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Pharmacological targeting of tumor associated macrophages and microglia in the tumor microenvironment is a
novel therapeutic strategy in the treatment of glioblastoma multiforme. As such, the colony stimulating factor-1
receptor (CSF-1R) has been identified as a druggable target. However, no validated companion diagnostic marker
for these therapies exists to date. Towards development of a CSF-1R PET tracer, a set of six compounds based on
recently reported CSF-1R inhibitor 5-(1-methyl-1H-pyrazol-4-yl)-N-(2-methyl-5-(3-(trifluoromethyl)benzamido)
phenyDnicotinamide (Compound 5) was designed, synthesized and evaluated in vitro for potency and selectivity.
The highest affinity for CSF-1R was found for compound 5 (ICso: 2.7 nM). Subsequent radiosynthesis of [1!C]5
was achieved in 2.0 £+ 0.2% yield (decay corrected to start of synthesis) by carbon-11 carbon monoxide ami-
nocarbonylation in 40 min after end of bombardment. In vitro autoradiography with [1'C]5 on rat brain sections
demonstrated high specific binding, but also strong off-target binding. Ex vivo, only intact tracer was observed in
blood plasma at 90 min post injection in healthy rats. PET scanning results demonstrated negligible brain uptake
under baseline conditions and this brain uptake did not increase by blocking of efflux transporters using Tar-
iquidar. To conclude, [1'C]5 was successfully synthesized and evaluated in healthy rats. However, the inability of
[1!C]5 to cross the blood-brain-barrier excludes its use for imaging of CSF-1R expression in the brain.

1. Introduction

Colony stimulating factor 1 Receptor (CSF-1R or CD115) is a tyrosine
kinase that is selectively expressed on microglia in the brain." GSF-1R,
which is activated by the endogenous agonists colony stimulating fac-
tor and interleukin-34, regulates the survival, proliferation and differ-
entiation of microglia.? Outside of the central nervous system CSF-1R is
mainly expressed on macrophages. Both microglia and macrophages
play a pivotal role in brain diseases involving immune responses such as
neuroinflammation, neurodegeneration and glioblastoma.” Towards
potential treatment these cell types have emerged as targets for therapy.
In fact, pharmacological inhibition of CSF-1R, which results depletion of
microglia from the brain,"® has shown beneficial effects in various
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disease models of neuroinflaimmation and -degeneration and are
currently under further investigation in clinical studies.”

Positron emission tomography (PET) is an imaging technique that
allows for the quantitative imaging of receptor expression in living
subjects in a non-invasive manner with good spatiotemporal resolution
and high sensitivity. When an appropriate PET tracer is available, PET
can be used for selecting patients that would benefit from treatment as
well as monitoring disease progression during treatment. As the accu-
mulation of microglia and macrophages at the site of disease in for
example glioblastoma will result in a local increase of CSF-1R density, a
validated PET tracer for imaging of CSF-1R expression would be of great
value in understanding and monitoring CSF-1R targeting therapies.
Unfortunately, previously reported CSF-1R PET tracers (Fig. 1) have
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serious shortcomings. [*8F]10 binds to CSF-1R with a low affinity (ICsq
of 170 nM) and is non-selective with similar affinity for the kinases TrkB
and TrkC.® Commonly, much lower affinities for receptor binding PET
tracers are preferred, in the low to sub-nanomolar range. Another
attempt for developing a CSF-1R PET tracer has led to ['!C]AZD6495,
which in healthy rats and monkeys failed to enter the brain.’ [11C]CPPC
in turn showed good brain uptake in various rodent models of brain
disease and non-human primates, however, this tracer suffered from
high non-specific binding.'® Additionally, although no selectivity data
on CPPC has been reported, selectivity over other kinases might be
minimal as close analogues show high affinity (IC5y < 20 nM) for other
kinases such as Flt3, Kit, Axl and TrkA.'' ' [1}C]BLZ945, a highly se-
lective CSF-1R inhibitor, was shown to be a substrate for efflux trans-
porters at the blood brain barrier and also suffered from high non-
specific binding in the brain.'® As a result, there still is a clear need
for a CSF-1R PET tracer that can overcome the aforementioned
limitations.

Recently, a new inhibitor of CSF-1R was reported (5-(1-methyl-1H-
pyrazol-4-yl)-N-(2-methyl-5-(3-(trifluoromethyl)benzamido)phenyl)
nicotinamide, compound 5 in Fig. 1).'* This compound is a potent CSF-
1R inhibitor with an ICso of 0.5 nM and a 120-fold selectivity over c-KIT,
a closely related kinase family member.'* Compound 5 has been clas-
sified as a type II tyrosine kinase inhibitor, i.e. its binding extends from
the ATP binding pocket into an adjacent allosteric binding site. As a
result, binding was shown to be largely independent on ATP concen-
tration when compared to another CSF-1R inhibitor BLZ945.'* Given
that ATP concentrations in the intracellular environment are high (in the
millimolar range) and PET tracer concentrations are extremely low, this
non-competitive nature of binding might prove advantageous for in vivo
PET imaging. Another positive characteristic of this compound are the
high metabolic stability in liver microsomes. The PET camera is not able
to measure the chemical context of the tracer, but rather detects the
annihilation photons that originate from positron emission of the
carbon-11 atom, metabolic stability of the PET tracer is important to
ensure that the measured signal in the tissue of interest originates from
the injected compound. Finally, good cell membrane permeability and a
low in vitro efflux ratio in a Caco-2 permeability assay (efflux ratio of 2.6
determined as apical to basolateral / basolateral to apical) was consid-
ered an important feature. Since the goal of this study was to image CSF-
1R expression in the brain, active transport of the PET tracer out of the
brain by efflux transporters in the blood brain barrier should be as low as
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possible. Taken together, compound 5 shows promising characteristics
for successful translation into a PET tracer. Therefore, the aim of this
study is to translate compound 5, or a close derivative, into a PET tracer
for in vivo imaging of CSF-1R expression levels in the brain.

2. Results
2.1. Synthesis and in vitro evaluation

Five analogues of 5 were designed with the goal of identifying a
compound that has a high affinity for CSF-1R, a high selectivity towards
other kinases and allows for convenient labeling strategies with either
carbon-11 or the longer lived (t; /2 of 110 min vs 20 min for carbon-11)
and thus clinically more relevant isotope fluorine-18. Initially, the po-
sition of the nitrogen atom in the pyridine ring was altered from meta- to
para- relative to the carbonyl group, resulting in a structure that is often
found as ATP binding pocket motif in kinase inhibitors (e.g. BLZ945
Fig. 1, but also sorafenib, regorafenib). Towards obtaining CSF-1R in-
hibitors that allow for fluorine-18 labelling, the methylpyrazine group
on lead compound 5 was selected for substitution with a fluo-
roethylpyrazine or a fluoroethyltriazole group. The methylpyrazine
group was chosen for modification as this moiety appears to allow for
modification without negatively effecting the affinity.'* Also, a meth-
ylamide group was introduced as a substitute for methylpyrazine. A
methylamide substitute as in BLZ945 was selected as this would lower
molecular weight as well as polar surface area and thus would increase
the blood brain barrier penetration.

The chemistry towards the target molecules is depicted in Scheme 1.
First, methyl nitroaniline was reacted with trifluoromethylbenzoyl
chloride to obtain nitrophenyl derivative 1. Béchamp reduction resulted
in aniline derivative 2, which was esterified with either bromonicotinoyl
or bromoisonicotinoyl chloride to afford aryl bromides 3 and 4. These
arylbromides were subjected to a Suzuki cross-coupling reaction with
methylpyrazole boronic acid pinacol ester to obtain compounds 5 and
6.'° When evaluating the CSF-1R inhibitory potential of these com-
pounds it became clear that the nitrogen atom is preferably located at
the meta position (Table 1, entry 3, compound 5) as placing the nitrogen
at the para position results in a decrease in affinity by a factor of 10
(Table 1, entry 2, compound 4). Importantly, the ICsy value of 2.7 + 0.4
nM for compound 5 corresponds fairly well with the previously reported
value of 0.5 nM.'* The small difference appears to be inherent to the
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Fig. 1. GSF-1R PET tracers previously developed® '*!'® and ['!C]5 (this work). The position of the carbon-11 labels are depicted with *.
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Scheme 1. Synthesis of compound 5 and its closely related analogue 6. Reagents and conditions: i) 3-(trifluoromethyl)benzoyl chloride, TEA, DCM, 3 h, rt, 97%; ii)
HCl, Fe, H,O/EtOH, 4 h, reflux, 94%j; iii) First, appropriate bromopyridine carboxylic acid, oxalyl chloride, THF/DCM/DMF, 2 h, rt, then compound 2, TEA, DCM, 16
h, rt, 79-88%; iv) 1-methylpyrazole-4-boronic acid pinacol ester, Pd(PPh3)4, CsF, MeOH/DMF, 16 h, 70 °C, 68-88%.

Table 1
ICsq values for tested compound for CSF-1R, PDGFR-f and c¢-KIT.

