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A B S T R A C

Serotonergic 5-HT2A receptors in the cortex and other forebrain structures have been linked to cognitive, 
emotional and memory processes. In addition, dysfunction or altered expression of these receptors is associated 
with neuropsychiatric and neurodegenerative disorders. [18F]R91150 is a candidate radiotracer for positron 
emission tomography (PET) imaging of 5-HT2A receptors, which showed promising properties in in vitro studies. 
However, existing methods for the production of [18F]R91150 are rather inefficient and its imaging properties 
have not been studied in vivo. In the present work, we describe improved protocols for preparation of 
[18F]R91150, the corresponding reference compound and two alternative boronate radiolabeling precursors. 
Furthermore, we present the results of an in vivo evaluation of the radioligand in rodents. [18F]R91150 was 
prepared in activity yields of 20 ± 5% (two-step radiosynthesis) or 12 ± 2% (one-step radiosynthesis) and with 
molar activities of >200 GBq/μmol. μPET measurements in mice revealed sufficient stability against in vivo 
defluorination and predominantly hepatobiliary excretion of the tracer, with high radioactivity uptake in gall 
bladder and intestines. μPET imaging in rats demonstrated specific tracer accumulation in the cortex and 
subcortical forebrain structures, which could be reduced by pretreatment or displacement with the 5-HT2A re
ceptor ligands altanserin or ketanserin but was insensitive to pretreatment with the 5-HT2C receptor ligand 
SB242084. In addition, [18F]R91150 showed specific accumulation in the choroid plexus that was much less 
sensitive to displacement with ketanserin and unaffected by pretreatment with altanserin or SB242084. Taken 
together, our results indicate that [18F]R91150 may be a promising candidate for in vivo PET imaging of cortical 
5-HT2A receptors, although further studies will be required to elucidate the mechanisms underlying tracer 
accumulation in the choroid plexus.

1. Introduction

The serotonergic 5-HT2A receptor system in the cortex and other 
forebrain structures is involved in the effects of serotonin (5-HT) on 
various cognitive, emotional, and memory processes [1–3]. It has also 
been implicated in the pathogenesis of neuropsychiatric and neurode
generative diseases [4–7]. For example, a profound reduction of cortical 
5-HT2A receptor densities that typically correlates with the severity of 
cognitive decline has consistently been detected in patients with Alz
heimer’s disease [8–11]. Conversely, several imaging studies found an 

increased availability of 5-HT2A receptors in the cortex of patients with 
major depression characterized by high levels of dysfunctional attitudes 
[12,13]. Accordingly, 5-HT2A receptor antagonists have been proposed 
as promising therapeutic agents for depression and other affective dis
orders like schizophrenia or anxiety disorders [14–16]. However, the 
exact functional relevance of 5-HT2A receptors in diseases like schizo
phrenia remains controversial, as studies of their expression and/or 
availability in affected patients have reported contradictory results 
[17–21]. Methods to visualize 5-HT2A receptors and their interaction 
with drug candidates are crucial for further studies on their 

* Corresponding author. Forschungszentrum Jülich GmbH, Institute of Neuroscience and Medicine, Nuclear Chemistry (INM-5), Wilhelm-Johnen-Straße, 52428, 
Jülich, Germany.

E-mail address: b.neumaier@fz-juelich.de (B. Neumaier). 

Contents lists available at ScienceDirect

European Journal of Medicinal Chemistry

journal homepage: www.elsevier.com/locate/ejmech

https://doi.org/10.1016/j.ejmech.2025.117265
Received 23 August 2024; Received in revised form 22 November 2024; Accepted 7 January 2025  

European Journal of Medicinal Chemistry 286 (2025) 117265 

Available online 9 January 2025 
0223-5234/© 2025 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY license 
( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:b.neumaier@fz-juelich.de
www.sciencedirect.com/science/journal/02235234
https://www.elsevier.com/locate/ejmech
https://doi.org/10.1016/j.ejmech.2025.117265
https://doi.org/10.1016/j.ejmech.2025.117265
http://creativecommons.org/licenses/by/4.0/


pathophysiological significance as well as for the development of 
appropriate therapeutic approaches. Nuclear medicine techniques such 
as positron emission tomography (PET) or single photon emission 
computed tomography (SPECT) are particularly well suited for this 
purpose, as they enable non-invasive molecular imaging in living sub
jects. Accordingly, several 5-HT2A receptor antagonists labeled with 
positron-emitting radionuclides, such as [18F]altanserin [22–25], [18F] 
setoperone [26–29] or [11C]MDL100907 [13,30,31] (Fig. 1A), have 
been developed and used for preclinical and clinical PET studies. 
However, their practical utility is limited by the formation of 
brain-penetrating radiometabolites (e.g., [18F]altanserin [32]), 
off-target binding (e.g., [18F]altanserin and [18F]setoperone [26,33,34]) 
or the short half-life of carbon-11 (e.g., [11C]MDL100907 [30]). One 
approach to overcome these issues has been the development of [18F] 
MDL100907 [35–37] or other 18F-labeled tracers based on the 
MDL100907 scaffold like R-[18F]MH.MZ [38,39], which combine the 
favorable binding profile of [11C]MDL100907 with the superior isotopic 
properties of fluorine-18. However, extensive first-pass metabolism of 
[18F]MDL100907 is expected to result in the formation of 
brain-penetrating radiometabolites [40], while R-[18F]MH.MZ exhibits 
slow brain kinetics [38,39] and may be subject to active export by P-gp 
[41]. Alternatively, SPECT imaging with 5-[123I]iodo-R91150 ([123I] 
R93274), a radioiodinated analog of the potent and selective 5-HT2A 
receptor antagonist R91150 (Fig. 1B), has been extensively used in 
preclinical and clinical studies [42–49]. While the widespread avail
ability of SPECT facilities makes [123I]R93274 an attractive tool for 
investigation of 5-HT2A receptors in the brain, its applicability for 
quantitative studies is restricted by the lower spatial resolution and 
limited quantifiability of SPECT compared to PET. In addition, radio
iodination increases the lipophilicity of [123I]R93274 compared to the 
parent compound R91150 more than 10-fold [50], which leads to higher 
non-specific binding and thereby reduces the attainable signal-to-noise 
ratios. With this in mind, the PET tracer candidate [18F]R91150 
(Fig. 1B) with the more desirable physicochemical properties of the 
parent compound R91150 was prepared [50,51]. Initial ex vivo bio
distribution studies in mice revealed good brain uptake of [18F]R91150 
and no formation of brain-derived radiometabolites for at least 30 min 
[50]. In addition, in vitro autoradiography in rat brain slices demon
strated a distribution pattern consistent with selective binding to 5-HT2A 

receptors and a low degree of non-specific binding [51]. However, a 
more detailed evaluation of [18F]R91150 by in vivo PET imaging is still 
lacking, as existing production methods afforded the probe in amounts 
insufficient for extensive preclinical evaluations. Thus, conventional 
protocols for the preparation of radiolabeled (hetero)aromatics using 
no-carrier-added (n.c.a.) [18F]fluoride are mostly restricted to 
electron-deficient substrates, so that the preparation of radiofluorinated 
arenes labeled at non-activated or electron-rich positions (such as the 
fourth position of the phenoxy ring in [18F]R91150) by these methods 
often requires complicated multistep approaches. Accordingly, the 
original radiosynthesis of [18F]R91150 via SNAr radiofluorination con
sisted of six reaction steps and afforded the tracer in 
non-decay-corrected radiochemical yields (activity yields, AYs) of only 
0.5–1.7% after more than 190 min of synthesis time [50]. In contrast, 
Cu-mediated radiofluorination of (aryl)(mesityl)iodonium salts [52], 
aryl boronates [53,54] or trialkyl stannanes [55] enables the direct 
preparation of 18F-labeled (hetero)aromatics using n.c.a. [18F]fluoride 
regardless of their electronic properties. As such, application of 
alcohol-enhanced Cu-mediated radiofluorination of the corresponding 
N-Boc-protected pinacol boronate precursor afforded [18F]R91150 in 
improved yields and enabled a first in vitro evaluation of the probe [51]. 
However, there was still a need for more efficient preparation proced
ures for in vivo applications. In the present article, we describe improved 
protocols for the production of [18F]R91150 using a NextGen 
Cu-mediator [56], as well as the corresponding reference compound and 
radiofluorination precursors. In addition, we performed a preclinical 
evaluation of [18F]R91150 by μPET imaging in mice and rats to assess its 
in vivo biodistribution, stability and binding behavior.

2. Results and discussion

2.1. Preparation of radiolabeling precursors and reference compound

According to our previous observations [57], aromatic amino groups 
are compatible with the protocol for alcohol-enhanced Cu-mediated 
radiofluorination, making it suitable for one-step preparation of 
18F-labeled anilines like [18F]R91150 from appropriate non-protected 
precursors. In order to evaluate the efficacy of such a one-step proced
ure, we prepared the non-protected radiolabeling precursor 1 and the 

Fig. 1. Brief summary of radiolabeled 5-HT2A receptor antagonists used as imaging agents. (A) Established PET radioligands. (B) R91150 and derived radioligands 
for SPECT ([123I]R93274) or PET ([18F]R91150) imaging.
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reference compound R91150 as follows (Scheme 1). First, the 
substituted phenoxypropyl bromides 3a [58] and 3b [59] were conve
niently prepared by alkylation of the respective phenols (2a and 2b) 
with an eight-fold excess of 1,3-dibromopropane, which afforded the 
desired intermediates in yields of 75% and 55%, respectively.

For preparation of the reference compound R91150, commercially 
available tert-butyl 4-amino-4-methylpiperidine-1-carbamate (4) was 
then alkylated with 3a to afford intermediate 5, which was Boc depro
tected and acylated with 2-methoxy-4-nitrobenzoyl chloride (prepared 
in situ from the respective acid). Finally, the NO2-substituted interme
diate 6a thus obtained was reduced with Zn/NH4Cl in EtOAc/EtOH 
according to Renk et al. [60] to obtain R91150 in 17% total yield over 
four steps. For preparation of the non-protected radiolabeling precursor, 
the amino amide 9 was synthesized from tert-butyl 4-amino-4-methylpi
peridine-1-carboxylate (7) and 2-methoxy-4-nitrobenzoic acid in 49% 
yield over two steps. Subsequent alkylation of 9 with 3b furnished the 
NO2-substituted intermediate 6b, which was reduced with Zn/NH4Cl in 
EtOAc/EtOH to obtain the radiolabeling precursor 1 in 70% yield over 
two steps.

