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Abstract

Muscarinic acetylcholine receptors (MAChRSs) are G protein-coupled receptors, which ap-
pear as five subtypes (M1-M5). Considering their fundamental role in the nervous system
and their involvement in many neurodegenerative disorders, mAChRs are an interesting
target for molecular imaging. However, currently available mAChR PET tracers are only
suitable to a limited extent, especially with respect to their subtype selectivity. Within this
work 18 novel derivatives of the naturally occurring alkaloid arecoline were synthesized,
chemically characterized and evaluated with a competitive radioligand binding assay to-
ward all mAChR subtypes. Diphenylmethyl esters of arecaidine showed a strongly in-
creased mMAChR M1 affinity (from Ki = 20 uM to K; = 3 nM) compared to arecoline and a
promising subtype selectivity for mAChR M1 (up to 140-fold over M2). Radiolabeling of N-
desmethyl precursors with [*!C]CHgsl afforded six carbon-11 labeled products in high radio-
chemical purity and good yield. Metabolic stability, insensitivity toward the off-target ace-
tylcholinesterase and other preclinical parameters of the diphenylmethyl esters of are-
caidine pointed toward a successful tracer, but autoradiography and a direct radioligand
binding assay on living cells revealed unacceptable nonspecific binding. Hydrobenzoin es-
ters of arecaidine were designed in the quest to lower lipophilicity while maintaining
MAChR affinity. In vitro experiments and molecular docking revealed a pronounced de-
pendence of MAChR M1 affinity on stereochemistry. Carbon-11 radiolabeling of the most
potent R,R-isomer (Ki = 99 nM) is ongoing and will elucidate if the lowered lipophilicity
results in reduced nonspecific binding. As a secondary finding of this thesis, a structural
isomer of the mMAChR M1 antagonist pirenzepine, which was unwittingly sold as pirenze-
pine, was discovered. The isomer was found to originate from an acid-catalyzed rearrange-
ment and showed a tremendously decreased affinity towards mAChR M1. Furthermore,
this thesis contains research which results improved the synthesis of routinely produced
PET tracers.



Zusammenfassung

Muskarinische Acetylcholinrezeptoren (mMAChRS) sind G-Protein-gekoppelte Rezeptoren, die
als funf Subtypen (M1-M5) vorkommen. In Anbetracht ihrer grundlegenden Rolle im Nerven-
system und ihrer Bedeutung bei vielen neurodegenerativen Erkrankungen sind mAChRs ein
interessantes Zielprotein fur die molekulare Bildgebung. Derzeit verfigbare mAChR-PET-Tra-
cer sind jedoch nur in begrenztem Umfang geeignet, insbesondere hinsichtlich ihrer Subtypen-
Selektivitat. In dieser Arbeit wurden 18 neue Derivate des natirlich vorkommenden Alkaloids
Arecolin synthetisiert, chemisch charakterisiert und mit einem kompetitiven Radioliganden-
Bindungsassay gegeniber allen mAChR-Subtypen untersucht. Arecaidindiphenylmethylester
zeigten eine stark erhohte mAChR M1-Affinitat (von K; = 20 uM zu K; = 3 nM) im Vergleich zu
Arecolin und eine vielversprechende Subtypen-Selektivitat fir mAChR M1 (bis zu 140-fach
gegeniuber M2). Durch radioaktive Markierung von N-Desmethyl-Vorlaufersubstanzen mit
[*1C]CH3sl konnten sechs Kohlenstoff-11-markierte Produkte in hoher radiochemischer Reinheit
und guter Ausbeute hergestellt werden. Die metabolische Stabilitat, Insensitivitat gegentber
dem Off-Target-Protein Acetylcholinesterase und andere préklinische Parameter der Arecai-
dindiphenylmethylester deuteten auf einen erfolgreichen Tracer hin. Autoradiographie und ein
direkter Radioliganden-Bindungsassay an lebenden Zellen zeigten jedoch eine inakzeptable
unspezifische Bindung. Um die Lipophilie zu senken und gleichzeitig die mAChR-Affinitat auf-
rechtzuerhalten, wurden Hydrobenzoinester des Arecaidins entwickelt. In-vitro-Experimente
und molekulares Docking dieser Ester zeigten eine ausgepragte Abhangigkeit der mAChR M1-
Affinitat von der Stereochemie. Die Kohlenstoff-11-Radiomarkierung des affinsten R,R-Iso-
mers (Ki = 99 nM) ist noch nicht abgeschlossen und wird zeigen, ob die verringerte Lipophilie
zu einer verringerten unspezifischen Bindung fihrt. Als sekundarer Befund dieser Arbeit wurde
ein Strukturisomer des mMAChR M1-Antagonisten Pirenzepin entdeckt, welches unwissentlich
als Pirenzepin in den Handel gebracht wurde. Es wurde festgestellt, dass diese Isomer durch
eine saurekatalysierte Umlagerung entsteht und eine enorm verringerte Affinitat zu mAChR
M1 aufweist. Dartiber hinaus enthdlt diese Arbeit Forschungsergebnisse, welche die Synthese

routinemanig hergestellter PET-Tracer verbesserten.
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1. Introduction

1.1.Nuclear medicine

Nuclear medicine is a branch of medicine in which radionuclides, frequently coupled to a mol-
ecule of interest, are applied to the human body as unsealed sources. The used medical for-
mulations, radiopharmaceuticals, are most commonly administered intravenously. The radio-
pharmaceutical consists of a chemical entity which accumulates at the region of interest and
the radionuclide, which — depending on the mode of decay — allows for imaging and/or ther-
apy.! Therapeutic nuclides most often are a- or B-emitters, which are characterized by a high
linear energy transfer, allowing them to deliver high doses within a small range of tissue. Half-
lives are usually between hours and days, which allows for delivery flexibility and simultane-
ously makes sure that treated patients can leave the isolation within an acceptable time frame.?
The B-emitter iodine-131 is one of the oldest and still most commonly applied therapeutic
radionuclides.? lodide is strongly accumulated in thyroid tissue, which is the rational of the
[**4]I- therapy for the treatment of several thyroid diseases. In this case the plain iodide ion
adopts two roles: Firstly, it is the targeting vector, which ensures that the radiopharmaceutical
reaches its designated tissue. Secondly, it is the radionuclide, which releases the therapeutic
radiation. Within the last years, radionuclide therapy has strongly been boosted by investments
from big players of the pharmaceutical industry.® Nevertheless, diagnosis remains the more
common application of nuclear medicine.* Diagnostic nuclides are required to emit radiation,
which is far ranging enough to be detectable from outside the body and at the same time
expose the body to a dose as low as possible. In scintigraphy a steady gamma camera cap-
tures a two-dimensional image of the distribution of a y-emitting radiopharmaceutical in the
organ of interest or also in the whole body. Considering that radiation from all depths of the
subject is summed up in a single pixel on the plane detector, activity of the background tissue
adds up to the desired signal, which in turn degrades the image contrast. In single photon
emission computed tomography (SPECT) the emitted radiation is detected from various an-
gles, thus allowing the calculation of a three-dimensional, tomographic image.® ®™Tc is the
most common medical radionuclide and is used in about 80 percent of all nuclear medicine
procedures worldwide. It is readily available from a radionuclide generator and emits 140 keV
photons during isomeric transition to °*Tc with a half-life of 6 h. The generator yields
[**"T¢]TcO4, which can be directly used for thyroid scans or reduced and converted to com-
plexes for many different applications.® Depending on the posed medical question and tracer
pharmacokinetics, nuclear imaging can be performed statically or dynamically. In static imag-
ing a timely almost constant activity distribution is recorded over time and merged in a single

image. In dynamic imaging a changing activity distribution is recorded as a series of frames.
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Early time points, which generally show strong changes of activity distribution over time, are
often recorded with a high frame rate, whereas the frame rate can be reduced for later, more

static time points.®

1.2.PET

In positron emission tomography (PET) B*-emitting radiopharmaceuticals are employed. Dur-
ing B*-decay a proton of a proton-rich nucleus is converted to a neutron while emitting a posi-
tron and an electron neutrino (Equation 1).

X = 5, AY + et + v,

Equation 1: B*-decay

Upon collision of the emitted positron with an electron, two almost colinear 511 keV photons
are released in opposing directions and registered simultaneously by a ring of scintillation de-
tectors arranged around the subject. Therefore, the location of the p*-decay can be traced
back to the volume between the opposed coincidence detectors, which is also called the line
of response (LOR). Unlike the gamma cameras used in scintigraphy and SPECT, coincidence
detectors do not require absorptive collimation; consequently, the sensitivity of PET is about
two to three orders of magnitude higher.® Early PET scanners contained only a single ring of
detectors around the subject, which restricted the observable coincidence events to annihila-
tion photons perpendicular to the body axis. Modern PET scanners contain multiple rings of
detectors, forming a cylinder around the subject (Figure 1). This allows the scanner to register
a greater number of coincidence events and hence further increases the sensitivity. Most state-
of-the-art PET scanners come in combination with other imaging techniques such as computer
tomography (CT) or magnetic resonance imaging (MRI). This allows for a reliable overlay of
functional and anatomical images, as the scans can be performed in immediate sequence,

without requiring the subject to change position.

Figure 1: Principle of a PET scan.
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2-[*8F]Fluoro-2-deoxy-D-glucose (2-[®F]FDG) is by far the most commonly used PET tracer
and therefore often referred to as the working horse of PET. PET imaging using 2-[**F]FDG is
crucial for a plethora of diagnostic procedures in oncology, neurology, cardiology and inflam-
matory conditions.’” 2-[8F]FDG is a fluorinated analogue of glucose, which also acts as a sub-
strate for the GLU transporters. Cells with a higher energy demand often have upregulated
GLU transporters and therefore show an increased uptake of 2-[*®F]FDG. Inside the cell 2-
[*®F]FDG can be phosphorylated by hexokinase, the first enzyme of the glycolysis. However,
2-[*®F]FDG-6-phosphate lacks the hydroxyl group on position 2 and hence cannot be further
metabolized by glycolysis, resulting in metabolic trapping of 2-[*®F]FDG-6-phosphate in cells
with high glucose uptake (Figure 2)2.

cytosol
CHZOH CHZOPO3
ADP
Hexokinase

active transport metabolic trapping

2_[18,:],:DG -[18F]FDG-6-phosphate

Figure 2: Main cellular metabolism of 2-[*F]FDG trapping.

Although this picture of 2-['8F]FDG is widely accepted and has become textbook knowledge,

a less trivial 2-[**F]JFDG metabolism was observed in more detailed studies.®

1.3.Prerequisites for PET nuclides

Properties of some common radionuclides used in PET imaging are listed in Table 1.

Several factors contribute to the suitability of a radionuclide for PET imaging. Most obviously
the nuclide has to undergo B*-decay with a high probability and should not have an addi-
tional gamma-line close to 511 keV, which could impair quantitative accuracy. Most well-es-
tablished PET radionuclides feature a *-decay probability close to 100%. Zirconium-89 dis-
plays a B*-decay probability of only 23%; however, as the gamma-line resulting from electron
capture (23%) is strongly above the annihilation photon energy, it can be easily gated off by
the PET scanner. Still, this comes with an increased radiation burden compared to exclusively
B*-decaying nuclides.®

The total energy Q of the B*-decay is shared as kinetic energy between the positron and the
electron neutrino. Consequently, positrons arising from *-decay show a continuous distribu-

tion of kinetic energy, with a limit of Q. However, 3*-decaying nuclides which are characterized
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by a high Q value also feature a higher average positron energy and hence a longer positron
range.!! The positron range is different between B*-decaying nuclides and should be as low
as possible as it sets a physical limit for the resolution of PET.*2

The half-life of the nuclide should parallel the timescale of the targeted biological phenome-
non. Nuclides with a short half-life are suitable for radiotracers with a fast pharmacokinetic,
e.g. the very short-living radiopharmaceuticals [**N]NHs, [**O]H20 and [®?Rb]Rb* are used for
myocardial perfusion imaging.*® Short half-life is both a blessing and a curse. On the one hand,
high initial doses can be applied while maintaining low radiation burden for the patient and
persons the patient encounters later. On the other hand, the nuclide source has to be in close
proximity to the scanner and preparation as well as quality control of the product has to be
performed at a great pace. Long-living nuclides like 8Zr (3.3 d) and ®*Cu (12.7 h) can be found
at the other side of the spectrum. These nuclides find their main application in immuno-PET
as their long half-life matches well with the pharmacokinetics of antibodies and antibody con-
jugates.

Chemical methods to reliably and unimpededly incorporate the PET nuclide to the radio-
tracer molecule must be available. Non-metallic PET nuclides like carbon-11 and fluorine-18
can be attached to a radiotracer molecule via covalent bonds, which allows to insert a radio-
label to the molecule of interest with no or only minor structural changes. Metallic PET nuclides
require a chelator to be attached to the molecule of interest, which induces a structural change.
With increasing size of the labeled molecule, this change becomes increasingly insignificant;
consequently, metallic PET nuclides are predominantly used for labeling molecules of high
molecular weight, such as peptides and proteins.

Besides these physical and chemical properties, the availability of the PET nuclide in combi-
nation with the cost of its production is an important factor. PET nuclides are predominantly
produced by cyclotrons and radionuclide generators. A cyclotron accelerates small charged
particles (most commonly hydride ions) by alternating the potential of surrounding D-shaped
electrodes while being constrained to a circular orbit by an external magnetic field. Upon reach-
ing the outermost orbit, the particles are extracted and directed to the target material. In case
of accelerated hydride ions, this process usually involves a stripping foil, which removes the
associated electrons and thus produces a plain proton beam. Installation and operation of an
on-site medical cyclotron comes with a considerable financial effort, which restricts the availa-
bility of cyclotron-produced, short-lived nuclides (e.g. 'C, 1N, °0) to specialized centers.*®
The most frequently used PET nuclide fluorine-18 is produced by proton bombardment of
[*8O]H.0 and can be transported to regional PET centers because of its longer half-life.

In radionuclide generators a mother nuclide with a longer half-life is immobilized on a stationary
phase and reaches transient equilibrium with a shorter-lived daughter. Through exploitation of

the daughter’s different chemical properties, it can be eluted from the generator. Comparably
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low investment costs, low space requirement and ease of use are big advantages of radionu-
clide generators. However, as of now, only two generator-derived PET nuclides with GMP
compliance are available: 82Rb and ®®Ga. In an effort to overcome cyclotron dependency, the
latter has recently attracted keen attention from the radiopharmaceutical industry as well as

from academic researchers.®

Table 1: Properties of common PET nuclides.t’-1°

Max. posi-
, B* decay _ Example of a relevant
Half-life tron range Production
mode PET tracer

(mm)
e 20.4 min  100% 4.1 “N(p,a)tC [*!C]methionine?°
13N 9.98 min  100% 5.4 180(p,a)*N [**NJNH32?
150 2.03min  100% 8.0 1N(d,n)**0 [**0]H.0%
18F 109.8 min 97% 2.4 180(p,n)*8F 2-[*F]FDG
%Ga 68.0min  89% 9.0 %BGe/8Gagen. [®Ga]Ga-DOTATATE?
82Rb 1.25 min 96% 16.5 82Sr/82Rb gen. [B2Rb]RbCI?*
87r 78.4h 23% 3.8 8Y(p,n)8zr [89Zr])Zr-DFO-

Trastuzumab?®

1.4.Carbon-11

Carbon is the central element of organic chemistry and constitutes the majority of molecules
that build up living organisms. As such, radioactive carbon isotopes enable radiolabeling of
pivotal, highly bio-relevant structures without changing their structure at all. However, the short
half-life sets high requirements on the swiftness of the reactions and on the synthesis module’s
degree of automation. The gas target during proton irradiation for carbon-11 production is com-
monly filled with naturally abundant N> (mainly **N) and traces of naturally abundant O, (mainly
160). Carbon-11 produced in such a target gas mixture exists as [*!C]CO., which can be directly
used for labeling reactions (e.g. using Grignard chemistry?®) or can be converted to secondary
synthons (Figure 3). [*1C]CHgl is the most commonly used carbon-11 synthon and can be syn-
thesized automatically in various commercially available synthesis modules. [**C]CHsl can be
formed via the “wet” chemistry method or the “gas-phase” method. In the “wet” chemistry
method [*1C]CO: is trapped in solution of LiAlH4 in tetrahydrofuran and thereby reduced to
[1!C]CHsOH. After evaporation of the solvent, hydroiodic acid is added to the precipitate and
heated to 90 °C. The resulting [1C]CHzl is distilled off and passed over NaOH/P,Os to remove
HI and H20O. Although this method is reliable in terms of radiochemical yields, it suffers from
limited molar activity caused by contaminations of atmospheric CO; in LiAlH4.?” In the nowa-

days more commonly used “gas-phase” method [*'C]CO: is trapped on a molecular sieve and
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reduced to [11C]CHy4 in the presence of H; and a Ni catalyst at 400 °C. [11C]CH4 then undergoes
iodination with I, at 720-740 °C. To improve the overall yield, this step is commonly performed
in circulation, so that unreacted [**C]CH4 can be recycled.?”%®

In the majority of applications [*!C]CHzl is used to introduce a [*!C]methyl group to nucleophilic
functionalities, such as alcohols, amines, phenols or thiols via an Sy2 reaction. To increase the
reactivity for reactions with demanding nucleophiles, [*!C]CHsl can be converted to
[YIC]CHsOTf by passage through an AgOTf column. Although less commonly applied,
[**C]CHsl can also be used for different reactions, such as the formation of C-C bonds via Pd-
mediated Stille and Suzuki cross-coupling.?® The chemistry of carbon-11 is discussed in more

detail in chapter 3.6.

Figure 3: Reaction pathways to carbon-11 synthons. Own work, also published.?’
1.5.Designing small molecules as brain PET tracers

Over the last decades a plethora of small molecules of PET tracers have been developed for
brain imaging. Besides the aforementioned 2-[*F]FDG, nowadays commonly used small mol-
ecules radiotracers include [*'C]PIB for imaging cerebral beta-amyloid plaques®, [*!C]raclo-
pride for imaging the cerebral D, dopamine receptor®, [**C]methionine for imaging amino acid
uptake in glioma?® and [*'C]DASB for imaging cerebral serotonin transporters®2.

A. D. Gee et al. recently summarized following design and test criteria for the development of

small molecules as radiopharmaceutical vectors (Table 2).3
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Table 2: Design and test criteria for the discovery and development of small molecule radiotracers.

Design criteria Test criteria
¢ Choosing an appropriate target ¢ Good signhal-to-noise ratio in vivo
e High affinity and selectivity for the e Good in vivo pharmacokinetics
target e In vivo distribution and pharmacol-
e Ease of radiosynthesis ogy consistent with literature reports
e Maximizing target accessibility while e Low levels of radiolabeled metabo-
minimizing non-displaceable binding lites in the region of interest

¢ High sensitivity toward the target

Design criteria can be evaluated prior radiolabeling and they support the identification of proper
candidates for PET tracer development. Test criteria consist of properties that can be assessed
by in vitro and in vivo experiments using the labeled compound to determine its potential utility
as radiotracer.

For a PET tracer to be of clinical relevance most obviously also the chosen molecular target
should be of clinical interest and there should be relevant clinical questions associated with
that molecular target. Furthermore, the target has to be expressed at a sufficient concentration
to allow for successful imaging. Although sensitivity generally is a major strength of PET im-
aging, review of the established radiotracers reveals that — with only some exceptions — the
lowest Bmax that can be successfully imaged is around 1 nM. Additionally, the size of the ex-
pressing tissue should at least exceed the resolution of the PET scanner (2-5 mm) to avoid
underestimation of the signal through the partial volume effect.®® The Bmax Strongly influences
the required affinity of the radiotracer. With decreasing target expression levels (decreasing
Bmax) the affinity must increase accordingly (Kp decrease) to maintain the target-to-background
ratio. As a rule of thumb, a minimum Kp/Bnmax ratio of 10 should be reached to achieve sufficient
contrast in vivo.** Ideally, the radiotracer should be fully selective and thus only bind to the
desired target. However, if the radiotracer binds to more than one target, the location, Bmax and
the affinity to the off-target must be considered. Radiochemistry of carbon-11 and fluorine-18
is a continuously evolving field, which has given rise to a wide variety of labeling reactions.
Still, caused by the relatively short half-life, not all thinkable small molecules can be labeled
with organic PET nuclides. Ease of the radiochemistry therefore remains an important factor
when choosing a molecule for PET tracer development.®® Diffusion or active transport of the
PET tracer to the tissue of interest is a fundamental property in order to maximize target
accessibility. Considering intravenous application, the blood-brain barrier (BBB) imposes a
significant challenge for the target accessibility of brain radiotracers. The BBB comprises active

transporters to satisfy the brain’s need for important, highly polar molecules, such as amino
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acids and glucose. Nevertheless, the vast majority of brain radiotracers do not fulfill the struc-
tural requirements to act as substrates for these transports and therefore rely on passive dif-
fusion through the BBB, whereas [1!C]methionine and 2-[*®F]FDG are notable exceptions. A
lot of research effort has been put in predicting a drug’s likelihood to penetrate the BBB a priori.
In addition to other physico-chemical properties, lipophilicity quantified by the logP value is
frequently used as indicator for BBB permeability. Several desirable logP ranges have been
proposed; however, when applied to the entity of brain permeable radiotracers there are nu-
merous false positives and false negatives. In fact, a recent study concludes that the total polar
surface area (tPSA), which can be calculated from any given chemical structure within sec-
onds, displays a higher predictive power for the BBB permeability of radiotracers.*® Addition-
ally, efflux transporters, most notably the P-glycoprotein, can negatively affect the target ac-
cessibility of the radiotracer.®’

1.6.Muscarinic Acetylcholine Receptors

Muscarinic Acetylcholine Receptors (MAChRS) are a group of G protein-coupled receptors,
which bind the endogenous ligand acetylcholine and can also by activated by the fungal toxin
muscarine. Alongside with nicotinic acetylcholine receptors, they mediate the cholinergic neu-
rotransmission. Considering their regulatory functions in the central nervous system, glandular
secretion, smooth muscle contraction and heart rate, mMAChRs adopt a pivotal role in human
physiology.®® mAChRs are divided into five subtypes (M1-M5), which are expressed through-
out the central and peripheral nervous system. Subtypes M1, M4 and M5 are mainly found in
the central nervous system, whereas M2 and M3 also show high expression levels in the pe-
riphery.®® Subtypes with odd numbers (M1, M3 and M5) are predominantly coupled to Gga1
proteins, whereas even-numbered subtypes preferentially signal through Gi, proteins.®® As of
now the exact functional role of the different subtypes and their interplay within the same body
system remains poorly defined.*° This can partly be attributed to a lack of small molecules that
can inhibit or activate specific mMAChR subtypes with high selectivity.*®

1.7.Development of mAChR ligands

Based on their location of binding, mAChR ligands can be divided in orthosteric, allosteric and
bitopic ligands.® Orthosteric ligands bind to the same pocket as the endogenous ligand ac-
etylcholine. The orthosteric binding site of the mAChRs is deeply buried within the transmem-
brane core as illustrated in the crystal structure of mMAChR M1 (Figure 4) and is covered with
a tyrosine lid.*® In the region of the orthosteric pocket, crystal structures of the other mAChR

subtypes show an overall very similar picture, which is not surprising when considering the
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high degree of sequence homology between the subtypes.** Most well-known mAChR ligands
(e.g. scopolamine, atropine, QNB)*? bind to the orthosteric pocket. Orthosteric mAChR ligands
generally bear a high affinity and a well-defined structure-activity relationship,* which are ma-
jor advantages for PET tracer development. Furthermore, tritiated orthosteric mMAChR ligands
are commercially available (e.g. [PHJNMS, [?H]JQNB),*® which allows for straightforward affinity
determination of novel unlabeled, orthosteric ligands. Based on their pharmacology, orthosteric
MAChHR ligands can be divided into agonists (activation of the receptor), antagonists (compet-
itive inhibition of agonist) and inverse agonists (induces opposite pharmacological response).**
Allosteric ligands bind to a different part of the receptor, compared to the endogenous ligand.
The vast majority of allosteric mMAChR ligands bind to the cone above the orthosteric binding
pocket, when viewing the receptor from the extracellular side (Figure 4). Allosteric mMAChR
ligands typically feature a superior subtype selectivity, which however comes at the cost of
limited receptor affinity.® Based on their pharmacology, allosteric mAChR ligands can be ba-
sically divided into positive allosteric modulators (PAMs, increasing the affinity of orthosteric
ligands), negative allosteric modulators (NAMs, lowering the affinity of orthosteric ligands) and
neutral allosteric modulators.*®

The pros and cons of orthosteric ligands versus allosteric ligands are highlighted by the com-

parison of the two well-studied ligands scopolamine and BQCA (Table 3).