1Cso Ratio
(nM)

Entry  Compound  CSF- PDGFR- c-KIT CSF-1R/ CSF-
1R B PDGFR- f 1R/c-

KIT

1 BLZ945 6.9 + >1000 >1000
0.5

2 4 30.6 + n.d. n.d.
7.2

3 5 2.7 + 6.3+1.2 4.5+ 2.31 1.64
0.4 1.0

4 8 40.0 + 2.5+0.9 3.8+ 0.06 0.09
3.1 2.3

5 9 29.5 + 45.6 + 27.4 + 1.55 0.93
3.6 2.3 3.7

6 12 21.7 + 27.8 + 1.0+ 1.28 0.04
1.5 5.0 3.5

7 20 77.2 + n.d. n.d.
5.9

Values are expressed as the average + standard deviation of at least 3 experi-
ments.
n.d.: not determined.

used assay as BLZ945 gave an ICsy value of 6.9 nM in our assay
compared to a reported value of 1.0 nM.*

Subsequently, modifications were made to the methylpyrazole group
(Scheme 2). A Suzuki reaction'® with between fluoroethylpyrazole
boronic acid pinacol ester 7 and compound 3 gave fluoroethyl analogue
8. Methylamide analogue 9 was obtained by a 2-step palladium cata-
lyzed carbonylation reaction using trichlorophenyl formate.'® A Sono-
gashira reaction'” between arylbromide 3 and trimethylsilylacetylene
resulted in TMS- protected alkyne 10, which after deprotection, was
reacted with fluoroethylazide in a copper catalyzed 1,3-dipolar cyclo-
addition (‘Click’ reaction'®) to obtain triazole 12.

Substitution of methyl for fluoroethyl on the pyrazole group (com-
pound 8) was not well tolerated and resulted in an ICsy of 40 nM.
Methylamide instead of methylpyrazole (compound 9), a similar struc-
tural motif as used in the well-known CSF-1R inhibitor BLZ945, still
retained a fair affinity but did not result in an improvement (ICsy: 30
nM). Fluoroethyltriazole group as substitute for methylpyrazole (com-
pound 12) resulted in a modest decrease with an ICsq of 22 nM. Overall,

analogues that allow for fluorine-18 labeling have been identified,
although no compounds with higher potency than compound 5 (ICso:
2.7 £+ 0.4 nM) were discovered.

Next, selectivity towards c-Kit and PDGFR-, kinases with strong
structural homology to CSF-1R, was evaluated. To our surprise, 5
showed only a slight selectivity towards CSF-1R by a factor of 2 over
both ¢-KIT and PDGFR-p, unlike the 120-fold selectivity over c-Kit that
was previously reported.'® Fluoroethyl analogue 8 showed a lower
selectivity, with ICsq values for PDGFR-f and c-KIT of approximately 4
nM, lower than observed for CSF-1R. Similar results were obtained for
the triazole analogue 12. A good selectivity for CSF-1R over PDGFR-}
was found for compound 9 (10-fold), however, not over c-KIT (0.5-fold).
Overall, the more bulky fluoroethyl group at the pyrazole ring resulted
in lower affinities and the optimal position for the nitrogen atom in the
pyridine ring is on the original meta-position. Unfortunately, no selec-
tivity for CSF-1R was observed for any of the compounds.

In previous medicinal chemistry efforts towards compound 5, a
methylpiperazine group on the trifluoromethylbenzene ring had been
removed from the structure due to metabolic instability in mouse liver
microsomes, however, at the cost of a 400-fold decrease in affinity for
CSF-1R and a 2000-fold decrease in selectivity over ¢-KIT.'* Reintro-
duction of this functionality, which is quite a general motif in approved
drugs (like imatinib, masitinib among other kinase inhibitors), could
result in an increase in affinity as well as in selectivity. The convergent
synthesis towards compound 20 is depicted in Scheme 3.

Methyltrifluorobenzoic acid was methylated and subsequently
brominated with NBS in a radical reaction to afford bromomethyl ben-
zoate 14. A nucleophilic substitution using methylpiperazine followed
by saponification resulted in carboxylic acid 16. EDC mediated
condensation of nitromethylaniline and 5-bromonicotinic acid afforded
aryl bromide 17, which was subject to a Suzuki reaction with methyl-
pyrazoleboronic pinacol ester to afford methylpyrazole 18. Béchamps
reduction and subsequent condensation with 16 resulted in 20 as a
potential CSF-1R inhibitor with high affinity and selectivity. Subsequent
testing for potency was, however, disappointing with an ICsq value for
CSF-1R of only 77 nM. Therefore, no further testing of this compound for
selectivity was performed.

2.2. Radiochemistry

The most promising compound in this series, compound 5, was
selected for radiolabeling and further evaluation in vivo. A palladium
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Scheme 2. Synthesis of analogues of compound 5. Reagents and conditions: i) Compound 3 and 7, Pd(PPh3),4, CsF, MeOH/THF, 16 h, reflux, 73%; ii) First, compound
4, 2,4,6-trichlorophenyl formate, Pd(OAc),, xantphos, NaOAc, dioxane, 80 °C, 16 h. Then, methylamine-HCI, TEA, DMF, 3 h, rt, 35%; iii) trimethylsilylacetylene,
PdCl,(PPh3),, Cul, TEA, DMF, rt, 16 h, 71%; iv) CsF, THF, rt, 16 h, 99%; v) 2-azido-1-fluoroethane, CuSO4-5H,0, Na-ascorbate, DMF/H,0, 80 °C microwave

irradiation, 10 min, 55%.
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Scheme 3. Synthesis of methyl piperazine analogue 20. Reagents and conditions: i) CH3l, KoCO3, DMF, 16 h, rt, 87%; ii) N-bromosuccinimide, benzoyl peroxide,
MecCN, 16 h, reflux, 74%; iii) 1-methylpiperazine, K;CO3, MeCN, 16 h, reflux, 63%; iv) NaOH, H,O/EtOH, 6 h, rt, 46%; v) 5-bromonicotinic acid, EDC, DMAP, DMF,
16 h, rt, 59%; vi) 1-methylpyrazole-4-boronic acid pinacol ester, Pd(PPh3)4, CsF, DMF, 16 h, 100 °C, 59%; vii) NH4Cl, Fe, H,O/EtOH, 2 h, 70 °C, 90%; viii) EDC,

DMAP, DMF, 16 h, rt, 71%.

mediated carbon-11 carbon monoxide aminocarbonylation reaction was
chosen as depicted in Table 2. This reaction is supposed to result in [*1C]
5, an isotopologue of 5 that will behave similarly with the exception of
positron emission of the carbon-11 atom. Conveniently, precursor 19
was already available as it was used as intermediate in the synthesis of
compound 20.

To efficiently screen various reaction conditions, we used a low
pressure semi-automated ['!C]CO dispensing system using xenon as a
carrier gas.'®?" Xantphos as preferred ligand is carbonylation re-
actions®! was used throughout the screening. Initially, the reaction was
executed in the absence of a base (Table 2, entry 1). Using these

conditions no product was observed, in parallel with previous reports of
aminocarbonylations on aniline derivatives.?>*® Also, using N,N-diiso-
propylethylamine (DIPEA) as a weak base did not result in any ['!C]5
(entry 2. Li-HMDS, a strong base, did result in the conversion of *cico
to non-volatile compounds (entry 3, 98% trapping efficiency), however
again no product was obtained. Success was achieved using 1,8-diazabi-
cyclo(5.4.0)undec-7-ene (DBU), which resulted in a good radiochemical
yield of 31 &+ 8% (Entry 4). Variation in the palladium source (entry 5, 6)
resulted in lower yields. Finally, different amounts of amine precursor
19 (entry 7-10) did not result in increased radiochemical yields when
compared to the conditions depicted in entry 4.
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Table 2
F3C\©/I
o) ['cico o} o}
/@\/ Pd-source FiC /@
Optimization of radiolabeling conditions towards [*1C]5.H2N H ‘ =N Ligand * ﬂ N ‘ =N
= - = >
THF, 5 min,
N 100 °C &
N-N, N-N
AN \
19 ["'cis

Entry Amine (umol) Base Catalyst Trapping efficiency (%) Radiochemical purity (%) Radiochemical yield (%) n
1 10 - PdCl,(PPh3), 37 0 0 1
2 10 DiPEA PdCl,(PPhs), 15 0 0 1
3 10 Li-HMDS PdCl,(PPh3), 98 0 0 1
4 10 DBU PdCl,(PPh3), 85+ 14 37+8 31+8 5
5 10 DBU Pd,dbas 84+0 5+1 4+0 3
6 10 DBU Pd;[7-cinnamyl]Cl, 87 +6 21 +£1 18 +£2 3
7 0 DBU PdCl,(PPh3), 82+9 0+0 0+0 3
8 2.5 DBU PdCl,(PPhs3), 73 4+ 2 24 + 4 17 +3 3
9 5 DBU PdCl,(PPh3), 77 £5 29+7 22+ 4 3
10 20 DBU PdCl,(PPh3), 78 £5 17+0 14 £1 3

General method: Reactions were performed with trifluoro-iodobenzene (2.7 mg, 10 umol), base (20 pmol), xantphos (2.9 mg, 5 umol) and palladium (2 pmol) in THF
(0.7 mL). Reactions mixtures were heated at 100 °C for 5 min. The results are expressed as average trapping efficiency (percentage of non-volatile radioactive products
after reaction), radiochemical purity (percentage of radioactive product area under the curve (AUC) relative to the total AUC), and radiochemical yield (the product of
trapping efficiency and radiochemical purity) (number of experiments ‘n’ is depicted in the last column).