Due to the limited shelf life of precursor 1 under ambient conditions 
(see below), we also prepared the corresponding N-Boc protected radi
olabeling precursor 10. Since direct N-Boc protection of 1 proved to be 
inefficient under all reaction conditions examined, the synthesis of 10 
was instead performed by an alternative protocol that started with Cbz- 
protection of 4 followed by removal of the Boc-group to obtain the 

mono-protected diamine 11 in 75% yield over two steps (Scheme 2).
11 was then acylated with N-Boc protected 4-amino-2-methoxyben

zoic acid 12 [50] using azabenzotriazole tetramethyluronium hexa
fluorophosphate (HATU) as coupling agent to furnish intermediate 14 in 
49% yield. Alternatively, conversion of 12 into the bench stable 2,3,5, 
6-tetrafluorophenyl active ester 13 followed by acylation of 11 with 
13 gave 14 in 62% yield over two steps. Subsequent Cbz-deprotection by 
catalytic hydrogenation over Pd/C followed by alkylation of the 
resulting intermediate with 3b afforded the desired radiolabeling pre
cursor 10 in 24% or 30% total yield over five or six steps, respectively. 
Thus, compared to existing methods for preparation of R91150 and 
radiolabeling precursor 10, which are rather laborious and low-yielding 
(3− 7% over 6− 7 steps [51]), the developed protocols afforded the 
desired compounds in > 2-fold (R91150) and > 8-fold (10) higher 
yields, respectively.

2.2. Radiosynthesis of [18F]R91150

To prepare [18F]R91150, we first optimized the conditions for Cu- 
mediated radiofluorination of the unprotected radiolabeling precursor 
1 (for details see section 2.1 in the supporting information). The best 
results were obtained when the radiosynthesis was performed as follows 
(Scheme 3). [18F]Fluoride ([18F]F− ) was loaded onto an anion exchange 
resin and eluted with a solution Et4NOTf (4 μmol) in MeOH. The solvent 
was removed under reduced pressure in a stream of argon and a solution 

Scheme 1. Preparation of R91150 and non-protected radiolabeling precursor 1. Conditions: (a) 1,3-dibromopropane, K2CO3, MeCN, 70 ◦C, 7 h; (b) 3a, K2CO3, KI, 
DMF, rt, 16 h; (c) i. TFA/TIS/H2O (95:2.5:2.5 v/v), ii. sat. NaHCO3, iii. 2-methoxy-4-nitrobenzoyl chloride, DIPEA, CH2Cl2, rt, 1 h; (d) Zn/NH4Cl, EtOH/EtOAc, rt, 3 
h; e) 2-methoxy-4-nitrobenzoyl chloride, DIPEA, CH2Cl2, rt, 1 h; (f) i. TFA/TIS/H2O (95:2.5:2.5 v/v), ii. sat. NaHCO3; (g) 3b, K2CO3, KI, DMF, rt, 16 h; (h) Zn/NH4Cl, 
EtOH/EtOAc, rt, 12 h. Abbreviations: DIPEA – N,N-diisopropylethylamine, DMF – N,N-dimethylformamide, TFA – trifluoroacetic acid, TIS – triisopropylsilane.
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of precursor 1 (5 μmol) and Cu(4-PhPy)4(ClO4)2 (10 μmol) in 1,3- 
dimethyl-2-imidazolidinone (DMI)/nBuOH (2:1) was added. The reac
tion mixture was then heated at 110 ◦C for 10 min under air to afford the 
crude radiotracer in radiochemical conversions (RCCs) of 35–46% (n =
5). The bulk of the high-boiling DMI/nBuOH was removed by solid 
phase extraction (SPE) to obtain a crude product solution suitable for 
HPLC purification. After HPLC purification and formulation, [18F] 
R91150 was obtained as a ready-to-use solution in activity yields (AYs) 
of 12 ± 2% (n = 7) within 65–75 min. The molar activity (Am) of the 
radiotracer after formulation amounted to 240 GBq/μmol for 1.03 GBq 
tracer. Quality control of the formulated tracer by HPLC demonstrated 
the absence of radiolabeled impurities. However, determination of the 
radiochemical purity (RCP) was complicated by significant retention of 
radioactivity on the applied C18 columns. Based on additional HPLC and 
TLC analyses (for details see section 3 in the supporting information), 
the latter was attributed to adsorption of intact [18F]R91150 on RP 
stationary phases and the RCP of the formulated tracer was estimated to 
be ≥ 93%. Taken together, this protocol enabled one-step preparation of 
[18F]R91150 in AYs comparable to those previously obtained using a 
two-step procedure [51], making it more suitable for automation. 
However, handling and storage of the unprotected radiolabeling pre
cursor 1 was complicated by its hygroscopicity and limited shelf life 
under ambient conditions. To avoid these obstacles, we employed the 
same conditions for radiofluorination of the N-Boc-protected Bpin ester 

10 (10 μmol) as a more stable radiolabeling precursor (Scheme 3), which 
afforded the 18F-labeled intermediate Boc-[18F]R91150 in RCCs of 
70–86% (n = 6). Following removal of the reaction solvents by SPE as 
described above, the intermediate was deprotected with 6 M HCl at 80 ◦C 
for 10 min. Finally, HPLC purification and formulation furnished [18F] 
R91150 as a ready-to-use solution in AYs of 24 ± 2% (n = 5) within 
90–100 min and with an Am of up to 217 GBq/μmol (1.46 GBq tracer) 
after formulation. Thus, compared to the original protocol described by 
Willmann et al. [51], application of the NextGen Cu(4-PhPy)4(ClO4)2 in 
DMI/nBuOH [56] instead of the conventional Cu(Py)4(OTf)2 in 
DMA/nBuOH significantly improved the AYs of the two-step radiosyn
thesis by more than two-fold (24% vs. 10%).

2.3. Preclinical in vivo evaluation of [18F]R91150

Having established an efficient protocol for the preparation of [18F] 
R91150, we next evaluated the in vivo properties of the tracer by bio
distribution studies in rodents. The whole body distribution and excre
tion of [18F]R91150 were studied by μPET measurements in healthy 
mice (n = 4), which revealed a low background uptake into muscles and 
other 5-HT2A-negative tissues (Fig. 2A). In addition, low accumulation 
of radioactivity in bones indicated sufficient stability of the probe 
against in vivo defluorination (Fig. 2). Excretion of [18F]R91150 in mice 
was mainly hepatobiliary, with high tracer accumulation in gall bladder 

Scheme 2. Synthesis of N-Boc protected radiolabeling precursor 10. Conditions: (a) i. Cbz-Cl, K2CO3, THF, rt, 1.5 h, ii. 20% TFA in CH2Cl2, rt, 16 h, iii. sat. NaHCO3; 
(b) 11, HATU, DIPEA, DMF, rt, 4 h; (c) 2,3,5,6-tetrafluorophenol, EDC, CH2Cl2, rt, 26 h; (d) 11, DIPEA, DMF, 60 ◦C, 16 h; (e) i. Pd/C, H2, MeOH, rt, 16 h, ii. 3b, 
K2CO3, KI, DMF, rt, 4 h. Abbreviations: Cbz-Cl – benzyl chloroformate; DIPEA – N,N-diisopropylethylamine, DMF – N,N-dimethylformamide, EDC – 1-ethyl-3-(3- 
dimethylaminopropyl)carbodiimide hydrochloride, HATU – azabenzotriazole tetramethyluronium hexafluorophosphate, TFA – trifluoroacetic acid, THF – 
tetrahydrofuran.

Scheme 3. Preparation of [18F]R91150 from non-protected precursor 1 or N-Boc-protected precursor 10. Conditions: (a) [18F]F− elution with Et4NOTf (1 mg, 4 
μmol) in MeOH (500 μL) followed by removal of MeOH and addition of 1 (5 μmol) or 10 (10 μmol) and Cu(4-PhPy)4(ClO4)2 (10 μmol) in DMI/nBuOH (2:1), then 
110 ◦C, 10 min, under air. (b) for preparation from 10: 6 M HCl, 80 ◦C, 10 min. Abbreviations: [18F]F− – [18F]fluoride, AY – activity yield, Am – molar activity.
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and intestines (Fig. 2). Apart from the presence of radiometabolites in 
feces, high radioactivity uptake in the intestines could in part reflect 
tracer binding to 5-HT2A receptors present in the enteric nervous system 
of both small intestine and colon [61]. However, the travel of radioac
tive bowel contents during the 2 h measurements was clearly visible 
(Suppl. Fig. S23). In contrast, liver uptake due to hepatic metabolism 
and possibly binding to 5-HT2A receptors present in the liver [62] was 
relatively low (Fig. 2).

Next, brain uptake and the cerebral distribution of [18F]R91150 were 
evaluated by μPET measurements in healthy rats (n = 3) as a preclinical 
species that allows for more reliable assessment of the exact brain dis
tribution (Figs. 3 and 4). Brain uptake of the probe was rapid, with 
cortical radioactivity accumulation reaching its peak within the first 2 
min after tracer injection (Suppl. Fig. S24) and remaining relatively 
stable throughout the remaining measurement period (Figs. 3 and 4). 
The distribution pattern in the brain of naïve rats (Fig. 3A and 4A, top 
rows) was similar to that previously observed in in vitro autoradiography 
experiments with [18F]R91150 [51]. In particular, radioactivity uptake 
was pronounced in the cortex and subcortical forebrain structures but 
low in the cerebellum and midbrain, which is consistent with the 
expression pattern of 5-HT2A receptors demonstrated by immunohisto
chemistry [63] and in situ hybridization [64,65]. In addition, pretreat
ment with 1.5 mg/kg altanserin (Fig. 3A, middle row) or displacement 
with 1.5 mg/kg ketanserin at 60 min after tracer injection (Fig. 3A, 
bottom row) reduced tracer uptake in the cerebral cortex by approxi
mately 25–50% (Fig. 3B–top row), indicating selective and reversible 
binding of [18F]R91150 to cortical 5-HT2A receptors. For statistical 
analysis, standardized uptake values normalized by body weight 
(SUVbw) were calculated for four consecutive 30 min time periods after 
tracer injection (Fig. 3B, bottom row), which revealed a significant main 
effect of the factor blocker (p = 0.0268) on tracer uptake in the so
matosensory cortex. In addition, post-hoc testing demonstrated a sig
nificant (p < 0.05) reduction of cortical tracer uptake by altanserin 

