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Abstract: GluN2B-containing N-methyl-D-aspartate receptors (NMDARs) are key mediators of synaptic plasticity in the brain and have 
been implicated in Alzheimer’s and Parkinson’s disease. However, no radiofluorinated positron emission tomography (PET) radioligand 
is available for mapping GluN2B in the living human brain. Herein, we report the radiosynthesis and preclinical evaluation of [18F]N2B-
2502, an 18F-labeled imidazo[4,5-b]pyridin-2-one derivative designed to target GluN2B-containing NMDARs. Nucleophilic radiofluorina-
tion of the corresponding precursor afforded [18F]N2B-2502 in excellent radiochemical purity (>98%) and molar activity (>37 GBq/
μmol). In vitro autoradiography in rat brain sections revealed high uptake in the hippocampus, thalamus, striatum, and cortex, consistent 
with the known regional distribution of GluN2B subunit expression. However, PET imaging in CD-1 mice revealed low brain uptake that 
increased following P-glycoprotein (P-gp) inhibition, indicating that [18F]N2B-2502 might be a P-gp substrate. Further structure-activity 
relationship optimization based on this scaffold is warranted to achieve high brain penetration for in vivo GluN2B-NMDAR imaging.
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Introduction

N-methyl-D-aspartate receptors (NMDARs) are heterotet-
rameric ligand-gated ion channels assembled from two 
obligatory GluN1 subunits and two GluN2 or GluN3 sub-
units [1, 2]. Those channels carry the slow, Ca2+-permeable 
component of excitatory transmission and mediate syn-
aptic plasticity [3]. GluN2B (NR2B, encoded by GRIN2B) is 
the dominant GluN2 isoform in the immature forebrain [3, 
4]. In the adult brain, GluN2B is abundant in the hippo-
campus, striatum, thalamus and cortex, and expressed at 
low levels in the cerebellum [5]. GRIN2B loss- and gain-of-
function variants result in a spectrum of developmental 
and epileptic encephalopathies [6], and GluN2B-mediat- 
ed excitotoxicity has been implicated in Alzheimer’s dis-
ease (AD) [7] and Parkinson’s disease (PD) [8]. Subunit-
selective negative allosteric modulators (NAMs) act at the 
GluN1/GluN2B amino-terminal domain interface. Based 
on this principle, ifenprodil, CP-101,606 (traxoprodil) and 
radiprodil have been developed to retain the efficacy of 
channel-blocking pan-NMDAR antagonists, while avoiding 
their psychotomimetic side effects [9]. However, while 
some of those modulators have entered clinical trials, no 
candidate has been advanced to larger phase III trials yet. 
Quantifying GluN2B in the living brain would support tar-
get engagement studies and regional receptor measure-
ments in patients, thereby facilitating drug development 
efforts.

Positron emission tomography (PET) is the established 
technique for measuring receptor availability in the living 
brain, and GluN2B radioligand development has been pur-
sued for more than two decades (Figure 1A) [10, 11]. For 
example, (±)-[11C]threo-1, a carbon-11 methoxy analogue 
of CP-101,606, was the first “prodil”-derived PET ligand 
for GluN2B. It bound the subunit specifically in rodent 
brain in vitro, but not in vivo [12]. An arylpyridinylmethy- 
lamine-derived ligand [11C]HACH242 showed suitable 
brain kinetics in rhesus monkeys but low plasma stability 
and no specific binding [13]. Similarly, a 3-benzazepin-1- 
ol analog (R)-[11C]Me-NB1 showed enantiomer-dependent 
selectivity and adequate brain uptake with reversible 
kinetics [14] and has been studied in humans [15]. Its 
binding in rat brains was abolished by (+)-pentazocine - 
raising potential concerns about σ1 receptor involvement 
in the PET signal in the brain [16]. Radiofluorinated ana-
logs (R/S)-[18F]OF-Me-NB1 and the related benzazepinol 
[11C]NR2B-SMe were subsequently evaluated in vivo, how-
ever, no radiofluorinated candidate has been advanced  
to humans [17-22]. A 1,2,3,4-tetrahydroisoquinolin-7-ol-
derived ligand [11C]Ro04-5595 was reported to have lim-
ited brain uptake [23]. On the other hand, the pyrrolo[3,2-
b]pyridinylacetamide NAMs [11C]N2B-1810 and [11C]N2B- 
1903 were displaceable in rat brain in vitro but gave low 
and uniform uptake in the living rat brain [24]. Although 
several of these ligands were selective for GluN2B in vitro, 
they showed low brain uptake or rapid metabolism in vivo. 
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The triazole-cored antagonist [18F]N2B-0518 demonstrat-
ed in vitro specific binding in brain sections of rat and non-
human primate (NHP), but has not been evaluated in  
vivo [25]. The availability of a radiofluorinated GluN2B-
selective PET radioligand would expand the neuroscience 
toolbox by enabling satellite distribution to nuclear medi-
cine facilities lacking an on-site cyclotron. Here we re- 
port the radiosynthesis of the imidazo[4,5-b]pyridin-
2-one ligand [18F]N2B-2502 and its evaluation in rodents 
(Figure 1B).