The conditions depicted in entry 4 were considered optimal and were
thus used for full scale synthesis of [*!C]5. After preparative HPLC and
solid phase extraction reformulation, [*'C]5 was obtained in 2.0 4+ 0.2%
decay corrected yield based on the starting amount of [}1C]CO, (109 +
25 MBq in 2 mL of 10% ethanol in saline, n = 3) in 40 min using a semi-
automated synthesis procedure. The product identity was confirmed by
co-injection of an authentic reference standard of compound 5. No
chemical contaminations were observed and radiochemical purity was
> 99% (see supporting information Fig. 4 for chromatograms). Molar
activity was determined as 181 + 22 GBg-umol~!. The formulated
product retained a radiochemical purity of > 95% up to 1 h after end of
synthesis.

2.3. Invitro, ex vivo and in vivo evaluation

The partition coefficient logD of the compound was determined by
shake-flask method to be 2.54 + 0.02, well within the range for brain
penetration by passive diffusion.

In vitro binding experiments on healthy rat brain sections using
autoradiography were performed. Due to the widespread presence of
microglia in the brain, which express CSF-1R, a homogeneous expres-
sion pattern would be expected. Indeed, [''C]5 shows high binding
throughout the rat brain (Fig. 2A). However, binding was not as ho-
mogeneous as expected, with hippocampus and cortex showing strong
binding at baseline conditions. The total binding could be largely
blocked by co-incubation with excess unlabeled 5 (Fig. 2). Despite this
high specific binding, selective binding to CSF-1R seemed marginal, as
co-incubation with excess BLZ945, a highly selective CSF-1R inhibitor,
only decreased the binding of [!'C]5 by approximately 20%. This
incomplete blocking of [1*C]5 binding could very well be attributed to
the low selectivity of compound 5 when compared to other kinases such
as c-KIT and PDGFR-p. Blocking with the broad spectrum kinase inhib-
itor CPPC [11, 12] resulted in a more profound reduction in [*cls
binding of approximately 50%.

PET imaging in healthy rats showed poor brain uptake of [11C]5
throughout the entire scan (Fig. 3A and B). After an initial peak directly
after tracer injection, which is the result of perfusion, activity concen-
trations remain extremely low (Fig. 3B). Blocking of efflux transporters
did not significantly increase the brain concentrations of [11C]5, which
excludes that strong efflux is causing the low brain uptake levels.

dl?
3% %k
] * %
[ ¥k ok
100
. 80
R
£ 60
e)
£
o]
o 40
2
—
©
2 20
0 [ ]
< & % &
P \3\0(' \O(J \OL
&N g &
© D &
Q>\’

Fig. 2. In vitro autoradiography on rat brain using ['C]5. Representative im-
ages of brain sections are shown at baseline, self-blocking conditions, BLZ945
and CPPC blocking. CSF-1R inhibitors were used at 10 uM concentration. The
results are expressed as average normalized binding + standard deviation (n
=3).

Metabolism of [''C]5 into polar, non-brain permeable radioactive
compounds was not observed either and thus can be excluded as an
explanation for low brain uptake. In fact, only parent radiotracer was
detected in the blood plasma at 90 min post injection (Supporting in-
formation Fig. 5). Corresponding to the lack of brain uptake, no
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Fig. 3. Invivo PET imaging in healthy rats. 3A: representative summed PET images of rats (cross-section, axial view) injected with [*1C]5 at baseline (Left) or efflux
transporter blocking conditions (Right, tariquidar, 15 mg-kg ™", i.v. administration 30 min prior to tracer injection). The location of the brain is indicated with dotted
oval shapes in gray. Other colors depict the radioactivity concentrations in %ID/g according to the scale bar. 3B: Whole brain time-activity curves following injection
of [*C]5 under baseline of efflux transporter blocking conditions. Results are expressed as average + standard deviation (n = 2 per group).

radioactive compounds could be extracted from the brain for radio-
metabolite analysis.

3. Discussion

Compound 5 was selected for this study due to its very high affinity
for CSF-1R and its reported 120-fold selectivity over c¢-KIT, a close CSF-
1R homologue.'* In addition, binding of this compound to CSF-1R was,
in contrast to many kinase inhibitors, non-competitive with ATP. This
could theoretically result in improved imaging characteristics as binding
in vivo is not hampered by ATP, which is present at high concentrations
in the intracellular environment. In our hands, however, the selectivity
of compound 5 for CSF-1R was very minimal and in fact the compound
was found to be equipotent for both other kinases evaluated, c-KIT and
PDGFR-p. The discrepancy between the reported and determined values
is unclear. However, this non-selective behavior might not come as a
complete surprise though, as the structure of compound 5 shows
structural overlap with the tyrosine kinase inhibitor imatinib and
masitinib, which both target c-KIT, PDGFR-f and, to a lesser extent, CSF-
1R. It must be noted that both ¢-KIT and PDGFR-§ have been identified
as drug targets in cancer treatment and are pursued for PET and SPECT
tracer development as well.>*%’ Therefore, the non-selective PET tracer
[*1C]5 might very well be useful as predictive tool for identification of
cancer patients who respond to broad spectrum kinase inhibitor
therapy.?®

In our efforts to finding compounds with increased affinity for CSF-
1R or improved selectivity over other kinases no better compounds
than lead compound 5 were identified. However, a moderately c-KIT
selective inhibitor was identified (compound 12) that allows for
fluorine-18 labeling and could potentially be used for peripheral c-KIT
imaging.

Three obvious positions for carbon-11 labeling can be identified in
the structure of compound 5. Methylation using [1!C]methyl iodide or
[}1C]methyl triflate at the pyrazole group could be performed in the
presence of a strong base.?’ However, such strong basic conditions could
easily result in alkylation of either of the two amide groups as well. A
more selective reaction would be palladium mediated [*c]co amino-
carbonylation between an aniline derivative and aryl halide. Both am-
ides are theoretically accessible for labeling, however the current
approach was chosen due to the commercial availability of 1-iodo-3-tri-
fluoromethylbenzene. The carbon-11 label might also be inserted at this
position by employing carbon-11 trifluoromethylbenzoyl chloride as
radioactive precursor. This radiochemistry would proceed in a multistep
fashion where at first cyclotron produced [11C]C02 is reacted with a
Grignard reagent to obtain carbon-11 trifluoromethylbenzoic acid,

which after conversion to the corresponding acyl chloride can react with
the amine precursor 19 to form ['!C]5.°" Clearly, this multistep pro-
cedure with several purification steps is not preferred when working
with the short-lived isotope carbon-11. Exploring the proposed [}1C]CO
carbonylation chemistry, it was found that in the absence of a base or
using a mild base (DiPEA) no product was formed and mainly unreacted
['1C1CO was found, in correspondence with earlier reports on amino-
carbonylations on aniline derivatives.’>?* Using Li-HMDS resulted in
the formation of many side products. The formation of [1'C]5 was only
observed when DBU was used as a base. Together with PdCl;(PPhg); as a
preferred catalyst, these conditions were reported to provide optimal
results in [HC]CO carbonylation reactions before.®' The overall isolated
yield was fairly low (2.0 &+ 0.2% d.c. based on [11C]C02,) compared to
the results obtained during test screening reactions (31 + 8% based on
[HC]CO). This difference can be partially explained by the fact that the
isolated yield is based on [HC]COZ, whereas during the optimization
reactions the yield was calculated based on [“C]CO. Molybdenum,
although reliable and long-lasting as catalyst, does not convert CO5 to
CO as efficiently as zinc does.>” Additionally, a fairly large loss of ['1C]
CO was observed at the full scale experiments when retracting the *c
CO-inlet needle from the reaction vial after [''C]CO transfer. This effect
was not obviously seen or perhaps overlooked when dispensing [*cico
over several vials manually. Finally, at large scale radiosynthesis the
trapping efficiencies dropped significantly. This is potentially due to the
larger amount of xenon carrier gas in a single vial, although no further
experiments were conducted to confirm this hypothesis. Overall, [''C]5
could be obtained in excellent chemical and radiochemical purity in
sufficient amounts and radioactivity concentrations for our studies
(supporting information Fig. 4). For future studies, or studies performed
in PET centers that do not readily have access to [HC]CO, it could be
interesting to explore labeling of compound 5 with the longer lived
isotope fluorine-18 by means of fluorine-18 trifluoromethylation.®

In vitro autoradiography showed very high specific binding on rat
brain sections, as demonstrated by the 95% reduction in (*cys binding
when co-incubating with excess unlabeled 5. Selective binding to CSF-
1R, however, appears limited as evidenced by a 20% reduction in
binding when co-incubating with unlabeled BLZ945, a highly selective
CSF-1R inhibitor.* The residual tracer binding might be attributed to
binding to other targets such as ¢-KIT and PDGFR-p, both not blocked by
BLZ945. Blocking with CPPC resulted in a stronger reduction of *cls
binding of about 50%. CPPC has previously been claimed to be a se-
lective CSF-1R inhibitor.® Although no selectivity data of CPPC is
available in literature, structurally close analogs are broad spectrum
kinase inhibitors, displaying ICso values below 0.1 uM for FLT3, c-KIT,
AXL, TRKA, and LCK.'"'? However, even CPPC did not provide the same
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blocking effect as when coincubating with unlabeled compound 5 (self-
blocking). Therefore, it is likely that [11C]5 binds to more kinases or
other biological targets than tested in this work. To elucidate the
selectivity profile of compound 5, a full spectrum kinase screening
should be performed.