pretreatment during all four time-periods and by ketanserin displace
ment at 90–120 min after tracer injection (i.e. 30–90 min after ketan
serin administration) (Fig. 3B, bottom row). Similar results were 
observed in homologous blocking studies performed after pre-treatment 
with 1 mg/kg non-labeled R91150 (Fig. 4A, bottom row), which 
significantly reduced cortical tracer uptake at 0− 30 and 30− 60 min 
after tracer injection by 25–50% (Fig. 4B, bottom row). Taken together, 
these findings are in line with the reduction of cortical [18F]R91150 
binding to rat brain slices by 50–70% previously observed in in vitro 
autoradiography experiments with R91150, altanserin and other 5-HT2A 
receptor antagonist [51]. The somewhat more effective reduction 
observed in brain slices could potentially be explained by the relatively 
high blocker concentrations (1− 2 μM [51]) used in vitro and/or by 
displacement of [18F]R91150 from peripheral 5-HT2A receptors in the in 
vivo blocking studies. Moreover, while radioactivity accumulation in the 
skull was not associated with significant spillover into the somatosen
sory cortex at visual analysis (Fig. 3A and 4A), some contribution of 
bone uptake to the cortical signals in our study can not be excluded. 
Thus, while bone accumulation of radioactivity at baseline was low, it 
did exceed brain uptake and showed a very modest but significant in
crease over time (Fig. 3B and 4B, bottom rows). The latter could point to 
some degree of in vivo radiodefluorination of the tracer with subsequent 
bone deposition of [18F]fluoride. However, the minor increase of bone 
uptake over time indicates that there was no pronounced defluorination 
of the tracer in rats, which is consistent with a previous radiometabolite 
study in mice that reported no formation of [18F]fluoride for up to 30 
min [50]. Interestingly, altanserin pretreatment and ketanserin 
displacement both significantly reduced skull uptake of radioactivity 
(Fig. 3B, bottom row), suggesting that part of the bone uptake may have 
been related to extracerebral binding of the tracer to 5-HT2A receptors, 
which are expressed in osteoblastic cells [66–69]. On the other hand, 
there was no significant effect of homologous blocking with non-labeled 
R91150 (Fig. 4B, bottom row), indicating that most of the bone uptake 

Fig. 2. In vivo biodistribution of [18F]R91150 in healthy mice. (A) Representative horizontal (left) and sagittal (right) summed μPET images for the indicated time 
periods after tracer injection. White outlines indicate body contours. (B) Time-activity curves (mean ± standard deviation, n = 4) for volumes of interest placed in the 
indicated organs or tissues. Scale bar: 10 mm. Abbreviations: B - brain, GB - gall bladder, In - intestines, L - liver, S - stomach, UB - urinary bladder.
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Fig. 3. In vivo brain distribution of [18F]R91150 in healthy rats. (A) Representative summed PET images for the indicated time periods obtained in experiments with 
[18F]R91150 alone (top row), after pretreatment with 1.5 mg/kg altanserin administered by intraperitoneal (i.p.) injection 50 min before tracer injection (middle 
row) and in displacement studies with 1.5 mg/kg ketanserin administered by intravenous (i.v.) injection 60 min after tracer injection (bottom row). PET images are 
projected onto an MRI template and the brain contours are indicated by white outlines. Scale bar: 10 mm. (B) Top row: Time-activity curves (mean ± standard 
deviation, n = 3) for volumes of interest (VOIs) placed in the somatosensory cortex, skull bone and choroid plexus. VOIs are indicated as dashed outlines in the [18F] 
R91150/0–30 min image in A. Bottom row: Statistical analysis of the indicated time frames using a two-way repeated measures ANOVA followed by Dunnett’s 
multiple comparison test. Main effects are indicated for each VOI. * indicates significant differences (p < 0.05) relative to baseline.
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was attributable to non-specific binding. Accordingly, further studies 
will be required to firmly establish and separate the mechanisms 
contributing to bone uptake of radioactivity as well as their effects on 
the quantification of 5-HT2A receptors in nearby brain regions.

Finally, considerable tracer uptake that was not reduced by pre
treatment with altanserin and much less sensitive to displacement with 

ketanserin was also observed in the choroid plexus (Fig. 3), a region 
characterized by very high levels of 5-HT2C receptors [70]. Thus, as 
illustrated in Fig. 3B (bottom row), altanserin pretreatment actually 
increased tracer uptake in this region during the first 0–30 min after 
tracer injection and had no effect at the later time-points examined, 
while ketanserin displacement produced a moderate but significant 

Fig. 4. Homologous blocking studies with non-labeled R91150 in healthy rats. (A) Representative summed PET images for the indicated time periods obtained in 
experiments with [18F]R91150 alone (top row) and after pretreatment with 1 mg/kg R91150 administered by intravenous (i.v.) injection 5 min before tracer in
jection (bottom row). PET images are projected onto an MRI template and the brain contours are indicated by white outlines. Scale bar: 10 mm. (B) Top row: Time- 
activity curves (mean ± standard deviation, n = 3) for volumes of interest (VOIs) placed in the somatosensory cortex, skull bone and choroid plexus. For details on 
the exact placement of VOIs, see Fig. 3. Bottom row: Statistical analysis of the indicated time frames using a two-way repeated measures ANOVA followed by Sidak’s 
multiple comparison test. Main effects are indicated for each VOI. * indicates significant differences (p < 0.05) relative to baseline.

Fig. 5. Heterologous blocking studies with SB242084 in healthy rats. (A) Representative summed PET images for the indicated time periods obtained in experiments 
with [18F]R91150 alone (top row) and after pretreatment with 0.1 mg/kg SB242084 administered by intraperitoneal (i.p.) injection 20 min before tracer injection 
(bottom row). PET images are projected onto an MRI template and the brain contours are indicated by white outlines. Scale bar: 10 mm. (B) Top row: Time-activity 
curves (mean ± standard deviation, n = 4) for volumes of interest (VOIs) placed in the somatosensory cortex, skull bone and choroid plexus. For details on the exact 
placement of VOIs, see Fig. 3. Bottom row: Statistical analysis of the indicated time frames using a two-way repeated measures ANOVA followed by Sidak’s multiple 
comparison test. Main effects are indicated for each VOI.

C. Hoffmann et al.                                                                                                                                                                                                                              European Journal of Medicinal Chemistry 286 (2025) 117265 

7 



decrease at 90–120 min. In contrast, homologous blocking with 
non-labeled R91150 resulted in a significant reduction of tracer uptake 
in the choroid plexus by approximately 50% at 0− 30 min and 75% at 
30− 60 min after tracer injection (Fig. 4B), demonstrating that it was not 
related to non-specific binding. Although R91150 appears to be rela
tively selective (about 75-fold) for 5-HT2A over 5-HT2C receptors, it has 
been shown to inhibit binding of the 5-HT2C ligand [3H]mesulergine 
with an IC50 of 12.5 nM [71]. In addition, knockout of the 5-HT2C re
ceptor in mice completely abolished binding of [3H]5-HT and several 
other 5-HT2-targeting radioligands in the choroid plexus, suggesting 
very low or no expression of 5-HT2A receptors in this region [72]. 
Accordingly, accumulation of [18F]R91150 in the choroid plexus could 
at least in part represent binding to 5-HT2C receptors, as has been re
ported for several other 5-HT2A radioligands [65,73]. We therefore 
performed additional blocking studies with SB242084, a highly selective 
and brain penetrant 5-HT2C receptor antagonist [74]. As illustrated in 
Fig. 5, pre-treatment with 0.1 mg/kg SB242084 had no significant effect 
on tracer accumulation in the choroid plexus or somatosensory cortex, 
suggesting that 5-HT2C receptors do not contribute to [18F]R91150 
binding in these regions. Taken together, these findings indicate that 
[18F]R91150 exhibits sufficient selectivity for 5-HT2A over 5-HT2C re
ceptors, but may interact with some other membrane receptor expressed 
in the choroid plexus. However, given the particular abundance of 
transport proteins in the choroid plexus [75], accumulation of [18F] 
R91150 in this region could also reflect a specific transporter-mediated 
process. For example, several radiolabeled substrates for efflux trans
porters expressed at the blood-cerebrospinal fluid (CSF) barrier have 
been shown to accumulate in the choroid plexus [76–78]. Accordingly, 
radioactivity uptake in this region could reflect active export of [18F] 
R91150 from the CSF to the bloodstream. Subsequent clearance of the 
radiotracer via circulation could then account for the distinct kinetics of 
tracer accumulation in the choroid plexus, which was much less 
persistent than tracer accumulation in the cortex (Fig. 3− 5). Alterna
tively, [18F]R91150 could be subject to active transport into the ven
tricles followed by non-specific binding to ependymal and plexus tissue, 
a mechanism previously proposed to explain the ventricular accumu
lation of 18F-labeled pyridinylphenyl amides [79]. In this case, lower 
radioactivity retention in the choroid plexus could be attributable to 
bulk flow of cerebrospinal fluid and/or diffusion of the tracer into sur
rounding brain tissue. Further studies on the specific binding or trans
port mechanism involved in ventricular uptake of [18F]R91150 seem 
warranted, since our findings suggest that this radioligand could offer 
several unique advantages over other known 5-HT2A receptor tracers. 
Thus, compared to 5-[123I]iodo-R91150, [18F]R91150 exhibits reduced 
non-specific binding and should enable quantitative PET imaging with 
improved signal-to-noise ratios. We also found no evidence for signifi
cant defluorination or the formation of brain-penetrating radio
metabolites, which have been shown or are thought to complicate the 
application of existing radioligands like [18F]altanserin [32] or [18F] 
MDL100907 [40]. In addition, [18F]R91150 showed rapid brain uptake, 
with cortical tracer uptake reaching steady-state within the first 2 min, 
in contrast to the slow brain kinetics of (R)-[18F]MH.MZ, which reached 
steady-state after approximately 30 or 80 min in rats or humans, 
respectively [38,39]. This faster uptake of [18F]R91150 could be ad
vantageous, as it would allow for shorter scan times. Furthermore, [18F] 
R91150 exhibited no evident binding to 5-HT2C receptors, which com
plicates quantification of 5-HT2A receptors in subcortical brain regions 
with dual 5-HT2A and 5-HT2C radioligands like [11C]Cimbi-36 [73,80]. 
Finally, the favorable nuclear chracteristics of fluorine-18, including its 
longer half-life and lower positron energy, should enable broader clin
ical use of [18F]R91150 compared to 11C-labeled tracers like [11C] 
MDL100907 or [11C]Cimbi-36.

