain 

lipids and proteins non-specific binding) and TrkB/C selectivity (impact of off-target receptor-

mediated interactions), competition blocking experiments using the chemically distinct selective 

pan-Trk type I inhibitor GW441756 (10 PM) were conducted in HC brains.  Heterologous 

blocking was prominent in all analyzed ROIs (P ≤ 0.0001) with the most pronounced effects 

observed in the prefrontal cortex (' ~ -71%, n = 15) and hippocampus (' ~ -69%, n = 12), while 

significant albeit less pronounced blocking was observed in the inferior parietal cortex (' ~ -

43%, n = 15) and cerebellum (' ~ -54%, n = 15), revealing high specific and TrkB/C-selective 

binding of [11C]-(R)-IPMICF16 throughout the brain (Figure 5.4). Total or specific/selective 

binding inter-individual variability did not correlate with gender, age or post-mortem delay in HC 

samples. Having demonstrated excellent TrkB/C-binding in human healthy brains, 

measurements of total and specific/selective binding of [11C]-(R)-IPMICF16 in post-mortem 

tissue from AD patients in the corresponding ROIs (n = 11-12) were performed. Total tracer 

binding and specific/selective-TrkB/C binding were found to be significantly reduced in the 

hippocampus of AD brains compared to HC (' ~ -35%, P ≤ 0.001) as reported using IHC and 

ISH techniques.13-14 With the exception of this effect, non-specific/non-selective levels upon 

blocking with GW441756 in AD brains were similar to the observations from HC brains 

suggesting strong TrkB/C interaction in the AD group as well (P ≤ 0.0001). No additional 

noticeable differences between AD and HC groups in total tracer binding or specific/selective 

binding were observed in the other regions analyzed. Again, inter-individual binding differences 

within the AD brain samples could not be ascribed to differences in gender, age or post-mortem 

delay.  
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5.3.5 Imaging TrkB/C in the human brain using [11C]-(R)-IPMICF16. These encouraging 

preclinical data prompted the evaluation of [11C]-(R)-IPMICF16 as a radiotracer for use in 

humans in vivo. First-in-human brain uptake measurements of [11C]-(R)-IPMICF16 were 

performed in one healthy male volunteer (41 years of age). Radiotracer brain uptake was 

prompt with maximum SUV reached in all analyzed ROIs at 25 sec post injection (including 

white matter) (1.5 SUV in the thalamus) followed by rapid stabilization and steady retention with 

negligible decrease during the 60 min scan.  

 

Figure 5.5. In vivo PET imaging of [11C]-(R)-IPMICF16 in the human brain. Top row: VT images (RE 
plot) of the human subject illustrating the distribution of TrkB/C. The highest values are observed in the 
thalamus, followed by cerebellum and cortical gray matter, with low values in white matter. Middle row: 
fusion with the subject MR for anatomic localization. Bottom row: T1 MP-RAGE MR image of the subject.  

 

The uptake was heterogeneous but prevalent within the gray matter regions with the 

highest uptake seen in the thalamus (0.7 SUV) and lowest in white matter (0.4 SUV) with overall 

distribution aligning with non-human primate results and known TrkB/C expression (thalamus ≥ 

cerebellum ≥ cortex >>> white matter) (Figure S5.10a, Supporting Information).Uptake in 
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gray matter regions was superior to white matter at all time points. The mean plasma-to-blood 

ratio was 1.04 and the unbound fraction in the plasma (Fu_p) was 87 ± 5% (s.d., based on 3 

measurements made 6, 18, and 20 min post injection) (Figure S5.11, Supporting 

Information). Figure S5.10b (Supporting Information) summarizes the data of the kinetic 

analysis. Since volume of distribution (VT) derived from relative equilibrium-based graphical plot 

(RE plot) images showed a more robust result compared to the Logan plot, these images are 

used to visualize VT distribution in Figure 5.5. There were no adverse events or clinically 

detectable pharmacologic effects associated with the injection of [11C]-(R)-IPMICF16.  

 

5.4 Discussion 

The development of the first lead radiotracer for non-invasive PET imaging of TrkB/C 

receptors in the living brain is described.  Human PET imaging with [11C]-(R)-IPMICF16 was 

translated from preclinical research and demonstrated moderate brain uptake in agreement with 

regional TrkB/C distribution and favorable gray-to-white matter ratios. It was shown that 

obstacles commonly associated with the development of orthosteric probes for intracellular in 

vivo neuroimaging of protein kinases such as i) the combination of favorable physicochemical 

properties for rapid membrane diffusion (see result section), ii) the achievement of adequate 

affinity in light of high intracellular ATP concentration, as well as iii) the realization of sufficient 

target selectivity within the human protein kinome which presents highly conserved 

ATP/inhibitor-binding site can be overcome by thorough SAR screening. Our biochemical 

examination showed that (R)-IPMICF16 displays intrinsic affinity in the low picomolar range for 

TrkB/C. Moreover, we demonstrated that (R)-IPMICF16 displays exceptional kinome selectivity 

in comprehensive screenings (including notably TrkA) well beyond the 30-100-fold threshold 

considered necessary for CNS radiotracers.28, 33 Importantly, unwanted interaction with ROS1, 

the only target for which (R)-IPMICF16 shows less than 100-fold selectivity identified to date, is 

not an impediment foreseen due to the lack of detectable ROS1 levels in normal human brain 
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tissue.49 Based on available data, (R)-IPMICF16 displays both the highest affinity for TrkB/C 

and the best kinome selectivity of all pan-Trk inhibitors characterized to date and therefore 

constitutes a prime lead for radiotracer development. 

A central objective of the present report is to provide the most comprehensive overview 

of the development of [11C]-(R)-IPMICF16 from radiotracer design to human use. At its core, the 

work presented here was enabled by the efficient enantioselective synthesis of the required 

non-radioactive standard and nor-precursor as well as by the reliable radiosynthesis of [11C]-(R)-

IPMICF16. In particular, we showed that [11C]-(R)-IPMICF16 can be obtained in high specific 

activity, excellent radiochemical purity as well as sufficient isolated RCYs both in manual 

radiosyntheses as well as in fully GMP-compliant automated radiosyntheses for use in clinical 

studies. In addition, with extensive metabolism often emerging as a detrimental factor 

precluding radiotracer development, we investigated the stability of [11C]-(R)-IPMICF16 in vivo. 

Only < 5% of emerging polar metabolites were detected during in vivo radio-TLC metabolism 

studies. No lipophilic metabolites that could pass the BBB were observed. Our report also 

highlights the importance of multi-tracer/multi-species translational studies in the context of PET 

radiotracer development.  

To provide additional evidence of TrkB/C specificity and selectivity of [11C]-(R)-IPMICF16 

in brain tissue, we determined radiotracer binding properties in autoradiography experiments 

using healthy human brain tissue. In a first set of data collected using HC tissue, we showed 

extensive specific and selective binding, using the selective pan-Trk inhibitor GW441756 as a 

second structurally distinct heterologous pharmacological competitor. Anomalies in 

neurotrophin/Trk receptor systems have been described in various CNS diseases and 

conditions and are best characterised in the context of AD. For instance, genome association 

analysis has suggested a possible role for polymorphism of the genes for both BDNF and 

NTRK2 (TrkB) as risk factors in AD,50 although this remains a subject of debate.51 Direct 
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evidence of involvement of the BDNF/TrkB system in AD comes from studies indicating that 

TrkB full length levels are profoundly decreased in the hippocampus of patients with AD,13 

although apparently not in the parietal cortex.48 Moreover, progressive loss of TrkB signal (as 

well as of the TrkA/C variants) in basal forebrain cholinergic nuclei is well correlated with the 

clinical progression of the disease.11 Treatment with agonists of the BDNF/TrkB system in 

transgenic mice models of AD results in an increase of dendritic spines in the hippocampus and 

cortex, an inhibition of neuronal apoptosis and neurodegeneration, and improves spatial 

memory performance.52-54 We therefore used AD as a proof-of-concept for the application of 

[11C]-(R)-IPMICF16 as quantitative radiotracer, and determined a [11C]-(R)-IPMICF16 specific 

binding profile in AD brains as a parallel study to our HC experiments. Considering known 

trends previously measured using IHC, we show that hippocampal [11C]-(R)-IPMICF16 binding 

is significantly decreased in AD versus HC. Those results indicate the potential use for Trk PET 

radiotracers in the study and diagnosis of neurodegenerative diseases.  

5.5 Conclusion 

In conclusion, our study provides a novel molecular imaging probe for the non-invasive 

study of neuronal signal transduction at the interface of neurology and oncology which is as of 

yet unexplored. Importantly, the data described herein delineates, to the best of our knowledge, 

the first use of a small molecule kinase inhibitor radiotracer as an in vivo tool to assess 

endogenous kinase densities using PET neuroimaging in human. Collectively, our preclinical 

and clinical data demonstrate that [11C]-(R)-IPMICF16 represents a promising neuroimaging 

lead tracer for TrkB/C. The data presented here also establish a profound basis to lead towards 

future efforts in the functional study of kinases in vitro and in vivo in the context of drug 

development and neurodegenerative diseases. 
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5.6 Material and methods 

Chemical Syntheses. The general procedures for chemistry are provided in SI Appendix 
(Supplementary Information Section 3).  The detailed chemical syntheses and characterization 

of all new compounds, including the synthetic sequence leading to N-(3-fluoro-4-

methoxyphenyl)-6-((R)-2-(3-fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-carboxamide 

((R)-IPMICF16) and the phenolic precursor N-(3-fluoro-4-hydroxyphenyl)-6-((R)-2-(3-

fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-carboxamide as well as 1H and 13C  

spectra of new compounds and chiral SFC  analysis are provided in SI Appendix (Figure S5.1 
and Supplementary Section 3-5 and 8).  

In Vitro Biological Evaluations. The potencies of (R)-IPMICF16 and (S)-IPMICF16 and the Ki 
values and selectivity profile (369 kinases) for (R)-IPMICF16 were obtained through [γ-33P]ATP-

based enzymatic assays (Reaction Biology Corporation, Malvern, PA). Complete description of 

the assays can be found in the SI Appendix (Supplementary Information Section 6). 

Docking analyses. Molecular docking simulations of (R)-IPMICF16 were performed using the 
X-ray co-crystal structure of the TrkB-cpdn5 complex (PDB code: 4AT3), the TrkA-N4-(4-

morpholinophenyl)-N6-(pyridin-3-ylmethyl)pyrido-[3,2-d]pyrimidine-4,6-diamine complex (PDB 

code: 4PMT) using the FITTED 3.5 program (FORECASTER platform). Docking structures and 

figures were prepared using Pymol. 

P-gp/BCRP Assays and Lineweaver-Burk plot analysis.  Cell Culture. Native MDCKII cells or 
stably transfected with human P-gp or wild-type BCRP (482A) were seeded at a density of 

156.250 cells/cm2 using Dulbecco’s modified Eagle’s medium (DMEM) with 10% FCS, 4.0 mM 

L-Glutamine, 100 U/ml Penicillin, 100 µg/ml Streptomycin and 100 µg/ml Kanamycin (Biochrom, 

Munich, Germany) and split after reaching cell confluency to 70-80%. Cell passages from 7-25 

have been used throughout the experiments. Calcein-AM Uptake-Assay. The assay for 

quantifying P-gp efflux activity was performed as described previously.55 Briefly, human P-gp 

overexpressing MDCKII cells were washed two times with Krebs-Ringer Buffer (142 mM NaCl, 3 

mM KCl, 1.5 mM K2HPO4*3 H2O, 10 mM HEPES, 4 mM D-Glucose, 1.2 mM MgCl2, 1.4 mM 

CaCl2, pH 7.4) and preincubated with 100 µl of double-concentrated modulator for 15 min that 

was followed by addition of 100 µl 4°C cold 2 µM Calcein-AM (Sigma-Aldrich, Taufkirchen, 

Germany) solution for 30 min. Plates were incubated at 37°C at 200 rpm. Control cells were 

exposed to Calcein-AM in absence of a transport modulator. Subsequently, MDCKII cells were 
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washed with ice-cold Krebs-Ringer Buffer to stop transporter activity and intracellular 

fluorescence was released after incubation with 0.1% Triton X for 20 min at 37°C. The amount 

of intracellular fluorescence was recorded using a fluorescence plate reader (Tecan Infinite 

F200 Pro, λ(excitation) = 485 nm and λ(emission) = 520 nm). Background fluorescene was subtraced 

from each signal and intracellularly accumulated fluorescence was related to control cells. EC50 

values were calculated via non-linear regression using the 4-parameter logistic equation with 

variable Hill-slope (GraphPad Prism® version 6.01) to generate dose-response curves. 

Lineweaver-Burk Plot. First, Michaelis-Menten Kinetics were calculated from efflux experiments 

measuring extracellular fluorescence every 90 sec on a Tecan Infinite F200 Pro. The kinetics 

were determined by assigning the linear gradient of the efflux curve (RFU (relative fluorescent 

unit verse time) as velocity (v=RFU/time.) against the respective Calcein-AM concentration 

([S]=1, 2 and 3 µM) according to the following equation:  

𝑣𝑚𝑎𝑥 ∗ [𝑆]
𝐾𝑚 + [𝑆] = 𝑣 

where v represents the efflux velocity, vmax the maximum reaction velocity, [S] the Calcein-

substrate concentration and Km the Michaelis-Menten constant. A Lineweaver-Burk-Plot was 

obtained by plotting 1/v as the ordinate against 1/[S] as the abscissa to estimate the type of 

inhibitory mode. BODIPY-Prazosin Uptake-Assay. BCRP efflux activity was analysed in native 

and human Bcrp MDCKII cells employing a flow cytometer (FACSCaliburTM flow cytometer, 

Becton–Dickinson). In general, the net uptake of the BCRP-specific fluorescent substrate 

BODIPY-Prazosin into MDCKII cells in presence or absence of BCRP modulators or non-

modulators was determined.56 MDCKII cells were grown as monolayer, trypsinised and the 

density adjusted to 2.5 × 107 cells/ml in DMEM/Ham’s F12 1:1. Hence, cells were washed twice 

with 37°C pre-warmed medium and increasing concentrations of test compound added to a 

volume of 600µl cell suspension. Cells were incubated for 15 min at 37°C and 300 µl BODIPY-

Prazosin in DMEM/Ham’s F12 1:1 (2 µM) was added to a final concentration of 0.5 µM and 

incubated for 30 min at 37°C, 700 rpm (Thermoshaker Incubator, Thriller®, Peqlab). 

Subsequently, the incubation was stopped with ice-cold medium and suspensions were 

centrifuged at 200×g for 5 min and washed with 4°C PBS (2% FCS). Finally, intracellular 

BODIPY-Prazosin fluorescence was measured using a FACSCaliburTM flow cytometer equipped 

with a 488 nm argon laser and a 530/ 30 band-pass filter. By gating on forward and sideward 

scatter, MDCKII cells were selected and dead cells excluded likewise using propidium iodide 

staining (1.0 µg/ml). Twenty thousand cells were sorted in one run. Data were analysed with 
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CellQuestTM Pro (Franklin Lakes, NJ, USA). The increase in intracellular fluorescence (MF, 

median fluorescence) caused by a test compound was referred to control fluorescence levels 

(100%) and given as percentage of control.  

Radiochemical Syntheses. The general procedures for radiochemistry for all 4 production 
sites are provided in SI Appendix (Supplementary Information Section 7).  The complete 
descriptions of the radiochemical syntheses for preclinical studies (three sites: manual synthesis 

at the Edmonton PET Center (University of Alberta), automated synthesis at the McConnell 

Brain Imaging Center (McGill University) and automated synthesis at the University of Michigan 

PET Center (University of Michigan)) and first-in-human study (one site: Ludwig-Maximilians-

University of Munich) are provided in SI Appendix (Supplementary Information Section 7). The 

manual and automated radiosyntheses of [11C]-(±)-IPMICF16 and [11C]-(R)-IPMICF16 

proceeded from the desmethyl phenolic precursors and the manual and automated 

radiosyntheses of [11C]-(±)-IPMICF22 proceeded from the corresponding primary amide as 

described in SI Appendix. The manual radiosyntheses of [18F]-(±)-IPMICF6, [18F]-(±)-IPMICF10 

and [11C]GW441756 were performed as previously reported36,38.  

Rodent PET Imaging Studies. Animals. All animal studies were carried out according to the 
guidelines of the Canadian Council on Animal Care (CCAC) and approved by the Cross Cancer 

Institute Animal-Care Committee (AC14214). In vivo studies were done using female Sprague 

Dawley rats (body weight: 320-420 g, University of Alberta, Edmonton, AB, Canada, 6-12 

months of age), normal female FVB mice (body weight: 24-30 g, Charles-River Laboratories, 

Quebec, Canada, 3-9 months of age) and female Mdr1a/b(−/−)Bcrp1(−/−) mice (body weight: 24-30 

g, Taconic, Hudson, NY, USA, 3-9 months of age). Imaging procedure and analysis.PET 

imaging scans of [18F]-(±)-IPMICF6, [18F]-(±)-IPMICF10, [11C]-(±)-IPMICF16, [11C]-(±)-IPMICF22, 

[11C]-(R)-IPMICF16 and [11C]GW441756 were performed on an INVEON£ PET scanner 

(Siemens Preclinical Solutions, Knoxville, TN, U.S.A.). PET imaging experiments followed the 

same procedure for all 6 radiotracers: Prior to radiotracer injection, rodentswere anesthetized 

through inhalation of isoflurane in 40% oxygen/ 60% nitrogen (gas flow 1 L/min), and body 

temperature was kept constant at 37 °C. Mice or rats were placed in a prone position into the 

center of the field of view. A transmission scan for attenuation correction was only acquired for 

rat experiments, not for mice. Mice were injected with 10-50 MBq of 11C-labeled radiotracer in 

100-150 μL of isotonic saline solution (0.9% w/v of NaCl) through a tail vein catheter. Rats were 

injected with 15-72 MBq of 11C-labeled or 11-21 MBq of 18F-labeled radiotracer in 200-600 μL of 

saline solution (0.9% w/v of NaCl). Data acquisition was performed over 60 min in 3D list mode. 
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The dynamic list mode data were sorted into sinograms with 54 time frames (10 × 2, 8 × 5, 6 × 

10, 6 × 20, 8 × 60, 10 × 120, 6 × 300 s). The frames were reconstructed using maximum a 

posteriori (MAP) as reconstruction mode. No correction for partial volume effects was applied. 

The image files were processed using the ROVER v2.0.51 software (ABX GmbH, Radeberg, 

Germany). Masks defining 3D regions of interest (ROI) were set, and the ROIs were defined by 

50% thresholding. Mean standardized uptake values [SUVmean = (activity/mL tissue)/(injected 

activity/body weight), mL/g] were calculated for each ROI, and time−activity curves (TAC) were 

generated. All semi-quantified PET data are presented as means ± SD. 

Metabolic Stability Study in Vivo. One normal FVB mouse was anesthetized through 
inhalation of isoflurane in 40% oxygen/60% nitrogen (gas flow 1 L/min) prior to intravenous 

injection of 117 MBq [11C]-(R)-IPMICF16 via the tail vein. Venous blood samples were collected 

at 5, 15 and 30 min post injection through the tail vein catheter and further processed as follows: 

Blood cells were separated by centrifugation (13,000 rpm × 5 min). The supernatant was 

removed, and proteins were precipitated by addition of 2 volume parts of methanol (2 vol of 

MeOH/1 vol of sample). Another centrifugation step (13,000 rpm × 5 min) was performed to 

separate plasma as supernatant from the precipitated proteins. The clear plasma supernatants 

were analyzed by radio-TLC to determine the fraction of intact radiotracer (10%MeOH/CH2Cl2 Rf 

= 0.8). 

Non-Human primates PET Imaging Studies. Animals. All primate imaging studies were 
performed in accordance with the standards set by the University Committee on Use and Care 

of Animals (UCUCA) at the University of Michigan. Imaging was done using a mature female 

rhesus monkey (Macaca mulatta) (body weight = 6.1 kg with negligible variation throughout the 

duration of the study, 15 years of age). Imaging procedure and analysis. PET imaging of [11C]-

(±)-IPMICF6, [11C]-(±)-IPMICF10, [11C]-(±)-IPMICF16, [11C]-(±)-IPMICF22, [11C]-(R)-IPMICF16 

and [11C]GW441756 was done using the Concorde Microsystems MicroPET P4 tomograph. 

PET imaging experiments followed the same procedure for all 6 radiotracers analyzed. The 

animal was anesthetized (isoflurane) and intubated, a venous catheter was inserted into one 

hindlimb and the animal positioned on the bed of the MicroPET gantry. A head-holder was used 

to prevent motion artifacts. Isoflurane anesthesia was continued throughout the study. Following 

a transmission scan, the animal was injected i.v. with the radiotracer (96-167 MBq) as a bolus 

over 1 min, and the brain imaged for 90 min (5 x 1 min frames – 2 x 2.5 min frames – 2 x 5 min 

frames – 7 x 10 min frames) for 18F radiotracers or 60 min (5 x 1 min frames – 2 x 2.5 min 

frames – 2 x 5 min frames – 4 x 10 min frames) for 11C radiotracers. Emission data were 
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corrected for attenuation and scatter, and reconstructed using the 3D maximum a priori method 

(3D MAP algorithm). Using a summed image of the entire data set, regions of interest (ROIs) 

were drawn manually on multiple planes to obtain volumetric ROIs for the whole brain, 

thalamus, cortex, pons, cerebellum and subcortical white matter. The volumetric ROIs were 

then applied to the full dynamic data sets to obtain the regional tissue time-radioactivity data. All 

semiquantified PET data are presented as means ± SD when applicable. 

Human Tissue Autoradiography. Frozen brain samples from age-matched healthy controls 
and AD-positive brains (diagnosis confirmed by neuropathological reports; CERAD criterion) 

were obtained from the Douglas-Bell Canada Brain Bank (Douglas Mental Health University 

Institute, Montreal, Canada). Utilization of these samples was approved by both the Douglas 

Institute’s research ethics board and the Brain Bank’s scientific review committee. Samples 

were excluded in cases of psychiatric conditions, epilepsy, non-AD dementia, brain neoplasms, 

and traumatic brain injuries. In total, brain tissue from 29 subjects was analyzed (16 healthy 

controls and 13 AD: 23 samples from the hippocampus (HP) (12 controls, 11 AD), 27 samples 

from the prefrontal cortex (PFC) (15 controls, 12 AD), 27 samples from the inferior parietal 

cortex (IPC) (15 controls, 12 AD) and 26 samples from the cerebellum (CB) (15 controls, 11 AD) 

(see Table S3).  Using a freezing sliding microtome (Leica CM3050S) at −15°C, each block of 

tissue was cut into serial 20𝜇m-thick sections, which were then thaw-mounted on coated 

microscope slides. Baseline and blocking experiments were performed on adjacent sections. 

The optimal conditions for the in vitro autoradiography binding techniques such as incubation 

time, washing procedure, and time of exposure onto the phosphor imaging plate were obtained 

after preliminary experiments (data not shown). On the day of synthesis, sections were warmed 

to room temperature, air-dried, and then preincubated in a 0.1 M phosphate-buffered saline 

solution (pH 7.4) for 20 min. Tissue was then air-dried once more and incubated with 48.2 

MBq/L of [11C]-(R)-IPMICF16 (107 GBq/Pmol) alone (baseline) or [11C]-(R)-IPMICF16 + 

GW441756 10 PM (blocking) in the same buffer solution at room temperature for 60 min. After 

incubation, slides were dipped three times in buffer and one time in water in distilled water (4°C) 

and dried under a stream of cool air. The sections were then exposed on a radioluminographic 

imaging plate (Fujifilm BAS-MS2025) for 3 h (Supplementary Fig. S6). The drawn ROIs 

obtained from histological staining of adjacent sections as previously described were then 

transposed to the corresponding autoradiography images. Activity in photostimulated 

luminescence unit per mm2 was calculated for each ROI using Image Gauge 4.0 (Fujifilm). Grey 

and white matter binding were averaged. Group differences in binding were then investigated 
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using a one-way ANOVA and specific binding was analyzed using an unpaired two-tailed 

Student t test for each ROI.  

PET/MR Imaging Study in Human Subject. Imaging procedure. Dynamic PET data were 
acquired on a Siemens Biograph 64 True Point PET/CT scanner (Siemens Medical Solutions, 

Erlangen, Germany) at the Department of Nuclear Medicine, University of Munich (LMU) with an 

injection of 567 MBq of [11C]-(R)-IPMICF16. Reconstruction included standard corrections for 

attenuation (low dose CT), scatter, decay and random counts. Dynamic PET data were 

recorded in list mode over 60 min and reconstructed using a 3D ordered subsets expectation 

maximization (OSEM) algorithm with 4 iterations and 8 subsets, followed by a Gaussian filter 

with five millimeters FWHM. A second reconstruction was executed with the Siemens TrueX 

algorithm (Siemens Medical Solutions, Erlangen, Germany) which employs a model of the 

system point spread function of the tomographic device to provide better resolution recovery 

and reduced partial volume effects and therefore improved delineation and quantification of 

vessels, using 4 iterations, 16 subsets and no filter. Both dynamic studies were realized in a 256 

x 256 x 109 matrix with zoom 2 (voxel size of 1.336 × 1.336 × 2.027) in 30 time frames (12 × 10, 

4 × 30, 2 × 60, 2 × 120, 10 × 300 s). A correction of patient motion between time frames was 

performed using the PMOD Fusion tool (v3.4, PMOD Technologies, Zurich, Switzerland). Blood 

sampling and image derived input function. Manual blood samples were taken every 35 

seconds until 3 min p.i. followed by additional manual blood samples 4, 5, 10, 19, 21, 31, 56 min 

p.i.. For determination of plasma-to-blood ratio and binding to plasma proteins analysis three 

blood samples were taken at 6, 18, and 20 min p.i.. Plasma was separated from cells with a 

centrifugation speed of 3000 × g for 3 min. For determination of tracer fraction in plasma bound 

to proteins for each time point one probe was diluted with ice cold acetonitrile (1:4) followed by 

centrifugation (speed of 16000 × g, 4 degree Celsius for 3 min). Whole blood, whole plasma, 

supernatant (free tracer in plasma), and tracer bound to proteins was measured with a gamma-

counter (Packard Cobra Quantum). The final arterial plasma input for pharmacokinetic modeling 

was generated by rescaling the image derived input function (IDIF) obtained from images with 

TrueX reconstruction based on manual blood samples.57-58 The IDIF VOI was delineated as 

proposed by Mourik et al.: starting at three planes below the Circle of Willis the four hottest 

voxels per slice within eleven consecutive planes. This yields a total volume of 159 mm3. Image 

analyses. Anatomical brain regions were defined in the OSEM3D reconstructions with PMOD 
Neuro tool (v3.4 PMOD Technologies, Zurich, Switzerland) based on the Hammers maximum 

probability atlas (Hammers N30R83)59. Mean SUV values for 0-10, 10-30, 30-60 min p.i. 
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averaged images, and the parameter distribution volume VT was derived with Logan and relative 

equilibrium-based60 (RE) graphical plot and the corrected IDIF as input function. Parametric 

images were generated using the cerebral voxels identified by the overlay on the subjects MRI. 

For this anatomical comparison a T1 MP-RAGE MR image of the subject with isotropic voxels 

recorded on a 3 Tesla scanner (Magnetom Trio, Siemens, Erlangen) equipped with a 32-

channel head coil was used.  
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1. SUPPLEMENTARY TABLES 

Table S5.1. Characteristics of TrkA/B/C inhibitors in recent and current clinical trials for cancer 
treatment (updated August 2016, https://clinicaltrials.gov/) 

Compound ID Structure Current stage (overview) Kinase targets Clinical trial 
ID/Sponsor 

Altiratinib (DCC-
2701 
DCC-270, DP-
5164) 
 

 

Phase 1 in patients with locally 
advanced tumors and 
metastatic solid tumors 
including TRK genomic 
alterations 

Multi-targeted; 
including: 
TrkA/B/C, MET, 
TIE2 and VEGFR 

NCT02228811 
(recruiting) 
/Deciphera 

Pharmaceuticals 
LLC 

Cabozantinib (XL-
184, BMS-907351) 
 
 
 
 

 

 

Multiple ongoing Phase 2 trials 
including in patients with RET 
fusion-positive advanced non-
small cell lung cancer and 
those with other genotypes: 
ROS1 or NTRK Fusions or 
increased MET or AXL activity 

Multi-targeted; 
including: MET, 
RET, VEGFR, KIT, 
CSF-1R, FLT3, 
TIE2 TrkA/B/C, 
AXL 

N/A, Approved 
2016 for kidney 
cancer treatment; 
NCT01639508 
(recruiting)/ 

Memorial Sloan 
Kettering Cancer 

Center 
Dovitinib   
(TKI-258, CHIR-
258) 
 

 

Multiple ongoing trials 
Including Phase 2 in patients 
with tumor pathway activations 
including mutations or 
translocations of Trk  

Multi-targeted; 
including: KIT, 
FLT3, FGFR, 
VEGFR, TrkA/B/C 

NCT01831726 
(completed 2016)/ 
Novartis 
Pharmaceuticals 

DS-6051b (structure undisclosed) Phase 1 first-in-human in 
patients with advanced solid 
tumors; Phase 1 Study in 
Japanese subjects with 
advanced solid malignant 
tumors with NTRK and ROS1 
fusions 

Selective  ROS1, 
TrkA/B/C 

NCT02279433 
(recruiting)/ Daiichi 
Sankyo Co., Ltd.; 
NCT02675491 
(recruiting)/ Daiichi 
Sankyo Co., Ltd. 

Entrectinib 
(RXDX-101) 

 
 

  

Phase 2 in patients with locally 
advanced or metastatic solid 
tumors with rearrangement 
including for NTRK1/2/3 
(STARTRK-2); 
Phase 1/1b in pediatric 
patients with relapsed 
refractory solid tumors/primary 
CNS 
tumors/neuroblastoma/non-
neuroblastoma 

Multi-targeted;  
ROS1, ALK, 
TrkA/B/C 

NCT02568267 
(recruiting)/ Ignyta, 
Inc.; 
NTC02650401 
(recruiting)/ Ignyta, 
Inc.; 
NCT02097810 
(recruiting)/ Ignyta, 
Inc. 

LOXO-101  

 

Phase 1 in patients with 
advanced adult solid tumors 
with NTRK1/2/3 genetic 
alterations; Pediatric Solid or 
Primary Central Nervous 
System Tumors (SCOUT); 
Phase 2 in patients with NTRK 
fusion-positive tumors 
(NAVIGATE) 

Selective  
TrkA/B/C 

NCT02576431 
(recruiting)/ Loxo 
Oncology, Inc.; 
NCT02122913 
(recruiting)/ Loxo 
Oncology, Inc.; 
NCT02637687 
(recruiting)/ Loxo 
Oncology, Inc.; 

Milciclib  
(PHA-848125AC) 

 

 

Phase 2 in patients with 
malignant thymoma; Phase 2 
in patients with unresectable 
thymic carcinoma 

Multi-targeted; 
including: CDK, 
TrkA 

NCT01301391 
(recruiting)/ Tiziana 
Life Sciences, 
PLC;  
NCT01011439 
(ongoing)/ Tiziana 
Life Sciences, PLC 

Sitravatinib 
(MGCD516) 

 

Phase 1 in patient with 
advanced cancer including 
with genetic alteration of 
NTRK1/2/3 

Multi-targeted; 
including: MET, 
AXL, MER, 
VEGFR, PDGFR, 
DDR2, Eph, 
TrkA/B/C 

NCT02219711 
(recruiting)/ Mirati 
Therapeutics Inc. 

PLX7486 (structure undisclosed) Phase 1  in patients with 
advanced solid tumors as a 
single agent and with 
gemcitabine plus nab-
paclitaxel 

Multi-targeted; 
including: CSF-1R, 
TrkA/B/C 

NCT01804530 
(recruiting)/ 
Plexxikon 
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TSR-011 

 

Phase1/2 in patients with 
advanced solid tumors and 
lymphomas (including Trk 
positive) 

Selective   
ALK, TrkA/B/C 

NCT02048488 
(ongoing)/ Tesaro, 
Inc. 
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Table S5.2. SAR and in vitro enzymatic activities and physicochemical data for imidazo[1,2-
b]pyridazines Trk inhibitors36 

 

Cpd 
 

R clogP
 

 
IC50 (nM)a TrkA/TrkB; 

TrkA/TrkC 
selectivities 

TrkA TrkB TrkC 

5.4  
((±)-IPMICF22)  

1.51 7.66 0.565 0.374 13.6; 20.5 
 

5.1 
((±)-IPMICF6) 

 

2.08 1.91  0.076  0.076  25.1; 25.1 

5.3 
((±)-IPMICF16) 

 

3.17 1.94  0.080  0.095  24.3; 20.4 

5.2 
((±)-IPMICF10) 

 

3.61 2.10  0.099  0.127 21.2; 16.5 

        
a [γ-33P]ATP-based enzymatic assay performed by Reaction Biology (From Ref. 36). 
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Table S5.3. Demographic characteristics and autoradiography data for brain tissue from healthy 
controls and Alzheimer’s disease patients  

Patient Healthy control 
(HC) or 

Alzheimer’s 
disease (AD) 

Gender Age Post-Mortem 
delay (PMD, 
hours) 

Tissue dissections for 
autoradiography 

HP1 PFC2 IPC3 CB4 

1 HC M 60 7.25 X* X X X 
2 HC F 74 11.00 X X X X 
3 HC M 71 76.00 X X N/A** X 
4 HC M 70 32.75 N/A N/A X X 
5 HC F 90 13-37 N/A X X X 
6 HC F 81 29.00 X X X X 
7 HC F 77 31.00 X X X N/A 
8 HC M 91 6.75 N/A X X X 
9 HC M 69 12.00 N/A X X X 
10 HC M 79 14.75 X X X X 
11 HC M 59 17.75 X X X X 
12 HC M 61 8.75 X X X X 
13 HC F 95 23.75 X X X X 
14 HC M 85 26.75 X X X X 
15 HC M 88 8.00 X X X X 
16 HC F 51 26.25 X X X X 
17 AD M 67 96.00 X X X X 
18 AD M 92 13.25 X X N/A X 
19 AD M 66 8.50 N/A X X X 
20 AD M 67 10.50 X X X X 
21 AD F 77 11.25 X X X X 
22 AD M 76 24.00 N/A X X X 
23 AD F 74 18.00 X X X N/A 
24 AD M 73 26.25 X X X X 
25 AD M 63 21.00 X N/A X X 
26 AD F 88 24.50 X X X N/A 
27 AD M 79 19.25 X X X X 
28 AD M 79 12.75 X X X X 
29 AD M 79 24.75 X X X X 

1Hippocampus; 2Prefrontal cortex; 3Inferior parietal cortex; 4Cerebellum; *Dissection used for autoradiography 
experiments; ** Dissection excluded from autoradiography experiments due to unavailability or deterioration of tissue 
during autoradiography manipulations. 
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2. SUPPLEMENTARY FIGURES 

 

 

Figure S5.1. Trk tyrosine kinase inhibitor radiotracers, selected clinical Trk inhibitors and 
synthesis of [11C]-(R)-IPMICF16. The key (R)-2-(3-fluorophenyl)pyrrolidine ((R)-5.11) intermediate 
required for securing (R)-IPMICF16 was synthesized via a Ellman sulfinamide route in place of the 
previously described enantioselective lithiation as the key step due to the limited availability of (-)-
sparteine required using the latter technique.61 Diastereoselective Grignard addition to J-chloro N-sulfinyl 
aldimine (RS)-5.862 delivered the diastereomer (RS,R)-5.9 in 72% yield as the unique addition product 
(structure confirmed by X-ray crystallography, Fig 1b). Base-promoted ring closure followed by sulfinyl 
group cleavage cleanly afforded pyrrolidine (R)-5.11 on gram scale providing an efficient and mild 
alternative to the known and less scalable sec-BuLi/lithiation sequence. With (R)-5.11 in hand, the 
carboxylic acid (R)-5.12 (ee > 99.6%; chiral SFC/MS, Supplementary Information Section 4) was 
obtained and derivatized with the required anilines for the synthesis of the non-radioactive standard and 
nor-precursor (R)-5.14. (a) Chemical structures of pan-Trk selective type-I PET radiotracers and inhibitors 
including [11C]-(R)-IPMICF16 and [11C]GW441756 and Trk kinase inhibitor under clinical evaluation for the 
treatment of solid tumors. (b) Synthesis of (R)-IPMICF16 and radiosynthesis of [11C]-(R)-IPMICF16 based 
on an Ellman's sulfonamide-chiral pyrrolidine approach. DMF, N,N-dimethylformamide; LiHMDS, lithium 
bis(trimethylsilyl)amide; DIPEA, N,N-diisopropylethylamine; HATU, 1-[bis(dimethylamino)methylene]-1H-
1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate; TBAF, tetrabutylammonium fluoride; TBAOH, 
tetrabutylammonium hydroxide; THF, tetrahydrofuran. 
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Figure S5.2. The racemic series. The decision to convert inhibitors 5.1-5.4 into radiotracers ensues from 
favorable CNS drug-like and radiotracer-like attributes evidenced by multiparameter optimization (MPO) 
scores (CNS MPO ~ 4.4-5.8 and CNS PET MPO ~ 3.3-5.3) and one-step radiolabeling amenability with 
either carbon-11 or fluorine-18. Chemical and radiochemical syntheses. Precursors for [18F]-(±)-5.1, [18F]-
(±)-2 and [11C]-(±)-5.4 were obtained as previously described (as well as for GW441756).36-37 (a) 
Radiosynthesis of [11C]-(±)-IPMICF22. (b) Chemical structure of  [18F]-(±)-IPMICF10 and [18F]-(±)-
IPMICF6. (c) Precursor synthesis and radiosynthesis of [11C]-(±)-IPMICF16. DMF, N,N-
dimethylformamide; HATU, 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid 
hexafluorophosphate; TBAF, tetrabutylammonium fluoride; TBAOH, tetrabutylammonium hydroxide; 
TBSCl, tert-butyldimethylsilyl chloride; THF, tetrahydrofuran. 
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Figure S5.3. Structure (left) and dose-response curve (right) for inhibitor (S)-IPMICF16 (n = 1) versus 
TrkA, TrkB and TrkC ([γ-33P]ATP-based enzymatic assay performed by Reaction Biology). 
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Figure S5.4. Preclinical rodents in vivo PET imaging data for representative IPMICF radiotracers. 
(a) TACs showing tracer uptakes (whole brain) for [18F]-(±)-IPMICF6, [18F]-(±)-IPMICF10, [11C]-(±)-
IPMICF16 and [11C]-(±)-IPMICF22 in Sprague Dawley rats (n = 2 per radiotracer, expressed as mean ± 
SD). (b) Radiotracers brain/blood (heart) ratios at 15 min, 30 min and 60 min post injection in Sprague 
Dawley rats. Expressed as mean ± SD. (c) Representative PET image of [18F]-(±)-IPMICF6 in Sprague 
Dawley rat showing extensive bone uptake characteristic of 18F-defluorination. (d) Representative brain 
images of [11C]-(±)-IPMICF22 in FVB mice. (e) Representative brain images of [11C]-(±)-IPMICF22 in 
Mdr1a/b(−/−)Bcrp1(−/−) mice. (f) TACs for [11C]-(±)-IPMICF22 brain uptake at baseline (n = 3/group, 
expressed as mean ± SD.). Although [18F]-(±)-IPMICF10 offered similar imaging properties as [11C]-(±)-
IPMICF16 in rats, it was demonstrated to be unsuitable for in vivo use in higher species based on 
nonhuman primate imaging data due to extensive defluorination (Supplementary Figure 7b). 
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Figure S5.5. [11C]-(±)-IPMICF16 biodistribution in mice. Selected biodistribution data presenting the 
accumulation of [11C]-(±)-IPMICF16 in liver, kidneys, blood (heart), lung in comparison to brain over the 
duration the scans (n = 3; checkered colors = FVB mice; full colors = Mdr1a/b(−/−)Bcrp1(−/−) mice). 
Expressed as mean ± SD. 
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Figure S5.6. Calcein-AM and BODIPY-Prazosin cellular assays and Lineweaver Burk plot to study 
interactions with P-gp and BCRP. Calcein-AM assays were conducted in human P-gp overexpressing 
Madin-Darby Canine Kidney (MDCKII) cells. BODIPY-Prazosin assays were conducted in native and 
human BCRP overexpressing MDCKII cells. In all cases, intracellular fluorescence in the absence of test 
compounds was set as 100%. Valspodar and KO134 were used as positive control for P-gp and BCRP 
assays respectively. (a) Results obtained from Calcein-AM assay for P-gp with (R)-IPMICF16 (EC50 = 2.9 
± 1.3 PM for P-gp).  (b) Lineweaver Burk plot determined with (±)-IPMICF16 showing competitive 
inhibition of fluorescent Calcein and hence, transport of the former by P-gp. (c) Results obtained from 
BODIPY-Prazosin assay for BCRP with (R)-IPMICF16 (EC50 = 2.23 ± 1.1PM in overexpressing cells).  (d) 
Results obtained from BODIPY-Prazosin assay for BCRP with (R)-IPMICF16 in native MDCKII cells.  (e) 
Results obtained from Calcein-AM assay for P-gp with GW441756 (EC50 = 79.2 PM for P-gp).  (f) Results 
obtained from Calcein-AM assay for P-gp with Entrectinib. (g) Results obtained from BODIPY-Prazosin 
assay for BCRP with Entrectinib (in native cells).  (h) Results obtained from BODIPY-Prazosin assay for 
BCRP with Entrectinib (in overexpressing cells).   
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Figure S5.7. Rhesus monkey regional brain TACs from radiotracers screening. TACs showing 
tracers binding and regional distribution in baseline conditions in the NHP brain for (a) [18F]-(±)-IPMICF6 
([18F]-(±)-5.1, 0–90 min, n = 1). (b) [18F]-(±)-IPMICF10 ([18F]-(±)-5.2, 0–90 min, n = 1); skull uptake is 
indicative of 18F-defluorination. (c)  [11C]-(±)-IPMICF22 ([11C]-(±)-5.4, 0–60 min, n = 1). (d) [11C]-(±)-
IPMICF16 ([11C]-(±)-5.3, 0–60 min, n = 3, expressed as mean ± SD). (e) [11C]-(R)-IPMICF16 ([11C]-(R)-
5.3, 0–60 min, n = 3, expressed as mean ± SD). (f) [11C]GW441756  ([11C]5.5, 0–60 min, n = 1). The SUV 
scale is adjusted to uptake. 
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Figure S5.8. Comparative regional SUV ratio (SUVR, summed 0-60 min) for [11C]-(R)-IPMICF16, [11C]-
(±)-IPMICF16 and [11C]GW441756.  
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Figure S5.9.  [11C]-(R)-IPMICF16  binding is highly specific and TrkB/C-selective in the human brain 
in vitro. Representative in vitro autoradiograms. Sections of human brains showing the binding of [11C]-
(R)-IPMICF16 and competition experiments with GW441756 (10 PM) (successive sections between 
baseline and blocking). HC = healthy control, AD = Alzheimer disease. TB = total binding ([11C]-(R)-
IPMICF16), NSB = non-specific binding ([11C]-(R)-IPMICF16 + GW441756, 10 PM). 

  

310



Chapter 5 
 

 

Figure S5.10. Analysis of [11C]-(R)-IPMICF16 in the human brain. (a) Time activity curves of the 
human [11C]-(R)-IPMICF16 study 0-60 min p.i.. For illustrative purposes the SUV scale was truncated at 
1.0. All gray matter regions show a rapid stabilization starting at around 5 min p.i.. Activity retention in 
thalamus is considerably higher compared to the other gray matter regions, whereas white matter shows 
a significantly lower retention. (b) Results of the quantitative analysis. The first 3 rows provide the 
average SUV data 0-10 min p.i., 10-30 min p.i. and 30-60 min, indicating largely stable values after 10 
min p.i.. The thalamus shows consistently the highest values, whereas the other gray matter values 
appear to be similar (with the cerebellum being slightly higher compared to cortex) and the white matter is 
markedly lower. This relation is also observed in the VT values derived by Logan and the RE plot. 
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Figure S5.11. Unbound fraction in the plasma (Fu_p) based on 3 measurements made 6, 18, and 20 min 
post injection.  
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Figure S5.12. Image derived input function (IDIF) of whole blood (blue) obtained from images with TrueX 
reconstruction and rescaling based on a bi-exponential fit to manual blood sample data (red) between 5 
and 60 min. p.i., and unbound plasma IDIF (green). 
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3. CHEMISTRY 

3.1 General Procedures.  

All moisture sensitive reactions were carried out in oven-dried flasks under nitrogen atmosphere 

with dry solvents. Reagents and solvents were purchased at the highest commercial quality 

from Fisher, Sigma-Aldrich, Alfa-Aesar, Synthonix or Oakwood Products and were used without 

further purification unless specified otherwise. Compounds used for blocking PET studies, 

GW441756 hydrochloride and entrectinib, were purchased from Aldrich (G3420) and Cedarlane 

(HY-1267) respectively. Organic solutions were concentrated under reduced pressure on a 

Heidolph rotary evaporator. In general, reactions were magnetically stirred and monitored by 

TLC performed on pre-coated glass-backed TLC plates (Analtech, 250 microns) and 

chromatographic purification of products was accomplished using flash chromatography on Alfa-

Aesar silica gel (230-450 mesh).  TLC visualization was performed by fluorescence quenching, 

KMnO4 or ninhydrin. 1H NMR and 13C NMR spectra were recorded on a Agilent/Varian DD2 MR 

two channel 400 MHz spectrometer, a Agilent/Varian VNMRS two-channel 500 MHz 

spectrometer or a Agilent/Varian Inova four-channel 500 MHz spectrometer in CDCl3 or d6-

DMSO and peak positions are given in parts per million using TMS as internal standard. Peaks 

are reported as: s = singlet, d = doublet, t = triplet, q = quartet, p = quintet, m = multiplet, b = 

broad; coupling constant(s) in Hz; integration. High Resolution Mass Spectra (HRMS) analysis 

was obtained from the Mass Spectrometry Facility of the Chemistry Department of the 

University of Alberta (Agilent Technologies 6220 oaTOF) or from the Regional Center for Mass 

Spectrometry of The Chemistry Department of the Université de Montréal (LC-MSD-TOF 

Agilent). Compounds tested for biological evaluation were >95% pure (HPLC/MS). The chiral 

SFC/MS analysis was performed at the Regional Mass Spectrometry Center of the department 

of chemistry of the Université de Montréal. Crystallographic analysis was performed by the X-

Ray Diffraction Laboratory of the department of chemistry of the Université de Montréal.  