Results

Chemistry

The synthesis of compound 2 is outlined in Scheme 1 
[26]. Nitro compound 3 underwent nucleophilic aromatic 
substitution with methylamine in water to afford com-
pound 4 in 99% yield. Reduction of the nitro group with 
iron and ammonium chloride gave amine 5 in 65% yield. 
Amine 5 was cyclized with carbonyldiimidazole (CDI) in 
THF to construct the imidazopyridinone core and deliver 
6 in 79% yield. Alkylation of 6 with ethyl bromoacetate (7) 
under potassium carbonate in acetonitrile furnished ester 
8 in 85% yield. Miyaura borylation of 8 with bis(pinacolato)
diboron and potassium acetate under Pd(dppf)Cl2 cataly-
sis provided boronate 9 in 84% yield. Suzuki coupling of 
9 with bromide 10 under Xphos-Pd-G2 catalysis pro-
duced compound 11 in 43% yield. Hydrolysis of the ethyl 
ester in 11 with lithium hydroxide gave acid 12. Amide 
coupling of 12 with 3-fluoroazetidine (13) using HATU and 

nificant inhibition at most targets in the panel. Inhibition 
of peripheral benzodiazepine receptor (PBR) exceeded 
the 50% cutoff, and a secondary assay determined a Ki  
of 1.6 μM. Inhibition of sigma 2 reached 45.6%, below the 
50% cutoff. Importantly, compound 2 showed no signifi-
cant activity at sigma 1 (σ1), in contrast to the σ1-confound- 
ed binding reported for the benzazepinol-based GluN2B 
ligands.

Radiochemistry

The synthesis of the tosylate precursor 17 is outlined in 
Scheme 2. Amide coupling of acid 14 with 3-hydroxyazeti-
dine (15) under HATU and DIEA in THF afforded alcohol 
16, and tosylation of the free hydroxyl group in 16 with 
TsCl, TEA, and DMAP in DCM delivered precursor 17 in 
30% yield over the two steps.

With the precursor in hand, we moved forward to the 
radiosynthesis of [18F]2, as illustrated in Scheme 3. 
Treatment of precursor 17 with [18F]fluoride and tetraeth-
ylammonium bicarbonate (TEAB) in t-BuOH/MeCN (5:1, 
v/v) at 130°C for 5 min afforded [18F]2 ([18F]N2B-2502) in 
3% radiochemical yield (non-decay-corrected). [18F]2 was 
obtained in radiochemical purity >98% with a molar activ-
ity >37 GBq/μmol, suitable for further evaluation.

In vitro autoradiography

To investigate the in vitro binding properties, autoradiog-
raphy studies of [18F]2 were performed in rat brain sec-
tions. [18F]2 showed high and regionally specific accumu-

Figure 1. A. Representative PET ligands targeting GluN2B-containing NMDA recep-
tors; B. Structures of compound 2 and the radioligand [18F]2 ([18F]N2B-2502).

DIEA delivered the target compound 2 in 
26% yield over two steps.

Pharmacology

The physicochemical and pharmacologi-
cal properties of compound 2 are listed 
in Table 1. Compound 2 has a molecu- 
lar weight of 396.39 and a logP of 1.64, 
and both values meet accepted criteria 
for PET ligands. The calculated logD is 
1.60 (ACD Labs), and the experimental 
logD by the “shake-flask” method is 1.73, 
in agreement with the calculated value. 
The topological polar surface area (tPSA) 
is 84.99 Å2, below the 90 Å2 threshold 
for CNS penetration, and the CNS MPO 
score is 5.7. Compound 2 exhibited an 
IC50 of 10 nM against GluN2B, support- 
ing further selectivity profiling [26].

Compound 2 was also evaluated aga- 
inst a panel of major CNS targets by  
the National Institute of Mental Health 
Psychoactive Drug Screening Program 
(PDSP) at a test concentration of 10 μM 
(Figure 2). Compound 2 exhibited no sig-
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Figure 2. Off-target pharmacological evaluation of compound 2 at a concentration of 10 μM against major CNS targets.

Scheme 1. Synthesis of compound 2.

Table 1. Physicochemical and pharmacological properties of compound 2

aCalculated with ChemDraw 21. bCalculated with ACD Labs. cMeasured by “shake-flask” method. dAdopted from ref. [26].