2.4. Conclusion

In conclusion, we have developed efficient protocols for the 

preparation of R91150 and two Bpin-substituted radiolabeling pre
cursors for [18F]R91150. Cu-mediated radiofluorination of the pre
cursors afforded [18F]R91150 in improved activity yields of 12–24% 
over one or two steps. This method addresses key limitations of previous 
radiosynthesis protocols, including low yields and complex multi-step 
processes, while providing a more streamlined and reliable approach. 
Preclinical evaluation of the probe by μPET imaging in rodents 
demonstrated that [18F]R91150 could offer distinct advantages over 
other 5-HT2A receptor radioligands, such as faster brain kinetics, 
reduced non-specific binding, and/or improved selectivity for 5-HT2A 
over 5-HT2C receptors. These features make [18F]R91150 a promising 
candidate for PET imaging of 5-HT2A receptors. However, further studies 
will be required to confirm sufficient radiotracer stability, firmly 
establish the exact mechanisms of skull uptake and tracer accumulation 
in the choroid plexus, and assess the ability of [18F]R91150 PET imaging 
to detect (patho)physiological alterations of 5-HT2A receptors in animal 
models.

3. Materials and methods

3.1. Chemistry

3.1.1. General conditions
Unless otherwise stated, all reagents and solvents were purchased 

from Sigma-Aldrich (Steinheim, Germany), Acros (Fisher Scientific 
GmbH, Nidderrau, Germany), Alfa Aesar [Thermo Fisher (Kandel) 
GmbH, Kandel, Germany], BLDPharm (Kaiserslautern, Germany) or Key 
Organics (Camelford, UK), and used without further purification. Unless 
otherwise stated, all reactions were carried out with magnetic stirring 
and, if air or moisture sensitive substrates and/or reagents were used, in 
flame-dried glassware under argon. Organic extracts were dried over 
anhydrous Na2SO4 or MgSO4. Solutions were concentrated under 
reduced pressure (1–900 mbar) at 40–50 ◦C using a rotary evaporator. 
Column chromatography was performed with silica gel, 60 Å, 230–400 
mesh particle size from VWR International GmbH (Darmstadt, Ger
many) or silica gel (w/Ca, 0.1%), 60 Å, 230–400 mesh particle size from 
Sigma-Aldrich GmbH (Steinheim, Germany). Thin layer chromatog
raphy (TLC) was performed using aluminum sheets coated with silica gel 
0.25 mm SIL G/UV 254 (Merck KGaA, Darmstadt, Germany). Chro
matograms were inspected under UV light (λ = 254 nm) and/or stained 
with phosphomolybdic acid (4 wt% in EtOH), ninhydrin (0.5 wt% in 1- 
butanol) or potassium permanganate solution (0.75 wt% KMnO4, 5 wt% 
K2CO3 and 0.63 v% 10% NaOH in water). Proton, carbon and fluorine 
nuclear magnetic resonance (1H-, 13C and 19F NMR) spectra were 
recorded on a Bruker Avance Neo (400 MHz) spectrometer. Chemical 
shifts are reported in parts per million (ppm) relative to residual peaks of 
deuterated solvents. The observed signal multiplicities are characterized 
as follows: s = singlet, d = doublet, t = triplet, p = pentet, m = multiplet, 
dd = doublet of doublets, dt = doublet of triplets, ddd = doublet of 
doublets of doublets and br = broad. Coupling constants (J) are reported 
in hertz (Hz). Electrospray ionization (ESI) low resolution mass spectra 
(LRMS) were measured with an MSQ PlusTM mass spectrometer 
(Thermo Electron Corporation, San Jose, USA). ESI high resolution mass 
spectra (HRMS) were measured with an LTQ Orbitrap XL (Thermo 
Fischer Scintific Inc., Bremen, Germany).

3.1.2. Organic syntheses
1-(3-Bromopropoxy)-4-fluorobenzene (3a) [81]: Anhydrous 

K2CO3 (19.6 g, 142 mmol, 1.6 eq.) was added to a solution of 1,3-dibro
mopropane (72.7 mL, 144 g, 713 mmol, 8 eq.) and 4-fluorophenol (2a) 
(10 g, 89.2 mmol, 1 eq.) in anhydrous MeCN (125 mL) and the resulting 
suspension was vigorously stirred at 70 ◦C for 16 h. The reaction mixture 
was allowed to cool to ambient temperature, filtered through Celite® 
and concentrated under reduced pressure. The crude product was pu
rified by kugelrohr distillation at 10 mbar to afford the title compound 
(15.5 g, 66.5 mmol, 75%) as a colorless liquid. 1H NMR (400 MHz, 
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CDCl3): δ = 7.01–6.94 (m, 2H), 6.87–6.82 (m, 2H), 4.07 (t, J = 5.8 Hz, 
2H), 3.60 (t, J = 6.4 Hz, 2H), 2.31 (dt, J = 5.8, 6.4 Hz, 2H). 13C NMR 
(101 MHz, CDCl3): δ = 157.51 (d, J = 239.4 Hz), 154.97 (d, J = 3.0 Hz), 
115.91 (d, J = 23.2 Hz), 115.70 (d, J = 9.1 Hz), 66.11, 32.49, 30.07. 19F 
NMR (376 MHz, CDCl3): δ = − 123.86. GC-HRMS (EI, 70 eV) m/z: [M]•+

calculated for C9H10BrFO+: 233.98731, 231.98936; found: 233.9871, 
231.9892.

2-[4-(3-Bromopropoxy)phenyl]-4,4,5,5-tetramethyl-1,3,2- 
dioxaborolane (3b) [59]: 3b (4.1 g, 12 mmol, 55%, colorless oil which 
solidified on standing) was prepared from 4-(4,4,5,5-tetramethyl-1,3, 
2-dioxaborolan-2-yl)phenol (4.8 g, 22 mmol, 1 eq.), 1,3-dibromopro
pane (18.0 mL, 35.7 g, 177 mmol, 8 eq.) and anhydrous K2CO3 (4.8 g, 
35 mmol, 1.6 eq.) in anhydrous MeCN (125 mL) using the same pro
cedure as described for 3a and isolated by column chromatography 
(silica gel with 0.1% Ca, hexane/EOAc, 1.4:1). 1H NMR (400 MHz, 
CDCl3): δ = 7.75 (d, J = 8.7 Hz, 2H), 6.90 (d, J = 8.7 Hz, 2H), 4.13 (t, J 
= 5.8 Hz, 2H), 3.60 (t, J = 6.5 Hz, 2H), 2.32 (p, J = 6.2 Hz, 2H), 1.34 (s, 
6H). 13C NMR (101 MHz, CDCl3) δ 161.37, 136.68, 113.98, 83.70, 
65.22, 32.46, 30.06, 24.99. The signal of C-Bpin was not observed.

tert-Butyl {1-[3-(4-fluorophenoxy)propyl]-4-methylpiperidin- 
4-yl}carbamate (5): Anhydrous K2CO3 (4.7 g, 34 mmol, 3.7 eq.) was 
added to a solution of 3a (2.2 g, 9.5 mmol, 1.02 eq.), 4 (2.0 g, 9.3 mmol, 
1 eq.), and KI (15 g, 93 mmol, 10 eq.) in anhydrous N,N-dime
thylformamide (DMF, 10 mL) and the resulting suspension was vigor
ously stirred for 16 h. After filtration and concentration of the reaction 
mixture under reduced pressure, the residue was purified by column 
chromatography (hexane/EtOAc, 1.5:1) to afford the title compound 
(2.5 g, 6.8 mmol, 73%) as a colorless solid. 1H NMR (400 MHz, CDCl3): δ 
= 6.98–6.92 (m, 2H), 6.84–6.80 (m, 2H), 4.31 (s, 1H), 3.96 (t, J = 6.3 
Hz, 2H), 2.66 (d, J = 11.5 Hz, 2H), 2.659–2.55 (m, 2H), 2.33 (t, J = 10.5 
Hz, 2H), 2.03–1.96 (m, 4H), 1.67 (dt, J = 33.4, 11.5 Hz, 2H), 1.43 (s, 
9H), 1.34 (s, 3H). 13C NMR (101 MHz, CDCl3): δ = 157.33 (d, J = 239.4 
Hz), 155.18 (d, J = 1.0 Hz), 154.65, 115.88 (d, J = 22.2 Hz), 115.56 (d, 
J = 8.1 Hz), 79.11, 66.94, 55.30, 50.24, 49.57, 36.29, 28.59, 26.85, 
26.49. The signal of CO-OtBu was overlaid by one of the components of 
the C–F doublet (at 158.51 ppm). 19F NMR (376 MHz, CDCl3): δ =
− 124.17. LRMS (ESI) m/z: [M+H]+ calculated for C20H32FN2N2O3

+: 
367.24; found: 367.29. HRMS (ESI) m/z: [M+H]+ calculated for 
C20H32FN2N2O3

+: 367.23915; found: 367.23895.
a) 1-[3-(4-Fluorophenoxy)propyl]-4-methylpiperidine-4-amine [50]
N-{1-[3-(4-Fluorophenoxy)propyl]-4-methylpiperidin-4-yl}-2- 

methoxy-4-nitrobenzamide (6a):
A solution of 5 (2.45 g, 6.69 mmol, 1 eq.) in trifluoroacetic acid 

(TFA)/triisopropylsilane (TIS)/H2O (20 mL, 95/2.5/2.5 v/v) was 
allowed to stand for 5 min at ambient temperature and concentrated 
under reduced pressure. The residue was taken up into toluene (50 mL) 
and the resulting emulsion was concentrated under reduced pressure ( 
× 3). The residue was dissolved in EtOAc (100 mL) and the solution was 
washed with sat. NaHCO3 (100 mL), dried and concentrated under 
reduced pressure to afford 1-[3-(4-fluorophenoxy)propyl]-4-methylpi
peridine-4-amine (1.56 g, 5.86 mmol, 88%) as a colorless oil, which 
was used for the next step without further purification or 
characterization.

b) 2-Methoxy-4-nitrobenzoyl chloride [82]
DMF (one drop) was added to a suspension of 2-methoxy-4-nitroben

zoic acid (1.30 g, 6.59 mmol, 1.12 eq.) in oxalyl chloride (4.0 mL, 5.9 g, 
46 mmol) and the resulting suspension was stirred until complete 
dissolution of the solids and cessation of gas evolution (approximately 
15 min). The mixture was concentrated under reduced pressure, the 
residue was taken up into toluene (50 mL) and the resulting solution was 
concentrated under reduced pressure ( × 3) to afford crude 2-methoxy- 
4-nitrobenzoyl chloride as a yellow oil, which was immediately used for 
the next step without further purification or characterization.

c) N-{1-[3-(4-Fluorophenoxy)propyl]-4-methylpiperidin-4-yl}-2- 
methoxy-4-nitrobenzamide (6a)