Table 3: Binding parameters of well-known mAChR ligands given in nM. Data of scopolamine is given as K; val-
ues from a competitive radioligand binding assay using [*H]NMS. Values of BQCA are given as inflection point of
ACh efficacy potentiation as measured by calcium mobilization.

compound binding site M1 M2 M3 M4 M5 lit.
scopolamine  orthosteric 1.1 2.0 0.44 0.8 2.07 42
BQCA allosteric 845 >100000 >100000 >100000 >100000 46

In an attempt to combine the favorable properties of orthosteric and allosteric mAChR ligands,
the concept of bitopic ligands has recently attracted strong research interest. This class of
compounds is designed to simultaneously bridge both binding sites of a single receptor and
aims to achieve subtype selectivity through the allosteric binding and affinity through the or-
thosteric binding. Although this concept seems simple and yet ingenious, its practical imple-
mentation remains cumbersome in many cases.*® THRX-160209 can be considered a suc-
cessful example of the bitopic concept.#” However, the chemical characteristic of this class of
compounds, such as the high molecular weight, indicates poor BBB permeability. Generally,
there is not always consensus in the literature whether a ligand should be considered or-
thosteric or bitopic. In fact, several compounds which were initially described as orthosteric

ligands later were reclassified as allosteric ligands.
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side view of the extracellular part top view of the extracellular part

allostericbinding sites orthostericbinding site

Figure 4: Graphical illustration of the mAChR M1 crystal structure PDB:5CXV4#! using Mol*.#¢ The approximal loca-
tion of the orthosteric binding site and the allosteric binding sites are highlighted. The receptor structure contains
the co-crystallized orthosteric antagonist tiotropium, which is displayed in ‘ball and stick’ style. In the side view the
protein is displayed as cartoon and in the top view it is displayed as Gaussian surface.

1.8.Arecoline —a mAChR ligand with high relevance for this thesis

Many orthosteric mMAChR ligands occur as natural products in poisonous plants or fungi. Fa-
mous examples include muscarine found in Amanita muscaria (fly agaric) and atropine in
Atropa belladonna (deadly nightshade). One of the less famous naturally occurring mAChR
ligands — at least in the Western world — is the less toxic and psychoactive alkaloid arecoline.
Arecoline is the major effective constituent in the fruits of Areca catechu, which are the fourth
most commonly used drug after nicotine, alcohol and caffeine worldwide (Figure 5).%° Areca
catechu is mainly consumed in Southeast Asia, where also more than one million tons of its
fruits are produced annually.>® Typically, the fruits are consumed by chewing them wrapped in
betel leaves coated with slaked lime, which gives the users euphoria, a sense of wellbeing,
warmth, increased alertness and enhanced capability to work. However, this comes at the cost
of many long-term side effects such as cancers of mouth and of esophagus, immunosuppres-
sion, hypothyroidism, prostate hyperplasia and infertility.> Tooth decay and permanently
stained deep red tooth are the most visible side effects (Figure 5).
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Figure 5: Top left: kiosk selling fruits of Areca catechu in Myanmar (own photograph), top right: user of Areca
catechu with red-stained teeth (reproduced with permission of Gunda Wérlein, https://indojunkie.com/), bottom left:
fruits of Areca catechu hanging in a kiosk in Myanmar (own photograph), bottom right: peeled fruit of Areca catechu
(own photograph).

Despite these negative properties, fruits of Areca catechu are used in traditional Chinese med-
icine to treat tapeworm infections and arecoline was shown to improve the memory of patients
suffering a variety of neurodegenerative diseases.*® Being a BBB permeable but low affinity
(Ki in the low micromolar range) mMAChR agonist, arecoline may also act as a lead compound
for the development of diagnostic or therapeutic mMAChR ligands.*® When comparing the struc-
ture of arecoline with other mAChR ligands (Figure 6) and unsuccessful ligands®?, it becomes
clear that no space-demanding residues should be introduced at this part of the molecule.
However, thinking of the secondary amine as precursor, the N-methyl group appears feasible
for carbon-11 labeling using [*!C]CHsl. Consequently, the O-methyl group of arecoline remains

to tune its physico-chemical properties toward a suitable PET tracer.
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Figure 6: Structures of arecoline and some well-known orthosteric mMAChR ligands.
1.9.Muscarinic acetylcholine receptors as therapeutic targets

Muscarinic ligands are clinically approved for the treatment in several different body parts, e.g.
atropine for treatment of bradycardia®®, scopolamine for pupil dilatation and preventing motion
sickness®, butylscopolamine bromide (Buscopan) for treatment of crampy abdominal pain®®,
ipratropium for treatment of COPD and asthma®®, pirenzepine for treatment of peptic ulcers®’,
benztropine for treatment of Parkinson symptoms®® and solifenacin for treatment of overactive
bladder®®. Adverse effects of mMAChR antagonist are often linked to blockade of others than
the desired mMAChR subtype, which highlights the importance of subtype selectivity for mMAChR
drug development.®°

However, considering their central role in the CNS, mAChR drugs have not yet found a pro-
portionate clinical application for the treatment of CNS disorders.

Loss of cholinergic function is of high relevance in the cognitive impairment associated with
Alzheimer’s disease (AD). Accordingly, the overwhelming majority of clinically approved drugs
for the symptomatic treatment of AD target the cholinergic system (e.g. tacrine, rivastigmine,
galantamine, donepezil)®:. As of today, all of them act as inhibitors of acetylcholineesterase
and are associated with a relatively small symptomatic benefit along many side effects. Despite
extensive research, especially on the M1 subtype, drugs targeting the mAChRs directly have
not yet reached clinical approval in AD treatment.®>52 mAChRs are also regarded as a prom-
ising target in the treatment of schizophrenia.®* For example the mAChR M1 agonist xano-
meline showed reasonable efficacy in the treatment of schizophrenia symptoms®3, but gastro-

intestinal side effects hamper its clinical application.®*
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1.10. PET tracer development for in vivo CNS muscarinic acetylcholine

receptor imaging

The development of mAChR radiotracers started as early as 1982. An overview of the de-
scribed mAChR radiotracer is depicted in Figure 7. (R,S)-[*?®I]IQNB was the first radioligand
used in the mapping of central MAChRs. It is a radioiodinated version of the highly affine chem-
ical warfare agent 3-quinuclidinyl benzilate (QNB), which was studied extensively and stock-
piled by the U.S. Army as incapacitating agent. Undoubtedly, high target affinity is a funda-
mental prerequisite in radiotracer development as it is the driving force to obtain the desired
high target-to-nontarget ratio in imaging. However, when assuming the kon to be constant, ac-
cording to the kinetic definition of the equilibrium dissociation constant (Kp = Koii/Kon), high af-
finity comes with a slow off rate.®® This ‘second face’ of high target affinity is assumed to com-
promise the in vivo radiotracer distribution of (R,S)-[*?°I]IQNB, which strongly suffered from
dependence of blood flow and transport across the BBB. As a consequence, (R,S)-[*?°I]IQNB
scans required two visits to the clinic and required pharmacokinetic modelling to separate the
parameters of flow and transport from receptor density. Following a mAChR radiotracer like
(R,S)-[**°I]IQNB over time, the aim of mAChR in vivo imaging studies often evolves from map-
ping the distribution of MAChRs®® over studying differences between healthy and diseased
subjects®® to studying the effect of diseases treatment.®” Although promising differences in
receptor density between healthy and diseased brains could be shown in the majority of clinical
studies, no impact on clinical care could be delineated from these measurements. Additionally,
the lack of MAChR subtype selectivity as well as the limited resolution and sensitivity of SPECT
hindered broad application of (R,S)-[**1]IQNB.% Nevertheless, regarding all human in vivo
mAChR imaging studies from the 1980s until now, (R,S)-[1#®I]IQNB remains the most applied
radiotracer;®® however, not a single (R,S)-[**1]IQNB study after 2007 is reported. From a radi-
ochemical perspective [carbonyl-'*C]JQNB is interesting because of its labeling procedure,
which involves formation of [*'C]benzylic acid from [*'C]CO, and the benzophenone dianion
followed by esterification with 3-quinuclidinol using 1,1’-carbonyldiimidazole.™

mAChR targeting PET tracers, [YC]scopolamine’, [*C]benztropine™, [*C]TRB",
[*!CINMPB™ developed between 1988 and 1993 suffer from similar problems: E.g. [*!C]sco-
polamine showed clear differences in cerebral cortical and cerebellar uptake. However, within
the measurable time frame of up to 2 h post-injection, the cerebral cortical radiotracer distribu-
tion did not correspond to the anticipated receptor densities. Analysis via kinetic modeling re-
sulted in good agreement with expectations based on in vitro studies; however, the authors
concluded that the limited precision of the method may hinder its widespread clinical applica-

tion.”*
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The frequently observed flow dependent radiotracer distribution shifted the goal of mAChR
radiotracer development from compounds with high affinity to compounds with slightly reduced
affinity, allowing to reach steady after bolus injection or equilibrium after infusion.®® Expression
levels of the different subtypes in human brain are rarely reported; however, based on the
mMAChR density of M1 and M2 in human brain’® it was estimated that a radioligand Kp of about
3-50 nM is suitable for imaging CNS mAChRs in vivo.’®

[FICINMPB acted as lead compound for the synthesis of congeners with N-ethyl ([*!C]4-EPB)
and N-propyl ([*'C]4-PPB) residues instead of N-methyl’’, which however did not advance to
human studies. Similarly, regioisomers of [**C]NMPB regarding the piperidyl position were
studied, which eventually yielded (+)-[*!C]3-MPB as a more favorable mAChR radiotracer be-
cause of its quicker kinetic and higher specific uptake in monkey scans.” (+)-[*1C]3-MPB was
used to study humans suffering from chronic fatigue syndrome and showed reduced binding
in the group of MAChR autoantibody positive subjects.”

Although studied extensively in humans, PET tracers originating in the previous millennium did
rarely aim for subtype selectivity, which renders them unattractive for current clinical mMAChR
imaging studies. This is not caused by inadvertence in the radiotracer development, but be-
cause the existence of five different mMAChR subtypes was just about to be recognized around
that time,®° not to mention the unknowingness of their collective expression in human brain.®!
One of the earliest example of a subtype selective mAChR radiotracer is [*®F]FP-TZTP. Based
on its K; values for M1 (7.4 nM) and M2 (2.2 nM), [*®F]FP-TZTP can hardly be considered
subtype selective; however, comparing in vitro binding between heart and brain tissue, [*8F]FP-
TZTP exhibited M2 subtype selectivity. In vivo subtype selectivity could not be proven by the
traditional pharmacological methods because of the uniform cerebral expression of M2 recep-
tors and the lack of other M2 selective ligands which could be used for blocking experiments.
Yet, ex vivo autoradiography using subtype selective knockout mice confirmed the in vivo M2
selectivity.®? Imaging studies in monkeys applying physostigmine, an acetylcholinesterase in-
hibitor, revealed sensitivity of [*®F]FP-TZTP binding to endogenous acetylcholine concentra-
tion. Consequently, [*®F]JFP-TZTP scans should be regarded as measurement of the musca-
rinic systems biology, rather than just M2 receptor distribution.®® Cerebral distribution volumes
of [*®F]FP-TZTP were shown to significantly correlate with human age.®® However, its discrep-
ancy between in vitro Kis and in vivo subtype selectivity is not yet fully understood but thought
to be caused by a small but statistically significant slower M2 receptor off-rate.®* This highlights
the importance of studying binding kinetics in addition to binding affinity when pursuing sub-
type-selective mAChR radiotracer development.

[**C]Xanomeline and [*'C]butylthio-TZTP were, despite their similar structure compared to

[*®F]FP-TZTP, originally described as M1 ligands. However, later studies revealed an evenly
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good affinity of xanomeline for mMAChR M4.%8 In human imaging studies these PET ligands
showed poor selectivity for mMAChRs over sigma sites.®®

The mAChR M1 targeting PET radioligand [**C]GSK1034702 is innovative in two ways. Firstly,
it is the first mMAChR radioligand developed to target an allosteric binding site of a mAChR
receptor. Secondly, in difference to all previous mAChR PET ligands its main goal is not re-
ceptor mapping nor diagnosis. Instead, [1C]GSK1034702 was synthesized and applied in hu-
man studies for evaluating blood-brain barrier permeability to de-risk the drug development
process of GSK1034702 for the treatment of cognitive disorders. The observed good brain
uptake of [*1C]|GSK1034702 discharged possible development risks and provided a support to
advance the drug in the next stage of clinical development. Nevertheless, the authors con-
cluded that [**C]GSK1034702 might not be a suitable PET ligand due to the limited specific
binding, which results from relatively low affinity (pECso=8.1) or low molar activity (=
9 GBg/umol).®” Although developed as an allosteric ligand, GSK1034702 was also shown to
displace the orthosteric ligand [*HJNMS (K; = 960 nM)® and therefore nowadays is considered
as bitopic ligand.®

AF150(S) is an M1 selective mAChR agonist and was evaluated as potential therapeutic in
animal models of neurological diseases. Despite its moderate affinity (Ko = 200 nM), Buiter et
al. labeled the compound with carbon-11 and evaluated its use as PET tracer via rat brain
autoradiography, ex vivo biodistribution and metabolite analysis in brain and blood. The au-
thors concluded that the observed rapid metabolism, radioactive metabolites, hydrophobicity
and relatively low binding affinity may be challenging for PET studies.®® In vivo imaging studies
using [*!CJAF150(S) revealed binding enhancement in brain with increasing concentration of
AF150(S).%*

Recently, Malmquist et al. modified the structure of (+)-[*!C]3-MPB by substituting one of the
phenyl groups with cyclopentyl.®> Based on its rapid kinetic in monkey brain, the (S,R) isomer
was deemed most promising. Although the K; of all four possible stereoisomers toward mMAChR
M1 was determined, no affinities for subtypes M2-M5 were reported. However, when compar-
ing the blocking using scopolamine (not subtype selective) with the blocking using pirenzepine
(M1 subtype selective) in human brain autoradiography, involvement of M2-M5 in the binding
of (S,R)-[*!C]1-(methylpiperidin-3-yl)2-cyclopentyl-2-hydroxy-2-phenylacetate is evident.®?
LSN3172176 is a bitopic ligand developed by Elli Lilly, which shares several chemical features
with GSK1034702. Although [BH]JNMS displacement from M1-M5 membrane preparations at-
tested LSN3172176 M1 selectivity, no M1 selectivity was evident when performing saturation
binding using [*H]LSN3172176.8 In vivo studies in monkeys using [**C]LSN3172176 and pre-
treatment with scopolamine reduced radioligand binding to levels indistinguishable from the
MAChR devoid cerebellum. Also, pretreatment with the M1 selective partial agonist AZD6088

strongly reduced cerebral radioligand binding but not as quantitative as scopolamine.
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[FIC]LSN3172176 is rapidly metabolized in monkeys: 15 min post-injection 71% of the radio-
activity is found as more polar radiometabolites. Based on its high specific brain signal paired
with appropriate kinetics in rhesus monkey brain, [**C]JLSN3172176 was advanced to human
studies for further evaluation.®

The group of Craig W. Lindsley at the Vanderbilt University has extensively optimized mAChR
M4 positive allosteric modulators (PAMs).* Eventually this led to the high affinity PAM
VU0467485, which was deemed suitable as PET tracer candidate.®® However, no specific
binding could be observed in rat brain autoradiography in self-blocking experiments using
[Y1C]VU0467485. Two closely related congeners, in which a single hydrogen was substituted
with a fluorine, were also carbon-11 labeled and evaluated using autoradiography. Interest-
ingly, both showed a drastic increase in specific binding. [*C]M4R-1023, the congener with the
highest specific binding as observed in autoradiography, was chosen for in vivo imaging of
rats. Due to its low brain uptake [*'C]M4R-1023 is no likely candidate for further preclinical
evaluation; nevertheless, it may act as starting point for further chemical optimization.%
[1IC]MK-6884 is the most recently reported potential MAChR radiotracer studied in vivo and is
under development by Merck & Co. It arose from optimization of binding affinity and balancing
of physicochemical properties from a lead series of potent M4 PAMs. In vivo imaging studies
on monkeys showed rapid BBB penetration and activity distribution according to the known
expression pattern of cerebral MAChR M4 with the highest uptake in the striatum. Intravenous
injection of a different M4 PAM resulted in significant reduction of radiotracer binding, indicating
specific binding. In vitro autoradiography on rat brain sections using a tritiated compound of a
similar chemotype showed that radiotracer only binds in presence of an agonist (carbachol).%
This supports that [*!C]MK-6884 only binds to activated receptors; however, no in vivo study
proofing or falsifying this hypothesis was performed. A clinical study using [**C]MK-6884 was
completed in 2019°" albeit no results have been published yet.
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Figure 7: Structures and binding properties of mAChR ligands previously evaluated as imaging probes. Emphasis
is given on more recent developments. First synthesis: (R,S)-[*2°I]IQNB®, [carbonyl-1*C]JQNB°, [**C]scopolamine®,
[*1Clbenztropinel®, [C]TRB, [MCINMPB2, [!C]xanomelinel®, [BF]FP-TZTP4, (+)-[!C]3-MPB%,
[11C]GSK1034702%08, [**C]AF150(S),*® (S,R)-[*1C]1-methylpiperidin-3-yl)2-cyclopentyl-2-hydroxy-2-phe-
nylacetate®?, [1*CJLSN3172176%7, [11C]M4R-1023%, [*!C]MK-6884%. First in man/animal: (R,S)-[*?°I]IQNBS3, [car-
bonyl-1*CJQNB%, [*C]scopolamine’, [*!C]benztropine’?, [*'C]TRB"3, [1CINMPB4, [*'C]xanomeline®®, [*8F]FP-
TZTP8, (+)-[1C]3-MPB™, [11C]GSK103470287, [1*C]AF150(S),** (S,R)-[*1C]1-methylpiperidin-3-yl)2-cyclopentyl-2-
hydroxy-2-phenylacetate®?, ['1C]LSN31721767, [*1C]M4R-1023%, [*!C]MK-6884%
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One of the main lessons that can be learned from the last decades of mAChR radiotracer
development is that lipophilicity and affinity have to be balanced carefully in order to receive a
feasible compromise of signal-to-noise ratio, flow independency, nonspecific binding and BBB

permeability (Figure 8).

high affinity

good signal-to-noise ratio
low lipophilicity
low unspecific binding

high lipophilicity

V good passive BBB permeability
lower affinity ﬂ

less flow dependent distribution

Figure 8: General influence of affinity and lipophilicity on imaging properties in mMAChR PET tracer development.
1.11. in vivo peripheral muscarinic acetylcholine receptor imaging

With some exceptions the vast majority of in vivo mAChR imaging studies targets the CNS;
although, mAChRs are also of high relevance in the peripheral nervous system.% N-methyl-
ated QNB ([*!*C]MQNB) was used e.g. to study mMAChRs in human heart. Featuring a positively
charged quaternary ammonium, [**C]MQNB is unable to penetrate the BBB and therefore can
only bind to peripheral mAChRs.'° So far, the limited axial field-of-view of PET scanners made
it inefficient to additionally follow the peripheral radiotracer distribution in neuroimaging studies.
Considering the advent of whole-body PET scanners!!, much more information of peripheral
MAChHR radiotracer distribution might be available in the future. In view of the overexpression
of MAChRs in a wide variety of cancer types!!?, it is conceivable that MAChR PET radiotracers
might also find application in cancer imaging. High expression of mMAChR M3 recently was
identified as a biomarker in patients with non-small cell lung cancer.!*® However, as of now, no

in vivo studies imaging mAChRs as biomarkers in malignancies were reported.
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2. Aim

Despite their biological importance, no PET tracer targeting the mAChRs has yet found wide-
spread clinical application, which can be contributed to the suboptimal properties of currently
available molecules. In essence, this doctoral thesis aims to investigate the suitability of
arecoline derivatives as potential PET tracers for mAChRs.

To reach this objective, the research work can be divided into following parts:

1. Design and synthesis of potential MAChR ligands: The synthesis of novel arecoline

derivatives, which are eligible for carbon-11 labeling, should be planned and per-
formed. The products should be obtained in a purity which allows for biological testing
(295%) and investigated by analytical methods to prove the desired molecular struc-
tures. Furthermore, N-desmethyl precursors should be synthesized to enable subse-
quent radiolabeling.

2. Affinity determination toward the mAChR subtypes: The affinity of the synthesized com-

pounds should be assessed in competitive radioligand binding assay toward each in-
dividual subtype.

3. Radiolabeling: A carbon-11 labeling method for arecoline derivatives should be estab-
lished using N-desmethyl precursors. Reaction parameters should be optimized to set
up a robust, automated labeling procedure, which yields the carbon-11 product in suf-
ficient purity and quantity for preclinical evaluation.

4. Preclinical evaluation: The suitability of the carbon-11 labeled compounds as mAChR

PET tracers should be evaluated by a broad spectrum of preclinical methods. Unde-
sired properties revealed within this step should feed back to part 1.

Additionally, this doctoral thesis aims to increase the robustness of carbon-11 radiosynthesis

presented by the established PET tracer [*!C]metoclopramide and to contribute to an analysis

of the factors influencing the molar activity of carbon-11 labeled compounds in general.
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3. Results and discussion

The research building up this thesis was published in peer-reviewed scientific journals or is
under review at such as listed below. Following three works contain the research of this dis-

sertation in the narrower sense.

1.
Ozenil, M.; Pacher, K.; Balber, T.; Vraka, C.; Roller, A.; Holzer, W.; Spreitzer, H.; Mitterhauser,

M.; Wadsak, W.; Hacker, M.; Pichler, V. Enhanced Arecoline Derivatives as Muscarinic Ace-

tylcholine Receptor M1 Ligands for Potential Application as PET Radiotracers. European Jour-
nal of Medicinal Chemistry 2020, 204, 112623. https://doi.org/10.1016/j.ejmech.2020.112623.

2.

Ozenil, M.; Aronow, J.; Piljak, D.; Vraka, C.; Holzer, W.; Spreitzer, H.; Wadsak, W.; Hacker,
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Hydrobenzoin Esters of Arecaidine Targeting mAChR M1. Pharmaceuticals 2020, 13, 437.
https://doi.org/10.3390/ph13120437

3.