Scheme 2. Synthesis of the labeling precursor 17.
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Scheme 3. Radiosynthesis of [18F]2 ([18F]N2B-2502).

lation under baseline conditions (Figure 3A). Co-incuba- 
tion with non-radioactive compound 2 or Ro 25-6981, a 
GluN2B-targeted NMDA receptor antagonist, eliminated 
this uptake throughout the section. Quantitative analysis 
confirmed this pattern (Figure 3B). Tracer accumulation 
was high in cortex, hippocampus, and striatum, and low 
in cerebellum. This pattern is consistent with the reported 
regional distribution of GluN2B, which is enriched in the 
cortex, hippocampus, striatum, relative to cerebellum [2].

PET imaging

We next conducted in vivo PET imaging of [18F]2 in mice. 
Under baseline conditions, [18F]2 showed low brain up- 
take, with a whole-brain SUV of approximately 0.4 at early 
time points, followed by gradual washout over 60 min 
(Figure 4A). Baseline time-activity curves for the cortex, 
hippocampus, and striatum were similar to the whole-
brain curve, with no apparent regional differences (Figure 
4C). Pretreatment with non-radioactive compound 2 or 
Ro 25-6981 did not reduce brain uptake (Figure 4B). This 
finding provided no evidence of specific binding in vivo, 
in contrast to the region-specific blocking observed by 
autoradiography (Figure 3). The increase in brain SUV 
after blocking may reflect blocking of GluN2B in peripher-
al tissues, which would increase the fraction of systemic 
tracer available for brain delivery. To determine whether 
[18F]2 is a substrate of P-glycoprotein (P-gp), we performed 
PET imaging after pretreatment with a P-gp inhibitor 
(Elacridar, 3 mg/kg). As shown in Figure 4D, P-gp inhibi-
tion increased whole-brain tracer uptake by over 70% 
based on area under the curve (AUC) of the time-activity 
curves (7.1 to 12.4). This result indicates that [18F]2 mi- 
ght be a substrate of P-gp, and future structural modifica-
tion should aim to reduce susceptibility to P-gp-mediated 
efflux.

Biodistribution

CD-1 mice underwent ex vivo whole-body biodistribution 
analysis after injection of [18F]2, with tissues harvested at 
5, 15, 30, and 60 min to characterize its distribution and 
clearance profile (Figure 5). The small intestine, kidney, 
and liver accumulated the highest levels of radioactivity at 
early time points (>5 %ID/g), and this activity cleared pro-
gressively over 60 min, a profile consistent with combined 
hepatobiliary and renal elimination of the tracer. Brain 

uptake remained low throughout the 
study (0.9 %ID/g at 5 min), confirming the 
low brain penetration observed by PET 
imaging. Bone radioactivity did not 
increase over the 60 min, indicating that 
in vivo defluorination of [18F]2 was 
minimal.

Radiometabolite analysis

To assess the in vivo metabolic stability 
of [18F]2, we conducted an ex vivo metab-

olism study in mice at 30 min post-injection. Parent frac-
tion analysis showed that the intact parent tracer account-
ed for 88.1% of total radioactivity in the brain and 45.9% 
in plasma (Figure 6). The high brain parent fraction indi-
cates that [18F]2 is metabolically stable in brain tissue at 
this time point. The lower plasma parent fraction indicates 
more rapid peripheral metabolism and should be consid-
ered in future kinetic modeling based on a plasma input 
function.

Discussion

We synthesized and evaluated [18F]2 ([18F]N2B-2502), a 
novel imidazo[4,5-b]pyridin-2-one radioligand for GluN2B. 
This chemotype is structurally distinct from the 3-benzaz-
epin-1-ol scaffold that is shared by most GluN2B radioli-
gands reported to date, including (R)-[11C]Me-NB1 and its 
derivatives. Compound 2 has no chiral centers, in con-
trast to the NB1 series, which requires enantiomer sepa-
ration and shows enantiomer-dependent GluN2B/σ1 se- 
lectivity. The imidazo[4,5-b]pyridin-2-one core is capable 
of binding GluN2B with an IC50 in the low nanomolar 
range. Compound 2 also showed no significant activity at 
σ1, the receptor responsible for confounding the specific 
binding of (R)-[11C]Me-NB1 in vivo. A key finding of this 
study is a discrepancy between in vitro and in vivo results. 
In vitro autoradiography showed region-specific binding 
of [18F]2 to the rat brain, matching reported distribution 
patterns of GluN2B. The tracer binding was fully blocked 
by compound 2 and by the commercially available GluN2B 
ligand, Ro 25-6981. In vivo PET imaging showed low 
brain uptake and no evidence of specific binding under 
the same blocking conditions. P-gp inhibition increased 
brain uptake by over 70%, indicating P-gp-mediated efflux 
at the blood-brain barrier as the main factor for this dis-
crepancy. The PET imaging study was conducted in two 
animals (n = 2), consistent with its exploratory purpose  
of determining whether [18F]2 should be advanced as a 
GluN2B PET radioligand. Neither animal showed evidence 
of a blocking effect, whereas P-gp inhibition substantially 
increased brain uptake. These findings suggest that [18F]2 
has limited potential for further development. This limi- 
tation is distinct from those reported for other GluN2B 
radioligands. Although the physicochemical profile of 
compound 2 meets standard criteria for CNS penetration 
(TPSA below 90 Å2 and favorable CNS MPO score), the 
compound is likely a P-gp substrate. This finding shows 
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Figure 3. In vitro autoradiography of [18F]2 in rat brain sections. A. Autoradiographic images under baseline conditions and after blocking 
with cold compound 2 (self-blocker, 10 μM) and Ro 25-6981 (10 μM). B. Quantification of relative signal intensity in five brain regions 
under baseline and blocking conditions. Data are presented as mean ± SD, n = 3. Asterisks indicate significant differences from baseline 
(***P ≤ 0.001).