A solution of 2-methoxy-4-nitrobenzoyl chloride in anhydrous 

CH2Cl2 (10 mL) was added to a solution of 1-[3-(4-fluorophenoxy)pro
pyl]-4-methylpiperidine-4-amine (1.56 g, 5.86 mmol, 1 eq.) and N,N- 
diisopropylethylamine (DIPEA, 2.0 mL, 1.5 g, 12 mmol, 2 eq.) in 
anhydrous CH2Cl2 (20 mL) and the resulting mixture was stirred for 1 h. 
The reaction mixture was then concentrated under reduced pressure and 
the residue was taken up into EtOAc and H2O (80 mL of each). The 
organic layer was washed with 5% NaHCO3 (3 × 40 mL), 1 M NaHSO4 (3 
× 40 mL), H2O (3 × 40 mL) and brine (2 × 40 mL), and concentrated 
under reduced pressure. The residue was purified by column chroma
tography (CHCl3/MeOH, 9:1) to afford 6a (1.34 g, 3.01 mmol, 45% over 
three steps) as a faint yellow solid. 1H NMR [400 MHz, (CD3)2SO]: δ =
7.88–7.85 (m, 2H), 7.78 (s, 1H), 7.74–7.71 (m, 1H), 7.13–7.06 (m, 2H), 
6.95–6.90 (m, 2H), 3.99 (s, 3H), 3.96 (t, J = 6.8 Hz, 2H), 2.57 (d, J =
11.2 Hz, 2H), 2.42 (t, J = 6.8 Hz, 2H), 2.23 (t, J = 11.2 Hz, 2H), 2.17 (t, 
J = 16.4 Hz, 2H), 1.86 (p, J = 6.6 Hz, 2H), 1.50 (dd, J = 16.4, 6.6 Hz, 
2H), 1.37 (s, 3H). 13C NMR [101 MHz, (CD3)2SO]: δ = 163.47, 157.55, 
156.83 (d, J = 236.3 Hz), 155.20, 154.98 (d, J = 2.0 Hz), 148.99, 
131.96, 130.39, 115.78 (d, J = 20.2 Hz), 115.63 (d, J = 5.1 Hz), 115.45, 
106.83, 66.43, 56.59, 54.62, 51.55, 49.03, 35.43, 26.40, 26.17. 19F NMR 
[376 MHz, (CD3)2SO]: δ = − 124.26. LRMS (ESI) m/z: [M+H]+ calcu
lated for C23H29FN3O5

+: 446.21; found: 446.26. HRMS (ESI) m/z: 
[M+H]+ calculated for C23H29FN3O5

+: 446.20858; found: 446.20877.
4-Amino-N-{1-[3-(4-fluorophenoxy)propyl]-4-methylpiper

idin-4-yl}-2-methoxybenzamide (R91150) [50]: NH4Cl (0.4 g, 7 
mmol) followed by Zn dust (0.5 g, 7 mmol, 10 eq.) were added to a 
solution of 6a (0.3 g, 0.7 mmol, 1 eq.) in 50% EtOH in EtOAc (50 mL) 
and the resulting suspension was vigorously stirred for 3 h. The reaction 
mixture was then filtered through Celite® and concentrated under 
reduced pressure. The residue was purified by column chromatography 
(CHCl3/MeOH, 9:1) to afford the title compound (0.2 g, 0.5 mmol, 71%) 
as a colorless foam. In some runs, the reaction did not go to completion 
and afforded a mixture of partially reduced intermediates (mainly the 
corresponding azoxyarene according to MS-spectra). In such cases, the 
reaction mixture was filtered through Celite®, concentrated under 
reduced pressure and the residue was taken up into 50% EtOH in EtOAc 
(125 mL/g). Zn and AcOH (10 eq. of each) were added and the reaction 
mixture was vigorously stirred for 16 h. The reaction mixture was then 
filtered through Celite®, concentrated under reduced pressure and the 
residual crude product was purified by column chromatography on silica 
(CHCl3/MeOH, 9:1) followed by C18-MPLC or -HPLC to afford R91150 in 
30–40% yield as a yellow oil or foam. 1H NMR (400 MHz, CDCl3): δ =
7.96 (d, J = 8.5 Hz, 1H), 7.62 (s, 1H), 6.97–6.891 (m, 2H), 6.84–6.79 (m, 
2H), 6.33 (dd, J = 8.5, 2.1 Hz, 1H), 6.20 (d, J = 2.1 Hz, 1H), 4.00 (s, 2H), 
3.96 (t, J = 6.3 Hz, 2H), 3.89 (s, 3H), 2.73 (d, J = 11.8 Hz, 2H), 2.54 (dd, 
J = 16.4, 9.2 Hz, 2H), 2.30 (t, J = 11.8 Hz, 2H), 2.22 (t, J = 16.4 Hz, 2H), 
2.01–1.95 (m, 2H), 1.74 (dt, J = 19.9, 4.5 Hz, 2H), 1.50 (s, 3H). 13C NMR 
(101 MHz, CDCl3): δ = 164.79, 158.96, 157.27 (d, J = 238.4 Hz), 155.24 
(d, J = 2.0 Hz), 150.87, 133.71, 115.97, 115.74 (d, J = 23.2 Hz), 115.51 
(d, J = 8.1 Hz), 112.98, 107.84, 97.43, 67.01, 55.88, 55.45, 51.22, 
49.74, 36.51, 26.94, 26.66. 19F NMR (376 MHz, CDCl3): δ = − 124.23. 
LRMS (ESI) m/z: [M+H]+ calculated for C23H31FN3O3

+: 416.23; found: 
416.29. HRMS (ESI) m/z: [M+H]+ calculated for C23H31FN3O3

+: 
416.23440; found: 416.23454.

tert-Butyl 4-(2-methoxy-4-nitrobenzamido)-4-methylpiper
idine-1-carboxylate (8): A solution of 2-methoxy-4-nitrobenzoyl 
chloride [prepared from 2-methoxy-4-nitrobenzoic acid (2.0 g, 9.9 
mmol, 1.06 eq.) and oxalyl chloride (5.0 mL, 7.4 g, 58 mmol) as 
described above for the synthesis of 6a] in anhydrous CH2Cl2 (10 mL) 
was added to a solution of tert-butyl 4-amino-4-methylpiperidine-1- 
carboxylate (7) (2.0 g, 9.3 mmol, 1 eq.) and DIPEA (3.4 mL, 2.5 g, 19 
mmol, 2 eq.) in anhydrous CH2Cl2 (50 mL) and the resulting mixture was 
stirred for 1 h. The reaction mixture was then concentrated under 
reduced pressure and the residue was taken up into EtOAc and H2O (80 
mL of each). The organic layer was washed with 5% NaHCO3 (3 × 40 
mL), 1 M NaHSO4 (3 × 40 mL), H2O (3 × 40 mL) and brine (2 × 40 mL), 
and concentrated under reduced pressure. The residue was purified by 
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column chromatography (hexane/CHCl3/EtOAc/MeOH, 20:9:8:1) to 
afford the title compound (2.4 g, 6.1 mmol, 66%) as a faint yellow solid. 
1H NMR [400 MHz, (CD3)2CO]: δ = 8.06 (dd, J = 8.4, 0.3 Hz, 1H), 7.92 
(d, J = 2.0 Hz, 1H), 7.90–7.85 (m, 1H), 7.70 (s, 1H), 4.15 (s, 3H), 3.79 
(d, J = 13.7 Hz, 2H), 3.24–3.06 (m, 2H), 2.34–2.18 (m, 2H), 1.58–1.50 
(m, 2H), 1.49 (s, 3H), 1.44 (s, 9H). 13C NMR [101 MHz, (CD3)2CO]: δ =
163.79, 158.46, 155.12, 150.89, 132.65, 130.90, 116.28, 107.77, 79.42, 
57.40, 52.98, 36.44, 28.58, 26.45. LRMS (ESI) m/z: [M+H]+ calculated 
for C19H28N3O6

+: 394.20; found: 394.22. HRMS (ESI) m/z: [M+Na]+

calculated for C19H27N3O6Na+: 416.17921; found: 416.17991.
2-Methoxy-N-(4-methylpiperidin-4-yl)-4-nitrobenzamide (9): A 

solution of 8 (2.35 g, 5.97 mmol, 1 eq.) in TFA/TIS/H2O (95:2.5:2.5, 10 
mL) was allowed to stand for 5 min at ambient temperature and then 
concentrated under reduced pressure. The residue was taken up into 
toluene (50 mL) and the resulting emulsion was concentrated under 
reduced pressure ( × 3). The residue was dissolved in EtOAc (100 mL) 
and the solution was washed with sat. NaHCO3 (100 mL), dried and 
concentrated under reduced pressure to afford the title compound (1.3 
g, 4.4 mmol, 74%) as a yellow solid. 1H NMR [400 MHz, (CD3)2CO]: δ =
7.95–7.87 (m, 3H), 7.76 (s, 1H), 4.14 (s, 3H), 3.45–3.33 (m, 4H), 2.60 
(d, J = 13.1 Hz, 2H), 1.99 (ddd, J = 12.2, 7.4, 5.2 Hz, 2H), 1.54 (s, 3H). 
13C NMR [101 MHz, (CD3)2CO]: δ = 164.80, 158.34, 150.85, 132.11, 
131.69, 116.30, 107.61, 57.29, 51.75, 40.85, 33.20, 26.62. LRMS (ESI) 
m/z: [M+H]+ calculated for C14H20N3O4

+: 294.15; found: 294.11. HRMS 
(ESI) m/z: [M+H]+ calculated for C14H20N3O4

+: 294.14483; found: 
294.14510.

2-Methoxy-N-(4-methyl-1-{3-[4-(4,4,5,5-tetramethyl-1,3,2- 
dioxaborolan-2-yl)phenoxy]-propyl}piperidin-4-yl)-4-nitro
benzamide (6b): 6b (3.1 g, 5.6 mmol, 78%, faint yellow solid) was 
prepared from 9 (2.1 g, 7.2 mmol, 1 eq.), 3b (2.5 g, 7.3 mmol, 1.01 eq.), 
anhydrous K2CO3 (1.0 g, 7.2 mmol, 1 eq.) and KI (1.2 g, 7.23 mmol) in 
anhydrous DMF (25 mL) using the same procedure as described for 6a. 
The crude product was purified by column chromatography (silica gel 
with 0.1% Ca, CHCl3/MeOH, 11:1). 1H NMR (400 MHz, CDCl3): δ = 8.28 
(d, J = 8.6 Hz, 1H), 7.92 (dd, J = 8.6, 2.1 Hz, 1H), 7.84 (d, J = 2.0 Hz, 
1H), 7.72 (t, J = 5.4 Hz, 2H), 7.55 (s, 1H), 6.86 (d, J = 8.6 Hz, 2H), 4.08 
(s, 3H), 4.04 (t, J = 6.1 Hz, 2H), 2.92–2.80 (m, 2H), 2.68 (t, J = 7.1 Hz, 
2H), 2.49–2.38 (m, 2H), 2.27 (d, J = 13.9 Hz, 2H), 2.08–2.03 (m, 2H), 
1.89–1.84 (m, 2H), 1.53 (s, 3H), 1.32 (s, 12H). 13C NMR (101 MHz, 
CDCl3): δ = 162.53, 161.46, 157.36, 150.29, 136.64, 133.25, 128.36, 
116.32, 113.91, 106.87, 83.71, 65.79, 56.98, 55.43, 51.96, 49.66, 
35.81, 26.43, 24.97. The signal of C-Bpin was not observed. LRMS (ESI) 
m/z: [M+H]+ calculated for C29H41BN3O7

+: 554.30; found: 554.34. 
HRMS (ESI) m/z: [M+H]+ calculated for C29H41BN3O7

+: 554.30321; 
found: 554.30247. Correct isotopic pattern.