PET imaging results unfortunately showed no brain uptake for [11C]
5 at any given time-point. Blocking of efflux transporters using tar-
iquidar had no effect on brain uptake, despite blocking at a dose of 15
mg/kg that blocks the main efflux transporters P-GP and BCRP.>**° A
blood plasma metabolite analysis excluded the possibility that rapid
metabolism of [11C]5 into more polar and thus brain-impermeable
radiometabolites was the cause of this low brain uptake. In fact, only
intact tracer was observed in blood plasma after 90 min post injection
(supporting information Fig. 5). The reason for the low brain uptake
must therefore be attributed to the physiochemical properties of com-
pound 5. A good measure for scoring compounds for successful PET
imaging is PET-CNS-MPO,>® a CNS PET tracer scoring tool derived from
CNS-MPO.?” Although the CNS-MPO score of compound 5 of 3.3 is close
to the desired value of > 4, the score of 1.3 in the CNS-MPO-PET method
is far below the desired score of > 3 (supporting information Table 1).

Overall, the current work has identified compound 5 as a broad
spectrum inhibitor, despite earlier reports on selectivity. A radiolabeling
procedure was developed to obtain [*C]5 in sufficient radiochemical
yields for further studies. In vitro binding of ['!C]5 appears highly se-
lective, although at this point the selectivity profile is unknown and this
should likely be elucidated prior to performing additional imaging
studies, e.g. peripheral tumor imaging studies. The clear lack of brain
uptake excludes this radiotracer from imaging of CSF-1R or other ki-
nases in the brain.

4. Conclusion

[*'C]5 was successfully synthesized and evaluated in healthy rats.
The inability of [HC]S to cross the blood-brain-barrier in rats, however,
excludes its use for imaging of CSF-1R expression in the brain. Com-
pound [*!C]5 could be useful for in vivo imaging of kinase expression in
tumors in the periphery, although at first a thorough kinase selectivity
study seems warranted. Future work towards identifying a PET tracer for
imaging of CSF-1R expression in the brain will be focusing on struc-
turally distinct CSF-1R inhibitors.

5. Materials and methods
5.1. General

All chemical reagents and solvents were obtained from commercial
suppliers and used as received. Microwave reactions were performed on
a CEM Discover Legacy (Matthews, NC, USA). Reaction monitoring was
performed by thin layer chromatography on pre-coated silica 60 F254
aluminium plates (Merck, Darmstadt, Germany). Spots were visualized
with UV light (254 nm), KMnO4 or ninhydrin staining. NMR spectros-
copy was performed using an Agilent 400 MR (Agilent Technologies,
Santa Clara, CA, USA) with chemical shifts (8) reported in parts per
million (ppm) relative to the solvent (CDCl3 1H: 7.26 ppm, 13¢c. 77.16
ppm; DMSO-dg 1H: 2.50 ppm, *3C 39.52 ppm; CD50D 'H: 3.31 ppm, 13C:
49.00 ppm). High resolution mass spectrometry was performed on a
Bruker Daltonics - apex-Qe (Bruker, Billerica, MA, USA) in either posi-
tive or negative ion mode. Enzyme inhibition assay kits (Z-LYTETM
assay) and human recombinant enzymes were from ThermoFisher Sci-
entific (Waltham, MA, USA). Fluorescent readout of 384-well plates was
performed on a fluorimeter (Safire, Tecan, XFluo). Carbon-11 was pre-
pared by the 14N(p,oc)HC nuclear reaction using a mixture of 0.5% O/
Ny as target gas on an IBA Cyclone 18/9 cyclotron (IBA, Louvain-la-
Neuve, Belgium) and was delivered as [HC]C02 to the experimental
set up using helium as a carrier gas. Analytical HPLC was performed on a
Jasco (Easton, MD, USA) PU-2089 pump station equipped with a Grace
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Platinum column (5 pm, 250 mm x 4.6 mm using H,O/MeCN/TFA
(60:40:0.1; v/v/v) as a mobile phase at a flow rate of 1 mL-min~!, with a
Jasco UV-2075 UV detector (A = 254 nm) and a Nal radioactivity de-
tector (Raytest, Straubenhardt, Germany). Chromatograms were ac-
quired with Raytest GINA Star software (version 5.01). Preparative
HPLC for isolation of the radiotracer was performed on a Jasco PU-2089
pump station equipped with a Phenomenex Luna C18 column (10 pm,
250 mm x 10 mm) using HoO/MeCN/TFA (45:55:01; v/v) as eluent at a
flow rate of 5 mL~min’1, a Jasco UV-1575 Plus UV detector (A = 254
nm), a custom made radioactivity detector and Jasco ChromNAV CFR
software (version 1.14.01) for data acquisition. Wistar Rats (RccHan
Wist, male, 8-10 weeks, approximately 250 g) were obtained from
Envigo and were housed under standard conditions (24 °C, 60% relative
humidity, 12 h light/dark cycles) and provided with water and food ad
libitum. Tariquidar was freshly formulated as 3.75 mg/mL tariquidar in
2.5% (g/v) aqueous dextrose solution prior to iv administration. Radi-
oTLC plates were exposed to a phosphorimager screen ((GE Healthcare)
for 30 min in a cassette (Hypercasette, Amersham Biosciences, Little
Chalfont, United Kingdom) and subsequently developed using a
Typhoon Trio Imager (GE Healthcare). Images were analyzed using
ImageQuant TL (GE Healthcare). Dynamic PET imaging was performed
using dedicated small animal NanoPET/CT and NanoPET/MR scanners
(Mediso Ltd., Hungary, Budapest) with identical PET components. PET
scans were acquired in list mode and rebinned into the following frame
sequence: 4 x 5,4 x 10, 2 x 30,3 x 60, 2 x 300, 1 x 600, 1 x 900 and 1
x 1200 s. Reconstruction was performed with a fully 3-dimensional (3D)
reconstruction algorithm using four iterations and six subsets, resulting
in an isotropic 0.4-mm voxel dimension. Images were analyzed using
VivoQuant™ (Invicro, Boston, MA, USA) by drawing a region of interest
over the full brain.

5.1.1. (N-(4-methyl-3-nitrophenyl)-3-(trifluoromethyl)benzamide)

To a solution of 4-methyl-3-nitroaniline (5.04 g, 33.1 mmol) and TEA
(5.00 g, 49.5 mmol) in DCM (30 mL) was added 3-(trifluoromethyl)
benzoyl chloride (6.90 g, 33.1 mmol) dropwise. After stirring for 3 h at
rt, the solution was diluted with 1 M HCI (30 mL). The solids were
filtered, washed with water and DCM and dried to obtain the title
compound as a white solid (10.4 g, 97%). IH NMR (400 MHz, DMSO-dg):
§=10.77 (s, 1H), 8.52 (d, 1H, J = 2.3 Hz, 8.32 (s, 1H), 8.27 (d, 1H, J =
7.9 Hz), 7.99 (m, 2H), 7.80 (t, 1H, J = 7.8 Hz), 7.50 (d, 1H, J = 8.9 Hz),
2.50 (s, 3H, overlaps with DMSO signal); 3¢ NMR (101 MHz,
DMSO-dg): 6 = 164.3, 148.5, 137.7, 135.1, 133.1, 131.9, 129.8, 129.2
(d, J =32.1 Hz), 128.5 (d, J = 3.5 Hz), 128.0, 125.0, 124.3 (d, J = 3.5
Hz), 123.4 (d, J = 272.6 Hz), 115.7, 19.3; ESI-HRMS: m/z calculated for
C15H11F3N,NaOs: 347.0619; found: 347.0615 [M + Na] ™.

5.1.2. (N-(3-amino-4-methylphenyl)-3-(trifluoromethyl)benzamide)

To a solution of compound 1 (6.00 g, 18.5 mmol) in ethanol/H,0
(4:1, 30 mL) was added 1 mL conc. HCI and iron powder (5.16 g, 92.5
mmol). The mixture was refluxed for 4 h followed by filtration over
Celite. After concentration, the mixture was partitioned between DCM
(50 mL) and sat. NaHCO3 (50 mL). The organic layer was washed with
NaHCOs (2 x 50 mL) and brine (50 mL). After drying on NaySOy,
filtration and concentration, the product was obtained as a white solid
(5.30¢g, 97%).1H NMR (400 MHz, DMSO-dg): 6 = 10.14 (s, 1H), 8.24 (m,
2H), 7.93 (d, 1H, J = 7.8 Hz), 7.77 (t, 1H, J = 7.8 Hz), 7.11 (s, 1H), 6.84
(m, 2H), 4.88 (s, 2H), 2.03 (s, 3H); '3C NMR (101 MHz, DMSO-de): § =
163.5,146.6,137.2,136.1,131.7,129.7,129.6,129.1,127.8 (d,J = 3.6
Hz), 124.1 (d, J = 3.9 Hz), 124.0 (d, J = 272.6 Hz), 117.2, 108.8, 106.5,
17.0; ESI-HRMS: m/z calculated for Cis5Hj4F3N20: 295.1053; found
295.1055 [M + HI*.