Figure 4. In vivo PET imaging of [18F]2 in mice (n = 2). A. Representative PET images (coronal, sagittal, and horizontal planes) under 
baseline conditions, after blocking with non-radioactive compound 2 (self-blocking) or Ro 25-6981, and after P-glycoprotein (P-gp) inhibi-
tion. B. Whole-brain time-activity curves under baseline, self-blocking, and Ro 25-6981-blocking conditions. C. Time–activity curves of 
selected brain regions under baseline conditions. D. Whole-brain time-activity curves under baseline conditions and after P-gp inhibition.

that in silico or in vitro physicochemical parameters alone 
are insufficient to predict P-gp-mediated efflux liability. 
Species differences between the autoradiography (rat) 
and in vivo (mouse) studies, along with plasma protein 
binding reducing the free fraction of [18F]2 available for 
blood-brain barrier penetration, may also contribute to 
this discrepancy independent of P-gp efflux. We did not 
pursue further optimization of the radiosynthesis of [18F]2, 
since the low brain uptake of [18F]2 is likely driven by P- 
gp-mediated efflux rather than by any limitation in radio-
chemical yield, and a higher yield would not resolve this 
issue. Several limitations of this study should be noted. 
The PET imaging studies were performed in a small num-

ber of animals (n = 2), and radiometabolite analysis was 
limited to a single time point (30 min). These experiments 
were intended primarily to determine whether [18F]2 war-
ranted further development rather than to provide a full 
kinetic or metabolic characterization. The radiochemical 
yield of [18F]2 was also relatively low (3%, non-decay-cor-
rected), although it was sufficient for the studies reported 
here. Finally, although [18F]2 showed region-specific and 
blockable binding in autoradiography, no specific binding 
was observed in vivo. The increased brain uptake follow-
ing P-gp inhibition suggests that limited brain penetration 
due to efflux transporter activity contributed to this dis-
crepancy. Therefore, assessment of efflux transporter in- 
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ppm relative to TMS. High-performance liquid chromatog-
raphy (HPLC) was performed using a Shimadzu LC-2010A 
HT system. HPLC-MS analyses were performed on an 
Agilent 6120B single-quadrupole mass spectrometer 
equipped with an electrospray ionization (ESI) source. 
High-resolution mass spectrometry (HRMS) was per-
formed on a Thermo Fisher Scientific UPLC-ESI-Q-Orbitrap 
mass spectrometer operated in positive ion mode. Purity 
of all final compounds was ≥95%, as determined by ana-
lytical HPLC. All animal experiments were performed in 
compliance with institutional ethical guidelines under pro-
tocols approved by the Emory University IACUC (protocol 
numbers PROTO202200003 and PROTO202200076).

Chemistry

Synthesis of 5-bromo-N-methyl-3-nitropyridin-2-amine 
(4): To a solution of 2,5-dibromo-3-nitropyridine 3 (11 g, 
39.02 mmol) in EtOH (100 mL) was added MeNH2 (40% 
w/w in water, 9.0 g, 115.27 mmol). The final mixture was 
stirred at 55°C for 2 h. The reaction mixture was filtrated, 
and the cake was washed with water and dried to give 
5-bromo-N-methyl-3-nitropyridin-2-amine (4, 9.0 g, 99%) 
as a yellow solid, used directly for the next step. LC-MS 
(ESI+): m/z, 233.0 [M+H]+.

Synthesis of 5-bromo-N2-methylpyridine-2,3-diamine (5): 
To a solution of 5-bromo-N-methyl-3-nitropyridin-2-amine 
4 (7.8 g, 33.6 mmol) in EtOH (50 mL) and H2O (50 mL)  
was added Fe (9.4 g, 168 mmol) and NH4Cl (9.2 g, 171 
mmol). The final mixture was stirred at 80°C for 2 h. The 

teractions should be incorporated early in the lead optimi-
zation process for this chemotype. Strategies such as 
reducing topological polar surface area and modifying 
substituents recognized by the transporter binding pocket 
may clarify whether the imidazo[4,5-b]pyridin-2-one core 
can be developed into a GluN2B radioligand suitable for 
quantitative PET imaging.