4-Amino-2-methoxy-N-(4-methyl-1-{3-[4-(4,4,5,5-tetramethyl- 
1,3,2-dioxaborolan-2-yl)phenoxy]propyl}piperidin-4-yl)benza
mide (1) [51]: 1 (0.9 g, 1.7 mmol, 90%, colorless oil or foam) was 
prepared from 6b (1.04 g, 1.88 mmol, 1 eq.), pulverized Zn (1.23 g, 18.8 
mmol, 10 eq.) and NH4Cl (1.00 g, 18.8 mmol, 10 eq.) in 50% EtOH in 
EtOAc (50 mL) using the same procedure as described for R91150 except 
that the reaction time was increased to 24 h. The crude product was 
purified by column chromatography (SiO2 with 0.1% Ca, CHCl3/MeOH, 
11:1). 1H NMR (400 MHz, CDCl3): δ = 7.94 (d, J = 8.5 Hz, 1H), 7.72 (d, 
J = 8.6 Hz, 2H), 7.59 (s, 1H), 6.85 (d, J = 8.6 Hz, 2H), 6.34 (dd, J = 8.5, 
2.1 Hz, 1H), 6.20 (d, J = 2.0 Hz, 1H), 4.03 (t, J = 6.0 Hz, 4H), 3.90 (s, 
3H), 3.01–2.89 (m, 2H), 2.79–2.69 (m, 2H), 2.51 (t, J = 10.6 Hz, 2H), 
2.31 (d, J = 13.8 Hz, 2H), 2.13–2.02 (m, 2H), 1.84 (t, J = 11.1 Hz, 2H), 
1.50 (s, 3H), 1.32 (s, 12H). 13C NMR (101 MHz, CDCl3): δ = 165.05, 
161.40, 158.96, 151.07, 136.64, 133.72, 113.90, 112.61, 107.88, 97.37, 
83.69, 65.72, 55.95, 55.44, 50.86, 49.66, 35.68, 26.58, 26.13, 24.97. 
The signal of C-Bpin was not observed. LRMS (ESI) m/z: [M+H]+

calculated for C29H43BN3O5
+: 524.33; found: 524.25. HRMS (ESI) m/z: 

[M+H]+ calculated for C29H43BN3O5
+: 524.32903; found: 524.32865. 

Correct isotopic pattern.
Benzyl 4-amino-4-methylpiperidine-1-carboxylate (11) [83]:

a) Benzyl 4-[(tert-butoxycarbonyl)amino]-4-methylpiperidine-1- 
carboxylate

Cbz-Cl (3.9 mL, 4.8 g, 28 mmol, 1.2 eq.) was added dropwise to 
K2CO3 (9.7 g, 70 mmol, 3 eq.) suspended in a solution of 4 (5.0 g, 23 
mmol, 1 eq.) in anhydrous THF (117 mL). The reaction mixture was 
stirred at ambient temperature for 1.5 h, after which H2O (117 mL) was 
added and the reaction mixture stirred for another 20 min. The aqueous 
phase was separated and extracted with EtOAc (3 × 150 mL). The 
combined organic phases were washed with sat. NaHCO3 (2 × 100 mL), 
dried and concentrated under reduced pressure. The residue was puri
fied by column chromatography (cyclohexane/EtOAc, 9:1) to afford 
benzyl 4-[(tert-butoxycarbonyl)amino]-4-methylpiperidine-1-carbox
ylate (8.1 g, 23 mmol, >99%) as a colorless oil, which gradually solid
ified to a colorless solid. Rf = 0.22 (cyclohexane/EtOAc, 9:1). 1H NMR 
(400 MHz, CDCl3): δ = 7.38–7.30 (m, 5H), 5.12 (s, 2H), 4.35 (s, 1H), 
3.83–3.68 (m, 2H), 3.26–3.19 (m, 2H), 2.06–1.91 (m, 2H), 1.54–1.48 
(m, 2H), 1.43 (s, 9H), 1.34 (s, 3H). 13C NMR (101 MHz, CDCl3): δ =
155.40, 136.94, 128.60, 128.09, 127.98, 127.09, 67.18, 50.59, 40.05, 
36.20, 28.54, 27.03, 26.26. LRMS (ESI) m/z: [M+H]+ calculated for 
C19H29N2O4

+: 349.21; found: 349.14. HRMS (ESI) m/z: [M+Na]+

calculated for C19H29N2O4Na+: 371.19413; found: 371.19387.
b) Benzyl 4-amino-4-methylpiperidine-1-carboxylate (11)
Benzyl 4-[(tert-butoxycarbonyl)amino]-4-methylpiperidine-1- 

carboxylate (8.1 g, 23 mmol, 1 eq.) was taken up into 20% TFA in 
CH2Cl2 (47 mL) and stirred for 16 h at ambient temperature. The reac
tion mixture was cooled to 0 ◦C, and saturated NaHCO3 (100 mL) was 
slowly added. The mixture was allowed to warm up to ambient tem
perature and stirred for 10 min, after which the aqueous phase was 
separated and extracted with Et2O (3 × 150 mL). The combined organic 
phases were dried over Na2SO4 and concentrated under reduced pres
sure to afford 11 (4.3 g, 17 mmol, 75%) as a colorless solid. 1H NMR 
(400 MHz, CDCl3): δ = 7.37–7.28 (m, 5H), 6.92–6.10 (br, 2H), 5.10 (s, 
2H), 3.83–3.80 (m, 2H), 3.27–3.22 (m, 2H), 1.78–1.69 (m, 4H), 1.37 (s, 
3H). 13C NMR (101 MHz, CDCl3): δ = 155.23, 136.53, 128.67, 128.26, 
128.00, 67.58, 52.58, 39.84, 35.33, 23.13. LRMS (ESI) m/z: [M+H]+

calculated for C14H21N2O2
+: 249.16; found: 249.10. HRMS (ESI) m/z: 

[M+H]+ calculated for C14H21N2O2
+: 249.15975; found: 249.15980.

4-[(tert-Butoxycarbonyl)amino]-2-methoxybenzoic acid (12) 
[50]:

Boc2O (9.6 mL, 9.8 g, 45 mmol, 1.5 eq.) was added (in one portion) 
to a solution of 4-aminobenzoic acid (5.0 g, 30 mmol, 1 eq.) and Et3N 
(5.0 mL, 3.6 g, 36 mmol, 1.2 eq.) in MeOH (40 mL) and the reaction 
mixture was stirred at room temperature for 16 h. The solvent was 
removed under reduced pressure and the residue was dissolved in 
EtOAc. The resulting solution was washed with 10% citric acid, the 
EtOAc was removed under reduced pressure and the product crystalized 
in cyclohexane/EtOAc (2:1, 78 mL/g) to afford the title compound (3.9 
g, 15 mmol, 49%, purity: >99%) as a colorless solid. The volume of the 
mother liquor was then reduced by half to afford, after crystallization, a 
second crop of 12 (1.05 g, 3.34 mmol, 11%, purity: 85%). Rf = 0.29 
(CHCl3/MeOH, 49:1). 1H NMR [400 MHz, (CD3)2SO]: δ = 12.16 (br, 
1H), 9.65 (s, 1H), 7.63 (d, J = 8.5 Hz, 1H), 7.35 (d, J = 1.8 Hz, 1H), 7.04 
(dd, J = 8.6, 1.9, 1H), 3.76 (s, 3H), 1.48 (s, 9H). 13C NMR [101 MHz, 
(CD3)2SO]: δ = 166.44, 159.67, 152.53, 144.63, 132.40, 113.48, 
109.22, 101.40, 79.70, 55.48, 28.06. LRMS (ESI) m/z: [M+H]+ calcu
lated for C13H18NO5

+: 268.12; found: 268.11. HRMS (ESI) m/z: [M+H]+

calculated for C13H18NO5
+: 268.11795; found: 268.11829.

2,3,5,6-Tetrafluorophenyl 4-[(tert-butoxycarbonyl)amino]-2- 
methoxybenzoate (13):

EDC (186 mg, 0.97 mmol, 1.3 eq.) was added to an ice-cold solution 
of 12 (200 mg, 0.75 mmol, 1 eq.) and 2,3,5,6-tetrafluorophenol (260 
mg, 1.57 mmol, 2.1 eq.) in anhydrous CH2Cl2 (7.5 mL), and the mixture 
was stirred at ambient temperature for 16 h. The resulting dark red 
solution was diluted with CH2Cl2 and washed with H2O (3 × 15 mL) and 
brine (3 × 15 mL). The organic phase was dried and concentrated under 
reduced pressure. The crude was product was purified by column 
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chromatography (cyclohexane/EtOAc, 9:1) to afford the title compound 
(187 mg, 0.45 mmol, 60%) as a colorless solid. 1H NMR (400 MHz, 
CDCl3): δ = 8.06 (d, J = 8.6 Hz, 1H), 7.51 (d, J = 7.51 Hz, 1H), 6.99 (m, 
1H), 6.75 (dd, J = 8.6, 2.0 Hz, 2H), 3.96 (s, 3H), 1.54 (s, 9H). 13C NMR 
(101 MHz, CDCl3): δ = 162.58, 160.38, 151.95, 147.46–147.15 (m), 
145.59, 144.96–144.69 (m), 142.37–142.07 (m), 139.89–139.68 (m), 
144.84 (m), 139.89 (m), 134.15, 109.67, 109.31, 102.28 (t, J = 22.9 
Hz), 101.26, 81.65, 56.13, 28.26. 19F NMR (376 MHz, CDCl3): δ =
− 139.59 (dd, J = 22.2, 9.7 Hz, 2F), − 152.70 (dd, J = 22.2, 9.7, 2F). 
LRMS (ESI) m/z: [M+H]+ calculated for C19H18F4NO5

+: 416.10; found: 
416.03.