5.1.3. (5-bromo-N-(2-methyl-5-(3-(trifluoromethyl)benzamido)phenyl)
nicotinamide)

To a solution of 5-bromonicotinic acid (1.1 g, 5.5 mmol) in THF (5
mL) and DCM (5 mL) and DMF (0.2 mL) was added oxalic chloride (0.47



B. van der Wildt et al.

mL, 5.5 mmol). The resulting solution was stirred for 2 h at rt. After
concentration in vacuo, the residue was taken up in DCM (10 mL) and a
solution of compound 2 (1.5 g, 5.0 mmol) and TEA (1.5 mL, 11 mmol) in
DCM (10 mL) was added. The resulting mixture was stirred overnight
and diluted with DCM (50 mL) and 1 M HCI (50 mL). The solids were
collected by filtration, rinsed with water and DCM to obtain the product
as a white solid (2.1 g, 88%). 'H NMR (400 MHz, DMSO-dg): 6 = 10.51
(s, 1H), 10.24 (s, 1H), 9.13 (s, 1H), 8.92 (s, 1H), 8.57 (s, 1H), 8.32 (s,
1H), 8.28 (d, 1H, J=7.9 Hz), 7.95 (d, 1H, J = 7.8 Hz), 7.90 (s, 1H), 7.78
(t, 1H, J = 7.8 Hz), 7.63 (d, 1H, J = 8.3 Hz), 7.28 (d, 1H, J = 8.4 Hz),
2.25 (s, 3H). '3C NMR (101 MHz, DMSO-de): § = 163.9, 162.5, 152.8,
147.3, 137.8, 136.9, 135.7, 135.7, 131.8, 131.7, 130.4, 129.7, 129.3,
129.2(q,J =32.1Hz),128.1 (q, J = 3.6 Hz), 124.2 (q, J = 3.9 Hz), 124.0
(q, J =272.4 Hz), 120.1, 118.7, 118.6, 17.4; ESI-HRMS: m/z calculated
for Co1H15BrF3N3NaO,: 500.0193; found 500.0193 [M + Na]™.

5.1.4. (4-bromo-N-(2-methyl-5-(3-(trifluoromethyl)benzamido)phenyl)
picolinamide)

To a solution of 4-bromopicolinic acid (1.1 g, 5.5 mmol) in THF (5
mL) and DCM (5 mL) and DMF (1.0 mL) was added oxalic chloride (0.47
mL, 5.5 mmol). The resulting solution was stirred for 2 h at rt. After
concentration in vacuo, the residue was taken up in DCM (10 mL) and a
solution of compound 2 (1.5 g, 5.0 mmol) and TEA (1.5 mL, 11 mmol) in
DCM (10 mL) was added. The resulting mixture was stirred overnight
and diluted with DCM (50 mL) and 1 M HCI (50 mL). The solids were
collected by filtration, rinsed with water and DCM to obtain the product
as a white solid (1.9 g, 79%). 'H NMR (400 MHz, DMSO-de): 5 = 10.52
(s, 1H), 10.29 (s, 1H), 8.74 (d, 1H, J = 5.3 Hz), 8.27 (m, 3H), 8.17 (d, 1H,
J=2.1Hz),7.96 (d, 1H,J = 7.8 Hz), 7.86 (dd, 1H, J = 2.1, 5.3 Hz), 7.80
(t, 1H, J = 7.8 Hz), 7.62 (dd, 1H, J = 2.2, 8.2 Hz), 7.27 (d, 1H, J = 8.4
Hz), 2.29 (s, 3H) °C NMR (101 MHz, DMSO-d): § = 163.8, 160.9,
151.4,150.2, 145.0, 137.0, 135.7,135.6, 131.9, 130.2, 129.7, 129.1 (q,
J = 32.0 Hz), 128.1 (q, J = 3.7 Hz), 126.9, 126.3, 124.0 (q, J = 272.6
Hz), 124.2 (q, J = 3.8 Hz), 122.3, 117.7, 115.8, 17.0; ESI-HRMS: m/z
calculated for Cy1Hi5BrF3N3NaOs: 500.0193; found 500.0201 [M +
Na]™.

5.1.5. (5-(1-methyl-1H-pyrazol-4-yl)-N-(2-methyl-5-(3-(trifluoromethyl)
benzamido)phenyl)nicotinamide)

A solution of compound 3 (96 mg, 0.20 mmol), 1-methylpyrazole-4-
boronic acid pinacol ester (42 mg, 0.20 mmol), Pd(PPh3)4 (23 mg, 20
umol) and CsF (50 mg, 0.33 mmol) in MeOH/DMF (1:1, 2 mL) was
reacted for 16 h at 70 °C. After concentration in vacuo and flash column
chromatography (hexanes/EA 1:3 -> 0:1) the product was obtained as a
white solid (65 mg, 68%). 1H NMR (500 MHz, CDCls): § = 9.29 (s, 1H),
8.90 (m, 2H), 8.67 (s, 1H), 8.17 (s, 1H), 8.05 (s, 1H), 7.94 (d, 1H,J=7.8
Hz), 7.81 (s, 1H), 7.72 (s, 1H), 7.64 (m, 2H), 7.42 (t, 1H, J = 7.8 Hz),
7.24 (d, 1H, J = 8.3 Hz), 6.90 (d, 1H, J = 8.4 Hz), 3.85 (s, 3H), 1.93 (s,
3H); 13¢ NMR (101 MHz, DMSO-dg): 6§ = 164.4, 164.3, 149.0, 146.4,
137.3, 137.0, 136.4, 136.2, 132.3, 131.4, 130.8, 130.7, 130.2, 129.8,
129.5,129.1, 128.8,128.5 (q, J = 3.8 Hz), 124.7 (q, J = 3.8 Hz), 124.4
(q, J = 272.4 Hz), 119.2, 119.0, 118.4, 39.2, 17.9; ESI-HRMS: m/z
calculated for CasHooF3NsNaO,: 502.1467; found 502.1461 [M + Na] ™.

5.1.6. (2-(1-methyl-1H-pyrazol-4-yl)-N-(2-methyl-5-(3-(trifluoromethyl)
benzamido)phenyl)isonicotinamide)

A solution of compound 4 (96 mg, 0.20 mmol), 1-methylpyrazole-4-
boronic acid pinacol ester (42 mg, 0.20 mmol), Pd(PPh3)4 (23 mg, 20
umol) and CsF (50 mg, 0.33 mmol) in THF/DMF (1:1, 3 mL) was reacted
for 16 h at 70 °C. After concentration in vacuo and flash column chro-
matography (2% MeOH in EA) the product was obtained as a white solid
(85 mg, 88%). 1H NMR (400 MHz, DMSO-dg): 6 = 10.49 (s, 1H), 10.19
(s, 1H), 8.68 (d, 1H, J = 5.1 Hz), 8.35 (s, 1H), 8.29 (m, 2H), 8.10 (s, 1H),
8.05 (s, 1H), 7.96 (d, 1H, J = 7.8 Hz), 7.87 (s, 1H), 7.77 (t, 1H, J = 7.8
Hz), 7.62 (m, 2H), 7.29 (d, 1H, J = 8.2 Hz), 3.89 (s, 3H), 2.23 (s, 3H); 1°C
NMR (101 MHz, DMSO-dg): 6§ = 164.0, 163.9, 152.5, 150.1, 142.4,
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137.2,136.9,135.8,135.7,131.9, 130.4, 129.9, 129.7, 129.4, 129.2 (q,
J =32.1 Hz), 128.2, 128.1, 124.2 (q, J = 3.8 Hz), 124.0 (q, J = 272.4
Hz), 122.4, 118.7, 118.6, 117.0, 25.1, 17.4; ESI-HRMS: m/z calculated
for CosHaoF3NsNaOy: 502.1467; found 502.1461 [M + Na]™.

5.1.7. (1-(2-fluoroethyl)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
1H-pyrazole)

A suspension of 4-pyrazoleboronic acid pinacol ester (0.97 g, 5.0
mmol) and NaH (0.18 g, 7.5 mmol) in DMF (20 mL) was stirred for 30
min prior to the addition of 1-fluoro-2-iodoethane (0.45 mL, 5.5 mmol)
and the resulting mixture was stirred overnight at rt. The mixture was
diluted with Et,O (100 mL) and washed with sat. NaHCO3 (3 x 50 mL),
1 M HCI (3 x 50 mL) and brine (1 x 50 mL). The organic fraction was
dried on NaySQ,, filtrated and concentrated in vacuo. Flash column
chromatography (hexanes/EA 1:1) afforded the product as a colorless oil
(0.35 g, 14%). 'H NMR (400 MHz, CDCls): 6 = 7.89 (s, 1H), 7.78 (m,
1H), 4.30(t, 1H, J = 5.3 Hz), 3.85 (t, 1H,J = 5.4 Hz), 3.63 (t, 1H, J = 6.7
Hz), 3.16 (t, 1H, J = 6.7 Hz), 1.32 (d, 12H, J = 5.3 Hz); 13C NMR (101
MHz, CDCl3): 6 = 145.8, 140.7, 137.5,83.5 (d, J = 10.3 Hz), 70.7 (d, J =
260.1 Hz), 50.3, 24.9; ESI-HRMS: m/z calculated for C;1H;8BFN2NaO4:
263.1343; found: 263.1341 [M + Na] ™.