Ozenil, M.; Skos, L.; Roller, A.; Gajic, N.; Holzer, W.; Spreitzer, H.; Platzer-Ozenil, S.; Vraka,
C.; Hacker, M.; Wadsak, W.; Pichler, V.

Manuscript not submitted.

Furthermore, the author of this dissertation contributed to following publications in the field of

PET Tracer development with experimental and manuscriptal work.

4.
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and Solutions of the Fully-Automated Radiosynthesis of [L1C]Metoclopramide. EJNMMI radi-
opharm. chem. 2019, 4 (1), 31. https://doi.org/10.1186/s41181-019-0083-2.
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M.; Langer, O.; Willeit, M.; Traub-Weidinger, T.; Lanzenberger, R.; Mitterhauser, M.; Hacker,

M.; Wadsak, W. Molar Activity — The Keystone in 11C-Radiochemistry: An Explorative Study
Using the Gas Phase Method. Nuclear Medicine and Biology 2018, 67, 21-26.
https://doi.org/10.1016/j.nucmedbio.2018.09.003.
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3.1.Enhanced arecoline derivatives as muscarinic acetylcholine receptor M1

ligands for potential application as PET radiotracers
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The doctoral candidate synthesized all fifteen novel arecoline derivatives, radiolabeled six
compounds with carbon-11, performed an extensive preclinical evaluation of the most promis-

ing candidates and largely wrote the manuscript.
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Supported by their involvement in many neurodegenerative disorders, muscarinic acetylcholine re-
ceptors (MAChRs) are an interesting target for PET imaging. Nevertheless, no radiotracer is established in
clinical routine. Within this work we aim to develop novel PET tracers based on the structure of arec-
oline. Fifteen novel arecoline derivatives were synthesized, characterized and tested for their affinity to
the mAChRs M1-M5 and the conceivable off-target acetylcholinesterase. Five arecoline derivatives and
arecoline were labeled with carbon-11 in good yields. Arecaidine diphenylmethyl ester (3b), arecaidine
bis(4-fluorophenyl)methyl ester (3¢) and arecaidine (4-bromophenyl)(4-fluorophenyl)methyl ester (3e)
showed a tremendous gain in mAChR affinity compared to arecoline and a pronounced subtype selec-
tivity for M1. Metabolic stability and serum protein binding of [''C]3b and [''C]3c were in line with
properties of established brain tracers. Nonspecific binding of [''C]3¢ was prevalent in kinetic and
endpoint experiment on living cells as well as in autoradiography on native mouse brain sections, which
motivates us to decrease the lipophilicity of this substance class prior to in vivo experiments.

© 2020 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Muscarinic acetylcholine receptors (mAChRs) are G-protein
coupled receptors, which bind acetylcholine as endogenous ligand.
Naming of the mAChRs is based on the additional activation by the
fungal toxin muscarine. Their involvement in neurotransmission of
the central nervous system as well as in the regulation of heart rate,
muscle contraction and glandular secretion assigns mAChRs a
pivotal role in physiology [1]. Conversely, alterations in mAChR
signal transduction are involved in neurological disorders such as
Schizophrenia, Alzheimer's or Parkinson’s disease [2]. mAChRs are
divided into five subtypes (M1—-MB5), all of which are expressed in
the human brain. M1, M4 and M5 are expressed only in certain
brain areas, whereas M2 and M3 are abundant throughout the
brain [3]. The subtypes are classified by their activation of G
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proteins from the Ggj11 (M1, M3 and M5) or Gjj, family (M2 and M4)
[1]. Comparison of the crystal structures of M1—M4 proteins
showed high similarity, which leads to difficulties in the develop-
ment of subtype selective mAChR ligands [4]. A closer relation of
M1 to M4 [5] was found compared to the structural relation of M1
to M3, which potentially explains that the clinically relevant
antagonist pirenzepine displays a higher affinity to M1 and M4 than
M2 and M3 [6]. The neurotransmitter acetylcholine binds to the
orthosteric binding site, which is highly conserved and sterically
demanding. As a consequence, a huge amount of ligands described
in literature for mAChR are positive allosteric modulators (PAMs)
[7]. However, most of them suffer from limited affinity [1].

The naturally occurring alkaloid arecoline exhibits orthosteric
partial agonist properties toward mAChRs and is found in the betel
nut. Its stimulating effects in the central nervous system underline
its ability to cross the blood brain barrier [8]. Although arecoline is
also known to have activity on selected nicotinic acetylcholine re-
ceptors [8], derivatization with typical muscarinic moieties as
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applied within this work is strongly expected to deliver muscarinic
selectivity. The inhibitor constants (K;) of arecoline toward mAChRs
were determined to be in the range of 15-77 uM [9], which is
certainly insufficient for mAChRs positron emission tomography
(PET) imaging. However, arecoline might act as a suitable lead
structure for the development of high affinity mAChR ligands [10].
A typical pharmacophore in the orthosteric mAChR M1 binding
motif displays a ‘cationic head’ which interacts with the Asp105A
residue[11]. In arecoline this feature is represented by the proton-
ated tertiary amine. Derivatives of arecoline should not contain
bulky residues on the amine in order to maintain the critical
cationic head. In fact, studies on previously synthesized arecoline
derivatives confirmed that replacement of the N-methyl group of
arecoline resulted in reduction or a complete loss of agonistic ac-
tivity [12]. Instead it appears feasible to use the N-methyl position
unchanged, leaving the O-methyl position open for chemical
derivatization. The O-methyl position is moreover the attack point
for esterases leading to arecaidine as metabolite [ 13]. Moreover, the
introduction of carbon-11 at the N-methyl position does not alter
the investigated structure leading to similar behaviour as the un-
labeled preclinically investigated compound and open up the
possibility for application in PET. PET is a non-invasive imaging
modality and can be used to study receptor distribution and oc-
cupancy in brain or the peripheral nervous system. Considering the
mAChR density in brain, it can be estimated that the affinity con-
stant for a mAChR tracer should be around 3—-50 nM for in vivo
imaging [14,15]. Numerous animal and human imaging studies of
mAChRs have been undertaken in healthy and diseased brain. Till
now, no protocol has been established in clinical routine. Consid-
ering that acetylcholine was the first neurotransmitter to be
discovered, even further presses the question why mAChR-imaging
has not yet found its way into clinics. On the one hand, this can be
attributed to the current lack of impact on clinical decisions derived
from information obtained from mAChRs imaging [10]. On the
other hand, the ongoing research effort put on novel radiotracers
for mAChRs (Fig. 1) emphasizes that imaging properties of current
radiotracers are still to be improved.

In the early days of mAChR tracer development, ligands with
excessive affinity (e.g. [''C]scopolamine [16] (I) [''C]benztropine
[17]), heavily caused flow-dependent accumulation. More recent
mAChR tracer developments, [''C]GSK1034702 [18] (II) and (S,R)-1-
methylpiperidin-3-yl)2-cyclopentyl-2-hydroxy-2-phenylacetate
[19] (1), suffer from low specific in vivo binding and the agonist
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[MC]AF150(S) [20] (IV) was deemed challenging for in vivo appli-
cations because of its rapid metabolism and limited binding affinity.
Furthermore, one of the main challenges in current mAChR tracer
development remains subtype selectivity [21], since for the ma-
jority of mAChR ligands subtype selectivity and affinity have been
contradictory properties [1]. The high affinity M4 PAM [''C]
VU0467485 (V) and two of its congeners overcome this discrep-
ancy, yet limited specific binding and insufficient BBB permeability
stopped their further development[22]. ["'C]LSN3172176 (VI) can
currently be considered as the most promising candidate for clin-
ical mAChR M1 imaging and was just advanced to human studies
for further evaluation [23]. A BBB penetrant selective mAChR M1
PET tracer would not only allow to investigate the molecular pa-
thology of brain diseases, but also facilitate the discovery of drugs
for therapeutic applications[23].

In this study, we aim to significantly enhance the potency of
arecoline derivatives by synthesis of a set of orthosteric compounds
targeting the mAChR M1. We investigated their physico-chemical
behaviour and affinity toward all five muscarinic acetylcholine re-
ceptors. The most successful candidates of this preclinical screening
showed affinity in the low nanomolar range, and were radiolabeled
with carbon-11 for further pharmacological characterization to-
ward radiotracer development for PET.

2. Results and discussion
2.1. Synthesis of arecoline-based low molecular weight compounds

Starting from arecaidine (1-methyl-3,6-dihydro-2H-pyridine-5-
carboxylic acid) and 4-methylmorpholine-2-carbonitrile a set of
fifteen compounds was synthesized and six precursors required for
potential radiolabeling with carbon-11 were prepared from N-
protected guvacine. Fig. 2 and Fig. 3 outline the synthetic routes for
arecoline derivatives (1—3). 1a was prepared by methylation of N-
Fmoc guvacine in presence of Na;COs. Esters 1b—c were prepared
by reacting N-Fmoc guvacine with alcohols activated as tri-
chloroacetimidate. 1j was prepared via the acid chloride route.
Activation of N-protected or unprotected arecaidine with N,N'-
dicyclohexylcarbodiimide and subsequent spontaneous migration
of the acyl residue gave the N-substituted urea derivatives 1k and
3k. Fmoc deprotection by diethylamine afforded compounds 2a—c
and 2j—k. Precursor 2i was obtained by Boc removal in presence of
trifluoroacetic acid. 1i and 3b—j were synthesized via
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Fig. 1. Structures of carbon-11 radioligands investigated as mAChR PET tracers.
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Fig. 2. Synthesis overview of arecoline derivatives (3b—I) and their N-desmethyl congeners (2a,b.c,ij.k).* 3b—g: 1. CDI, DMF 2. Na'R ", 3—25%; 3h—j: 1. CDI, DMF, 2. RH, 3—18%; 3k:
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Fig. 3. Synthesis of the arecoline derivative 3m by nucleophilic substitution.

carbonyldiimidazol-mediated coupling. 31-m were prepared by
alkylation with an a-chloro amide. Preparative chromatography
using an alpha-1-acid glycoprotein stationary phase allowed for
chiral resolution of 3e.

The protected precursor compounds (1) were synthesized in
good to excellent yields, whereas the synthesis of the non-
radioactive reference compounds (3) was more demanding lead-
ing to only moderate yields. This difference in yields can be
explained by two factors, resulting from the zwitterionic charac-
teristics of arecaidine compared to N-Fmoc guvacine. Firstly, the
limited solubility of arecaidine in most organic solvents necessi-
tated DMF-compatible esterification procedures. Secondly, arecai-
dine’s interionic interactions can reduce the access of the activating
reagent to the carboxylic group.

Derivatives of 4-methylmorpholine-2-carboxylic acid (6—7)
were prepared as congeners with decreased lipophilicity compared
to 3b and 3i (Fig. 4). 6 was prepared by Ritter reaction in formic acid
[24] from 4. 8 was prepared by Grignard reaction with benzyl-
magnesium bromide from 4. Carbonyldiimidazol-mediated
coupling of 5 with sodium diphenylmethanolate afforded 7. Sur-
prisingly, compounds 4 and 5 were not literature reported. Syn-
thesis of 4 could be realized by addition of N-methylethanolamine
to 2-chloro acrylonitrile and subsequent base cyclization, using an
adopted procedure of Kopach et al. [25] Acidic hydrolysis of the
nitrile 4 afforded compound 5.

Precursors (2) and non-radioactive reference compounds (3,
6—8) were fully characterized by 2D-NMR spectroscopy, HRMS and

25

UV-HPLC. Regarding benzhydryl derived compounds, the shift and
multiplicity of the benzylic proton signal is influenced by the type
of the neighboring element and hence the type of carbonyl com-
pound. Esters (3b—g, 7) show a singlet at 6.86—7.00 ppm, whereas
the amides 3i and 6 exhibited a high field shifted signal at 6.28 ppm
and 6.25 ppm respectively. Furthermore, the type of carbonyl
compound influences the shielding of the respective vinylic proton
of the arecaidine backbone. For the ester derivatives (3b—h, 3j,31) a
multiplet at 6.87—7.32 ppm was observed, compared to a high field
shifted mutliplet at 6.15—6.56 ppm for the amide derivatives (3i, k).
In HRMS measurements all analyzed compounds could be ionized
in positive mode yielding [M+H]" and/or [M+Na]" cations of ex-
pected masses.

Compound 3k and 5 were isolated as monocrystals and
analyzed by X-ray single crystal diffraction analysis. The com-
pounds crystalized in an orthorhombic crystal system (space group
Pna21) and in a monoclinic crystal system (space group P21/n),
respectively. A detailed description is shown in the Supporting
Information.

2.2. Subtype selectivity analysis toward muscarinic acetylcholine
receptors

Inhibition constants (K;) against mAChR subtypes of arecoline,
3b—m and 6—8 were determined with a competitive radioligand
binding assay applying the common mAChR ligand N-methyl-[3H]
scopolamine ([*’H]JNMS). Arecoline, 3d, 3j—m and 8 feature
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Fig. 4. Synthesis of 4-methylmorpholine-2-carbonitrile (4) and its related carboxylic acid (5). 4 and 5 were used for the synthesis of potential mAChR ligands 6—8.

inhibition constants in the micromolar range or higher against all
mAChR subtypes, whereas 3b, 3¢, 3e—i, 6 and 7 show a drastically
increased affinity with values in the submicromolar to low nano-
molar range (Table 1).

No specific competitive binding could be observed on mem-
branes prepared from wild type CHO cells (negative control),
proving the high specificity of these ligands in the competitive
radioligand binding assay. The determined inhibition constants for
arecoline (3a) match well with previously reported data [9].

31-m are conjugates of the arecoline backbone with the clini-
cally applied MIl-selective antagonist pirenzepine and were
designed to promote subtype M1 selectivity. However, their low
affinity excluded them from further development. Exchange of the
O-methyl group of arecoline with a diphenylmethyl (3b), bis(4-
fluorophenyl)methyl (3c) or (4-bromophenyl)(4-fluorophenyl)
methyl (3e) moiety led to a tremendous increase of affinity toward
all subtypes to levels suitable for PET tracers. Structures with
fluorine substituents were investigated to enable potential use of
fluorine-18 for radiolabeling. The affinity dropped strongly when
arecaidine was substituted with 4-methylmorpholine-2-carboxylic
acid (6, 7). Enantiomers of 3e show a distinct affinity profile, with a
twofold difference in M1 affinity being the most notable difference
(p = 0.007). Interestingly, 3b, 3c and 3e show a preference for
subtype M1, whereas arecoline (3a) shows a higher affinity for

subtype M2 compared to M1. The derivatization of arecoline with
diphenylmethyl moieties affected the subtype selectivity to such an
extent that also in the overall subtype selectivity profile the dif-
ference in affinity is the highest between M1 and M2 for 3b (35-
fold), 3¢ (140-fold), (—)-3e (36-fold) and (+)-3e (86-fold). From a
thermodynamical perspective, the similar target densities of the
subtypes in human brain [26] paired with the strong subtype
selectivity for M1 over M2 should lead to an equally strong subtype
selectivity in in vivo imaging. In 3b and 3c the subtype selectivity of
M1 over M3-MS5 is less pronounced (between 2.7-fold and 18-fold),
which might appear insufficient for subtype-selective in vivo im-
aging. However, ['®F]FP-TZTP, which is a known in vivo M2 selective
tracer, features only 3.4-fold selectivity of the M1 over the M2 re-
ceptor in vitro [27]. Ravasi et al. [28] proposed, that in vivo M2
selectivity of ['®F]FP-TZTP is caused by the slower kof from M2
compared to the other subtypes. This highlights the importance of
ligand-receptor kinetics for mAChR tracer development and moti-
vated us to study the in vitro kinetics of [''C]3c (see section In-
teractions of [1C]3¢ with CHO-MT1 cells).

2.3. Specificity analysis of competing electric eel
acetylcholinesterase (EeAChE) affinity and metabolism

Compounds 3a—m and 6—8 could unintentionally act as ligand

Table 1
Inhibition constants (K;) given in nM, n > 3, determined by [*H|NMS competition binding.
M1 M2 M3 M4 M5

3a 20,300 =+ 2400 3800 + 890 16,700 + 5900 4700 + 410 7000 + 570
3b 31105 110 + 39 56 + 22 16 +4 14+1
3c 50+ 1.6 710 £ 110 77 + 28 19+5 32+5
3d >4700 >4500 >2200 >3300 >2600
(=)-3e 156 + 2.1 560 + 110 56 + 10 64+ 11 42 + 23
(+)-3e 7.8+1.7 670 + 70 52+6 42 +2 27«5
3f 850 + 240 1480 + 40 690 + 170 720 = 420 690 + 70
3h 270 + 130 3300 + 500 1240 + 210 1200 + 500 800 + 190
3i 153 + 60 >4500 1500 + 290 400 + 74 580 + 130
3j 148,000 + 35,000 >4500 >2200 >3300 >2600
3k 204,000 + 53,000 >4500 >2200 >3300 >2600
31 >4700 >4500 >2200 >3300 >2600
3m >4700 >4500 >2200 >3300 >2600
6 610 + 50 >4500 >2200 >3300 >2600
7 710 + 90 >4500 >2200 >3300 >2600
8 >4700 >4500 >2200 >3300 >2600
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or substrate for AChE (acetylcholinesterase), which would cause
specificity problems. AChE is a certainly conceivable off-target in
the development of orthosteric ligands for mAChRs and especially
of interest for arecoline-derived compounds when considering the
structural similarity to the known AChE-inhibitors neostigmine and
pyridostigmine [29]. Inhibition constants (K;) against EeAChE
(acetylcholinesterase from Electrophorus electricus) of 3a—m and
6—8 and tacrine as positive control were determined by Ellman’s
assay. The obtained K; of the positive control tacrine was
30 + 10 nM, which corresponds well to the range of literature re-
ported values [30] (for graphs see Supporting Information, Fig. S7).
For 3a—m and 6—8 no inhibition compared to the blank could be
perceived in the car/(sec/OD) diagram at the highest concentration
tested (16.5 pM). Graphs are shown in the Supporting Information,
Fig. S6. Furthermore, a two-way ANOVA followed by a Dunnett’s
multiple comparisons test revealed that the slopes are not signifi-
cantly different (« > 0.05), which allows to conclude that the K;
against EeAChE of 3a—m and 6—8 is higher than 16.5 pM.

Interestingly, no significant EeAChE metabolism could be
observed for arecoline derivatives 3a—m and 6—8 under these
conditions, not even after 60 min of incubation (& > 0.05). Overall, it
was ruled out that 3a—m and 6—8 are EeAChE substrates under the
used assay conditions. Additionally, 3a—m and 6—8 did not show
any EeAChE inhibitory effects at concentrations up to 25 pM.

Concluding, the investigated set of mAChR ligands exhibits high
specificity against the target of choice as they were neither in-
hibitors nor substrates to the off-target EeAChE.

2.4. HPLC-logPBl™# determination and structure-activity
relationship

Although the predictive factor of HPLC-logP8i7# for prediction
of blood brain barrier penetration is critically discussed in literature
[31-33], still this value is broadly determined in drug development.
The HPLC-logPBii"# as a measure for the affinity of compounds to a
lipophilic stationary phase allows estimation of nonspecific binding
in fatty tissue, other lipophilic tissues or plasma protein binding
and was therefore analyzed.

The HPLC-logPBH7# value was determined chromatographically
and tPSA was calculated (Table 2). All target compounds (3a—m and
6—8) exhibited HPLC-logP values in the range of established BBB
permeable brain tracers [31] and 3a—k and 6—8 exhibit a tPSA
(total polar surface area) < 60 A%, supporting BBB penetration [34].

For identification of the most promising compounds in terms of
subtype selectivity independent from the absolute value, the ratio

Table 2
Overview of substance parameters. tPSA was calculated using ChemBioDraw
13.0.2.3021.

PSA [A%]* HPLC-logPBH74
3a 29.54 ~1.62 + 0.62
3b 29.54 3.32 + 0.04
3c 29.54 3.62 + 0.08
3d 48.00 3.07 + 0.04
3e 29.54 412 +0.15
3f 54.26 1.91 +0.17
3g 38.77 3.66 + 0.08
3h 46.61 2.94 + 0.05
3i 32.34 225+ 0.12
3j 57.23 ~0.70 + 0.54
3k 52.65 2244013
31 91.31 0.57 + 0.37
3m 91.31 0.96 + 031
6 41.57 230 £ 0.12
7 38.77 2.79 + 0.05
8 29.54 1.00 + 0.30
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values of the K; of M4/M1 was correlated with the ones for M3/M1.
Three main groups could be recognized showing low subtype
selectivity (Fig. 5A, blue), intermediate preference for M1 (Fig. GA,
red) and high preference for M1 subtype (Fig. 5A, green). The three
compounds with the highest preference for the M1 subtype were as
follows in increasing order: 3i < 3¢ < 3b. Obviously, the diphe-
nylmethyl moiety was crucial to achieve highly improved subtype
selectivity against the mAChR-M1 subtype compared to arecoline.
Notable is also the enantiomeric selectivity of (+)-3e over (—)-3e
for mAChR-M1 giving the opportunity to fine-tune the affinities via
stereochemistry.

Correlation of the pK; toward M1 and the logP! values
showed a logarithmic trend of affinity and lipophilicity (R = 0,56).
However, as the K;j of compounds 3d, 31, 3m and 8 toward M1 was
higher than the concentration range of the experiment, only a trend
analysis was possible. Especially, the analysis of the enantiomers
(+)-3e and (—)-3e exemplarily shows, that an increase in affinity is
possible without an alteration in lipophilicity and underlines the
importance of enantiomeric selectivity for the binding to mAChR
M1.

Overall, the most promising compounds in terms of subtype
selectivity, absolute affinity against mAChR M1 and tPSA were 3b
and 3¢, which were further evaluated for radiolabeling with
carbon-11. The isostere 3i was additionally used for comparison
purposes in metabolic studies.

pH7.4
ow

2.5. Docking studies

Docking of protonated 3c in the active center of mAChR M1
(PDB: 5CXV) [5] supports that it adopts a similar binding pose
compared to tiotropium (Fig. 6A).

In this pose tiotropium as well as protonated 3c feature elec-
trostatic interaction of the quaternary ammonium cation with
ASP105A and hydrophobic interactions of the aromatics to several
apolar amino acid side chains. In the docked binding pose of tio-
tropium ASN382A acts as hydrogen bond donor and acceptor for
the hydroxyl and carbonyl moiety, whereas in protonated 3c the
carbonyl acts as hydrogen bond acceptor for CYS407A. Additionally,
protonated 3c features hydrogen bonds to SER109A and THR189A
(Fig. 6C). Hydrogen bonds to organic fluorine have low binding
energies, yet they are known to affect chemical behavior [35] and
can hence potentially influence ligand binding.

Furthermore, we performed molecular docking of protonated 3b
and 3i in order to get a molecular insight into the reason for the
approx. 50-fold higher mAChR M1 binding affinity of 3b.

Unexpectedly, in these docking experiments 3i (lowest esti-
mated binding energy: —20.3 kcal/mol; lowest binding affinity
score: —31.4) performed even slightly better than 3b (—20.2 kcal/
mol; —26.9). Consequently, we assume that the experimentally
observed loss of affinity of 3i compared to 3b is not based on the
lack of a suitable conformer inside the binding pocket caused by the
more rigid amide bond, but rather results from reduced flexibility
during its way to the active center. Furthermore, also electronical
differences of the neighboring moieties between 3b and 3i, as
observed by NMR spectroscopy, could affect the capability of the
ligands to reach the binding pocket.