Conclusion

In summary, we synthesized and evaluated [18F]2 ([18F]
N2B-2502), an imidazo[4,5-b]pyridin-2-one radioligand 
for the utility to image GluN2B-containing NMDA recep-
tors. Compound 2 exhibited favorable physicochemical 
properties and high selectivity against a panel of major 
CNS targets, including no significant activity at sigma 1. In 
vitro autoradiography demonstrated high, region-specific 
binding in rat brain, consistent with the reported distribu-
tion of GluN2B. In vivo PET imaging showed low brain 
uptake and no evidence of specific binding. P-gp inhibition 
increased brain uptake by over 70%, indicating that [18F]2 
might be a substrate of P-gp. Efflux at the blood-brain  
barrier limits the brain uptake of [18F]2 and precludes its 
use as a PET radioligand for GluN2B in its current form. 
Structural modification to reduce P-gp-mediated efflux 
may improve the brain penetration of this chemotype.

Materials and methods

General

All chemicals and solvents were purchased from commer-
cially available sources and used without further purifica-
tion unless otherwise noted. 1H and 13C NMR spectra 
were recorded on a Bruker spectrometer at 400 MHz for 
1H and 100 MHz for 13C. Chemical shifts are reported in 

Figure 5. Whole-body ex vivo biodistribution studies in mice at 
four different time points (5, 15, 30, and 60 min) post-injection 
of [18F]2. Data are expressed as %ID/g (mean ± SD, n = 4). 
%ID/g = injected dose per gram of wet tissue.

Figure 6. Ex vivo metabolite analysis of [18F]2 in mouse brain 
and plasma at 30 min post-injection. Data are expressed as % 
of unchanged (intact parent) form. Data are presented as mean 
± SD, n = 2.
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dihydro-1H-imidazo[4,5-b]pyridin-1-yl)acetate (11, 150 mg, 
43%) as a white solid, used directly for the next step.

Synthesis of 2-(6-(5-(difluoromethyl)thiophen-2-yl)-3-me- 
thyl-2-oxo-2,3-dihydro-1H-imidazo[4,5-b]pyridin-1-yl)ace-
tic acid (12): To a solution of ethyl 2-(6-(5-(difluoromethyl)
thiophen-2-yl)-3-methyl-2-oxo-2,3-dihydro-1H-imida- 
zo[4,5-b]pyridin-1-yl)acetate 11 (130 mg, 0.35 mmol) in 
THF (3 mL) and H2O (1 mL) was added LiOH (21 mg, 0.89 
mmol). The mixture was stirred at room temperature over-
night. The reaction mixture was poured into water and 
extracted with ethyl acetate. The organic layer was 
washed with brine, dried over Na2SO4, and concentrated 
to give 2-(6-(5-(difluoromethyl)thiophen-2-yl)-3-methyl-2-
oxo-2,3-dihydro-1H-imidazo[4,5-b]pyridin-1-yl)acetic acid 
(12, 145 mg, crude) as a yellow solid, used directly for the 
next step without further purification.

Synthesis of 6-(5-(difluoromethyl)thiophen-2-yl)-1-(2-(3-
fluoroazetidin-1-yl)-2-oxoethyl)-3-methyl-1,3-dihydro-
2H-imidazo[4,5-b]pyridin-2-one (2): To a solution of 2-(6- 
(5-(difluoromethyl)thiophen-2-yl)-3-methyl-2-oxo-2,3-di-
hydro-1H-imidazo[4,5-b]pyridin-1-yl)acetic acid 12 (40 
mg, 0.12 mmol) in THF (2 mL) was added 3-fluoroazeti-
dine 13 (14 mg, 0.13 mmol), HATU (91 mg, 0.24 mmol) 
and DIEA (47 mg, 0.36 mmol). The mixture was stirred at 
room temperature for 1 h. The reaction mixture was 
poured into water and extracted with ethyl acetate. The 
organic layer was washed with brine, dried over Na2SO4, 
concentrated and purified by preparative HPLC to give 
6-(5-(difluoromethyl)thiophen-2-yl)-1-(2-(3-fluoroazetidin-
1-yl)-2-oxoethyl)-3-methyl-1,3-dihydro-2H-imidazo[4,5-b]
pyridin-2-one (2, 12 mg, 26% over 2 steps) as a white 
solid. 1H NMR (400 MHz, Chloroform-d) δ 8.34 (d, J = 1.8 
Hz, 1H), 7.46 (d, J = 1.9 Hz, 1H), 7.27 (d, J = 3.2 Hz, 1H), 
7.22-7.15 (m, 1H), 6.84 (t, J = 56.0 Hz, 1H), 5.37 (dtt, J = 
56.1, 6.3, 3.4 Hz, 1H), 4.73-4.53 (m, 2H), 4.51 (s, 1H), 
4.42 (t, J = 10.4 Hz, 1H), 4.39-4.28 (m, 1H), 4.19 (dd, J = 
23.9, 11.9 Hz, 1H), 3.54 (s, 3H). 13C NMR (100 MHz, Ch- 
loroform-d) δ 166.08 (s), 153.71 (s), 143.80 (s), 143.53 
(s), 138.55 (s), 135.72 (s), 128.60 (t, J = 6.9 Hz), 124.37 
(d, J = 16.1 Hz), 123.40 (s), 113.78 (s), 112.93 (s), 111.43 
(s), 81.64 (d, J = 206.7 Hz), 57.41 (dd, J = 159.8, 26.5 Hz), 
41.10 (s), 26.52 (s). LCMS (ESI+): m/z, 397.0 [M+H]+. 
HRMS (ESI): exact mass calcd for C17H16F3N4O2S+ [M+H+], 
397.0941; found, 397.0939.