5.1.8. (5-(1-(2-fluoroethyD)-1H-pyrazol-4-yl)-N-(2-methyl-5-(3-
(trifluoromethyl)benzamido)phenyDnicotinamide)

A mixture of compound 3 (95 mg, 0.20 mmol), compound 7 (42 mg,
0.20 mmol), Pd(PPhs)4 (23 mg, 20 umol) and CsF (50 mg, 0.33 mmol) in
MeOH/THF (1:1, 3 mL) was refluxed for 16 h. After concentration in
vacuo and flash column chromatography (EA/hexanes 3:1), the product
was obtained as a yellow solid (75 mg, 73%). 'H NMR (400 MHz,
DMSO-dg): 6 = 10.51 (s, 1H), 10.17 (s, 1H), 9.06 (s, 1H), 8.96 (s, 1H),
8.50 (m, 2H), 8.32 (m, 2H), 8.16 (s, 1H), 7.95 (m, 2H), 7.79 (t, 1H, J =
7.8Hz),7.64 (d, 1H,J = 8.2 Hz), 7.31 (d, 1H, J = 8.2 Hz), 4.82 (dt, 2H, J
= 47.3, 4.7 Hz), 4.50 (dt, 2H, J = 27.8, 4.7 Hz), 2.26 (s, 3H); 13¢ NMR
(101 MHz, DMSO-dg): 6 = 164.4, 164.3, 149.0, 146.6, 137.5, 137.3,
136.4,136.2,132.3,131.9, 131.5,130.8, 130.7, 130.2, 129.8, 129.6 (q,
J=32.8Hz),129.1,128.7, 128.6 (q, J = 3.8 Hz), 124.7 (q, J = 3.8 Hz),
124.4 (q, J = 272.4 Hz), 119.2, 119.0, 118.5, 81.9 (d, J = 168.8 Hz),
52.6 (d, J = 19.9 Hz); ESI-HRMS: m/z calculated for CogHy1F4NsNaOo:
534.1529; found 534.1524 [M + Na]™.

5.1.9. (N3-methyl-N5-(2-methyl-5-(3-(trifluoromethyl)benzamido)
phenyDpyridine-3,5-dicarboxamide)

To a solution of compound 3 (95 mg, 0.20 mmol), Pd(OAc), (2.2 mg,
25 umol), xantphos (12 mg, 50 umol), NaOAc (41 mg, 0.50 mmol) in
dioxane (4 mL) was added a solution of 2,4,6-trichlorophenyl formate
(77 mg, 0.30 mmol) in toluene (1 mL). The resulting solution was heated
at 80 °C in a closed vial for 16 h. After dilution with EA (10 mL) the
mixture was filtered. The filtrate was concentrated in vacuo and resus-
pended in DMF (5 mL). Subsequently, TEA (0.28 mL, 2.0 mmol) and
methylamine-HCl (0.13 g, 2.0 mmol) were added and the mixture was
reacted for 3 h at rt. After dilution with EA (50 mL), the organic fraction
was washed with 1 M HCl (50 mL) and brine (50 mL). After drying on
NaySOy, filtration and concentration, the product was purified using
flash column chromatography (2% MeOH in EtOAc) to yield the product
as a white solid (32 mg, 35%). IH NMR (400 MHz, DMSO-dg): 56 = 10.50
(s, 1H), 10.29 (s, 1H), 9.24 (s, 1H), 9.16 (s, 1H), 8.84 (d, 1H, J = 4.7 Hz),
8.71 (s, 1H), 8.30 (m, 2H), 7.98 (d, 1H, J = 7.8 Hz), 7.88 (s, 1H), 7.79 (t,
1H,J =7.8 Hz), 7.61 (d, 1H, J = 8.4 Hz), 7.30 (d, 1H, J = 8.2 Hz), 2.85
(d, 3H, J = 4.3 Hz), 2.24 (s, 3H); 3C NMR (101 MHz, DMSO-d): 5 =
164.6, 163.9, 163.5, 150.6, 136.9, 135.9, 135.7, 134.3, 131.9, 130.4,
129.9, 129.8, 129.7, 129.3, 129.0, 128.2, 128.1, 124.2 (q, J = 3.8 Hz),
124.0 (q, J = 272.4 Hz), 118.7, 118.6, 26.3, 17.5; ESI-HRMS: m/z
calculated for Co3H19F3N4NaOs: 479.1307; found: 479.1303 [M + Na] .
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5.1.10. (N-(2-methyl-5-(3-(trifluoromethyl)benzamido)phenyl)-5-
((trimethylsilyl ethynyDnicotinamide)

A mixture of compound 3 (0.48 g, 1.0 mmol), PdCl3(PPh3), (70 mg,
0.10 mmol), Cul (19 mg, 0.10 mmol), TEA (0.6 mL, 4.0 mmol), and
trimethylsilylacetylene (0.6 mL, 4.0 mmol) in DMF (5 mL) were stirred
at rt for 16 h. After concentration in vacuo and purification by flash
column chromatography (EA/hexanes 1:2) the product was obtained as
a yellow solid (0.35 g, 71%). 'H NMR (400 MHz, CDCl3): 6§ = 8.95 (m,
2H), 8.75 (s, 1H), 8.44 (s, 1H), 8.18 (s, 1H), 8.05 (s, 1H), 7.95, (d, 1H, J
=7.8Hz),7.82(s,1H),7.70 (d, 1H, J= 7.6 Hz), 7.49 (t, 1H, J = 7.7 Hz),
7.24 (d, J = 8.0 Hz), 6.97 (d, J = 8.1 Hz), 2.00 (s, 3H), 0.27 (s, 9H); °C
NMR (101 MHz, CDCl3): § = 164.9, 164.2, 155.0, 147.1, 138.3, 136.3,
135.5, 134.9, 131.1 (q, J = 32.7), 130.9, 130.9, 129.7, 129.2, 128.5,
128.3 (q, J = 3.6 Hz), 124.5 (q, J = 3.8 Hz), 123.3 (q, J = 272.5 Hz),
120.8, 119.7, 118.2, 100.3, 100.3, 17.3, —0.2; ESI-HRMS: m/z calcu-
lated for CagHo4F3N3NaO,Si: 518.1488; found 518.1481 [M + Na] ™.

5.1.11. (5-ethynyl-N-(2-methyl-5-(3-(trifluoromethyl)benzamido)phenyl)
nicotinamide)

To a solution of compound 10 (0.10 g, 0.20 mmol) in THF (2 mL) was
added CsF (46 mg, 0.30 mmol) and the resulting solution was stirred
overnight at room temperature. After filtration and concentration in
vacuo, the product was purified by flash column chromatography
(hexanes/EA 1:1 -> 1:2) yielding the product as a white solid (85 mg,
quant.). 'HNMR (400 MHz, CD30D): § =9.09 (s, 1H), 8.82 (s, 1H), 8.43
(s, 1H), 8.25 (s, 1H), 8.20 (d, 1H, J = 8.2 Hz), 7.89 (d, 1H, J = 7.8 Hz),
7.83 (s, 1H), 7.74 (t, 1H, J = 7.8 Hz), 7.58 (dd, 1H, J = 2.0, 8.2 Hz), 7.31
(d, 1H, J = 8.3 Hz), 3.93 (s, 1H), 2.29 (s, 3H); '3C NMR (101 MHz,
CD30D): § 167.0, 165.9, 155.5, 148.9, 139.8, 138.1, 137.3, 136.7,
132.3,132.3,132.0 (q, J = 32.5 Hz), 131.9, 131.6, 130.6, 129.3 (q, J =
3.5 Hz), 126.0 (q, J = 271.7 Hz), 125.6 (q, J = 3.9 Jz), 121.3, 121.0,
120.5, 83.9, 80.1, 17.7; ESI-HRMS: m/z calculated for Cy3H;6F3N3NaOo:
446.1092; found 446.1087 [M + Na] ™.

5.1.12. (5-(1-(2-fluoroethyl)-1H-1,2,3-triazol-4-yl)-N-(2-methyl-5-(3-
(trifluoromethyl)benzamido)phenyDnicotinamide)

To a 0.5 M solution of 1-azido-2-fluoroethane in DMF (0.30 mL, 0.15
mmol) was added 13 (30 mg, 71 pmol). Both a solution of sodium
ascorbate (0.10 g, 0.51 mmol) in water (0.1 mL) and CuSO4-5H0 (12
mg, 50 pmol) in water (0.1 mL) were added and the mixture was reacted
for 10 min at 80 °C using microwave irradiation. The resulting mixture
was diluted with ethanol, filtered and purified by flash column chro-
matography (EA) to obtain the product as a white solid (20 mg, 55%). 'H
NMR (400 MHz, DMSO-dg): § = 10.49 (s, 1H), 10.26 (s, 1H), 9.25 (d, 1H,
J=2.0Hz), 9.09 (d, 1H, J = 1.9 Hz), 8.86 (s, 1H), 8.76 (t, 1H, J = 2.1
Hz), 8.29 (m, 2H), 7.96 (d, 1H, J =7.8), 7.88 (d, 1H, J = 2.1 Hz), 7.79 (t,
1H,J=7.8 Hz), 7.62 (dd, 1H, J = 2.2, 8.2 Hz), 7.29 (d, 1H, J = 8.5 Hz),
4.94 (m, 1H), 4.82 (m, 3H), 2.24 (s, 3H); 13C NMR (101 MHz, DMSO-dg):
6 = 163.9, 163.7, 148.7, 147.9, 143.1, 136.9, 135.9, 135.7, 131.9,
131.6, 130.4, 130.4, 129.7, 129.3, 129.2 (q, J = 32.0 Hz), 128.1 (q, J =
3.8 Hz), 126.4, 124.2 (q, J = 3.9 Hz), 124.0 (q, J = 272.5 Hz), 123.1,
118.7, 118.6, 81.9 (d, J = 81.86 Hz), 50.4 (d, J = 19.5 Hz), 17.5; ESI-
HRMS: m/z calculated for CysHogF4NgNaOo: 535.1482; found:
535.1476 [M + Na] ™.