2.6. Radiolabeling of the most promising compounds with carbon-
11

The most promising compounds 3b and 3c regarding subtype
selectivity, receptor specificity and physico-chemical parameters
were chosen for radiolabeling. The radiolabelling of 3i was per-
formed for the analysis of metabolites obtained by liver micro-
somes. All other compounds were radiolabeled to show the
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Fig. 5. (A) Evaluation of the subtype selectivity by comparison of the ratio values of M4/M1 and M3/M1. The analysis identified a group of compounds with low subtype
selectivity (blue), compounds with intermediate (red) and high preference for M1 (green). (B) Correlation of the pK; toward M1 and the HPLC-logP,,, (pH 7.4). A logarithmic trend

was observed showing that higher lipophilicity leads to higher affinities.

substrate scope of the chosen reaction conditions. First small scale
reaction were performed to investigate the optimal labeling con-
ditions. Subsequently, fully-automated radiosyntheses were set up
to study metabolism, plasma protein binding and cell binding.

Small scale reactions of compounds 2a, 2b and 2j with [''C]CHal
yielded ["'C]3a, [''C]3b and ["'C]3j (Fig. 7) in good yields in both
solvents, ACN (Table 3) and DMSO (Table 4) as determined by RP-
HPLC without further purification. When using ACN, radiochem-
ical yields [36] significantly increased with reaction time and
temperature. In DMSO, labeling was almost quantitative at both
tested reaction times and temperatures. Thus, DMSO at 20 °C for
2 min was initially chosen for implementation of the automated
radiosynthesis.

The fully automated syntheses comprised of the preparation of
[MC]CH3l, reaction with the respective precursor, semi-preparative
purification as well as formulation to physiological conditions was
set up for compounds 3a, 3b, 3c, 3i, 3j and 3k. Although the small-
scale reaction showed complete conversion at room temperature in
DMSO, for the fully-automated synthesis the reaction temperature
was increased to 80 °C, because unreacted ['C]CH3l was observed
during semi-preparative HPLC of the crude reaction mixture at
20 °C for all compounds. Precursor 2k features two potential
nucleophilic sites that could react with ["'C]CH3l (see Supporting
Information).

In total 32 large-scale batches of carbon-11 compounds were
produced (Table 5). Due to different semi-preparative HPLC run-
times the overall synthesis time from end of bombardment varies
slightly among the products and ranges between 40 and 45 min,
which is approximately two half-lives of carbon-11 (ty2 = 20 min).
Precursors (2) were employed in a roughly 100-fold excess
compared to [''C]CHsl. The radiochemical purity as determined by
HPLC exceeded 96% in all batches and pH and osmolality were
determined to be in the physiological range. All radiolabeled
compounds showed high purity and physico-chemical parameters
as determined in the quality control were in accordance with the
guidelines of the European Pharmacopoeia for radiopharmaceu-
tical preparations [37].

We showed that 3a—c and 3i—k can be carbon-11 labeled
straightforwardly in high yields, independent of the carbonyl sub-
stituent (R). The high yields of the radiosynthesis of all tested
compounds enable a potential application for at least two patients
per synthesis.

2.7. Physico-chemical parameters and pharmacological behavior of
radiolabeled compounds

Human liver microsome metabolism was studied with com-
pounds ["'C]3b, [''C]3c and ['C]3i. For all of them the main radi-
ometabolite was identified as [!'Clarecaidine and the rate of its
formation was found out to be heavily dependent on the structure
of the parent compound (Fig. 8). [''C]3i was almost unaffected by
human liver microsomes, whereas 30% ["'C|3b and 53% [''C|3¢c
were unmetabolized after 1 h. Furthermore, a second radio-
metabolite with a retention time between arecaidine and the
parent compound was observed for all three compounds (Sup-
porting Information, Table S2, Fig. S8). This metabolite never rep-
resented more than 10% of the total activity and was identified as
arecaidine ethyl ester (CgH;5NO;), based on HPLC-HRMS mea-
surements (Supporting Information) of nonradioactive incubations
of 3b with human liver microsomes. Formation of the ethyl ester
can be explained by the presence of EtOH in the tracer formulation.
In vivo experiments are expected to be unaffected by ['Clarecai-
dine ethyl ester formation, rationalized by the concomitant stron-
ger dilution of EtOH. Considering the expected low transport of
["'CJarecaidine across the blood brain barrier [38] and the low af-
finity to all mAChRs, we are confident that ester cleavage in the liver
will not interfere with neuroimaging but can potentially affect
applications in the peripheral nervous system.

Serum protein binding of ['C]3b, ['C]3c and [''C]3i was stud-
ied by ultrafiltration, demonstrating 5.8 + 1.0%, 9.0 + 1.2% and
18.2 + 0.4% (n > 3, +sd) free fraction, respectively. The measured
serum protein binding is comparable to established brain tracers
[39], substantiating the possible utilization of [''C]3b, [''C]3c and
[M'C]3i for in vivo imaging. Plasma stability of [''C]3¢ was 94 + 2%
after 60 min (n = 3).

To reduce tracer metabolism, we exchanged the ester for an
amide bond (3i), which resulted in drastic improvement of meta-
bolic stability. However, the mAChR affinity of 3i is much lower
compared to its bioisostere 3b. To sum it up, [''C|3b and [''C]3¢c
represent the most promising substances of this series regarding
mAChR PET tracer development. Comparing these two, [''C|3¢c
stands out, because of its higher in vitro metabolic stability and M1
subtype selectivity.
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Fig. 6. A: Lowest binding energy docking poses of 3¢ (salmon, —20.0 kcal/mol) and tiotropium (light green, —22.4 kcal/mol) in the orthosteric binding site of human M1 mAChR.
Ser109A is covered by the docked ligands. B,C: Pharmacophore-derived interactions of tiotropium (B) and 3¢ (C) with the binding pocket environment calculated and visualized

with LigandScout.

H,, Ni Table 3
—_— lon-isolates radiochemical yields mn as etermine y radio-
[1 1C]CO [1 1C]CH Non-isolated radiochemical yields [%] in ACN d ined by radio-HPLC
2 400 ° 4 (ND = not determined, n = 1). ACN was not investigated as solvent for labeling of
["'C]3§, because an almost quantitative non-isolated radiochemical yield was
|2 720 °C observed using DMSO (Table 4).
o] 0 [''c]3a ["'cI3b ["'c13i
N 12 20°C 70°C 20°C 70°C 20°C 70 °C
R [ C]C H3I o R 2 min 23 55 37 58 ND ND
5 min 33 81 45 68 ND ND
N DMSO N
H |
"ICH;,
Table 4
23, b, c, i, j’ k [110]33, b’ c, i, j, k Non-isolated radiochemical yields [%] in DMSO as determined by radio-HPLC (n = 1).
e)3 "cI3b ek
Fig. 7. Reaction scheme of the radiochemical labeling. [ cBa Ld LB
20°C 120°C 20°C 120°C 20°C 120 °C
2 min 92 91 79 87 98 95
5 min 93 91 87 85 96 94
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Table 5
Production parameters of carbon-11-labeled compounds. Yield is related to the estimated starting activity of ["'C|CO,.
[''C]3a [''CI3b ["CI3¢ ["'c)3i ["'c13) [''C]3k
n 3 5 19 2 1 2
yield (GBq) 59+1.0 53+16 38+13 2720 7.2 43x1.0
RCY (%) 187 + 2.7 174+ 6.8 129+ 3.8 8.6 +48 211 132 +24
Am at EOS (GBg/umol) 58+ 17 93 + 80 122 + 115 30+ 6 43 132+ 36
1.004 1.004 1.009—— - °
g2 11
e Cl3b 1 11 i
=3 ors Il 0.75 ["CRe 075 ["CRi
o a 1
% g ~# ["'C]parent compound
E O 050 0.50- 0.50- -# ["Clarecaidine
'2 E & [”C]arecaidine ethyl ester
S § 0.254 0.25- 0.254
o
gc ————————————4
= e . —————
0.00 T T 1 0.00 T T d 0.00 - o -+ .
0 20 40 60 0 20 40 60 0 20 40 60
t [min] t[min] t [min]

Fig. 8. Metabolic stability of compounds ["'C]3b, ["'C]3¢ and [''C]3i against human liver microsomes. Error bars represent standard deviation of n = 3 (["'C]3b and [''C]3¢) orn =2

([*'C]3i) incubations of individual batches.

2.8. Interactions of {"'C]3c with CHO-M1 cells

The kinetics of the interaction of ["'C]3¢ with living CHO-M1
cells was studied using LigandTracer. On the first view promising
binding curves, reaching equilibrium in 8—15 min, were obtained.
However, the observed binding did not reach saturation at a con-
centration 100-fold above K; but showed a rather linear equilibrium
signal increase with concentration (maximum concentration of
10 x Kj shown in Fig. S9A for the sake of readability). Furthermore,
CHO-M1 cells preblocked with 10 pM scopolamine showed
essentially the same binding kinetics as unblocked CHO-M1 cells
Fig. S9A). Additionally, the binding curvature appeared indepen-
dent on ["'C]3c concentration (Fig. S9B). Considering these obser-
vations, we concluded that the binding observed in the
LigandTracer experiments cannot exclusively be explained by the
interaction of 3¢ with mAChR M1.

To study this further, we performed a direct radioligand binding
assay using [''C]3c¢ and investigated the binding behavior of
blocked CHO-M1 cells versus unblocked CHO-M1 cells at three

different concentrations in six-well plates (Fig. 9). At a radioligand
concentration of 0.3 nM blocking with 10 uM scopolamine and
10 pM pirenzepine significantly reduced the binding of [''C]3c to
CHO-M1 cells. However, CHO cells lacking the M1 receptor (blank)
show an overall lower radioligand binding compared to the blocked
CHO-M1 cells. Hence, the observed [''C]3¢ binding is not fully
blockable with the used concentrations and reference ligands. With
increasing concentrations of 3c blocking with scopolamine and
pirenzepine becomes less effective, leading to no significant dif-
ference in radioligand binding between unblocked and blocked
CHO-M1 cells at 3 nM and 30 nM of 3c.

As control, the similar assay was performed at < 4 °C to inves-
tigate the ligand binding without active process contributions
(Fig. 9) [40]. At CHO-M1 cells < 4 °C [''C]3¢ binding is reduced to
the same extent as in blocked CHO-M1 cells, indicating that active
cellular processes are involved in the binding of [''C]3c to living
cells.

The extent of specific binding is limited to the amount of
expressed target, whereas nonspecific binding increases linearly

2 1.5 - 1.5
2 1.5 e ¢(3¢)= 0.3 nM ’ N, c(3c)=3nM ’ c(3¢c)=30nM
133
“2 - ns
g 1.0 . 1.04 T 1.0 - -
2 T
E T T T
- 0.5 0.5 0.5
8 T T
®
g 0.0- 0.0
S 0.0- T T v A T T T A T T T
c
> ) ) N & S & @ <O N & ¢ @ o N &
°a§ ‘56}0 73\& S "\’DQ \Oe"g @4_\\9 & QbL’h o**s'D L \o“’&b \e‘&o & b"/h oo“o <
A€ 3 R ) o & < & <
e P & & ¢ P F K < L & & W
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Fig. 9. ["'C]3c binding to CHO cells. Data are displayed normalized to the binding on the non-blocked CHO-M1 cells. Groups were compared using an ordinary one-way ANOVA and
Tukey's multiple comparisons test, with a single pooled variance (*: P < 0,05, ***; P < 0,001, **+#: P < 0,0001, ns: not significant, n > 3). At all tested ["C]3c concentrations the
normalized cell-bound activity of the CHO—K1 control cells was not significantly different from the blank.
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with the radioligand concentration and is not saturable. Thus, the
specific binding was only visible at a low radioligand concentration
(0.3 nM), while at higher concentrations (3 nM, 30 nM) mostly
nonspecific binding was detected.

2.9. In vitro autoradiography

Total binding of ["'C]pirenzepine (15 nM) was reduced to
background signal in the presence of 10 uM scopolamine or atro-
pine confirming that the brain sections and the used procedure
allows the visualization of specific binding to mAChRs. However,
neither of the blocking agents significantly reduced the radioactive
signal derived from total ["'C]3¢ (30 nM) binding in a total of 30
brain sections derived from different brain regions of two different
subjects, demonstrating only nonspecific binding (Fig. 10).

Also at a concentration close to the Kp ['C]3¢ (3 nM) did not
show a difference between baseline and blocking, whereas [''(C]
pirenzepine at a concentration close to the Kp (15 nM) clearly
showed specific binding.

3. Conclusion

Despite the pivotal role of mAChRs in human physiology and
disease, non-invasive external imaging thereof has not yet found its
way into clinical routine. Constrained imaging properties of the
currently available mAChR PET tracers demand improvement in
order to correspond to the clinical needs. In search of an improved
PET tracer for mAChRs fifteen novel arecoline-derived compounds
were synthesized, characterized and tested for their affinity toward
mAChRs and EeAChE. Conjugation of arecaidine to diphenylmethyl-
containing structures afforded K; values in the low nanomolar
range, which is suitable for the application as mAChR PET probe.
Besides, the difference in affinity of (+)-3e and (—)-3e underline
the applicability of stereochemistry to impact mAChR M1 ligand
development. Moreover, all tested compounds were shown to
neither act as orthosteric ligand nor substrate for the off-target

AChE. Fully-automated carbon-11-labeling procedures for [''C]
3a—c and ['C]3i—k were developed and the most promising can-
didates underwent further studies to assess their metabolic sta-
bility and serum protein binding, where ["'C]3b and [''C]3c showed
suitable properties for future tracer development. Real-time and
endpoint radioligand binding studies using [''C]3c on living cells as
well as in vitro autoradiography on mouse brain sections revealed
pronounced nonspecific binding, which motivates us to reduce the
lipophilicity for future tracer candidates of similar structure prior to
in vivo studies. Although the observed nonspecific binding of [“C]
3crestrains this compound from acting as imaging agent, it can still
be considered as mAChR M1 ligand for purposes where nonspecific
binding is less of a problem, e.g. therapeutics [41].

4. Experimental section
4.1. Materials

Diphenylmethyl trichloroacetimidate [42], furan-2-yl(phenyl)
methanol [43], arecaidine [44] and N-Boc-guvacine [44] were
synthesized as published previously. N-Fmoc-guvacine (>98%,
Santa Cruz Biotechnology), arecoline hydrobromide (XA BC-
Biotech), scopolamine hydrobromide (Sigma-Aldrich), pir-
enzepine dihydrochloride (>98%, Sigma-Aldrich), diethylamine
(DEA, > 99%, Fisher Scientific), thionylchloride (>99%, Sigma-
Aldrich), triethylene glycol monomethyl ether (95%, Aldrich),
diphenylmethanol (99%, Aldrich), 4,4’-dimethoxybenzhydrol
(98+%, Alfa Aesar), 4,4'-difluorobenzhydrol (98+%, Alfa Aesar), (4-
bromophenyl)(4-fluorophenyl)methanol (fluorochem), benzhy-
drylamine (97%, Alfa Aesar), N,N'-dicyclohexycarbodiimide (DCC,
99%, Alfa Aesar), 1,1’-carbonyldiimidazole (CDI, reagent grade,
Sigma Aldrich), iodomethane (CHsl, > 99%, Sigma-Aldrich), tri-
chloroacetonitrile (98%, Alfa Aesar), 1,8-diazabicyclo[5,4,0]Jundec-
7-en (>97%, Merck-Schuchardt), 11-(chloroacetyl)-5,11-dihydro-
6H-pyrido[2,3-b][1,4]benzodiazepine-6-one (abcr), trifluoroacetic
acid (99%, Alfa Aesar), aq. HBr (48%, Sigma Aldrich), formic acid

@ O
« O
@ O

@ @
¢ @

min

15 nM 15 nM 3 nM 11cl3
[**C]pirenzepine  [*!C]pirenzepine n bl[ kldc
unblocked blocked unblocke

3 nM [*C]3¢
blocked

30 nM [*C]3c
unblocked

30 nM [*1C]3c
blocked

Fig. 10. Autoradiography of mice brain sections. Blocking was performed by co-incubation with 10 uM scopolamine. The signal at 15 nM [''C]pirenzepine blocked is below limit of
detection and the position of the invisible sections is therefore marked with a blue ellipse. Radioactivity is displayed as a linear color gradient. Sections separated in boxes are

derived from different experiments, allowing only semi-quantitative analysis.
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(>95%, Merck), 2-chloroacrylonitrile (98%, Sigma Aldrich), 2-
(methylamino)ethanol (99%, Alfa Aesar), KO'Bu (>98%, Sigma
Aldrich), 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB, >98%, Carl
Roth), acetylthiocholine iodide (ATI, > 98%, Sigma Aldrich), tacrine
hydrochloride (>98%, Santa Cruz Biotechnology), acetylcholines-
terase from Electrophorus electricus (1323 units/mg, Sigma Aldrich),
sodium hydride (NaH, 60% dispersion in mineral oil, Aldrich), Mg
turnings (>99%, Sigma Aldrich), benzyl chloride (>99%, Merck), 5-
bromo-2-fluoropyridine (>98%, TCI), ethyl formate (97%, Sigma
Aldrich), dibromoethane (>98%, Merck), sodium carbonate
(NaCOs, anhydrous for analysis, Merck), sodium bicarbonate
(NaHCOs3, >98%, Fluka), sodium iodide (Nal, 99.5%, Merck), poly(-
ethyleneimine) (PEI, 50% in H»0, Fluka), N,N-dimethylformamide
(DMF, 99.8% extradry over molecular sieve, Acros), acetonitrile
(ACN, Sigma Aldrich), dichloromethane (DCM, EMPROVE® ESSEN-
TIAL, Merck), n-hexane (PE, Hi-PerSolv. CHROMANORM, VWR),
ethyl acetate (EE, 99.9%, VWR), diethyl ether (Et;0, 100%, VWR),
ethanol (EMROVE® exp, Merck), dimethylsulfoxide (DMSO, >
99.9%, Sigma Aldrich) and C18 Sep-Pak (WAT020515, Waters) car-
tridges were purchased and used as received. Solvents indicated as
“dry” were stored over molecular sieves for a minimum of 2 days.
Reaction progress was monitored by pre-coated TLC sheets ALU-
GRAM® Xtra SIL G/UV254 (0.20 mm silica gel 60 with fluorescent
indicator). Silica gel on TLC plates (0.25 mm, 20 x 20 cm, 99571
Sigma Aldrich) was used for preparative separation unless stated
otherwise. In indicated cases aluminiumoxide 60 Fzs4 neutral
(Merck) was used for preparative TLC. [N-methyl-H|scopolamine
methyl chloride (2.964 TBq/umol, 37 MBq, in 1 mL ethanol) was
purchased from PerkinElmer.

4.2. Instrumentation

NMR samples were measured in chloroform-d (CDCl3, >99.8%,
stabilized with silver foil, Sigma Aldrich) at 25 °C. The center of the
(residual) solvent signal was used as an internal standard which
was related to TMS with 6 7.26 ppm ('H in CDCl3) and 4 77.0 ppm
(13C in CDCl3). 'F NMR spectra were referenced via = ratio and
gsHMBC spectra of °N were referenced against neat, external
CH3NOs. Unless stated otherwise full and unambiguous assignment
of NMR signals was achieved by combination of standard NMR
techniques, such as COSY, NOESY, APT, HSQC and HMBC experi-
ments. NMR spectra of intermediates were recorded with a Bruker
Avance III 200 spectrometer (200 MHz for 'H). NMR spectra of final
compounds were recorded with a Bruker Avance Il 400 spec-
trometer (400 MHz for 'H, 100 MHz for 13C, 40 MHz for °N and
376 MHz for '°F) or a Bruker Avance 111 600 spectrometer (600 MHz
for 'H, 150 MHz for °C and 565 MHz for '°F). Mass spectra were
obtained on a Bruker maXis 4G instrument (ESI-TOF, HRMS). All
newly synthesized or tested compounds (1a—8) passed a pan assay
interference compounds filter [45]. An Agilent 1260 Infinity HPLC
System with a flow of 1 mL/min and XBridge Shield RP18 2.5 pm,
50 x 3.0 mm column was used for determination of the radio-
chemical yield in the small scale reactions, quality control of the
radiotracers as well as for the assessment of the tracer stability in
formulation (further parameters shown in Table 6). LogP mea-
surements were performed and interpreted as published recently
[31]on an Agilent HPLC system consisting of an autosampler (series
1100), pump (series 1200), diode array detector (series 1100) and a
radiodetector (Ramona, Elysia-Raytest) using an apHERA (5 pm,
10 x 6 mm) stationary phase. All tested compounds (3a—m, 6—8)
were shown to have a purity exceeding 95% as analyzed by the logP
HPLC method without addition of toluene and triphenylene. The
same HPLC System was used for the analysis of human liver

Table 6
Separation conditions for analytical HPLC as part of radiotracer quality control and
for the concentration determination of the 3e enantiomers.

Compound Eluent Kprec. Kprod. LOQ [pg/mL]
3a 20% ACN, 80% pH 9.3 1.20 2.67 0.88
3b 60% ACN, 40% pH 9.3 2.00 3.53 1.05
3c 60% ACN, 40% pH 9.3 1.93 3.73 1.07
3e 75% ACN, 25% pH 9.3 - 235 1.20
3i 40% ACN, 60% pH 9.3 2.53 4.60 1.83
3j 20% ACN, 80% pH 9.3 1.80 3.67 1.99
3k 50% ACN, 50% pH 9.3 1.53 2.67 0.76

microsomes metabolites with an XSelect™ (HSS T3, 3.5 pm,
100 x 4.6 mm) stationary phase, a flow of 1 mL/min and a gradient
program (0.0—3.0 min: 95% pH 9.3, 5% ACN; 5.0-14.0 min: X % pH
9.3,100-X % ACN; 15.0—16.0 min: 95% pH 9.3, 5% ACN; with X being
50, 45 and 63 for compounds 3b, 3¢ and 3i, respectively). For the
analysis of EeAChE metabolism a similar gradient was used:
0.0—3.0 min: 98% pH 9.3, 2% ACN; 5.0—14.0 min: 40% pH 9.3, 60%
ACN; 15.0—-16.0 min: 98% pH 9.3, 2% ACN. The used eluent buffer is a
25 mM NH4H;PO4 solution set to pH 9.3 with NaOH. The LOQ given
in Table 6 was estimated based on the standard deviation of the
response and the slope [46].

CHO—K1 cells stably transfected with human muscarinic re-
ceptors M1-M5 were obtained from Missouri University of Science
and Technology cDNA Resource Center (Cell Catalog#:
CEM1000000, CEM2000000, CEM3000000, CEM4000000,
CEM5000000) and cultivated in Ham's F12 Nutrient Mixture
(Gibco, Life Technologies Limited) containing 10% FBS (Gibco, Life
Technologies Limited), 250 pg/mL Geneticin® (G418, Thermo
Fisher) at 37 °C and 5% CO; in a cell incubator. Gibco™ Trypsin-
EDTA (0.05%) was used for passaging cells. Untransfected
CHO—K1 cells were obtained from ATCC and cultivated like
described above but in media free of Geneticin®. Protease Inhibitor
Cocktail powder (P2714-1BTL, Sigma-Aldrich) was dissolved in
10 mL water and used as such. The protein concentration of
membrane suspensions was determined with Pierce™ BCA Protein
Assay Kit (Thermo Scientific) on a BioTek Synergy HTX multi-mode
reader. A M-36 tygon tubed Cell Harvester (Brandel®) and What-
man™ GF/B filters were used for the filtration of radioligand
binding assays. Filter disks were counted with 2 mL Ultima Gold™
(high flashpoint LSC cocktail, PerkinElmer) using a 300 SL Auto-
matic TDCR liquid Scintillation Counter (HIDEX) in CPM mode.
LigandTracer grey and yellow (ridgeview instruments ab, Sweden)
with LigandTracer Control V2.0.1 and TraceDrawer V1.8.1 were used
for measuring real-time kinetic on living cells.