Benzyl 4-{4-[(tert-butoxycarbonyl)amino]-2-methoxybenzami 
do}-4-methylpiperidine-1-carboxylate (14):

Method A: HATU (4.98 g, 6.57 mmol, 1.5 eq.) was added in small 
portions to an ice-cold solution of 12 (1.76 g, 6.57 mmol, 1.5 eq.) and 
DIPEA (2.20 mL, 1.69 g, 13.1 mmol, 3 eq.) in anhydrous DMF (59 mL) 
and the mixture was stirred for 20 min. A solution of 11 (1.09 g, 4.37 
mmol, 1 eq.) in anhydrous DMF (6.6 mL) was added dropwise to the 
resulting dark yellow solution and the reaction mixture was stirred at 
ambient temperature for 4 h. Ethylenediamine (1.5 mL) was then added 
and stirring was continued for 16 h, after which 1 M NaOH (50 mL) was 
added and the mixture stirred for another 15 min. The reaction mixture 
was diluted with H2O (250 mL) and extracted with EtOAc (3 × 200 mL). 
The combined organic phases were washed with 1 M NaOH (200 mL), 
0.5 M HCl (3 × 200 mL) and brine (3 × 200 mL), dried and concentrated 
under reduced pressure. The residue was purified by column chroma
tography (cyclohexane/EtOAc, 2:1, Rf = 0.20) to afford the title com
pound (1.07 g, 2.14 mmol, 49%) as a colorless solid.

Method B: A solution of 13 (199 mg, 0.48 mmol, 1 eq.), 11 (172 mg, 
0.69 mmol, 1.4 eq.) and DIPEA (127 μL, 171 mg, 1.32 mmol, 3 eq.) in 
anhydrous DMA (4.4 mL) was stirred at 60 ◦C for 16 h. The reaction 
mixture was diluted with H2O (50 mL) and extracted with EtOAc (3 ×
50 mL). The combined organic phases were washed with 0.5 M NaOH (3 
× 50 mL), 0.5 M HCl (3 × 50 mL) and brine (3 × 50 mL), and dried over 
Na2SO4. The solvent was removed under reduced pressure to afford the 
title compound (233 mg, 0.47 mmol, 98%) as a colorless solid.

1H NMR [400 MHz, (CD3)2SO]: δ = 8.04 (d, J = 8.5 Hz, 1H), 7.76 (s, 
1H), 7.54 (s, 1H), 7.36–7.29 (m, 5H), 6.73 (s, 1H), 6.68 (dd, J = 8.6, 2.0 
Hz, 1H), 5.13 (s, 2H), 3.06 (s, 3H), 3.17 (t, J = 13.9 Hz, 2H), 2.26–2.16 
(m, 2H), 1.68–1.57 (m, 4H), 1.52 (s, 9H), 1.51 (s, 3H). 13C NMR [101 
MHz, (CD3)2SO]: δ = 164.45, 158.34, 155.47, 152.41, 142.81, 136.95, 
132.71, 128.62, 128.12, 128.01, 116.74, 110.59, 101.06, 81.29, 67.22, 
56.26, 51.65, 40.16, 29.83, 28.43, 26.44. LRMS (ESI) m/z: [M+H]+

calculated for C27H36N3O6
+: 498.26; found: 498.14.

4-[(tert-Butoxycarbonyl)amino]-2-methoxy-N-(4-methyl-1-{3- 
[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenoxy]propyl} 
piperidin-4-yl)benzamide (10) [51]:

a) 4-[(tert-Butoxycarbonyl)amino]-2-methoxy-N-(4-methyl-piperidine- 
4-yl)benzamide

10% Pd/C (107 mg, w/w) was added to a solution 14 (1.07 g, 2.14 
mmol, 1 eq.) in anhydrous MeOH (10 mL) and the reaction mixture was 
stirred in a hydrogen atmosphere for 16 h. The mixture was filtered 
through Celite® and concentrated under reduced pressure to afford 4- 
[(tert-butoxycarbonyl)amino]-2-methoxy-N-(4-methyl-piperidine-4-yl) 
benzamide (726 mg, 2.00 mmol, 93%) as a colorless solid, which was 
used for the next step without further purification. 1H NMR [400 MHz, 
(CD3)2SO]: δ = 9.62 (s, 1H), 7.69 (s, 1H), 7.65 (d, J = 8.6 Hz, 1H), 7.38 
(d, J = 1.4 Hz, 1H), 7.06 (dd, J = 8.5, 1.7 Hz, 1H), 3.87 (s, 3H), 
2.87–2.83 (m, 2H), 2.77–2.71 (m, 2H), 2.14 (d, J = 13.4 Hz, 2H), 
1.54–1.48 (m, 11H), 1.37 (s, 3H).

b) 4-[(tert-Butoxycarbonyl)amino]-2-methoxy-N-(4-methyl-1-{3-[4- 
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenoxy]propyl}piperidin-4- 
yl)benzamide (10)

K2CO3 (1.00 g, 7.25 mmol, 3.7 eq.) and KI (3.26 g, 19.6 mmol, 10 
eq.) were added to a solution of 4-[(tert-butoxycarbonyl)amino]-2- 
methoxy-N-(4-methyl-piperidine-4-yl)benzamide in anhydrous DMF (5 

mL). 3b (675 mg, 1.98 mmol, 1.01 eq.) was added in one portion to the 
resulting suspension and the reaction mixture was stirred for 4 h, after 
which H2O (30 mL) followed by EtOAc (30 mL) were added. The organic 
phase was removed and the aqueous phase extracted with EtOAc (3 ×
45 mL). The combined organic phases were washed with 0.1 M HCl (3 ×
70 mL) and brine (3 × 70 mL), dried and concentrated under reduced 
pressure. The residue was purified by column chromatography (CHCl3/ 
MeOH, 19:1, Rf = 0.32) to afford 10 (864 mg, 1.39 mmol, 70%) as a 
colorless solid. 1H NMR (400 MHz, CDCl3): δ = 8.01 (d, J = 8.5 Hz, 1H), 
7.71 (d, J = 8.7 Hz, 2H), 7.60 (d, J = 30.1 Hz, 2H), 6.83 (d, J = 8.5 Hz, 
3H), 6.71 (dd, J = 8.7, 2.0 Hz, 1H), 4.05 (t, J = 5.8 Hz, 2H), 3.98 (s, 3H), 
3.27–3.06 (m, 2H), 3.01–2.85 (m, 2H), 2.81–2.57 (m, 2H), 2.43 (d, J =
14.5 Hz, 2H), 2.34–2.23 (m, 2H), 2.21–2.09 (m, J = 10.1 Hz, 2H), 1.53 
(s, 3H), 1.52 (s, 9H), 1.32 (s, 12H). 13C NMR (101 MHz, CDCl3): δ =
164.78, 161.12, 158.29, 152.40, 143.08, 136.68, 132.70, 116.40, 
113.83, 110.71, 101.13, 83.72, 81.35, 65.26, 56.36, 55.27, 50.76, 
49.36, 34.54, 28.41, 25.15, 24.96. The signal of C-Bpin was not 
observed. LRMS (ESI) m/z: [M+H]+ calculated for C34H51BN3O7

+: 
624.37; found: 624.32. Correct isotopic pattern.

3.2. Radiochemistry

3.2.1. General conditions
[18F]Fluoride ([18F]F− ) was produced via the 18O(p,n)18F nuclear 

reaction by bombardment of enriched [18O]H2O with 16.5 MeV protons 
using a BC1710 cyclotron (The Japan Steel Works Ltd., Shinagawa, 
Japan) at the INM-5 (Forschungszentrum Jülich). All radiosyntheses 
were carried out in 5 mL Wheaton V-Vials equipped with PTFE-coated 
wing stir bars. Anhydrous solvents (DMI, nBuOH and MeOH, dried 
over molecular sieves) were purchased from Sigma-Aldrich (Steinheim, 
Germany). Anion exchange resins (Sep-Pak Accell Plus QMA carbonate 
plus light cartridges with 40 mg sorbent per cartridge) were obtained 
from Waters (Eschborn, Germany) and polymeric-based StrataX car
tridges (60 mg) were obtained from Phenomenex (Aschaffenburg, 
Germany).

3.2.2. Processing of [18F]F−

Aqueous [18F]F¡ was loaded (from the female side) onto a QMA 
cartridge (preconditioned with 1 mL H2O) and the cartridge was washed 
(from the male side) with anhydrous MeOH (1 mL) to remove residual 
H2O and dried (from the female side) with air (2 × 10 mL). [18F]F− was 
eluted (from the female to the male side) with a solution of Et4NOTf in 
MeOH (500 μL), and the MeOH was evaporated at 80 ◦C under reduced 
pressure in a stream of argon to give Et4N[18F]F/Et4NOTf, which was 
used for the radiosyntheses as described below.

3.2.3. High-performance liquid chromatography (HPLC)
Analytical radio-HPLC was performed on a HPLC system (Knauer 

Wissenschaftliche Geräte GmbH, Berlin, Germany) with Azura P 6.1L 
pump and Azura UVD 2.1S UV/Vis detector. For monitoring UV absor
bance and radioactivity, the UV/Vis detector was coupled in series with 
a Berthold NaI detector, giving a time of delay of 0.1–0.3 min 
(depending on the flow rate) between the corresponding responses. 
Alternatively, an Ultimate® 3000 HPLC system with Ultimate® 3000 
LPG-3400A pump and an Ultimate® 3000 VWD-3100 UV/Vis detector 
(Thermo Fisher Scientific, Langerwehe, Germany) coupled in series with 
a Gabi Star γ-detector (Raytest GmbH, Straubenhardt, Germany) was 
used. To avoid errors due to adsorption processes on the stationary 
phase, radiochemical conversions (RCCs) and radiochemical purities 
(RCPs) were determined by radio-HPLC with post-column injection (for 
details see Ref. [84]) after dilution of the reaction mixtures with H2O (1 
mL) or 20% MeCN (1 mL). Radio-HPLC traces were not decay-corrected 
and radiochemical conversions are given as non-decay-corrected RCCs. 
For determination of RCPs, the integrals of the peaks of post-column 
injections were manually decay-corrected to the integrals of the prod
uct peaks. The identity of radiolabeled products was confirmed by 
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co-injection of the corresponding non-radiolabeled reference com
pound. Activity yields (AY) were determined as the ratio between the 
activity of the purified radiolabeled product and the initial activity of 
[18F]F− on the QMA cartridge.

Purification of crude [18F]R91150 by semipreparative HPLC was 
performed with a dedicated HPLC system consisting of a Knauer pump 
40P, a Knauer K-2500 detector, a Rheodyne 6-way valve and a Geiger- 
Müller counter.