5.1.13. (13) (methyl 4-methyl-3-(trifluoromethyl)benzoate)

To a mixture of 4-methyl-3-(trifluoromethyl)benzoic acid (2.04 g,
10.0 mmol) and K5CO3 (2.13 g, 15.0 mmol) in DMF (10 mL) was added
methyl iodide (0.93 mL, 15 mmol) and the resulting mixture was stirred
for 16 h at rt. After concentrating in vacuo, the residue was diluted with
ethyl acetate (50 mL) and washed with subsequently H,O (3 x 50 mL)
and brine (50 mL). The organic fraction was dried on NaySOy, filtered
and concentrated in vacuo to obtain the title compound as a yellow oil
(1.90 g, 87%). 'H NMR (400 MHz, CDCl3): 6 = 8.27 (s, 1H), 8.07 (d, 1H,
J=7.9Hz), 7.36 (d, 1H, J = 7.9 Hz), 3.93 (s, 3H), 2.53 (s, 3H); 13C NMR
(101 MHz, CDCl3): § = 166.1, 142.2 (q, J = 1.6 Hz), 132.7, 132.3,129.4
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(q, J =30.6 Hz), 128.3, 127.3 (q, J = 5.7 Hz), 124.2 (q, J = 273.8 Hz),
52.5,19.7.

5.1.14. (methyl 4-(bromomethyl)-3-(trifluoromethyl)benzoate)

To a solution of compound 13 (1.09 g, 5.00 mmol) and N-bromo-
succinimide (1.78 g, 10.0 mmol) in acetonitrile (20 mL) was added
benzoyl peroxide (0.12 g, 0.50 mmol) and the resulting solution was
heated at reflux temperature for 16 h. After concentration in vacuo, the
residue was taken up in ethyl acetate (50 mL) and washed with saturated
NaHCOs (3 x 50 mL) and brine (50 mL). The organic fraction was dried
on NaySQ,, filtered and concentrated in vacuo. After flash column
chromatography (5% EA in hexanes) the product was obtained as a
white solid (1.10 g, 74%). 'HNMR (400 MHz, CDCl3): 6 =8.32(d, 1H, J
=1.5Hz), 8.20 (dd, 1H, J = 1.7, 8.1 Hz), 7.70 (d, 1H, J = 8.1 Hz), 4.64
(s, 2H), 3.96 (s, 3H); 13¢ NMR (101 MHz, CDCl3): 6§ = 165.4, 140.9,
133.3,133.1,130.5,128.7 (q, J = 31.5), 127.7 (q, J = 5.6 Hz), 123.7 (q,
J = 274.2 Hz), 52.7, 27.5.

5.1.15. (methyl 4-((4-methylpiperazin-1-yDmethyD)-3-(trifluoromethyl)
bengzoate)

A mixture of compound 14 (0.89 g, 3.0 mmol), 1-methylpiperazine
(0.90 g, 9.0 mmol) and K,CO3 (0.83 g, 6.0 mmol) in acetonitrile (20
mL) was heated at reflux temperature for 16 h, prior to concentration in
vacuo. The residue was diluted with ethyl acetate (50 mL) and washed
with saturated NaHCO3 (3 x 50 mL). The organic fraction was
concentrated in vacuo and the residue purified by flash column chro-
matography (5% MeOH in DCM) to obtain the product as a yellow solid
(0.60 g, 63%). 'H NMR (400 MHz, CDCls): 5 = 8.28 (d, 1H, J = 1.4 Hz),
8.16 (dd, 1H, J = 1.5, 8.1 Hz), 7.92 (d, 1H, J = 8.2 Hz), 3.93 (s, 3H), 3.69
(s, 2H), 2.51 (m, 8H), 2.29 (s, 3H); '3C NMR (101 MHz, CDCls): § =
166.0, 143.4, 132.8, 130.6, 129.0, 129.0 (q, J = 31.0 Hz), 127.3 (q, J =
6.2 Hz), 124.1 (q, J = 274.0 Hz), 58.1, 55.3, 53.3, 52.5, 46.1; ESI-HRMS:
m/z calculated for CisHooF3N2Os: 317.1471; found: 317.1473 [M +
H]".

5.1.16. (4-((4-methylpiperazin-1-yDmethyl)-3-(trifluoromethyl)benzoic
acid

To a solution of compound 15 (0.47 g, 1.5 mmol) in ethanol (2 mL)
was added 2 M NaOH (2 mL). The solution was stirred at rt for 6 h, prior
to concentration in vacuo to approximately 2 mL. The solution was
diluted to 10 mL with H2O and the pH was adjusted to pH 5 using 1 M
HCI. The aqueous phase was extracted with tBuOH (5 x 10 mL) and the
combined organic fractions were dried on NaySOy4, filtered and
concentrated to yield a white solid (0.21 g, 46%) that was used in the
subsequent reaction without any further purification. ESI-HRMS: m/z
calculated for C;4H;gF3N509: 303.1315; found: 303.1315 [M + H]™.

5.1.17. (5-bromo-N-(2-methyl-5-nitrophenyDnicotinamide)

A solution of 2-methyl-5-nitroaniline (1.52 g, 10.0 mmol), 5-bromo-
nicotinic acid (2.02 g, 10.0 mmol), EDC (2.11 g, 11.0 mmol) and DMAP
(1.83 g, 15.0 mmol) in DMF (20 mL) was stirred at rt for 16 h. After
concentrating in vacuo the residue was purified by flash column chro-
matography (DCM - 10% MeOH in DCM) to obtain the product as a
white solid (2.00 g, 59%). 'H NMR (400 MHz, DMSO-dg): 6 = 10.40 (s,
1H),9.10 (d, 1H, J = 1.7 Hz), 8.94 (d, 1H, J = 2.0 Hz), 8.57 (s, 1H), 8.38
(d, 1H, J = 2.1 Hz), 8.06 (dd, 1H, J = 2.2, 8.4 Hz), 7.59 (d, 1H, J = 8.4
Hz), 2.41 (s, 3H); '3C NMR (101 MHz, DMSO-dg): § = 163.1, 153.0,
147.5, 145.7, 141.6, 138.0, 136.7, 131.6, 131.4, 120.7, 120.6, 120.0,
18.2; ESI-HRMS: m/z calculated for C;3H71¢oBrN3NaOs: 357.9803; found:
357.9799 [M + Na] ™.

5.1.18. (5-(1-methyl-1H-pyrazol-4-yl)-N-(2-methyl-5-nitrophenyl)
nicotinamide

A mixture of compound 17 (0.67 g, 2.0 mmol), 1-methylpyrazole-4-
boronic acid pinacol ester (0.42 g, 2.0 mmol), Pd(PPh3)4 (58 mg, 50
umol) and CsF (0.60 g, 4.0 mmol) in DMF (10 mL) was heated at 100 °C
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for 16 h. The mixture was concentrated in vacuo, diluted with DCM (50
mL) and washed with saturated NaHCO3 (3 x 50 mL) and brine (50 mL).
The organic fraction was concentrated in vacuo and purified using flash
column chromatography (gradient: DCM - 3% MeOH in DCM) to obtain
the product as a yellow solid (0.20 g, 59%). %). H NMR (400 MHz,
DMSO-dg): 6 = 10.34 (s, 1H), 9.04 (d, 1H, J = 2.1 Hz), 8.94 (d, 1H, J =
2.0 Hz), 8.46 (m, 1H), 8.40 (d, 1H, J = 2.4 Hz), 8.37 (s, 1H), 8.06 (m,
2H), 7.61 (d, 1H, J = 8.5 Hz), 3.91 (s, 3H), 2.43 (s, 3H); 13¢ NMR (101
MHz, DMSO-dg): 6 = 164.5, 148.7, 146.0, 145.7, 141.6, 137.0, 136.5,
131.6,131.2,130.0,129.7,128.4,120.6,120.5,117.8, 18.3; ESI-HRMS:
m/z calculated for C;7H;¢N503: 338.1248; found: 338.1251 [M + H]™.

5.1.19. (N-(5-amino-2-methylphenyl)-5-(1-methyl-1H-pyrazol-4-yl)
nicotinamide

A mixture of compound 18 (0.10 g, 0.30 mmol), NH4CI (80 mg, 1.5
mmol), iron powder (84 mg, 1.5 mmol) in EtOH/H50 (7:3, v/v, 5 mL)
was heated at 70 °C for 2 h. The mixture was filtered over celite and
dried in vacuo. The residue was diluted with DCM (25 mL) and washed
with brine (25 mL). The organic fraction was dried on NazSOy, filtered
and concentrated in vacuo to obtain the product as a yellow solid (83
mg, 90%). 1H NMR (400 MHz, DMSO-dg): § = 9.84 (s, 1H), 8.99 (d, 1H,
J=2.1Hz), 8.89 (s, 1H), 8.41 (s, 1H), 8.35 (s, 1H), 8.05 (s, 1H), 6.92 (d,
1H, J = 8.3 Hz), 6.61 (d, 1H, J = 2.1 Hz), 6.43 (dd, 1H, J = 2.5, 8.2 Hz),
4.94 (s, 2H), 3.90 (s, 3H), 2.07 (s, 3H); 13C NMR (101 MHz, DMSO-dq): 5
=163.9,148.5, 146.1, 146.4, 136.7, 136.2, 131.1, 130.7, 130.6, 128.9,
128.5,120.7,118.1,112.7,112.5, 37.3, 17.1; ESI-HRMS: m/z calculated
for C17H1gN50 308.1506; found: 308.1508 [M + H]™.