A GE PETtrace 860 cyclotron (General Electric Medical System,
Sweden) was used for the production of [''C]CO; by a"N(p, )''C
reaction in gas target filled with Ny + 1% O, (Topline, Messer) at a
beam current of 65 pA. Transformation to ['C]CH3I, radiolabeling of
the precursor and tracer purification were carried out in a TRAC-
ERlab™ FX C Pro synthesizer using the built in semi-preparative
HPLC system featuring a Linear Instruments Model 200 UV/Vis
detector and a LaPrep HPLC pump (VWR) [47].

Metabolic stability was studied with Corning® Gentest™ HLM,
~20-Donor Pool, Mixed Gender microsomes and Corning® Gent-
est™ NADPH Regenerating System, Solution A and B. Pooled Hu-
man Serum (Innovative Research, Inc.), Centrifree®, Ultracel®PL
Regenerated Cellulose Centrifugal filters (Merck Millipore), Micro-
con®-10 Ultracel®PL-10 Regenerated Cellulose 10,000 NMWL
Centrifugal Filters and a 2480 Wizard? Automatic Gamma Counter
(PerkinElmer) were used for determination of serum protein
binding.
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4.3. Synthesis

1-(9H-fluoren-9-yl)methyl 3-methyl 1,2,5,6-
tetrahydropyridine-1,3-dicarboxylate (N-Fmoc-guvacoline)
(1a). N-Fmoc-guvacine (50.0 mg, 0.143 mmol) and NazCOs;
(18.2 mg, 0.172 mmol) were suspended in dry DMF (5 mL) for
30 min at 20 °C. CH3l (100 pL, 1.61 mmol) was added dropwise and
the reaction mixture was stirred o/n. The reaction mixture was
poured on Hz0 (60 mL) and extracted with Et;0 (3x 30 mL). The
combined organic layers were washed with H>O (2x 15 mL), dried
with NaS0y, filtered and evaporated to give 1a (49.8 mg, 96%) as a
highly viscous oil.

TH NMR (200 MHz, CDCl3) 6 7.77 (d, J = 7.3 Hz, 2H), 7.59 (d,
J=7.3Hz, 2H), 740 (t,] = 7.3 Hz, 2H), 7.31 (t,] = 7.3 Hz, 2H), 7.08 (s,
1H), 4.46 (d, ] = 6.8 Hz, 2H), 4.27 (t,] = 6.8 Hz, 1H), 4.22—4.17 (m,
2H), 3.79 (s, 3H), 3.52 (brs, 2H), 2.29 (brs, 2H).

Methyl 1,2,5,6-tetrahydropyridine-3-carboxylate (guvaco-
line) (2a). 1a (49.8 mg, 0.137 mmol) was dissolved in ACN (3 mL),
diethylamine (300 uL, 2.91 mmol) was added and the reaction
mixture was stirred for 2.5 h at 20 °C. The reaction mixture was
evaporated to about 1 mL and the product was isolated by pre-
parative TLC (PE:EE = 1:6 + 1% DEA; Ry = 0.13—0.33) and appeared
as yellowish oil (17.9 mg, 93%).

'H NMR (400 MHz, CDCl3) 6 7.04 (m, 1H, H-4), 3.73 (s, 3H,
0—CH3), 3.55 (m, 2H), 2.93 (t, ] = 5.7 Hz, 2H, H-6), 2.28—2.21 (m, 2H,
H-5).* 3C NMR (100 MHz, CDCl3) 4 166.5 (C=0), 138.3 (C-4), 130.3
(C-3), 51.5 (0—CH3), 44.1 (C-2), 41.9 (C-6), 26.2 (C-5). HRMS (ESI)
caled for C7HaNO; (M + H') 142.0863, found 142.0876. *The
guvacoline 'H NH signal could not be found.

3-benzhydryl 1-(9H-fluoren-9-yl)methyl 1,2,5,6-
tetrahydropyridine-1,3-dicarboxylate (1b). N-Fmoc-guvacine
(50.0 mg, 0.143 mmol) and diphenylmethyl trichloroacetimidate
(61.1 mg, 0.186 mmol) were dissolved in dry DCM (2 mL) and stirred
at 20 °C under argon for 16 h. The product was isolated via pre-
parative TLC (PE:EE = 3:1; Ry = 0.25-0.56) and formed white
crystals (64.3 mg, 87%).

TH NMR (200 MHz, CDCl3) & 7.74 (brs, 2H), 7.58 (brs, 2H),
7.46—7.20 (m, 14H), 6.99 (brs, 1H), 4.52—4.05 (m, 5H), 3.54 (brs, 2H),
2.32 (brs, 2H), 2.06 (s, TH).

Benzhydryl 1,2,5,6-tetrahydropyridine-3-carboxylate (2b). 1b
(64.3 mg, 0.125 mmol) was dissolved in ACN (3 mL), diethylamine
(300 uL, 2.91 mmol) was added and the reaction mixture was
stirred for 2 h at 20 °C. The reaction mixture was evaporated to
about 1 mL and the product was isolated by preparative TLC
(PE:EE = 1:1 + 1% DEA; Rf = 0.12—0.28) and appeared as yellowish
wax (32.5 mg, 89%).

TH NMR (400 MHz, CDCl3) § 7.34 (m, 8H, Ph H-2,3,5,6), 7.28 (m,
2H, Ph H-4), 7.20 (m, 1H, H-4), 6.94 (s, 1H, CHPhy), 3.65 (m, 2H, H-2),
2.96 (t,] = 5.7 Hz, 2H, H-6), 2.30 (m, 2H, H-5).* 3C NMR (100 MHz,
CDCl3) 6 164.7 (C=0), 140.3 (Ph C-1), 138.9 (C-4), 130.0 (C-3), 128.5
(Ph C-3,5),127.9 (Ph C-4),127.0 (Ph C-2,6), 76.7 (CHPhy), 43.8 (C-2),
41.7 (C-6), 26.0 (C-5). HRMS (ESI) calcd for C1gHzoNOz (M + H)
2941489, found 294.1487. *The guvacoline 'H NH signal could not
be found.

Bis(4-fluorophenyl)methyl 2,2,2-trichloroacetimidate. Bis(4-
fluorophenyl)methanol (220 mg, 1.00 mmol), trichloroacetonitrile
(10.0 mL, 10.0 mmol) and 1,8-diazabicyclo(5.4.0)undec-7-ene
(0.10 mmol, 15 pL) were stirred in dry DCM at 20 °C under argon
for 1.5 h. Volatiles were evaporated and the residue was purified by
silica column chromatography (PE:EE = 80:1 + 3% TEA). The
product appeared as white crystals (358 mg, 98%).

TH NMR (200 MHz, CDCl3) 6 8.45 (brs, 1H), 7.45—7.32 (m, 4H),
7.13—-6.98 (m, 4H), 6.92 (s, 1H).

Bis(4-fluorophenyl)methyl 1-(2-(9H-fluoren-9-yl)acetyl)-
1,2,5,6-tetrahydropyridine-3-carboxylate (1c¢). N-Fmoc-guvacine
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(40.0 mg, 0.115 mmol) and bis(4-fluorophenyl)methyl 2,2,2-
trichloroacetimidate. (54.2 mg, 0.149 mmol) were dissolved in
dry DCM (3 mL) and stirred at 20 °C under argon for 16 h. The
product was isolated via preparative TLC (PE:EE = 7:2;
Rf = 0.26—0.51) and formed white crystals (57 mg, 93%).

TH NMR (200 MHz, CDCl3) 6 7.74 (brs, 2H), 7.57 (d, ] = 7.4 Hz, 2H),
7.44-7.18 (m, 9H), 7.10—6.98(m, 4H), 6.94 (s, 1H), 4.50—4.38 (m,
2H), 4.32—4.21 (m, 3H), 3.53 (brs, 2H), 2.33 (brs, 2H).

Bis(4-fluorophenyl)methyl 1,2,5,6-tetrahydropyridine-3-
carboxylate (2c). 1c (57.1 mg, 0.107 mmol) was dissolved in ACN
(3 mL), diethylamine (300 pL, 2.91 mmol) was added and the re-
action mixture was stirred for 2 h at 20 °C, The reaction mixture
was evaporated to about 1 mL and the product was isolated by
preparative TLC (PE:EE = 1:1 + 1% DEA; Ry = 0.08—0.25) and
appeared as yellowish oil (23.7 mg, 63%).

TH NMR (400 MHz, CDCl3) 4 7.29 (m, 4H, Ph H-2,6), 718 (m, 1H,
H-4),7.03 (m, 4H, H-3,5), 6.89 (s, 1H, CHPh;), 3.64 (m, 2H, H-2), 2.97
(t, ] = 5.8 Hz, 2H, H-6), 2.33 (m, 2H, H-5).* 13C NMR (100 MHz,
CDCl3) 6 164.5 (C=0), 162.4 (d, ] = 2471 Hz, Ph C-4), 139.2 (C-4),
135.9 (d,J = 3.2 Hz, Ph C-1),129.6 (C-3), 128.8 (d, ] = 8.2 Hz, Ph C-
2,6),115.5(d,J = 21.7 Hz, Ph C-3,5), 75.5 (CHPhy), 43.7 (C-2), 41.6 (C-
6), 25.9 (C-5). '°F NMR (377 MHz, CDCl3) 6 —113.9 (m, Ph-F). HRMS
(ESI) calcd for CigHgFaNO; (M + H™) 330.1300, found 330.1302.
*The guvacoline 'H NH signal could not be found.

Tert-butyl 5-(benzhydrylcarbamoyl)-1,2,3,6-tetrahydropyr-
idine-1-carboxylate (1i). N-Boc-guvacine (40.0 mg, 0.176 mmol)
and CDI (28.5 mg, 0.176 mmol) were stirred in dry THF (3 mL) at
20 °C under argon for 30 min. Benzhydrylamine (45 pL,
0.264 mmol) was added and the reaction was stirred for 72 h. The
reaction mixture was evaporated to 0.5 mL, the formed precipitate
was removed by filtration and the filtrate purified via preparative
TLC (PE:EE = 5:2; Ry = 0.32—0.49). The product appeared as
colorless oil (8.0 mg, 12%).

TH NMR (200 MHz, CDCl3) 6 7.40—7.16 (m, 10H), 6.64 (brs, TH),
6.34-6.14 (m, 2H), 4.22—4.12 (m, 2H), 3.49 (t, ] = 5.6 Hz, 2H),
2.34—2.20 (m, 2H), 1.46 (s, 9H).

N-(diphenylmethyl)-1,2,5,6-tetrahydropyridine-3-carbox-
amide (2i). 1i (8.0 mg, 0.020 mmol) was stirred in DCM (2 mL)
containing TFA for 1.5 h at 20 °C. The volatiles were removed by
evaporation, the solid residue was taken up in saturated NayCOs
solution and extracted with DCM (3x 2 mL). The extract was dried
with NazS0y, filtered and evaporated to yield a colorless oil (4.7 mg,
79%).

"H NMR (400 MHz, CDCls) § 7.33 (m, 4H, Ph H-3,5), 7.27 (m, 2H,
Ph H-4),7.23 (m, 4H, Ph H-2,6), 6.62 (m, 1H, H-4), 6.29 (d, ] = 7.8 Hz,
1H, CHPhy), 6.21 (brd, J = 7.8 Hz, 1H, CONH), 3.61 (m, 2H, H-2), 2.93
(t, ] = 5.7 Hz, 2H, H-6), 2.21 (m, 2H, H-5).* 13C NMR (100 MHz,
CDCl3) 6 166.2 (C=0), 141.5 (Ph C-1), 134.2 (C-3), 131.1 (C-4), 128.7
(Ph C-3,5),127.5 (Ph C-4),127.4 (Ph C-2,6), 56.8 (CHPh;), 44.3 (C-2),
421 (C-6),25.7 (C-5). >N NMR (41 MHz, CDCl3) 6 —260.2 (CONH).**
HRMS (ESI) caled for CigHpN2O (M + H') 293.1648, found
293.1649. *The guvacoline TH NH signal could not be found. ** The
guvacoline N signal could not be found.

1-(9H-fluoren-9-yl)methyl 3-{2-[2-(2-methoxyethoxy)
ethoxylethyl} 1,2,5,6-tetrahydropyridine-1,3-dicarboxylate (1j).
N-Fmoc-guvacine (50.0 mg, 0.143 mmol) was suspended in dry
DCM (2 mL) and SOCI; (250 pL, 3.45 mmol) was added by syringe.
The mixture was sonicated for 40 min at 20 °C. Evaporation of the
volatiles yielded the acyl chloride, which was heated to 50 °C with
triethylene glycol monomethyl ether (1 mL, 6.25 mmol) for 1 h. The
reaction mixture was poured on H;0 (30 mL) and extracted with
Et;0 (5x 15 mL). The combined organic layers were washed with
H0 (2x 10 mL), dried with Na,SOy, filtered and evaporated to give
1j (66.0 mg, 93%) as a viscous, slightly yellow oil.

TH NMR (200 MHz, CDCl3) 6 7.76 (d, ] = 7.2 Hz, 2H), 7.58 (d,



- Results and discussion -

12 M. Ozenil et al. / European Journal of Medicinal Chemistry 204 (2020) 112623

J=72Hz, 2H), 740 (t,] = 7.2 Hz, 2H), 7.31 (t,] = 7.2 Hz, 2H), 710 (s,
1H), 4.45 (d, ] = 6.3 Hz, 2H), 4.38—4.18 (m, 5H), 3.80—3.47 (m, 12H),
3.37 (s, 3H), 2.29 (brs, 2H).

2-[2-(2-methoxyethoxy)ethoxy]ethyl 1,2,5,6-tetrahydropyr-
idine-3-carboxylate (2j). 1j (66.0 mg, 0.133 mmol) was dissolved in
ACN (3 mL), diethylamine (300 pL, 2.91 mmol) was added and the
reaction mixture was stirred for 2 h at 20 °C. The reaction mixture
was evaporated to about 1 mL and the product was isolated by
preparative TLC (EE + 1% DEA; Ry = 0.14—0.48) and appeared as
yellowish oil (31.8 mg, 87%).

'H NMR (400 MHz, CDCl3) § 7.07 (m, 1H, H-4), 4.29 (m, 2H, TEG
H-1), 3.73 (m, 2H, TEG H-2), 3.68—3.63 (m, 6H, TEG H-3,4,5), 3.55
(m, 2H, H-2), 3.54 (m, 2H, TEG H-6), 3.38 (s, 3H, OCH3), 2.92 (t,
] = 5.7 Hz, 2H, H-6), 2.27—2.20 (m, 2H, H-5).* 13C NMR (100 MHz,
CDCl3) 6 165.9 (C=0), 138.6 (C-4),130.3 (C-3), 71.9 (TEG C-6), 70.62
(TEG C-3)**, 70.61 (TEG C-4)**, 70.57 (TEG C-5), 62.9 (TEG C-2),
59.0 (OCH3), 44.0 (C-2), 41.9 (C-6), 26.2 (C-5). HRMS (ESI) calcd for
C13Hp4NOs (M + H*) 274.1649, found 274.1647. *The guvacoline 'H
NH signal could not be found. **indistinguishable.

(9H-fluoren-9-yl)methyl
cyclohexyl(cyclohexylcarbamoyl)amino]carbonyl}-1,2,3,6-
tetrahydropyridine-1-carboxylate (1Kk). N,N’-Dicyclohex-
ylcarbodiimide (20.7 mg, 0.100 mmol) was added to a stirred so-
lution of N-Fmoc-guvacine (31.9 mg, 0.0913 mmol) in 1 mL dry DMF
at 20 °C. After 1.5 h more N,N'-Dicyclohexylcarbodiimide (10.0 mg,
0.0483 mmol) was added. After 20 h the reaction mixture was
poured on water (10 mL) and extracted with Et;0 (3x 10 mL). The
combined organic layers were dried with Na;SQy, filtered, evapo-
rated and purified via preparative TLC (PE:EE = 2:1;
Rf = 0.44—0.66). The product was obtained as white, crystalline
solid (24.4 mg, 48%).

"H NMR (200 MHz, CDCl3) 6 7.77 (d, J = 7.2 Hz, 2H), 7.58 (d,
J=72Hz 2H), 740 (t,] = 7.2 Hz, 2H), 7.31 (t, ] = 7.2 Hz, 2H), 6.25
(brs, 2H), 4.49—4.33 (m, 2H), 4.32—4.17 (m, 3H), 4.05 (brs, 1H), 3.55
(brs, 3H), 2.20 (brs, 2H), 2.00—1.05 (m, 18H).

N-cyclohexyl-N-(cyclohexylcarbamoyl)-1,2,5,6-
tetrahydropyridine-3-carboxamide (2k). 1k (244 mg,
0.0439 mmol) was dissolved in ACN (3 mL), diethylamine (300 pL,
2.91 mmol) was added and the reaction mixture was stirred for
3 h at 20 °C. The reaction mixture was evaporated to about 1 mL
and the product was isolated by preparative TLC
(DCM:MeOH = 12:1; Rf = 0.06—0.22) and appeared as slightly
yellowish oil (12.5 mg, 85%).

'H NMR (400 MHz, CDCl3) 6 6.74 (d. ] = 7.5 Hz, 1H, CONH), 6.21
(m, 1H, H-4), 4.02 (m, 1H, Cy1 H-1), 3.62 (m, 1H, Cy2 H-1), 3.58 (m,
2H, H-2), 2.97 (t, ] = 5.8 Hz, 2H, H-6), 2.17 (m, 2H, H-5), 1.95 (m, 2H,
Cy1 H-2a,6a), 1.90 (m, 2H, Cy2 H-2a,6a), 1.79 (m, 2H, Cy1 H-3a,5a),
1.75 (m, 2H, Cy1 H-2b,6b), 1.70 (m, 2H, Cy2 H-3a,5a), 1.61 (m, 2H,
Cy1,2 H-4a), 1.35 (m, 2H, Cy2 H-3b,5b), 1.27 (m, 2H, Cy1 H-3b,5b),
118 (m, 2H, Cy2 H-2b,6b), 117 (m, 2H, Cy1,2 H-4b).* *C NMR
(100 MHz, CDCl3) 6 171.1 (C=0), 154.2 (NCON), 135.6 (C-3), 128.0
(C-4),57.0(Cy1 C-1),49.8 (Cy2 C-1),44.4(C-2),41.8 (C-6), 32.7 (Cy2
C-2,6), 30.9 (Cy1 C-2,6), 26.3 (Cy1 C-3,5), 25.4 (Cy1 C-4), 25.3 (Cy2
C-4), 24.7 (Cy2 C-3,5), 246 (C-5). >N NMR (41 MHz, CDCl3)
4 —256.7 (CONHCy2).** HRMS (ESI) calcd for C1gH33N30; (M + H)
334.2489, found 334.2492. *The guvacoline 'H NH signal could not
be found. ** The guvacoline and imide °N signals could not be
found.

Sodium diphenylmethanolate. Diphenylmethanol (300 mg,
1.62 mmol) was dissolved in dry THF (10 mL) and sodium (100 mg,
4.35 mmol) was added. The mixture was slightly heated until the
gas evolution stopped. Excessive sodium was removed and the
suspension was concentrated under reduced pressure. The waxy
residue was dissolved in dry DMF (3.35 mL) and used for the syn-
thesis of 3b and 7 without characterization. sodium 4,4'-

5-{[3-

difluordiphenylmethanolate, sodium 4.4'-dimethox-
ydiphenylmethanolate, sodium (4-bromophenyl)(4-
fluorophenyl)methanolate, bis(6-fluoropyridin-3-yl)meth-
anolate and furan-2-yl(phenyl)methanolate were prepared
accordingly.

Benzhydryl 1-methyl-1,2,5,6-tetrahydropyridine-3-carbox-
ylate (3b). Arecaidine (20.0 mg, 0.142 mmol) was suspended in dry
DMEF (2 mL) and heated gently until almost everything dissolved.
CDI (23.0 mg, 0.142 mmol) was added as solid. After 15 min sodium
diphenylmethanolate (0.59 mL of a 0.1 g/mL solution, 0.284 mmol)
was added and the reaction mixture was stirred for 18 h at 20 °C.
The reaction mixture was poured on water (10 mL) and extracted
with DCM (3x 10 mL). The organic phase was concentrated under
reduced pressure and purified by preparative TLC (EE;
Rf = 0.29—0.50). The product was obtained as colorless oil (8.3 mg,
19%).

'H NMR (400 MHz, CDCl3) 6 7.34 (m, 8H, Ph H-2,3,5,6), 7.28 (m,
2H, Ph H-4), 7.15 (m, 1H, H-4), 6.94 (s, CHPh;), 3.21 (m, 2H, H-2),
2.51(t,] = 5.6 Hz, 2H, H-6), 2.40 (m, 2H, H-5), 2.42 (s, 3H, NCH3). >C
NMR (100 MHz, CDCl3) § 164.7 (C=0), 140.3 (Ph C-1), 138.3 (C-4),
129.1 (C-3),128.5 (Ph C-3,5),127.8 (Ph C-4),127.1 (Ph C-2,6), 53.2 (C-
2), 50.8 (C-6), 45.8 (NCH3), 26.8 (C-5). >N NMR (41 MHz, CDCl3)
6 —349.7 (NCHg)A HRMS (ESI) caled for C20H22N02 (M -+ H+)
308.1645, found 308.1656.

Bis(4-fluorophenyl)methyl 1-methyl-1,2,5,6-tetrahydropyr-
idine-3-carboxylate (3c). Arecaidine (20.0 mg, 0.142 mmol) was
suspended in dry DMF (3 mL) and heated gently until almost
everything dissolved. CDI (23.0 mg, 0.142 mmol) was added as
solid. After 1 h sodium 4,4'-difluordiphenylmethanolate (0.69 mL of
a 0.1 g/mL solution, 0.284 mmol) was added and the reaction
mixture was stirred for 60 h at 20 °C. The reaction mixture was
poured on water (10 mL) and extracted with EE (2x 20 mL). The
organic phase was washed with water (10 mL), dried over NazSOg4,
concentrated under reduced pressure and purified by preparative
TLC (EE; R = 0.18—0.45). The product was obtained as colorless oil
(4.4 mg, 9%).

'H NMR (600 MHz, CDCl3) 6 7.28 (m, 4H, Ph H-3,5), 7.14 (m, TH,
H-4), 7.03 (m, 4H, Ph H-2,6), 6.90 (s, 1H, CHPhy), 3.22 (m, 2H, H-2),
2.54(t,] = 5.6 Hz, 2H, H-6), 2.44 (s, 3H, NCH3), 2.43 (m, 2H, H-5). 1*C
NMR (151 MHz, CDCl3) 6 164.6 (C=0), 162.5 (d, ] = 247.0 Hz, Ph C-
4),138.7(C-4),136.0 (d,J = 3.0 Hz, Ph C-1),129.0(d, | = 8.3 Hz, Ph C-
2,6),128.8 (C-3), 115.6 (d, J = 22.1 Hz, Ph C-3,5), 75.6 (CHPhy), 53.1
(C-2), 50.8 (C-6), 45.7 (NCH3), 26.7 (C-5). HRMS (ESI) calcd for
CaoHaoFaNO2 (M + H') 344.1457, found 344.1462.