The syntheses of (±)-5.15, (±)-5.4 ((±)-IPMICF22), (±)-5.2 ((±)-IPMICF10), (±)-5.1 ((±)-
IPMICF6), (±)-5.3 ((±)-IPMICF16) and (±)-5.12 (Figure S5.2) have been reported in the 
literature.36 The synthetic sequences leading to the radiolabeling precursors (±)-5.14 and (R)- 
5.14 as well as the compounds (R)-3/(S)-3 ((R)-IPMICF16/(S)-IPMICF16) are described here. 
The synthesis of compound (RS)-8 has been described in the literature.62 The absolute 
stereochemistry of (RS,R)-5.9 was confirmed by X-ray crystallography analysis. Compounds 
(R)-5.12, (R)-5.13), (R)-5.14 and (R)-5.3 were synthesized in accordance with the methods 
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described for the corresponding racemic compounds. All Rf/NMR/MS data obtained for those 

compounds were in full agreement with the corresponding known racemates. The synthesis of 

(S)-3 ((S)-IPMICF16) was carried out following the procedure described for (R)-5.3 ((R)-
IPMICF16) with (SS)-8 as starting material.  The synthesis of compound (SS)-5.8 has been 
described in the literature3. All Rf/NMR/MS data obtained for compounds (SS,S)-5.9  and (SS,S)- 
5.10 were in full agreement with the corresponding (RS,R)-enantiomers. The enantiopurities of 
the pyrrolidine C2 centers in both the (R)- and (S)-synthetic sequences were further confirmed 

at the stage of the key intermediates (R)-5.12 and (S)-5.12 using chiral SFC/MS analysis (ee > 
99.6%).  

 

3.2 Chemical Synthesis 

 

 

4-((tert-Butyldimethylsilyl)oxy)-3-fluoroaniline (5.17): 

tert-Butyldimethylsilyl chloride (791 mg, 5.25 mmol, 1.05 equiv) was added to a solution of 4-

amino-2-fluorophenol (636 mg, 5.0 mmol, 1.0 equiv) and imidazole (851 mg, 12.5 mmol, 2.5 

equiv) in anhydrous acetonitrile (25 mL) at 23°C. The reaction mixture was stirred at this 

temperature for 12 h and then diluted with water (50 mL) and ethyl acetate (50 mL). The organic 

layer was separated and extracted with ethyl acetate (3 X 50 mL). The organic layers were 

combined, washed with brine (50 mL) and dried over anhydrous sodium sulfate, filtered and 

concentrated under reduced pressure. The crude product was purified by flash column 

chromatography (25→50% ethyl acetate in hexane) to afford 712 mg of the title compound 

(59%). 

Physical State: red oil. 
Rf: 0.57 (1:1 hexanes/EtOAc, UV light). 
HRMS (ESI+): m/z calc. for C12H21FNOSi (M + H)+: 242.1371, found 242.1368. 
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1H NMR (400 MHz, CHLOROFORM-d): δ = 6.71 (dd, J = 8.6, 9.3 Hz, 1H), 6.42 (dd, J = 2.8, 

12.1 Hz, 1H), 6.31 (ddd, J = 1.3, 2.8, 8.5 Hz, 1H), 3.61 - 3.30 (m, 2H), 1.04 - 0.94 (m, 9H), 0.15 

(d, J = 1.0 Hz, 6H). 
13C NMR (101 MHz, CHLOROFORM-d): δ =154.35 (d, J = 242.8 Hz, 1C), 141.10 (d, J = 9.1 Hz, 

1C), 135.32 (d, J = 12.6 Hz, 1C), 122.65 (br d, J = 3.1 Hz, 1C), 110.71 (d, J = 3.1 Hz, 1C), 

103.90 (br d, J = 22.2 Hz, 1C), 25.63, 18.24, -4.83 (br d, J = 1.7 Hz, 1C). 

 

 

N-(4-((tert-Butyldimethylsilyl)oxy)-3-fluorophenyl)-6-(2-(3-fluorophenyl)pyrrolidin-1-

yl)imidazo[1,2-b]pyridazine-3-carboxamide ((±)-(5.13): 

N,N-Diisopropylethylamine (0.12 mL, 0.69 mmol, 2.5 equiv) was added to a solution of 6-(2-(3-

fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-carboxylic acid ((±)-5.12, 90 mg, 0.28 
mmol, 1.0 equiv) in N,N-dimethylformamide (3 mL). HATU (107 mg, 0.28 mmol, 1.0 equiv) was 

then added in one portion and the reaction mixture was stirred at 23°C for 5 min. A solution of 4-

((tert-butyldimethylsilyl)oxy)-3-fluoroaniline ((5.17) 81 mg. 0.34 mmol, 1.2 equiv) in N,N-
dimethylformamide (1 mL) was added dropwise and the reaction mixture was stirred at 23°C for 

12 h. The reaction mixture was diluted with ethyl acetate (50 mL), washed with water (25 mL) 

and brine (25 mL), dried over anhydrous sodium sulfate, filtered and concentrated under 

reduced pressure. The crude product was purified by flash column chromatography (1→5% 

methanol in dichloromethane) to afford 96 mg of the title compound (62%). 

Physical State: white solid. 
Rf: 0.13 (1:99 MeOH/CH2Cl2, UV light). 
HRMS (ESI+): m/z calc. for C29H34F2N5O2Si (M + H)+: 550.2444, found 550.2458. 
1H NMR (498 MHz, CHLOROFORM-d): δ = 10.46 (br s, 1H), 8.29 (s, 1H), 7.72 (br d, J = 9.9 Hz, 

1H), 7.51 (br s, 1H), 7.34 - 7.29 (m, 1H), 7.05 - 6.95 (m, 3H), 6.93 - 6.86 (m, 2H), 6.60 - 6.53 (m, 

1H), 5.11 (br d, J = 7.9 Hz, 1H), 4.03 - 3.95 (m, 1H), 3.84 - 3.76 (m, 1H), 2.63 - 2.54 (m, 1H), 

2.23 - 2.10 (m, 3H), 1.04 (s, 9H), 0.23 (s, 6H). 
13C NMR (125 MHz, CHLOROFORM-d): δ = 163.23 (d, J = 247.5 Hz, 1C), 156.98, 153.77 (br d, 

J = 244.1 Hz, 1C), 152.09, 145.12 - 144.87 (m, 1C), 144.80 - 144.60 (m, 1C), 139.78 (d, J = 
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12.6 Hz, 1C), 137.98, 132.03 (br s, 1C), 130.73 (br d, J = 8.3 Hz, 1C), 127.15, 122.13, 121.12 

(br d, J = 2.6 Hz, 1C), 116.09 (br s, 1C), 115.88 - 115.72 (m, 1C), 114.64 (br d, J = 21.4 Hz, 

1C), 112.57 (br d, J = 22.2 Hz, 1C), 110.92 (br s, 1C), 109.44 (br s, 1C), 62.08, 48.66, 35.87, 

25.61, 22.77, 18.32, -4.72. 

 

 

 

N-(3-Fluoro-4-hydroxyphenyl)-6-(2-(3-fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-

carboxamide ((±)-(5.14):  

Tetrabutylammonium fluoride (1.0 M in tetrahydrofuran, 0.23 mL, 0.23 mmol, 1.5 equiv) was 

added dropwise to a solution of N-(4-((tert-butyldimethylsilyl)oxy)-3-fluorophenyl)-6-(2-(3-

fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-carboxamide ((±)-5.7, 85 mg, 0.15 mmol, 
1.0 equiv) in tetrahydrofuran (5 mL) at 23°C. After 2 h, the reaction mixture was quenched with 

water (25 mL) and diluted with ethyl acetate (50 mL). The organic layer was separated and the 

aqueous layer was washed with ethyl acetate (3 X 50 mL). The organic layers were combined, 

washed with brine (50 mL) and dried over anhydrous sodium sulfate, filtered and concentrated 

under reduced pressure. The crude product was purified by flash column chromatography 

(1→10% methanol in dichloromethane) to afford 65 mg of the title compound (91%). 

Physical State: tan solid. 
Rf: 0.45 (1:9 MeOH/CH2Cl2, UV light). 
HRMS (ESI+): m/z calc. for C23H20F2N5O2 (M + H)+: 436.1580, found 436.1596. 
1H NMR (400 MHz, DMSO-d6): δ = 7.98 (s, 1H), 7.77 (d, J = 9.9 Hz, 1H), 7.42 (br dd, J = 1.9, 

12.9 Hz, 1H), 7.27 - 7.16 (m, 1H), 7.01 (d, J = 7.8 Hz, 1H), 6.96 (td, J = 1.9, 10.0 Hz, 1H), 6.92 - 

6.83 (m, 3H), 6.80 (d, J = 10.0 Hz, 1H), 5.19 (dd, J = 1.5, 8.0 Hz, 1H), 4.01 - 3.90 (m, 1H), 3.76 - 

3.65 (m, 1H), 2.07 - 1.88 (m, 3H), 1.59 - 1.48 (m, 1H). 
13C NMR (101 MHz, DMSO-d6): δ = 162.97 (d, J = 245.0 Hz, 1C), 156.77, 152.64, 150.91 (d, J = 

240.0 Hz, 1C), 145.85 (d, J = 6.2 Hz, 1C), 141.68 (d, J = 12.5 Hz, 1C), 136.64, 130.59 (d, J = 

8.3 Hz, 1C), 129.90 (d, J = 9.1 Hz, 1C), 126.63, 124.69, 122.07, 121.68 (d, J = 2.7 Hz, 1C), 
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117.85 (d, J = 3.3 Hz, 1C), 117.03 (br s, 1C), 113.88 (d, J = 21.4 Hz, 1C), 112.76, 112.50 (br d, 

J = 8.3 Hz, 1C), 109.65, 61.79, 48.64, 35.55, 22.56. 

 

 

(R)-N-((R)-4-Chloro-1-(3-fluorophenyl)butyl)-2-methylpropane-2-sulfinamide ((RS,R)- (5.9): 

To a solution of (RS)-5.8 (900 mg, 4.29 mmol, 1.0 equiv) in CH2Cl2 (22 mL) at -78 °C under 
nitrogen was added 3-fluorophenylmagnesium bromide (5.15 mL of 1.0 M THF solution, 5.15 

mmol, 1.2 equiv). The reaction mixture was stirred at -78 °C for 4 h, brought to room 

temperature and quenched with saturated NH4Cl (25 mL). The organic layer was washed with 

saturated NaHCO3 (25 mL), brine (25 mL), dried over anhydrous sodium sulfate, filtered and 

concentrated under reduced pressure. The crude product was purified by flash column 

chromatography (20→100% ethyl acetate in hexane) to afford 942 mg of the title compound 

(72%). For X-ray crystallography analysis, the title compound was recrystallized from 

EtOAc/hexanes yielding white needles. 

Physical State: White solid. 

Rf: 0.17 (1:4 EtOAc/hexanes, UV light/KMnO4). 

HRMS (ESI+): m/z calc. for C14H22ClFNOS (M + H)+: 306.1089, found 306.1084. 
1H NMR (498 MHz, CHLOROFORM-d) δ = 7.32 (dt, J = 5.9, 7.9 Hz, 1H), 7.11 (d, J = 7.7 Hz, 

1H), 7.04 (td, J = 2.1, 9.7 Hz, 1H), 7.01 - 6.97 (m, 1H), 4.40 - 4.34 (m, 1H), 3.49 (t, J = 6.5 Hz, 

2H), 3.45 (d, J = 3.9 Hz, 1H), 2.19 - 2.09 (m, 1H), 1.95 - 1.85 (m, 1H), 1.82 - 1.71 (m, 1H), 1.67 - 

1.57 (m, 1H), 1.23 (s, 9H). 
13C NMR (125 MHz, CHLOROFORM-d) δ = 162.99 (d, J = 247.0 Hz, 1C), 144.56 (d, J = 6.7 Hz, 

1C), 130.41 (br d, J = 8.3 Hz, 1C), 122.88 (br d, J = 2.8 Hz, 1C), 115.03 (d, J = 21.2 Hz, 1C), 

113.88 (d, J = 21.9 Hz, 1C), 58.14, 55.93, 44.53, 33.87, 28.69, 22.61. 
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(R)-1-((R)-tert-Butylsulfinyl)-2-(3-fluorophenyl)pyrrolidine ((RS,R)- (5.10): 

To a solution of (RS,R)-5.9 (3.25 g, 11.9 mmol, 1.0 equiv) in THF (50 mL) at 23°C was added 
LiHMDS (17.9 mL of 1.0 M THF solution, 17.9 mmol, 1.5 equiv). The reaction mixture was 

stirred at 23°C for 1 h and quenched with NH4Cl (25 mL) and extracted ethyl acetate (3 X 50 

mL). The organic layers were combined, washed with brine (50 mL) and dried over anhydrous 

sodium sulfate, filtered and concentrated under reduced pressure. The crude product was 

purified by flash column chromatography (20→40% ethyl acetate in hexane) to afford 2.29 g of 

the title compound (71%). 

Physical State: white solid. 
Rf: 0.38 (2:3 EtOAc/hexanes, UV light). 
HRMS (ESI+): m/z calc. for C14H22FNOS (M + H)+: 270.1328, found 270.1322. 
1H NMR (498 MHz, CHLOROFORM-d) δ = 7.27 (dt, J = 6.0, 7.9 Hz, 1H), 7.03 (td, J = 0.7, 7.7 

Hz, 1H), 6.96 (td, J = 2.1, 10.0 Hz, 1H), 6.93 - 6.87 (m, 1H), 5.07 (dd, J = 2.8, 8.2 Hz, 1H), 3.68 

- 3.61 (m, 1H), 3.60 - 3.53 (m, 1H), 2.21 - 2.12 (m, 1H), 1.94 - 1.86 (m, 1H), 1.85 - 1.78 (m, 1H), 

1.77 - 1.71 (m, 1H), 1.06 (s, 9H). 
13C NMR (125 MHz, CHLOROFORM-d) δ = 162.92 (d, J = 245.9 Hz, 1C), 147.56 (d, J = 6.5 Hz, 

1C), 129.94 (d, J = 8.3 Hz, 1C), 122.12 (br d, J = 2.8 Hz, 1C), 113.51 (br d, J 5 .9 Hz, 1C), 

113.34 (br d, J = 6.7 Hz, 1C), 57.49, 56.83, 55.23, 36.53, 24.23, 23.02. 

 

 

 

(R)-2-(3-fluorophenyl)pyrrolidine ((R)- (5.11): 

To a solution of (R)-5.10 (660 mg, 2.45 mmol, 1.0 equiv) in MeOH (10 mL) was added HCl (2.0 
mL, 4.0 M solution in dioxane). The reaction mixture was stirred 45 min at 23°C and then 

concentrated to dryness. The crude residue was dissolved in water (10 mL) and neutralized to 
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pH ~ 12 using a 6 N NaOH solution. The aqueous phase was extracted with ethyl acetate (5 X 

10 mL). The organic layers were combined, washed with brine (50 mL) and dried over 

anhydrous sodium sulfate, filtered and concentrated under reduced pressure to afford 400 mg of 

the crude title compound (99%, crude) which was used directly in the following step without 

further purification. 

 

4. CHIRAL SFC/MS ANALYSES OF INTERMADIATES (±)-12, (R)-12 AND (S)-12 

Data form this subsection can be found in Annex 4. 

 

 

5. CRYSTALLOGRAPHIC DATA FOR COMPOUND (RS,R)-9 

Data form this subsection can be found in Annex 4. 

 

 

Figure S5.13. ORTEP view of the C14H21ClFNOS compound with the numbering scheme 
adopted ((RS-R)-5.9). 
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6. BIOLOGICAL EVALUATION  
6.1 [γ-33P]ATP-Based Enzymatic Assay63 

Compound (R)-IPMICF16 was initially tested in a [γ-33P]ATP based enzymatic assay by 

Reaction Biology Corporation (Malvern, PA). Briefly, the compound was tested for 10-

concentrations IC50 curves with 3-fold serial dilution starting at 0.1 μM (when required, additional 

dilutions were made).  The reactions were performed with 1 PM ATP and profiled against 3 

tyrosine kinases (tropomyosin receptor kinase A (TrkA), tropomyosin receptor kinase B (TrkB), 

tropomyosin receptor kinase C (TrkC)) in singlicate with staurosporine as a control. Following 

selectivity profiling, (vide infra), additional measurements were carried out to investigate for off-

Trk kinase activity. Compounds (R)-IPMICF16 was tested for 10-concentration IC50 curve with 

3-fold serial dilution starting at 1.0 μM for inhibitory activity against ACK1, ROS1 and TXK as 

described for TrkA, TrkB and TrkC (1 PM ATP). Compound (R)-IPMICF16 was also assessed 

for 10-concentrations IC50 curves with 3-fold serial dilution starting at 0.1 μM at [ATP] = Km ATP 

for Ki determination (against TrkA, TrkB and TrkC) in triplicate with staurosporine as a control. 

Values for Ki were derived from the Cheng Prusoff equation: Ki  = IC50/(1+([S]/ Km ATP)) = IC50/2 

for [S] = Km ATP. Compound (S)-IPMICF16 was tested for 10-concentrations IC50 curves with 3-

fold serial dilution starting at 100 μM. The reactions were performed with 1 PM ATP and profiled 

against 3 tyrosine kinases (tropomyosin receptor kinase A (TrkA), tropomyosin receptor kinase 

B (TrkB), tropomyosin receptor kinase C (TrkC)) in singlicate with staurosporine as a control. 

6.2 Selectivity Profiling.  

Compounds (R)-IPMICF16 was subsequently investigated for general kinase selectivity (tested 
against 369 wild type kinase at Reaction Biology Corporation) using “HotSpot” assay platform. 

Briefly, kinase/substrate pairs along with required cofactors were prepared in reaction buffer. 

The selected compounds were delivered into the reaction. [γ-33P]ATP (10 μM) was delivered 

into the reaction mixture to initiate the reactions, and the reactions continued for 120 min at 

room temperature, followed by spotting of the reactions onto P81 ion exchange filter paper 

(Whatman). Unbound phosphate was removed by extensive washing of filters in 0.75% 

phosphoric acid. After subtraction of background derived from control reactions containing 

inactive enzyme, kinase activity data were expressed as the percent remaining kinase activity in 

test samples compared to vehicle (DMSO) reactions (at 0.2 μM of (R)-IPMICF16). 
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Table S5.4. Selectivity of (R)- IPMICF16 tested on a panel of 369 protein kinases at Reaction 
Biology Corporation (expressed as the percentage of kinase activity measured at 0.2 µM of (R) 
IPMICF16 compared to a 100% DMSO control.  

 % Enzyme Activity (relative to 
DMSO controls) 

  
 IC50 (M) Control 

Cmpd 
Control Cmpd ID 

Kinases (R)-IPMICF16  
Data 1 Data 2 

ABL1 92.49 87.63 2.45E-08 Staurosporine 
ABL2/ARG 97.20 94.97 1.25E-08 Staurosporine 
ACK1 17.74 17.18 3.29E-08 Staurosporine 
AKT1 99.18 98.56 5.20E-09 Staurosporine 
AKT2 100.54 97.41 2.27E-08 Staurosporine 
AKT3 106.43 106.37 3.52E-09 Staurosporine 
ALK 77.12 75.90 1.44E-09 Staurosporine 

ALK1/ACVRL1 98.31 98.14 2.06E-08 LDN193189 
ALK2/ACVR1 100.31 96.94 2.29E-08 LDN193189 
ALK3/BMPR1A 109.67 106.67 3.23E-08 LDN193189 
ALK4/ACVR1B 103.74 103.21 2.32E-07 LDN193189 
ALK5/TGFBR1 105.15 105.00 2.58E-07 LDN193189 
ALK6/BMPR1B 97.13 96.97 8.78E-09 LDN193189 

ARAF 72.95 72.36 1.90E-08 GW5074 
ARK5/NUAK1 98.77 97.39 1.59E-09 Staurosporine 
ASK1/MAP3K5 91.06 89.31 1.08E-08 Staurosporine 
Aurora A 110.17 108.96 1.67E-09 Staurosporine 
Aurora B 95.60 94.87 4.33E-09 Staurosporine 
Aurora C 94.86 93.44 1.45E-09 Staurosporine 
AXL 96.89 95.44 7.20E-09 Staurosporine 
BLK 95.91 93.96 1.33E-09 Staurosporine 
BMPR2 98.83 96.19 7.48E-07 Staurosporine 
BMX/ETK 47.62 47.43 3.36E-09 Staurosporine 
BRAF 93.59 93.10 2.58E-08 GW5074 
BRK 93.77 93.05 1.61E-07 Staurosporine 
BRSK1 96.40 95.80 5.12E-10 Staurosporine 
BRSK2 103.65 100.53 1.60E-09 Staurosporine 
BTK 102.07 101.27 1.92E-08 Staurosporine 

CAMK1a 99.54 99.40 2.23E-09 Staurosporine 
CAMK1b 113.77 110.28 4.56E-09 Staurosporine 
CAMK1d 102.52 102.29 2.83E-10 Staurosporine 
CAMK1g 98.56 97.51 4.22E-09 Staurosporine 
CAMK2a 96.53 95.89 4.72E-11 Staurosporine 
CAMK2b 101.31 100.63 7.51E-11 Staurosporine 
CAMK2d 100.54 99.92 4.45E-11 Staurosporine 
CAMK2g 98.28 98.06 4.53E-10 Staurosporine 
CAMK4 85.81 85.72 9.21E-08 Staurosporine 
CAMKK1 88.84 88.12 6.51E-08 Staurosporine 
CAMKK2 97.70 95.99 2.36E-08 Staurosporine 
CDC7/DBF4 105.84 102.06 1.39E-08 Staurosporine 

322



Chapter 5 
 
Table S5.4 (Continued)     

CDK1/cyclin A 100.91 100.67 2.30E-09 Staurosporine 
CDK1/cyclin B 97.08 95.78 2.79E-09 Staurosporine 
CDK1/cyclin E 104.50 102.78 2.69E-09 Staurosporine 

CDK14/cyclin Y (PFTK1) 104.98 103.52 8.95E-08 Staurosporine 
CDK16/cyclin Y 
(PCTAIRE) 

105.43 104.77 2.65E-08 Staurosporine 

CDK17/cyclin Y (PCTK2) 80.23 79.83 6.31E-09 Staurosporine 
CDK18/cyclin Y (PCTK3) 106.62 105.59 2.12E-08 Staurosporine 

CDK19/cyclin C 95.03 92.14 2.53E-11 Staurosporine 
CDK2/cyclin A 93.75 93.74 7.51E-10 Staurosporine 
CDK2/Cyclin A1 109.13 105.94 1.33E-09 Staurosporine 
CDK2/cyclin E 87.92 87.46 1.45E-09 Staurosporine 
CDK2/cyclin O 83.81 82.18 1.37E-09 Staurosporine 
CDK3/cyclin E 101.70 101.15 2.56E-09 Staurosporine 
CDK4/cyclin D1 92.26 91.88 1.40E-08 Staurosporine 
CDK4/cyclin D3 93.43 92.91 3.35E-08 Staurosporine 
CDK5/p25 96.08 95.32 2.40E-09 Staurosporine 
CDK5/p35 99.38 98.13 1.24E-09 Staurosporine 

CDK6/cyclin D1 97.74 97.34 3.98E-09 Staurosporine 
CDK6/cyclin D3 91.33 86.35 2.35E-08 Staurosporine 
CDK7/cyclin H 98.61 95.45 5.22E-08 Staurosporine 
CDK9/cyclin K 103.12 100.61 1.49E-08 Staurosporine 
CDK9/cyclin T1 103.64 103.46 5.72E-09 Staurosporine 
CDK9/cyclin T2 92.97 92.59 4.08E-09 Staurosporine 

CHK1 113.49 106.84 1.51E-10 Staurosporine 
CHK2 98.94 97.89 5.41E-09 Staurosporine 
CK1a1 96.46 95.77 5.89E-06 Staurosporine 
CK1a1L 112.32 110.09 2.91E-06 Staurosporine 
CK1d 113.47 113.17 1.91E-07 D4476 

CK1epsilon 99.61 99.21 3.67E-07 D4476 
CK1g1 84.96 84.41 7.26E-06 Staurosporine 
CK1g2 87.94 87.06 9.56E-07 Staurosporine 
CK1g3 97.96 96.51 1.99E-06 Staurosporine 
CK2a 77.31 69.61 2.86E-07 GW5074 
CK2a2 84.62 84.18 5.48E-07 Staurosporine 
c-Kit 95.88 95.49 3.97E-08 Staurosporine 
CLK1 107.74 107.55 8.40E-09 Staurosporine 
CLK2 101.41 98.60 3.86E-09 Staurosporine 
CLK3 103.28 102.52 1.38E-06 Staurosporine 
CLK4 106.90 104.20 4.34E-08 Staurosporine 
c-MER 97.16 93.84 5.68E-09 Staurosporine 
c-MET 96.22 95.06 1.29E-07 Staurosporine 

COT1/MAP3K8 89.10 88.85 6.22E-06 Ro-31-8220 
CSK 98.52 98.09 1.08E-08 Staurosporine 
c-Src 92.44 91.83 2.09E-09 Staurosporine 

CTK/MATK 95.49 94.47 2.65E-07 Staurosporine 
DAPK1 98.51 98.26 2.02E-08 Staurosporine 
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DAPK2 95.87 95.29 5.66E-09 Staurosporine 
DCAMKL1 104.08 103.70 1.30E-07 Staurosporine 
DCAMKL2 100.65 99.83 3.62E-08 Staurosporine 
DDR1 64.57 63.39 2.43E-09 Staurosporine 
DDR2 101.12 100.68 1.72E-09 Staurosporine 

DLK/MAP3K12 84.64 81.27 9.81E-08 Staurosporine 
DMPK 102.38 101.78 9.09E-08 Staurosporine 
DMPK2 105.87 103.75 7.78E-10 Staurosporine 

DRAK1/STK17A 102.24 100.67 3.31E-08 Staurosporine 
DYRK1/DYRK1A 100.29 99.31 2.57E-09 Staurosporine 

DYRK1B 93.85 92.52 5.81E-10 Staurosporine 
DYRK2 98.89 97.43 2.28E-07 Staurosporine 
DYRK3 94.58 90.66 4.08E-08 Staurosporine 
DYRK4 91.20 89.61 4.55E-06 GW5074 
EGFR 92.06 91.53 1.28E-07 Staurosporine 
EPHA1 97.32 94.84 1.55E-07 Staurosporine 
EPHA2 98.10 97.66 4.20E-08 Staurosporine 
EPHA3 93.95 93.24 2.13E-08 Staurosporine 
EPHA4 100.24 99.38 1.21E-08 Staurosporine 
EPHA5 103.49 101.29 1.68E-08 Staurosporine 
EPHA6 83.77 81.90 1.62E-08 Staurosporine 
EPHA7 94.37 94.34 3.16E-08 Staurosporine 
EPHA8 97.80 97.22 1.32E-07 Staurosporine 
EPHB1 102.92 101.98 3.09E-08 Staurosporine 
EPHB2 91.99 91.15 5.39E-08 Staurosporine 
EPHB3 97.81 96.62 9.81E-07 Staurosporine 
EPHB4 94.33 91.47 1.59E-07 Staurosporine 

ERBB2/HER2 73.44 72.91 6.95E-08 Staurosporine 
ERBB4/HER4 101.14 101.06 2.85E-07 Staurosporine 

ERK1 98.09 97.38 2.06E-05 Staurosporine 
ERK2/MAPK1 103.99 98.66 1.63E-05 Staurosporine 
ERK5/MAPK7 99.25 95.33 1.07E-05 Staurosporine 
ERK7/MAPK15 105.92 104.49 8.16E-09 Staurosporine 
ERN1/IRE1 89.84 89.20 8.20E-08 Staurosporine 
ERN2/IRE2 97.65 96.17 3.17E-08 Staurosporine 
FAK/PTK2 95.68 95.13 1.14E-08 Staurosporine 
FER 98.03 97.98 2.46E-10 Staurosporine 

FES/FPS 91.07 90.06 8.56E-10 Staurosporine 
FGFR1 102.48 102.08 5.75E-09 Staurosporine 
FGFR2 103.72 101.43 2.41E-09 Staurosporine 
FGFR3 95.94 95.36 1.17E-08 Staurosporine 
FGFR4 99.30 97.79 7.03E-08 Staurosporine 
FGR 92.98 91.09 5.12E-10 Staurosporine 

FLT1/VEGFR1 96.30 94.41 1.16E-08 Staurosporine 
FLT3 90.88 90.51 1.49E-09 Staurosporine 

FLT4/VEGFR3 97.90 96.78 3.11E-09 Staurosporine 
FMS 100.47 100.21 1.63E-09 Staurosporine 
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FRK/PTK5 106.17 105.23 1.17E-08 Staurosporine 
FYN 94.90 94.35 2.12E-09 Staurosporine 

GCK/MAP4K2 97.81 96.43 8.79E-10 Staurosporine 
GLK/MAP4K3 89.30 89.24 8.64E-11 Staurosporine 

GRK1 100.77 99.78 4.84E-08 Staurosporine 
GRK2 101.70 100.03 7.09E-07 Staurosporine 
GRK3 97.82 96.79 6.89E-07 Staurosporine 
GRK4 90.73 90.48 5.48E-08 Staurosporine 
GRK5 105.37 105.09 4.35E-08 Staurosporine 
GRK6 100.93 100.78 2.65E-08 Staurosporine 
GRK7 92.36 91.30 3.87E-09 Staurosporine 
GSK3a 107.61 101.25 3.04E-09 Staurosporine 
GSK3b 97.23 95.08 7.79E-09 Staurosporine 
Haspin 93.02 90.17 3.42E-08 Staurosporine 
HCK 91.83 88.50 2.00E-09 Staurosporine 

HGK/MAP4K4 105.56 105.25 3.56E-10 Staurosporine 
HIPK1 93.81 92.13 3.80E-07 Ro-31-8220 
HIPK2 99.22 98.96 4.79E-07 Staurosporine 
HIPK3 106.18 103.47 3.73E-07 Staurosporine 
HIPK4 96.15 95.83 4.89E-07 Staurosporine 

HPK1/MAP4K1 99.64 98.58 5.00E-08 Ro-31-8220 
IGF1R 95.65 95.44 2.66E-08 Staurosporine 

IKKa/CHUK 101.70 97.34 1.47E-07 Staurosporine 
IKKb/IKBKB 102.19 101.34 2.93E-07 Staurosporine 
IKKe/IKBKE 98.43 96.18 2.82E-10 Staurosporine 

IR 95.79 93.98 1.06E-08 Staurosporine 
IRAK1 104.00 102.05 2.52E-08 Staurosporine 
IRAK4 103.98 97.88 4.53E-09 Staurosporine 

IRR/INSRR 81.09 80.54 4.69E-09 Staurosporine 
ITK 101.53 101.33 1.07E-08 Staurosporine 
JAK1 98.65 96.40 5.76E-10 Staurosporine 
JAK2 88.98 88.37 2.26E-10 Staurosporine 
JAK3 102.06 99.85 1.10E-10 Staurosporine 
JNK1 98.21 98.09 5.03E-07 Staurosporine 
JNK2 97.80 97.29 1.95E-06 Staurosporine 
JNK3 99.36 98.26 1.04E-07 JNKi VIII 

KDR/VEGFR2 100.74 100.16 1.22E-08 Staurosporine 
KHS/MAP4K5 102.67 101.38 1.50E-10 Staurosporine 

KSR1 98.70 97.94 4.19E-06 Staurosporine 
KSR2 96.53 92.93 6.33E-06 Staurosporine 
LATS1 100.26 99.23 1.36E-08 Staurosporine 
LATS2 99.05 96.93 5.61E-09 Staurosporine 
LCK 97.01 96.53 1.95E-09 Staurosporine 

LCK2/ICK 96.73 93.63 3.80E-08 Staurosporine 
LIMK1 104.48 103.89 1.82E-09 Staurosporine 
LIMK2 97.41 96.19 9.50E-08 Staurosporine 
LKB1 106.09 105.48 5.22E-08 Staurosporine 
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LOK/STK10 93.55 91.35 1.82E-08 Staurosporine 
LRRK2 99.12 98.84 5.26E-09 Staurosporine 
LYN 94.93 93.21 6.69E-10 Staurosporine 
LYN B 97.73 95.68 2.15E-09 Staurosporine 
MAK 100.71 99.96 1.75E-08 Staurosporine 

MAPKAPK2 101.34 101.25 1.27E-07 Staurosporine 
MAPKAPK3 96.03 92.03 4.29E-06 Staurosporine 

MAPKAPK5/PRAK 101.35 101.14 2.06E-07 Staurosporine 
MARK1 99.38 99.23 2.22E-10 Staurosporine 

MARK2/PAR-1Ba 100.47 97.73 1.41E-10 Staurosporine 
MARK3 96.88 96.40 4.06E-10 Staurosporine 
MARK4 65.45 65.17 7.88E-11 Staurosporine 
MEK1 104.06 103.28 3.07E-08 Staurosporine 
MEK2 99.03 97.44 6.38E-08 Staurosporine 
MEK3 101.35 100.68 1.04E-08 Staurosporine 
MEK5 115.35 115.24 5.86E-08 Staurosporine 
MEKK1 108.80 107.43 6.81E-07 Staurosporine 
MEKK2 95.47 94.60 3.26E-08 Staurosporine 
MEKK3 94.02 92.80 3.91E-08 Staurosporine 
MEKK6 104.14 102.46 6.09E-07 Staurosporine 
MELK 121.18 119.03 2.58E-10 Staurosporine 

MINK/MINK1 100.05 99.11 3.76E-10 Staurosporine 
MKK4 108.63 106.74 2.61E-06 Staurosporine 
MKK6 108.66 105.84 5.83E-09 Staurosporine 
MKK7 108.68 108.31 1.78E-06 Staurosporine 

MLCK/MYLK 96.06 93.05 4.39E-08 Staurosporine 
MLCK2/MYLK2 104.53 103.95 1.39E-08 Staurosporine 
MLK1/MAP3K9 98.16 97.24 6.34E-10 Staurosporine 
MLK2/MAP3K10 88.21 83.94 2.73E-09 Staurosporine 
MLK3/MAP3K11 110.40 106.43 6.06E-09 Staurosporine 

MLK4 102.37 102.11 1.49E-06 Staurosporine 
MNK1 109.01 107.61 4.47E-08 Staurosporine 
MNK2 99.54 95.63 1.63E-08 Staurosporine 

MRCKa/CDC42BPA 109.55 104.88 3.70E-09 Staurosporine 
MRCKb/CDC42BPB 98.79 98.38 2.64E-09 Staurosporine 
MSK1/RPS6KA5 101.38 93.92 6.35E-10 Staurosporine 
MSK2/RPS6KA4 103.34 102.22 3.95E-09 Staurosporine 
MSSK1/STK23 98.77 97.16 2.45E-06 Staurosporine 
MST1/STK4 101.36 100.36 1.38E-09 Staurosporine 
MST2/STK3 93.44 92.19 4.82E-09 Staurosporine 
MST3/STK24 97.44 92.93 7.24E-09 Staurosporine 

MST4 96.62 96.22 3.95E-09 Staurosporine 
MUSK 93.09 89.23 1.02E-07 Staurosporine 
MYLK3 105.78 105.35 1.85E-07 Staurosporine 
MYLK4 91.54 90.18 3.54E-08 Staurosporine 
MYO3A 88.54 80.71 1.14E-08 Staurosporine 
MYO3b 106.15 105.96 8.10E-09 Staurosporine 
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NEK1 89.17 88.36 9.89E-09 Staurosporine 
NEK11 71.92 71.39 4.44E-07 Staurosporine 
NEK2 104.84 104.61 3.88E-07 Staurosporine 
NEK3 109.42 107.61 3.39E-05 Staurosporine 
NEK4 102.88 100.36 1.87E-07 Staurosporine 
NEK5 98.81 96.50 7.35E-08 Staurosporine 
NEK6 103.43 100.80 2.49E-05 PKR Inhibitor 
NEK7 100.26 88.58 4.97E-06 PKR Inhibitor 
NEK8 103.66 102.26 3.23E-08 Staurosporine 
NEK9 111.21 108.64 1.30E-07 Staurosporine 
NIM1 98.16 95.48 1.51E-07 Staurosporine 
NLK 87.27 85.98 4.77E-08 Staurosporine 

OSR1/OXSR1 101.95 101.49 8.99E-08 Staurosporine 
P38a/MAPK14 103.75 102.05 1.84E-08 SB202190 
P38b/MAPK11 99.14 98.24 3.01E-08 SB202190 
P38d/MAPK13 97.63 97.16 8.48E-08 Staurosporine 

P38g 104.82 104.72 8.43E-08 Staurosporine 
p70S6K/RPS6KB1 99.30 98.57 5.20E-10 Staurosporine 
p70S6Kb/RPS6KB2 92.36 92.21 7.47E-10 Staurosporine 

PAK1 95.88 92.91 2.16E-10 Staurosporine 
PAK2 97.46 96.55 1.74E-09 Staurosporine 
PAK3 92.21 88.66 2.44E-10 Staurosporine 
PAK4 95.87 95.61 2.48E-08 Staurosporine 
PAK5 99.27 97.18 3.90E-09 Staurosporine 
PAK6 104.64 102.29 6.13E-08 Staurosporine 
PASK 86.85 85.05 6.62E-09 Staurosporine 

PBK/TOPK 102.34 102.17 5.43E-08 Staurosporine 
PDGFRa 99.80 99.17 9.56E-10 Staurosporine 
PDGFRb 94.54 93.53 2.23E-09 Staurosporine 

PDK1/PDPK1 96.60 95.68 4.91E-10 Staurosporine 
PEAK1 99.75 99.43 2.69E-09 Staurosporine 
PHKg1 93.49 93.16 1.83E-09 Staurosporine 
PHKg2 101.38 99.50 4.53E-10 Staurosporine 
PIM1 76.46 76.09 2.63E-09 Staurosporine 
PIM2 98.84 97.71 1.36E-08 Staurosporine 
PIM3 57.10 55.53 8.60E-11 Staurosporine 
PKA 103.34 101.72 7.98E-10 Staurosporine 
PKAcb 99.69 98.65 1.55E-09 Staurosporine 
PKAcg 99.04 98.47 7.97E-09 Staurosporine 
PKCa 93.41 92.39 3.57E-10 Staurosporine 
PKCb1 92.19 91.06 4.48E-09 Staurosporine 
PKCb2 102.49 100.86 2.23E-09 Staurosporine 
PKCd 93.72 91.74 1.75E-10 Staurosporine 

PKCepsilon 99.11 98.71 1.39E-10 Staurosporine 
PKCeta 86.23 83.50 3.13E-10 Staurosporine 
PKCg 105.76 104.61 1.18E-09 Staurosporine 
PKCiota 101.11 99.50 1.04E-08 Staurosporine 
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PKCmu/PRKD1 94.74 94.52 9.21E-10 Staurosporine 
PKCnu/PRKD3 109.48 103.63 1.60E-09 Staurosporine 
PKCtheta 98.57 92.35 3.04E-09 Staurosporine 
PKCzeta 104.04 103.06 6.03E-08 Staurosporine 

PKD2/PRKD2 95.18 93.74 5.91E-10 Staurosporine 
PKG1a 90.76 90.71 9.93E-10 Staurosporine 
PKG1b 101.59 101.12 2.38E-09 Staurosporine 

PKG2/PRKG2 97.72 92.24 5.45E-09 Staurosporine 
PKN1/PRK1 114.70 111.33 3.12E-09 Staurosporine 
PKN2/PRK2 95.31 94.93 6.57E-09 Staurosporine 
PKN3/PRK3 92.25 91.98 7.75E-09 Staurosporine 

PLK1 99.44 96.26 1.36E-07 Staurosporine 
PLK2 98.97 98.38 2.37E-07 Staurosporine 
PLK3 96.01 95.04 1.70E-07 Staurosporine 

PLK4/SAK 91.11 85.26 1.21E-08 Staurosporine 
PRKX 100.57 100.40 6.05E-10 Staurosporine 
PYK2 102.45 101.16 6.58E-09 Staurosporine 
RAF1 83.23 82.49 9.96E-09 GW5074 
RET 101.35 100.05 1.30E-09 Staurosporine 
RIPK2 96.72 91.73 4.12E-07 Staurosporine 
RIPK3 105.03 104.88 1.40E-06 GW5074 
RIPK4 103.97 98.07 5.12E-07 Staurosporine 
RIPK5 102.82 101.89 2.84E-08 Staurosporine 
ROCK1 98.43 96.65 5.38E-10 Staurosporine 
ROCK2 98.91 96.92 3.42E-10 Staurosporine 

RON/MST1R 97.07 95.75 2.21E-07 Staurosporine 
ROS/ROS1 9.81 9.33 1.18E-10 Staurosporine 
RSK1 95.05 94.11 1.28E-10 Staurosporine 
RSK2 103.42 102.98 1.09E-10 Staurosporine 
RSK3 98.01 97.80 1.67E-10 Staurosporine 
RSK4 107.04 106.81 6.54E-11 Staurosporine 
SBK1 103.99 101.13 8.40E-08 Staurosporine 
SGK1 83.64 83.13 6.51E-09 Staurosporine 
SGK2 100.38 96.62 1.34E-08 Staurosporine 

SGK3/SGKL 97.92 97.68 6.80E-08 Staurosporine 
SIK1 99.10 96.79 4.43E-10 Staurosporine 
SIK2 95.22 94.03 3.43E-10 Staurosporine 
SIK3 100.60 100.02 1.35E-09 Staurosporine 

SLK/STK2 102.40 100.36 1.34E-08 Staurosporine 
SNARK/NUAK2 100.73 97.91 1.54E-09 Staurosporine 

SNRK 95.46 95.15 1.86E-08 Staurosporine 
SRMS 102.79 102.27 9.14E-06 Staurosporine 
SRPK1 99.94 99.51 1.47E-08 Staurosporine 
SRPK2 106.02 105.29 1.19E-07 Staurosporine 

SSTK/TSSK6 102.67 101.99 1.70E-07 Staurosporine 
STK16 104.08 102.22 2.45E-07 Staurosporine 

STK21/CIT 95.80 95.52 1.15E-06 Staurosporine 
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STK22D/TSSK1 98.24 97.69 3.99E-11 Staurosporine 
STK25/YSK1 97.65 94.06 2.67E-09 Staurosporine 
STK32B/YANK2 90.32 89.14 3.23E-08 Staurosporine 
STK32C/YANK3 88.65 88.39 1.42E-07 Staurosporine 

STK33 104.94 104.13 3.66E-08 Staurosporine 
STK38/NDR1 101.20 101.10 8.09E-10 Staurosporine 
STK38L/NDR2 100.86 96.99 1.04E-09 Staurosporine 
STK39/STLK3 95.70 91.90 8.75E-09 Staurosporine 

SYK 99.72 99.00 1.10E-09 Staurosporine 
TAK1 95.56 94.69 5.43E-08 Staurosporine 
TAOK1 101.70 100.95 5.57E-10 Staurosporine 

TAOK2/TAO1 94.26 92.09 3.95E-09 Staurosporine 
TAOK3/JIK 102.20 100.21 1.89E-09 Staurosporine 
TBK1 103.76 103.55 1.81E-09 Staurosporine 
TEC 101.12 99.46 5.94E-08 Staurosporine 
TESK1 100.79 100.28 2.62E-07 Staurosporine 
TESK2 96.37 95.72 1.40E-05 Staurosporine 
TGFBR2 106.25 99.30 1.28E-07 LDN193189 
TIE2/TEK 97.45 97.09 3.28E-08 Staurosporine 
TLK1 99.36 97.40 2.40E-08 Staurosporine 
TLK2 103.07 99.62 3.94E-09 Staurosporine 
TNIK 73.81 69.83 1.61E-10 Staurosporine 
TNK1 72.16 71.97 5.18E-10 Staurosporine 
TRKA -0.25 -0.58 1.51E-09 Staurosporine 
TRKB 0.80 0.75 6.33E-11 Staurosporine 
TRKC -1.64 -1.78 1.43E-10 Staurosporine 
TSSK2 94.63 90.26 5.46E-09 Staurosporine 

TSSK3/STK22C 84.09 81.09 6.17E-09 Staurosporine 
TTBK1 92.77 90.48 8.88E-05 SB202190 
TTBK2 112.04 109.72 7.58E-06 SB202190 
TXK 26.24 24.23 1.38E-08 Staurosporine 

TYK1/LTK 77.53 76.97 1.75E-08 Staurosporine 
TYK2 98.34 96.33 3.35E-10 Staurosporine 

TYRO3/SKY 95.02 93.93 2.43E-09 Staurosporine 
ULK1 103.91 101.93 5.87E-09 Staurosporine 
ULK2 95.54 94.56 2.66E-09 Staurosporine 
ULK3 105.88 103.63 5.12E-09 Staurosporine 
VRK1 84.11 82.99 6.11E-07 Ro-31-8220 
VRK2 96.22 95.83 2.97E-05 Ro-31-8220 
WEE1 110.92 110.74 9.75E-08 Wee-1 Inhibitor 
WNK1 100.37 94.51 1.35E-05 Staurosporine 
WNK2 97.17 95.30 1.04E-06 Staurosporine 
WNK3 94.95 92.76 2.42E-06 Wee-1 Inhibitor 

YES/YES1 104.02 102.15 1.59E-09 Staurosporine 
YSK4/MAP3K19 109.29 103.89 1.22E-08 Staurosporine 
ZAK/MLTK 104.99 104.78 1.64E-06 GW5074 
ZAP70 101.91 100.62 7.34E-09 Staurosporine 
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ZIPK/DAPK3 105.80 105.27 3.29E-09 Staurosporine 
  

330



Chapter 5 
 

7. RADIOCHEMISTRY 
 

7.1 Radiotracers and Sites 

For in vivo rodent preclinical PET imaging baseline and blocking experiments (Sprague Dawley 

rats, FVB mice, Mdr1a/b(−/−) Bcrp1(−/−) mice), radiotracers [11C]-(±)-IPMICF16, [11C]-(R)-

IPMICF16, [11C]-(±)-IPMICF22, [11C]GW441756, [18F]-(±)-IPMICF6 and [18F]-(±)-IPMICF10 were 

produced at the Edmonton PET Center Site. For in vitro autoradiography experiments, the 

radiotracer [11C]-(R)-IPMICF16 was produced at the cyclotron laboratory of the McConnell Brain 

Imaging Center Site (Montreal Neurological Institute, McGill University). For in vivo non-human 

primate preclinical PET imaging baseline experiments (rhesus monkey), radiotracers [11C]-(±)-

IPMICF16, [11C]-(R)-IPMICF16, [11C]-(±)-IPMICF22, [11C]GW441756, [18F]-(±)-IPMICF6 and 

[18F]-(±)-IPMICF10 were produced at the University of Michigan PET Center site. For in vivo 

clinical first-in-human PET imaging experiment, the radiotracer [11C]-(R)-IPMICF16 was 

produced at Munich site. 