3.2.4. Analytical HPLC conditions
[18F]R91150 prepared from 1: Column: MultoKrom® 100-5, 5 μm, 

250 × 4.6 mm (CS-Chromatography Service GmbH, Langerwehe, Ger
many); eluent: 30% MeCN (0.1% TFA); flow rate: 1.3 mL/min; tR = 7.85 
min.

Boc-[18F]R91150 prepared from 10: Column: MultoKrom® 100-5, 5 
μm, 250 × 4.6 mm (CS-Chromatography Service GmbH, Langerwehe, 
Germany); eluent: 50% MeCN (0.1% TFA); flow rate: 1.5 mL/min; tR =

4.62 min.

3.2.5. Preparative HPLC conditions
Column: Gemini C18 110A, 5 μm, 250 × 10 mm (Phenomenex Ltd, 

Aschaffenburg, Germany); eluent: 25% MeCN in 25 mM sodium acetate 
buffer (pH = 5.18); flow rate: 7.1 mL/min; tR = 18–21 min.

3.2.6. Quality control
For [18F]R91150 prepared from 1: Column: Kinetex EVO C18, 5 μm, 

250 × 4.6 mm (Phenomenex Ltd, Aschaffenburg, Germany); eluent: 20% 
MeCN (0.1% TFA), flow rate: 1.0 mL, tR = 9.55 min.

For [18F]R91150 prepared from 10: Column: MultoKrom® 100-5 
C18, 5 μm, 250 × 4.6 mm (CS-Chromatography Service GmbH, Lan
gerwehe, Germany); eluent: 30% MeCN (0.1% TFA); flow rate: 1.5 mL/ 
min; tR = 8.98 min.

The assessment of radioactivity retention on different stationary 
phases (see section 3 in the supporting information) was performed 
using a Kinetex EVO C18, 5 μm, 250 × 4.6 mm column (Phenomenex 
Ltd, Aschaffenburg, Germany), a Chromolith SpeedROD, RP-18e, 50 ×
4.6 mm column (Merck KGaA, Darmstadt, Germany) or a Luna 5u HILIC, 
250 × 4.60 mm, 5 μm column (Phenomenex, Aschaffenburg, Germany) 
as indicated and under the conditions (eluent, flow rate) specified in the 
respective figure.

3.2.7. Thin layer chromatography (TLC)
Radio-TLC was performed with Silica gel 60 RP-18 F254S or Silica gel 

60 F254 plates (both from Merck KGaA, Darmstadt, Germany). The 
chromatograms were visualized by a PerkinElmer Cyclone® Plus phos
phor imaging system [PerkinElmer LAS (Germany) GmbH, Rodgau, 
Germany] using the OptiQuant 5.0 software. After development of the 
TLC plates, they were air-dried for 2–3 min and then covered with 
plastic foil before exposing them to the film.

3.2.8. Preparation of [18F]R91150
Preparation from 1 (from non-protected precursor). Et4N[18F]F/ 

Et4NOTf (0.02–6.8 GBq) was taken up into a solution of 1 (2.6 mg, 5 
μmol) and Cu(4-PhPy)4(ClO4)2 (8.8 mg, 10 μmol) in DMI/nBuOH (2:1, 
1.2 mL) and the reaction mixture was stirred under air at 110 ◦C for 10 
min. The mixture was diluted with H2O (19 mL) and loaded onto a 
StrataX cartridge. The cartridge was washed with H2O (5 mL) and the 
crude radiolabeled product was eluted with MeCN (500 μL). The 
resulting solution was diluted with 25 mM sodium acetate buffer (pH =
5.18; 1 mL) and loaded onto a preparative HPLC column. The product 
fraction was collected at 18–21 min, diluted with H2O (19 mL) and 
loaded onto a StrataX cartridge. The cartridge was washed with H2O (5 
mL) and the radiolabeled product was eluted with EtOH (600 μL). The 
resulting solution was concentrated to approximately 50 μL at 40 ◦C in a 
stream of argon under reduced pressure, and the residue was taken up 
into 2% Tween-80 (0.6 mL) to afford [18F]F91150 as ready-to-inject 

solution.
Preparation from 10 (from N-Boc-protected precursor). Et4N[18F]F/ 

Et4NOTf (0.1–5.7 GBq) was taken up into a solution of 10 (6.2 mg, 10 
μmol) and Cu(4-PhPy)4(ClO4)2 (8.7 mg, 10 μmol) in DMI/nBuOH (2:1, 
1.2 mL) and the reaction mixture was stirred under air at 110 ◦C for 10 
min. The reaction mixture was diluted with H2O (19 mL) and loaded 
onto a StrataX cartridge. The cartridge was washed with H2O (5 mL) and 
the crude radiolabeled intermediate was eluted with MeOH (600 μL). 
The solvent was removed at 60 ◦C in a stream of argon under reduced 
pressure and 6 M HCl (500 μL) was added. The mixture was stirred at 
80 ◦C for 10 min to deprotect the radiolabeled intermediate and then 
diluted with 6 M NaOH (350 μL) and H2O (1 mL). [18F]F91150 was 
isolated and formulated as described above.

3.3. In vivo experiments

3.3.1. Experimental animals
Animal experiments were carried out in accordance with the EU 

directive 2010/63/EU and the German Animal Welfare Act (TierSchG, 
2006), and were approved by regional authorities (Ministry for Envi
ronment, Agriculture, Conservation and Consumer Protection of the 
State of North Rhine-Westphalia, license number 84-02.04.2017.A288). 
Nine healthy Long Evans rats (females; 300–578 g) and four healthy 
C57BL/6 mice (females, 18–20 g) were used for this study. Animals were 
housed in groups of 2–4 in individually ventilated cages (NexGen Ecoflo, 
Allentown Inc., Allentown, NJ, USA) under controlled ambient condi
tions (22 ± 1 ◦C and 55 ± 5% relative humidity). Food and water were 
available ad libitum.

3.3.2. In vivo PET experiments
Prior to PET measurements, animals were anesthetized with iso

flurane in O2/air (3:7) [5% for induction, 1.5–2.5% for maintenance], 
and a catheter for tracer injection was inserted into the lateral tail vein. 
Animals were placed on an animal holder (Equipment Vétérinaire 
Minerve, Esternay, France for rats, and Medres, Cologne for mice), and 
fixed with a tooth bar in a respiratory mask. PET scans in list mode were 
performed using a Focus 220 micro PET scanner (CTI-Siemens, Ger
many) with a resolution at the center of field of view of 1.4 mm. Data 
acquisition started with injection of the tracer (54.2 ± 8.2 MBq [18F] 
F91150 in 500 μL for rats and 9.5 ± 0.9 MBq in 125 μL for mice), 
continued for 120 min and was followed by a 10 min transmission scan 
using a 57Co point source. Breathing rate was monitored and maintained 
at around 60/min by adjusting the isoflurane concentration (1.5–2.5%). 
Body temperature was maintained at 37 ◦C by a feedback-controlled 
system. After the scan, the animals were returned to their home cage. 
For the heterologous blocking experiments, 1.5 mg/kg altanserin (n = 3 
rats) or 0.1 mg/kg SB242084 (n = 4 rats) were administered by intra
peritoneal (i.p.) injection 50 or 20 min before tracer injection, respec
tively. For the heterologous displacement experiments (n = 3 rats), 1.5 
mg/kg ketanserin was administered by intravenous (i.v.) injection 60 
min after tracer injection (i.e. in the middle of the 120 min PET mea
surements). For the homologous blocking experiments (n = 3 rats), 1 
mg/kg non-labeled R91150 was administered by i.v. injection 5 min 
before tracer injection.

The emission scans were histogrammed into time frames (2 × 1 min, 
2 × 2 min, 6 × 4 min, 18 × 5 min for time-activity curves, and 4 × 30 
min for display) and fully 3D rebinned (span 3, ring difference 47), 
followed by OSEM3D/MAP reconstruction. The resulting voxel sizes 
were 0.38 × 0.38 × 0.80 mm3 for rats, and 0.47 × 0.47 × 0.80 mm3 for 
mice. Postprocessing and image analysis was performed with VINCI 5.21 
(Max-Planck-Institute for Metabolism Research, Cologne, Germany). 
Images were intensity-normalized to injected dose and corrected for 
body weight (SUVbw). To this end, every frame was divided by injected 
dose and multiplied by body weight.

C. Hoffmann et al.                                                                                                                                                                                                                              European Journal of Medicinal Chemistry 286 (2025) 117265 

12 



CRediT authorship contribution statement

Chris Hoffmann: Writing – review & editing, Writing – original 
draft, Investigation, Formal analysis. Heike Endepols: Writing – review 
& editing, Writing – original draft, Visualization, Supervision, Investi
gation, Formal analysis, Conceptualization. Elizaveta A. Urusova: 
Writing – review & editing, Investigation. Dominik Elchine: Writing – 
review & editing, Investigation. Felix Neumaier: Writing – review & 
editing, Writing – original draft, Visualization, Investigation. Bernd 
Neumaier: Writing – review & editing, Supervision, Project adminis
tration, Funding acquisition, Conceptualization. Boris D. Zlatopolskiy: 
Writing – review & editing, Writing – original draft, Visualization, Su
pervision, Investigation, Funding acquisition, Formal analysis, 
Conceptualization.

Funding sources

This work was supported by Deutsche Forschungsgemeinschaft 
(DFG) grants ZL 65/1-1, ZL 65/3-1 and ZL 65/4-1.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

We thank Dmitrii Antuganov for his excellent technical assistance.

4 Abbreviations

[18F]F− , [18F]fluoride; 5-HT, serotonin; Am, molar activity; AY, ac
tivity yield; Cbz-Cl, benzyl chloroformate; CSF, cerebrospinal fluid; 
DIPEA, N,N-diisopropylethylamine; DMF, N,N-dimethylformamide; 
DMI, 1,3-dimethyl-2-imidazolidinone; EDC, 1-ethyl-3-(3-dimethylami
nopropyl)carbodiimide hydrochloride; ESI, electrospray ionization; 
HATU, azabenzotriazole tetramethyluronium hexafluorophosphate; 
HPLC, high-performance liquid chromatography; HRMS, high resolution 
mass spectra; i.p., intraperitoneal; i.v., intravenous; LRMS, low resolu
tion mass spectra; NMR, nuclear magnetic resonance; n.c.a., no-carrier- 
added; PET, positron emission tomography; RCC, radiochemical con
version; RCP, radiochemical purity; SPE, solid phase extraction; SPECT, 
single photon emission computed tomography; SUVbw, standardized 
uptake value normalized by body weight; TFA, trifluoroacetic acid; THF, 
tetrahydrofuran; TIS, triisopropylsilane; TLC, thin layer chromatog
raphy; VOI, volume of interest.
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