Bis(4-methoxyphenyl)methyl 1-methyl-1,2,5,6-tetrahy-
dropyridine-3-carboxylate (3d). Arecaidine (30.0 mg, 0.213 mmol)
was suspended in dry DMF (4 mL) and heated gently until almost
everything dissolved. CDI (34.5 mg, 0.213 mmol) was added as
solid. After 1 h sodium 4,4'-dimethoxydiphenylmethanolate
(1.13 mL of a 0.1 g/mL solution, 0.426 mmol) was added and the
reaction mixture was stirred for 24 h at 20 °C. The reaction mixture
was poured on water (10 mL) and extracted with EE (2x 20 mL). The
organic phase was washed with water (10 mL), dried over Na;SOg,
concentrated under reduced pressure and purified by preparative
TLC (EE; R = 0.18—0.45). The product was obtained as colorless oil
(2.8 mg, 4%).

'H NMR (400 MHz, CDCl3) 6 7.24 (m, 4H, Ph H-2,6), 7.11 (m, TH,
H-4), 6.88 (s, 1H, CHPh;), 6.86 (m, 4H, Ph H-3,5), 3.79 (s, 6H, OCH3),
3.20 (m, 2H, H-2), 2.51 (t, ] = 5.7 Hz, 2H, H-6), 2.41 (s, 3H, NCH3),
238 (m, 2H, H-5). '*C NMR (100 MHz, CDCl3) § 164.8 (C=0), 159.1
(Ph C-4), 138.0 (C-4), 132.7 (Ph C-1), 129.1 (C-3), 128.4 (Ph C-2,6),
113.8 (Ph C-3,5), 76.2 (CHPhy), 53.1 (C-2), 50.7 (C-6), 45.7 (NCH3),
26.6 (C-5). HRMS (ESI) calcd for CygHagNO4 (M + H') 368.1856,
found 368.1855.

(4-bromophenyl)(4-fluorophenyl)methyl 1-methyl-1,2,5,6-
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tetrahydropyridine-3-carboxylate (3e). Arecaidine (40.0 mg,
0.284 mmol) was suspended in dry DMF (5 mL) and heated gently
until almost everything dissolved. CDI (46.1 mg, 0.284 mmol) was
added as solid. After 30 min sodium (4-bromophenyl)(4-
fluorophenyl)methanolate (1.72 mL of a 0.1 g/mL solution,
0.568 mmol) was added and the reaction mixture was stirred for
2 weeks at 20 °C. The reaction mixture was poured on water
(15 mL) and extracted with EE (2x 25 mL). The organic phase was
washed with water (10 mL), dried over Na;S04, concentrated under
reduced pressure and purified by preparative TLC (EE;
Rf = 0.28—0.42). The product was obtained as slightly yellow oil
(28.4 mg, 25%).

TH NMR (400 MHz, CDCl3) & 7.46 (m, 2H, Ph-Br H-3,5), 7.28 (m,
2H, Ph-F H-2,6), 7.19 (m, 2H, Ph-Br H-2,6), 7.13 (m, 1H, H-4), 7.02 (m,
2H, Ph-F H-3,5), 6.86 (s, 1H, CHPhy), 3.18 (m, 2H, H-2), 2.51 (t,
J = 5.6 Hz, 2H, H-6), 2.41 (s, 3H, NCH3), 2.40 (m, 2H, H-5). >*C NMR
(100 MHz, CDCl3) 6 164.4 (C=0), 162.4 (d, ] = 247.2 Hz, Ph-F C-4),
139.1 (Ph-Br C-1), 138.7 (C-4), 135.6 (d, ] = 3.2 Hz, Ph-F C-1), 131.7
(Ph-Br C-3,5), 128.9 (d, J = 8.3 Hz, Ph-F C-2,6), 128.6 (Ph-Br C-2,6),
122.0 (Ph-Br C-4), 115.5 (d, J] = 21.6 Hz, Ph-F C-3,5), 75.4 (CHPhy),
53.1 (C-2), 50.7 (C-6), 45.7 (NCH3), 26.7 (C-5). "F NMR (377 MHz,
CDCl3) 6 —113.7 (m). >N NMR (41 MHz, CDCl3) 6 —349.8 (NCHs).
HRMS (ESI) caled for CpoH20BrFNO2 (M + H™) 404.0656, found
404.0668.

The racemic product was resolved on an AGP 0.3 cm@ x 5 cm
5 uM column using 12% 2-propanol in 10 mM NH4Ac pH 5.8 at a
flow of 0.5 mL/min (Fig. S5, Supporting Information). 2 pL of a
10 mg/mL solution in 2-propanol was injected 10 times resulting in
baseline separation of the enantiomers. The pooled fractions were
diluted with the same amount of water, subjected to solid phase
extraction and eluted with ethanol (10 mL). Using a PerkinElmer
341 polarimeter with a 1 dm cell, (-) was assigned to the enan-
tiomer with the stronger interaction to the stationary phase and (+)
was assigned to the enantiomer with the weaker interaction to the
stationary phase,

Bis(6-fluoropyridin-3-yl)methanol. Mg turnings (345 mg,
14.2 mmol) were stirred in dry THF (10 mL) and activated with
BrCH,CH,Br (two drops). 5-bromo-2-fluoropyridine (500 mg,
2.84 mmol) in dry THF (2 mL) was added dropwise at 20 °C and the
reaction mixture was refluxed for 45 min. Ethyl formate (115 pL,
1.42 mmol) in Et;0 (3 mL) was added dropwise at 20 °C and the
reaction mixture was stirred for further 30 min. The reaction
mixture was poured on sat. aq. NH4Cl (20 mL) and extracted with
EE (3x 15 mL) The combined organic phases were dried with
NazS04 and evaporated. Preparative TLC (EE, Rf = 0.18—0.33, when
developed twice) afforded the product (54 mg, 17%) as yellow wax.

TH NMR (200 MHz, CDCl3) § 8.21 (m, 2H, H-2), 7.76 (m, 2H, H-4),
6.93 (m, 2H, H-5), 5.95 (s, 1H, CHPyr3), 3.18 (brs, 1H, OH). *C NMR
(50 MHz, CDCl3) 6 163.4 (d, ] = 240.8 Hz, C-6), 145.9 (d, ] = 15.0 Hz,
C-2),139.8 (d, ] = 8.2 Hz, C-4), 136.3 (d, ] = 4.6 Hz, C-3), 110.0 (d,
J=374Hz, C-5), 70.7 (CHPyr3). HRMS (ESI) calcd for C;1HgF2NaNaO
(M + Na') 245.0495, found 245.0497.

Bis(6-fluoropyridin-3-yl)methyl 1-methyl-1,2,5,6-
tetrahydropyridine-3-carboxylate (3f). Arecaidine (30.0 mg,
0.213 mmol) was suspended in dry DMF (4 mL) and heated gently
until almost everything dissolved. CDI (34.5 mg, 0.213 mmol) was
added as solid. After 1 h sodium bis(6-fluoropyridin-3-yl)meth-
anolate (1.04 mL of a 0.1 g/mL solution, 0.426 mmol) was added and
the reaction mixture was stirred for 24 h at 20 °C. The reaction
mixture was poured on water (15 mL) and extracted with EE (3x
15 mL). The organic phase was washed with water (10 mL), dried
over Na S0y, concentrated under reduced pressure and purified by
preparative TLC (EE; Rf = 0.08—0.10) as well as preparative TLC on
alox (PE:EE = 2:1), yielding the product as colorless oil (1.8 mg, 3%).

'H NMR (500 MHz, CDCl3) 6 8.24 (m, 2H, Pyr H-2), 7.74 (m, 2H,
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Pyr H-4), 7.32 (m, 1H, H-4), 7.00 (s, 1H, CHPyr3), 6.99 (m, 2H, Pyr H-
6), 4.21 (m, 1H, H-2), 3.54 (m, 1H, H-6) 3.48 (m, 1H, H-2), 3.32 (m,
1H, H-5), 2.92 (s, 3H, NCH3), 2.91 (m, 1H, H-6), 2.58 (m, 1H, H-5). 13C
NMR (125 MHz, CDCl3) 6 163.63 (d, ] = 240.5 Hz, Pyr C-6), 163.59 (d,
J = 240.5 Hz, Pyr C-6), 162.1 (C=0), 146.7 (d, ] = 7.7 Hz, Pyr C-2),
146.6 (d,] = 7.7 Hz, Pyr C-2),140.17 (d, ] = 7.5 Hz, Pyr C-4), 138.6 (C-
4),131.8 (d,J = 4.6 Hz, Pyr C-3),131.5 (d, ] = 4.6 Hz, Pyr C-3),123.2
(C-3),110.3 (d, J = 374 Hz, Pyr C-5), 110.2 (d, J = 37.4 Hz, Pyr C-5),
72.5 (CHPyry), 50.3 (C-2), 493 (C-6), 43.2 (NCH3), 23.1 (C-5). '°F
NMR (471 MHz, CDCl3) 6 —66.6 (ddd, ] = 171 Hz, ] = 7.0 Hz,
J = 2.3 Hz). HRMS (ESI) calcd for C1gH1gFoN302 (M + H') 346.1362,
found 346.1366.

Furan-2-yl(phenyl)methyl 1-methyl-1,2,5,6-
tetrahydropyridine-3-carboxylate (3g). Arecaidine (40.0 mg,
0.284 mmol) was suspended in dry DMF (5 mL) and heated gently
until almost everything dissolved. CDI (46.1 mg, 0.284 mmol) was
added as solid. After 20 min sodium furan-2-yl(phenyl)meth-
anolate (1.11 mL of a 0.1 g/mL solution, 0.568 mmol) was added and
the reaction mixture was stirred for 60 h at 20 °C. The crude re-
action mixture was purified by semipreparative HPLC with Two
injections of 1.5 mL each were performed and the product fractions
were immediately collected on DCM. The combined organic phases
were dried with brine and MgSOy, filtered and evaporated, yielding
the product as a yellowish oil (6 mg, 15%). This work-up procedure
was chosen due to the observed instability of this compound on
silica and alox stationary phases. The isolated compound was suf-
ficiently stable for chemical characterization. Despite storage
at —20 °C, HPLC analysis prior to planned affinity measurements
revealed inacceptable decomposition, excluding it from further
evaluation.

TH NMR (400 MHz, CDCl3) § 7.43 (m, 2H, Ph H-2,6), 7.40 (m, 1H,
Fur H-5), 7.37 (m, 2H, Ph H-3,5), 7.35 (m, 1H, Ph H-4), 712 (m, 1H, H-
4),6.96 (s, 1H, CHPhFur), 6.31 (dd,] = 3.3 Hz,] = 1.9 Hz, 1H, Fur H-4),
6.19 (d, ] = 3.3 Hz, 1H, Fur H-3), 3.19 (m, 2H, H-2), 2.50 (m, 2H, H-6),
2.41 (s, 3H, NCH3), 2.38 (m, 2H, H-5). 3C NMR (100 MHz, CDCl3)
0164.5 (C=0),152.4 (Fur C-2),143.2 (Fur C-5),138.5 (C-4),137.5 (Ph
C-1),128.8 (C-3),128.5 (Ph C-3,5), 128.3 (Ph C-4), 1271 (Ph C-2,6),
70.3 (CHPhFur), 53.1 (C-6), 50.7 (C-6), 45.7 (NCH3), 26.6 (C-5). >N
NMR (41 MHz, CDCl3) § —349.5 (NCH3). HRMS (ESI) caled for
CigHoNO3 (M + H') 298.1438, found 298.1433.

2-0x0-1,2-diphenylethyl 1-methyl-1,2,5,6-
tetrahydropyridine-3-carboxylate (3h). Arecaidine (40.0 mg,
0.284 mmol) was suspended in dry DMF (5 mL) and heated gently
until almost everything dissolved. CDI (46.1 mg, 0.284 mmol) was
added as solid. After 1 h (+)-benzoin (121 mg, 0.568 mmol) was
added and the reaction mixture was stirred for 5 days at 20 °C. The
reaction mixture was poured on water (15 mL) and extracted with
EE (3x 15 mL). The combined organic phases were dried over
Na;S04 and concentrated under reduced pressure, Half of the
resulting residue was purified by preparative TLC (EE;
Rf = 0.17—0.40), yielding the product as colorless oil (12.0 mg, 3%).

TH NMR (400 MHz, CDCl3) § 7.95 (m, 2H, COPh H-2,6), 7.51 (m,
1H, COPh H-4), 7.48 (m, 2H, Ph H-2,6), 7.40 (m, 2H, COPh H-3,5),
737 (m, 1H, Ph H-4), 7.35 (m, 2H, Ph H-3,5), 7.17 (m, 1H, H-4), 6.91
(s, 3H, CHPh), 3.20 (m, 2H, H-2), 2.52 (m, 2H, H-6), 241 (s, 3H,
NCH3), 2.40 (m, 2H, H-5). *C NMR (100 MHz, CDCls) 6 193.9 (COPh),
165.0 (COO0), 139.2 (C-4), 134.7 (COPh C-1), 133.8 (Ph C-1), 133.4
(COPh C-4), 129.2 (Ph C-4), 129.1 (Ph C-3,5), 128.8 (COPh C-2,6),
128.62 (COPh C-3,5), 128.56 (Ph C-2,6), 128.2 (C-3), 77.3 (CHPh),
52.9 (C-2), 50.6 (C-6), 45.6 (NCH3), 26.6 (C-5). HRMS (ESI) calcd for
C21H23NO3 (M + H') 336.1594, found 336.1600.

N-benzhydryl-1-methyl-1,2,5,6-tetrahydropyridine-3-
carboxamide (3i). Arecaidine (20.0 mg, 0.142 mmol) was sus-
pended in dry DMF (3 mL) and heated gently until almost every-
thing dissolved. CDI (23.0 mg, 0.142 mmol) was added as solid.
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After 1 h benzhydrylamine (52.0 mg, 0.284 mmol) was added and
the reaction mixture was stirred for 18 h at 20 °C. DMF was evap-
orated under reduced pressure and the residue was purified by
preparative TLC (DCM:MeOH = 20:1; R¢ = 0.36—0.47 when devel-
oped twice; subsequently: DCM:MeOH = 30:1, analytical TLC plate,
Rf = 0.11-0.27). The product was obtained as colorless oil (5.3 mg,
12%).

'H NMR (400 MHz, CDCl3) 6 7.33 (m, 4H, Ph H-3,5), 7.27 (m, 2H,
Ph H-4), 7.23 (m, 4H, Ph H-2,6),6.56 (m, 1H, H-4), 6.28 (m, 2H,
CHPhy, NH), 3.26 (m, 2H, H-2), 2.57 (t,] = 5.7 Hz, 2H, H-6), 2.44 (s,
3H, NCHs), 2.38 (m, 2H, H-5). 3C NMR (100 MHz, CDCl3) 6 165.8
(C=0), 1414 (Ph C-1), 132.4 (C-3), 130.1 (C-4), 128.7 (Ph C-3,5),
127.5 (Ph C-4),127.4 (Ph C-2,6), 56.9 (CHPhy), 53.2 (C-2), 50.8 (C-6),
455 (NCH3), 25.8 (C-5). >N NMR (41 MHz, CDCl3) 6 —260.3
(CONH), —348.9 (NCH3). HRMS (ESI) caled for CygHz2N;NaO
(M + Na') 329.1624, found 329.1634.

2-[2-(2-methoxyethoxy)ethoxy]ethyl 1-methyl-1,2,5,6-tetra-
hydropyridine-3-carboxylate (3j). Arecaidine (20.0 mg,
0.142 mmol) was suspended in dry DMF (2 mL) and CDI (23.0 mg,
0.142 mmol) was added as solid. The suspension was gently heated
until a solution was obtained. Triethylene glycol monomethyl ether
(50 pL, 0.312 mmol) was added and the reaction mixture was
stirred for 60 h at rt. The solvent was evaporated and the residue
was purified by preparative TLC (PE:EE = 2:1; Ry = 0.22—0.38). The
product was obtained as colorless oil (7.2 mg, 18%).

'H NMR (400 MHz, CDCl3) 6 7.03 (m, 1H, H-4), 4.29 (m, 2H, TEG
H-1), 3.73 (m, 2H, TEG H-2), 3.66 (m, 4H, TEG H-3,4), 3.65 (m, 2H,
TEG H-5), 3.55 (m, 2H, TEG H-6), 3.38 (s, 3H, OCH3), 3.17 (m, 2H, H-
2),2.52(t,] = 5.6 Hz, 2H, H-6), 2.42 (s, 3H, NCH3), 2.38 (m, 2H, H-5).
13C NMR (100 MHz, CDCl3) 6 165.6 (C=0), 137.8 (C-4), 128.7 (C-3),
71.9 (TEG C-6), 70.62 (TEG C-3)*, 70.61 (TEG C-4)*, 70.58 (TEG C-
5)*,69.2 (TEG C-2), 63.6 (TEG C-1), 59.0 (OCH3), 53.1 (C-2), 50.7 (C-
6), 45.6 (NCH3), 26,5 (C-5). >N NMR (41 MHz, CDCl3) 6 —349.7
(NCH3). HRMS (ESI) calcd for C14H26NOs (M + H™) 288.1805, found
288.1815. *indistinguishable.

N-cyclohexyl-N-(cyclohexylcarbamoyl)-1-methyl-1,2,5,6-
tetrahydropyridine-3-carboxamide (3k). Arecaidine (30.0 mg,
0.213 mmol) and diphenylmethanol (78.3 mg, 0.425 mmol) were
suspended in dry DMF (1.5 mL) and dry DCM (0.5 mL). DMAP (3 mg,
0.025 mmol) was added at 20 °C and the reaction mixture was
cooled to 0 °C. DCC (48.2 mg, 0.234 mmol) was added as solution in
DMF (0.5 mL) and the reaction mixture was stirred at 0 °C for
10 min, at 20 °C for 40 min and at 70 °C for 30 min. The solvent was
evaporated and the residue was purified by preparative TLC
(DCM:MeOH = 11:1; R = 0.20—0.50). The product was obtained as
off-white solid (50.9 mg, 69%). Crystals suitable for single-crystal X-
ray crystallography were grown from CDCls/hexane by slow evap-
oration of solvents. Crystallographic analysis is described in the
Supporting Information.

TH NMR (400 MHz, CDCl3) § 6.77 (d, ] = 7.5 Hz, 1H, NH), 6.15 (m,
1H, H-4), 4.01 (m, 1H, Cy1 H-1a), 3.63 (m, 1H, Cy2 H-1a), 3.13 (m,
2H, H-2),2.51(t,] = 5.7 Hz, 2H, H-6), 2.39 (s, 3H, NCH3), 2.28 (m, 2H,
H-5), 2.03 (m, 2H, Cy1 H-2a,6a), 1.91 (m, 2H, Cy2 H-2a,6a), 1.78 (m,
2H, Cy1 H-3a,5a), 1.73 (m, 2H, Cy1 H-2b,6b), 1.69 (m, 2H, Cy2 H-
3a,5a), 1.60 (m, 2H, Cy1,2 H-4a), 1.35 (m, 2H, Cy2 H-3b,5b), 1.27 (m,
2H, Cy1 H-3b,5b), 117 (m, 4H, Cy1,2 H-4b, Cy2 H-2b,6b). *C NMR
(100 MHz, CDCl3) 6 171.5 (C=0), 154.3 (NCON), 134.3 (C-3),127.6 (C-
4),57.7 (Cy1 C-1),54.1(C-2),50.9(C-6),49.6 (Cy2 C-1), 45.6 (NCH3),
32.7 (Cy2 C-2,6), 30.9 (Cy1 C-2,6), 26.3 (Cy1 C-3,5), 25.54 (C-5),
25.47 (Cyl C-4)* 25.3 (Cy2 C-4)*, 24.7 (Cy2 C-3,5). N NMR
(41 MHz, €DCl3) 6 —350.7 (NCH3). HRMS (ESI) caled for CaoH34N30;
(M + H") 348.2646, found 348.2654. *indistinguishable.

Note: The initial intention of this reaction was the synthesis of
3b, however, the N-acylurea was isolated under the given condi-
tions. For the synthesis of 3k the addition of diphenylmethanol can

be omitted.
2-0x0-2-(6-0x0-5,6-dihydro-11H-benzo[e]pyrido[3,2-b][1,4]

diazepin-11-yl)ethyl 1-methyl-1,2,5,6-tetrahydropyridine-3-
carboxylate (3l). Arecaidine (19.6 mg, 0.139 mmol) was sus-
pended in dry DMF (3 mL) and heated gently until almost every-
thing dissolved. NaH (8.3 mg of a 60% dispersion, 0.208 mmol) was
added and the mixture was stirred for 1 min. 11-(chloroacetyl)-
5,11-dihydro-6H-pyrido[2,3-b][1,4]benzodiazepin-6-one (40.0 mg,
0.139 mmol) and Nal (20.8 mg, 0.139 mmol) was added and the
mixture was heated to 70 °C for 1 h. DMF was evaporated in vacuo,
the residue was suspended in DCM and filtered. The product was
isolated from the filtrate by preparative TLC (DCM:MeOH = 12:1;
Rf = 0.19—0.38) and appeared as white solid (6.9 mg, 13%).

'H NMR (600 MHz, CDCl5) 6 9.74 (brs, 1H, CONH), 8.31 (brs, TH,
Ar H-2),7.96 (d,] = 7.7 Hz, 1H, Ar H-7), 7.63 (m, 2H, Ar H-9,10), 7.62
(dd,J=7.9Hz,] = 1.6 Hz, 1H, Ar H-4), 7.43 (m, 1H, Ar H-8), 7.33 (dd,
J =79 Hz, ] = 4.8 Hz, 1H, Ar H-3), 6.88 (m, 1H, H-4), 5.02 (m, 1H,
COCH3), 4.71 (d, ] = 12.5 Hz, 1H, COCH3), 3.20 (d, ] = 16.2 Hz, 1H, H-
2),3.02(d,J = 16.2 Hz, 1H, H-2), 2.55 (m, 1H, H-6), 2.45 (m, 1H, H-6),
239 (s, 3H, NCH3), 2.35 (m, 2H, H-5). 3C NMR (151 MHz, CDCl3)
0 167.6 (NHCO), 166.8 (NCO), 164.7 (CO0), 145.6 (Ar C-11a), 145.3 (Ar
C-2), 140.3 (Ar C-10a), 139.0 (C-4), 133.5 (Ar C-9), 131.5 (Ar C-7),
130.9 (Ar C-4a), 130.6 (Ar C-4), 128.4 (Ar C-8,10), 127.9 (C-3), 124.7
(Ar C-3), 62.8 (CH;0), 52.9 (C-2), 50.7 (C-6), 45.6 (NCH3), 26.5 (C-
5).* HRMS (ESI) calcd for C21H21N404 (M + H™) 393.1557, found
393.1563.

* one quaternary carbon (Ar C-6a) could not be found.

Methyl 1-(2-o0x0-2-(6-0x0-5,6-dihydro-11H-benzo[e]pyrido
[3,2-b][1,4]diazepin-11-yl)ethyl)-1,2,5,6-tetrahydropyridine-3-
carboxylate (3m). Guvacoline (9.0 mg, 0.0638 mmol) was dis-
solved in dry ACN (3 mL) and NaHCOs3 (5.4 mg, 0.0638 mmol) and
11-(chloroacetyl)-5,11-dihydro-6H-pyrido[2,3-b][ 1,4]benzodiaze-
pin-6-one (18.3 mg, 0.0638 mmol) were added. The reaction
mixture was stirred for 20 min at 70 °C and for 60 h at 20 °C, filtered
and purified by preparative TLC (EE; Rf = 0.16—0.32). The product
was obtained as off-white solid (6.7 mg, 27%).