 

7.2 Edmonton PET Center Site  

7.2.1 General Considerations. [11C]CH3I was produced on a TracerLab FX MeI-unit from GE-

Healthcare. [11C]CO2 was produced via the 14N(p,α)11C nuclear reaction on a TR 19/9 cyclotron 

from ACSU (Advanced Cyclotron Systems Incorporation) by proton bombardment of a 

nitrogen/oxygen (99/1%) target gas mixture and trapped on a molecular sieve/Shimalite®-nickel 

catalyst-unit, which was first flushed with hydrogen and then headed up to 425 °C at 2-3 psi to 

convert it into [11C]CH4. The [11C]CH4 was absorbed on a carbospher-trap at -80 °C. The trap 

was purged with helium to remove the remaining hydrogen. Next, the [11C]CH4 was released at 

60 °C. Unconverted CO2 and moisture was removed by a NaOH/P2O5 trap. The [11C]CH3I was 

produced by the reaction of [11C]CH4 with gaseous I2 at 725°C. The unconverted [11C]CH4 was 

recycled back for reaction with iodine. Gaseous [11C]CH3I was then directly bubbled into the 

reaction mixture containing the required precursor. Semi-preparative, radio-preparative HPLC 

purifications and quality control analyses were performed using a Phenomenex LUNA® C18 

column (100 Å, 250 × 10 mm, 10 μm) using a Gilson 322 Pump module fitted with a 171 Diode 

Array and a radio detector. HPLC grade acetonitrile was purchased from Aldrich. C18 Light 

Sep-Paks were purchased from Waters Corporation and were preconditioned with 10 mL of 

ethanol followed by 10 mL of sterile water prior to use. The manual radiosyntheses of [11C]-(±)-
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IPMICF16 ([11C]-(±)-5.3), [11C]-(R)-IPMICF16 ([11C]-(R)-5.3) and [11C]-(±)-IPMICF22 ([11C]-(±)-
5.4) were performed and optimized in the radiochemistry laboratory of the Edmonton PET 
Center Site and are described below. The manual radiosyntheses of [11C]GW441756 ([11C]5), 
[18F]-(±)-IPMICF6 ([18F]-(±)-5.1) and [18F]-(±)-IPMICF10 ([18F]-(±)-5.2) were performed as 
previously described.1,5   

7.2.2 Radiosyntheses of [11C]-(±)-IPMICF16 and [11C]-(R)-IPMICF16. To a 1 mL conical vial 

containing 1.0-1.5 mg of phenolic precursor 5.14 (or (R)-5.14) was added 500 PL DMF and 10 

PL K2CO3 sat. aqueous solution.  [11C]CH3I was bubbled through the reaction mixture for 1-3 min 

trapping ~ 3.5-4.0 GBq (96-108 mCi) in the reaction vessel.  A 200 PL aliquot was taken and 

placed into a vial preheated to 80°C for 3 min.  The reaction was quenched with 0.5 mL HPLC 

eluent and a fraction transferred for purification (~1 GBq).  The diluted reaction mixture was 

purified by semi-preparative HPLC (mobile phase: 25% water/75% acetonitrile (v/v) isocratic; 

flow rate: 3.0 mL/ min). The peaks at 9.26 and 9.76 min corresponding to [11C]-(±)-IPMICF16 (or 

[11C]-(R)-IPMICF16) were collected (Figure S5.14), combined and diluted with 15 mL H2O and 
the solution was transferred through a preconditioned C18 Light Sep-Pak.  The radiotracer was 

eluted dropwise with EtOH.  Drops 6-12 were combined and the volume was reduced to 10-15 

PL under a stream of N2 while heating at 80°C yielding pure [11C]-(±)-IPMICF16 (or [11C]-(R)-

IPMICF16) (35.7 ± 9.7 % nondecay-corrected radiochemical yield at end-of-synthesis based 

upon activity injected on HPLC, n = 18, radiochemical purity > 99%, SA ~ 35 GBq/Pmol, Figure 
S5.15). The radiotracer was re-dissolved in 150 μL 0.9% saline for delivery of the injectable 

formulation for in vivo analyses. Quality control was assessed by analytical HPLC (mobile 

phase: 25% water/75% acetonitrile (v/v) isocratic; flow rate: 3.0 mL/ min, (tr [11C]-(R)-IPMICF16 = 9.7 

min) 

 

Figure S5.14. Representative semi-preparative HPLC chromatograms for the radiosynthesis [11C]-(R)-
IPMICF16 (UV yellow, Rad blue).  
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Figure S5.15. Representative HPLC-QC chromatograms of the collected [11C]-(R)-IPMICF16 co-injected 
with the non-radioactive standard IPMICF16 (5.3) (UV yellow, Rad blue). 

 

7.2.3 Radiosynthesis of [11C]-(±)-IPMICF22. To a 1 mL conical vial containing 2.0 mg of 

desmethyl precursor (±)-5.15 was added 400 μL of DMF and 10 μL of TBAOH (1.0 M in 

MeOH).  [11C]CH3I was bubbled through the reaction mixture for 1-3 min trapping ~ 3.2-4.0 GBq 

(87-108 mCi) in the reaction vessel.  The reaction was quenched with 0.6 mL μL 50/50 

H2O/MeCN and a fraction transferred for purification (~0.6 GBq). The diluted reaction mixture 

was purified by semi-preparative HPLC (mobile phase: 45% water/55% acetonitrile (v/v) 

isocratic; flow rate: 3.0 mL/ min). The peaks at 8.8 and 9.0 min corresponding to [11C]-(±)-

IPMICF22 were collected (Figure S5.16), combined and diluted with 15 mL H2O and the 
solution was transferred through a preconditioned C18 Light Sep-Pak.  The radiotracer was 

eluted dropwise with EtOH (first 2 drops discarded).  Drops 3-14 were pooled and the volume 

was reduced to 10-30 PL under a stream of N2 while heating at 80°C yielding pure [11C]-(±)-

IPMICF22 (25.4 ± 4.2 % nondecay-corrected radiochemical yield at end-of-synthesis based 

upon activity injected on HPLC, n = 9, radiochemical purity > 99%, SA ~ 35 GBq/Pmol, (Figure 
S5.17). The radiotracer was re-dissolved in 150 μL 0.9% saline for delivery of the injectable 

formulation for in vivo analyses. Quality control was assessed by analytical HPLC (mobile 

phase: 45% water/55% acetonitrile (v/v) isocratic; flow rate: 3.0 mL/ min, (tr [11C]-(±)-IPMICF22 = 9.0 

min) 
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Figure S5.16. Representative semi-preparative HPLC chromatograms for the radiosynthesis [11C]-(±)-
IPMICF22 (UV yellow, Rad blue).  

 

Figure S5.17. Representative HPLC-QC chromatograms of the collected [11C]-(±)-IPMICF16 co-injected 
with the non-radioactive standard IPMICF22 (5.4) (UV yellow, Rad blue). 

 

7.3 University of Michigan PET Center Site 

7.3.1 General Considerations. The production of fluorine-18 labeled radiotracers ([18F]-(±)-

IPMICF6 and [18F]-(±)-IPMICF10) was carried out using a TRACERLAB FXfn automated 

radiochemistry synthesis module (General Electric, GE). [18F]Fluoride was produced via the 
18O(p,n)18F nuclear reaction using a GE PET Trace cyclotron (40 μA beam for 30 min generated 

48-52 GBq (1300-1400 mCi) of [18F]fluoride). The [18F]fluoride was delivered to the synthesis 

module (in a 1.5 mL bolus of [18O]water) and trapped on a QMA-light Sep-Pak to remove 

[18O]water. [18F]Fluoride was then eluted into the reaction vessel using aqueous potassium 

carbonate (3.5 mg in 0.5 mL of water). A solution of Kryptofix 2.2.2 (15 mg in 1 mL of 

acetonitrile) was then added to the reaction vessel and the [18F]fluoride was dried by 

evaporating the water−acetonitrile azeotrope. Evaporation was achieved by heating the reaction 

vessel to 80 °C and drawing full vacuum for 6 min. After this time, the reaction vessel was 
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cooled to 60 °C and subjected to both an argon stream and vacuum draw simultaneously for 

another 6 min.  

The production of carbon-11 labeled radiotracers ([11C]-(±)-IPMICF16, [11C]-(R)-IPMICF16, 

[11C]-(±)-IPMICF22 and [11C]GW441756) was carried out using a TRACERLAB FXc-pro 

automated radiochemistry synthesis module (General Electric, GE). Carbon-11 was produced 

via the 14N(p,α)11C nuclear reaction using a GEMS PET Trace cyclotron equipped with a 

carbon-11 target. Carbon-11 was delivered from the cyclotron target (40 µA, 30 min beam 

provided ~3 Ci of carbon-11 as [11C]CO2) via a 1/16” Teflon delivery line by nitrogen pressure 

directly to a column packed with 0.3 g of molecular sieve and 0.2 g of Shimalite–Nickle where it 

was trapped at room temperature. The column was then sealed under hydrogen gas and heated 

to 350°C for 20 seconds to reduce the [11C]CO2 to [11C]CH4. The [11C]CH4 was passed through 

a column of phosphorous pentoxide desiccant and trapped on a column of carbosphere cooled 

to -75°C (with liquid nitrogen). Gaseous [11C]CH4 was released by heating the carbosphere 

column to 80°C. Once released the methane entered a circulation loop, which includes a gas 

pump, a column of iodine at 100°C, the Tracerlab standard iodine reactor tube at 720°C, two 

adjacent columns of Ascarite II and a column of Porapak Q at room temperature. The gaseous 

mixture was circulated for 5 min while [11C]CH3I accumulated on the Porapak column. The 

[11C]CH3I (~0.5-0.9 Ci) was then released from the Porapak column and delivered to the 

reaction mixture containing the required precursor. Alternatively, the [11C]CH3I converted to 

[11C]CH3OTf by passing it through a silver triflate Graphpac column pre-heated to 190°C. The 

resulting [11C]CH3OTf was released into the reaction mixture containing the required precursor. 

Semi-preparative, radio-preparative HPLC purifications were performed using a Phenomenex 

LUNA® C18 column (100 Å, 250 × 10 mm, 10 μm). Quality control HPLC analyses were 

performed using Phenomenex Luna C8 (4.6 × 150 mm, 3 μm). Unless otherwise stated, 

reagents and solvents were commercially available and used without further purification: 

Sodium Chloride, 0.9% USP and Sterile Water for Injection, USP were purchased from Hospira; 

ethanol was purchased from American Regent; HPLC grade acetonitrile was purchased from 

Fisher Scientific. C18 Light Sep-Paks and Porapak Q were purchased from Waters Corporation. 

Sep-Paks were preconditioned with 10 mL of ethanol followed by 10 mL of sterile water prior to 

use. 

7.3.2 Radiosyntheses of [18F]-(±)-IPMICF6. A solution of tosylate precursor (2.5 mg) in 

anhydrous DMF (300 μL) was added to [18F]fluoride dried as described above, and the solution 

was heated at 120°C with stirring for 10 min. The reaction mixture was cooled to 50 °C, 
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quenched with 600 μL 50/50 H2O/MeCN and loaded onto HPLC (mobile phase: 40% water/60% 

acetonitrile (v/v) isocratic; flow rate: 3.0 mL/ min). The peak between 14.3-16.2 min 

corresponding to [18F]-(±)-IPMICF6 (Figure S5.18) was collected and diluted with 15 mL H2O 
and the solution was transferred through a preconditioned C18 1cc Vac Sep Pak.  The 

radiotracer was eluted with 500 PL EtOH and then the ethanolic product was passed through a 

sterile filter and into the product vial.  The C18 cartridge was then washed with 4.5 mL buffered 

saline, which was also passed through the sterile filter and collected in the product vial. Pure 

[18F]-(±)-IPMICF6 was obtained in 4.4 % nondecay-corrected radiochemical yield at end-of-

synthesis based upon dry [18F]fluoride, n = 1, radiochemical purity > 99%, SA ~ 250 GBq/Pmol. 

Quality control mobile phase: 40% water/60% acetonitrile (v/v) isocratic; flow rate: 1.0 mL/ min 

(Figure S5.19).     

 

Figure S5.18. Representative semi-preparative HPLC chromatograms for the radiosynthesis [18F]-(±)-
IPMICF6 (Rad above, UV below). 

 

Figure S5.19. Representative HPLC-QC chromatograms of the collected [18F]-(±)-IPMICF6 co-injected 
with the non-radioactive standard IPMICF6 (5.1) (UV above, Rad below). 
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7.3.3 Radiosyntheses of [18F]-(±)-IPMICF10. A solution of tosylate precursor (2.5 mg) in 

anhydrous DMF (300 μL) was added to [18F]fluoride dried as described above, and the solution 

was heated at 100°C with stirring for 20 min. The reaction mixture was cooled to 50 °C, 

quenched with 600 μL MeCN and loaded onto HPLC (mobile phase: 30% water/70% 

acetonitrile (v/v) isocratic; flow rate: 3.0 mL/ min). The peak between 10.2-11.2 min 

corresponding to [18F]-(±)-IPMICF10 (Figure S5.20) was collected and diluted with 30 mL H2O 
and the solution was transferred through a preconditioned C18 1cc Vac Sep Pak.  The 

radiotracer was eluted with 500 PL EtOH and then the ethanolic product was passed through a 

sterile filter and into the product vial.  The C18 cartridge was then washed with 4.5 mL buffered 

saline, which was also passed through the sterile filter and collected in the product vial. Pure 

[18F]-(±)-IPMICF10 was obtained in 1.5 % nondecay-corrected radiochemical yield at end-of-

synthesis based upon dry [18F]fluoride, n = 1, radiochemical purity > 99%, SA ~ 101 GBq/Pmol. 

Quality control mobile phase: 40% water/60% acetonitrile (v/v) isocratic; flow rate: 1.0 mL/ min 

(Figure S5.21).     

 

 

Figure S5.20. Representative semi-preparative HPLC chromatograms for the radiosynthesis [18F]-(±)-
IPMICF10 (Rad above, UV below).  
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Figure S5.21. Representative HPLC-QC chromatograms of the collected [18F]-(±)-IPMICF10 co-injected 
with the non-radioactive standard IPMICF10 (5.2) (UV above, Rad below). 

 

7.3.4 Radiosyntheses of [11C]-(±)-IPMICF16 and [11C]-(R)-IPMICF16. [11C]CH3OTf was bubbled 

through a reaction solution containing 1.25 mg precursor (±)-5.14 (or (R)-5.14), 2 µL 1.0 M 
methanolic TBAOH and 200 µL DMF at room temperature for 3 min at 15 mL min with Ar carrier 

gas.  The reaction was quenched with 600 μL 25/75 H2O/MeCN and loaded onto HPLC (mobile 

phase: 25% water/75% acetonitrile (v/v) isocratic; flow rate: 3.0 mL/ min). The peak between 

9.4-10.2 min corresponding to [11C]-(±)-IPMICF16 (or [11C]-(R)-IPMICF16, Figure S5.22) was 
collected and diluted with 50 mL H2O and the solution was transferred through a preconditioned 

C18 1cc Vac Sep Pak.  The radiotracer was eluted with 500 PL EtOH and then the ethanolic 

product was passed through a sterile filter and into the product vial.  The C18 cartridge was then 

washed with 4.5 mL buffered saline, which was also passed through the sterile filter and 

collected in the product vial. Pure [11C]-(±)-IPMICF16 (or [11C]-(R)-IPMICF16) was obtained in 

13.3 % nondecay-corrected radiochemical yield at end-of-synthesis based upon [11C]CH3I, n = 3 

per radiotracer, radiochemical purity > 99%, SA ~ 348 GBq/Pmol. Quality control mobile phase: 

25% water/75% acetonitrile (v/v) isocratic; flow rate: 1.0 mL/ min (Figure S5.23).     
 

338



Chapter 5 
 

 

Figure S5.22. Representative semi-preparative HPLC chromatograsm for the radiosynthesis [11C]-(R)-
IPMICF16 (UV above, Rad below).  

 

Figure S5.23. Representative HPLC-QC chromatograms of the collected [11C]-(R)-IPMICF16 co-injected 
with the non-radioactive standard IPMICF16 (5.3) (UV above, Rad below). 

 

7.3.5 Radiosynthesis of [11C]-(±)-IPMICF22. [11C]CH3I was bubbled through a reaction solution 

containing 1.0 mg precursor (±)-5.15, 5 µL 1.0 M methanolic TBAOH and 100 µL DMF at room 
temperature for 3 min at 15 mL min with Ar carrier gas.  The reaction was quenched with 600 μL 

50/50 H2O/MeCN and loaded onto HPLC (mobile phase: 50% water/50% acetonitrile (v/v) 

isocratic; flow rate: 3.0 mL/ min). The peak between 9.1-9.55 min corresponding to [11C]-(±)-

IPMICF22 (Figure S5.24) was collected and diluted with 50 mL H2O and the solution was 
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transferred through a preconditioned C18 1cc Vac Sep Pak.  The radiotracer was eluted with 

500 PL EtOH and then the ethanolic product was passed through a sterile filter and into the 

product vial.  The C18 cartridge was then washed with 4.5 mL buffered saline, which was also 

passed through the sterile filter and collected in the product vial. Pure [11C]-(±)-IPMICF22 was 

obtained in 1.8 % nondecay-corrected radiochemical yield at end-of-synthesis based upon 

[11C]CH3I, n = 1, radiochemical purity > 99%, SA ~ 204 GBq/Pmol. Quality control mobile phase: 

50% water/50% acetonitrile (v/v) isocratic; flow rate: 1.0 mL/ min (Figure S5.25).     
 

 

Figure S5.24. Representative semi-preparative HPLC chromatograms for the radiosynthesis [11C]-(±)-
IPMICF22 (UV above, Rad below).  

 

Figure S5.25. Representative HPLC-QC chromatograms of the collected [11C]-(±)-IPMICF22 co-injected 
with the non-radioactive standard IPMICF22 (5.4) (UV above, Rad below). 
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7.3.6 Radiosyntheses of [11C]GW441756. [11C]CH3I was bubbled through a reaction solution 

containing 1.1 mg of desmethyl precursor, 100 µL DMSO at room temperature for 3 min at 15 

mL min with Ar carrier gas.  The reaction mixture was allowed to react for 2 min, then sparged 

with He for 3 min at 15 mL/min to evaporate excess [11C]-methyl iodide. The reaction was then 

quenched with 600 μL 50/50 H2O/MeCN and loaded onto HPLC (mobile phase: 50% water/50% 

acetonitrile (v/v) isocratic; flow rate: 3.0 mL/ min). The peaks from 6.6-7.0 and 8.6-9.4 min 

corresponding to (Z)-[11C]GW441756  and (E)-[11C]GW441756  respectively (Figure S5.26) 
were collected and diluted with 50 mL H2O and the solution was transferred through a 

preconditioned C18 1cc Vac Sep Pak.  The radiotracer was eluted with 500 PL EtOH and then 

the ethanolic product was passed through a sterile filter and into the product vial.  The C18 

cartridge was then washed with 4.5 mL buffered saline, which was also passed through the 

sterile filter and collected in the product vial. Pure [11C]GW441756 (mixed E/Z ~ 3:2) was 

obtained in 4.9 % nondecay-corrected radiochemical yield at end-of-synthesis based upon 

[11C]CH3I, n = 1, radiochemical purity > 99%, SA ~ 189 GBq/Pmol. Quality control mobile phase: 

50% water/50% acetonitrile (v/v) isocratic; flow rate: 1.0 mL/ min (Figure S5.27).     
 

 

Figure S5.26. Representative semi-preparative HPLC chromatograms for the radiosynthesis 
[11C]GW441756 (UV above, Rad below).  
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Figure S5.27. Representative HPLC-QC chromatograms of the collected [11C]GW441756 co-injected with 
the non-radioactive standard GW441756 (5.5) (UV above, Rad below). 

 

7.4 McConnell Brain Imaging Center Site 

7.4.1 General Considerations. Carbon-11 was produced in a chemical form of [11C]CO2 and 

converted into [11C]CH3I using Synthra automated module by the so-called dry chemistry 

previously described ([11C]CO2-[11C]CH4-[11C]CH3I). Semi-preparative, radio-preparative HPLC 

purifications were performed using a Phenomenex LUNA® C18 column (100 Å, 250 × 10 mm, 

10 μm) and quality control analysis was performed on an Agilent 1200 system (Agilent 

Technologies, Santa Clara, CA, USA; running on Agilent ChemStation software) equipped with 

a Raytest Gabi Star radioactivity detector (Raytest Isotopenmessgeräte GmbH, Straubenhardt, 

Germany) using a Phenomenex Partisil ODS-3 (250 × 4.6 mm, 5 μm) column.  

7.4.2 Radiosyntheses of [11C]-(R)-IPMICF16. The radiotracer was synthesized manually by 

bubbling the resulting [11C]CH3I 5.6-8.9 GBq (150-240 mCi) into a vial containing a solution of 

the precursor (R)-5.14 (1.7 mg in 0.3 mL DMF) and K2CO3 (10 μL of concentrated aqueous 

solution). The crude mixture was then diluted with HPLC eluent (1.5 mL, 75% MeCN/25% H2O) 

and immediately injected onto HPLC (mobile phase: 25% water/75% acetonitrile (v/v) isocratic; 

flow rate: 3.0 mL/ min). The peak at 10.5 min corresponding to [11C]-(R)-IPMICF16 was 

collected. An aliquot of the pure [11C]-(R)-IPMICF16 (13.0 ± 3.0 % nondecay-corrected 

radiochemical yield at end-of-synthesis based upon [11C]CH3I, n = 3, radiochemical purity > 

98%, SA ~ 107 GBq/Pmol, Figure S5.28) was diluted with 10 mL H2O and the solution was 
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transferred through a preconditioned C18 Plus Sep-Pak. The radiotracer was eluted dropwise 

with EtOH and used directly in the autoradiography experiments. Quality control was assessed 

by analytical HPLC (mobile phase: 30% water/70% acetonitrile (v/v) isocratic; flow rate: 1.0 mL/ 

min, (tr [11C]-(R)-IPMICF16 = 9.0 min) 

 

 

Figure S5.28. Representative HPLC-QC chromatogram of the collected [11C]-(R)-IPMICF16 used for in 
vitro autoradiography experiments.  
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7.5 Munich Site 

7.5.1 General Considerations.  

[11C]CO2 was produced via the 14N(p,α)11C reaction by proton irradiation of a N2/1% O2 target of 

a GE PETtrace cyclotron and converted into [11C]CH3I by reduction with H2/Ni and iodination 

with I2 using a GE FX C Pro automated module.  

7.5.2 Radiosyntheses of [11C]-(R)-IPMICF16. 

[11C]CH3I was bubbled into a solution of the precursor (R)-5.14 (1.7 mg in 0.3 mL DMF) and 
K2CO3 (10 μL of a saturated aq. solution) at -20°C. The crude mixture was heated to 80°C for 3 

min, diluted with HPLC eluent (1.5 mL,) and purified via semipreparative HPLC (Phenomenex 

LUNA C18 column, 100 Å, 250 × 10 mm, 10 μm, 75% MeCN/25% H2O (v/v) isocratic; flow rate: 

3 mL/min). The pure [11C]-(R)-IPMICF16 was diluted with 10 mL H2O, trapped on a 

preconditioned C18 cartridge (Waters SepPak C18 light), washed with water (3 mL) and then 

eluted with EtOH (1 mL) followed by sterile filtration and formulation with PBS. [11C]-(R)-

IPMICF16 was obtained in 13 ± 2 % decay-corrected radiochemical yield at end-of-synthesis 

based upon [11C]CO2, n = 3, radiochemical purity > 99%, SA = 118 GBq/Pmol.  

 

Quality control for human PET scan ([11C]-(R)-IPMICF16): 

Appearance Clear, colorless solution, free of particles 
Identity 5.27 min (standard 5.23 min) 
RCP >99% 
Residual solvents 2.3% EtOH 
pH 7.226 
Half life 0.341 h (+1.15%) 
Radionuclide purity 511 keV 
Endotoxins <0.4 EU/mL 
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8. NMR SPECTRA 

Data form this subsection can be found in Annex 4. 
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6.1 Abstract  

Diverse NTRK1/2/3 fusions have recently been characterized as low incidence 

oncogenic alterations across various tumor histologies. Tyrosine kinase inhibitors (TKIs) of the 

tropomyosin receptor kinase family TrkA/B/C (encoded by NTRK1/2/3) are showing promises in 

the clinic for the treatment of cancer patients which diseases harbor NTRK tumor drivers. We 

describe herein the development and radiosynthesis of [18F]QMICF ([18F]-(R)-6.9), a 

quinazoline-based type-II pan-Trk radiotracer with nanomolar potencies for TrkA/B/C and 

relevant TrkA fusions including TrkA-TPM3. Starting from a racemic FLT3 (fms like tyrosine 

kinase 3) inhibitor lead with off-target TrkA activity ((±)-6.6), we developed and synthesized the 

fluorinated derivative (R)-6.9 which primarily acts as a pan-Trk inhibitor and displays favorable 

selectivity profile on a diverse set of kinases including FLT3.  Purposely designed to be labeled 

in one step, the tracer [18F]QMICF was synthesized form the corresponding mesylate precursor. 

The results presented herein support the further exploration of [18F]QMICF for imaging of Trk 

fusions in vivo. 
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6.2 Introduction  

Constitutively activated and aberrantly expressed kinase fusion proteins resulting from 

chromosomal rearrangement are frequent oncogenic drivers in human cancer.1-2 Over thirty 

years ago, trk was one of the first oncogenic fusion characterized in human.3 The trk oncogene  

was identified from a colon carcinoma and later shown to originate from the juxtaposition of the 

transmembrane and kinase domains of the proto-oncogene NTRK1 with a non-muscle 

tropomyosin gene partner (TPM3).3-4 The signalling and pro-survival roles of the proto-

oncoprotein TrkA/B/C family of receptor tyrosine kinases (encoded by NTRK1/2/3 respectively) 

and their respective neurotrophic factor cognate ligands (nerve growth factor (NGF), brain-

derived neurotrophic factor (BDNF) and neurotrophin-3 (NT-3)) have been characterized 

extensively in developmental neurobiology.5 In spite of the early characterisation of trk, the 

clinical relevance of Trk receptors in human cancer and especially NTRK fusions has only 

become evident recently.6-8 The unbiased identification of gene rearrangements in this context 

has been facilitated by next-generation sequencing (NGS) highlighting a role for NTRK fusions 

in several tumor types. Current clinical trial efforts for Trk-based therapy involve over a dozen 

antineoplastic inhibitors (Figure 6.1A) with most trials relying on genomic characterization for 

patients selection within a ‘’basket trial’’ design, embodying the paradigmatic shift towards 

precision medicine in clinical oncology.9 Patients selection in those trials largely relies on tumor 

biopsy followed by fluorescence in situ hybridization (FISH) or NGS.6 Important challenges with 

unfolding genomically-driven trial for drugs targeting low-incidence drivers such as multiple 

NTKR fusions relate to the fact that such markers may be both diverse and not routinely 

screened, making their identification and the enrollment of prospective patients complex using 

available techniques. In addition, problems may arise due to the inability to collect tissue 

samples and the difficulty to assess heterogeneous tumor tissue or metastatic conditions 
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adequately based on punctual biopsy or due to the invasiveness of serial biopsies to follow 

disease progression. 

 

 

Figure 6.1. Chemical structures and characteristics of (A) pan-Trk anticancer inhibitors under clinical 
investigation, (B) quinazoline-based EGFR/HER2 radiolabeled inhibitors validated in clinical 
investigations and (C) the TrkB/FLT3 radiotracer lead (±)-6.6.  

 

In a clinical trial context, a potential avenue to address such challenges resides in the 

use of positron emission tomography (PET) with targeted radiotracers, enabling in vivo 

visualization and target quantification of define molecular markers non-invasively and 

dynamically throughout the body including primary tumors and metastatic sites.10 Recently, 

radiolabeled tyrosine kinase inhibitor (TKIs) have been developed to image tumor in preclinical 

and clinical studies for a number of targets including EGFR (epidermal growth factor receptor), 

HER2 (human epidermal growth factor receptor 2) and VEGFRs (vascular endothelial growth 

factor receptors) among others.11-12 Of particular interest, tumor uptake of [11C]erlotinib, whose 

carbon-12 isotopologue is approved for the treatment of advanced or metastatic non-small cell 

lung cancer (NSCLC), has been used to identify patients with EGFR activating mutations who 
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are most likely to respond to erlotinib therapy (Figure 6.1B).13-15 To date, all PET TKIs evaluated 

in human for tumor imaging have been quinazoline-based radiotracers (Figure 6.1B).16-17 

Furthermore, 8 out of 28 approved small molecule kinase inhibitors bear quinolone/quinazoline 

hinge binder motifs, which highlights the importance and suitability of this fragment in kinase 

inhibitor development in general.18 In view of those facts, we sought to develop a quinazoline-

based pan-Trk radiotracer with the final goal of providing a molecular imaging probe for patient 

selection within genomically-driven trials for Trk inhibitors. A primary objective was to obtain a 

radiotracer labeled with fluorine-18 (t1/2 = 109 min; 97% E+ ; Emax (E+) = 0.64 MeV) due to the 

more suitable nuclear properties compared to carbon-11 (t1/2 = 20.3 min; >99% E+ ; Emax (E+) = 

0.96 MeV). In the light of the limitations associated with the multi-step radiosynthesis of our 

previous Trk tracer lead,19  the PET tracer in this study should be obtained in one radiosynthetic 

step to facilitate clinical translational efforts.  

 

6.3 Results and discussion 

6.3.1 Compound optimization and in silico study.  As a starting point, we selected the 

racemic dual FLT3/TrkA inhibitor (±)-6.6 having suitable properties for membrane permeation 

and TrkA pharmacology (Figure 6.1C).20 Owing to the high expression levels of FLT3 

throughout the immune system and in bone marrow, the prospect of a tracer which primarily 

interacts with this target (IC50 FLT3 = 14 nM) over Trk (IC50 TrkA = 100 nM) was initially 

considered problematic. It was however anticipated that the described FLT3 and TrkA (and 

likely pan-Trk) activities could represent intrinsic interactions of the distinct enantiomers from the 

racemic lead.   

In order to assess this hypothesis, the individual enantiomers (S)-6.6 and (R)-6.6 were 

synthesized from the commercially available (S)- and (R)-(1-boc-pyrrolidin-3-yl)-acetic acids as 

previously described for the racemate.20 Docking studies conducted in parallel suggested that 
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the quinazoline lead acts as conventional type-II inhibitor with a N1-quinazoline-hinge interaction 

and the 4-isopropylphenyl moiety occupying the allosteric pocket (Figure 6.2A-C). The in silico 

assessment also provided indications that (R)-6 was primarily responsible for the Trk activity 

observed with (±)-6 due to more optimal interaction with both the hinge and the DFG motif. To 

the contrary of (S)-6, binding of (R)-6 to the DFG triad occurs via the oxygen of the carbonyl 

with NH backbone from Asp710 (TrkB) and paralog residues in TrkA/C. This interaction 

releases the amide proton of the inhibitor in the favorable orientation for additional direct or 

water-mediated interaction with Lys588 and Glu604 (TrkB) – as previously shown with all co-

crystallized amide- and urea-bearing type-II pan-Trk inhibitors.21-23 

  

 

Figure 6.2. Comparison of the predicted binding poses for (R)-6.6 (yellow) and (S)-6.6 (cyan) bound to 
TrkB in the DFG-out conformation (PDB code: 4AT5) at (A) the hinge and at (B) the DFG motif and 
allosteric site. (C) Surface model of the overlap of (R)-6.6 and (S)-6.6 in the allosteric site (TrkB surface 
depicted in gray for clarity). (D) Predicted binding pose of (R)-6.9 (pale blue) bound to TrkB (gray cartoon 
and sticks, PDB code: 4AT5) with TrkC (cyan, PDB code: 3V5Q) and TrkA (pale gray, PDB code: 4PMM) 
overlapped in the DFG-out conformation. The glycine rich loops were removed for simplicity. View from 
the allosteric site. 

 

Stereochemistry at carbon-3’ of the pyrrolidine ring for (S)-6.6 appears to force the DFG-

inhibitor interaction to occur through the amide proton of the inhibitor with the carbonyl from the 
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backbone of Asp710, constraining the oxygen of the carbonyl of (S)-6.6 inward in the vicinity of 

the gatekeeper Phe633. In addition, a weaker hydrogen bond seems likely for (S)-6.6 compared 

to (R)-6.6 due to a shift of the quinazoline core away from Met636 to accommodate the 

placement of the pyrrolidine ring towards the allosteric pocket with this enantiomer.  

 

Table 6.1. In Vitro enzymatic activities and physico-hemical Data for Compounds (S)-6.6, (R)-
6.6 and (R)-6.9 

 
Cpd 
 

3’ R1 clogP
 

 
TPSA 
(Å

2
) 

               IC50 (nM)a  
 TrkA TrkA-

TFG 
TrkA-
TPM3  

TrkA-
TPR 

TrkB TrkC FLT3 

6.6 (S) i-Pr 4.47 76.58 5570 -c - - 694 673 - 

6.6 (R) i-Pr 4.47 76.58 66.2 - - - 7.36 9.75 - 

6.9 (R) CH2CH2F 3.76 76.58 650 ± 34b 353 162  105 118 ± 7b 85.2 ± 8.7b 4410 

a[γ-33P]ATP-based enzymatic assay performed by Reaction Biology. bTriplicates. cNot determined. 

 

6.3.2 Biological evaluation. The predicted preferential binding of (R)-6.6 over the S-

enantiomer was confirmed by [γ-33P]ATP-based enzymatic assays. Accordingly, we found a 

>70-fold potency preference of (R)-6 for human TrkA/B/C compared to (S)-6.6 (IC50s of 66.2 nM, 

7.36 nM and 9.75 nM for TrkA, TrkB and TrkC respectively - (R)-6.6) (Table 6.1). Satisfyingly, 

we observed that inhibitor (R)-6.6 displayed a reverse activity profile with respect to Trk/FLT3 

compared to the racemic lead, only partially inhibiting the latter target at 1.0 PM (Table 6.2). 

This observation suggests that the S-enantiomer may be responsible for low nanomolar FLT3 

interaction as observed with the racemate. Our screening also showed favorable selectivity on a 

panel of kinases including tyrosine kinases (TK) as well as other diverse targets from different 

branches of the human kinome. Outside of FLT3, only CSF-1R (colony-stimulating factor-1 
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receptor) was found being inhibited at about IC50 value at 1.0 PM (>10-fold selectivity for TrkA 

and >100-fold for TrkB/C versus all other off-target tested). 

 

 

Table 6.2. Kinase Profiling of (R)-6.6 and (R)-6.9 

Kinase Target Inhibitory activity of 
(R)-6.6 

(% remaining at  
1.0 PM ± SD)a 

Inhibitory 
activity of (R)-

6.9 
(% remaining at  
1.0 PM ± SD)a 

CSF-1R 41.17 ± 0.06 65.26 ± 0.41 
VEGRR-2 98.63 ± 2.07 99.72 ± 0.96 
ITK 106.30 ± 0.25 107.79 ± 0.41 
FLT3 26.40 ± 1.17 80.84 ± 1.46 

ERK1/MAPK3 86.54± 0.56 101.48 ± 0.47 
ABL1 93.09 ± 0.62 98.84± 0.23 
c-Src 91.72 ± 0.24 98.09 ± 0.17 
EGFR 107.38 ± 0.33 100.61 ± 0.90 
c-MET 100.82 ± 0.47 88.42 ± 3.16 

P38a/MAPK14 103.07 ± 1.93 114.72 ± 0.12 
ALK 90.26 ± 0.45 99.19 ± 0.85 

ERBB2/HER2 109.06 ± 0.11 100.93 ± 0.48 
JNK1 94.44 ± 0.76 98.35 ± 0.07 
PDHK1 109.57 ± 1.91 96.08 ± 0.73 
PDGFRa 71.63 ± 0.03 52.97 ± 3.83 
JAK1 105.13 ± 4.33 102.73 ± 1.05 
SYK 99.12 ± 0.50 109.09 ± 0.80 
RET 72.30 ± 0.27 91.10 ± 0.31 
BRAF 69.71 ± 0.66 92.23 ± 0.27 
c-KIT 72.46 ± 0.01 90.09 ± 0.25 
TrkA 2.95 ± 0.46b 3.37 ± 0.65 
TrkB 0.44 ± 0.29b 0.56 ± 0.18 
TrkC 0.39 ± 0.52b 0.58 ± 0.40 

a [γ-33P]ATP-based enzymatic assay performed by Reaction 
Biology. Values relative to DMSO controls; duplicate 

experiments.b Derived from dose-response curves at 1.11X10-07 
M (triplicates). 

 

6.3.3 Development of (R)-[18F]6.9. The allosteric pocket fragment of (R)-6.6 was selected for 

structural modification and fluorine incorporation. In spite of an expected decrease in potency 

due to less optimal overlap with the allosteric pocket, we opted for a 4-(2-fluoroethyl)phenyl 

motif as a close analog to the 4-isopropylphenyl in (R)-6.6 compared to 4-(2-fluoro-1-methyl-
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ethyl)phenyl in order to prevent pronounced elimination of the envisioned  sulfonic ester 

radiolabeling precursor (as well as the 19F/18F-fluorinated compounds) (Figure 6.2D, Scheme 

6.1). The fluorinated reference standard (R)-6.9 was synthesized in three steps and 40% overall 

chemical yield starting from the HBTU-mediated coupling reaction of (R)-(1-boc-pyrrolidin-3-yl)-

acetic acid with 4-(2-fluoroethyl)aniline (Scheme 6.1).  

 

Scheme 6.1. Synthesis of (R)-2-(1-(6,7-dimethoxyquinazolin-4-yl)pyrrolidin-3-yl)-N-(4-(2-
fluoroethyl)phenyl)acetamide (R)-6.9. Reagents and conditions: (a) 4-(2-Fluoroethyl)aniline, HBTU, 
DIPEA, DMF, rt, 16 h (98%); (b) TFA, CH2Cl2, rt, 2 h; (c) 4-chloro-6,7-dimethoxyquinazoline, K2CO3, DMF, 
70°C, 16 h (41%, 2 steps). 

 

We determined the potency of (R)-6.9 to be similarly to the non-fluorinated inhibitors. 

Overall, (R)-6.9 retained excellent nanomolar potencies and selectivity towards human TrkA/B/C 

despite ~10-fold reduction compared to (R)- 6.6 (Table 6.1, Table 6.2). The pan-Trk inhibitory 

profile of (R)-6.9 was the same as our previous fluorinated GW2580 tracer.19 Importantly, the 

inhibitor showed improved potency for TrkA-TFG (TFG: Trk-fused gene, IC50 = 353 nM), TrkA-

TPM3 (IC50 = 162 nM ) and TrkA-TPR (TPR: translocated promoter region, IC50 = 105 nM) 

coiled-coil domain-containing fusion proteins compared to unaltered TrkA (Table 6.1). Inhibitor 

(R)-6.9 exhibited an IC50 for FLT3 of 4410 nM and hence, 10- to 50-fold selectivity for TrkA-TFG, 

TrkA-TPM3, TrkA-TPR, TrkB and TrkC. A major challenge with the use of radiolabeled kinase 

inhibitor for PET imaging is the propensity of this class of compounds to be recognized by 

adenosine triphosphate-binding cassette (ABC) transporters such as P-glycoprotein which are 

largely expressed at the blood-brain-barrier, in excretory organs as well as in various tumor 

cells.24 Efflux by P-gp limits intracellular target binding and potentially leads to non-linear 
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pharmacokinetics as described in the case of [11C]erlotinib.25 Yet, using  Calcein-AM uptake 

assay, we determined that (R)-6.9 displayed only marginal interaction with P-gp at concentration 

up to 10 PM in P-gp overexpressing MDCKII cells (Figure 6.3) which is expected to translate 

favorably in vivo. 

 
Figure 6.3. Results from Calcein-AM uptake assay demonstrate low interaction of (R)-6.9 with P-gp in the 
range of 1-10 PM (the intracellular fluorescence in the absence of test compounds was set as 100% and 
1 PM Calcein-AM was used in MDCKII cells. Valspodar was used as a positive control). 

 

The synthesis of the mesylate precursor 6.16 was carried out in 6 steps from 4-

aminophenethyl alcohol as illustrated in Scheme 6.2. Hydroxyl protection followed by amide 

bond formation cleanly afforded the enantiopure diprotected pyrrolidine intermediate 6.12. 

Following amine deprotection, the free pyrrolidine 6.13 was reacted with 4-chloro-6,7-

dimethoxyquinazoline to give the advanced quinazoline intermediate 6.14. Tetrabutylammonium 

fluoride-mediated silyl ether cleavage afforded the hydroxyl-bearing quinazoline 6.15 which was 

readily converted into 6.16 using methanesulfonyl chloride (MsCl) using conventional 

conditions. Unexpectedly, the choice of the mesylate leaving group was made after several 

unsuccessful attempts to introduce a 4-toluenesulfonyl leaving group using 4-toluenesulfonyl 

chloride (TsCl) under various reaction conditions. The precursor 6.16 was obtained in 36% 

overall yield from commercially available aniline 6.10. The radiosynthesis of (R)-[18F]6.9 (herein 

referred as [18F]-(R)-QMICF) is showed in Scheme 6.3. The titled radiotracer was obtained in 
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one step and 18% radiochemical yield (RCY, radio-TLC) form the corresponding mesylate 

precursor.  

 

Scheme 6.2. Synthesis of the mesylate precursor 6.16.  Reagents and conditions: (a) TBDPSCl, imid., 
DMF, rt , 16 h (80%); (R)-(1-Boc-pyrrolidin-3-yl)-acetic acid, HBTU, DIPEA, DMF, rt, 16 h (78%); (c) TFA, 
CH2Cl2, rt, 2 h (99%); (d) 4-chloro-6,7-dimethoxyquinazoline, K2CO3, DMF, 70°C, 16 h (76%); (e) TBAF, 
THF, rt, 4 h (92%); (f) MsCl, Et3N, CH2Cl2, rt, 10 min (83%).  

 

 

Scheme 6.3. Radiosynthesis of (R)-[18F]6.9 ([18F]-(R)-QMICF).Reagents and conditions: (a) Kryptofix-
222/K+/[18F]F−, MeCN, 80°C, 20 min (18%). 

 

6.4 Conclusion 

In summary, starting from a racemic FLT3 inhibitor lead with off-target TrkA activity, we 

have developed a fluorinated derivative ((R)-6.9) which primarily inhibits TrkA/B/C as well as 

clinically relevant TrkA fusion protein targets and displays favorable selectivity profile on a 

diverse set of kinases which include FLT3. The efficient synthesis of the non-radioactive 

standard of (R)-6.9 and the one-step radiosynthesis of the corresponding quinazoline-based 
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18F-labeled radiotracer is provided. The tracer [18F]-(R)-QMICF is currently being evaluated for 

tumor imaging in TrkA-TPM3-overexpressing colon carcinoma KM1226 mice tumor xenograft but 

the biological data presented herein supports the view that [18F]-(R)-QMICF may be equally 

relevant towards multiple neoplasms with diverse NTKR fusions. Results from the in vivo 

assessment of [18F]-(R)-QMICF as a tool tracer for the quantification of Trk status in cancer will 

be reported in due course.  
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1. CHEMISTRY 

1.1 General Procedure 

All moisture sensitive reactions were carried out in oven-dried flasks under nitrogen atmosphere 

with dry solvents. Compounds (R)-(1-Boc-pyrrolidin-3-yl)-acetic acid and (S)-(1-Boc-pyrrolidin-3-

yl)-acetic were purchased from Aldrich (CDS015569 and CDS009494). Other reagents and 

solvents were purchased at the highest commercial quality from Fisher, Sigma-Aldrich or Alfa-

Aesar and were used without further purification unless specified otherwise. Organic solutions 

were concentrated under reduced pressure on a Heidolph rotary evaporator. In general, 

reactions were magnetically stirred and monitored by TLC performed on pre-coated glass-

backed TLC plates (Analtech, 250 microns) and chromatographic purification of products was 

accomplished using flash chromatography on Alfa-Aesar silica gel (230-450 mesh).  TLC 

visualization was performed by fluorescence quenching, KMnO4 or ninhydrin. 1H NMR and 13C 

NMR spectra were recorded on a Agilent/Varian DD2 MR two channel 400 MHz spectrometer 

spectrometer, a Agilent/Varian VNMRS two-channel 500 MHz spectrometer or a 

Agilent/Varian Inova four-channel 500 MHz spectrometer in CDCl3 or d6-DMSO and peak 

positions are given in parts per million using TMS as internal standard. Peaks are reported as: s 

= singlet, d = doublet, t = triplet, q = quartet, p = quintet, m = multiplet, b = broad; coupling 

constant(s) in Hz; integration. High Resolution Mass Spectra (HRMS) analysis was obtained 

from the Mass Spectrometry Facility of the Chemistry Department of the University of Alberta 

(Agilent Technologies 6220 oaTOF) or from the Regional Center for Mass Spectrometry of The 

Chemistry Department of the Université de Montréal (LC-MSD-TOF Agilent).  The purities of the 

final compounds for biological evaluation were greater than 95% as determined from reverse-

phase HPLC (254 nm). Compounds (S)-6.6 and (R)-6.6 were synthesized from (R)-(1-Boc-
pyrrolidin-3-yl)-acetic acid and (S)-(1-Boc-pyrrolidin-3-yl)-acetic according to the known method 

used for the synthesis of the corresponding racemate.1 All NMR/MS data obtained for those 

compounds were in full agreement with the corresponding known racemate. Computational 

physicochemical properties.  CLogP and TPSA values were obtained with the program Pallas 
3.0 for Windows (CompuDrug; San Francisco, CA).  