Synthesis of 6-(5-(difluoromethyl)thiophen-2-yl)-1-(2-(3-
hydroxyazetidin-1-yl)-2-oxoethyl)-3-methyl-1,3-dihydro-
2H-imidazo[4,5-b]pyridin-2-one (16): To a solution of 
2-(6-(5-(difluoromethyl)thiophen-2-yl)-3-methyl-2-oxo-2,3-
dihydro-1H-imidazo[4,5-b]pyridin-1-yl)acetic acid 14 (250 
mg, 0.74 mmol) in THF (8 mL) was added azetidin-3-ol 
hydrochloride 15 (88 mg, 0.81 mmol), HATU (563 mg, 
1.48 mmol) and DIEA (287 mg, 2.22 mmol). The mixture 
was stirred at room temperature for 1 h. The reaction mix-
ture was poured into water and extracted with ethyl ace-
tate. The organic layer was washed with brine, dried over 
Na2SO4 and concentrated to give 6-(5-(difluoromethyl)

reaction mixture was filtrated, and the filtrate was con-
centrated and purified by flash column chromatography 
(petroleum ether/ethyl acetate = 1/1) to give 5-bromo-
N2-methylpyridine-2,3-diamine (5, 4.4 g, 65%) as a black 
solid, used directly for the next step.

Synthesis of 6-bromo-3-methyl-1,3-dihydro-2H-imidazo- 
[4,5-b]pyridin-2-one (6): To a solution of 5-bromo-N2- 
methylpyridine-2,3-diamine 5 (4.0 g, 0.02 mol) in THF (60 
mL) was added CDI (6.45 g, 0.04 mol). The mixture was 
stirred at 60°C for 2 h. The reaction mixture was filtrated, 
and the filter cake was collected to give 6-bromo-3-me- 
thyl-1,3-dihydro-2H-imidazo[4,5-b]pyridin-2-one (6, 3.6 g, 
79%) as pale green solid, used directly for the next step.

Synthesis of ethyl 2-(6-bromo-3-methyl-2-oxo-2,3-dihydro- 
1H-imidazo[4,5-b]pyridin-1-yl)acetate (8): To a solution of 
6-bromo-3-methyl-1,3-dihydro-2H-imidazo[4,5-b]pyridin-
2-one 6 (300 mg, 1.32 mmol) in MeCN (10 mL) was 
added ethyl 2-bromoacetate 7 (230 mg, 1.39 mmol) and 
K2CO3 (547 mg, 3.96 mmol). The mixture was stirred at 
80°C overnight. The reaction mixture was filtrated, and 
the filtrate was concentrated and purified by flash column 
chromatography (petroleum ether/ethyl acetate = 2/1)  
to give ethyl 2-(6-bromo-3-methyl-2-oxo-2,3-dihydro-1H- 
imidazo[4,5-b]pyridin-1-yl)acetate (8, 352 mg, 85%) as a 
white solid, used directly for the next step.