5.1.20. 5-(1-methyl-1H-pyrazol-4-yD-N-(2-methyl-5-(4-((4-
methylpiperazin-1-yl)methyl)-3-(trifluoromethyl)benzamido)phenyl)
nicotinamide

To a solution of compound 16 (30 mg, 0.10 mmol), compound 19
(31 mg, 0.10 mmol), DMAP (37 mg, 0.30 mmol) in DMF (1 mL) was
added EDC (29 mg, 0.15 mmol). The resulting solution was stirred for
16 h at rt. After concentration in vacuo the mixture was purified using
flash column chromatography (5% MeOH in DCM) to obtain the product
as a white solid (42 mg, 71%). 'H NMR (400 MHz, DMSO-dg): 5 = 8.96
(m, 2H), 8.54 (s, 1H), 8.25 (s, 1H), 8.20 (s, 1H), 8.16 (d, 1H, J = 8.1 Hz),
8.01 (s, 1H), 7.98 (d, 1H, J = 8.2 Hz), 7.85 (d, 1H, J = 1.9 Hz), 7.57 (dd,
J=2.1,8.3Hz),7.32(d, 1H, J = 8.5 Hz), 3.97 (s, 3H), 3.76 (s, 2H), 2.58
(bs, 8H), 2.35 (s, 3H), 2.32 (s, 3H); ESI-HRMS: m/z calculated for
C31H33F3N;04: 592.2642; found: 592.2648 [M + H]™.

5.2. In vitro ICs5¢ determination

Affinities for designed compounds were determined using a
commercially available Z’-LYTE™ assay according to the manufac-
turer’s instructions. Briefly, in a 384 well plate were added the respec-
tive kinase (either CSF-1R, PDGFR-f or c-KIT in a final concentration of
0.5, 1.0 and 1.0 ng/pL, respectively) in supplied kinase buffer, ATP (in a
final concentration of 50 uM for CSF-1R and PDGFR-B, 100 uM for c-
KIT), the respective inhibitor (2-fold dilution series in a concentration
range from 1 uM to 0.5 nM), and the assay FRET-peptide. The resulting
solutions (total volume of 10 pL per well) were incubated at rt for 1 h,
followed by the addition of protease solution (5 pL per well). After
careful mixing, the solutions were incubated for 1 h followed by the
addition of stop buffer (5 pL per well). Readout of the plate was per-
formed using excitation wavelength of 400 nm and an excitation
wavelength of 445 (coumarin) and 520 nm (fluorescein) with a 12 nm
bandwidth. Negative control and positive control reactions were per-
formed by omission of ATP and inhibitor, respectively. The obtained
values are the result of three independent experiments and are expressed
as average ICsg value + standard deviation.
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5.3. Radiosynthesis

[HC]COg was produced by the 14N(p,oc)HC nuclear reaction per-
formed in a 0.5% O2/N; gas mixture using an IBA Cyclone 18/9 cyclo-
tron (IBA, Louvain-la-Neuve, Belgium). Radioactivity levels were
measured using a Veenstra (Joure, The Netherlands) VDC-405 dose
calibrator. After irradiation, [11C]C02 was concentrated on a silica trap
(=196 °C, 50 mg silica gel, 100/80 mesh). When the activity reached a
maximum, the trap was heated and [HC]COZ was passed over a gas
purifier column (400 x 4 mm, silica gel, 100/80 mesh) using helium (30
mL~min*1) as carrier gas. The purified [HC]COZ was passed over a
molybdenum reductor column heated at 850 °C (Sigma Aldrich, < 150
pm, 99.99%) after which unreacted [11C]C02 was trapped on an ascarite
column and [*!C]CO was collected on a cooled silica trap (—150 °C, 1
mg silica gel, 100/80 mesh). The transfer gas was switched from helium
to xenon (Fluka, > 99.995). [HC]CO was released by heating of the trap
and transferred by a gentle xenon flow (2.0 mL - min~1) [20] to the
previously charged and sealed reagent vial. For reaction optimization,
['C]1CO was transferred to a collection syringe mounted on a automated
syringe pump and subsequently dispensed over up to ten reaction vials
[19], whereas for production runs the full batch of [HC]CO was trans-
ferred to a single reaction vial. For production runs, the vial was charged
with a mixture of precursor 19 (3.0 mg, 10 umol), trifluoro-iodobenzene
(2.7 mg, 10 pmol), PdCly(PPh3); (1.4 mg, 2.0 umol), xantphos (2.9 mg,
5.0 umol), DMAP (3.0 mg, 20 pmol) in THF (0.7 mL). After transfer of
[11C]CO to this reaction vial the reaction solution was heated at 100 °C
for 5 min. Radioactivity levels in the reaction vial were measured after
heating and after degassing of the reaction solution to determine trap-
ping efficiency of [!C]CO. A sample was taken for HPLC analysis to
determine radiochemical purity. The reaction mixture was diluted with
1 mL of mobile phase and [*'C]5 was isolated by preparative HPLC.
Formulation for injection was performed by diluting the HPLC product
fraction with HoO (40 mL) and passing over a Seppak C18 light solid
phase extraction cartridge (Waters, Milford, MA, USA). The cartridge
was then washed with 10 mL of water followed by elution of the product
from the cartridge with 1 mL of ethanol. The ethanol fraction was
concentrated to 0.2 mL in vacuo at 80 °C with a helium flow of 50
mL-min ! and diluted with 1.8 mL of saline to obtain a final concen-
tration of 10% ethanol in saline. The identity of [*'C]5 was confirmed by
analytical HPLC by co-injection of both labeled and unlabeled
compounds.

5.4. Partition coefficient LogD

The partitioning of [1!C]5 between 1-octanol and 0.2 M phosphate
buffer (pH = 7.4) was determined by vigorously mixing [}'C]5 (100 pL,
10 MBq) with a solution of 0.2 M phosphate buffer (2 mL, pH 7.4) and 1-
octanol (2 mL) for 1 min using a vortex apparatus. After a settling period
of 1 h, three samples of 100 pL were taken from both layers. Samples
were counted for radioactivity and the Log D values were calculated
according to the following formula: Log Doct,7.4 = Log (Aoct/Aphosphate
buffer), Where Aqer and Aphosphate uffer represent average radioactivities
of three 1-octanol and three phosphate buffer samples, respectively. The
result is expressed as mean + standard deviation (n = 3).

5.5. Radiometabolite analysis

Rats (14-16 weeks old, 250-300 g, n = 2) were injected with *'cis
(250 pL, approximately 25 MBq) under isoflurane anesthesia (2% in Oq
at 1 L/min). After 1.5 h, animals were sacrificed and blood was collected
by arterial puncture (approximately 0.5 mL) and transferred to a Hep-
arin coated Eppendorf tube. In addition, the left hemisphere was
collected. Blood samples were centrifuged for 5 min at 4600 RPM to
separate blood plasma from cells. The plasma (100 pL) was diluted in
acetonitrile (200 uL at 0 °C) and centrifuged for 5 min at 15,000 RPM for
removal of proteins. Brains were homogenized in acetonitrile (200 uL at
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0 °C) and centrifuged for 5 min at 15,000 RPM. An aliquot of each su-
pernatant (10 pL) was transferred to a TLC plate, which was subse-
quently dried at room temperature for 5 min and ran in a solution of
DCM/MeOH (90:10, v/v). The radioTLC plate was transferred to a
phosphorimager storage screen and left for 1 h. Readout was performed
on a Typhoon phosphorimager and subsequent analysis was performed
using ImageQuant.

5.6. PET scanning

Dynamic PET imaging was performed using dedicated small animal
NanoPET/CT and NanoPET/MR scanners (Mediso Ltd., Hungary,
Budapest) with identical PET components. Rats (n = 2 per group) were
anaesthetized with 4 and 2% isoflurane in 1 L-min~! O for induction
and maintenance, respectively. Rats were positioned on the scanner bed,
and the respiratory rate was monitored for the duration of the scan,
adjusting anaesthesia when required. A dynamic PET scan was acquired
immediately after intravenous (i.v.) administration (tail vein) of 25 MBq
[1C]5. For efflux blocking experiments, rats received tariquidar 30 min
prior to tracer injection (15 mg-kg™!). Data was analyzed using Viv-
oQuant, by drawing a region of interest around the full brain. Results are
expressed as percentage injected dose per gram (%ID/g). Error bars
indicate standard deviation.

5.7. In vitro autoradiography

Autoradiography was performed in flash frozen rat brain sections
(10 pym thickness). Sections were washed with 50 mM Tris-HCl buffer
(pH 7.4) for 15 min. After drying under a gentle air flow the section were
incubated with [11C]5 (0.5 MBq-mL’l) in 50 mM Tris-HCl, pH 7.4 in the
absence or presence of a CSF-1R inhibitor at 1 uM concentration for 30
min. Washing was performed with cold Tris-HCI (5 mM, 4 °C, two times)
followed by dipping in ice cold water. After drying in an air stream, rat
brain sections were exposed to a phosphorimaging screen (GE Health-
care, Buckinghamshire, UK) for 10 min and developed on a Typhoon
FLA 7000 phosphor imager (GE Healthcare, Buckinghamshire, UK).
Visualisation of binding was performed using ImageQuantTL v8.1.0.0
(GE Healthcare, Buckinghamshire, UK).
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