 

1.2 Chemical Synthesis of Novel Compounds 
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tert-Butyl (R)-3-(2-((4-(2-fluoroethyl)phenyl)amino)-2-oxoethyl)pyrrolidine-1-carboxylate (6.8): 

N,N-Diisopropylethylamine (0.23 mL, 1.32 mmol, 3.0 equiv) was added to a solution of (R)-(1-

Boc-pyrrolidin-3-yl)-acetic (100 mg, 0.44 mmol, 1.0 equiv) in N,N-dimethylformamide (4.0 mL). 

HBTU (188 mg, 0.57 mmol, 1.3 equiv) was then added in one portion and the reaction mixture 

was stirred at 23°C for 5 min. A solution of 4-(2-fluoroethyl)aniline (79 mg, 0.57 mmol, 1.3 equiv)  
in N,N-dimethylformamide (1.0 mL) was added dropwise and the reaction mixture was stirred at 

23°C for 16 h. The reaction mixture was diluted with ethyl acetate (50 mL), washed with water 

(25 mL) and brine (25 mL), dried over anhydrous sodium sulfate, filtered and concentrated 

under reduced pressure. The crude product was purified by flash column chromatography (40% 

EtOAc in hexanes) to afford 151 mg of the title compound (98%). 

Physical State: pale yellow oil. 
Rf: 0.12 (3:2 hexanes/EtOAc, UV light). 
HRMS (ESI+): m/z calc. for C19H28FN2O3 (M + H)+: 351.2078, found 351.2079. 
1H NMR (400 MHz, CHLOROFORM-d) δ = 8.13 (d, J = 29.6 Hz, 1H), 7.45 (br s, 2H), 7.14 (br d, 

J = 2.9 Hz, 2H), 4.57 (td, J = 6.5, 47.1 Hz, 2H), 3.64 - 3.53 (m, 1H), 3.47 - 3.37 (m, 1H), 3.34 - 

3.21 (m, 1H), 3.01 - 2.87 (m, 3H), 2.73 - 2.59 (m, 1H), 2.47 - 2.28 (m, 2H), 2.14 - 2.03 (m, 1H), 

1.65 - 1.50 (m, 1H), 1.49 - 1.29 (m, 9H). 
13C NMR (101MHz, CHLOROFORM-d) δ = 169.86, 154.66, 136.65, 132.98 (br s, 1C), 129.37, 

120.24 (br s, 1C), 84.04 (d, J = 169.0 Hz, 1C), 79.34, 51.28 (br s, 1C, conformer 1), 50.93 (br s, 

1C, conformer 2), 45.57 (br s, 1C, conformer 1), 45.02 (conformer 2), 40.47, 36.29 (d, J = 20.3 

Hz, 1C), 35.62 (br s, 1C, conformer 1), 35.07 - 34.85 (br s, 1C, conformer 2), 31.48 (br s, 1C, 

conformer 1), 30.74 (conformer 2), 28.53. 
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(R)-2-(1-(6,7-dimethoxyquinazolin-4-yl)pyrrolidin-3-yl)-N-(4-(2-fluoroethyl)phenyl)acetamide 

(6.9): 

To a solution of tert-butyl (R)-3-(2-((4-(2-fluoroethyl)phenyl)amino)-2-oxoethyl)pyrrolidine-1-

carboxylate (175 mg, 0.50 mmol, 1.0 equiv) in CH2Cl2 (4.0 mL) was added TFA (2.0 mL) 

dropwise. After 2 h at 23°C, the reaction mixture was diluted with ethyl acetate (50 mL) and 

carefully washed with aqueous saturated NaHCO3 (2 X 25 mL) and brine (25 mL). The organic 

layer was then dried over anhydrous sodium sulfate, filtered and concentrated under reduced 

pressure. The crude amine (130 mg, 104%) was used in the next step without further 

purification.  The crude amine (130 mg) was dissolved in DMF (5.0 mL) and 4-chloro-6,7-

dimethoxyquinazoline (180 mg, 0.80 mmol, 1.6 equiv) and K2CO3 (216 mg, 1.25 mmol, 2.5 

equiv) were successively added. The reaction mixture was stirred at 70°C for 16 h. The reaction 

mixture was diluted with ethyl acetate (100 mL), washed with water (25 mL) and brine (2 X 25 

mL), filtered and concentrated under reduced pressure. The crude product was purified by flash 

column chromatography (2→10% MeOH in CH2Cl2) to afford 90 mg of the title compound (41%, 

2 steps).  

Physical State: white solid. 
Rf: 0.40 (1:9 MeOH/CH2Cl2, UV light). 
HRMS (ESI+): m/z calc. for C24H28FN4O3 (M + H)+: 439.214, found 439.2135. 
1H NMR (498 MHz, CHLOROFORM-d) δ = 8.47 (s, 1H), 8.11 (br s, 1H), 7.49 (d, J = 8.4 Hz, 

2H), 7.39 (s, 1H), 7.18 (d, J = 8.3 Hz, 2H), 7.14 (s, 1H), 4.60 (td, J = 6.5, 47.1 Hz, 2H), 4.10 (dd, 

J = 6.9, 10.9 Hz, 1H), 4.03 - 3.95 (m, 2H), 3.95 (s, 3H), 3.93 (s, 3H), 3.71 (dd, J = 7.4, 10.6 Hz, 

1H), 2.97 (td, J = 6.4, 23.6 Hz, 2H), 2.92 - 2.85 (m, 1H), 2.60 - 2.48 (m, 2H), 2.32 (br dt, J = 6.2, 

11.8 Hz, 1H), 1.80 (br qd, J = 8.1, 12.2 Hz, 1H). 
13C NMR (125 MHz, CHLOROFORM-d) δ = 169.48, 159.12, 153.82, 148.43, 147.35, 136.47, 

133.31, 133.27, 129.52, 120.16, 110.11, 107.07, 104.53, 84.00 (d, J = 169.0 Hz, 1C), 56.07, 

56.01, 55.50, 50.04, 40.40, 36.32 (d, J = 20.4 Hz, 1C), 35.43, 31.59. 

 

4-(2-((tert-Butyldiphenylsilyl)oxy)ethyl)aniline (6.11): 
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tert-Butyl(chloro)diphenylsilane (1.32, 4.8 mmol, 1.0 equiv) was added to a solution of 4-

aminophenethyl alcohol (660 mg, 4.8 mmol, 1.0 equiv) and imidazole (654 mg, 9.6 mmol, 2.0 

equiv) in anhydrous N,N-dimethylformamide (25 mL) at 23°C. The reaction mixture was stirred 

at this temperature for 16 h and then diluted with water (50 mL) and ethyl acetate (50 mL). The 

organic layer was separated and and the aqueous phase was extracted with ethyl acetate (3 X 

50 mL). The organic layers were combined, washed with brine (50 mL) and dried over 

anhydrous sodium sulfate, filtered and concentrated under reduced pressure. The crude product 

was purified by flash column chromatography (30% ethyl acetate in hexane) to afford 1.44 g of 

the title compound (80%).  

Physical State: yellow oil. 
Rf: 0.48 (7:3 hexanes/EtOAc, UV light). 
HRMS (ESI+): m/z calc. for C24H30NOSi (M + H)+: 376.2091, found 376.2091. 
1H NMR (498 MHz, CHLOROFORM-d) δ = 7.70 - 7.65 (m, 4H), 7.49 - 7.38 (m, 6H), 6.99 (d, J = 

8.3 Hz, 2H), 6.64 (d, J = 8.3 Hz, 2H), 3.85 (t, J = 7.1 Hz, 2H), 3.57 (br s, 2H), 2.82 (t, J = 7.1 Hz, 

2H), 1.10 (s, 9H). 
13C NMR (125 MHz, CHLOROFORM-d) δ = 144.56, 135.64, 134.00, 130.10, 129.58, 129.12, 

127.62, 115.13, 65.62, 38.52, 26.92, 19.22. 

 

 

tert-Butyl (R)-3-(2-((4-(2-((tert-butyldiphenylsilyl)oxy)ethyl)phenyl)amino)-2-oxoethyl)pyrrolidine-

1-carboxylate (6.12): 

N,N-Diisopropylethylamine (0.68 mL, 3.93 mmol, 3.0 equiv) was added to a solution of (R)-(1-

Boc-pyrrolidin-3-yl)-acetic (300 mg, 1.21 mmol, 1.0 equiv) in N,N-dimethylformamide (9.0 mL). 

HBTU (375 mg, 1.70 mmol, 1.3 equiv) was then added in one portion and the reaction mixture 

was stirred at 23°C for 5 min. A solution of 4-(2-((tert-Butyldiphenylsilyl)oxy)ethyl)aniline (639 

mg, 1.70 mmol, 1.3 equiv)  in N,N-dimethylformamide (1.0 mL) was added dropwise and the 
reaction mixture was stirred at 23°C for 16 h. The reaction mixture was diluted with ethyl acetate 

(100 mL), washed with water (50 mL) and brine (50 mL), dried over anhydrous sodium sulfate, 

filtered and concentrated under reduced pressure. The crude product was purified by flash 

column chromatography (50% EtOAc in hexanes) to afford 601 mg of the title compound (78%). 
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Physical State: colorless gum. 
Rf: 0.43 (1:1 hexanes/EtOAc, UV light). 
HRMS (ESI+): m/z calc. for C35H46N2NaO4Si (M + Na)+: 609.3119, found 609.3116. 
1H NMR (498 MHz, CHLOROFORM-d) δ = 7.63 - 7.58 (m, 4H), 7.45 - 7.34 (m, 8H), 7.18 (s, 

1H), 7.12 (d, J = 8.4 Hz, 2H), 3.83 (t, J = 6.9 Hz, 2H), 3.65 (dd, J = 7.2, 10.8 Hz, 1H), 3.52 - 3.45 

(m, 1H), 3.38 - 3.31 (m, 1H), 3.03 (br dd, J = 7.7, 10.8 Hz, 1H), 2.83 (t, J = 6.8 Hz, 2H), 2.73 (br 

tt, J = 7.4, 15.0 Hz, 1H), 2.50 - 2.37 (m, 2H), 2.19 - 2.10 (m, 1H), 1.67 - 1.60 (m, 1H), 1.48 (s, 

9H), 1.04 (s, 9H). 
13C NMR (125 MHz, CHLOROFORM-d) δ = 169.63, 155.01, 135.76, 135.56, 135.47, 133.77, 

129.75, 129.56, 127.60, 119.74, 79.25, 65.06, 51.31, 45.24, 40.82, 38.67, 31.29, 31.20 , 28.55, 

26.83, 19.16. 

 

 

(R)-N-(4-(2-((tert-butyldiphenylsilyl)oxy)ethyl)phenyl)-2-(pyrrolidin-3-yl)acetamide (6.13): 

To a solution of (tert-Butyl (R)-3-(2-((4-(2-((tert-butyldiphenylsilyl)oxy)ethyl)phenyl)amino)-2-

oxoethyl)pyrrolidine-1-carboxylate (550 mg, 0.94 mmol, 1.0 equiv) in CH2Cl2 (10.0 mL) was 

added TFA (2.0 mL) dropwise. After 2 h at 23°C, the reaction mixture was concentrated and 

carefully diluted in water (20 mL). The pH was adjusted to pH~7 and the aqueous phase was 

extracted with ethyl acetate (3 X 50 mL). The organic phases were combined and washed with 

brine (50 mL), dried over anhydrous sodium sulfate, filtered and concentrated under reduced 

pressure. The crude product (450 mg, 99%) was used without further purification in the next 

step. 

Physical State: pale yellow solid. 
Rf: baseline (1:1 hexanes/EtOAc, UV light). 
HRMS (ESI+): m/z calc. for C30H39N2O2Si (M + H)+: 487.2775, found 487.2781. 
1H NMR (498 MHz, CHLOROFORM-d) δ = 8.59 (s, 1H), 7.61 (dd, J = 1.4, 6.6 Hz, 4H), 7.46 (d, 

J = 8.4 Hz, 2H), 7.44 - 7.34 (m, 6H), 7.09 (d, J = 8.4 Hz, 2H), 3.82 (t, J = 6.9 Hz, 2H), 3.40 - 

3.33 (m, 1H), 3.32 - 3.21 (m, 2H), 3.17 (br dd, J = 4.5, 11.4 Hz, 1H), 2.97 - 2.89 (m, 1H), 2.81 (t, 

J = 6.9 Hz, 2H), 2.59 (dd, J = 10.0, 14.5 Hz, 1H), 2.48 (dd, J = 5.7, 14.5 Hz, 1H), 2.25 - 2.16 (m, 

1H), 1.78 (dt, J = 6.7, 13.2 Hz, 1H), 1.04 (s, 9H). 
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13C NMR (125 MHz, CHLOROFORM-d) δ = 169.01, 135.94, 135.54, 135.41, 134.81, 133.77, 

129.57, 127.61, 119.83, 65.09, 49.49 (br s, 1C), 44.22, 39.61, 38.69, 35.16, 30.12, 26.84, 19.16. 

 

 

(R)-N-(4-(2-((tert-Butyldiphenylsilyl)oxy)ethyl)phenyl)-2-(1-(6,7-dimethoxyquinazolin-4-

yl)pyrrolidin-3-yl)acetamide (6.14): 

4-Chloro-6,7-dimethoxyquinazoline (335 mg, 1.49 mmol, 1.6 equiv) and K2CO3 (322 mg, 2.33 

mmol, 2.5 equiv) were successively added to a solution of (R)-N-(4-(2-((tert-

butyldiphenylsilyl)oxy)ethyl)phenyl)-2-(pyrrolidin-3-yl)acetamide (450 mg, 0.93 mmol, 1.0 equiv) 

in DMF (10.0 mL). The reaction mixture was stirred at 70°C for 16 h. The reaction mixture was 

diluted with ethyl acetate (100 mL), washed with water (25 mL) and brine (3 X 25 mL), filtered 

and concentrated under reduced pressure. The crude product was purified by flash column 

chromatography (5→10% MeOH in CH2Cl2) to afford 477 mg of the title compound (76%).  

Physical State: white solid. 
Rf: 0.15 (5:95 MeOH/CH2Cl2, UV light). 
HRMS (ESI+): m/z calc. for C40H47N4O4Si (M + H)+: 675.3361, found 675.3360. 
1H NMR (498 MHz, CHLOROFORM-d) δ = 8.51 (s, 1H), 7.66 - 7.56 (m, 4H), 7.51 (s, 1H), 7.45 - 

7.40 (m, 5H), 7.39 - 7.34 (m, 4H), 7.19 (s, 1H), 7.13 (d, J = 8.4 Hz, 2H), 4.14 (dd, J = 6.9, 10.8 

Hz, 1H), 4.07 - 4.00 (m, 2H), 4.00 (s, 3H), 3.96 (s, 3H), 3.83 (t, J = 6.8 Hz, 2H), 3.75 (dd, J = 

7.7, 10.8 Hz, 1H), 2.95 - 2.87 (m, 1H), 2.83 (t, J = 6.8 Hz, 2H), 2.61 - 2.49 (m, 2H), 2.36 (br dt, 

J=6.2, 11.6 Hz, 1H), 1.83 (br d, J=3.8 Hz, 1H), 1.04 (s, 9H) 
13C NMR (125 MHz, CHLOROFORM-d) δ = 169.14, 159.25 (br s, 1C), 153.83, 147.37, 135.77, 

135.50, 135.55, 133.76, 129.78, 129.56, 127.60, 119.75, 110.20, 107.32, 104.54, 65.04, 56.11, 

56.05, 55.55, 50.10, 40.50, 38.67, 35.43, 31.65, 26.83, 19.16. 
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(R)-2-(1-(6,7-Dimethoxyquinazolin-4-yl)pyrrolidin-3-yl)-N-(4-(2-hydroxyethyl)phenyl)acetamide 

(6.15): 

Tetrabutylammonium fluoride (1.0 M in tetrahydrofuran, 0.66 mL, 0.66 mmol, 1.05 equiv) was 

added dropwise to a solution of (R)-N-(4-(2-((tert-Butyldiphenylsilyl)oxy)ethyl)phenyl)-2-(1-(6,7-

dimethoxyquinazolin-4-yl)pyrrolidin-3-yl)acetamide (425 mg, 0.63 mmol, 1.0 equiv) in 

tetrahydrofuran (7.0 mL) at 23°C. After 4 h, the reaction mixture was quenched with water (25 

mL) and diluted with ethyl acetate (100 mL). The phases were separated and the organic layer 

was washed with water (2 X 25 mL). the combined organic layers were dried over anhydrous 

sodium sulfate, filtered and concentrated under reduced pressure. The crude product was 

purified by flash column chromatography (5→10% methanol in dichloromethane) to afford 252 

mg of the title compound (92%). 

Physical State: white solid. 
Rf: 0.15 (1:9 MeOH/CH2Cl2, UV light). 
HRMS (ESI+): m/z calc. for C24H29N4O4 (M + H)+: 437.2183, found 437.2188. 
1H NMR (498 MHz, DMSO-d6) δ = 9.90 (s, 1H), 8.30 (s, 1H), 7.49 (d, J = 4.4 Hz, 2H), 7.46 (s, 

1H), 7.11 (d, J = 8.5 Hz, 2H), 7.09 (s, 1H), 4.58 (br t, J = 4.3 Hz, 1H), 4.00 (dd, J = 6.9, 10.8 Hz, 

1H), 3.97 - 3.89 (m, 2H), 3.87 (s, 3H), 3.83 (s, 3H), 3.60 (dd, J = 7.8, 10.9 Hz, 1H), 3.54 (dt, J = 

4.5, 6.7 Hz, 2H), 2.70 - 2.62 (m, 3H), 2.51 - 2.47 (m, 2H), 2.15 (br d, J = 5.4 Hz, 1H), 1.75 - 1.66 

(m, 1H). 
13C NMR (125 MHz, DMSO-d6) δ = 170.23, 158.70, 153.78, 153.19, 148.62, 147.25, 137.52, 

134.69, 129.43, 119.53, 109.88, 107.41, 105.30, 62.73, 56.05, 56.01, 55.69, 49.99, 39.87, 

38.93, 35.53, 31.41. 

 

 

(R)-4-(2-(1-(6,7-dimethoxyquinazolin-4-yl)pyrrolidin-3-yl)acetamido)phenethyl methanesulfonate 

(6.16): 

Triethylamine (14�PL, 0.104 mmol, 1.5 equiv) and methanesulfonyl chloride (7.0 PL, 0.083 

mmol, 1.2 equiv) were successively added to a solution of (R)-2-(1-(6,7-Dimethoxyquinazolin-4-
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yl)pyrrolidin-3-yl)-N-(4-(2-hydroxyethyl)phenyl)acetamide (30 mg, 0.069 mmol, 1.0 equiv) in 

CH2Cl2 (3.0 mL) at 23°C. After 10 min, the reaction mixture was quenched with water (25 mL) 

and diluted with CH2Cl2 (25 mL). The phases were separated and the aqueous layer was 

extracted with CH2Cl2 (2 X 25 mL). The combined organic layers were washed with brine (25 

mL), dried over anhydrous sodium sulfate, filtered and concentrated under reduced pressure. 

The crude product was purified by flash column chromatography (5→10% methanol in 

dichloromethane) to afford 30 mg of the title compound (83%). 

Physical State: off-white solid. 
Rf: 0.23 (1:9 MeOH/CH2Cl2, UV light). 
HRMS (ESI+): m/z calc. for C25H30N4O6S (M + H)+: 515.1959, found 515.1971. 
1H NMR (400 MHz, CHLOROFORM-d) δ = 8.78 (br s, 1H), 8.32 (s, 1H), 7.63 (d, J = 8.3 Hz, 

2H), 7.50 (s, 1H), 7.22 - 7.12 (m, 3H), 4.39 (t, J = 6.8 Hz, 2H), 4.25 - 4.17 (m, 1H), 4.12 (br dd, J 

= 6.9, 11.3 Hz, 1H), 3.97 (s, 3H), 3.96 (s, 3H), 3.94 - 3.87 (m, 2H), 3.04 - 2.99 (m, 2H), 2.89 (s, 

3H), 2.76 - 2.65 (m, 2H), 2.36 - 2.27 (m, 1H), 1.97 - 1.86 (m, 1H), 1.68 - 1.57 (m, 1H).  
13C NMR (126MHz, CHLOROFORM-d) δ = 169.63, 159.10, 153.89, 147.41, 136.95, 132.21, 

129.52, 120.14, 110.03 (br s, 1C), 106.92 (br s, 1C), 104.61, 70.17, 56.13, 56.09, 55.56, 50.17, 

37.41, 35.45, 35.05, 31.57. 
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2. BIOLOGICAL EVALUATION 

2.1 [γ-33P]ATP-Based Enzymatic Assay.  

Compound (R)-6.6, (S)-6.6 and (R)-6.9 were tested in a [γ-33P]ATP based enzymatic assay by 
Reaction Biology Corporation (Malvern, PA). Briefly, the compound was tested in a 10-

concentration IC50 curve with 3-fold serial dilution starting at 10 μM. The reactions were 

performed with 1�PM ATP and initially profiled against 3 tyrosine kinases (tropomyosin receptor 

kinase A (TrkA), tropomyosin receptor kinase B (TrkB), tropomyosin receptor kinase C (TrkC)). 

IC50 values less than 5.08E-10 M or higher than 1.00E-05 is estimated based on the best curve 

fitting available (n = 1) for (R)-6.6, (S)-6.6 and n = 1 for (R)-6.9).  Inhibitor (R)-6.9 was also 
assessed against TrkA fusion kinases (TrkA-TGF, TrkA-TPM3 and TrkA-TPR). Compounds (R)-

6.6 and (R)-6.9 were also tested for inhibitory activity at 1.0 PM on a panel of 20 selected 
kinases (SYK, PDK1/PDHK1, PDGFRa, P38a/MAPK14, KDR/VEGFR2, JNK1, JAK1, ITK, FMS, 

ERK1, ERBB2/HER2, EGFR, c-SRC, c-MET, c-KIT, BRAF, ALK, ABL1, FLT3 and RET) under 

similar conditions (n = 2). 

 

Figure S6.1. Dose-response curves for inhibitors (R)-6.6, (S)-6.6 against TrkA, TrkB and TrkC.  
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2.2 Calcein-AM assay.  

Cell Culture. Native MDCKII cells or stably transfected with human P-gp or wild-type BCRP 

(482A) were seeded at a density of 156.250 cells/cm2 using Dulbecco’s modified Eagle’s 

medium (DMEM) with 10% FCS, 4.0 mM L-Glutamine, 100 U/ml Penicillin, 100 µg/ml 

Streptomycin and 100 µg/ml Kanamycin (Biochrom, Munich, Germany) and split after reaching 

cell confluency to 70-80%. Cell passages from 7-25 have been used throughout the 

experiments. Calcein-AM Uptake-Assay. The assay for quantifying P-gp efflux activity was 

performed as described previously.27 Briefly, human P-gp overexpressing MDCKII cells were 

washed two times with Krebs-Ringer Buffer (142 mM NaCl, 3 mM KCl, 1.5 mM K2HPO4*3 H2O, 

10 mM HEPES, 4 mM D-Glucose, 1.2 mM MgCl2, 1.4 mM CaCl2, pH 7.4) and preincubated with 

100 µl of double-concentrated modulator for 15 min that was followed by addition of 100 µl 4°C 

cold 2 µM Calcein-AM (Sigma-Aldrich, Taufkirchen, Germany) solution for 30 min. Plates were 

incubated at 37°C at 200 rpm. Control cells were exposed to Calcein-AM in absence of a 

transport modulator. Subsequently, MDCKII cells were washed with ice-cold Krebs-Ringer 

Buffer to stop transporter activity and intracellular fluorescence was released after incubation 

with 0.1% Triton X for 20 min at 37°C. The amount of intracellular fluorescence was recorded 

using a fluorescence plate reader (Tecan Infinite F200 Pro, λ(excitation) = 485 nm and λ(emission) = 

520 nm). Background fluorescene was subtraced from each signal and intracellularly 

accumulated fluorescence was related to control cells. EC50 values were calculated via non-

linear regression using the 4-parameter logistic equation with variable Hill-slope (GraphPad 

Prism® version 6.01) to generate dose-response curves.   
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3. DOCKING STUDIES 

Molecular docking simulations of (R)-6.6, (S)-6.6 and (R) 6.9 were performed using the X-ray 
co-crystal structure of TrkB-GW2580 complex (PDB code: 4AT5) and TrkC complex (PDB code: 

3V5Q) using FITTED 3.5 program (FORECASTER platform).28-29 Docking structures and figures 

were prepared using Pymol. 
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4. RADIOCHEMISTRY 

The manual radiosyntheses of (R)-[18F]6.9 ([18F]-(R)-QMICF) was performed at medical isotope 

and cyclotron facility of the University of Alberta (Edmonton PET Center, ACSI 19/9 MeV 

cyclotron). No-carrier-added (n.c.a) aqueous [18F]Fluoride was produced by a 18O(p,n)18F 

nuclear reaction on an enriched [18O]water target. No-carrier-added (n.c.a) aqueous [18F]fluoride 

was passed through a Sep-Pak Light QMA cartridge (Waters) (typically 1-2 GBq in 2.0 mL 

water). The cartridge was dried by airflow, and the 18F activity was eluted with 1.0 mL of a 

Kryptofix 2.2.2/K2CO3 solution (from a 10.0 mL stock solution of 22.6 mg of Kryptofix 222 and 

4.2 mg of K2CO3 in acetonitrile/water (95/5)) to a 10.0 mL conical vial. The solvent was removed 

at 100°C under atmospheric pressure and a stream of nitrogen gas. The residue was 

azeotropically dried with a total of 6.0 mL of anhydrous acetonitrile at 100°C to afford the dried 

K2.2.2/K[18F]F complex residue which was dissolved in anhydrous acetonitrile. A 20 PL aliquot 

of this K2.2.2/K[18F]F solution was added to a solution of the mesylate precursor 6.16 (2.0 mg) 
in DMF (200 μL) and heated at 80°C for 20 min. The reaction mixture was cooled to room 

temperature and diluted with 600 μL of a mixture of MeCN/H2O (1:1) and analyzed by radio-TLC 

(Rf 0.4 10% MeOH/CH2Cl2, 18% RCY).  
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5. NMR SPECTRA  

Data form this subsection can be found in Annex 5. 
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Current and future work, conclusion and perspective 

Data presented in this chapter are part of a manuscript in preparation for submission to: Journal 
of Nuclear Medicine. (Article 10) 

Bernard-Gauthier, V.; Mossine, A.V.; Aliaga, A.; Shao, X.; Quesada, C.A.; Sherman, P.; 
Mahringer, A.;  Kostikov, A.; Fricker, G.; Rosa-Neto, P.; Scott, P.J.H.; Schirrmacher, R. 
Preclinical evaluation of [18F]-(R)-IPMICF17: a PET radiotracer for the tropomyosin receptor 
kinases TrkA/B/C. 

Only selected data from experiments conducted by V.B.G. are included in this Chapter. 
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7.1 Current and future work 

The iterative optimisation of the (2-pyrrolidin-1-yl)imidazo[1,2-b]pyridazine (IPMICF) 

series (Chapter 4 – 5), including completed and undergoing work will be briefly presented in the 

first section of this chapter. The subsequent sections (7.1.2 – 7.1.6) present future proposed 

work to refine and optimize the different radiotracer series presented in the thesis as well as 

other relevant projected work based on recent progress in the field of Trk inhibitors 

development. Section 7.2 will discuss significance and present a general conclusion. 

7.1.1 Development of [18F]-(R)-IPMICF17. Although our first generation radiotracer [11C]-(R)-

IPMICF16 holds substantial promises for in vivo use as shown in Chapter 5, the development of 

a suitable fluorine-18-labeled derivative from this series would be advantageous – so far not 

achieved with [18F]-(±)-IPMICF6 of [18F]-(±)-IPMICF10. Moreover, we expect that the P-

gp/BCRP liabilities of [11C]-(R)-IPMICF16 observed in rodents may add additional variables 

during upcoming target engagement screening of Trk inhibitors. This may be especially true for 

compounds (including self-block) which also display interactions with efflux transporters, as 

pharmacological treatment with such compounds can potentiate brain uptake or give rise to 

blood concentration fluctuations leading to paradoxical increases in radiotracer brain uptake and 

changes in kinetics.1 In this context, careful screening with P-gp/BCRP cellular assays and 

blood plasma normalization may be required.2 Identifying a radiotracer from this series which 

does not interact or interacts minimally with efflux transporters would therefore allow for more 

straightforward in vivo analyses in rodents and would also be beneficial for clinical use. Such a 

tracer would also clarify whether or not the overall uptake of [11C]-(R)-IPMICF16 in the primate 

brain (human and non-human) is primarily dictated by active efflux transport (as in rodent), or if 

in higher species, parameters such as target density (Bmax) or passive permeability account for 

the observed uptake. Yet, it is important to note that, the absence of a gold-standard radiotracer 

for comparison, not only for Trk but for CNS kinases in general, currently precludes the 
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determination of what constitutes an acceptable brain uptake in this context. At the moment, the 

only other radiolabeled kinase inhibitor shown to engage its target in vivo is the glycogen 

synthase kinase-3 (GSK3) tracer [11C]PF-367.3 Notably, in a preclinical non-human primate 

study, this tracer displayed brain uptake comparable to [11C]-(R)-IPMICF16 while not being 

susceptible to P-gp efflux.  

Nevertheless, in order to clarify those questions and explore further the IPMICF series, 

our optimization of [11C]-(R)-IPMICF16 combined the thorough re-evaluation of our IPMICF 

library (Chapter 4) using P-gp Calcein-AM cellular assay with a SAR exploration of the adjacent 

2-phenylpyrrolidine (Figure 7.1). With regard to the 2-phenylpyrrolidine fragment, we were 

interested in briefly exploring the role of fluorination towards potency.4-5   

 

Figure 7.1. [11C]-(R)-IPMICF16: first round of lead optimization.  

Building on the (2R,4S)-4-fluoro-2-(3-fluorophenyl)pyrrolidine-containing inhibitor 4.8 

(Chapter 4) initially used  to develop our IPMICF series, we aimed to define the role of selective 

pyrrolidine and phenyl fluorine substitutions on Trk potency. As alluded in Chapter 4, the use of 

the chiral fluorinated pyrrolidine found in 4.8 was envisioned early in the project, but was 

ultimately considered counter-productive due to the amount of material needed for SAR 

derivatization and the expected low overall yield from the synthesis of this specific pyrrolidine 

intermediate. Commercially available racemic 2-(3-fluorophenyl)pyrrolidine was chosen until the 

enantioselective synthesis described in Chapter 5 was established. For the second-generation 

exploration presented here, the synthesis of pyrrolidine 7.7 was undertaken. The synthesis was 
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adapted from previous literature6 and began with the successive protection of the hydroxyl and 

amide groups of (R)-(+)-4-hydroxy-2-pyrrolidinone with TBS and Boc respectively (Scheme 

7.1). Grignard reaction using 3-fluorophenyl magnesium bromide was then performed followed 

by reduction with NaBH4 providing the linear hydroxyl intermediate 7.3 in 59% yield (from 7.2). 

Reaction with methanesulfonyl chloride (MsCl) induced intramolecular cyclization affording 

pyrrolidine 7.4 as a diastereomeric mixture. 

 

Scheme 7.1. Synthesis of novel imidazo[1,2-b]pyridazine inhibitors. Reagents and conditions: (a) TBSCl, 
imidazole, DMF, rt, 3 h; (b) Boc2O, MeCN, Et3N, DMAP, (83%, 2 steps); (c) 3-Fluorophenyl magnesium 
bromide, THF, 0°C, 2 h, then MeOH, NaBH4, 0°C, 1 h (59%, 2 steps); (d) MsCl, CH2Cl2, Et3N, -60°C, 1 h; 
(e) TBAF, THF, rt, 2 h (51%, 2 steps); (f) DAST, CH2Cl2, -78°C - rt, 16 h (78%); (g) TFA, CH2Cl2, rt, 2 h 
(93%, crude); (h) 6-chloroimidazo[1,2-b]pyridazine-3-carboxylate, KF, DMSO, 120°C, 12 h (70%) or 6-
chloroimidazo[1,2-b]pyridazine-3-carboxylate, KF, DMSO, 100°C, 12 h (47%) ; (i) MeNH2, rt (29-90%); (j); 
LiOH, THF/EtOH/H2O, rt, 3 h (65%); (k) amine, HATU, DIPEA, DMF, rt, 16 h (52% for 7.13, 94% for 7.14). 
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Although the separation of the diastereomers could be performed anywhere from this 

intermediate using gel column chromatography, the best separation was achieved once the 

fluorine was installed at the pyrrolidine C4. Hence the silyl ether protecting group was removed 

using conventional TBAF conditions on the diastereomers mixture to provide the 4-

hydroxypyrrolidine intermediate 7.4 in 51% after two steps. Deoxyfluorination of alcohol 7.4 was 

performed efficiently using diethylaminosulfur trifluoride (DAST) and followed by separation 

which afforded pure (2S,4S)- and (2R,4S)-diastereomers (up to gram-scale separation, 78% 

overall, 26:74 (2S,4S)-7.6/(2R,4S)-7.6). Absolute stereochemistry of the isolated diatereomers 

was confirmed by X-ray crystallographic analysis of (2S,4S)-7.6 (Scheme 7.1). Subsequent Boc 

deprotection followed by reaction with 6-chloroimidazo[1,2-b]pyridazine-3-carboxylate afforded 

diastereomerically pure 7.9 which was reacted with methylamine solution to yield amide 7.11. 

Although efficient, the synthesis of (2R,4S)-7.7 required 8 steps and led to < 20% overall yield 

from enantiopure pyrrolidinone 7.1 (300$/g). In comparison, the Ellman sulfinamide route 

developed in Chapter 5 for the synthesis of (R)-2-(3-fluorophenyl)pyrrolidine ((R)-5.11) 

proceeded in 5 steps and > 30% overall yield using commodity chemicals (e.g. methyl 4-

chlorobutyrate starting material, 0.81$/g). In spite of the advantage provided with regard to 

potency with the C-4 fluorine substitution (vide infra), the latter route and the corresponding 

pyrrolidine are likely to be more attractive if further extensive SAR screening of the amide 

moiety IPMICF scaffold is required. 

In the course of the optimization of the synthesis of 7.9, we also observed under certain 

conditions the formation of a derivative distinct from 7.9, later ascribed as the 

dehydrofluorination product 7.8. Expectedly, it was noted that the formation of 7.8 was largely 

favored and in some instances exclusively obtained in good yields when the reaction was 

performed > 100°C, or in the presence of > 5 equivalents of KF, or again in the presence of 

K2CO3 instead of KF at high temperatures. Instead of discarding 7.8, we completed the 
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synthesis of the amide 7.10 for biological evaluation. In order to complement our brief screening 

of the 2-phenylpyrrolidine fragment, we synthesized the methylamide 7.17 which lacks the 3-

fluorophenyl substitution (Scheme 7.2).  

 

Scheme 7.2. Synthesis of non-fluorinated inhibitor 7.17. Reagents and conditions: (a) 2-
Phenylpyrrolidine, KF, DMSO, 110°C, 16 h (94%); (b) MeNH2, rt, 16 h (62 %). 

 

Compounds 7.10, 7.11, 7.17 were then evaluated against TrkB and compared with the 

monofluorinated derivative 4.12 (Table 7.1). We observed the extent of fluorination at the 3-

phenyl and the 4-pyrrolidine positions of the phenylpyrrolidine group to have a remarkable 

influence on TrkB potency. Although compounds 7.17 and 4.12 are racemic derivatives, the 

knowledge that the S-isomer likely exhibits about 1000-fold lower potency compared to the R-

enantiomer enables suitable comparison of the IC50s values obtained (see Chapter 5). In 

particular, our results show a remarkable gain in terms of potency moving from 7.17 to 4.12 

(~10-fold) (Table 7.1). Although the (R)-2-(3-fluorophenyl)pyrrolidine motif has emerged from 

patent literature in recent years as a prominent type I Trk inhibitor pharmacophore (see Chapter 

1),7 to the best of our knowledge no systematic explanation has been provided clarifying the 

reasons of this specific fluoroaryl arrangement. The degree of improvement moving from 7.17 to 

4.12 likely indicates the involvement of a specific fluorine-backbone interaction. Based on the 

inspection of Trk crystallographic data, the origin of this effect appears to be an orthogonal 

multipolar C-F···C=O interaction between the fluorine substituent positioned deep inside the 

binding pocket with the carbonyl backbone of the TrkB Asn698 residue (or Asn655/685 in 

TrkA/C). This possibility is further supported by the observation of a corresponding short 
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distance 3.3 Å C-F···C=O contact in the crystal structure of a (R)-2-(3-fluorophenyl)pyrrolidine-

bearing inhibitor with TrkA from Novartis – element which was however not emphasized in the 

corresponding Novartis publication (see PDB: 4YNE).5, 8 

Table 7.1. SAR and In Vitro Enzymatic Activities and Physicochemical Data for Novel 
Imidazo[1,2-b]pyridazines Trk Inhibitors 

Cpd 
 

Structure IC50 (nM)a 
TrkA TrkB TrkC 

7.17 

 

-b 4.20 -b 

(4.12) 

 

7.66 0.565 0.374 

7.10 

 

-b 0.324 -b 

7.11 

 

-b 0.051 -b 

(4.23) 

 

5.00 0.584 0.408 

7.13 

 

1.68 ± 0.13e 0.048 ± 
0.003 

0.134 ± 
0.009 

7.14 

 

4.21 0.150 0.310 

7.20 
(R)-IPMICF17 

 

-b 0.198 -b 

a[γ-33P]ATP-based enzymatic assay performed by Reaction 
Biology. bNot measured. 

 

We also observe about 4-5-fold further improvement with the additional fluorination in 

7.11 compared to 4.12. An optimized hydrophobic shape complementarity imparted by the 

slightly larger fluorine substituent compared to hydrogen may explain this effect.9 Inhibitor 7.10 
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which bears a slightly more compact pyrrolidine ring exhibited an IC50 of 324 pM for TrkB, falling 

in the same range as 4.12. Our screening, even cursory, underscores the importance of 

fluorine-for-hydrogen replacement in SAR and offers a rational basis to modulate the potency of 

future radiotracers from the IPMICF series using minimal structural alterations. Consistent with 

the literature precedents, it may also be expected that those structural changes would in turn 

favor passive diffusion and limit efflux susceptibility. Pfizer for example has recently provided a 

robust meta-analysis showing that the strategic substitution of hydrogen with fluorine atoms 

leads to reduced probability of P-gp efflux and enhanced probability for passive permeability in a 

0-to-5 fluorine replacement range.10 This study also introduces the concept of fluorine-corrected 

molecular weight (MWFC) as a more relevant descriptor for drug design compared to MW per se 

which is relevant here – providing systematic demonstration that the additional MW imparted by 

fluorine incorporation is largely balanced by favorable effects regarding other key physico-

chemical parameters. 

In parallel, to identify an optimized derivative of IPMICF16, we sought to determine to 

which extent the amide moiety and in some instance, the aryl substituent patterns of the amide 

groups specifically influenced the P-gp mediated efflux within our IPMICF series. The screening 

of the amide fragment was chosen for this task in order to maximize our chances to identify a 

suitable compound given the flexibility of the amide substitution with regard to potency. A 

complete re-evaluation of the IPMICF series presented in Chapter 4 was therefore undertaken 

using P-gp Calcein-AM cellular assay. All tested derivatives from alkyl-, benzyl- and 

phenylamide scaffolds displayed important interaction with P-gp leading to single digit 

micromolar EC50s or stronger susceptibilities except for one. Remarkably, the seemingly simple 

replacement of the 3-fluoro-4-methoxyphenyl moiety found in IPMICF16 for a 4-fluorophenyl 

fragment led to a drastic abrogation of the efflux liability (data not presented, communication 

with Dr. A. Marhinger). The compound identified, 4.23 (the racemic counterpart of 7.20, see 
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Table 7.1 – coined IPMICF17), displayed a cellular EC50 >> 50 PM (the highest concentration 

tested) for P-gp compared to 1.3 PM in the case of (±)-IPMIC16. Although the specific reasons 

for such a drastic shift between such similar compounds cannot be established with certainty, it 

may relate to factors such as TPSA reduction and rotatable bound (RB) count reduction.11 The 

unexpected identification of this analog offers a near-ideal scenario to probe the specific role of 

P-gp regarding brain disposition while it also offers a platform to explore the feasibility of recent 

radiofluorination techniques, such as the copper-mediated boronic ester approach.12-14  

 
Figure 7.2. Dose-response curve for inhibitor (R)-IPMICF17 versus TrkA, TrkB, TrkC, ([ATP] = Km ATP, n = 
3, error bars represent standard deviation from the mean). ([γ-33P]ATP-based enzymatic assay performed 
by Reaction Biology). Ki is the inhibitory constant and Km is Michaelis–Menten constant for ATP. 

 

Having both clarified the pyrrolidine SAR and identified an optimized amide substituent, 

we next completed the synthesis of the corresponding 4-fluorophenyl-containing inhibitors 7.14 

and 7.20. Inhibitor 7.14 was obtained following the hydrolysis of the ester 7.9 in the presence of 

LiOH and HATU-mediated coupling using 4-fluoroaniline (61%, 2 steps, Scheme 7.1). The 

enantiopure inhibitor 7.20 was synthesized as described for the corresponding racemic 

derivative using (R)-2-(3-fluorophenyl)pyrrolidine (see Chapter 4 and 5). For comparison, the 

compound 7.13 was also prepared and evaluated. TrkB inhibition assays revealed an IC50 of 

198 pM for 7.20 and a relatively negligible potency benefit for trifluorinated 7.14 (IC50 = 150 pM 

for TrkB). The assay also confirmed the exquisite potency of 7.13 (IC50 = 48 pM for TrkB). Those 

results prompted us to select the inhibitor 7.20 for radiotracer translation. Although 7.13 
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displayed a marginal potency advantage compared 7.20, it was abandoned based on its 

substantiated tendency to undergo dehydrofluorination under 18F-radiolabeling-like conditions 

(high temperature, basic milieu, polar aprotic solvent). Complete human Trk family kinases 

profiling and Ki values determination demonstrated excellent TrkB/C affinity in line with (R)-

IPMICF16 (6-fold difference for TrkB/C; Ki of 2.65 ± 0.72 nM, 0.318 ± 0.103 nM and 0.136 ± 

0.052 nM for TrkA, TrkB and TrkC respectively,  n = 3, s.d.) (Figure 7.2). 

 

Scheme 7.3. Synthesis of boronic ester precursor 7.19 and radiosynthesis of [18F]-(R)-IPMICF17. 
Reagents and conditions: (a) 4-Aminophenylboronic acid pinacol ester, HBTU, DIPEA, DMF, rt, 16 h 
(75%); (b) Kryptofix-222/K+/[18F]F-, MeCN:DMF (1:10), [Cu(OTf)2(pyr)4]  (0.27 equiv), 110°C, 20 min 
(~30% RCY).  
 
 

In order to prepare [18F]-(R)-7.20 ([18F]-(R)-IPMICF17), the pinacolborane precursor 7.19 

was first synthesized (Scheme 7.3). We then undertook the radiosynthesis of [18F]-(R)-

IPMICF17 screening conditions initially described by Tredwell and colleagues.12 Satisfyingly, 

[18F]-(R)-IPMICF17 could be obtained in 30% RCY (assessed by radio-TLC) using 0.27 

equivivalent of [Cu(OTf)2(pyr)4]. This result offered confidence in feasibility of this approach.  It is 

worth mentioning that the radiolabeling of [18F]-(R)-IPMICF17 using conventional means would 

have required a three steps sequence from 1,4-dinitrobenzene making this route likely 

unsuitable for automation and routine production. Differently, we adapted our one-step copper-

mediated radiofluorination of 7.19 using a low base protocol13-14 which enabled large scale fully 

automated productions of [18F]-(R)-IPMICF17 (2% RCY, non-decay-corrected at end-of-

synthesis based upon 13-16 GBq of [18F]F-/H2O, > 99% radiochemical purity, 17 GBq/Pmol). 
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Our novel low-Pgp efflux TrkB/C radiotracer is currently undergoing extensive preclinical PET 

imaging in non-human primate (Prof. P. Scott group, University of Michigan) and 

autoradiography assessment in human tissue (Montreal Neurological Institute, by myself in 

collaboration with Prof. P. Rosa-Neto). Assuming comparable or improved preclinical profile for 

[18F]-(R)-IPMICF17 compared to [11C]-(R)-IPMICF16, first-in-human should be expected in the 

course of the current year. Below, we described further potential modifications of the 

radiotracers series described in this thesis as well as future work regarding tracer design and 

validation. 