Synthesis of ethyl 2-(3-methyl-2-oxo-6-(4,4,5,5-tetrame- 
thyl-1,3,2-dioxaborolan-2-yl)-2,3-dihydro-1H-imidazo[4,5-
b]pyridin-1-yl)acetate (9): To a solution of ethyl 2-(6-bro-
mo-3-methyl-2-oxo-2,3-dihydro-1H-imidazo[4,5-b]pyridin-
1-yl)acetate 8 (400 mg, 1.3 mmol) in dioxane (7 mL) was 
added B2Pin2 (357 mg, 1.4 mmol), KOAc (314 mg, 3.2 
mmol) and Pd(dppf)Cl2 (95 mg, 0.1 mmol) under a nitro-
gen atmosphere. The mixture was stirred at 80°C for 2 
h. The reaction mixture was poured into water and ex- 
tracted with ethyl acetate. The organic layer was washed 
with brine, dried over Na2SO4 and concentrated to give 
ethyl 2-(3-methyl-2-oxo-6-(4,4,5,5-tetramethyl-1,3,2-diox-
aborolan-2-yl)-2,3-dihydro-1H-imidazo[4,5-b]pyridin-1-yl)
acetate (9, 390 mg, 84%) as a black solid, used directly 
for the next step.

Synthesis of ethyl 2-(6-(5-(difluoromethyl)thiophen-2-yl)-
3-methyl-2-oxo-2,3-dihydro-1H-imidazo[4,5-b]pyridin-1-yl)
acetate (11): To a solution of 2-bromo-5-(difluoromethyl)
thiophene 10 (200 mg, 0.94 mmol) in dioxane (4 mL) and 
H2O (1 mL) was added ethyl 2-(3-methyl-2-oxo-6-(4,4,5,5- 
tetramethyl-1,3,2-dioxaborolan-2-yl)-2,3-dihydro-1H-imid- 
azo[4,5-b]pyridin-1-yl)acetate 9 (373 mg, 1.03 mmol), 
K3PO4 (499 mg, 2.35 mmol) and Xphos-Pd-G2 (37 mg, 
0.05 mmol). The mixture was stirred at 70°C for 1 h under 
a nitrogen atmosphere. The reaction mixture was poured 
into water and extracted with ethyl acetate. The organic 
layer was washed with brine, dried over Na2SO4 and con-
centrated and purified by flash column chromatography 
(petroleum ether/ethyl acetate = 1/1) to give ethyl 2- 
(6-(5-(difluoromethyl)thiophen-2-yl)-3-methyl-2-oxo-2,3-
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activity of [18F]2 were confirmed by analytical radio-HPLC 
on an Agilent 1100 series system equipped with a 
Phenomenex Luna C-18 column (5 μm, 4.6 × 150 mm), a 
UV detector (254 nm), and a LabLogic in-line radioactivity 
detector. The mobile phase consisted of MeCN and 0.1% 
TEA aqueous solution (40/60, v/v) at a flow rate of 1.0 
mL/min.

In vitro autoradiography

Cryosectioned Sprague-Dawley rat brain tissue (14 μm) 
was embedded in Tissue-Tek® O.C.T. and stored at -80°C 
prior to use. Sections were equilibrated for 10 min at 
room temperature in 50 mM Tris buffer containing 0.1% 
BSA (200 mL), then incubated with [18F]2 (1 μCi/mL) in the 
same buffer for 30 min. Blocking sections received the 
same incubation in the presence of 10 μM non-radioac-
tive compound 2 or Ro 25-6981. Sections were subse-
quently rinsed once in the Tris/BSA buffer (5 min), twice in 
Tris buffer without BSA (2 min each), and twice in distilled 
water (5 s each), then air-dried. Dried sections were 
exposed to a phosphor imaging plate (BAS-MS2025, GE 
Healthcare) for 12 h and imaged on an Amersham 
Typhoon system (Cytiva, USA).

PET imaging

Anesthetized CD-1 mice underwent PET imaging on  
a Molecubes β-CUBE PET scanner (Bruker, Belgium). 
Dynamic images were acquired over 60 min following tail-
vein injection of [18F]2 (~80 μCi). Images were recon-
structed and analyzed using PMOD software (v4.3; PMOD 
Technologies, Switzerland). Blocking studies involved in- 
travenous administration of non-radioactive compound 2 
or Ro 25-6981 (3 mg/kg) 10 min prior to tracer injection. 
To assess P-gp-mediated efflux, elacridar (3 mg/kg) was 
injected intravenously by the same pre-injection sche- 
dule.

Whole-body biodistribution

CD-1 mice (n = 4 per time point) were administered [18F]2 
(~20 μCi, 0.1 mL) by tail-vein injection and were eutha-
nized by cervical dislocation at 5, 15, 30, or 60 min post-
injection. Brain, blood, muscle, spleen, heart, lung, pan-
creas, stomach, small intestine, kidney, liver, and bone 
were harvested and weighed, and tissue radioactivity  
was measured on a Wizard automatic gamma counter 
(PerkinElmer, USA). Radioactivity was decay-corrected to 
the time of injection and expressed as percent injected 
dose per gram of tissue (%ID/g).