'H NMR (400 MHz, CDCl3) é 9.60 (brs, 1H, CONH), 8.29 (brs, 1H,
Ar H-2), 796 (m, 1H, Ar H-7), 7.64 (m, 2H, Ar H-9,10), 7.55 (dd,
] =79 Hz, ] = 1.3 Hz, 1H, Ar H-4), 7.44 (m, 1H, Ar H-8), 7.28 (dd,
] =79 Hz, | = 47 Hz, 1H, Ar H-3), 6.87 (m, 1H, H-4), 3.66 (m, 1H,
COCH3), 3.63 (s, 3H, OCH3), 3.40 (d, ] = 15.0 Hz, 1H, COCH,), 3.18 (m,
1H, H-2), 2.94 (m, 1H, H-2), 2.56 (m, 1H, H-6), 2.36 (m, 1H, H-6), 2.20
(m, 1H, H-5), 2.05 (m, 1H, H-5). 3C NMR (151 MHz, CDCl3) 6 169.6
(NHCO), 168.0 (NCO), 166.0 (CO0), 147.2 (Ar C-11a), 144.9 (Ar C-2),
140.7 (Ar C-10a), 137.5 (C-4), 133.4 (Ar C-9), 131.3 (Ar C-7), 130.6 (Ar
C-4a),129.8 (Ar C-4),128.7 (Ar C-6a),128.5 (Ar C-10),128.1 (Ar C-8),
123.9 (Ar C-3), 60.3 (COCH3), 51.5 (OCH3), 50.8 (C-2), 48.3 (C-6),
26.3 (C-5). HRMS (ESI) calcd for C21H21N4O4 (M + H') 393.1557,
found 393.1565.

4-methylmorpholine-2-carbonitrile (4). A solution of 2-
chloroacrylonitrile (1.37 mL, 171 mmol) in dry THF (3 mL) was
added to a stirred solution of N-methylethanolamine (1.38 mlL,
17.1 mmol) in dry THF (3 mL). After 40 min the solution was cooled
to 0 °C and KO'Bu (1.92 g, 17.1 mmol) was added in portions. The
reaction mixture was stirred for 10 min on ice, before THF was
removed under reduced pressure. The crude product was purified
by Kugelrohr distillation to yield a colorless liquid (1.24 g, 57%).

'H NMR (400 MHz, CDCl3) 6 4.59 (m, 1H, H-2), 4.00 (m, 1H, H-6),
3.75 (m, 1H, H-6), 2.70 (m, 1H, H-3), 2.56 (m, 1H, H-5), 2.52 (m, 1H,
H-3), 2.32 (m, 1H, H-5), 2.31 (s, 3H, NCH3). '3C NMR (151 MHz,
CDCl3) 117.1 (CN), 65.0 (C-6), 64.2 (C-2), 56.6 (C-3), 54.1 (C-5), 46.0
(NCH3). HRMS (ESI) caled for CgHyN20 (M + H') 127.0866, found
127.0869.

2-carboxy-4-methylmorpholin-4-ium bromide (5). 4 (1.24 g,
9.83 mmol) was refluxed in H;0 (6 mL) containing 48% aq. HBr
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solution (6 mL) for 1.5 h. The reaction mixture was evaporated to
dryness. The product was separated from NH4Br by fractional
crystallization from H,O and drying in high vacuum at 50 °C. The
product appeared as white crystals (1.68 g, 76%) suitable for single
crystal X-ray crystallography.

TH NMR (400 MHz, D,0) 4.52 (m, 1H, H-2), 4.26 (m, 1H, H-6),
3.98 (m, 1H, H-3), 3.91 (m, 1H, H-6), 3.56 (m, 1H, H-5), 3.20 (m, 1H,
H-5), 3.19 (m, 1H, H-3), 2.99 (s, 3H, NCH3). *C NMR (151 MHz, D;0)
171.1 (COOH), 72.8 (C-2), 64.3 (C-6), 54.3 (C-3), 53.1 (C-5), 44.2
(NCH3). HRMS (ESI) caled for CgHq,NO3 (M + H™) 146.0812, found
146.0815.

N-benzhydryl-4-methylmorpholine-2-carboxamide (6). 4
(100 mg, 0.793 mmol) and diphenylmethanol (146 mg,
0.793 mmol) were stirred in formic acid (2 mL) at 90 °C for 5 days.
The reaction mixture was cooled to 20 °C, poured on water (15 mL)
and extracted with DCM (3x10 mL). The organic phases were
combined, dried with Na,SO4 and half of the total volume was
subjected to preparative TLC (EE, R = 0.04—0.13). The product
appeared as off-white, crystalline solid (13 mg, 11%).

TH NMR (400 MHz, CDCls) 6 7.33 (m, 4H, Ph H-3,5), 7.27 (m, 2H,
Ph H-4), 7.23 (m, 4H, Ph H-2,6), 7.19 (brd, ] = 8.5 Hz, 1H, CONH), 6.25
(d,J = 8.5 Hz, 1H, CHPhy), 414 (dd, J = 10.7 Hz, | = 2.7 Hz, 1H, H-2),
3.94 (m, 1H, H-6), 3.75 (m, 1H, H-6), 3.24 (m, 1H, H-3), 2.71 (m, 1H,
H-5), 2.34 (s, 3H, NCH3), 217 (m, 1H, H-5), 2.01 (m, 1H, H-3). 13C
NMR (100 MHz, CDCl3) é 168.7 (CONH), 141.30 (Ph C-1), 141.28 (Ph
C-1), 128.66 (Ph C-3,5), 128.64 (Ph C-3,5), 127.50 (Ph C-4), 127.44
(Ph C-2,6), 127.42 (Ph C-4), 127.26 (Ph C-2,6), 75.2 (C-2), 66.3 (C-6),
56.9 (C-3), 56.1 (CHPhy), 54.2 (C-5), 45.8 (NCHj3). 5N NMR (41 MHz,
CDCl3) & —259.3 (CONH), —345.7 (NCH3). HRMS (ESI) caled for
C1oH23N202 (M + H™) 311.1754, found 311.1759.

Benzhydryl 4-methylmorpholine-2-carboxylate (7). 5
(80.0 mg, 0.354 mmol) was suspended in dry DMF (3 mL) and
heated gently until almost everything dissolved. CDI (86.1 mg,
0.531 mmol) was added as solid. After 30 min sodium diphe-
nylmethanolate (2.2 mL of a 0.1 g/mL solution, 1.06 mmol) was
added and the reaction mixture was stirred for 18 h at 20 °C. The
reaction mixture was poured on water (30 mL) and extracted with
EE (3x 15 mL). The organic phase was concentrated under reduced
pressure and half of it was purified by preparative TLC (PE:EE = 1:1;
Rf = 0.16—0.35). The product was obtained as colorless 0il (13.0 mg,
24%).

"H NMR (400 MHz, CDCl3) 6 7.34 (m, 4H, Ph H-2,6), 7.33 (m, 4H,
Ph H-3,5), 7.29 (m, 2H, Ph H-4), 6.98 (s, 1H, CHPh3), 4.31 (dd,
J=89Hz,] =29 Hz, 1H, H-2), 4.03 (m, 1H, H-6), 3.70 (m, 1H, H-6),
2.95 (m, 1H, H-3), 2.55 (m, 1H, H-5), 2.34 (m, 1H, H-3), 2.31 (s, 3H,
NCH3), 2.26 (m, 1H, H-5). *C NMR (100 MHz, CDCl3) § 169.0 (C=0),
139.7 (Ph C-1), 139.6 (Ph C-1), 128.5 (Ph C-3,5), 128.03 (Ph C-4),
127.97 (Ph C-4),127.2 (Ph C-2,6),127.0 (Ph C-2,6), 77.3 (CHPhy), 74.4
(C-2), 66.1 (C-6), 56.4 (C-3), 54.3 (C-5), 46.2 (NCH3). >N NMR
(41 MHz, CDCl3) 6 —347.2 (NCH3). HRMS (ESI) calcd for CjgH22NO3
(M + H") 312.1594, found 312.1589.

1-(4-methylmorpholin-2-yl)-2-phenylethan-1-one (8). Mg
turnings (116 mg, 4.76 mmol) were stirred in dry Et;0 (2 mL) and
activated with BrCH,CH;Br (two drops). Benzyl chloride (602 mg,
4.76 mmol) in dry Et;0 (3 mL) was added dropwise at 20 °C and the
reaction mixture was stirred for 30 min. 4 (200 mg, 1.59 mmol) in
Et;0 (3 mL) was added dropwise at 0 °C and the reaction mixture
was stirred at room temperature for 1.5 h. The reaction was
quenched with 1M aq. HCl (4 mL) and subsequently NaOH (0.5 g)
was added. The resulting suspension was extracted with Et;0 (3x
10 mL) and combined organic phases were dried with NazSO4 and
evaporated. One third of the crude product was purified by pre-
parative TLC (DCM:MeOH = 30:1; Rf = 0.22—0.61), yielding a
yellowish oil (14 mg, 12%).

TH NMR (400 MHz, CDCl3) 6 7.31 (m, 2H, Ph H-3,5), 7.25 (m, 1H,
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Ph H-4), 7.20 (m, 2H, Ph H-2,6), 4.07 (dd, ] = 10.3 Hz, ] = 2.8 Hz, 1H,
H-2), 3.99 (m, 1H, H-6), 3.92 (d, J = 16.0 Hz, 1H, CH,Ph), 3.87 (d,
J=16.0Hz,1H, CH,Ph), 3.70 (m, 1H, H-6), 2.95 (m, 1H, H-3), 2.63 (m,
1H, H-5), 2.29 (s, 3H, NCH3), 2.14 (m, 1H, H-5), .94 (m, 1H, H-3). 13C
NMR (100 MHz, CDCl3) 6 206.6 (C=0), 133.6 (Ph C-1), 129.7 (Ph C-
2,6),128.5 (Ph C-3,5), 126.9 (Ph C-4), 80.1 (C-2), 66.7 (C-6), 56.0 (C-
3), 54.5 (C-5), 46.2 (NCH3), 45.2 (CH»Ph). >N NMR (41 MHz, CDCls)
6 —346.8 (NCH3). HRMS (ESI) caled for Ci3HigNO; (M + HY)
220.1332, found 220.1337.

4.4. M1-MS5 affinity determination

Membranes containing human M1, M2, M3, M4 or M5 receptors
and CHO-K1 wild type membranes were prepared from the
respective cell line according to a protocol adapted from Klotz et al.
[48] Cells were grown to confluence in T175 flasks for membrane
preparation. The medium was removed and the cell layer was
washed with ice-cold PBS and suspended with a cell scraper in 2
mL/flask 10 mM Tris{HCl, 1 mM EDTA-buffer (pH 7.4) and 200 pL/
flask of protease inhibitor. Cells were disrupted by passing the
suspension through a G29 needle and the resulting homogenate
was centrifuged (10 min, 1000xg, 4 °C). The supernatant was again
centrifuged (30 min, 100,000 g, 4 °C) and the resulting membrane
pellet was suspended in 125 pL/flask 50 mM Tris/HCl-buffer (pH
7.4) and stored at —80 °C. In one batch typically ten T175 flasks
were processed to membranes. The protein concentration of the
membrane suspension was assessed with a photometric BCA assay
and ranged from approx. 500—3000 pg/mL.

Stock solutions of compounds for affinity testing were prepared
in DMSO and 50 mM Tris/HCI, 10 mM MgCl, 1 mM EDTA (pH 7.4)
was used as assay buffer. The radioligand binding assay was per-
formed in PP test tubes by mixing 5 pL of test compound in DMSO,
50 uL of [N-methyl->H]scopolamine methyl chloride in assay buffer
and 445 pL of membrane suspension in assay buffer. 5 puL of 1 pM
scopolamine was used instead of test compound to measure the
nonspecific binding and 5 pL DMSO were used to assess the
maximum binding potential. Effective concentrations of radio-
ligand were 0.2 nM, 0.3 nM, 0.8 nM, 0.2 nM, 1 nM for M1-M5 and
4—30 pg membrane were used per tube. After 1.5 h incubation at
23 °C the membrane bound radioactivity was recovered by filtra-
tion through GF/B glass fibre filters pre-soaked in 0.1% PEI and
measured in a f-counter.

At least five distinct concentrations of test compound (each
pipetted in triplicate) were used to calculate the 1Csq by a variable
slope logistic regression in GraphPad Prism®. Inhibition constants
(Kj) were calculated with the Cheng-Prusoff equation, with radio-
ligand Kp values of 0.18 nM, 0.24 nM, 0.23 nM, 0.10 nM and 0.35 nM
for M1-M5 as determined in the Supporting Information
(Table S1). Results are given as average of at least three indepen-
dent experiments.

4.5. EeAChE affinity and metabolism

Ellman’s assay was performed according to a modified protocol
from literature [30]. Briefly, 5 pL sample solution were pipetted in
two columns of a flat bottom 96-well-plate and in the first two
rows 5 uL water was used as a blank. Then 200 pL of the enzyme
solution (0.0682 pg/mL) were added column after column. After
4 min, 48.8 pL of DTNB (0.5 mM) was added. After another minute
for each row 48.8 L of a different concentration of ATI (3 mM,
1.5 mM, 0.75 mM, 0.375 mM or 0.188 mM) was added. After 2 min
the plate was placed in the photometric microplate reader, where
the absorbance was measured in 10 s intervals for 10 min at
405 nm. For each sample concentration reciprocal ATI concentra-
tions were plotted against the reciprocal slope of the kinetic
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measurement (sec/OD) and the resulting slope was plotted against
the sample concentrations. The K; was determined as the negative
abscissa intercept of this plot. Graphs are depicted in the Sup-
porting Information, Fig. S6. Every sample was tested in three in-
dependent experiments. Sample solutions were prepared by
prediluting 10 mM DMSO stock solutions of arecoline, 3b—m, 6—8
and tacrine 1:10 in water to suppress the AChE inhibitory effect of
DMSO [49].

To study the EeAChE metabolism a solution containing the same
concentration of the sample and the enzyme as used in the Ellman’s
Assay was prepared and incubated at 20 °C for 10 min and 60 min.
For the blank water was used instead of enzyme solution. At the
given timepoints the solution was quenched with ACN:MeOH = 1:1
and analyzed by RP-HPLC. The sample peak area of the enzyme-
containing solution and the blank was compared using a multiple
comparisons 2way ANOVA.

4.6. Ligand docking

Ligand docking was performed in LigandScout 4.4_RC6 with a
crystal structure of a human M1 mAChR bound to tiotropium [5]
using AutoDock 4.2 with default settings. Protonated 3¢ and tio-
tropium were docked to the orthosteric binding site and pharma-
cophores were generated to compare their interaction with the
environment. 3¢ features a calculated pKa of 7.99 (MarvinSketch
17.24) and therefore was docked in its protonated form to account
for the expected higher abundance of this species under physio-
logical conditions. The used sequence of crystal structure of the M1
receptor features also a small second chain. Mentioned residue
numbers are suffixed with ‘A’ in order to be unambiguous and to
stick with the PDB nomenclature.

4.7. Radiochemistry

For small scale reactions [''C|CH3l was trapped in 1.7 mL sol-
vent. 200 pL of this solution were added to 1 mg of precursor in
200 pL solvent, whereat different solvents, reaction time and
temperature were tested. The reaction mixture was quenched with
100 pL H»0 and analyzed with radio-HPLC. The non-isolated
radiochemical yield [36] was determined by dividing the AUC of
the product by the total AUC.

For automated syntheses [''C]CH3l was trapped in a reaction
vessel containing 1 mg of precursor dissolved in 0.5 mL DMSO. The
reaction mixture was heated to 80 °C for 2 min, cooled to 25 °C,
quenched with 1 mL HPLC eluent and purified by preparative HPLC
(conditions summarized in Table 7). The product fraction was
collected in a stirred bulb containing 100 mL water. A solid phase
extraction cartridge was used to isolate the product from the pre-
dominantly aqueous solution. The immobilized product was
washed with 10 mL water, eluted with 1.5 mL ethanol and collected
in a glass vial containing 6 mL sterile PBS. Subsequently, the car-
tridge was furthermore rinsed with 5 mL 0.9% NaCl solution to
recover small amounts of remaining product.

4.8. Metabolic stability

15 uL microsomes were preincubated in 257 uL PBS, 15 uL so-
lution A and 3 pL solution B by gently shaking at 37 C for 10 min.
10 uL of tracer solution was added and 50 pL samples were taken at
0,10, 20, 40 and 60 min. The samples were immediately quenched
wit 50 L ACN:MeOH = 1:1, centrifuged at 21,500 g for 5 min and
50 pL of the supernatant was analyzed with radio-HPLC. Peak areas
of appearing radiometabolites were decay corrected for their
retention times and related to the total peak area.

For metabolite identification a solution of 3b in EtOH (10 mg/
mL) was used instead of tracer solution. 50 mM NH4Ac pH 9.3 was
used as mobile phase to allow for HRMS measurement of the
collected fraction.

4.9. Serum protein binding

5—20 pL tracer solution (depending on the activity concentra-
tion) was incubated with 1 mL human serum or 1 mL PBS for
50 min at 23 °C. Afterwards, 200 pL of the resulting mixture was
pipetted on a filter and the total activity was measured prior
filtration. Free tracer was separated from protein-bound tracer by
ultrafiltration of 200 pL in Centrifree (2100 g, 50 min) or Microcon
(14,000 g, 40 min) filters. The amount of free tracer was determined
from a measurement of a defined volume of the filtrate (usually
100 pL), which is corrected for time and to the theoretical total
volume of 200 pL. The given ff% is corrected for nonspecific binding
determined from the PBS measurement. Ultrafiltration of serum
was performed in technical triplicates.

4.10. Kinetic studies using LigandTracer

Briefly, the LigandTracer system consists of a tilted, slowly
rotating petridish containing medium with radioligand and locally
seeded target cells. A radiodetector mounted above the upper part
of the tilted dish measures the cell bound activity with every rev-
olution and thus can follow the interaction kinetics between radi-
oligand and cells in real-time.

One day before the experiment 1 x 108 CHO-M1 cells were
suspended in a volume of 1 mL medium and pipetted on an area of
1 cm? close to the edge of a petri dish. The cells were allowed to
attach in the incubator overnight. 20 min prior to the measurement
the medium was replaced with 3 mL FBS-free medium. The petri
dish was placed on the LigandTracer device and a baseline mea-
surement was started. In case of a preblocking experiment, this
medium contained 10 pM scopolamine. The run was paused and
carbon-11 labeled product solution was added via micropipette to
reach the desired concentration and the run was continued until
equilibrium was reached (detection time: 5 s, detection delay time:
0 s). A single petri dish was used to follow the interaction at up to
three concentrations.

Table 7

Separation conditions for semi-preparative HPLC during radiosynthesis.
Cpd. Column Eluent Flow [mL/min] Kprec. Kprod.
3a Supelcosil™ LC-ABZb, 5 pm, 250 x 10 mm 15% ACN, 85% pH 9.3 5.0 3.25 4.88
3j Supelcosil™ LC-ABZb, 5 pm, 250 x 10 mm 20% ACN, 80% pH 9.3 5.0 1.70 2.37
3b Supelcosil™ LC-ABZb, 5 um, 250 x 10 mm 50% ACN, 50% pH 9.3 5.0 2.63 4.60
3c Supelcosil™ LC-ABZb, 5 pm, 250 x 10 mm 50% ACN, 50% pH 9.3 7.5 3.12 4,60
3i Nucleodur PolarTec, 5 pm, 250 x 10 mm 45% ACN, 55% pH 9.3 5.0 2.60 3.92
3k ProntoSIL 120C18 ace-EPS, 5 um, 250 < 10 mm 60% ACN, 40% pH 6.8 5.0 1.75 3.33

38



- Results and discussion -

M. Ozenil et al. / European Journal of Medicinal Chemistry 204 (2020) 112623 17

4.11. Direct radioligand binding assay using ["C]3c

One day before the experiment CHO-M1 cells and wild type
CHO cells were seeded to six-well plates (2.5 x 10° cells per well).
The medium was removed and the cells were incubated with
0.3 nM, 3 nM or 30 nM ["'C]3c in FBS free medium containing
10 pM scopolamine, 10 pM pirenzepine or no competitor for
20 min at 20 °C. For the experiment at < 4 °C the sixwell plates
were put on ice 15 min prior to and during the incubation and the
used incubation solutions were put on ice previously. The super-
natant was removed and the cells were quickly washed with 3 mL
icecold PBS. Cells were detached by shaking them for 10 min with
0.5 mL trypsin at 20 °C. The cell suspensions were transferred to PP
test tubes and each well was rinsed with 1 mL medium. The tubes
were measured in a gamma counter for 30 s. The resulting count
rate of the cell bound activity was corrected for decay and
normalized to the incubation without competitor for each con-
centration. The experiment was performed in technical triplicates.

4.12. In vitro autoradiography

Autoradiography was performed on sagittal mouse brain sec-
tions of two different individuals using [''C|3c¢ and [''C]pir-
enzepine as a reference according to a previously published
protocol described for [*H]pirenzepine [50]. In brief, thawed and
dried cryo-sections were pre-incubated in 50 mM KH3POQ4 buffer
(pH 7.4) following radioligand incubation for 40 min using the same
buffer at 20 °C. Radioligand concentration was chosen with respect
to affinity and molar activity (15 nM ['C]pirenzepine; 3 nM and
30 nM [''C]3¢). Vicinal sections were co-incubated using 10 pM
scopolamine or atropine as blocking agents. To remove unbound
radioligand, sections were washed twice in ice-cold assay buffer for
5 min and dipped in ice-cold water. Dry sections were exposed to a
phosphor screen in a lightproof cassette overnight. Stored radio-
activity was read-out using a Cyclone Phosphor Imager and digital
autoradiograms were generated using OptiQuant Software
(PerkinElmer).

4.13. Statistical analysis

All experiments were performed in at least three repetitions and
values were expressed as mean + standard deviation, if not stated
otherwise. Statistical tests were performed with GraphPadPrism 6.
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Abstract: Muscarinic acetylcholine receptors (mAChRs) are a pivotal constituent of the central and
peripheral nervous system. Yet, therapeutic and diagnostic applications thereof are hampered by the
lack of subtype selective ligands. Within this work, we synthesized and chemically characterized three
different stereoisomers of hydrobenzoin esters of arecaidine by NMR, HR-MS, chiral chromatography,
and HPLC-logP. All compounds are structurally eligible for carbon-11 labeling and show appropriate
stability in Dulbecco’s phosphate-buffered saline (DPBS) and F12 cell culture medium. A competitive
radioligand binding assay on Chinese hamster ovary cell membranes comprising the human mAChR
subtypes M1-M5 showed the highest orthosteric binding affinity for subtype M1 and a strong influence
of stereochemistry on binding affinity, which corresponds to in silico molecular docking experiments.
K values toward M1 were determined as 99 + 19 nM, 800 + 200 nM, and 380 + 90 nM for the (R,R)-,
(5,5)-, and racemic (R,S)-stereoisomer, respectively, highlighting the importance of stereochemical
variations in mAChR ligand development. All three stereoisomers were shown to act as antagonists
toward mAChR M1 using a Fluo-4 calcium efflux assay. With respect to future positron emission
tomography (PET) tracer development, the (R,R)-isomer appears especially promising as a lead
structure due to its highest subtype selectivity and lowest K; value.