 

Figure 7.3. Structural optimization of the IPMICF series. (A) First and second-generation IPMICF 
radiotracers. (B) Putative structural modification for optimization. (C) Macrocyclic IPMICF radiotracers and 
scaffolds.  

 

7.1.2 Proposed SAR for optimizing brain penetration of the IPMICF series. Apart from the 

undergoing work with the development and validation of [18F]-(R)-IPMICF17, we can envision 

various scenarios leading to further optimized third-generation IPMICF tracers. In order to probe 

the influence of lipophilicity on specific binding and P-gp recognition, one interesting avenue 
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may be to explore variations in nitrogen-based hinge binder bicyclic heterocycles or the 

incorporation of a fluoropyridine replacement as found in [18F]-(R)-7.21 (Figure 7.3B).7 Until 

now, our work has focussed exclusively on imidazo[1,2-b]pyridazine-3-amide derivatives. The 

study of derivatives lacking the amide group in order to reduced hydrogen bond donor (HBD) 

count could turn out favorable regarding membrane passive permeability (Figure 7.3B).7-8, 15 

Alternatively, further balance of brain penetration, efflux and potency may be achievable via 

macrocyclization using low nanomolar potency scaffolds recently patented by Array as a starting 

point (Figure 7.3C).11, 16-17 Modeling simulations of representative 14-membered macrocyclic 

derivatives suggest excellent overlap, consistent with a strong reinforcement of the bioactive 

binding conformation from nonmacrocyclic derivatives (Figure 7.4). A similar brain permeation-

driven macrocyclization strategy has been used in the development of the dual ALK/ROS1 

inhibitor lorlatinib form the linear and brain-restricted crizotinib.18-19  

 

Figure 7.4. Predicted binding poses for representative macrocyclic Trk inhibitor lead bound to TrkA in 
DFG-in conformation (PDB 4PMT). (A) Docking of the inhibitor to the ATP binding site of TrkA (the glycine 
rich loop was removed for simplicity). (B) Surface model of the inhibitor docked to TrkA (PDB 4PMT). 

 

7.1.3 Progress in the GW2580 series. Beyond the IPMICF series, we described in Chapter 2 

our efforts in the development of a 2,4-diaminopyrimidine-based dual CSF-1R/Trk-targeted 

radiotracers. We showed that the lead tracer from this screening could be obtained following a 

multi-step radiochemical synthesis starting from 4-formyl-N,N,N-trimethylanilinium triflate (7.26, 

Figure 7.5). This approach was highly challenging from a practical standpoint which prevented 

routine production and preclinical evaluation of the tracer. The recent development in our group 
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of a two-step one-pot sequence, starting from the pinacolborane tetra-Boc-protected precursor 

7.28 using the copper-mediated radiofluorination approach in lieu of our previous four-step 

sequence, is expected to enable the complete preclinical validation of [18F]7.27 in the near 

future (work undertaken by Damion Choi and myself). Depending on the in vivo profile of 

[18F]7.27 in rodent and non-human primate, further derivatizations or applications, especially for 

tumor imaging, may be envisioned (vide infra).  

Figure 7.5. Novel radiosynthesis of [18F]7.27.   

 

7.1.4 Proposed work to improve the GW441756 series. We identified [11C]GW441756 as the 

first brain penetrant pan-Trk radiotracer and showed that representative tracers from this series 

enabled selective imaging of TrkB/C in rodent brains and human neuroblastoma tumors.20 Non-

human primate PET imaging demonstrated extensive brain penetration but ambiguous 

pharmacokinetics with respect to specific binding in vivo (Chapter 5). The main drawback of 

[11C]GW441756 remains its propensity to undergo rapid photoisomerization has described in 

details in Chapter 3 (Figure 7.6A). It is unclear how the non-specific binding from the inactive 

(E)-isomer influences the PET imaging results. Achieving a non-isomerizable conformationallly 

restricted [11C]GW441756 analog should be the primary focus of a second-generation 

investigation based on this scaffold. For example, this could be achieved through the synthesis 

of a fused tricyclic oxindole core or by the incorporation of indazole moiety to disrupt the 
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isomerization process (Figure 7.6B). An interesting alternative to achieve this goal could be the 

synthesis of a cyclopropane-linked spiro radiotracer such as [11C]7.32. A similar strategy has 

recently been successfully exploited in the discovery and optimization of an orally active 

anticancer polo-like kinase 4 (PLK4) inhibitors (Figure 7.6C).21-23 Docking studies support the 

view that the 1S,2R enantiomer should provide effective binding to Trk (Figure 7.7). 

 

Figure 7.6. Conformational stabilisation via bioisosteric modifications of GW441756. (A) 
Photoisomerization of [11C]GW441756. (B) Potential structural modification to address the 
photoisomerization liability. (C) Representative SAR examples from PLK4 cyclopropane-linked inhibitors 
series. 

 

7.1.5 Proposed work with other scaffolds. Outside of the series already explored in this 

thesis, inhibitors from other Trk inhibitor chemical classes should be explored as PET tracers. 

For example, to accelerate the development of new Trk radiotracers, we have obtained recently 

gram amounts of PF-06273340 and milciclib from Pfizer and Nervioano respectively (Chapter 1, 

compounds 1.35 and 1.44) in order to prepare a 18F-fluorodeoxy derivative of PF-06273340 and 

[11C]milciclib (isotopologue). Other scaffolds, especially recent JM domain-interacting allosteric 

TrkA-selective inhibitors should also be pursued as radiotracers. 
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Figure 7.7. Predicted binding poses for compound 7.32 bound to TrkA in DFG-in conformation (PDB 
4AT3). (A) Docking of the inhibitor to the ATP binding site of TrkA. (B) Surface model of the inhibitor 
docked to TrkA. 

 

7.1.6 Current and proposed in vitro/in vivo experiments. In term of in vivo imaging 

experiments, one of the principal limitations relative to providing the most extensive evidence of 

specific binding in the study of our most advance leads has been the impossibility to perform 

preblock or chase studies in non-human primates. At the current stage, those experimental 

restrictions are largely due to the lack of approved Trk inhibitors (ideally also BBB permeable) or 

other suitable tool inhibitors with prominent Trk activity and established safety profile. Further 

PET experiments should focus on screening compounds suitable for competition experiments in 

vivo in rodent and, depending on ethics considerations, in primate preferably. The use of a non-

P-gp substrate radiotracer such as [18F]-(R)-IPMICF17 should accelerate screening of clinically 

relevant Trk inhibitors and allow extensive CNS target engagement studies. In addition, future in 

vivo work should assess the efficacy of the Trk tracer library described here for peripheral tumor 

imaging in mice. For this purpose, we have recently acquired TrkA-dependant KM12 cells to be 

used in xenograft tumor model imaging experiments.8, 24-25 While the lack of viable TrkA/B/C null 

mice has prevented the assessment of radiotracer target binding in rodent under micro-dosing 

conditions, alternative approaches to assess specific brain uptake and biodistribution of Trk 

tracers in animals, which display variable Trk expression, are currently under consideration. 

Two of the most relevant experimental paradigms in this context involve the use of a 

heterozygous TrkB knockout (TrkB+/–)26 mice model or MeCP2-deficient mice which have been 
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shown to display increased TrkB expression (2.5-fold increase compared to wild-type).27 With 

full length TrkB known to undergo important expression changes form early postnatal days to 

old age in mammals, the conduct of longitudinal studies in mice, or ideally rats to enable 

regional brain uptake analysis, should offer an interesting and simple alternative to genetically 

engineered mice model.28-30 The use of a tritiated IPMICF tracer, in all logic [methyl-3H3]-(R)-

IPMICF16, should facilitate detailed comprehensive in vitro screening of pre-characterized 

human tumor samples and post mortem brain tissue from specific diseases to explore the 

application landscape of Trk radiotracers beyond neuroblastoma and Alzheimer disease (AD) 

and define key parameters such as tissue Bmax in various therapeutically relevant context. 

Finally, the completion of the first-in-human with [11C]-(R)-IPMICF16 should facilitate further use 

in human. In particular, brain imaging studies in AD patients or tumor imaging studies with 

cancer patients enrolled in anti-Trk clinical trials should be pursued.   

7.2 Conclusion and significance 

Changes in expression and dysfunctional signaling of TrkA/B/C receptors are found in 

multiple neurological diseases and cancers. As a consequence, drug-like small molecules which 

modulate Trk activity, especially pan-Trk tyrosine kinase inhibitors (TKI) and neurotrophin 

mimics, are being heavily pursued as novel therapeutics. However, the specific understanding 

of spatiotemporal changes in TrkA/B/C expression and distribution, which occur in healthy and 

disease conditions, has been falling behind those recent and rapid clinical progresses due to the 

lack of approach to assess Trk status non-invasively in living subjects. In this context, the 

present thesis describes the rationale design and discovery of a first-in-class library of Trk-

targeted TKI PET radiotracers and their use in the context of oncological and neurological 

research. We demonstrate that structurally diverse Trk radiotracers with exceptional levels of 

kinome selectivity, both from type I and type II inhibitor classes can be obtained following 

diverse radiochemical approaches.  It is shown that the tracers developed can in some 
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instances be used to selectivity annotate TrkB expression in clinically relevant poor prognosis 

human neuroblastoma samples or define the spatial distribution of Trk receptors in the 

mammalian brain from mice to human. By utilizing rigorous multiparameter optimization, we 

furthermore illustrate that radiolabeled Trk TKIs can be tailored to yield brain penetrant probes 

which display suitable in vivo imaging properties for clinical translation. Stemmed from multi-

species analyses, our findings delineate the first lead for TrkB/C imaging in human but 

concurrently constitute, to the best of our knowledge, the first demonstration that CNS kinase 

targets can be tackled in vivo non-invasively using PET in general. While none of the currently 

used neuroimaging clinical PET tracers target proteins from the human kinome – despite the 

central relevance of kinases both in terms of fundamental biology, drug development and 

medical research – the work presented here provides a strong indication that CNS kinase PET 

imaging in human is achievable. Importantly, this approach may be generalizable to the 

development of novel diagnostic tools aimed at distinct kinase targets relevant to 

neurodegenerative diseases and neurooncologic malignancies outside Trk. Notably, the carbon-

12 isotopologue of the most advanced radiotracer described here, (R)-IPMICF16, stands as 

both the most potent and most selective TrkB/C inhibitor characterized to date. A further 

immediate corollary from the development of a Trk radiotracer for CNS imaging based on a TKI 

scaffold, which is of relevance for anti-neoplastic targeted drug design, is the possibility to use 

such a probe to define the brain disposition of relevant anti-cancer Trk pharmacological 

inhibitors. A demonstration of this application is provided with pretreament imaging experiments 

in mice using the phase II inhibitor entrectinib. Additionally, we offer a unique demonstration of 

the potential of Trk radiotracers for receptor quantification and visualization in AD providing the 

groundwork for further clinical evaluation. Overall, the work delineated here describes a novel 

class of radiopharmaceuticals with applications at the interface of oncological diagnostic 

imaging, drug development and neuroimaging.  
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7.3 Material and methods 

General. All moisture sensitive reactions were carried out in oven-dried flasks under nitrogen 
atmosphere with dry solvents. Reagents and solvents were purchased at the highest 

commercial quality from Fisher, Sigma-Aldrich, Alfa-Aesar, Synthonix or Oakwood Products and 

were used without further purification unless specified otherwise. Organic solutions were 

concentrated under reduced pressure on a Heidolph rotary evaporator. In general, reactions 

were magnetically stirred and monitored by TLC performed on pre-coated glass-backed TLC 

plates (Analtech, 250 microns) and chromatographic purification of products was accomplished 

using flash chromatography on Alfa-Aesar silica gel (230-450 mesh).  TLC visualization was 

performed by fluorescence quenching, KMnO4 or ninhydrin. 1H NMR and 13C NMR spectra were 

recorded on a Agilent/Varian DD2 MR two channel 400 MHz spectrometer, a 

Agilent/Varian VNMRS two-channel 500 MHz spectrometer or a Agilent/Varian Inova four-

channel 500 MHz spectrometer or 700 MHz Four-Channel dual receiver VNMRS & ProTune in 

CDCl3 or d6-DMSO and peak positions are given in parts per million using TMS as internal 

standard. Peaks are reported as: s = singlet, d = doublet, t = triplet, q = quartet, p = quintet, m = 

multiplet, b = broad; coupling constant(s) in Hz; integration. High Resolution Mass Spectra 

(HRMS) analysis was obtained from the Mass Spectrometry Facility of the Chemistry 

Department of the University of Alberta (Agilent Technologies 6220 oaTOF) or from the 

Regional Center for Mass Spectrometry of The Chemistry Department of the Université de 

Montréal (LC-MSD-TOF Agilent). Compounds tested for biological evaluation were >95% pure 

(HPLC/MS). Crystallographic analysis was performed by the X-Ray Diffraction Laboratory of the 

department of chemistry of the University of Alberta. Compound (R)-7.20 was synthesized as for 
the racemate (see Chapter 4). NMR spectrum and crystallographic data analysis can be found 
in Annex 6. 
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Chemical Synthesis 

 

tert-Butyl (R)-4-((tert-butyldimethylsilyl)oxy)-2-oxopyrrolidine-1-carboxylate (7.2): 

This compound was synthesized from (R)-(+)-4-hydroxy-2-pyrrolidinone according to Albaugh et 

al.6 (83%, 2 steps). 

Physical State: white solid. 
Rf: 0.85 (EtOAc, KMnO4). 

HRMS (ESI+): m/z calc. for C15H29NO4Si (M + H)+: 315.1866, found 315.1861. 
1H NMR (400 MHz, CHLOROFORM-d) δ = 4.38 (dt, J = 3.2, 6.0 Hz, 1H), 3.86 (dd, J = 5.6, 11.4 

Hz, 1H), 3.61 (ddd, J = 0.8, 2.9, 11.4 Hz, 1H), 2.70 (dd, J = 6.3, 17.3 Hz, 1H), 2.45 (ddd, J = 0.8, 

3.5, 17.3 Hz, 1H), 1.53 (s, 9H), 0.87 (s, 9H). 
13C NMR (101 MHz, CHLOROFORM-d) δ = 172.00, 150.04, 82.96, 63.86, 55.41, 43.14, 28.02, 

25.65, 17.95, -4.81, -4.88. 

 

 

tert-Butyl ((2R)-2-((tert-butyldimethylsilyl)oxy)-4-(3-fluorophenyl)-4-hydroxybutyl)carbamate 

(7.3): 

This compound was synthesized from (tert-butyl (R)-4-((tert-butyldimethylsilyl)oxy)-2-

oxopyrrolidine-1-carboxylate according to Albaugh et al.6 (59%, 2 steps). 

Physical State: colorless oil. 
Rf: 0.40 (4:1 hexanes/EtOAc, UV light) 
HRMS (ESI+): m/z calc. for C21H37FNO4Si (M + H)+: 414.247, found 414.2467. 
1H NMR (498 MHz, CHLOROFORM-d) δ = 7.32 - 7.26 (m, 1H), 7.13 - 7.07 (m, 2H), 6.98 - 6.90 

(m, 1H), 4.94 - 4.86 (m, 1H), 4.08 (td, J=5.1, 10.3 Hz, 1H), 3.46 - 3.26 (m, 2H), 3.25 - 3.16 (m, 

1H), 1.89 - 1.80 (m, 2H), 1.45 (s, 9H), 0.96 - 0.91 (m, 9H), 0.16 - 0.08 (m, 6H). 
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13C NMR (125 MHz, CHLOROFORM-d) δ = 162.97 (d, J = 245.7 Hz, 1C), 156.30 (br s, 1C, 

diastereomer 1), 156.21 (br s, 1C, diastereomer 2), 147.77 (br s, 1C, diastereomer 1), 147.72 

(br s, 1C, diastereomer 2), 129.85 (br s, 1C, diastereomer 1), 129.78 (br s, 1C, diastereomer 2), 

121.13 (br s, 1C, diastereomer 1), 121.11 (diastereomer 2), 114.09 (br s, 1C, diastereomer 1), 

113.92 (br s, 1C, diastereomer 2), 112.65 (diastereomer 1), 112.47 (diastereomer 2), 79.54 (br 

s, 1C), 71.04 (br s, 1C, diastereomer 1), 70.44 (br s, 1C, diastereomer 2), 70.14 (diastereomer 

1), 70.00 (br s, 1C, diastereomer 2), 45.91 (br s, 1C, diastereomer 1), 45.58 (br s, 1C, 

diastereomer 2), 43.44 (diastereomer 1), 43.34 (diastereomer 2), 28.38, 25.81, 18.02 

(diastereomer 1), 17.98 (diastereomer 2), -4.50 (diastereomer 1), -4.73 (diastereomer 2). (In 

some instance, relevant fluorine-carbon coupling could not be distinguished from diastereomer 

mixtures. Diastereomer signals were arbitrarily assigned). 

 

 

tert-Butyl (R)-2-(3-fluorophenyl)-4-hydroxypyrrolidine-1-carboxylate (7.5): 

This compound was synthesized from tert-butyl ((2R)-2-((tert-butyldimethylsilyl)oxy)-4-(3-

fluorophenyl)-4-hydroxybutyl)carbamate according to Albaugh et al.6 (51%, 2 steps). 

Physical State: white solid. 
Rf: 0.20, 0.25 (1:1 hexanes/EtOAc, UV light) 
HRMS (ESI+): m/z calc. for C15H20FNNaO3 (M + Na)+: 304.1319, found 304.1314. 
1H NMR (400 MHz, CHLOROFORM-d) δ = 7.30 - 7.22 (m, 1H), 7.10 - 6.84 (m, 1H), 5.02 - 4.91 

(m, 0.5H), 4.88 (br s, 1H), 4.52 - 4.43 (m, 1H), 3.88 (dd, J = 5.8, 11.6 Hz, 1H), 3.73 (br d, J = 2.6 

Hz, 1H), 3.55 (dd, J = 3.7, 11.9 Hz, 1H), 2.61 (ddd, J = 5.6, 8.6, 13.8 Hz, 1H), 2.44 - 2.33 (m, 

0.5H), 2.03 - 1.93 (m, 1H), 1.54 - 1.19 (m, 9H). 
13C NMR (101 MHz, CHLOROFORM-d) δ = 163.27 (br d, J = 245.1 Hz, 1C), 154.91 - 154.43 

(m, 1C), 147.42 (br s, 1C), 130.11 - 129.63 (m, 1C), 121.47 - 121.10 (m, 1C), 113.61 (br d, J = 

21.4 Hz, 1C), 113.16 - 112.20 (m, 1C), 80.00 (br s, 1C, diastereomer 1), 79.92 (br s, 1C, 

diastereomer 2), 70.65 (br s, 1C, diastereomer 1), 69.93 (br s, 1C, diastereomer 2), 60.00 (br s, 

1C), 55.91 (br s, 1C, diastereomer 1), 55.55 (br s, 1C, diastereomer 2), 44.95 (br s, 1C, 

diastereomer 1), 43.90 (br s, 1C, diastereomer 2), 28.36 (br s, 1C). (In some instance, relevant 
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fluorine-carbon coupling could not be distinguished from diastereomer mixtures. Diastereomer 

signals were arbitrarily assigned). 

 

  
tert-Butyl (2S,4S)-4-fluoro-2-(3-fluorophenyl)pyrrolidine-1-carboxylate (2S,4S-7.6) and tert-butyl 
(2R,4S)-4-fluoro-2-(3-fluorophenyl)pyrrolidine-1-carboxylate (2R,4S-7.6): 

Those compounds were synthesized from tert-butyl (R)-2-(3-fluorophenyl)-4-hydroxypyrrolidine-

1-carboxylate according to Albaugh et al.6 (78% overall, 26:74 2S,4S-7.6/2R,4S-7.6). 
Compound (2S,4S-7.6) was recrystallized from hexanes/EtOAc. 
Physical State: white solids. 
Rf: 0.56 (2S,4S-7.6), 0.72 (2R,4S-7.6) (1:1 hexanes/EtOAc, UV light) 
HRMS (ESI+): m/z calc. for C15H19F2NNaO2 (M + Na)+: 306.1276, found 306.1277. 
1H NMR (2S,4S-7.6) (400 MHz, CHLOROFORM-d) δ = 7.24 (dt, J = 5.9, 7.9 Hz, 1H), 7.02 (d, J 

= 7.8 Hz, 1H), 6.96 (td, J = 2.1, 10.1 Hz, 1H), 6.92 - 6.85 (m, 1H), 5.22 (ttd, J = 1.5, 4.7, 53.6 

Hz, 1H), 4.97 (br d, J = 8.8 Hz, 1H), 3.92 (dd, J = 13.3, 24.6 Hz, 1H), 3.80 (ddd, J = 4.5, 13.3, 

32.1 Hz, 1H), 2.56 (dddd, J = 4.8, 9.7, 14.6, 37.8 Hz, 1H), 2.28 (qdd, J = 1.9, 14.6, 20.0 Hz, 1H), 

1.52 - 1.13 (m, 9H). 
13C NMR (2S,4S-7.6) (101 MHz, CHLOROFORM-d) δ = 163.17 (br d, J = 245.5 Hz, 1C), 154.26 

(br s, 1C), 146.62 (br s, 1C), 129.73 (br d, J = 8.0 Hz, 1C), 121.54 (br s, 1C), 113.64 (br d, J = 

21.2 Hz, 1C), 112.99 (br d, J = 22.2 Hz, 1C), 92.20 (br d, J = 182.0 Hz, 1C), 80.24, 59.88 (br s, 

1C), 54.08 (br d, J = 24.1 Hz, 1C), 41.11 (br d, J = 20.2 Hz, 1C), 28.35 (br s, 1C). 

 
1H NMR (2R,4S-7.6) (400 MHz, CHLOROFORM-d) δ = 7.30 - 7.22 (m, 1H), 6.97 (d, J = 7.3 Hz, 

3H), 5.18 (td, J = 3.4, 52.6 Hz, 1H), 4.99 - 4.85 (m, 1H), 4.06 (dd, J = 14.1, 23.2 Hz, 1H), 3.69 

(ddd, J = 3.3, 13.4, 36.6 Hz, 1H), 2.73 - 2.60 (m, 1H), 1.96 (dddd, J = 4.0, 9.5, 13.7, 39.6 Hz, 

1H), 1.58 - 0.94 (m, 9H). 
13C NMR (2R,4S-7.6)(101 MHz, CHLOROFORM-d) δ = 163.30 (br d, J = 246.0 Hz, 1C), 154.54, 

146.93 (br s, 1C), 130.09 (br d, J = 8.2 Hz, 1C), 121.21 (br s, 1C), 113.87 (br d, J = 21.4 Hz, 

1C), 112.52 (br d, J = 21.8 Hz, 1C), 91.32 (br d, J = 178.3 Hz, 1C), 80.17, 59.78 (br s, 1C), 

54.15 (br d, J = 23.0 Hz, 1C), 43.29 (br d, J = 16.7 Hz, 1C), 28.25 (br s, 1C). 
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(2R,4S)-4-Fluoro-2-(3-fluorophenyl)pyrrolidine (7.7): 

This compound was synthesized from tert-butyl (2R,4S)-4-fluoro-2-(3-fluorophenyl)pyrrolidine-1-

carboxylate according to Albaugh et al.6 (93%, crude). 

Physical State: pale orange oil. 
Rf: baseline (1:1 hexanes/EtOAc, UV light) 
 
 

 
Ethyl (R)-6-(2-(3-fluorophenyl)-2,5-dihydro-1H-pyrrol-1-yl)imidazo[1,2-b]pyridazine-3-

carboxylate (7.8): 

To a solution of ethyl 6-chloroimidazo[1,2-b]pyridazine-3-carboxylate (226 mg, 1.0 mmol) in 

DMSO (5.0 mL) was added KF (581 mg, 10 mmol). This reaction mixture was heated at 100°C 

and (2R,4S)-4-fluoro-2-(3-fluorophenyl)pyrrolidine (220 mg, 1.2 mmol) was added. After stirring 

the reaction mixture at 120°C for 12 h, the heterogeneous mixture was cooled at room 

temperature, poured into water and extracted with EtOAc (3 X 50 mL).  The combined organic 

layers were washed with brine, dried over Na2SO4 and concentrated in vacuo. The crude 

residue was purified by flash chromatography (30→0% hexane in ethyl acetate) to afford 246 

mg of the title compound (70%). 

Physical State: pale yellow oil. 
Rf: 0.32 (10:1 89 MeOH/Et3N/CH2Cl2, UV light). 
HRMS (ESI+): m/z calc. for C19H18FN2O2 (M + H)+: 353.1408, found 353.1401. 
1H NMR (400 MHz, CHLOROFORM-d) δ = 8.11 (s, 1H), 7.63 (d, J = 9.8 Hz, 1H), 7.33 - 7.22 (m, 

1H), 7.16 (br d, J = 7.7 Hz, 1H), 7.08 (br d, J = 9.5 Hz, 1H), 6.93 (dt, J = 2.0, 8.3 Hz, 1H), 6.54 
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(d, J = 9.8 Hz, 1H), 6.08 - 6.02 (m, 1H), 5.92 - 5.83 (m, 1H), 5.68 (br s, 1H), 4.69 - 4.53 (m, 2H), 

4.41 (q, J = 7.1 Hz, 2H), 1.41 (t, J = 7.1 Hz, 3H). 
13C NMR (101 MHz, CHLOROFORM-d) δ = 163.14 (d, J = 246.9 Hz, 1C), 159.10, 152.25, 

143.68 (d, J = 6.2 Hz, 1C), 138.85, 138.91 - 138.80 (m, 1C), 130.89, 130.37 (br s, 1C), 126.00 

(br s, 1C), 125.04 (br s, 1C), 122.39 (br d, J = 3.7 Hz, 1C), 119.57, 114.80 (d, J = 21.1 Hz, 1C), 

113.76, 111.36 (br s, 1C), 68.52 (br s, 1C), 60.29, 55.37, 14.46. 

 

 
Ethyl 6-((2R,4S)-4-fluoro-2-(3-fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-

carboxylate (7.9): 

To a solution of ethyl 6-chloroimidazo[1,2-b]pyridazine-3-carboxylate (226 mg, 1.0 mmol) in 

DMSO (5.0 mL) was added KF (291 mg, 5 mmol). This reaction mixture was heated at 100°C 

and (2R,4S)-4-fluoro-2-(3-fluorophenyl)pyrrolidine (315 mg, 1.7 mmol) was added. After stirring 

the reaction mixture at this temperature for 12 h, the heterogeneous mixture was cooled at room 

temperature, poured into water and extracted with EtOAc (3 X 50 mL). The combined organic 

layers were washed with brine, dried over Na2SO4 and concentrated in vacuo. The crude 

residue was purified by flash chromatography (30→0% hexane in ethyl acetate) to afford 174 

mg of the title compound (47%). 

Physical State: pale yellow oil.  

Rf: 0.10 (EtOAc, UV light) 
HRMS (ESI+): m/z calc. for C19H19F2N4O2 (M + H)+: 373.1471, found 373.1465. 
1H NMR (498 MHz, CHLOROFORM-d) δ = 8.17 (s, 1H), 7.68 (d, J = 9.9 Hz, 1H), 7.34 (dt, J = 

5.8, 8.0 Hz, 1H), 7.11 (d, J = 7.8 Hz, 1H), 7.05 - 6.97 (m, 1H), 6.53 (d, J = 9.9 Hz, 1H), 5.50 - 

5.33 (m, 1H), 5.15 (dd, J = 7.2, 9.0 Hz, 1H), 4.55 - 4.47 (m, 1H), 4.44 (q, J = 7.1 Hz, 2H), 4.12 

(ddd, J = 3.2, 13.5, 37.1 Hz, 1H), 2.97 - 2.87 (m, 1H), 2.26 - 2.10 (m, 1H), 1.44 (t, J = 7.1 Hz, 

3H). 
13C NMR (126 MHz, CHLOROFORM-d) δ = 163.43 (d, J = 247.7 Hz, 1C), 158.96, 153.27, 

144.93 (d, J = 6.4 Hz, 1C), 131.09 (br s, 1C), 131.03, 125.63, 124.87, 121.27 (br d, J = 2.8 Hz, 
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1C), 119.68, 115.00 (br d, J = 21.4 Hz, 1C), 112.72 (br d, J = 22.2 Hz, 1C), 111.93, 91.17 (br d, 

J = 177.8 Hz, 1C), 60.89, 60.53, 56.06 - 55.73 (m, 1C), 44.04 (d, J = 21.4 Hz, 1C), 14.50. 

 

 

(R)-6-(2-(3-Fluorophenyl)-2,5-dihydro-1H-pyrrol-1-yl)-N-methylimidazo[1,2-b]pyridazine-3-

carboxamide (7.10): 

Ethyl (R)-6-(2-(3-fluorophenyl)-2,5-dihydro-1H-pyrrol-1-yl)imidazo[1,2-b]pyridazine-3-

carboxylate  (20 mg, 0.06 mmol) was dissolved in a methylamine solution (33 wt. % in absolute 

ethanol, 2 mL). The reaction mixture was stirred at room temperature for 16 h then concentrated 

and dried in vacuo. The crude product was purified by flash column chromatography (5→10% 

methanol in dichloromethane) to afford 18 mg of the title compound (90%). 

Physical State: white solid. 

Rf: 0.30 (1:9 MeOH/CH2Cl2, UV light). 
HRMS (ESI+): m/z calc. for C18H17FN5O (M + H)+: 338.1412, found 338.1415. 
1H NMR (498 MHz, CHLOROFORM-d) δ = 8.27 - 7.99 (m, 2H), 7.82 (br d, J = 9.8 Hz, 1H), 7.36 

(dt, J = 5.8, 7.8 Hz, 1H), 7.09 (d, J = 7.7 Hz, 1H), 7.02 - 6.95 (m, 2H), 6.69 (br d, J = 8.9 Hz, 

1H), 6.09 - 6.02 (m, 1H), 5.98 - 5.92 (m, 1H), 5.72 (br d, J = 2.7 Hz, 1H), 4.71 - 4.62 (m, 1H), 

4.59 - 4.50 (m, 1H), 2.95 (br d, J = 3.8 Hz, 3H). 
13C NMR (125 MHz, CHLOROFORM-d) δ = 163.38 (br d, J = 248.0 Hz, 1C), 159.75, 151.28, 

143.48 (br d, J = 6.2 Hz, 1C), 137, 04, 131.68, 130.92 (d, J = 8.3 Hz, 1C), 127.32, 126.58, 

123.92, 122.71, 121.06 (br s, 1C), 114.99 (br d, J  =20.9 Hz, 1C), 112.54 (br d, J = 21.9 Hz, 1C), 

110.05, 68.95, 55.59, 25.67. 
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6-((2R,4S)-4-Fluoro-2-(3-fluorophenyl)pyrrolidin-1-yl)-N-methylimidazo[1,2-b]pyridazine-3-

carboxamide (7.11): 

Ethyl 6-((2R,4S)-4-fluoro-2-(3-fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-

carboxylate (225 mg, 0.60 mmol) was dissolved in a methylamine solution (33 wt. % in absolute 

ethanol, 7 mL). The reaction mixture was stirred at room temperature for 2 h then concentrated 

and dried in vacuo. The crude product was purified by flash column chromatography (5→10% 

methanol in dichloromethane) to afford 62 mg of the title compound (29%). 

Physical State: white solid. 
Rf: 0.50 (1:9 MeOH/CH2Cl2, UV light). 
HRMS (ESI+): m/z calc. for C18H18F2N5O (M + H)+: 358.1474, found 358.1475. 
1H NMR (498 MHz, CHLOROFORM-d) δ = 8.22 (s, 1H), 8.00 - 7.89 (m, 1H), 7.81 (d, J = 9.9 Hz, 

1H), 7.37 (dt, J = 5.8, 7.9 Hz, 1H), 7.08 (d, J = 7.7 Hz, 1H), 7.04 - 6.95 (m, 2H), 6.69 (d, J = 9.9 

Hz, 1H), 5.44 (td, J = 2.4, 52.4 Hz, 1H), 5.23 (dd, J = 6.9, 9.8 H.z, 1H), 4.24 - 4.09 (m, 2H), 2.99 

- 2.85 (m, 4H), 2.15 (dddd, J = 3.6, 9.7, 13.8, 40.5 Hz, 1H). 
13C NMR (126 MHz, CHLOROFORM-d) δ = 163.43 (d, J = 248.0 Hz, 1C), 159.66, 152.09, 

144.39 (d, J = 6.4 Hz, 1C), 137.72 (br s, 1C), 137.63, 131.20 (br d, J = 8.2 Hz, 1C), 127.38, 

122.77, 120.45 (br d, J = 2.8 Hz, 1C), 114.95 (br d, J = 21.4 Hz, 1C), 111.90 (br d, J = 22.2 Hz, 

1C), 110.46, 90.88 (br d, J = 178.9 Hz, 1C), 60.89, 56.45 (d, J = 23.5 Hz, 1C), 43.60 (d, J = 20.9 

Hz, 1C), 25.70. 

 

 

6-((2R,4S)-4-Fluoro-2-(3-fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-carboxylic acid 

(7.12): 

To a solution of ethyl 6-((2R,4S)-4-fluoro-2-(3-fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-

b]pyridazine-3-carboxylate (1.0 g, 2.69 mmol) in THF (6 mL), ethanol (3 mL) and water (1.5 mL) 

was added LiOH (322 mg, 13.4 mmol). The reaction mixture was stirred at room temperature for 

3 h and evaporated to dryness. The residue was diluted with water (25 mL) and the pH was 

adjusted to 5-6 using concentrated hydrochloric acid. The aqueous phase was extracted with 
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CH2Cl2 (2 X 50 mL) and EtOAc (2 X 50 mL). The combined organic layers were washed with 

brine, dried over Na2SO4 and concentrated in vacuo to afford 600 mg the title compound (65 %) 

Physical State: off-white solid. 
Rf: 0.40 (1:9 MeOH/CH2Cl2, UV light). 
HRMS (ESI+): m/z calc. for C17H14F2N4O2 (M + H)+: 345.1158, found 345.1148. 
1H NMR (500MHz, DMSO-d6) δ = 7.99 (s, 1H), 7.88 (d, J = 9.9 Hz, 1H), 7.37 - 7.30 (m, 1H), 

7.30 - 7.20 (m, 2H), 7.07 - 6.96 (m, 1H), 6.80 (br d, J = 9.5 Hz, 1H), 5.48 (d, J = 53.1 Hz, 1H), 

5.20 (br t, J = 8.2 Hz, 1H), 4.23 - 4.00 (m, 2H), 2.88 - 2.72 (m, 1H), 2.25 - 2.08 (m, 1H). 
13C NMR (126MHz, DMSO-d6) δ = 162.29 (d, J = 243.6 Hz, 1C), 159.25, 152.55, 145.84 (d, J = 

6.7 Hz, 1C), 138.68, 138.27, 130.93 - 130.36 (m, 1C), 130.56 (d, J = 8.2 Hz, 1C), 126.06, 

122.33 (br s, 1C), 119.18, 114.03 (br d, J = 21.1 Hz, 1C), 113.39 (d, J = 21.7 Hz, 1C), 112.39 

(br s, 1C), 92.10 (d, J = 174.0 Hz, 1C), 59.74, 55.49 (br d, J = 21.7 Hz, 1C), 42.55 (br d, J = 

20.9 Hz, 1C). 
 

 
6-((2R,4S)-4-fluoro-2-(3-fluorophenyl)pyrrolidin-1-yl)-N-(2-fluoroethyl)imidazo[1,2-b]pyridazine-

3-carboxamide (7.13): 

DIPEA (26 PL, 0.15 mmol) was added to a solution of 6-((2R,4S)-4-fluoro-2-(3-

fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-carboxylic acid (20 mg, 0.058 mmol) in 

DMF (1 mL). HATU (22 mg, 0.058) and a solution of 2-fluoroethylamine hydrochloride (7 mg, 

0.069 mmol) in DMF (0.5 mL) were successively added dropwise. The reaction mixture was 

stirred at room temperature for 16 h. After completion, the reaction mixture was diluted with 

EtOAc (50 mL), washed with water (25 mL) and brine (25 mL). The organic phase was dried 

over Na2SO4 and concentrated in vacuo. The crude product was purified by flash column 

chromatography (0→1% methanol in dichloromethane) to afford 12 mg of the title compound 

(52%). 

Physical State: white solid. 
Rf: 0.50 (1:9 MeOH/ CH2Cl2, UV light). 
HRMS (ESI+): m/z calc. for C19H19F3N5O (M + H)+: 390.1536, found 390.154. 
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1H NMR (498 MHz, CHLOROFORM-d) δ = 8.83 (br s, 1H), 8.26 (s, 1H), 7.75 (d, J = 9.9 Hz, 

1H), 7.36 (dt, J = 5.8, 7.9 Hz, 1H), 7.08 (d, J = 7.8 Hz, 1H), 7.03 - 6.97 (m, 2H), 6.58 (d, J = 9.9 

Hz, 1H), 5.44 (td, J = 3.4, 52.1 Hz, 1H), 5.20 (dd, J = 7.1, 9.3 Hz, 1H), 4.74 - 4.55 (m, 2H), 4.28 

- 4.06 (m, 2H), 3.98 (s, 1H), 3.67 (br d, J = 1.6 Hz, 1H), 3.01 - 2.87 (m, 1H), 2.17 (dddd, J = 3.7, 

9.3, 13.5, 40.1 Hz, 1H). 
13C NMR (125 MHz, CHLOROFORM-d) δ = 163.38 (d, J = 248.0 Hz, 1C), 159.17, 152.19, 

144.42 (d, J = 6.5 Hz, 1C), 137.63, 136.71, 131.17 (br d, J = 8.3 Hz, 1C), 127.08, 122.32 (br s, 

1C), 120.75 (br d, J = 2.6 Hz, 1C), 115.03 (br d, J = 21.2 Hz, 1C), 112.17 (br d, J = 22.2 Hz, 

1C), 110.74, 90.88 (br d, J = 178.3 Hz, 1C), 83.32 (d, J = 165.9 Hz, 1C), 60.76, 56.04 (br d, J = 

23.2 Hz, 1C), 43.80 (d, J = 21.2 Hz, 1C), 39.12 (d, J = 19.4 Hz, 1C). 

 

 

6-((2R,4S)-4-Fluoro-2-(3-fluorophenyl)pyrrolidin-1-yl)-N-(4-fluorophenyl)imidazo[1,2-

b]pyridazine-3-carboxamide (7.14): 

DIPEA (26 PL, 0.15 mmol) was added to a solution of 6-((2R,4S)-4-fluoro-2-(3-

fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-carboxylic acid (20 mg, 0.058 mmol) in 

DMF (1 mL). HATU (22 mg, 0.058) and a solution of 4-fluoroaniline (8 mg, 0.069 mmol) in DMF 

(0.5 mL) were successively added dropwise. The reaction mixture was stirred at room 

temperature for 16 h. After completion, the reaction mixture was diluted with EtOAc (50 mL), 

washed with water (25 mL) and brine (25 mL). The organic phase was dried over Na2SO4 and 

concentrated in vacuo. The crude product was purified by flash column chromatography (0→1% 

methanol in dichloromethane) to afford 24 mg of the title compound (94%). 

Physical State: white solid. 
Rf: 0.17 (1:1:98 MeOH/Et3N/CH2Cl2, UV light). 
HRMS (ESI+): m/z calc. for C23H19F3N5O (M + H)+: 438.1536, found 438.1537. 
1H NMR (498 MHz, CHLOROFORM-d) δ = 10.36 (br s, 1H), 8.35 (s, 1H), 7.77 (d, J = 9.9 Hz, 

1H), 7.61 - 7.55 (m, 2H), 7.32 - 7.28 (m, 1H), 7.15 - 7.09 (m, 2H), 7.04 (d, J = 7.7 Hz, 1H), 6.99 

(ddt, J = 0.9, 2.6, 8.4 Hz, 1H), 6.95 (td, J = 2.1, 9.4 Hz, 1H), 6.59 (d, J = 9.8 Hz, 1H), 5.51 (td, J 
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= 3.9, 52.0 Hz, 1H), 5.24 (dd, J = 7.2, 9.0 Hz, 1H), 4.38 - 4.29 (m, 1H), 4.28 - 4.16 (m, 1H), 3.05 

- 2.93 (m, 1H), 2.23 (dddd, J = 3.7, 9.1, 14.2, 39.6 Hz, 1H). 
13C NMR (176MHz, CHLOROFORM-d) δ = 179.06, 163.42 (d, J = 248.3 Hz, 1C), 159.53 (d, J = 

243.9 Hz, 1C), 157.03, 152.33, 143.93 (d, J = 6.6 Hz, 1C), 138.53, 133.69, 131.26 (br d, J = 8.1 

Hz, 1C), 127.34, 122.58 (br d, J = 7.3 Hz, 1C), 122.46, 120.82 (br d, J = 2.9 Hz, 1C), 115.75 (br 

d, J = 22.4 Hz, 1C), 115.21 (d, J = 20.9 Hz, 1C), 112.12 (br d, J = 22.4 Hz, 1C), 110.70, 90.71 

(br d, J = 179.0 Hz, 1C), 60.91, 55.95 (d, J = 23.5 Hz, 1C), 43.76 (d, J = 21.3 Hz, 1C). 

 

 
Ethyl 6-(2-phenylpyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-carboxylate (7.16): 

To a solution of ethyl 6-chloroimidazo[1,2-b]pyridazine-3-carboxylate (226 mg, 1.0 mmol) in 

DMSO (5.0 mL) was added KF (174 mg, 3 mmol). This reaction mixture was heated at 110°C 

and 2-phenylpyrrolidine (147 mg, 1 mmol) was added. After stirring the reaction mixture at this 

temperature for 12 h, a second portion of 2-phenylpyrrolidine (147 mg, 1 mmol) was added and 

the reaction was left at the same temperature for 6 h. The heterogeneous mixture was then 

cooled at room temperature, poured into water and extracted with CH2Cl2 (3 X 50 mL). The 

combined organic layers were washed with brine, dried over Na2SO4 and concentrated in 

vacuo. The crude residue was purified by flash chromatography (10% methanol in 

dichloromethane) to afford 315 mg of the title compound (94%). 

Physical State: off-white solid. 

Rf: 0.24 (1:99 MeOH/CH2Cl2, UV light). 
HRMS (ESI+): m/z calc. for C19H21N4O2 (M + H)+: 337.1659, found 337.1657. 
1H NMR  (498 MHz, CHLOROFORM-d) δ = 8.13 (s, 1H), 7.56 (d, J = 9.8 Hz, 1H), 7.36 - 7.31 

(m, 2H), 7.29 - 7.22 (m, 3H), 6.48 (d, J = 9.9 Hz, 1H), 5.03 - 4.96 (m, 1H), 4.42 (q, J = 7.1 Hz, 

2H), 4.05 - 3.98 (m, 1H), 3.90 - 3.82 (m, 1H), 2.55 - 2.46 (m, 1H), 2.12 - 2.01 (m, 3H), 1.43 (t, J 

= 7.1 Hz, 3H). 

13C NMR (125 MHz, CHLOROFORM-d) δ = 159.35, 153.07, 143.07, 139.41, 136.21, 128.83, 

128.39, 127.57, 127.32, 125.69, 125.56, 62.41, 60.26, 48.56, 36.28, 22.79, 14.46. 

409



Chapter 7 
 

 
N-Methyl-6-(2-phenylpyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-carboxamide (7.17): 

Ethyl 6-(2-phenylpyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-carboxylate (160 mg, 0.60 mmol) 

was dissolved in a methylamine solution (33 wt. % in absolute ethanol, 5 mL). The reaction 

mixture was stirred at room temperature for 2 h then concentrated and dried in vacuo to afford 

95 mg of the title compound (62%). 

 

Physical State: off-white solid. 
Rf: 0.10 (1:99 MeOH/CH2Cl2, UV light). 
HRMS (ESI+): m/z calc. for C18H20N5O (M + H)+: 322.1662, found 322.1663. 
1H NMR (700 MHz, CHLOROFORM-d) δ = 8.12 (s, 2H), 7.67 (br d, J = 9.7 Hz, 1H), 7.34 - 7.29 

(m, 2H), 7.25 - 7.22 (m, 1H), 7.18 - 7.15 (m, 2H), 6.61 (br s, 1H), 5.08 - 5.00 (m, 1H), 3.91 - 3.85 

(m, 1H), 3.66 (dt, J = 7.2, 9.2 Hz, 1H), 2.96 - 2.65 (m, 3H), 2.54 - 2.45 (m, 1H), 2.17 - 2.05 (m, 

2H), 2.02 (tdd, J = 3.1, 6.1, 12.5 Hz, 1H). 
13C NMR (176MHz, CHLOROFORM-d) δ = 159.86, 151.76, 142.36, 137.58 (br s, 1C), 136.83, 

128.90, 127.32, 126.75, 125.17, 122.50 (br s, 1C), 110.42 (br s, 1C), 62.55, 48.71 (br s, 1C), 

35.81, 25.51, 22.98. 

 

 
(R)-6-(2-(3-Fluorophenyl)pyrrolidin-1-yl)-N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)imidazo[1,2-b]pyridazine-3-carboxamide (7.19): 

DIPEA (43 PL, 0.25 mmol) was added to a solution of 6-((2R,4S)-4-fluoro-2-(3-

fluorophenyl)pyrrolidin-1-yl)imidazo[1,2-b]pyridazine-3-carboxylic acid (33 mg, 0.10 mmol) in 

DMF (3 mL). HBTU (38 mg, 0.10 mmol) was then added in one portion and the reaction mixture 
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was stirred at 23°C for 5 min. A solution of 4-aminophenylboronic acid pinacol ester (22 mg. 