Radiometabolite analysis

CD-1 mice (n = 2) were administered [18F]2 (~400 μCi, 0.1 
mL) by intravenous injection and were euthanized by 
decapitation at 30 min post-injection. Brain tissue and 
plasma were collected immediately, homogenized in ace-
tonitrile, and centrifuged to remove precipitated pro- 
tein. The supernatant was analyzed by semi-preparative 

thiophen-2-yl)-1-(2-(3-hydroxyazetidin-1-yl)-2-oxoethyl)-3-
methyl-1,3-dihydro-2H-imidazo[4,5-b]pyridin-2-one (16, 
450 mg, crude) as a white solid, used directly for the next 
step without further purification.

Synthesis of 1-(2-(6-(5-(difluoromethyl)thiophen-2-yl)-3-
methyl-2-oxo-2,3-dihydro-1H-imidazo[4,5-b]pyridin-1-yl)
acetyl)azetidin-3-yl 4-methylbenzenesulfonate (17): To a 
solution of 6-(5-(difluoromethyl)thiophen-2-yl)-1-(2-(3-hy-
droxyazetidin-1-yl)-2-oxoethyl)-3-methyl-1,3-dihydro-
2H-imidazo[4,5-b]pyridin-2-one 16 (300 mg, 0.76 mmol) 
in DCM (6 mL) was added TsCl (217 mg, 1.14 mmol), TEA 
(154 mg, 1.52 mmol) and DMAP (9.3 mg, 0.08 mmol). The 
mixture was stirred at room temperature overnight. The 
reaction mixture was poured into water and extracted 
with ethyl acetate. The organic layer was washed with 
brine, dried over Na2SO4, concentrated and purified by 
flash column chromatography (ethyl acetate) to give 1- 
(2-(6-(5-(difluoromethyl)thiophen-2-yl)-3-methyl-2-oxo-
2,3-dihydro-1H-imidazo[4,5-b]pyridin-1-yl)acetyl)azetidin-
3-yl 4-methylbenzenesulfonate (17, 82.17 mg, 30% over 2 
steps) as a white solid. 1H NMR (400 MHz, Chloroform-d) 
δ 8.37 (d, J = 1.9 Hz, 1H), 7.91-7.80 (m, 2H), 7.78 (d, J = 
1.9 Hz, 1H), 7.56-7.47 (m, 4H), 7.27 (d, J = 55.2 Hz, 1H), 
5.22 (tt, J = 6.9, 3.9 Hz, 1H), 4.62 (d, J = 1.7 Hz, 2H), 4.61-
4.52 (m, 1H), 4.36-4.24 (m, 1H), 4.17 (dd, J = 11.0, 6.6 
Hz, 1H), 3.81 (dd, J = 11.3, 3.9 Hz, 1H), 3.36 (s, 3H), 2.44 
(s, 3H). 13C NMR (100 MHz, DMSO-d6) δ 166.53 (s), 
153.93 (s), 146.18 (s), 144.37 (s), 143.97 (s), 138.03 (s), 
134.79 (t, J = 25.4 Hz), 132.57 (s), 130.91 (s), 130.75 (s), 
128.23 (s), 124.97 (s), 124.03 (s), 123.52 (s), 114.73 (s), 
112.45 (s), 110.10 (s), 69.29 (s), 57.07 (s), 55.66 (s), 
26.34 (s), 21.63 (s). LCMS (ESI+): m/z, 549.0 [M+H]+. 
HRMS (ESI): exact mass calcd for C24H23F2N4O5S2

+ [M+H+], 
549.1072; found, 549.1077.

Radiochemistry

[18F]Fluoride was generated by proton irradiation of >98% 
enriched [18O]H2O via the 18O(p,n)18F reaction, using an 18 
MeV beam on a GE PETrace 880 cyclotron (GE Heal- 
thcare). Radiosynthesis was carried out either manually 
or via an automated Trasis AllInOne™ synthesizer (both 
methods gave comparable results). Target water contain-
ing [18F]Fluoride (~1 GBq) was passed through a Sep- 
Pak QMA Plus Light cartridge to capture the activity, which 
was then recovered by passing a solution of Et4NHCO3 
(TEAB, 2 mg) in MeOH (1.0 mL) through the cartridge in 
the direction opposite to loading. Residual water was 
removed by three cycles of azeotropic drying with anhy-
drous MeCN at 110°C under a nitrogen stream. A solu-
tion of precursor 17 (2 mg) in dry t-BuOH/MeCN (420 μL, 
5:1) was then added, and the reaction mixture was heat-
ed at 130°C for 5 min. Following dilution with HPLC mo- 
bile phase, the crude reaction mixture was purified by 
semi-preparative HPLC on a Phenomenex Luna C18(2) 
column (5 μm, 10 × 250 mm), eluting with MeCN/0.1% 
TEA aqueous solution (32/68, v/v) at a flow rate of 5.0 
mL/min. The identity, radiochemical purity, and molar 
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