0.10 mmol) in DMF (1 mL) was added dropwise and the reaction mixture was stirred at 23°C for 

16 h. The reaction mixture was diluted with ethyl acetate (50 mL), washed with water (25 mL) 

and brine (25 mL), dried over anhydrous sodium sulfate, filtered and concentrated under 

reduced pressure. The crude product was purified by flash column chromatography (1→5% 

methanol in dichloromethane) to afford 40 mg of the title compound (62%). 

Physical State: white solid. 
Rf: 0.13 (5:95 MeOH/CH2Cl2, UV light). 
HRMS (ESI+): m/z calc. for C29H31[10B]FN5O3 (M + H)+: 527.2613, found 527.2615. 
1H NMR (400 MHz, CHLOROFORM-d) δ = 10.70 (br s, 1H), 8.31 (s, 1H), 7.82 (d, J = 8.4 Hz, 

2H), 7.70 (d, J = 9.8 Hz, 1H), 7.61 (br d, J = 7.4 Hz, 2H), 7.32 (dt, J = 5.9, 8.0 Hz, 1H), 7.03 - 

6.94 (m, 2H), 6.91 (br d, J = 9.5 Hz, 1H), 6.53 (br d, J = 9.8 Hz, 1H), 5.09 (br d, J = 8.1 Hz, 1H), 

4.00 (br d, J = 6.2 Hz, 1H), 3.86 - 3.76 (m, 1H), 2.57 (br s, 1H), 2.20 - 2.08 (m, 3H), 1.36 (s, 

12H). 
13C NMR (126 MHz, CHLOROFORM-d) δ = 163.26 (d, J = 247.7 Hz, 1C), 157.14, 152.12, 

144.77 (br d, J = 5.9 Hz, 1C), 140.73, 138.23, 138.08, 135.89, 130.78 (br d, J = 8.0 Hz, 1C), 

127.18, 122.54, 121.19 (d, J = 2.6 Hz, 1C), 119.22, 114.70 (d, J = 21.1 Hz, 1C), 112.60 (d, J = 

22.2 Hz, 1C), 111.01, 83.74, 62.09, 48.70, 35.93, 24.92, 22.71. 

 

 

Docking analyses. Molecular docking simulations were performed using PDB files 4AT3, and 
4PMT using the FITTED 3.5 program (FORECASTER platform). Docking structures and figures 

were prepared using Pymol (see previous chapters). 

 

In Vitro Biological Evaluations. The potencies of 7.17, 7.10, 7.11, 7.13, 7.14 and 7.20 were 
obtained through [γ-33P]ATP-based enzymatic assays (Reaction Biology Corporation, Malvern, 

PA) as previously descrbied (see previous chapters). 

Radiochemistry. The manual radiosynthesis of [18F]-(R)-IPMICF17 ([18F]-(R)-7.20) was 
performed at medical isotope and cyclotron facility of the University of Alberta (Edmonton PET 

Center, ACSI 19/9 MeV cyclotron). No-carrier-added (n.c.a) aqueous [18F]Fluoride was 

produced by a 18O(p,n)18F nuclear reaction on an enriched [18O]water target. No-carrier-added 
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(n.c.a) aqueous [18F]fluoride was passed through a Sep-Pak Light QMA cartridge (Waters) 

(typically 1-2 GBq in 2.0 mL water). The cartridge was dried by airflow, and the 18F activity was 

eluted with 1.0 mL of a Kryptofix 2.2.2/K2CO3 solution (from a 10.0 mL stock solution of 22.6 mg 

of Kryptofix 222 and 4.2 mg of K2CO3 in acetonitrile/water (95/5)) to a 10.0 mL conical vial. The 

solvent was removed at 100°C under atmospheric pressure and a stream of nitrogen gas. The 

residue was azeotropically dried with a total of 6.0 mL of anhydrous acetonitrile at 100°C to 

afford the dried K2.2.2/K[18F]F complex residue which was dissolved in anhydrous acetonitrile. 

A 20 PL aliquot of this K2.2.2/K[18F]F solution was added to a solution of the Bpin precursor 7.19 
(10.5 mg) and [Cu(OTf)2(pyr)4] (3.6 mg) in DMF (200 μL) and heated at 110°C for 20 min. The 

reaction mixture was cooled to room temperature and diluted with 600 μL of a mixture of 

MeCN/H2O (1:1) and analyzed by radio-TLC (Rf 0.66 10% MeOH/CH2Cl2, 30% RCY).  

[18F]-(R)-IPMICF17 was also produced at the PET radiochemistry facility of the McConnell Brain 

Imaging Center Site (Montreal Neurological Institute, McGill University). HPLC Methods. Semi 
preparative, radio-preparative high performance liquid chromatography (HPLC) purification was 

performed using a Phenomenex LUNA® C18 column (100 Å, 250 × 10 mm, 10 μm). Method A: 

elution at 4.0 ml min-1 with a mixture of MeCN (A) and 20 mM NaH2PO4 (B) isocratic at 60% A 

and 40% B (tr [18F]IPMICF17 = 15 min). Quality control analysis was performed on an Agilent 1200 

system (Agilent Technologies, Santa Clara, CA, USA; running on Agilent ChemStation software) 

equipped with a Raytest Gabi Star radioactivity detector (Raytest Isotopenmessgeräte GmbH, 

Straubenhardt, Germany) using a Phenomenex Partisil ODS-3 (250 × 4.6 mm, 5 μm) column. 

Method B: elution at 1.0 ml min-1 with a mixture of MeCN (A) and 0.1% aqueous TFA (B) 

isocratic at 60% A and 40% B (tr [18F]IPMICF17 = 10.3 min). Radiosynthesis of [18F]-(R)-IPMICF17. 

No-carrier-added (n.c.a) aqueous [18F]fluoride was produced by a 18O(p,n)18F nuclear reaction 

on an enriched [18O]water target of the cyclotron (IBA Cyclon 18/9 MeV cyclotron). The 

azeotropic drying of 18F-, radiolabeling and purification were carried out using semi-automated 

radiosynthesis module Scintomics GRP (Germany) equipped with a preparative HPLC (Knauer) 

with radioactivity and UV detector and a home-made manifold setup. [18F]F-/H2O (310 – 440 

mCi) was passed through a Sep-Pak Light QMA cartridge (Waters) as an aqueous solution in 
18O-enriched water and the 18F activity was eluted with 500 μL of a potassium triflate solution 

(KOTf, 10 mg/mL) premixed with 3 μL of potassium carbonate (K2CO3 0.125M) into a conical 

Wheaton vial (5 mL). Acetonitrile (1 mL) was added and the solvents were azeotropically 

removed at 100°C in vacuum, first under stream of air and then in closed system. Following 

azeotropic drying, the reaction vial was heated to 110°C and charged with Bpin precursor 7.19 
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(2.5 mg in 0.4 mL DMF). After 5 minutes of preincubation in order to solubilize inorganic salts, 

[Cu(OTf)2(pyr)4] (13.5 mg in 0.4 mL DMF) was added and the mixture was allowed to react for 

20 min at 110°C. The crude mixture was then diluted with HPLC eluent (1.5 mL, 60% MeCN 

40% 20mM NaH2PO4) and injected onto HPLC through a Nylon filter to remove copper 

precipitates. The radiochemically pure [18F]-(R)-IPMICF17 was obtained in 1.8±0.2 % RCY 

(EOS, non-decay corrected isolated yield from 18F-/H2O; non-optimized), > 99% radiochemical 

purity and effective specific activity of 450±79 Ci/mmol due to the presence of the 

protodeboronation product. Collected from HPLC [18F]-(R)-IPMICF17 was diluted with 20 mL 

H2O and passed through a preconditioned (10 mL EtOH followed by 10 mL water) Sep-Pak 

tC18 Plus cartridge and then eluted with 2 mL EtOH and used directly in the autoradiography 

experiments. Quality control, of the isolated [18F]-(R)-IPMICF17 was performed using HPLC 

method B. 
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Annex 1 

Additional Experimental Data (Crystallographic Data for Compounds 2.25 and (E)-2.29 
from Supporting Information Section 7 - Chapter 2) 

The data from this Annex have been published in Supporting Information of: Bernard-Gauthier, 
V. & Schirrmacher, R. 5-(4-((4-[18F]fluorobenzyl)oxy)-3-methoxybenzyl)pyrimidine-2,4-diamine: 
A Selective Dual Inhibitor for Potential PET Imaging of Trk/CSF-1R. Bioorg. Med. Chem. Lett. 
2014, 24, 4784-4790. 
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Table 1.  Crystal data and structure refinement for C15 H13 F O3. 

   
   
      Identification code               INSN17  
   
      Empirical formula                 C15 H13 F O3  
   
      Formula weight                    260.25  
   
      Temperature                       100K  
   
      Wavelength                        1.54178 Å  
   
      Crystal system                    Triclinic  
   
      Space group                       P-1  
   

      Unit cell dimensions              a = 8.3577(8) Å    D = 87.894(3)q  
                                        b = 8.5150(8) Å    E = 83.575(3)q  
                                        c = 8.8676(8) Å    J = 84.611(3)q  
   

      Volume                            624.11(10)Å
3
  

   
      Z                                 2  
   

      Density (calculated)              1.385  g/cm
3
  

   

      Absorption coefficient            0.887 mm
-1
  

   
      F(000)                            272  
   
      Crystal size                      0.22 x 0.20 x 0.16 mm  
   

      Theta range for data collection   5.021 to 71.716q  
   

      Index ranges                      -10�d�h�d�10, -10�d�k�d�10, -10�d�"�d�10  
   
      Reflections collected             25462  
   
      Independent reflections           2361 [Rint = 0.020]  

   
      Absorption correction             Semi-empirical from equivalents  
   
      Max. and min. transmission        0.7535 and 0.6735  
   

      Refinement method                 Full-matrix least-squares on F
2
  

   
      Data / restraints / parameters    2361 / 0 / 173  
   

      Goodness-of-fit on F
2
             1.060  

   

      Final R indices [I>2sigma(I)]     R1 = 0.0320, wR2 = 0.0873  
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      R indices (all data)              R1 = 0.0322, wR2 = 0.0874  
   

      Largest diff. peak and hole       0.222 and -0.204 e/Å
3
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Table 2.  Atomic coordinates (x 10
4
) and equivalent isotropic 

displacement parameters (Å
2
 x 10

3
) for C15 H13 F O3. 

 

Ueq is defined as one third of the trace of the orthogonalized 

Uij tensor. 

   
         ________________________________________________________________  
   
                         x             y             z           Ueq  

         ________________________________________________________________  
   
          C(1)        -2143(1)       6134(1)       1429(1)       20(1)  
          C(2)         -766(1)       6985(1)       1222(1)       19(1)  
          C(3)          692(1)       6310(1)       1620(1)       18(1)  
          C(4)          794(1)       4761(1)       2275(1)       19(1)  
          C(5)         -575(1)       3936(1)       2490(1)       21(1)  
          C(6)        -2038(1)       4619(1)       2057(1)       21(1)  
          C(7)        -3677(1)       6854(1)        957(1)       22(1)  
          C(8)         2045(1)       8568(1)        779(1)       25(1)  
          C(9)         2445(1)       2610(1)       3249(1)       22(1)  
          C(10)        4117(1)       2260(1)       3710(1)       20(1)  
          C(11)        4581(1)       3050(1)       4917(1)       21(1)  
          C(12)        6078(1)       2672(1)       5436(1)       23(1)  
          C(13)        7080(1)       1465(1)       4737(1)       23(1)  
          C(14)        6679(1)        669(1)       3530(1)       24(1)  
          C(15)        5183(1)       1082(1)       3009(1)       22(1)  
          O(1)         2113(1)       6996(1)       1410(1)       21(1)  
          O(2)         2289(1)       4200(1)       2625(1)       21(1)  
          O(3)        -3874(1)       8189(1)        429(1)       27(1)  
          F(1)         8533(1)       1052(1)       5263(1)       33(1)  
         ________________________________________________________________  
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Table 3. Hydrogen coordinates (x 10
4
) and isotropic displacement 

parameters (Å
2
 x 10

3
) for C15 H13 F O3. 

 

         ________________________________________________________________  
   
                         x             y             z           Ueq  

         ________________________________________________________________  
   
          H(2)         -846          8030           806          23  
          H(5)         -511          2903          2934          25  
          H(6)        -2968          4045          2193          25  
          H(7)        -4577          6239          1071          27  
          H(8A)        1638          8579          -216          37  
          H(8B)        3130          8934           663          37  
          H(8C)        1320          9267          1457          37  
          H(9A)        2253          1854          2481          27  
          H(9B)        1634          2503          4141          27  
          H(11)        3861          3860          5391          25  
          H(12)        6404          3223          6246          28  
          H(14)        7406          -141          3064          29  
          H(15)        4886           557          2170          26  
         ________________________________________________________________  
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Table 4.  Anisotropic parameters (Å
2
 x 10

3
) for C15 H13 F O3. 

 

The anisotropic displacement factor exponent takes the form: 

 

-2 S2 [ h2 a*2 U11 + ... + 2 h k a* b* U12 ] 
   
    _______________________________________________________________________  
   
              U11        U22        U33        U23        U13        U12  
    _______________________________________________________________________  
   
    C(1)     18(1)      23(1)      17(1)      -3(1)      -1(1)      -1(1)  
    C(2)     21(1)      18(1)      19(1)      -1(1)      -2(1)      -2(1)  
    C(3)     18(1)      20(1)      18(1)      -2(1)      -2(1)      -4(1)  
    C(4)     18(1)      21(1)      18(1)      -2(1)      -2(1)      -1(1)  
    C(5)     21(1)      19(1)      22(1)       1(1)       0(1)      -2(1)  
    C(6)     17(1)      24(1)      22(1)      -2(1)       1(1)      -5(1)  
    C(7)     19(1)      26(1)      22(1)      -3(1)      -1(1)      -2(1)  
    C(8)     22(1)      20(1)      33(1)       5(1)      -6(1)      -6(1)  
    C(9)     22(1)      18(1)      28(1)       3(1)      -4(1)      -4(1)  
    C(10)    21(1)      16(1)      21(1)       4(1)      -2(1)      -3(1)  
    C(11)    23(1)      17(1)      22(1)       1(1)       0(1)      -1(1)  
    C(12)    26(1)      23(1)      21(1)       2(1)      -4(1)      -5(1)  
    C(13)    18(1)      24(1)      26(1)       9(1)      -4(1)      -1(1)  
    C(14)    24(1)      18(1)      27(1)       3(1)       4(1)       2(1)  
    C(15)    26(1)      18(1)      21(1)       1(1)      -2(1)      -4(1)  
    O(1)     18(1)      19(1)      28(1)       3(1)      -6(1)      -5(1)  
    O(2)     18(1)      18(1)      28(1)       3(1)      -5(1)      -2(1)  
    O(3)     23(1)      27(1)      30(1)       1(1)      -6(1)       2(1)  
    F(1)     22(1)      38(1)      39(1)       8(1)      -9(1)       2(1)  
    _______________________________________________________________________  
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      Table 5.  Bond lengths [Å] and angles [°] for C15 H13 F O3  

    ______________________________________________________________________   
 
    C(1)-C(6)              
1.3854(14)  
    C(1)-C(2)              
1.4077(14)  
    C(1)-C(7)              
1.4656(14)  
    C(2)-C(3)              
1.3748(14)  
    C(3)-O(1)              
1.3634(12)  
    C(3)-C(4)              
1.4208(14)  
    C(4)-O(2)              
1.3596(12)  
    C(4)-C(5)              
1.3898(14)  
    C(5)-C(6)              
1.3918(15)  
    C(7)-O(3)              
1.2170(13)  
    C(8)-O(1)              
1.4302(12)  
    C(9)-O(2)              
1.4431(12)  
    C(9)-C(10)             
1.5003(14)  
    C(10)-C(15)            
1.3925(14)  
    C(10)-C(11)            
1.3938(14)  
    C(11)-C(12)            
1.3869(15)  
    C(12)-C(13)            
1.3819(16)  
    C(13)-F(1)             
1.3605(12)  
    C(13)-C(14)            
1.3758(16)  
    C(14)-C(15)            
1.3912(15)  
   
    C(6)-C(1)-C(2)         
120.00(9)  
    C(6)-C(1)-C(7)         
120.40(9)  
    C(2)-C(1)-C(7)         
119.59(9)  
 

 
    C(3)-C(2)-C(1)         
120.33(9)  
    O(1)-C(3)-C(2)         
125.30(9)  
    O(1)-C(3)-C(4)         
115.12(9)  
    C(2)-C(3)-C(4)         
119.57(9)  
    O(2)-C(4)-C(5)         
125.22(9)  
    O(2)-C(4)-C(3)         
115.05(8)  
    C(5)-C(4)-C(3)         
119.72(9)  
    C(4)-C(5)-C(6)         
120.21(9)  
    C(1)-C(6)-C(5)         
120.15(9)  
    O(3)-C(7)-C(1)         
124.23(9)  
    O(2)-C(9)-C(10)        
108.79(8)  
    C(15)-C(10)-C(11)      
119.28(10)  
    C(15)-C(10)-C(9)       
120.78(9)  
    C(11)-C(10)-C(9)       
119.82(9)  
    C(12)-C(11)-C(10)      
121.06(9)  
    C(13)-C(12)-C(11)      
117.76(10)  
    F(1)-C(13)-C(14)       
118.54(9)  
    F(1)-C(13)-C(12)       
118.39(10)  
    C(14)-C(13)-C(12)      
123.07(10)  
    C(13)-C(14)-C(15)      
118.31(9)  
    C(14)-C(15)-C(10)      
120.48(9)  
    C(3)-O(1)-C(8)         
116.48(8)  
    C(4)-O(2)-C(9)         
116.43(7)  
   
    

______________________________________________________________________  
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         Table 6.  Torsion angles [°] for C15 H13 F O3.  

  
_____________________________________________________________________________
_   
 
C(6)-C(1)-C(2)-C(3)        1.00(15) 
C(7)-C(1)-C(2)-C(3)     -178.21(8) 
C(1)-C(2)-C(3)-O(1)      177.03(9) 
C(1)-C(2)-C(3)-C(4)       -1.48(14) 
O(1)-C(3)-C(4)-O(2)        1.22(12) 
C(2)-C(3)-C(4)-O(2)      179.88(8) 
O(1)-C(3)-C(4)-C(5)     -177.88(8) 
C(2)-C(3)-C(4)-C(5)        0.78(14) 
O(2)-C(4)-C(5)-C(6)     -178.58(9) 
C(3)-C(4)-C(5)-C(6)        0.42(15) 
C(2)-C(1)-C(6)-C(5)        0.22(15) 
C(7)-C(1)-C(6)-C(5)      179.42(9) 
C(4)-C(5)-C(6)-C(1)       -0.92(15) 
C(6)-C(1)-C(7)-O(3)      178.28(9) 
C(2)-C(1)-C(7)-O(3)       -2.52(15) 
O(2)-C(9)-C(10)-C(15)   -116.50(10) 
O(2)-C(9)-C(10)-C(11)     67.54(11) 
 
 
C(15)-C(10)-C(11)-C(12)   -0.59(14) 
C(9)-C(10)-C(11)-C(12)   175.44(9) 
C(10)-C(11)-C(12)-C(13)   -1.25(15) 
C(11)-C(12)-C(13)-F(1)  -178.24(8) 
C(11)-C(12)-C(13)-C(14)    2.20(15) 
F(1)-C(13)-C(14)-C(15)   179.21(8) 
C(12)-C(13)-C(14)-C(15)   -1.22(15) 
C(13)-C(14)-C(15)-C(10)   -0.72(15) 
C(11)-C(10)-C(15)-C(14)    1.60(14) 
C(9)-C(10)-C(15)-C(14)  -174.39(9) 
C(2)-C(3)-O(1)-C(8)        2.56(14) 
C(4)-C(3)-O(1)-C(8)     -178.87(8) 
C(5)-C(4)-O(2)-C(9)        0.91(14) 
C(3)-C(4)-O(2)-C(9)     -178.13(8) 
C(10)-C(9)-O(2)-C(4)    -174.22(8) 
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Table 1.  Crystal data and structure refinement for C24 H21 F N2 O2. 

   
   
      Identification code               INSN16  
   
      Empirical formula                 C24 H21 F N2 O2  
   
      Formula weight                    388.43  
   
      Temperature                       100K  
   
      Wavelength                        1.54178 Å  
   
      Crystal system                    Monoclinic  
   
      Space group                       P21/c  
   

      Unit cell dimensions              a = 14.1102(2) Å    D = 90q  
                                        b = 12.8934(2) Å    E = 103.5036(7)q  
                                        c = 10.7758(2) Å    J = 90q  
   

      Volume                            1906.23(5)Å
3
  

   
      Z                                 4  
   

      Density (calculated)              1.353  g/cm
3
  

   

      Absorption coefficient            0.760 mm
-1
  

   
      F(000)                            816  
   
      Crystal size                      0.13 x 0.10 x 0.06 mm  
   

      Theta range for data collection   3.221 to 71.726q  
   

      Index ranges                      -17�d�h�d�17, -15�d�k�d�15, -13�d�"�d�13  
   
      Reflections collected             52711  
   
      Independent reflections           3678 [Rint = 0.023]  

   
      Absorption correction             Semi-empirical from equivalents  
   
      Max. and min. transmission        0.7535 and 0.6910  
   

      Refinement method                 Full-matrix least-squares on F
2
  

   
      Data / restraints / parameters    3678 / 0 / 267  
   

      Goodness-of-fit on F
2
             1.022  

   

      Final R indices [I>2sigma(I)]     R1 = 0.0356, wR2 = 0.0915  
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      R indices (all data)              R1 = 0.0364, wR2 = 0.0922  
   

      Largest diff. peak and hole       0.318 and -0.198 e/Å
3
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Table 2.  Atomic coordinates (x 10
4
) and equivalent isotropic 

displacement parameters (Å
2
 x 10

3
) for C24 H21 F N2 O2. 

 

Ueq is defined as one third of the trace of the orthogonalized 

Uij tensor. 

 

         ________________________________________________________________  
   
                         x             y             z           Ueq  

         ________________________________________________________________  
   
          C(1)         6378(1)       6687(1)       4141(1)       20(1)  
          C(2)         7358(1)       6948(1)       4662(1)       19(1)  
          C(3)         7826(1)       6625(1)       5878(1)       18(1)  
          C(4)         7317(1)       6030(1)       6604(1)       18(1)  
          C(5)         6360(1)       5752(1)       6075(1)       21(1)  
          C(6)         5893(1)       6086(1)       4854(1)       21(1)  
          C(7)         5884(1)       7122(1)       2846(1)       28(1)  
          C(8)         5194(1)       6401(1)       1955(1)       18(1)  
          C(9)         4379(1)       6709(1)       1092(1)       18(1)  
          C(11)        3133(1)       7947(1)         73(1)       18(1)  
          C(12)        2861(1)       7448(1)      -1107(1)       21(1)  
          C(13)        1989(1)       7725(1)      -1950(1)       23(1)  
          C(14)        1406(1)       8499(1)      -1635(1)       21(1)  
          C(15)        1698(1)       9009(1)       -473(1)       21(1)  
          C(16)        2556(1)       8738(1)        377(1)       20(1)  
          C(17)        9351(1)       7308(1)       5678(1)       25(1)  
          C(18)        5412(1)       5324(1)       1956(1)       18(1)  
          C(19)        7320(1)       5133(1)       8536(1)       21(1)  
          C(20)        7928(1)       5050(1)       9874(1)       20(1)  
          C(21)        7607(1)       5505(1)      10873(1)       21(1)  
          C(22)        8163(1)       5451(1)      12117(1)       23(1)  
          C(23)        9045(1)       4941(1)      12331(1)       22(1)  
          C(24)        9392(1)       4473(1)      11375(1)       24(1)  
          C(25)        8820(1)       4528(1)      10140(1)       23(1)  
          N(1)         3993(1)       7673(1)        978(1)       20(1)  
          N(2)         5572(1)       4445(1)       1981(1)       22(1)  
          O(1)         8773(1)       6845(1)       6456(1)       22(1)  
          O(2)         7824(1)       5787(1)       7819(1)       21(1)  
          F(1)         9596(1)       4898(1)      13545(1)       30(1)  
         ________________________________________________________________  
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Table 3. Hydrogen coordinates (x 10
4
) and isotropic displacement 

parameters (Å
2
 x 10

3
) for C24 H21 F N2 O2. 

   
         ________________________________________________________________  
   
                         x             y             z           Ueq  

         ________________________________________________________________  
   
          H(2)         7703          7351          4174          22  
          H(5)         6018          5331          6548          25  
          H(6)         5233          5898          4510          25  
          H(7A)        6396          7345          2413          33  
          H(7B)        5516          7749          2980          33  
          H(9)         4049          6198           515          21  
          H(12)        3265          6925         -1332          25  
          H(13)        1794          7380         -2748          27  
          H(14)         810          8680         -2210          26  
          H(15)        1305          9549          -261          25  
          H(16)        2751          9091          1170          24  
          H(17A)       9311          6885          4912          37  
          H(17B)      10031          7349          6160          37  
          H(17C)       9107          8007          5428          37  
          H(19A)       7216          4436          8141          26  
          H(19B)       6675          5435          8541          26  
          H(21)        6999          5858         10701          25  
          H(22)        7942          5756         12801          28  
          H(24)       10002          4125         11555          29  
          H(25)        9039          4206          9464          28  
          H(1)         4227(11)      8141(13)      1598(15)      31(4)  
         ________________________________________________________________  
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    Table 4.  Anisotropic parameters (Å
2
 x 10

3
) for C24 H21 F N2 O2.  

   

         The anisotropic displacement factor exponent takes the form:  

   

                 -2 S2 [ h2 a*2 U11 + ... + 2 h k a* b* U12 ]  
   
    _______________________________________________________________________  
   
              U11        U22        U33        U23        U13        U12  
    _______________________________________________________________________  
   
    C(1)     20(1)      14(1)      22(1)      -4(1)      -1(1)       2(1)  
    C(2)     20(1)      14(1)      21(1)      -2(1)       4(1)       0(1)  
    C(3)     15(1)      16(1)      21(1)      -5(1)       3(1)       0(1)  
    C(4)     20(1)      19(1)      16(1)      -5(1)       4(1)       1(1)  
    C(5)     19(1)      24(1)      21(1)      -6(1)       7(1)      -4(1)  
    C(6)     16(1)      22(1)      24(1)      -8(1)       1(1)      -1(1)  
    C(7)     28(1)      16(1)      32(1)       4(1)      -8(1)      -2(1)  
    C(8)     18(1)      16(1)      19(1)       2(1)       3(1)       0(1)  
    C(9)     19(1)      17(1)      18(1)       1(1)       5(1)       0(1)  
    C(11)    18(1)      17(1)      19(1)       5(1)       3(1)      -2(1)  
    C(12)    22(1)      18(1)      23(1)       2(1)       6(1)       5(1)  
    C(13)    24(1)      24(1)      18(1)      -2(1)       2(1)       2(1)  
    C(14)    18(1)      24(1)      20(1)       4(1)       1(1)       4(1)  
    C(15)    21(1)      19(1)      22(1)       2(1)       7(1)       3(1)  
    C(16)    22(1)      19(1)      19(1)       0(1)       4(1)      -1(1)  
    C(17)    18(1)      27(1)      28(1)       3(1)       5(1)      -4(1)  
    C(18)    14(1)      23(1)      16(1)       2(1)       2(1)      -1(1)  
    C(19)    20(1)      24(1)      21(1)      -1(1)       6(1)      -5(1)  
    C(20)    21(1)      18(1)      21(1)       0(1)       7(1)      -6(1)  
    C(21)    21(1)      19(1)      24(1)       1(1)       8(1)      -2(1)  
    C(22)    28(1)      22(1)      21(1)      -2(1)      11(1)      -4(1)  
    C(23)    24(1)      24(1)      17(1)       3(1)       4(1)      -8(1)  
    C(24)    20(1)      27(1)      26(1)       2(1)       7(1)      -1(1)  
    C(25)    23(1)      26(1)      22(1)      -3(1)       9(1)      -1(1)  
    N(1)     19(1)      16(1)      21(1)      -1(1)      -1(1)       1(1)  
    N(2)     23(1)      19(1)      24(1)       1(1)       4(1)       2(1)  
    O(1)     15(1)      27(1)      22(1)       2(1)       1(1)      -4(1)  
    O(2)     20(1)      27(1)      16(1)      -1(1)       3(1)      -6(1)  
    F(1)     28(1)      42(1)      17(1)       3(1)       2(1)      -6(1)  
    _______________________________________________________________________  
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Table 5.  Bond lengths [Å] and angles [°] for C24 H21 F N2 O2 

    ______________________________________________________________________   
 
    C(1)-C(6)              
1.3807(17)  
    C(1)-C(2)              
1.4055(16)  
    C(1)-C(7)              
1.5149(17)  
    C(2)-C(3)              
1.3875(16)  
    C(3)-O(1)              
1.3654(13)  
    C(3)-C(4)              
1.4073(16)  
    C(4)-O(2)              
1.3732(14)  
    C(4)-C(5)              
1.3854(16)  
    C(5)-C(6)              
1.3942(17)  
    C(7)-C(8)              
1.5152(16)  
    C(8)-C(9)              
1.3585(16)  
    C(8)-C(18)             
1.4229(16)  
    C(9)-N(1)              
1.3501(15)  
    C(11)-C(16)            
1.3904(16)  
    C(11)-C(12)            
1.3969(16)  
    C(11)-N(1)             
1.4132(15)  
    C(12)-C(13)            
1.3938(17)  
    C(13)-C(14)            
1.3860(17)  
    C(14)-C(15)            
1.3894(17)  
    C(15)-C(16)            
1.3818(17)  
    C(17)-O(1)             
1.4297(14)  
    C(18)-N(2)             
1.1547(16)  
    C(19)-O(2)             
1.4384(14)  
    C(19)-C(20)            
1.4996(16)  
    C(20)-C(21)            
1.3914(16)  
    C(20)-C(25)            
1.3965(17)  

    C(21)-C(22)            
1.3882(17)  
    C(22)-C(23)            
1.3782(18)  
    C(23)-F(1)             
1.3583(14)  
    C(23)-C(24)            
1.3794(18)  
    C(24)-C(25)            
1.3877(18)  
   
    C(6)-C(1)-C(2)         
118.78(11)  
    C(6)-C(1)-C(7)         
122.64(11)  
    C(2)-C(1)-C(7)         
118.51(11)  
    C(3)-C(2)-C(1)         
120.86(11)  
    O(1)-C(3)-C(2)         
124.65(10)  
  
 
    O(1)-C(3)-C(4)         
115.60(10)  
    C(2)-C(3)-C(4)         
119.75(10)  
    O(2)-C(4)-C(5)         
125.05(10)  
    O(2)-C(4)-C(3)         
115.77(10)  
    C(5)-C(4)-C(3)         
119.17(10)  
    C(4)-C(5)-C(6)         
120.62(11)  
    C(1)-C(6)-C(5)         
120.79(11)  
    C(1)-C(7)-C(8)         
116.48(10)  
    C(9)-C(8)-C(18)        
115.74(10)  
    C(9)-C(8)-C(7)         
124.77(10)  
    C(18)-C(8)-C(7)        
119.43(10)  
    N(1)-C(9)-C(8)         
126.17(11)  
    C(16)-C(11)-C(12)      
120.05(11)  
    C(16)-C(11)-N(1)       
118.50(10)  
    C(12)-C(11)-N(1)       
121.45(10)  
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    C(13)-C(12)-C(11)      
119.25(11)  
    C(14)-C(13)-C(12)      
120.59(11)  
    C(13)-C(14)-C(15)      
119.57(11)  
    C(16)-C(15)-C(14)      
120.50(11)  
    C(15)-C(16)-C(11)      
120.00(11)  
    N(2)-C(18)-C(8)        
178.00(12)  
    O(2)-C(19)-C(20)       
108.30(9)  
    C(21)-C(20)-C(25)      
119.00(11)  
    C(21)-C(20)-C(19)      
119.81(11)  
    C(25)-C(20)-C(19)      
121.19(10)  
    C(22)-C(21)-C(20)      
120.95(11)  

    C(23)-C(22)-C(21)      
117.99(11)  
    F(1)-C(23)-C(22)       
118.19(11)  
    F(1)-C(23)-C(24)       
118.58(11)  
    C(22)-C(23)-C(24)      
123.24(11)  
    C(23)-C(24)-C(25)      
117.78(11)  
    C(24)-C(25)-C(20)      
121.04(11)  
    C(9)-N(1)-C(11)        
123.82(10)  
    C(3)-O(1)-C(17)        
116.78(9)  
    C(4)-O(2)-C(19)        
115.65(9)  
   
    

______________________________________________________________________  
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Table 6.  Torsion angles [°] for C24 H21 F N2 O2. 

  
_____________________________________________________________________________
_   
 
  C(6)-C(1)-C(2)-C(3)       -
1.10(16)  
  C(7)-C(1)-C(2)-C(3)      
175.85(10)  
  C(1)-C(2)-C(3)-O(1)     -
179.95(10)  
  C(1)-C(2)-C(3)-C(4)       -
0.08(16)  
  O(1)-C(3)-C(4)-O(2)        
2.85(14)  
  C(2)-C(3)-C(4)-O(2)     -
177.03(10)  
  O(1)-C(3)-C(4)-C(5)     -
178.45(10)  
  C(2)-C(3)-C(4)-C(5)        
1.67(16)  
  O(2)-C(4)-C(5)-C(6)      
176.48(10)  
  C(3)-C(4)-C(5)-C(6)       -
2.09(17)  
  C(2)-C(1)-C(6)-C(5)        
0.69(17)  
  C(7)-C(1)-C(6)-C(5)     -
176.13(11)  
  C(4)-C(5)-C(6)-C(1)        
0.92(17)  
  C(6)-C(1)-C(7)-C(8)      -
41.91(17)  
  C(2)-C(1)-C(7)-C(8)      
141.26(11)  
  C(1)-C(7)-C(8)-C(9)      
147.30(12)  
  C(1)-C(7)-C(8)-C(18)     -
35.57(17)  
  C(18)-C(8)-C(9)-N(1)     
175.15(11)  
  C(7)-C(8)-C(9)-N(1)       -
7.62(19)  
  C(16)-C(11)-C(12)-C(13)   -
2.37(17)  
  N(1)-C(11)-C(12)-C(13)   
178.00(10)  
  C(11)-C(12)-C(13)-C(14)    
1.13(18)  
  C(12)-C(13)-C(14)-C(15)    
0.62(18)  
  C(13)-C(14)-C(15)-C(16)   -
1.15(18)  
 
 

  C(14)-C(15)-C(16)-C(11)   -
0.09(17)  
  C(12)-C(11)-C(16)-C(15)    
1.86(17)  
  N(1)-C(11)-C(16)-C(15)  -
178.49(10)  
  O(2)-C(19)-C(20)-C(21)   
111.57(11)  
  O(2)-C(19)-C(20)-C(25)   -
67.92(14)  
  C(25)-C(20)-C(21)-C(22)    
0.36(17)  
  C(19)-C(20)-C(21)-C(22) -
179.14(10)  
  C(20)-C(21)-C(22)-C(23)    
0.56(17)  
  C(21)-C(22)-C(23)-F(1)   
179.18(10)  
  C(21)-C(22)-C(23)-C(24)   -
0.92(18)  
  F(1)-C(23)-C(24)-C(25)  -
179.79(10)  
  C(22)-C(23)-C(24)-C(25)    
0.30(18)  
  C(23)-C(24)-C(25)-C(20)    
0.67(18)  
  C(21)-C(20)-C(25)-C(24)   -
1.00(17)  
  C(19)-C(20)-C(25)-C(24)  
178.49(11)  
  C(8)-C(9)-N(1)-C(11)    -
178.97(11)  
  C(16)-C(11)-N(1)-C(9)    
150.06(11)  
  C(12)-C(11)-N(1)-C(9)    -
30.30(17)  
  C(2)-C(3)-O(1)-C(17)      -
9.45(16)  
  C(4)-C(3)-O(1)-C(17)     
170.67(10)  
  C(5)-C(4)-O(2)-C(19)       
4.50(16)  
  C(3)-C(4)-O(2)-C(19)    -
176.89(10)  
  C(20)-C(19)-O(2)-C(4)   -
173.58(9)  
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Table 7. Bond lengths [Å] and angles [°] related to the hydrogen 

bonding for C24 H21 F N2 O2. 

   ______________________________________________________________________  
   
        D-H         ..A       d(D-H)      d(H..A)     d(D..A)     <DHA  
   
     N(1)-H(1)      N(2)#1     0.904(17)   2.247(17)  3.1312(14)  165.9(14)  
   
   ______________________________________________________________________  
   
    Symmetry transformations used to generate equivalent atoms:  
   
         #1 -x+1,y+1/2,-z+1/2      
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Annex 2 

Additional Experimental Data (Crystallographic Data for Compounds 3.12 and (Z)-3.9 
from Supporting Information Section 3 - Chapter 3) 

The data from this Annex have been published in Supporting Information of: Bernard-Gauthier, 
V.; Aliaga, A.; Aliaga, A.; Boudjemeline, M.; Hopewell, R.; Kostikov, A.; Rosa-Neto, P.; Thiel, A.; 
Schirrmacher, R. Syntheses and Evaluation of Carbon-11- and Fluorine-18-Radiolabeled pan-
Tropomyosin Receptor Kinases (Trk) Inhibitors: Exploration of the 4-aza-2-Oxindole Scaffold as 
Trk PET Imaging Agents ACS Chem. Neurosci. 2015, 6, 260-267. 
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CRYSTAL AND MOLECULAR STRUCTURE OF 
 

C12 H14 N2 O6 COMPOUND (INSN15) 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Structure solved and refined in the laboratory of X-ray diffraction 
Université de Montréal by Michel Simard. 
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Table 1.  Crystal data and structure refinement for C12 H14 N2 O6. 

   
   
      Identification code               INSN15  
   
      Empirical formula                 C12 H14 N2 O6  
   
      Formula weight                    282.25  
   
      Temperature                       100K  
   
      Wavelength                        1.54178 Å  
   
      Crystal system                    Monoclinic  
   
      Space group                       C2/c  
   

      Unit cell dimensions              a = 19.8614(6) Å    D = 90q  
                                        b =  7.8836(2) Å    E = 95.6344(12)q  
                                        c = 16.6615(5) Å    J = 90q  
   

      Volume                            2596.24(13)Å
3
  

   
      Z                                 8  
   

      Density (calculated)              1.444  g/cm
3
  

   

      Absorption coefficient            1.004 mm
-1
  

   
      F(000)                            1184  
   
      Crystal size                      0.16 x 0.12 x 0.06 mm  
   

      Theta range for data collection   4.474 to 71.717q  
   

      Index ranges                      -24�d�h�d�22, -9�d�k�d�9, -20�d�"�d�20  
   
      Reflections collected             70890  
   
      Independent reflections           2522 [Rint = 0.045]  

   
      Absorption correction             Semi-empirical from equivalents  
   
      Max. and min. transmission        0.7535 and 0.6865  
   

      Refinement method                 Full-matrix least-squares on F
2
  

   
      Data / restraints / parameters    2522 / 0 / 183  
   

      Goodness-of-fit on F
2
             1.046  

   

      Final R indices [I>2sigma(I)]     R1 = 0.0337, wR2 = 0.0860  
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      R indices (all data)              R1 = 0.0343, wR2 = 0.0866  
   

      Largest diff. peak and hole       0.453 and -0.240 e/Å
3
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Table 2.  Atomic coordinates (x 10
4
) and equivalent isotropic 

displacement parameters (Å
2
 x 10

3
) for C12 H14 N2 O6. 

 

Ueq is defined as one third of the trace of the orthogonalized 

Uij tensor. 

 

         ________________________________________________________________  
   
                         x             y             z           Ueq  

         ________________________________________________________________  
   
          C(1)         4488(1)       4433(1)       6553(1)       12(1)  
          C(2)         5083(1)       4216(1)       6174(1)       13(1)  
          C(3)         5442(1)       5600(2)       5935(1)       16(1)  
          C(4)         5213(1)       7199(2)       6106(1)       17(1)  
          C(5)         4643(1)       7328(2)       6519(1)       17(1)  
          C(6)         4030(1)       3007(1)       6780(1)       13(1)  
          C(7)         3775(1)       1903(1)       6059(1)       13(1)  
          C(8)         3145(1)       -618(2)       5720(1)       19(1)  
          C(9)         2430(1)        -73(2)       5459(1)       21(1)  
          C(10)        3429(1)       3747(1)       7167(1)       15(1)  
          C(11)        2351(1)       5091(2)       6867(1)       26(1)  
          C(12)        1761(1)       3927(2)       6774(1)       31(1)  
          N(1)         4282(1)       5992(1)       6725(1)       15(1)  
          N(2)         5354(1)       2529(1)       6022(1)       15(1)  
          O(1)         5744(1)       2394(1)       5502(1)       24(1)  
          O(2)         5185(1)       1332(1)       6435(1)       20(1)  
          O(3)         3844(1)       2210(1)       5367(1)       19(1)  
          O(4)         3461(1)        549(1)       6328(1)       16(1)  
          O(5)         2948(1)       4259(1)       6603(1)       21(1)  
          O(6)         3402(1)       3810(1)       7884(1)       23(1)  
         ________________________________________________________________  
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Table 3. Hydrogen coordinates (x 10
4
) and isotropic displacement 

parameters (Å
2
 x 10

3
) for C12 H14 N2 O6. 

 

         ________________________________________________________________  
   
                         x             y             z           Ueq  

         ________________________________________________________________  
   
          H(3)         5836          5454          5661          19  
          H(4)         5439          8185          5944          21  
          H(5)         4501          8427          6664          21  
          H(6)         4293          2271          7188          15  
          H(8A)        3143         -1779          5946          23  
          H(8B)        3411          -638          5247          23  
          H(9A)        2216          -905          5079          31  
          H(9B)        2436          1039          5196          31  
          H(9C)        2174             3          5931          31  
          H(11A)       2248          6127          6541          31  
          H(11B)       2442          5433          7439          31  
          H(12A)       1697          3511          6218          46  
          H(12B)       1355          4536          6900          46  
          H(12C)       1843          2966          7144          46  
         ________________________________________________________________  
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Table 4.  Anisotropic parameters (Å
2
 x 10

3
) for C12 H14 N2 O6. 

 

The anisotropic displacement factor exponent takes the form: 

 

-2 S2 [ h2 a*2 U11 + ... + 2 h k a* b* U12 ] 
   
    _______________________________________________________________________  
   
              U11        U22        U33        U23        U13        U12  
    _______________________________________________________________________  
   
    C(1)     11(1)      14(1)      12(1)       0(1)      -1(1)       0(1)  
    C(2)     12(1)      14(1)      13(1)      -1(1)      -1(1)       2(1)  
    C(3)     11(1)      20(1)      15(1)       1(1)       0(1)      -1(1)  
    C(4)     15(1)      16(1)      20(1)       4(1)      -2(1)      -4(1)  
    C(5)     16(1)      12(1)      22(1)       0(1)      -2(1)       1(1)  
    C(6)     11(1)      13(1)      14(1)       0(1)       1(1)      -1(1)  
    C(7)      9(1)      12(1)      17(1)      -1(1)       2(1)       1(1)  
    C(8)     20(1)      13(1)      24(1)      -6(1)       1(1)      -4(1)  
    C(9)     20(1)      22(1)      21(1)      -2(1)       0(1)      -4(1)  
    C(10)    13(1)      14(1)      19(1)      -4(1)       4(1)      -6(1)  
    C(11)    15(1)      29(1)      35(1)     -12(1)       4(1)       5(1)  
    C(12)    17(1)      34(1)      42(1)     -10(1)       5(1)       1(1)  
    N(1)     13(1)      14(1)      18(1)      -1(1)       1(1)       1(1)  
    N(2)     12(1)      16(1)      17(1)      -3(1)       0(1)       1(1)  
    O(1)     23(1)      28(1)      22(1)      -4(1)      10(1)       6(1)  
    O(2)     19(1)      14(1)      29(1)       2(1)       4(1)       1(1)  
    O(3)     20(1)      21(1)      15(1)      -2(1)       4(1)      -5(1)  
    O(4)     17(1)      13(1)      18(1)      -1(1)       1(1)      -4(1)  
    O(5)     12(1)      28(1)      22(1)      -8(1)       1(1)       4(1)  
    O(6)     26(1)      27(1)      17(1)      -4(1)       8(1)      -4(1)  
    _______________________________________________________________________  
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Table 5.  Bond lengths [Å] and angles [°] for C12 H14 N2 O6 

    ______________________________________________________________________  
 
    C(1)-N(1)              
1.3366(15)  
    C(1)-C(2)              
1.4023(16)  
    C(1)-C(6)              
1.5182(15)  
    C(2)-C(3)              
1.3844(16)  
    C(2)-N(2)              
1.4661(14)  
    C(3)-C(4)              
1.3793(17)  
    C(4)-C(5)              
1.3837(17)  
    C(5)-N(1)              
1.3386(15)  
    C(6)-C(10)             
1.5271(15)  
    C(6)-C(7)              
1.5290(15)  
    C(7)-O(3)              
1.1996(14)  
    C(7)-O(4)              
1.3365(13)  
    C(8)-O(4)              
1.4633(14)  
    C(8)-C(9)              
1.5064(17)  
    C(10)-O(6)             
1.2012(15)  
    C(10)-O(5)             
1.3345(15)  
    C(11)-O(5)             
1.4610(14)  
    C(11)-C(12)            
1.4838(19)  
    N(2)-O(1)              
1.2217(13)  
    N(2)-O(2)              
1.2343(13)  
   
    N(1)-C(1)-C(2)         
119.96(10)  
    N(1)-C(1)-C(6)         
115.01(10)  
    C(2)-C(1)-C(6)         
125.02(10)  
  

 
    C(3)-C(2)-C(1)         
120.91(10)  
    C(3)-C(2)-N(2)         
117.16(10)  
    C(1)-C(2)-N(2)         
121.93(10)  
    C(4)-C(3)-C(2)         
118.11(10)  
    C(3)-C(4)-C(5)         
118.17(11)  
    N(1)-C(5)-C(4)         
123.79(11)  
    C(1)-C(6)-C(10)        
109.59(9)  
    C(1)-C(6)-C(7)         
112.66(9)  
    C(10)-C(6)-C(7)        
109.71(9)  
    O(3)-C(7)-O(4)         
125.77(10)  
    O(3)-C(7)-C(6)         
125.53(10)  
    O(4)-C(7)-C(6)         
108.70(9)  
    O(4)-C(8)-C(9)         
110.39(10)  
    O(6)-C(10)-O(5)        
126.13(11)  
    O(6)-C(10)-C(6)        
123.20(11)  
    O(5)-C(10)-C(6)        
110.65(9)  
    O(5)-C(11)-C(12)       
110.30(11)  
    C(1)-N(1)-C(5)         
118.92(10)  
    O(1)-N(2)-O(2)         
123.74(10)  
    O(1)-N(2)-C(2)         
118.13(10)  
    O(2)-N(2)-C(2)         
118.12(9)  
    C(7)-O(4)-C(8)         
116.92(9)  
    C(10)-O(5)-C(11)       
117.98(10)  
   
    

______________________________________________________________________  
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Table 6.  Torsion angles [°] for C12 H14 N2 O6. 

  
_____________________________________________________________________________
_  
 
N(1)-C(1)-C(2)-C(3)       -3.56(16) 
C(6)-C(1)-C(2)-C(3)      175.14(10) 
N(1)-C(1)-C(2)-N(2)      175.85(10) 
C(6)-C(1)-C(2)-N(2)       -5.46(17) 
C(1)-C(2)-C(3)-C(4)        2.31(16) 
N(2)-C(2)-C(3)-C(4)     -177.13(10) 
C(2)-C(3)-C(4)-C(5)        1.13(16) 
C(3)-C(4)-C(5)-N(1)       -3.65(18) 
N(1)-C(1)-C(6)-C(10)      -0.30(13) 
C(2)-C(1)-C(6)-C(10)    -179.05(10) 
N(1)-C(1)-C(6)-C(7)      122.14(10) 
C(2)-C(1)-C(6)-C(7)      -56.62(14) 
C(1)-C(6)-C(7)-O(3)       -9.30(16) 
C(10)-C(6)-C(7)-O(3)     113.07(12) 
C(1)-C(6)-C(7)-O(4)      171.07(9) 
C(10)-C(6)-C(7)-O(4)     -66.56(11) 
C(1)-C(6)-C(10)-O(6)     -98.76(13) 
 
 
C(7)-C(6)-C(10)-O(6)     137.06(11) 
C(1)-C(6)-C(10)-O(5)      82.61(11) 
C(7)-C(6)-C(10)-O(5)     -41.57(12) 
C(2)-C(1)-N(1)-C(5)        1.17(16) 
C(6)-C(1)-N(1)-C(5)     -177.65(10) 
C(4)-C(5)-N(1)-C(1)        2.46(17) 
C(3)-C(2)-N(2)-O(1)      -21.33(14) 
C(1)-C(2)-N(2)-O(1)      159.24(10) 
C(3)-C(2)-N(2)-O(2)      157.51(10) 
C(1)-C(2)-N(2)-O(2)      -21.92(15) 
O(3)-C(7)-O(4)-C(8)       -3.10(16) 
C(6)-C(7)-O(4)-C(8)      176.52(9) 
C(9)-C(8)-O(4)-C(7)      -88.32(12) 
O(6)-C(10)-O(5)-C(11)      4.83(18) 
C(6)-C(10)-O(5)-C(11)   -176.59(10) 
C(12)-C(11)-O(5)-C(10)  -105.81(13
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Table 1.  Crystal data and structure refinement for C18 H17 N3 O2. 

   
   
      Identification code               INSN14  
   
      Empirical formula                 C18 H17 N3 O2  
   
      Formula weight                    307.34  
   
      Temperature                       100K  
   
      Wavelength                        1.54178 Å  
   
      Crystal system                    Monoclinic  
   
      Space group                       P21 
   

      Unit cell dimensions              a =  8.6286(5) Å    D = 90q  
                                        b =  6.1649(4) Å    E = 99.9863(19)q  
                                        c = 14.2037(9) Å    J = 90q  
   

      Volume                            744.11(8)Å
3
  

   
      Z                                 2  
   

      Density (calculated)              1.372  g/cm
3
  

   

      Absorption coefficient            0.741 mm
-1
  

   
      F(000)                            324  
   
      Crystal size                      0.18 x 0.16 x 0.05 mm  
   

      Theta range for data collection   3.159 to 71.540q  
   

      Index ranges                      -10�d�h�d�10, -7�d�k�d�7, -17�d�"�d�17  
   
      Reflections collected             30266  
   
      Independent reflections           2851 [Rint = 0.036]  

   
      Absorption correction             Semi-empirical from equivalents  
   
      Max. and min. transmission        0.7535 and 0.6788  
   

      Refinement method                 Full-matrix least-squares on F
2
  

   
      Data / restraints / parameters    2851 / 1 / 218  
   

      Goodness-of-fit on F
2
             1.076  

   

      Final R indices [I>2sigma(I)]     R1 = 0.0269, wR2 = 0.0706  
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      R indices (all data)              R1 = 0.0270, wR2 = 0.0706  
   
      Absolute structure parameter      0.08(4)  
   

       Largest diff. peak and hole       0.198 and -0.150 e/Å
3
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Table 2.  Atomic coordinates (x 10
4
) and equivalent isotropic 

displacement parameters (Å
2
 x 10

3
) for C18 H17 N3 O2. 

 

Ueq is defined as one third of the trace of the orthogonalized 

Uij tensor. 

   
         ________________________________________________________________  
   
                         x             y             z           Ueq  

         ________________________________________________________________  
   
          C(2)         -808(2)       2667(3)       2495(1)       15(1)  
          C(3)          851(2)       2457(3)       2344(1)       14(1)  
          C(4)          880(2)        506(3)       1767(1)       14(1)  
          C(6)         1772(2)      -2219(3)        918(1)       18(1)  
          C(7)          307(2)      -3215(3)        749(1)       18(1)  
          C(8)         -955(2)      -2300(3)       1101(1)       18(1)  
          C(9)         -651(2)       -389(3)       1605(1)       15(1)  
          C(10)        2123(2)       3733(3)       2660(1)       14(1)  
          C(11)        2309(2)       5685(3)       3207(1)       14(1)  
          C(12)        1218(2)       6864(3)       3609(1)       15(1)  
          C(14)        3456(2)       8764(3)       3921(1)       14(1)  
          C(15)        4580(2)      10365(3)       4221(1)       17(1)  
          C(16)        6063(2)      10036(3)       3995(1)       19(1)  
          C(17)        6405(2)       8165(3)       3505(1)       18(1)  
          C(18)        5280(2)       6587(3)       3214(1)       16(1)  
          C(19)        3766(2)       6895(3)       3416(1)       14(1)  
          C(20)        1134(2)      10217(3)       4590(1)       18(1)  
          N(1)        -1618(2)        929(3)       2040(1)       17(1)  
          N(5)         2082(2)       -368(2)       1426(1)       16(1)  
          N(13)        1889(2)       8679(2)       4034(1)       14(1)  
          O(2)        -1414(1)       4056(2)       2935(1)       22(1)  
          C(21)        4901(2)       2878(4)        792(2)       31(1)  
          O(21)        5123(2)       1077(3)       1404(1)       31(1)  
         ________________________________________________________________  
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Table 3. Hydrogen coordinates (x 10
4
) and isotropic displacement 

parameters (Å
2
 x 10

3
) for C18 H17 N3 O2. 

   
         ________________________________________________________________  
   
                         x             y             z           Ueq  

         ________________________________________________________________  
   
          H(6)         2604         -2877           662          21  
          H(7)          165         -4525           393          21  
          H(8)        -1967         -2955           999          22  
          H(10)        3070          3225          2481          17  
          H(12)         151          6456          3588          18  
          H(15)        4341         11612          4561          20  
          H(16)        6861         11093          4174          23  
          H(17)        7437          7975          3370          21  
          H(18)        5531          5329          2885          19  
          H(20A)       1538         10005          5272          28  
          H(20B)         -6          9979          4465          28  
          H(20C)       1362         11700          4407          28  
          H(1)        -2640(30)       830(40)      1969(16)      24(6)  
          H(21A)       4815          2392           128          46  
          H(21B)       5798          3866           949          46  
          H(21C)       3933          3635           872          46  
          H(21)        4160(30)       640(50)      1468(18)      38(7)  
         ________________________________________________________________  
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Table 4.  Anisotropic parameters (Å
2
 x 10

3
) for C18 H17 N3 O2. 

 

The anisotropic displacement factor exponent takes the form: 

 

-2 S2 [ h2 a*2 U11 + ... + 2 h k a* b* U12 ] 
 

    _______________________________________________________________________  
   
              U11        U22        U33        U23        U13        U12  
    _______________________________________________________________________  
   
    C(2)     13(1)      17(1)      17(1)       2(1)       4(1)       0(1)  
    C(3)     14(1)      15(1)      14(1)       2(1)       3(1)       0(1)  
    C(4)     13(1)      14(1)      13(1)       2(1)       1(1)      -1(1)  
    C(6)     19(1)      17(1)      17(1)       1(1)       3(1)       4(1)  
    C(7)     23(1)      14(1)      15(1)       0(1)       0(1)       0(1)  
    C(8)     17(1)      19(1)      17(1)       1(1)      -1(1)      -5(1)  
    C(9)     14(1)      15(1)      15(1)       3(1)       2(1)      -1(1)  
    C(10)    12(1)      16(1)      14(1)       2(1)       2(1)       3(1)  
    C(11)    13(1)      14(1)      13(1)       2(1)       2(1)      -1(1)  
    C(12)    15(1)      16(1)      14(1)       1(1)       2(1)      -2(1)  
    C(14)    13(1)      14(1)      13(1)       2(1)       1(1)       1(1)  
    C(15)    19(1)      15(1)      15(1)      -1(1)       0(1)       0(1)  
    C(16)    16(1)      18(1)      21(1)       1(1)      -2(1)      -4(1)  
    C(17)    12(1)      21(1)      20(1)       3(1)       2(1)       1(1)  
    C(18)    16(1)      16(1)      15(1)       1(1)       2(1)       2(1)  
    C(19)    15(1)      13(1)      13(1)       2(1)       0(1)       0(1)  
    C(20)    19(1)      19(1)      19(1)      -4(1)       6(1)       2(1)  
    N(1)     10(1)      19(1)      23(1)      -3(1)       4(1)      -3(1)  
    N(5)     15(1)      16(1)      16(1)       0(1)       2(1)       1(1)  
    N(13)    14(1)      14(1)      15(1)      -1(1)       3(1)       0(1)  
    O(2)     16(1)      22(1)      29(1)      -6(1)       8(1)      -1(1)  
    C(21)    26(1)      36(1)      31(1)       4(1)       6(1)       2(1)  
    O(21)    12(1)      36(1)      45(1)      12(1)       2(1)      -3(1)  
    _______________________________________________________________________  
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Table 5.  Bond lengths [Å] and angles [°] for C18 H17 N3 O2 

    ______________________________________________________________________   
 
    C(2)-O(2)      
         1.229(2)  
    C(2)-N(1)         
      1.378(2)  
    C(2)-C(3)      
         1.490(2)  
    C(3)-C(10)      
        1.362(2)  
    C(3)-C(4)    
           1.458(2)  
    C(4)-N(5)         
      1.332(2)  
    C(4)-C(9)      
         1.414(2)  
    C(6)-N(5)       
        1.352(2)  
    C(6)-C(7)      
         1.388(3)  
    C(7)-C(8)      
         1.394(3)  
    C(8)-C(9)     
          1.380(3)  
    C(9)-N(1)      
         1.384(2)  
    C(10)-C(11)    
         1.427(2)  
    C(11)-C(12)    
         1.388(3)  
    C(11)-C(19)    
         1.448(2)  
    C(12)-N(13)    
         1.353(2)  
    C(14)-N(13)    
         1.390(2)  
    C(14)-C(15)   
          1.397(2)  
    C(14)-C(19)    
         1.407(2)  
    C(15)-C(16)    
         1.387(2)  
    C(16)-C(17)    
         1.404(3)  
    C(17)-C(18)   
          1.386(2)  
    C(18)-C(19)    
         1.398(2)  
    C(20)-N(13)    
         1.458(2)  
    C(21)-O(21)    
         1.402(3)  
   
    O(2)-C(2)-N(1)         
123.74(16)  

    O(2)-C(2)-C(3)         
129.62(16)  
    N(1)-C(2)-C(3)         
106.63(15)  
    C(10)-C(3)-C(4)        
124.76(15)  
    C(10)-C(3)-C(2)        
129.96(16)  
 
 
    C(4)-C(3)-C(2)         
105.28(14)  
    N(5)-C(4)-C(9)         
123.19(16)  
    N(5)-C(4)-C(3)         
128.94(15)  
    C(9)-C(4)-C(3)         
107.88(14)  
    N(5)-C(6)-C(7)         
123.75(16)  
    C(6)-C(7)-C(8)         
120.26(17)  
    C(9)-C(8)-C(7)         
116.20(16)  
    C(8)-C(9)-N(1)         
131.13(16)  
    C(8)-C(9)-C(4)         
120.39(16)  
    N(1)-C(9)-C(4)         
108.46(15)  
    C(3)-C(10)-C(11)       
132.42(15)  
    C(12)-C(11)-C(10)      
130.25(16)  
    C(12)-C(11)-C(19)      
105.83(15)  
    C(10)-C(11)-C(19)      
123.87(15)  
    N(13)-C(12)-C(11)      
110.40(15)  
    N(13)-C(14)-C(15)      
128.95(16)  
    N(13)-C(14)-C(19)      
107.62(14)  
    C(15)-C(14)-C(19)      
123.43(16)  
    C(16)-C(15)-C(14)      
116.44(16)  
    C(15)-C(16)-C(17)      
121.06(17)  
    C(18)-C(17)-C(16)      
121.87(16)  
    C(17)-C(18)-C(19)      
118.33(16)  
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    C(18)-C(19)-C(14)      
118.84(15)  
    C(18)-C(19)-C(11)      
134.22(16)  
    C(14)-C(19)-C(11)      
106.93(15)  
    C(2)-N(1)-C(9)         
111.75(14)  
    C(4)-N(5)-C(6)         
116.17(15)  

    C(12)-N(13)-C(14)      
109.21(14)  
    C(12)-N(13)-C(20)      
125.64(15)  
    C(14)-N(13)-C(20)      
124.98(14)  
   
    

______________________________________________________________________  
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Table 6.  Torsion angles [°] for C18 H17 N3 O2. 

  
_____________________________________________________________________________
_    
 
  O(2)-C(2)-C(3)-C(10)       0.6(3)  
  N(1)-C(2)-C(3)-C(10)    -
178.79(17)  
  O(2)-C(2)-C(3)-C(4)     -
179.90(17)  
  N(1)-C(2)-C(3)-C(4)        
0.68(18)  
  C(10)-C(3)-C(4)-N(5)      -1.7(3)  
  C(2)-C(3)-C(4)-N(5)      
178.78(17)  
  C(10)-C(3)-C(4)-C(9)     
178.57(15)  
  C(2)-C(3)-C(4)-C(9)       -
0.94(17)  
  N(5)-C(6)-C(7)-C(8)        0.7(3)  
  C(6)-C(7)-C(8)-C(9)        0.5(2)  
  C(7)-C(8)-C(9)-N(1)      
179.69(17)  
  C(7)-C(8)-C(9)-C(4)       -1.9(2)  
  N(5)-C(4)-C(9)-C(8)        2.4(2)  
  C(3)-C(4)-C(9)-C(8)     -
177.87(14)  
  N(5)-C(4)-C(9)-N(1)     -
178.87(16)  
  C(3)-C(4)-C(9)-N(1)        
0.86(18)  
  C(4)-C(3)-C(10)-C(11)    
178.80(16)  
  C(2)-C(3)-C(10)-C(11)     -1.8(3)  
  C(3)-C(10)-C(11)-C(12)     1.7(3)  
  C(3)-C(10)-C(11)-C(19)  -
175.42(17)  
  C(10)-C(11)-C(12)-N(13) -
177.17(16)  
  C(19)-C(11)-C(12)-N(13)    
0.34(18)  
  N(13)-C(14)-C(15)-C(16) -
179.06(16)  
  C(19)-C(14)-C(15)-C(16)    0.0(2)  
  C(14)-C(15)-C(16)-C(17)   -1.1(3)  
  C(15)-C(16)-C(17)-C(18)    1.0(3)  
 
 
  C(16)-C(17)-C(18)-C(19)    0.2(2)  
  C(17)-C(18)-C(19)-C(14)   -1.2(2)  
  C(17)-C(18)-C(19)-C(11)  
177.71(17)  
  N(13)-C(14)-C(19)-C(18) -
179.60(14)  
  C(15)-C(14)-C(19)-C(18)    1.1(2)  

  N(13)-C(14)-C(19)-C(11)    
1.20(17)  
  C(15)-C(14)-C(19)-C(11) -
178.07(15)  
  C(12)-C(11)-C(19)-C(18) -
179.97(18)  
  C(10)-C(11)-C(19)-C(18)   -2.3(3)  
  C(12)-C(11)-C(19)-C(14)   -
0.95(18)  
  C(10)-C(11)-C(19)-C(14)  
176.76(15)  
  O(2)-C(2)-N(1)-C(9)     -
179.63(16)  
  C(3)-C(2)-N(1)-C(9)       -
0.17(19)  
  C(8)-C(9)-N(1)-C(2)      
178.11(17)  
  C(4)-C(9)-N(1)-C(2)       -
0.44(19)  
  C(9)-C(4)-N(5)-C(6)       -1.2(2)  
  C(3)-C(4)-N(5)-C(6)      
179.14(16)  
  C(7)-C(6)-N(5)-C(4)       -0.3(2)  
  C(11)-C(12)-N(13)-C(14)    
0.42(18)  
  C(11)-C(12)-N(13)-C(20) -
175.06(15)  
  C(15)-C(14)-N(13)-C(12)  
178.19(17)  
  C(19)-C(14)-N(13)-C(12)   -
1.02(17)  
  C(15)-C(14)-N(13)-C(20)   -6.3(3)  
  C(19)-C(14)-N(13)-C(20)  
174.50(15)  
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Table 7. Bond lengths [Å] and angles [°] related to the hydrogen 

bonding for C18 H17 N3 O2. 

______________________________________________________________________ 
   
        D-H         ..A       d(D-H)      d(H..A)     d(D..A)     <DHA  
   
     N(1)-H(1)      O(21)#1    0.87(3)     1.96(3)    2.802(2)    161(2)  
     O(21)-H(21)    N(5)       0.89(3)     1.89(3)    2.777(2)    172(2)  
   
   ______________________________________________________________________  
   
    Symmetry transformations used to generate equivalent atoms:  
   
         #1 x-1,y,z      
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Annex 3 

Additional Experimental Data (NMR Spectrum and Crystallographic Data for Compound 
4.22 from Supporting Information Section 5 and 6 - Chapter 4) 

The data from this Annex have been published in Supporting Information of: Bernard-
Gauthier, V.; Bailey, J. J.; Aliaga, A.; Kostikov, A.; Rosa-Neto, P.; Wuest, M.; Brodeur, G. M.; 
Bedell, B. J.; Wuest, F.; Schirrmacher, R. Development of Subnanomolar Radiofluorinated (2-
Pyrrolidin-1-yl)imidazo[1,2-b]pyridazine pan-Trk  Inhibitors as Candidate PET Imaging Probes. 
MedChemComm, 2015, 6, 2184-2193. 
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1H NMR and 13C NMR for compound 4.10 
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1H NMR and 13C NMR for compound 4.9 
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1H NMR and 13C NMR for compound 4.11 
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1H NMR and 13C NMR for compound 4.12 
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1H NMR and 13C NMR for compound 4.13 
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1H NMR and 13C NMR for compound 4.14 
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1H NMR and 13C NMR for compound 4.15
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1H NMR and 13C NMR for compound 4.16 
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1H NMR and 13C NMR for compound 4.17 
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1H NMR and 13C NMR for compound 4.18 
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1H NMR and 13C NMR for compound 4.19 
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1H NMR and 13C NMR for compound 4.20 
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1H NMR and 13C NMR for compound 4.21 
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1H NMR and 13C NMR for compound 4.22 
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1H NMR and 13C NMR for compound 4.23 
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1H NMR and 13C NMR for compound 4.24 
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1H NMR and 13C NMR for compound 4.25 
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1H NMR and 13C NMR for compound 4.26 
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1H NMR and 13C NMR for compound 4.27 
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1H NMR and 13C NMR for compound 4.29 
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1H NMR and 13C NMR for compound 4.30 
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1H NMR and 13C NMR for compound 4.32 
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1H NMR and 13C NMR for compound 4.33 
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1H NMR and 13C NMR for compound 4.34 
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1H NMR and 13C NMR for compound 4.35 
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1H NMR and 13C NMR for compound 4.36 
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1H NMR and 13C NMR for compound 4.38 
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1H NMR and 13C NMR for compound 4.39 
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1H NMR and 13C NMR for compound 4.40 
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1H NMR and 13C NMR for compound 4.41 
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XCL Code: UNI1504 Date: 22 May 2015 

Compound: N-(2,4-difluoro-3-methoxybenzyl)-6-{2-(3-fluorophenyl)pyrrolidin-1-
yl}imidazo[1,2-b]pyridazine-3-carboxamide•1.4H2O 

Formula: C25H23.8F3N5O3.4 (C25H22F3N5O2•1.4H2O) 

Clients: Prof. R. Schirrmacher, Department of Oncology 

Crystallographer: R. McDonald 
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Figure 1. Perspective view of the N-(2,4-difluoro-3-methoxybenzyl)-6-{2-(3-fluorophenyl)-

pyrrolidin-1-yl}imidazo[1,2-b]pyridazine-3-carboxamide molecule showing the atom 

labelling scheme.  Non-hydrogen atoms are represented by Gaussian ellipsoids at the 

30% probability level.  Hydrogen atoms are shown with arbitrarily small thermal 

parameters. 
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Figure 2. Alternate view of the molecule. 
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Table 1.  Crystallographic Experimental Details 

A.  Crystal Data 

formula C25H23.8F3N5O3.4 

formula weight 505.69 

crystal dimensions (mm) 0.29 u 0.24 u 0.02 

crystal system monoclinic 

space group P21/c (No. 14) 

unit cell parametersa 

 a (Å) 13.8619 (3) 

 b (Å) 10.1495 (2) 

 c (Å) 17.3464 (4) 

 E (deg) 104.9414 (13) 

 V (Å3) 2357.98 (9) 

 Z 4 

Ucalcd (g cm-3) 1.424 

µ (mm-1) 0.959 

B.  Data Collection and Refinement Conditions 

diffractometer Bruker D8/APEX II CCDb 

radiation (O [Å]) Cu KD (1.54178) (microfocus source) 

temperature (°C) –100 

scan type Z and I scans (1.0q) (5 s exposures) 

data collection 2T limit (deg) 145.48 

total data collected 14514 (-14 d h d 16, -12 d k d 12, -21 d l d 21) 

independent reflections 4601 (Rint = 0.0576) 

number of observed reflections (NO) 3236 [Fo2 t 2V(Fo2)] 
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structure solution method direct methods/dual space (SHELXDc) 

refinement method full-matrix least-squares on F2 (SHELXL–2014d) 

absorption correction method Gaussian integration (face-indexed) 

range of transmission factors 1.0000–0.6593 

data/restraints/parameters 4601 / 12e / 402 

goodness-of-fit (S)f [all data] 1.054 

final R indicesg 

 R1 [Fo2 t 2V(Fo2)] 0.0726 

 wR2 [all data] 0.2321 

largest difference peak and hole 0.928 and –0.357 e Å-3 

 

aObtained from least-squares refinement of 5514 reflections with 6.60° < 2T < 145.20°. 

bPrograms for diffractometer operation, data collection, data reduction and absorption correction were 
those supplied by Bruker. 

      (continued) 
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Table 1.  Crystallographic Experimental Details (continued) 

 

cSchneider, T. R.; Sheldrick, G. M.  Acta Crystallogr. 2002, D58, 1772-1779. 

dSheldrick, G. M.  Acta Crystallogr. 2015, C71, 3–8. 

e(a) The C16–C20A and C16–C20B distances were constrained to be equal (within 0.03 Å) during 
refinement.  (b) The carbon atoms of the minor (40%) conformer of the disordered 3-fluorophenyl 
group were refined as an idealized regular hexagon, with C–C bond distances of 1.390 Å and C–C–C 
bond angles of 120.0º.  (c) The O–H and H…H distances within the disordered solvent water 
molecules were constrained to be 0.840(3) Å and 1.370(3) Å during refinement.  (c)  The 
H1SB…N1(at 1–x, y , 1–z) distance was constrained to be 2.22(2) Å during refinement.  (e)  The 
H1SD…N1(at 1–x, y , 1–z) distance was constrained to be 1.97(2) Å during refinement. 

fS = [6w(Fo2 – Fc2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied; w = [V2(Fo2) + 
(0.1241P)2 + 1.7884P]-1 where P = [Max(Fo2, 0) + 2Fc2]/3). 

gR1 = 6||Fo| – |Fc||/6|Fo|; wR2 = [6w(Fo2 – Fc2)2/6w(Fo4)]1/2. 
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Table 2.  Atomic Coordinates and Equivalent Isotropic Displacement Parameters 

(a) atoms of N-(2,4-difluoro-3-methoxybenzyl)-6-{2-(3-fluorophenyl)pyrrolidin-1-yl}imidazo[1,2-

b]pyridazine-3-carboxamide 

Atom x y z Ueq, Å2 

F1 0.29978(16) 0.4603(2) 0.05861(12) 0.0561(6)* 
F2 0.05424(19) 0.1307(3) 0.01556(16) 0.0846(9)* 
F3Aa -0.0203(4) 0.3952(6) 0.2866(3) 0.1031(18)* 
F3Bb 0.0855(6) 0.5225(13) 0.1295(4) 0.153(5)* 
O1 0.47929(19) 0.1999(2) 0.30617(13) 0.0460(6)* 
O2 0.1364(2) 0.3422(3) -0.04391(17) 0.0733(9)* 
N1 0.50741(19) 0.2115(2) 0.55712(16) 0.0394(6)* 
N2 0.41956(18) 0.3635(2) 0.47520(13) 0.0300(5)* 
N3 0.35888(18) 0.4688(2) 0.44806(14) 0.0308(5)* 
N4 0.26532(19) 0.6351(2) 0.47788(14) 0.0338(6)* 
N5 0.3869(2) 0.3850(3) 0.30329(15) 0.0375(6)* 
C1 0.3284(2) 0.5324(3) 0.50423(16) 0.0307(6)* 
C2 0.3590(2) 0.4991(3) 0.58702(17) 0.0357(6)* 
C3 0.4208(2) 0.3947(3) 0.61077(18) 0.0370(7)* 
C4 0.4515(2) 0.3211(3) 0.55273(17) 0.0329(6)* 
C5 0.5105(2) 0.1855(3) 0.48105(19) 0.0378(7)* 
C6 0.4569(2) 0.2773(3) 0.42802(18) 0.0340(6)* 
C7 0.4415(2) 0.2850(3) 0.34104(18) 0.0355(6)* 
C8 0.3713(3) 0.4071(3) 0.21827(17) 0.0396(7)* 
C9 0.2846(2) 0.3297(3) 0.16709(17) 0.0358(7)* 
C10 0.2534(3) 0.3601(3) 0.08689(19) 0.0424(7)* 
C11 0.1749(3) 0.2973(4) 0.0338(2) 0.0538(9)* 
C12 0.1301(3) 0.1949(4) 0.0657(2) 0.0572(10)* 
C13 0.1572(3) 0.1618(4) 0.1439(2) 0.0534(9)* 
C14 0.2361(3) 0.2298(3) 0.1952(2) 0.0454(8)* 
C15 0.1970(4) 0.3200(4) -0.0949(3) 0.0697(12)* 
C16 0.2482(2) 0.6875(3) 0.39732(17) 0.0378(7)* 
C17 0.2103(3) 0.8272(3) 0.4074(2) 0.0481(8)* 
C18 0.1524(3) 0.8091(3) 0.4702(2) 0.0471(8)* 
C19 0.2204(3) 0.7165(3) 0.53000(19) 0.0432(8)* 
C20Aa 0.1767(7) 0.6164(11) 0.3288(5) 0.0392(19)* 
C21Aa 0.1084(6) 0.5319(8) 0.3415(4) 0.0421(17)* 
C22Aa 0.0476(5) 0.4782(7) 0.2770(5) 0.0538(16)* 
C23Aa 0.0500(6) 0.5044(8) 0.1989(5) 0.0491(17)* 
C24Aa 0.1185(6) 0.5977(7) 0.1880(4) 0.0573(18)* 
C25Aa 0.1841(6) 0.6549(7) 0.2520(4) 0.0442(15)* 
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C20Bb 0.1701(7) 0.5890(9) 0.3431(5) 0.064(9)* 
C21Bb 0.1614(6) 0.5934(8) 0.2615(5) 0.051(2)* 
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Table 2.  Atomic Coordinates and Displacement Parameters (continued) 

Atom x y z Ueq, Å2 

C22Bb 0.0933(6) 0.5121(10) 0.2102(4) 0.070(5)* 
C23Bb 0.0340(5) 0.4263(9) 0.2404(5) 0.071(3)* 
C24Bb 0.0427(5) 0.4219(7) 0.3220(5) 0.066(3)* 
C25Bb 0.1108(7) 0.5032(9) 0.3734(4) 0.045(3)* 
H5N 0.367(3) 0.439(4) 0.331(2) 0.052(11) 

(b) solvent water atoms 

Atom x y z Ueq, Å2 

O1SAa 0.3735(4) -0.0600(5) 0.2970(3) 0.0588(13) 
H1SAa,c 0.413(4) 0.003(4) 0.297(5) 0.088 
H1SBa,c 0.403(4) -0.119(3) 0.329(2) 0.088 
O1SBb 0.3829(5) -0.0348(7) 0.3282(4) 0.0464(15) 
H1SCb,c 0.421(5) 0.025(6) 0.320(5) 0.070 
H1SDb,c 0.414(5) -0.081(5) 0.367(3) 0.070 
O2SBb 0.3413(6) 0.7538(9) 0.2265(5) 0.077(2) 
H2SAb,c 0.356(6) 0.824(5) 0.252(5) 0.115 
H2SBb,c 0.394(3) 0.717(8) 0.222(6) 0.115 
 

Anisotropically-refined atoms are marked with an asterisk (*).  The form of the anisotropic displacement 
parameter is: exp[-2S2(h2a*2U11 + k2b*2U22 + l2c*2U33 + 2klb*c*U23 + 2hla*c*U13 + 2hka*b*U12)].  
aRefined with an occupancy factor of 0.6.  bRefined with an occupancy factor of 0.4.  cRefined with an 

isotropic displacement parameter 150% of that of the attached oxygen atom. 
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Table 3.  Selected Interatomic Distances (Å) 

Atom1 Atom2 Distance Atom1 Atom2 Distance 

F1 C10 1.361(4) 
F2 C12 1.347(4) 
F3A C22A 1.305(9) 
F3B C22B 1.380(10) 
O1 C7 1.245(4) 
O2 C11 1.393(4) 
O2 C15 1.388(5) 
N1 C4 1.346(4) 
N1 C5 1.357(4) 
N2 N3 1.366(3) 
N2 C4 1.372(3) 
N2 C6 1.386(4) 
N3 C1 1.326(4) 
N4 C1 1.362(4) 
N4 C16 1.456(4) 
N4 C19 1.475(4) 
N5 C7 1.333(4) 
N5 C8 1.452(4) 
C1 C2 1.429(4) 
C2 C3 1.358(4) 
C3 C4 1.405(4) 
C5 C6 1.384(4) 
C6 C7 1.470(4) 
C8 C9 1.516(4) 

C9 C10 1.381(4) 
C9 C14 1.374(4) 
C10 C11 1.386(5) 
C11 C12 1.396(6) 
C12 C13 1.353(5) 
C13 C14 1.402(5) 
C16 C17 1.538(4) 
C16 C20A 1.520(7)a 
C16 C20B 1.591(6)a 
C17 C18 1.521(5) 
C18 C19 1.532(5) 
C20A C21A 1.337(13) 
C20A C25A 1.416(12) 
C21A C22A 1.331(10) 
C22A C23A 1.389(11) 
C23A C24A 1.387(10) 
C24A C25A 1.370(10) 
C20B C21B 1.390a 
C20B C25B 1.390a 
C21B C22B 1.390a 
C22B C23B 1.390a 
C23B C24B 1.390a 
C24B C25B 1.390a 

aDistances restrained during refinement.  See footnote e of Table 1 for details. 
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Table 4.  Selected Interatomic Angles (deg) 

Atom1 Atom2 Atom3 Angle Atom1 Atom2 Atom3 Angle 

C11 O2 C15 114.9(3) 
C4 N1 C5 105.5(2) 
N3 N2 C4 126.7(2) 
N3 N2 C6 125.5(2) 
C4 N2 C6 107.8(2) 
N2 N3 C1 114.4(2) 
C1 N4 C16 122.2(2) 
C1 N4 C19 124.0(2) 
C16 N4 C19 113.2(2) 
C7 N5 C8 122.2(3) 
N3 C1 N4 115.2(2) 
N3 C1 C2 123.7(3) 
N4 C1 C2 121.1(3) 
C1 C2 C3 119.3(3) 
C2 C3 C4 118.8(3) 
N1 C4 N2 110.5(3) 
N1 C4 C3 132.5(3) 
N2 C4 C3 117.0(3) 
N1 C5 C6 111.7(3) 
N2 C6 C5 104.5(3) 
N2 C6 C7 126.5(3) 
C5 C6 C7 129.0(3) 
O1 C7 N5 123.1(3) 
O1 C7 C6 119.6(3) 
N5 C7 C6 117.3(3) 
N5 C8 C9 113.8(3) 
C8 C9 C10 118.0(3) 
C8 C9 C14 124.1(3) 
C10 C9 C14 117.9(3) 
F1 C10 C9 118.4(3) 
F1 C10 C11 117.9(3) 
C9 C10 C11 123.7(3) 
O2 C11 C10 122.1(4) 
O2 C11 C12 121.9(4) 

C10 C11 C12 115.6(3) 
F2 C12 C11 117.2(4) 
F2 C12 C13 119.7(4) 
C11 C12 C13 123.0(3) 
C12 C13 C14 119.0(4) 
C9 C14 C13 120.7(3) 
N4 C16 C17 101.7(2) 
N4 C16 C20A 119.3(6)a 
N4 C16 C20B 104.8(4)a 
C17 C16 C20A 110.7(5)a 
C17 C16 C20B 116.5(5)a 
C16 C17 C18 103.2(3) 
C17 C18 C19 102.3(3) 
N4 C19 C18 102.2(2) 
C16 C20A C21A 121.5(9)a 
C16 C20A C25A 114.4(9)a 
C21A C20A C25A 123.9(6) 
C20A C21A C22A 116.5(7) 
F3A C22A C21A 118.6(7) 
F3A C22A C23A 116.6(7) 
C21A C22A C23A 124.9(7) 
C22A C23A C24A 116.9(7) 
C23A C24A C25A 120.9(6) 
C20A C25A C24A 116.8(7) 
C16 C20B C21B 116.7(5)a 
C16 C20B C25B 123.3(5)a 
C21B C20B C25B 120.0a 
C20B C21B C22B 120.0a 
F3B C22B C21B 117.9(8)a 
F3B C22B C23B 122.1(8)a 
C21B C22B C23B 120.0a 
C22B C23B C24B 120.0a 
C23B C24B C25B 120.0a 
C20B C25B C24B 120.0a 

aAngle includes distance(s) restrained during refinement.  See footnote e of Table 1 for details. 
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Table 5.  Hydrogen-Bonded Interactions 

 

D–H…A D–H 
(Å) 

H…A 
(Å) 

D…A 
(Å) 

�D–H…A 
(deg) 

N5–H5N…N3 0.82(4) 2.09(4) 2.772(4) 141(4) 

O1SA–H1SA…O1 0.840(3) 2.19(2) 3.002(6) 163(7) 

O1SA–H1SB…N1a 0.841(3) 2.256(16) 3.056(6) 159(4) 

O1SB–H1SC…O1 0.840(3) 1.99(3) 2.805(7) 163(8) 

O1SB–H1SD…N1a 0.841(3) 1.985(14) 2.816(7) 169(7) 

O2SB–H2SA…O1SBb 0.840(3) 1.92(2) 2.743(11) 168(10) 

O2SB–H2SB…O1c 0.840(3) 1.95(4) 2.745(9) 157(10) 

 

aAt 1–x, y , 1–z. 

bAt x, 1+y, z. 

cAt 1–x, 1/2+y, 1/2–z. 
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Table 6.  Torsional Angles (deg) 

Atom1 Atom2 Atom3 Atom4 Angle Atom1 Atom2 Atom3 Atom4 Angle 

C15 O2 C11 C10 72.8(5) 
C15 O2 C11 C12 -114.1(5) 
C5 N1 C4 N2 0.2(3) 
C5 N1 C4 C3 179.2(3) 
C4 N1 C5 C6 -0.2(3) 
C4 N2 N3 C1 -1.1(4) 
C6 N2 N3 C1 176.4(3) 
N3 N2 C4 N1 177.7(2) 
N3 N2 C4 C3 -1.5(4) 
C6 N2 C4 N1 -0.1(3) 
C6 N2 C4 C3 -179.3(3) 
N3 N2 C6 C5 -177.9(2) 
N3 N2 C6 C7 2.3(4) 
C4 N2 C6 C5 0.0(3) 
C4 N2 C6 C7 -179.8(3) 
N2 N3 C1 N4 -178.1(2) 
N2 N3 C1 C2 2.7(4) 
C16 N4 C1 N3 -11.5(4) 
C16 N4 C1 C2 167.7(3) 
C19 N4 C1 N3 178.2(3) 
C19 N4 C1 C2 -2.5(4) 
C1 N4 C16 C17 -158.1(3) 
C1 N4 C16 C20A 79.9(5)a 
C1 N4 C16 C20B 80.2(5)a 
C19 N4 C16 C17 13.1(3) 
C19 N4 C16 C20A -108.9(5)a 
C19 N4 C16 C20B -108.6(5)a 
C1 N4 C19 C18 -176.4(3) 
C16 N4 C19 C18 12.5(4) 
C8 N5 C7 O1 -3.4(5) 
C8 N5 C7 C6 176.5(3) 
C7 N5 C8 C9 85.7(4) 
N3 C1 C2 C3 -1.8(4) 
N4 C1 C2 C3 179.0(3) 
C1 C2 C3 C4 -1.0(4) 
C2 C3 C4 N1 -176.5(3) 
C2 C3 C4 N2 2.5(4) 
N1 C5 C6 N2 0.1(3) 
N1 C5 C6 C7 180.0(3) 

N2 C6 C7 O1 -179.6(3) 
N2 C6 C7 N5 0.5(5) 
C5 C6 C7 O1 0.5(5) 
C5 C6 C7 N5 -179.3(3) 
N5 C8 C9 C10 169.5(3) 
N5 C8 C9 C14 -11.6(4) 
C8 C9 C10 F1 -2.0(4) 
C8 C9 C10 C11 -179.7(3) 
C14 C9 C10 F1 179.0(3) 
C14 C9 C10 C11 1.3(5) 
C8 C9 C14 C13 -179.3(3) 
C10 C9 C14 C13 -0.4(5) 
F1 C10 C11 O2 -6.8(5) 
F1 C10 C11 C12 179.8(3) 
C9 C10 C11 O2 170.9(3) 
C9 C10 C11 C12 -2.6(5) 
O2 C11 C12 F2 7.3(6) 
O2 C11 C12 C13 -170.4(4) 
C10 C11 C12 F2 -179.2(3) 
C10 C11 C12 C13 3.1(6) 
F2 C12 C13 C14 -179.9(3) 
C11 C12 C13 C14 -2.3(6) 
C12 C13 C14 C9 0.8(6) 
N4 C16 C17 C18 -33.8(3) 
C20A C16 C17 C18 94.0(6)a 
C20B C16 C17 C18 79.5(5)a 
N4 C16 C20A C21A 19.5(10)a 
N4 C16 C20A C25A -165.0(5)a 
C17 C16 C20A C21A -97.9(9)a 
C17 C16 C20A C25A 77.5(7)a 
N4 C16 C20B C21B -162.6(4)a 
N4 C16 C20B C25B 18.7(6)a 
C17 C16 C20B C21B 85.9(6)a 
C17 C16 C20B C25B -92.8(6)a 
C16 C17 C18 C19 42.0(3) 
C17 C18 C19 N4 -33.1(3) 
C16 C20A C21A C22A 178.0(8)a 
C25A C20A C21A C22A 3.0(12) 
C16 C20A C25A C24A -177.4(7)a 
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C21A C20A C25A C24A -2.1(12) 
C20A C21A C22A F3A -179.9(8) 
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Table 6.  Torsional Angles (continued) 

Atom1 Atom2 Atom3 Atom4 Angle Atom1 Atom2 Atom3 Atom4 Angle 

C20A C21A C22A C23A -0.5(12) 
F3A C22A C23A C24A 176.7(7) 
C21A C22A C23A C24A -2.8(12) 
C22A C23A C24A C25A 3.7(11) 
C23A C24A C25A C20A -1.4(11) 
C16 C20B C21B C22B -178.7(8)a 
C25B C20B C21B C22B 0.0a 
C16 C20B C25B C24B 178.7(9)a 

C21B C20B C25B C24B 0.0a 
C20B C21B C22B F3B 178.4(8)a 
C20B C21B C22B C23B 0.0a 
F3B C22B C23B C24B -178.3(9)a 
C21B C22B C23B C24B 0.0a 
C22B C23B C24B C25B 0.0a 
C23B C24B C25B C20B 0.0a 

aAngle includes distance(s) restrained during refinement.  See footnote e of Table 1 for details. 
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Table 7.  Anisotropic Displacement Parameters (Uij, Å2) 

Atom U11 U22 U33 U23 U13 U12 

F1 0.0632(14) 0.0569(12) 0.0442(11) 0.0170(9) 0.0067(9) -0.0047(10) 
F2 0.0550(16) 0.119(2) 0.0765(17) -0.0365(16) 0.0115(12) -0.0316(15) 
F3A 0.097(4) 0.101(4) 0.101(4) -0.005(3) 0.007(3) -0.040(3) 
F3B 0.088(5) 0.313(14) 0.035(3) -0.064(5) -0.026(3) 0.099(7) 
O1 0.0567(15) 0.0370(11) 0.0475(13) 0.0001(10) 0.0190(11) 0.0073(10) 
O2 0.070(2) 0.092(2) 0.0543(17) -0.0022(15) 0.0086(14) 0.0196(17) 
N1 0.0335(14) 0.0349(13) 0.0450(15) 0.0107(11) 0.0014(11) 0.0003(10) 
N2 0.0299(13) 0.0251(11) 0.0315(12) 0.0042(9) 0.0016(9) -0.0020(9) 
N3 0.0317(13) 0.0249(11) 0.0321(12) 0.0032(9) 0.0018(9) -0.0001(9) 
N4 0.0398(15) 0.0296(12) 0.0293(12) 0.0002(9) 0.0041(10) 0.0019(10) 
N5 0.0449(16) 0.0343(13) 0.0307(13) 0.0006(10) 0.0053(11) 0.0038(11) 
C1 0.0310(15) 0.0259(12) 0.0319(14) 0.0008(10) 0.0021(11) -0.0052(10) 
C2 0.0412(17) 0.0332(14) 0.0316(15) 0.0002(11) 0.0072(12) -0.0050(12) 
C3 0.0397(18) 0.0348(15) 0.0321(14) 0.0098(11) 0.0011(12) -0.0086(12) 
C4 0.0299(15) 0.0313(13) 0.0329(15) 0.0074(11) 0.0000(11) -0.0049(11) 
C5 0.0333(17) 0.0326(15) 0.0449(17) 0.0075(12) 0.0055(13) 0.0009(12) 
C6 0.0324(16) 0.0298(14) 0.0379(16) 0.0017(11) 0.0056(12) -0.0010(11) 
C7 0.0363(17) 0.0309(14) 0.0379(16) 0.0000(11) 0.0068(12) -0.0021(12) 
C8 0.0480(19) 0.0358(15) 0.0340(15) 0.0031(12) 0.0091(13) -0.0011(13) 
C9 0.0401(18) 0.0337(14) 0.0335(15) -0.0008(11) 0.0096(12) 0.0048(12) 
C10 0.0436(19) 0.0441(17) 0.0393(17) 0.0001(13) 0.0101(13) 0.0036(14) 
C11 0.048(2) 0.071(2) 0.0382(18) -0.0054(16) 0.0033(15) 0.0031(18) 
C12 0.041(2) 0.074(3) 0.055(2) -0.0229(19) 0.0094(16) -0.0089(18) 
C13 0.045(2) 0.060(2) 0.059(2) -0.0116(17) 0.0220(17) -0.0129(17) 
C14 0.050(2) 0.0471(18) 0.0419(17) -0.0018(14) 0.0169(15) -0.0041(15) 
C15 0.084(3) 0.060(2) 0.066(3) -0.003(2) 0.021(2) 0.018(2) 
C16 0.0384(17) 0.0407(16) 0.0327(15) 0.0079(12) 0.0059(12) 0.0086(13) 
C17 0.051(2) 0.0408(17) 0.051(2) 0.0117(14) 0.0112(16) 0.0149(15) 
C18 0.047(2) 0.0382(16) 0.056(2) 0.0007(14) 0.0123(15) 0.0087(14) 
C19 0.054(2) 0.0374(16) 0.0391(17) -0.0011(13) 0.0139(14) 0.0069(14) 
C20A 0.037(5) 0.043(3) 0.030(4) -0.005(4) -0.004(3) 0.013(3) 
C21A 0.030(3) 0.055(4) 0.035(4) -0.002(3) -0.004(3) 0.004(3) 
C22A 0.042(4) 0.062(4) 0.048(4) -0.006(3) -0.004(3) -0.006(3) 
C23A 0.036(5) 0.058(4) 0.042(4) -0.012(3) -0.012(3) 0.000(3) 
C24A 0.065(5) 0.064(4) 0.040(3) -0.002(3) 0.007(3) 0.005(3) 
C25A 0.050(4) 0.046(4) 0.036(3) 0.011(3) 0.009(2) 0.001(3) 
C20B 0.055(12) 0.111(19) 0.016(5) -0.006(7) -0.009(6) 0.060(12) 
C21B 0.042(6) 0.072(8) 0.037(6) 0.008(5) 0.008(4) 0.020(5) 
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C22B 0.030(8) 0.121(13) 0.044(7) -0.044(7) -0.019(6) 0.019(8) 
C23B 0.036(7) 0.102(11) 0.066(8) -0.025(8) -0.003(5) 0.005(6) 
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Table 7.  Anisotropic Displacement Parameters (continued) 

Atom U11 U22 U33 U23 U13 U12 

C24B 0.039(6) 0.060(6) 0.081(8) -0.032(6) -0.020(5) -0.005(5) 
C25B 0.043(6) 0.043(5) 0.043(6) -0.005(5) -0.002(5) 0.009(4) 
 

The form of the anisotropic displacement parameter is: 

exp[-2S2(h2a*2U11 + k2b*2U22 + l2c*2U33 + 2klb*c*U23 + 2hla*c*U13 + 2hka*b*U12)] 
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Table 8.  Derived Atomic Coordinates and Displacement Parameters for Hydrogen Atoms 

Atom x y z Ueq, Å2 

H2 0.3364 0.5495 0.6251 0.043 
H3 0.4428 0.3719 0.6656 0.044 
H8A 0.4330 0.3828 0.2029 0.047 
H8B 0.3593 0.5022 0.2071 0.047 
H13 0.1233 0.0935 0.1637 0.064 
H14 0.2564 0.2065 0.2501 0.055 
H15A 0.1644 0.3545 -0.1480 0.084 
H15B 0.2612 0.3647 -0.0743 0.084 
H15C 0.2084 0.2251 -0.0985 0.084 
H16 0.3142 0.6953 0.3844 0.045 
H17A 0.2665 0.8894 0.4260 0.058 
H17B 0.1663 0.8601 0.3567 0.058 
H18A 0.0863 0.7686 0.4471 0.057 
H18B 0.1431 0.8941 0.4954 0.057 
H19A 0.2721 0.7662 0.5693 0.052 
H19B 0.1816 0.6619 0.5586 0.052 
H21Aa 0.1035 0.5113 0.3938 0.051 
H23Aa 0.0068 0.4605 0.1550 0.059 
H24Aa 0.1198 0.6222 0.1355 0.069 
H25Aa 0.2323 0.7174 0.2453 0.053 
H21Bb 0.2019 0.6521 0.2408 0.061 
H23Bb -0.0126 0.3708 0.2053 0.085 
H24Bb 0.0022 0.3632 0.3427 0.080 
H25Bb 0.1168 0.5001 0.4292 0.054 
aIncluded with an occupancy factor of 0.6.  bIncluded with an occupancy factor of 0.4. 
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Annex 4 

Additional Experimental Data (Chiral SFC/MS Analyses of Intermediates (±)-5.12, (R)-5.12 
and (S)-5.12, Crystallographic Data for Compound (RS-R)-5.9. and NMR Spectrum from 
Supporting Information Section 4, 5 and 8 - Chapter 5) 

The data from this Annex are included in Supporting Information of: Bernard-Gauthier, V.; 
Bailey, J.J.; Mossine, A.V.; Lindner, S.; Vomacka, L.; Aliaga, A.; Shao, X.; Quesada, C.A.; 
Sherman, P.; Mahringer, A.;  Kostikov, A.; Grand’Maison, M.; Rosa-Neto, P.; Soucy, J.-P.; Thiel, 
A.; Kaplan, D.R.; Fricker, G.; Wängler, B.; Bartenstein, P.; Schirrmacher, R.; Scott, P.J.H. 
Shedding Light on Selective Neurotrophin Receptors in vivo: a First-in-Class Radioligand 
Candidate for Trk PET Neuroimaging. Submitted to Proceedings of the National Academy of 
Sciences of the United States of America, PNAS. 
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The analysis was conducted on compounds (±)-5.12, (S)-5.12, (R)-5.12. The 
compounds (±)-5.12, (S)-5.12, (R)-5.12 are referred herein as (±)-IPMICFP2, (S)-
IPMICFP2 and (R)-IPMICFP2.  
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Table 1. Crystal data and structure refinement for (RS-R)-5.9.  
Identification code  (RS-R)-11 
Empirical formula  C14H21ClFNOS  
Formula weight  305.83  
Temperature/K  100  
Crystal system  trigonal  
Space group  P32  
a/Å  18.5172(8)  
b/Å  18.5172(8)  
c/Å  12.0526(6)  
α/°  90  
β/°  90  
γ/°  120  
Volume/Å3  3579.0(4)  
Z  9  
ρcalcg/cm3  1.277  
μ/mm-1  3.384  
F(000)  1458.0  
Crystal size/mm3  0.24 × 0.16 × 0.04  
Radiation  CuKα (λ = 1.54178)  
2Θ range for data collection/°  5.51 to 143.958  
Index ranges  -22 ≤ h ≤ 22, -22 ≤ k ≤ 22, -14 ≤ l ≤ 14  
Reflections collected  98583  
Independent reflections  9363 [Rint = 0.0377, Rsigma = 0.0160]  
Data/restraints/parameters  9363/1/527  
Goodness-of-fit on F2  1.090  
Final R indexes [I>=2σ (I)]  R1 = 0.0615, wR2 = 0.1424  
Final R indexes [all data]  R1 = 0.0615, wR2 = 0.1425  
Largest diff. peak/hole / e Å-3  1.94/-0.40  
Flack parameter -0.002(4) 
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Figure 1. ORTEP view of the C14H21ClFNOS compound with the numbering scheme adopted 
((RS-R)-5.9). 

  

560



 

Table 2. Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for (RS-R)-5.9. Ueq is defined as 1/3 of the trace of the orthogonalised UIJ 
tensor. 

Atom x y z U(eq) 
Cl1 6326.4(10) 6746.7(11) 6394.5(14) 49.2(3) 
S1 6816.0(9) 4339.3(8) 4012.8(10) 35.8(3) 
F1 4170(7) 1842(7) 6697(12) 144(4) 
O1 6422(3) 3417(3) 3797(3) 42.6(9) 
N1 6794(3) 4539(3) 5356(4) 36.5(9) 
C11 6131(4) 4694(4) 5702(5) 37.1(10) 
C12 6320(4) 5051(4) 6881(4) 39.9(11) 
C13 7132(4) 5888(4) 6979(5) 45.5(12) 
C14 7193(4) 6586(4) 6247(6) 44.6(13) 
C15 5269(4) 3926(4) 5668(5) 40.9(11) 
C16 5102(4) 3183(4) 6181(6) 48.9(14) 
C17 4298(6) 2512(5) 6128(7) 57.8(17) 
C18 3657(5) 2548(5) 5602(7) 58.0(17) 
C19 3810(5) 3317(6) 5150(9) 70(2) 
C110 4609(5) 3975(5) 5146(6) 53.8(16) 
C111 7947(4) 4766(4) 3844(5) 40.0(12) 
C112 8367(4) 5680(4) 4150(6) 45.4(12) 
C113 8243(4) 4269(4) 4568(6) 48.3(13) 
C114 8046(5) 4647(5) 2600(5) 53.0(16) 
Cl2 7103.9(11) 7098.0(12) 9574.3(15) 56.4(4) 
S2 4146.9(8) 6399.8(9) 7518.5(10) 39.8(3) 
F2 4192(3) 8989(3) 10678(4) 60.9(10) 
O2 3652(3) 6821(3) 7266(4) 49.7(10) 
N2 4367(3) 6447(3) 8872(4) 40.1(10) 
C21 5171(3) 7168(4) 9178(5) 38.5(11) 
C22 5409(4) 6992(4) 10323(5) 42.9(12) 
C23 5505(4) 6210(4) 10359(5) 47.6(13) 
C24 6085(4) 6187(4) 9492(6) 44.2(13) 
C25 5164(4) 7986(4) 9202(5) 41.9(12) 
C26 4653(4) 8111(4) 9946(5) 44.4(12) 
C27 4677(4) 8866(4) 9932(6) 47.4(14) 
C28 5160(5) 9499(5) 9222(7) 55.2(15) 
C29 5632(5) 9377(5) 8483(7) 57.0(16) 
C210 5652(5) 8620(5) 8474(7) 56.0(16) 
C211 3404(4) 5263(4) 7403(5) 42.8(12) 
C212 3924(5) 4836(5) 7604(7) 54.0(15) 
C213 2696(4) 4980(4) 8252(6) 52.2(14) 
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C214 3084(6) 5153(6) 6225(6) 63.7(19) 
Cl3 6747.2(10) 6317.5(9) 3052.8(14) 47.1(3) 
S3 9347.0(9) 8895.8(9) 5948.7(12) 41.4(3) 
F3 6730(4) 9686(4) 6217(5) 81.2(15) 
O3 9802(3) 9800(3) 6265(4) 51.5(11) 
N3 9125(3) 8753(3) 4605(4) 42.2(10) 
C31 8265(3) 8556(4) 4326(5) 39.8(11) 
C32 8141(3) 8296(4) 3092(5) 42.7(12) 
C33 7258(4) 7981(4) 2658(5) 45.2(13) 
C34 6582(4) 7193(4) 3207(6) 45.5(13) 
C35 8111(4) 9272(4) 4555(5) 44.1(12) 
C36 7482(4) 9168(5) 5278(5) 49.3(13) 
C37 7347(5) 9808(5) 5519(6) 54.1(16) 
C38 7848(5) 10597(4) 5083(6) 51.5(14) 
C39 8479(4) 10717(4) 4357(6) 51.4(14) 
C310 8617(4) 10071(4) 4091(6) 50.0(14) 
C311 10144(5) 8569(4) 5942(6) 51.3(14) 
C312 9699(6) 7644(5) 5740(8) 65.0(19) 
C313 10812(5) 9044(6) 5102(8) 65.9(19) 
C314 10479(7) 8764(6) 7154(8) 71(2) 
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Table 3. Anisotropic Displacement Parameters (Å2×103) for (RS-R)-5.9. The Anisotropic 
displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
Cl1 58.8(8) 51.1(8) 45.8(7) 6.3(6) 4.0(6) 33.6(7) 
S1 39.4(6) 37.1(6) 29.4(5) -0.5(4) 1.9(5) 18.0(5) 
F1 121(7) 93(6) 201(12) 34(7) 18(7) 41(5) 
O1 46(2) 41(2) 35.3(19) -3.1(15) 3.8(16) 17.6(18) 
N1 41(2) 38(2) 28.3(19) -1.4(16) 3.4(16) 18.2(18) 
C11 42(3) 40(3) 35(2) 4(2) 3(2) 24(2) 
C12 50(3) 37(3) 34(2) 7(2) 7(2) 24(2) 
C13 43(3) 53(3) 42(3) -6(2) 4(2) 25(3) 
C14 36(3) 45(3) 48(3) -1(2) 5(2) 17(2) 
C15 44(3) 40(3) 43(3) -5(2) 2(2) 23(2) 
C16 43(3) 46(3) 62(4) 9(3) 11(3) 25(3) 
C17 68(4) 42(3) 61(4) 5(3) 18(3) 25(3) 
C18 43(3) 57(4) 58(3) -16(3) 0(3) 14(3) 
C19 43(4) 66(5) 82(5) -6(4) -23(4) 13(4) 
C110 49(3) 51(4) 56(4) -4(3) -15(3) 21(3) 
C111 34(2) 42(3) 38(3) -3(2) 7(2) 14(2) 
C112 43(3) 41(3) 49(3) 2(2) 1(3) 18(2) 
C113 42(3) 50(3) 55(3) -2(3) 6(3) 25(3) 
C114 48(3) 66(4) 36(3) -8(3) 9(2) 22(3) 
Cl2 48.1(8) 62.5(9) 60.4(10) -12.7(7) -5.2(7) 29.0(7) 
S2 35.4(6) 45.1(7) 36.7(6) 0.2(5) -1.6(5) 18.5(6) 
F2 62(2) 62(2) 66(2) 4(2) 10(2) 36(2) 
O2 49(2) 50(2) 45(2) 4.2(19) -5.4(18) 21(2) 
N2 42(2) 45(2) 34(2) 2.7(19) -0.3(18) 22(2) 
C21 37(3) 45(3) 32(2) 0(2) 0(2) 19(2) 
C22 50(3) 54(3) 32(2) -7(2) -2(2) 32(3) 
C23 51(3) 45(3) 42(3) -3(2) -8(2) 21(3) 
C24 42(3) 35(3) 52(3) -4(2) -4(2) 16(2) 
C25 35(3) 47(3) 40(3) 0(2) -6(2) 17(2) 
C26 42(3) 44(3) 41(3) 2(2) -3(2) 17(2) 
C27 41(3) 48(3) 50(3) 3(3) -7(2) 19(3) 
C28 56(4) 44(3) 60(4) -3(3) -8(3) 22(3) 
C29 47(3) 51(4) 66(4) 14(3) 5(3) 19(3) 
C210 45(3) 53(4) 60(4) 6(3) 8(3) 17(3) 
C211 41(3) 45(3) 39(3) -7(2) -7(2) 19(2) 
C212 57(4) 51(3) 59(4) -1(3) 1(3) 31(3) 
C213 46(3) 43(3) 59(4) -7(3) 1(3) 16(3) 
C214 67(4) 65(5) 50(4) -15(3) -16(3) 26(4) 
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Cl3 47.6(7) 44.6(7) 51.7(7) -0.1(6) -8.4(6) 25.1(6) 
S3 44.9(6) 38.2(6) 40.3(6) -1.7(5) -6.0(5) 20.1(6) 
F3 87(4) 81(3) 80(3) -10(3) 22(3) 45(3) 
O3 54(2) 43(2) 53(3) -12.4(19) -8(2) 21(2) 
N3 40(2) 41(2) 43(2) -9.2(19) -7.1(18) 18(2) 
C31 36(2) 46(3) 35(2) -2(2) -3.7(19) 19(2) 
C32 38(3) 46(3) 39(3) 0(2) 2(2) 17(2) 
C33 50(3) 53(3) 32(2) -1(2) -7(2) 25(3) 
C34 50(3) 37(3) 51(3) -1(2) -14(3) 23(3) 
C35 46(3) 46(3) 42(3) -2(2) -5(2) 24(3) 
C36 52(3) 59(4) 38(3) -1(2) -1(2) 29(3) 
C37 56(4) 64(4) 43(3) -5(3) -3(3) 30(3) 
C38 62(4) 42(3) 50(3) -11(3) -7(3) 26(3) 
C39 50(3) 46(3) 57(3) 2(3) -2(3) 23(3) 
C310 45(3) 50(3) 57(3) 9(3) 2(3) 25(3) 
C311 51(3) 42(3) 61(4) 2(3) -13(3) 24(3) 
C312 71(5) 58(4) 79(5) -7(4) -13(4) 42(4) 
C313 46(3) 79(5) 73(5) 2(4) 4(3) 32(4) 
C314 97(6) 61(4) 63(4) -1(3) -30(4) 45(4) 
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Table 4. Bond Lengths for (RS-R)-5.9. 
Atom Atom Length/Å  Atom Atom Length/Å 
Cl1 C14 1.780(7)  C25 C26 1.405(9) 
S1 O1 1.506(4)  C25 C210 1.379(10) 
S1 N1 1.665(4)  C26 C27 1.377(10) 
S1 C111 1.844(6)  C27 C28 1.363(11) 
F1 C17 1.331(13)  C28 C29 1.344(13) 
N1 C11 1.455(7)  C29 C210 1.420(12) 
C11 C12 1.532(8)  C211 C212 1.539(9) 
C11 C15 1.518(8)  C211 C213 1.534(9) 
C12 C13 1.532(9)  C211 C214 1.513(9) 
C13 C14 1.522(10)  Cl3 C34 1.803(7) 
C15 C16 1.394(9)  S3 O3 1.499(5) 
C15 C110 1.417(10)  S3 N3 1.660(5) 
C16 C17 1.383(11)  S3 C311 1.853(8) 
C17 C18 1.377(13)  F3 C37 1.345(10) 
C18 C19 1.415(15)  N3 C31 1.484(7) 
C19 C110 1.368(11)  C31 C32 1.544(8) 
C111 C112 1.513(9)  C31 C35 1.516(9) 
C111 C113 1.553(9)  C32 C33 1.528(8) 
C111 C114 1.540(8)  C33 C34 1.518(9) 
Cl2 C24 1.798(7)  C35 C36 1.388(9) 
S2 O2 1.502(5)  C35 C310 1.411(9) 
S2 N2 1.674(5)  C36 C37 1.359(11) 
S2 C211 1.856(7)  C37 C38 1.384(12) 
F2 C27 1.367(9)  C38 C39 1.386(11) 
N2 C21 1.464(8)  C39 C310 1.380(10) 
C21 C22 1.533(8)  C311 C312 1.505(11) 
C21 C25 1.522(9)  C311 C313 1.498(11) 
C22 C23 1.544(9)  C311 C314 1.557(11) 
C23 C24 1.515(10)     
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Table 5. Bond Angles for (RS-R)-5.9. 
Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 
O1 S1 N1 111.6(2)  C27 C26 C25 118.5(6) 
O1 S1 C111 105.6(3)  F2 C27 C26 118.1(6) 
N1 S1 C111 99.2(3)  C28 C27 F2 118.2(7) 
C11 N1 S1 116.0(4)  C28 C27 C26 123.7(7) 
N1 C11 C12 108.6(5)  C29 C28 C27 118.3(7) 
N1 C11 C15 113.8(5)  C28 C29 C210 120.7(7) 
C15 C11 C12 109.6(5)  C25 C210 C29 120.4(7) 
C11 C12 C13 113.9(5)  C212 C211 S2 105.8(5) 
C14 C13 C12 115.6(5)  C213 C211 S2 111.1(4) 
C13 C14 Cl1 113.2(4)  C213 C211 C212 111.5(6) 
C16 C15 C11 121.5(6)  C214 C211 S2 103.9(5) 
C16 C15 C110 119.2(6)  C214 C211 C212 112.5(6) 
C110 C15 C11 119.3(6)  C214 C211 C213 111.6(6) 
C17 C16 C15 118.3(7)  O3 S3 N3 112.5(3) 
F1 C17 C16 115.1(10)  O3 S3 C311 105.7(3) 
F1 C17 C18 121.7(9)  N3 S3 C311 96.8(3) 
C18 C17 C16 123.0(7)  C31 N3 S3 114.2(4) 
C17 C18 C19 118.9(7)  N3 C31 C32 105.6(4) 
C110 C19 C18 118.7(8)  N3 C31 C35 113.1(5) 
C19 C110 C15 121.7(8)  C35 C31 C32 112.6(5) 
C112 C111 S1 106.9(4)  C33 C32 C31 114.4(5) 
C112 C111 C113 112.9(5)  C34 C33 C32 115.3(5) 
C112 C111 C114 111.5(5)  C33 C34 Cl3 113.0(5) 
C113 C111 S1 110.3(4)  C36 C35 C31 120.3(6) 
C114 C111 S1 103.7(4)  C36 C35 C310 117.8(6) 
C114 C111 C113 111.1(6)  C310 C35 C31 121.9(6) 
O2 S2 N2 111.5(3)  C37 C36 C35 121.3(7) 
O2 S2 C211 106.0(3)  F3 C37 C36 119.9(7) 
N2 S2 C211 98.9(3)  F3 C37 C38 118.6(7) 
C21 N2 S2 113.8(4)  C36 C37 C38 121.4(7) 
N2 C21 C22 107.6(5)  C37 C38 C39 118.3(6) 
N2 C21 C25 113.7(5)  C310 C39 C38 120.9(6) 
C25 C21 C22 109.9(5)  C39 C310 C35 120.2(6) 
C21 C22 C23 113.9(5)  C312 C311 S3 107.5(5) 
C24 C23 C22 115.0(6)  C312 C311 C314 110.1(6) 
C23 C24 Cl2 111.2(5)  C313 C311 S3 111.8(5) 
C26 C25 C21 121.2(5)  C313 C311 C312 112.4(7) 
C210 C25 C21 120.5(6)  C313 C311 C314 112.4(7) 
C210 C25 C26 118.3(7)  C314 C311 S3 102.1(6) 
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Table 6. Hydrogen Bonds for (RS-R)-5.9. 
D H A d(D-H)/Å d(H-A)/Å d(D-A)/Å D-H-A/° 
N1 H1 O11 0.91 2.11 2.923(6) 148.8 
N2 H2 O22 0.91 2.08 2.980(7) 169.9 
N3 H3 O33 0.91 2.07 2.962(8) 167.2 

11+Y-X,1-X,1/3+Z; 2+Y-X,1-X,1/3+Z; 32-Y,1+X-Y,-1/3+Z 
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Table 7. Torsion Angles for (RS-R)-5.9 
A 

S1 
B C D Angle/˚   A B C D Angle/˚ 
N1 C11 C12 -167.6(4)   C21 C25 C26 C27 179.8(6) 

S1 N1 C11 C15 70.0(6)   C21 C25 C210 C29 178.8(7) 
F1 C17 C18 C19 170.9(11)   C22 C21 C25 C26 -57.9(7) 
O1 S1 N1 C11 -99.2(5)   C22 C21 C25 C210 123.3(6) 
O1 S1 C111 C112 -175.4(4)   C22 C23 C24 Cl2 55.9(6) 
O1 S1 C111 C113 -52.3(5)   C25 C21 C22 C23 -175.2(5) 
O1 S1 C111 C114 66.7(5)   C25 C26 C27 F2 -178.4(5) 
N1 S1 C111 C112 -59.7(5)   C25 C26 C27 C28 1.0(10) 
N1 S1 C111 C113 63.4(5)   C26 C25 C210 C29 -0.1(11) 
N1 S1 C111 C114 -177.7(5)   C26 C27 C28 C29 1.0(11) 
N1 C11 C12 C13 62.0(6)   C27 C28 C29 C210 -2.6(12) 
N1 C11 C15 C16 51.5(7)   C28 C29 C210 C25 2.1(13) 
N1 C11 C15 C110 -131.4(6)   C210 C25 C26 C27 -1.4(9) 
C11 C12 C13 C14 57.6(7)   C211 S2 N2 C21 156.4(4) 
C11 C15 C16 C17 179.1(6)   S3 N3 C31 C32 -170.2(4) 
C11 C15 C110 C19 -176.0(8)   S3 N3 C31 C35 66.2(6) 
C12 C11 C15 C16 -70.3(7)   F3 C37 C38 C39 -179.5(7) 
C12 C11 C15 C110 106.7(6)   O3 S3 N3 C31 -97.5(5) 
C12 C13 C14 Cl1 52.5(7)   O3 S3 C311 C312 174.5(5) 
C15 C11 C12 C13 -173.0(5)   O3 S3 C311 C313 -61.8(6) 
C15 C16 C17 F1 -175.7(9)   O3 S3 C311 C314 58.6(6) 
C15 C16 C17 C18 -0.6(11)   N3 S3 C311 C312 -69.9(6) 
C16 C15 C110 C19 1.1(12)   N3 S3 C311 C313 53.9(6) 
C16 C17 C18 C19 -3.9(12)   N3 S3 C311 C314 174.3(5) 
C17 C18 C19 C110 6.9(14)   N3 C31 C32 C33 174.2(5) 
C18 C19 C110 C15 -5.6(14)   N3 C31 C35 C36 -121.6(6) 
C110 C15 C16 C17 2.0(10)   N3 C31 C35 C310 55.4(7) 
C111 S1 N1 C11 149.9(4)   C31 C32 C33 C34 -62.9(8) 
S2 N2 C21 C22 -162.8(4)   C31 C35 C36 C37 178.2(6) 
S2 N2 C21 C25 75.1(6)   C31 C35 C310 C39 -177.3(6) 
F2 C27 C28 C29 -179.5(7)   C32 C31 C35 C36 118.8(6) 
O2 S2 N2 C21 -92.4(5)   C32 C31 C35 C310 -64.3(7) 
O2 S2 C211 C212 177.2(4)   C32 C33 C34 Cl3 -59.9(6) 
O2 S2 C211 C213 -61.7(5)   C35 C31 C32 C33 -61.9(7) 
O2 S2 C211 C214 58.5(6)   C35 C36 C37 F3 179.6(7) 
N2 S2 C211 C212 -67.3(5)   C35 C36 C37 C38 -2.2(11) 
N2 S2 C211 C213 53.9(5)   C36 C35 C310 C39 -0.2(10) 
N2 S2 C211 C214 174.1(5)   C36 C37 C38 C39 2.2(11) 
N2 C21 C22 C23 60.5(7)   C37 C38 C39 C310 -1.3(11) 
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N2 C21 C25 C26 62.8(7)   C38 C39 C310 C35 0.3(11) 
N2 C21 C25 C210 -116.0(7)   C310 C35 C36 C37 1.1(10) 
C21 C22 C23 C24 52.7(8)   C311 S3 N3 C31 152.4(4) 
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Table 8. Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters (Å2×103) 
for (RS-R)-5.9 

Atom x y z U(eq) 
H1 6732 4083 5726 44 
H11 6134 5123 5196 44 
H12A 6351 4643 7380 48 
H12B 5852 5124 7136 48 
H13A 7200 6074 7762 55 
H13B 7603 5799 6797 55 
H14A 7233 6453 5462 53 
H14B 7710 7110 6434 53 
H16 5529 3139 6557 59 
H18 3121 2065 5543 70 
H19 3366 3376 4855 85 
H110 4724 4478 4785 65 
H11A 8936 5969 3855 68 
H11B 8384 5737 4959 68 
H11C 8052 5926 3833 68 
H11D 8189 4368 5355 72 
H11E 8828 4454 4401 72 
H11F 7900 3673 4407 72 
H11G 7793 4050 2436 79 
H11H 8640 4930 2409 79 
H11I 7768 4883 2162 79 
H2 3990 6353 9419 48 
H21 5599 7220 8629 46 
H22A 4977 6921 10865 51 
H22B 5942 7482 10556 51 
H23A 5713 6175 11102 57 
H23B 4947 5711 10264 57 
H24A 5849 6153 8745 53 
H24B 6132 5682 9604 53 
H26 4300 7684 10449 53 
H28 5164 10014 9249 66 
H29 5957 9801 7961 68 
H210 6003 8550 7964 67 
H21A 4130 4938 8370 81 
H21B 4398 5065 7090 81 
H21C 3575 4235 7480 81 
H21D 2932 5195 8987 78 
H21E 2376 4369 8275 78 
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H21F 2328 5195 8036 78 
H21G 2771 5448 6132 96 
H21H 2717 4559 6072 96 
H21I 3555 5382 5708 96 
H3 9492 9191 4182 51 
H31 7865 8065 4779 48 
H32A 8534 8781 2640 51 
H32B 8284 7852 2988 51 
H33A 7118 8427 2757 54 
H33B 7251 7876 1851 54 
H34A 6036 7048 2880 55 
H34B 6562 7303 4007 55 
H36 7140 8639 5612 59 
H38 7760 11045 5276 62 
H39 8821 11251 4037 62 
H310 9053 10164 3595 60 
H31A 9214 7368 6233 98 
H31B 10079 7431 5889 98 
H31C 9513 7529 4966 98 
H31D 10580 8879 4354 99 
H31E 11265 8921 5200 99 
H31F 11030 9643 5201 99 
H31G 10757 9367 7282 107 
H31H 10877 8569 7269 107 
H31I 10013 8479 7674 107 

 

Experimental: Single crystals of C14H21ClFNOS [(RS-R)-5.9]. The crystal was kept at 100 K 
during data collection. Using Olex2, the structure was solved with the SIR2004 structure 
solution program using Direct Methods and refined with the XH refinement package using CGLS 
minimisation. 
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1H NMR and 13C NMR for compound 5.17 
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1H NMR and 13C NMR for compound 5.13 
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1H NMR and 13C NMR for compound 5.14 
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1H NMR and 13C NMR for compound (RS)-5.8 
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1H NMR and 13C NMR for compound (RS-R)-5.9 
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1H NMR and 13C NMR for compound (RS-R)-5.10 
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Annex 5 

Additional Experimental Data (NMR Spectrum from Supporting Information Section 5 - 
Chapter 6) 

The data from this Annex are included in Supporting Information of: Bernard-Gauthier, V.; 
Vesnaver, M.; Mahringer, A.; Fricker, G. & Schirrmacher, R. Development of [18F]QMICF as a 
Potential Radiotracer for Tropomyosin Receptor Kinases Oncological PET Imaging. In 
preparation for Bioorganic & Medicinal Chemistry Letters. 
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1H NMR and 13C NMR for compound 6.8 
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1H NMR and 13C NMR for compound 6.9 
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1H NMR and 13C NMR for compound 6.11 
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1H NMR and 13C NMR for compound 6.12 

 

 

582



 

1H NMR and 13C NMR for compound 6.13 
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1H NMR and 13C NMR for compound 6.14 
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1H NMR and 13C NMR for compound 6.15 
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1H NMR and 13C NMR for compound 6.16 
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Annex 6 

Additional Experimental Data (NMR Spectrum and Crystallographic Data for Compound 
(2S,4S)-7.6 - Chapter 7) 
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STRUCTURE REPORT 

 

XCL Code: UNI1405 Date: 12 December 2014 

Compound: t-Butyl (2S,4S)-4-fluoro-2-(3-fluorophenyl)pyrrolidine-1-carboxylate 

Formula: C15H19F2NO2 

Client: Prof. R. Schirrmacher,  Department of Oncology 

Crystallographer: R. McDonald 
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Figure 1. Perspective view of the t-butyl (2S,4S)-4-fluoro-2-(3-fluorophenyl)pyrrolidine-1-

carboxylate molecule showing the atom labelling scheme.  Non-hydrogen atoms are 

represented by Gaussian ellipsoids at the 30% probability level.  Hydrogen atoms are 

shown with arbitrarily small thermal parameters. 
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Figure 2. Alternate view of the molecule. 
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Table 1.  Crystallographic Experimental Details 

A.  Crystal Data 

formula C15H19F2NO2 

formula weight 283.31 

crystal dimensions (mm) 0.45 u 0.08 u 0.06 

crystal system orthorhombic 

space group P212121 (No. 19) 

unit cell parametersa 

 a (Å) 6.1009 (2) 

 b (Å) 12.8503 (3) 

 c (Å) 18.4701 (5) 

 V (Å3) 1448.03 (7) 

 Z 4 

Ucalcd (g cm-3) 1.300 

µ (mm-1) 0.867 

B.  Data Collection and Refinement Conditions 

diffractometer Bruker D8/APEX II CCDb 

radiation (O [Å]) Cu KD (1.54178) (microfocus source) 

temperature (°C) –100 

scan type Z and I scans (1.0q) (5 s exposures) 

data collection 2T limit (deg) 145.82 

total data collected 9912 (-7 d h d 7, -15 d k d 15, -22 d l d 21) 

independent reflections 2868 (Rint = 0.0573) 

number of observed reflections (NO) 2557 [Fo2 t 2V(Fo2)] 

structure solution method direct methods/dual space (SHELXDc) 
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refinement method full-matrix least-squares on F2 (SHELXL–2013d) 

absorption correction method Gaussian integration (face-indexed) 

range of transmission factors 1.0000–0.6356 

data/restraints/parameters 2868 / 0 / 190 

Flack absolute structure parametere -0.18(11) 

goodness-of-fit (S)f [all data] 1.000 

final R indicesg 

 R1 [Fo2 t 2V(Fo2)] 0.0455 

 wR2 [all data] 0.1282 

largest difference peak and hole 0.285 and –0.241 e Å-3 

 

aObtained from least-squares refinement of 9547 reflections with 8.38° < 2T < 142.30°. 

bPrograms for diffractometer operation, data collection, data reduction and absorption correction were 
those supplied by Bruker. 

      (continued) 
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Table 1.  Crystallographic Experimental Details (continued) 

 

cSchneider, T. R.; Sheldrick, G. M.  Acta Crystallogr. 2002, D58, 1772-1779. 

dSheldrick, G. M.  Acta Crystallogr. 2008, A64, 112–122. 

eFlack, H. D.  Acta Crystallogr. 1983, A39, 876–881;  Flack, H. D.; Bernardinelli, G.  Acta Crystallogr. 1999, 
A55, 908–915;  Flack, H. D.; Bernardinelli, G.  J. Appl. Cryst. 2000, 33, 1143–1148.  The Flack 
parameter will refine to a value near zero if the structure is in the correct configuration and will 
refine to a value near one for the inverted configuration.  The low anomalous scattering power of 
the atoms in this structure (none heavier than oxygen) implies that the data alone cannot be used 
for absolute structure assignment.  The absolute structure of the compound is established from the 
known stereochemistry of the precursor compounds. 

fS = [6w(Fo2 – Fc2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied; w = [V2(Fo2) + 
(0.0897P)2]-1 where P = [Max(Fo2, 0) + 2Fc2]/3). 

gR1 = 6||Fo| – |Fc||/6|Fo|; wR2 = [6w(Fo2 – Fc2)2/6w(Fo4)]1/2. 
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Table 2.  Atomic Coordinates and Equivalent Isotropic Displacement Parameters 

Atom x y z Ueq, Å2 

F1 -0.1074(4) -0.02534(14) 0.61218(11) 0.0664(6)* 
F2Aa 0.0102(6) -0.2797(2) 0.42013(17) 0.0601(8)* 
F2Bb 0.6648(12) -0.1558(5) 0.3480(5) 0.088(2)* 
O1 -0.2181(3) 0.18873(15) 0.41240(11) 0.0423(4)* 
O2 0.1228(3) 0.13726(14) 0.37546(9) 0.0332(4)* 
N 0.0240(4) 0.11276(15) 0.48946(11) 0.0330(5)* 
C1 0.2375(4) 0.06515(18) 0.50433(13) 0.0331(5)* 
C2 0.2360(5) 0.0540(2) 0.58761(15) 0.0447(6)* 
C3 0.0048(6) 0.0712(2) 0.61204(15) 0.0457(7)* 
C4 -0.0987(5) 0.1387(2) 0.55491(14) 0.0399(6)* 
C5 -0.0391(4) 0.14949(18) 0.42382(14) 0.0312(5)* 
C6 0.0820(4) 0.1444(2) 0.29745(13) 0.0354(5)* 
C7 -0.0770(5) 0.0602(3) 0.27514(19) 0.0537(8)* 
C8 0.0036(6) 0.2526(2) 0.27664(16) 0.0492(7)* 
C9 0.3094(5) 0.1245(3) 0.26621(16) 0.0484(7)* 
C10 0.2729(4) -0.03690(17) 0.46364(13) 0.0325(5)* 
C11 0.1160(5) -0.1148(2) 0.46332(16) 0.0408(6)* 
C12 0.1590(5) -0.2066(2) 0.42675(17) 0.0474(7)* 
C13 0.3522(6) -0.2225(2) 0.39037(18) 0.0505(8)* 
C14 0.5049(6) -0.1446(3) 0.39134(19) 0.0563(8)* 
C15 0.4681(5) -0.0518(2) 0.42745(17) 0.0450(6)* 
 

 Anisotropically-refined atoms are marked with an asterisk (*).  The form of the anisotropic 
displacement parameter is: exp[-2S2(h2a*2U11 + k2b*2U22 + l2c*2U33 + 2klb*c*U23 + 2hla*c*U13 + 

2hka*b*U12)].  aRefined with an occupancy factor of 0.65.  bRefined with an occupancy factor of 0.35. 
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Table 3.  Selected Interatomic Distances (Å) 

Atom1 Atom2 Distance Atom1 Atom2 Distance 

F1 C3 1.418(3) 
F2A C12 1.312(4) 
F2B C14 1.270(7) 
O1 C5 1.221(3) 
O2 C5 1.341(3) 
O2 C6 1.465(3) 
N C1 1.465(3) 
N C4 1.460(3) 
N C5 1.357(3) 
C1 C2 1.545(4) 
C1 C10 1.527(3) 

C2 C3 1.498(5) 
C3 C4 1.505(4) 
C6 C7 1.511(4) 
C6 C8 1.520(4) 
C6 C9 1.525(4) 
C10 C11 1.385(4) 
C10 C15 1.379(4) 
C11 C12 1.384(4) 
C12 C13 1.372(5) 
C13 C14 1.368(5) 
C14 C15 1.385(4) 

 

 

 

Table 4.  Selected Interatomic Angles (deg) 

Atom1 Atom2 Atom3 Angle Atom1 Atom2 Atom3 Angle 

C5 O2 C6 121.49(18) 
C1 N C4 113.3(2) 
C1 N C5 124.4(2) 
C4 N C5 121.0(2) 
N C1 C2 102.7(2) 
N C1 C10 113.1(2) 
C2 C1 C10 114.3(2) 
C1 C2 C3 106.9(2) 
F1 C3 C2 109.0(2) 
F1 C3 C4 107.6(3) 
C2 C3 C4 105.6(2) 
N C4 C3 103.5(2) 
O1 C5 O2 126.3(2) 
O1 C5 N 123.5(2) 
O2 C5 N 110.2(2) 
O2 C6 C7 109.4(2) 
O2 C6 C8 111.1(2) 

O2 C6 C9 101.9(2) 
C7 C6 C8 112.6(3) 
C7 C6 C9 111.1(2) 
C8 C6 C9 110.1(3) 
C1 C10 C11 121.7(2) 
C1 C10 C15 118.7(2) 
C11 C10 C15 119.6(2) 
C10 C11 C12 119.2(3) 
F2A C12 C11 121.6(3) 
F2A C12 C13 116.2(3) 
C11 C12 C13 121.9(3) 
C12 C13 C14 118.0(3) 
F2B C14 C13 115.6(4) 
F2B C14 C15 121.7(4) 
C13 C14 C15 121.8(3) 
C10 C15 C14 119.5(3) 
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Table 5.  Torsional Angles (deg) 

Atom1 Atom2 Atom3 Atom4 Angle Atom1 Atom2 Atom3 Atom4 Angle 

C6 O2 C5 O1 -17.0(4) 
C6 O2 C5 N 163.8(2) 
C5 O2 C6 C7 -61.7(3) 
C5 O2 C6 C8 63.2(3) 
C5 O2 C6 C9 -179.5(2) 
C4 N C1 C2 4.4(3) 
C4 N C1 C10 128.1(2) 
C5 N C1 C2 171.5(2) 
C5 N C1 C10 -64.8(3) 
C1 N C4 C3 -20.2(3) 
C5 N C4 C3 172.2(2) 
C1 N C5 O1 179.8(2) 
C1 N C5 O2 -1.0(3) 
C4 N C5 O1 -14.0(4) 
C4 N C5 O2 165.2(2) 
N C1 C2 C3 13.5(3) 
C10 C1 C2 C3 -109.4(2) 
N C1 C10 C11 -48.5(3) 
N C1 C10 C15 132.6(2) 

C2 C1 C10 C11 68.6(3) 
C2 C1 C10 C15 -110.3(3) 
C1 C2 C3 F1 89.4(3) 
C1 C2 C3 C4 -26.0(3) 
F1 C3 C4 N -88.7(3) 
C2 C3 C4 N 27.7(3) 
C1 C10 C11 C12 -178.7(2) 
C15 C10 C11 C12 0.2(4) 
C1 C10 C15 C14 178.8(3) 
C11 C10 C15 C14 -0.1(4) 
C10 C11 C12 F2A -174.8(3) 
C10 C11 C12 C13 -0.4(4) 
F2A C12 C13 C14 175.1(3) 
C11 C12 C13 C14 0.4(5) 
C12 C13 C14 F2B -169.3(6) 
C12 C13 C14 C15 -0.2(5) 
F2B C14 C15 C10 168.5(6) 
C13 C14 C15 C10 0.1(5) 
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Table 6.  Anisotropic Displacement Parameters (Uij, Å2) 

Atom U11 U22 U33 U23 U13 U12 

F1 0.0910(16) 0.0449(9) 0.0634(12) 0.0092(9) 0.0194(12) -0.0125(10) 
F2A 0.0697(19) 0.0431(13) 0.0676(18) -0.0100(12) 0.0072(16) -0.0199(14) 
F2B 0.063(4) 0.080(4) 0.121(6) -0.046(4) 0.047(4) 0.002(3) 
O1 0.0324(9) 0.0458(10) 0.0488(10) 0.0047(9) 0.0017(8) 0.0110(8) 
O2 0.0274(8) 0.0409(9) 0.0312(8) 0.0016(7) -0.0001(7) 0.0024(7) 
N 0.0337(10) 0.0318(9) 0.0336(10) 0.0029(8) 0.0042(8) 0.0051(8) 
C1 0.0331(12) 0.0290(10) 0.0372(12) -0.0009(9) -0.0031(10) 0.0011(9) 
C2 0.0574(18) 0.0398(12) 0.0370(12) -0.0020(11) -0.0068(12) 0.0095(13) 
C3 0.0581(18) 0.0406(13) 0.0383(13) 0.0009(11) 0.0052(13) -0.0040(14) 
C4 0.0397(13) 0.0383(12) 0.0416(14) -0.0005(11) 0.0085(11) 0.0017(11) 
C5 0.0278(10) 0.0270(9) 0.0388(12) 0.0009(9) -0.0008(9) 0.0008(9) 
C6 0.0347(12) 0.0421(12) 0.0296(11) -0.0032(10) -0.0021(9) 0.0023(11) 
C7 0.0444(17) 0.0588(17) 0.0580(18) -0.0195(15) -0.0038(13) -0.0053(14) 
C8 0.0622(18) 0.0488(16) 0.0366(14) 0.0079(11) -0.0012(14) 0.0101(14) 
C9 0.0407(14) 0.0623(18) 0.0420(14) -0.0048(13) 0.0086(11) -0.0017(13) 
C10 0.0301(11) 0.0300(11) 0.0375(12) 0.0016(9) -0.0050(10) 0.0036(9) 
C11 0.0391(13) 0.0348(12) 0.0484(14) -0.0026(11) 0.0005(12) -0.0005(10) 
C12 0.0535(18) 0.0323(12) 0.0563(17) -0.0043(12) -0.0118(13) -0.0029(12) 
C13 0.064(2) 0.0351(13) 0.0522(16) -0.0082(12) -0.0092(14) 0.0147(13) 
C14 0.0533(18) 0.0540(16) 0.0614(19) -0.0101(15) 0.0101(15) 0.0141(16) 
C15 0.0390(14) 0.0393(13) 0.0568(16) -0.0043(12) 0.0052(12) 0.0018(11) 
 

The form of the anisotropic displacement parameter is: 

exp[-2S2(h2a*2U11 + k2b*2U22 + l2c*2U33 + 2klb*c*U23 + 2hla*c*U13 + 2hka*b*U12)] 
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Table 7.  Derived Atomic Coordinates and Displacement Parameters for Hydrogen Atoms 

Atom x y z Ueq, Å2 

H1 0.3555 0.1152 0.4903 0.040 
H2A 0.2863 -0.0164 0.6018 0.054 
H2B 0.3348 0.1061 0.6099 0.054 
H3 -0.0004 0.1052 0.6607 0.055 
H4A -0.2562 0.1222 0.5491 0.048 
H4B -0.0830 0.2134 0.5670 0.048 
H7A -0.1044 0.0649 0.2230 0.064 
H7B -0.0144 -0.0081 0.2865 0.064 
H7C -0.2152 0.0691 0.3014 0.064 
H8A -0.0225 0.2554 0.2243 0.059 
H8B -0.1329 0.2684 0.3024 0.059 
H8C 0.1156 0.3039 0.2898 0.059 
H9A 0.3027 0.1274 0.2132 0.058 
H9B 0.4113 0.1777 0.2839 0.058 
H9C 0.3606 0.0556 0.2814 0.058 
H11 -0.0193 -0.1054 0.4879 0.049 
H12Ba 0.0516 -0.2601 0.4268 0.057 
H13 0.3791 -0.2858 0.3653 0.061 
H14Ab 0.6398 -0.1545 0.3666 0.068 
H15 0.5765 0.0013 0.4273 0.054 
aIncluded with an occupancy factor of 0.35.  bIncluded with an occupancy factor of 0.65. 
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1H NMR and 13C NMR for compound 7.2 

 

 

600



 

1H NMR and 13C NMR for compound 7.3 
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1H NMR and 13C NMR for compound 7.5 
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1H NMR and 13C NMR for compound (2R,4S)-7.6 
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1H NMR and 13C NMR for compound (2S,4S)-7.6 
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1H NMR and 13C NMR for compound 7.9 
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1H NMR and 13C NMR for compound 7.8 
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1H NMR and 13C NMR for compound 7.10 

 

 

607



 

1H NMR and 13C NMR for compound 7.11 
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1H NMR and 13C NMR for compound 7.12 
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1H NMR and 13C NMR for compound 7.13 
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1H NMR and 13C NMR for compound 7.14 
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1H NMR and 13C NMR for compound 7.16 
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1H NMR and 13C NMR for compound 7.17 
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1H NMR and 13C NMR for compound 7.19 
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