Keywords: muscarinic; drug development; subtype selectivity

1. Introduction

Muscarinic acetylcholine receptors (mAChRs) are G protein-coupled receptors, which are
strongly involved in the parasympathetic nervous system’s signal transduction. mAChRs appear as
five subtypes, which differ in their expression pattern and downstream signaling [1]. However,
their conserved orthosteric binding units hamper subtype selective molecular targeting [2].
Current anticholinergic drugs with market approval are mainly antagonists or inverse agonists [3].
Regarding therapeutic applications, nAChR agonists are in clinical use for the treatment of glaucoma [4],
Sjogren’s syndrome [4], and underactive bladder [5]. mAChR agonists have also been proposed as
promising drugs for the treatment of Alzheimer’s disease symptoms, hitherto, no compound passed
clinical trial phase 3 [6]. Several mAChR antagonists targeting primarily the M1 subtype are used in
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medicine mainly for the treatment of Parkinson’s disease [7] and peptic ulcers [§]. However, the clinical
applicability of mAChR agonists and antagonists is often restrained by side effects related to the
activation or inhibition of other mAChR subtypes [7]. Considering the insufficient penetration of the
blood-brain barrier as well as unsuitable pharmacokinetics and -dynamics in treatment regimens of
e.g., Parkinson's disease, these drugs often merely have peripheral effects on disease symptoms. Hence,
as they do not act on the disease origin [9], they do not have the ability to alter disease progression.
Therefore, clinical management is solely based on symptomatic treatment.

The pivotal role of mAChRs in human physiology and their involvement in neuropathogenesis
is well known, yet the underlying molecular mechanisms remain poorly understood [2]. A suitable
positron emission tomography (PET) tracer targeting the mAChRs would allow for in vivo molecular
imaging of mAChRs and hence strongly contribute to increase the knowledge in mAChR research.
The basic understanding of the molecular mechanism is the only guide to establish personalized
precision medicine based on image-guided therapy applications for central nervous system (CNS)
diseases. Irrespective of numerous efforts, so far, no mAChR PET radiotracer has found widespread
clinical application. Predominantly, this can be attributed to unsuccessful attempts to meet all the
stringent requirements such as high affinity (ca. 3-50 nM) [10], subtype selectivity, metabolic stability,
in vivo specific binding, and many more [11]. The requirements and parameters defining an effective
and safe medication are highly dependent on the purpose (therapy or diagnosis) and the site of
action (central or peripheral targets) and have to be considered already during the drug discovery
process. In contrast to imaging agents, therapeutic CNS drugs allow less stringent attributes in terms of
structure and binding affinity (uM to nM), but toxicology, functionality profile, and functional subtype
selectivity are more in the spotlight [9,12].

Concluding, the repertoire of mAChR ligands for both therapy and diagnosis is characterized
by a lack of high affinity and simultaneously subtype selective compounds. Diphenylmethyl esters
of arecaidine (a and b, Figure 1) were recently discovered as orthosteric mAChR ligands with low
nanomolar affinity and pronounced M1 selectivity. Unfortunately, strong nonspecific binding observed
in the preclinical evaluation restrained their use as PET tracers [13]. Considering that nonspecific
binding is often caused by hydrophobic interactions [14], this work aims to synthesize and evaluate
similar compounds with reduced lipophilicity. In this study, we introduce the synthesis of chiral
hydrobenzoin esters of arecaidine, which are fully characterized by nuclear magnetic resonance (NMR)
spectroscopy and high resolution-mass spectrometry (HR-MS), and the purity was assessed by chiral
and reversed phase-high performance liquid chromatography (HPLC). Physicochemical parameters as
well as stability, affinity, and functionality toward mAChRs were assessed by in vitro methods for all
synthesized compounds. In order to understand the difference in binding affinities, the binding poses
of the novel compounds were assessed by in silico docking studies.

a R=H bR=F
Figure 1. General structure of previously studied diphenylmethyl esters of arecaidine [13].

2. Results and Discussion

2.1. Chemistry

Hydrobenzoin esters of arecaidine were prepared and characterized by NMR spectroscopy, HR-MS,
logP, RP-HPLC, and chiral HPLC. The esterification of (R,R)- and (S,5)-hydrobenzoin (d, f) yielded the
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enantiomerically pure esters 1 and 2, whereas esterification with meso-hydrobenzoin (g) yielded racemic
3 (Figure 2). Previously, arecaidine esters were prepared in low yields via 1,1’-carbonyldiimidazole
(CDI)-mediated esterification [13]. Within this work, we describe a transesterification procedure from
the readily available arecaidine methyl ester (e, arecoline). Regarding the synthesis of hydrobenzoin
esters, the transesterification (synthesis of 2) is characterized by a 70% increased yield and less
experimental effort compared to the CDI-mediated esterification (synthesis of 1). The vicinal coupling
constant of the hydrobenzoin part is the most notable difference in NMR spectra between 1 or 2
(7.2 Hz) to 3 (5.8 Hz). Chiral HPLC confirmed that no racemization occurred during both methods

(Supporting Information).
\OH CDI activation
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Figure 2. Stereoselective synthesis of hydrobenzoin esters of arecaidine.
2.2. Evaluation of Physico-Chemical Parameters and Stability

HPLC—logPDWPI'U-4 values were found to be 2.24 + 0.12 (1=2) and 2.39 + 0.10 (3), which are much
lower compared to arecaidine diphenylmethyl ester (3.32 + 0.04) [13]. Consequently, 1, 2, and 3
are expected to be less prone to nonspecific binding. The predictive power of logP for blood—brain
barrier permeability is controversially discussed, and several desirable logP ranges were postulated.
However, the HPLC-logP,wP!7# values of 1, 2, and 3 comply with every single favorable logP range
compared recently [15]. In addition, other chemical characteristics of 1, 2, and 3, such as molecular
weight (337.42 g/mol), number of hydrogen bonds (3 acceptors, 1 donor), polar surface area (49.8 AZ),
rotatable bond count (6), and possession of a tertiary nitrogen with a positive charge at pH 7-8
(calculated pKa = 7.8) are in good accordance with desired properties for CNS active drugs [16].
Furthermore, analysis by SwissADME [17] indicates that 1, 2, and 3 are no P-glycoprotein substrates
and no PAINS [18] or Brenk [19] alerts were caused.

The stability of 1, 2, and 3 in buffer and cell culture medium was investigated because their
disintegration could impair biological testing. 1, 2, and 3 show a comparable rate of decomposition in
Dulbecco’s phosphate-buffered saline (DPBS) and Ham's F12 cell culture medium at 37 °C over a time
period of 60 h (Figure 3), which is slow enough to allow for biological testing and drug development.
For 1, 2, and 3, the decomposition is faster in Ham’s F12 cell culture medium compared to DPBS.
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After 60 h in DPBS 1, 2, and 3 were decomposed to the same extent (not significantly different in
Sidak’s multiple comparisons test, o« = 0.05). However, the decomposition of 1 in Ham’s F12 cell
culture medium was significantly stronger compared to 2 (p < 0.001) and 3 (p < 0.01). The different
stability of the enantiomers 1 and 2 in Ham's F12 cell culture medium can be attributed to its numerous
chiral constituents. Enantioselectivity in the presence of chiral amino acids is frequently observed
in organic reactions; still, an unequivocal mechanism often remains obscure [20]. For the potential
application as a carbon-11 PET tracer, compounds should exhibit a reasonable stability for at least six
half-lifes (i.e., 2 h). The determined stabilities of 1, 2, and 3 support further development as a carbon-11
PET tracer, as a linear interpolation between the 0 h and 10 h indicates that only 0.8% and 2.5% are
decomposed after 2 h in DPBS and Ham's F12 cell culture medium, respectively.

T 1.04 1.04 1.04
g
8
2
205 0.5 0.5
k<]
€ 1(RR) -»- DPBS 2(S,S) 3 (rac)
E -& Ham'sF12
0.0 T T 1 0.0 r r . 0.0 - - 1
0 20 40 60 0 20 40 60 0 20 40 60
time [h] time [h] time [h]

Figure 3. Stability of 1, 2, and 3 in Dulbecco’s phosphate-buffered saline (DPBS) and Ham's F12 cell
culture medium at 37 °C. Error bars represent the standard deviation.

2.3. In Silico Docking Experiments

Based on the in silico docking experiments, the enantiomers 1 and 2 feature substantially different
binding poses (Figure 4). In addition to the hydrophobic interactions and the ionic Asp105 interaction,
both enantiomers show hydrogen bonds to two amino acid side chains. However, in the predicted
binding pose of 1, the position of the hydroxyl group enables it to act as a hydrogen bond donor and
acceptor to Asn382, which is an amino acid that is known to be strongly involved in the binding of high
affinity antagonists [21]. Conclusively, 1 exhibits an additional hydrogen bond interaction compared
to 2, which can be seen as an indicator for higher affinity.

1

Cys407

Figure 4. Calculated binding poses of protonated 1 and 2 in the orthosteric binding pocket of human
muscarinic acetylcholine receptors (mAChR) M1. Amino acid residues participating in non-hydrophobic
interactions are highlighted. 1 shows hydrophabic interactions to Vall13, Trp157, Leul83, Alal93,
Alal96, Trp378 and 2 to Tyr106, Trp157, Ala193, Ala196, Trp378, Tyr381, and Val385 (not highlighted).

2.4. Biological Evaluation

The expected orthosteric binding of 1, 2, and 3 could be confirmed using [N-methyl-*H]scopolamine
methyl chloride ([*H]NMS) in a competitive radioligand binding assay toward all mAChR subtypes.
All competitive binding curves show a monophasic logistic behavior and justify the use of a one-site
model (supporting information, Figure S1) [22]. Comparing the subtypes, all tested compounds show
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the highest affinity toward M1 followed by M5 and the lowest affinity to M2 (Table 1). However,
the methyl ester of the free acid of 1, 2, and 3 (e, arecoline) shows pronounced mAChR M2 affinity [13],
which illustrates the influence of chemical derivatization on subtype selectivity. 1 is considered most
promising because it displays the highest affinity to the preferred M1 subtype. Furthermore, 1 shows
the strongest subtype selectivity against all subtypes (M1 over M2, M3, M4, and M5) and the highest
overall selectivity between M1 and M2 (19-fold) within the tested compounds. Especially, the 7-fold
M1 over M4 subtype selectivity has to be mentioned. Although it is the second lowest selectivity
compared to the other receptor subtypes, it is even higher than found in pirenzepine (3.5-fold) and
trihexyphenidyl (1.6-fold) [23]. The superior mAChR M1 affinity of the (R,R)-isomer 1 over the
(5,5)-isomer 2 corresponds well to the in silico docking experiments.

Table 1. Inhibition constants (K;) given in nM, determined by competition binding on cell membranes
derived from Chinese hamster ovary (CHO) cells. For data of this work and [13], errors are reported
as standard deviation and for [23], errors are reported as standard error. K; values of this work were
determined using [N-methyl-*H]scopolamine methyl chloride (PHINMS), n > 3.

M1 M2 M3 M4 M5 Source
1(R,R) 99+ 19 1900 + 300 1300 + 600 700 + 300 600+ 75  this work
2(5,9) 800 + 200 8000 + 2000 1600 + 300 2700 £ 600 1300 + 300  this work
3 (rac) 380 +90 3700 £ 1000 3200 £ 500 1600 £200 97090  this work
arecoline 20,300 + 2400 3800 + 890 16,700 £ 5900 4700 + 410 7000 + 570 [13]
pirenzepine 8+1 270+ 10 150 + 10 28+1 170 £ 10 [23]
trihexyphenidyl ~ 1.6 £0.2 7+1 6.4+04 26x04 159+ 0.1 [23]

In terms of mMAChR M1 minimum subtype selectivity, 1 performs better than the clinically
established mAChR M1 antagonists pirenzepine and trihexyphenidyl (Figure 5) and also better
than our recent top candidates for mAChR M1 PET imaging [13]. Given the lower affinity of 1
compared to pirenzepine, antagonistic mAChR M1 treatment with 1 would require a higher dose,
which might be well tolerated due to the broader M1 subtype selectivity. Compounds featuring
two aromatic rings are very prominent in mAChR drug development. However, to the best of our
knowledge, the hydrobenzoin scaffold has only been utilized in a single publication on muscarinic
ligand development [24]. In that publication, compounds 18a—c contain the hydrobenzoin scaffold
integrated in a 1,4-dioxane ring and also show the highest affinity toward subtype M1. Still, subtype
selectivity is narrower compared to the compounds presented herein.

M2 M3
—Pirenzepine
1-fold ——Trihexyphenidyl
—1
10-fold
100-fold
M5 : M4

Figure 5. Subtype selectivities related to M1 visualized as radar charts. For each substance,
the logarithmic axis represents K; toward the respective subtype divide by the K; of M1. Compared
to the clinically established M1 antagonists pirenzepine and trihexyphenidyl, 1 shows a pronounced
subtype selectivity toward M4, which results in overall broader subtype selectivity. Selectivities of
pirenzepine and trihexyphenidyl were calculated based on their literature reported K; values [23].
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The significantly different binding affinities observed between the three stereoisomers underline
the general possibility to increase mAChR affinity and subtype selectivity of arecaidine esters via
stereochemical variations. In view of the vast majority of achiral small molecules, which have been studied
as potential mMAChR PET tracers [10], we believe that stereochemistry is a useful yet underappreciated
tool to optimize compound properties.

In addition to the assessment of the affinity by means of a radiometric competition binding
assay [25] on cellular membranes, the functionality of the synthesized compounds was further evaluated
in a cell-based fluorescence assay using Fluo-4 [26]. In contrast to the mAChR agonist carbachol,
no increase in calcium release could be induced by incubation with 1, 2, and 3 using commercially
available Fluo-4 direct calcium flux assay on stably transfected CHO-M1 cells (Figure 6, Panel A).
Applying compounds 1, 2, 3, and scopolamine as positive control prior to the treatment with a constant
concentration of the signal inducing carbachol clearly illustrates the antagonistic binding of the tested
compounds (Figure 6, Panel B). The progression of the effect-concentration curve of both positive
controls, carbachol for the agonistic assay and scopolamine for the antagonistic assay, are in good
accordance with the results depicted by the manufacturer.

A B
log-dose vs response log-dose vs response

2.0+ 1.5
= - Carbachol = -o- Scopolamine
£ 15 . = 1(RR) § 1o = 1(RR)
© > Bl
E 10 + * 2(89) £ -+ 2(S,5)
z -+ 3 (rac) = osd -+ 3(rac)
E 054 - E
> [ U
= I ; i a3
E 0.0 e T 1 E 0.0 T T ? 1
x -8 I -4 -2 o -8 - -4 2

-0.5- log[Agonist], M < o5 log[Antagonist], M

Figure 6. Dose-dependent calcium response to muscarinic 1 (M1) receptor agonists and antagonists.
CHO-M1 cells were plated in black clear bottom 96-well plate and incubated overnight. The following
day, cells were assayed for a calcium response to carbachol (positive control), 1, 2, and 3 using the Fluo-4
Direct™ Calcium Assay Kit. Cells were stimulated for potential agonistic activity (panel A) [27] or cells
were treated for potential antagonistic activity, scopolamine (positive control), 1, 2, and 3 to block the
calcium response elicited by 20 uM carbachol (panel B). Measurements are given in relative fluorescent
units (RFU) as the maximum response minus the minimum response divided by the minimum response.

1 has a high binding affinity (Kj-value) to the M1 receptor of 99 + 19 nM, as assessed by means of
the radioligand binding assay, being 2-fold out of the postulated ideal range [10]. As numerous mAChR
ligands failed in PET radiotracer development due to too high binding affinity, being a disadvantage
in radiotracer kinetics causing flow dependence of tracer accumulation [10], this “borderline” binding
affinity should not be a common ground for excluding 1 from further development toward diagnostic
application, especially when considering that the targeted mAChR subtype M1 is the most abundant
subtype in the cortex [28]. Furthermore, 1 may serve as a lead structure for the development
of derivatives with even higher affinity, retaining its suitable selectivity profile and moderate
lipophilicity values.

It is an ongoing debate as to whether PET radiotracer targeting GPCRs are preferably agonist
or antagonists [29] Agonists per se complicate the PET image analysis as they favorably bind to
the activated form of GPCRs. The global picture shows a prevalence for antagonists carried by the
easier access and unlikeliness of side effects. Considering the physico-chemical parameters, binding
affinities, subtype selectivity, and effective functionality of the here presented subset of compounds,
the potential application points into the direction as diagnostic imaging probes over a potential
therapeutic application. Potential application as an imaging probe is further supported by the expected
ease of carbon-11 radiolabeling of 1, considering that structurally related arecaidine esters were
previously labeled with carbon-11 straightforwardly via reaction of [''CJCH;I with N-desmethyl
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precursors [13]. The observed antagonism is advantageous for PET radiotracers, as potential side
effects are unlikely. Especially, compound 1 stands out with binding affinities in the nanomolar range
and high subtype selectivity, proving the importance of stereochemical adjustments for successful
mAChR ligand development.

3. Conclusions

Subtype selectivity represents an ambitious but necessary goal in the development of orthosteric
mAChHR ligands for therapeutics as well as for diagnostics. Within this work, we synthesized chiral
hydrobenzoin esters of arecaidine and investigated their stability and binding properties toward
mAChRs. Stereochemistry was shown to have a strong impact on in vitro mAChR M1 affinity,
which was also anticipated by in silico molecular docking. Furthermore, the variable affinity toward
the other subtypes highlights the relevance of chiral ligands in the quest for subtype selectivity.
The antagonistic (R,R)-isomer 1 shows most promising characteristics to act as a suitable mAChR M1
PET tracer and especially stands out because of its broad subtype selectivity compared to clinically
established mAChR M1 antagonists. These properties motivate us to radiolabel 1 with carbon-11 in the
future to further evaluate its applicability as brain PET tracer.

4. Experimental

4.1. Materials

Arecaidine was prepared according to the literature [30] from arecoline hydrobromide (XA BC-Biotech).
Carbonyldiimidazol (CDI, reagent grade, Sigma Aldrich, St. Louis, MO, USA), (R,R)-hydrobenzoin (>99%,
TCI), (5,5)-hydrobenzoin (98+%, alfa aesar), meso-hydrobenzoin (>98%, TCI), KO'Bu (98%, Sigma Aldrich),
dimethylformamide (DME, 99.8% extra-dry over molecular sieve, Acros), toluene (99.8% anhydrous,
Sigma Aldrich, St. Louis, MO, USA), probenecid (>98%, TCI), and DPBS (Gibco, Life Technologies Limited)
were used without further purification. Protease Inhibitor Cocktail powder (P2714-1BTL, Sigma-Aldrich,
St. Louis, MO, USA) was dissolved in 10 mL water and used as such.

4.2, Instrumentation

NMR samples were measured in deuterated chloroform (CDCls, >99.8%, stabilized with silver
foil, Sigma Aldrich) at 25 °C on a Bruker Avance I11 400 spectrometer (400 MHz for 'H and 100 MHz for
13C). An assignment of NMR signals was achieved by a combination of standard NMR techniques, such
as COSY, NOESY, APT, HSQC, and HMBC experiments. The residual CHCl3 signal was set to 7.26 ppm
for 1H spectra and 77.0 ppm for 13C spectra. Coupling constants are given in Hz. Mass spectra were
obtained on a Bruker maXis 4G instrument (ESI-TOF, HR-MS). Optical rotation was determined in
CHCl; using a Schmidt + Haensch UniPol L2000 polarimeter with a 1dm cell. An Agilent HPLC system
consisting of an autosampler (series 1100), pump (series 1200) and diode array detector (series 1100)
was used for the determination of logP using an apHERA (5 pm, 10 X 6 mm) stationary phase [15].
Compounds 1-3 were shown to exceed a purity of 95% by gradient run using the logP HPLC method
without the addition of toluene and triphenylene and by isocratic runs on an XSelect™ (HSS T3,
3.5 um, 100 % 4.6 mm) stationary phase at a flow of 1 mL/min (supporting information, Figure 52).
Fluorescence measurements were performed on a BioTek Synergy HTX multi-mode reader. A M-36
tygon tubed Cell Harvester (Brandel®) and Whatman™ GF/B filters were used for the filtration of
radioligand binding assays. Filter disks were counted with 2 mL Ultima Gold™ (high flashpoint LSC
cocktail, PerkinElmer) using a 300 SL Automatic TDCR liquid Scintillation Counter (HIDEX).

4.3. Stability Measurements in DPBS and Cell Culture Media

First, 1089 uL DPBS or Ham’s F12 nutrient mixture were mixed with 11 puL of 10 mM stock
solution of 1, 2, or 3 in DMSO (final DMSO content: 1%) and agitated at 37 °C. Then, 80 pL of the
solution was analyzed by UV-HPLC (216 nm) using an XSelect™ (HSS T3, 3.5 um, 100 x 4.6 mm)
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stationary phase and 40% acetonitrile in 25 mM (NH4)H,PO, buffer (pH 9.3) at a flow of 1 mL/min
(k1 = 5.6, k3 = 5.9). The fraction of stable compounds was calculated as the area under the curve of
the compound peak for each combination of compound and matrix related to the 0 h time point with
100%. Three non-consecutive HPLC analyses were performed for each time point, combination of
compounds, and matrix.

4.4. Molecular Docking Studies

Molecular docking was performed on a crystal structure of human mAChR M1 [31] using AutoDock
4.2 with default settings in LigandScout 4.4_RC6. 1 and 2 were docked as protonated tertiary amines to
consider the expected species under physiological conditions. A pharmacophore of the binding poses
exhibiting the expected ionic interaction to Asp105 was created to visualize proposed interactions of 1
and 2 to amino acid side chains.

4.5, Cell Culture

CHO-K1 cells stably transfected with human muscarinic receptors M1-M5 were obtained from The
Missouri University of Science and Technology cDNA Resource Center (Cell Catalog# CEM1000000,
CEM2000000, CEM3000000, CEM4000000, CEM5000000) and cultivated in Ham’s F12 Nutrient Mixture
(Gibco, Life Technologies Limited, Waltham, MA, USA) containing 10% FBS (Gibco, Life Technologies
Limited), 250 pg/mL Geneticin® (G418, Thermo Fisher, Waltham, MA, USA) at 37 °C and 5% CO, in a
cell incubator. Gibco™ Trypsin-EDTA (0.05%) was used for passaging cells. Untransfected CHO-K1
cells were obtained from ATCC and cultivated as described above but in media free of Geneticin®.
Powdered protease inhibitor cocktail (P2714-1BTL, Sigma Aldrich, St. Louis, MO, USA) was dissolved
in 10 mL water and used as such.

4.6. Affinity Assay Toward mAChRs M1-M5 on CHO Membranes

Cell membranes bearing human mAChRs M1-M5 were prepared as described previously [13].
In short, stably transfected CHO cells were grown to confluence in T175 flasks, washed with ice-cold
DPBS, and suspended in 2 mL 10 mM Tris/HCI, 1 mM EDTA-buffer (pH 7.4), and 200 pL protease
inhibitor using a cell scraper. A cell homogenate was prepared by passing the cell suspension through a
G29 needle and subsequently centrifuged (10 min, 1000x g, 4 °C). Ultracentrifugation of the supernatant
(30 min, 100,000% g, 4 °C) yielded a membrane pellet, which was suspended in 125 pL 50 mM
Tris/HCl-buffer (pH 7.4) per T175 flask and stored at —80 °C. Ten confluent T175 flask were processed
for one batch.

Inhibition constants (K;) were determined with a competitive radioligand binding assay using
50 mM Tris/HCI, 10 mM MgCl,, and 1 mM EDTA (pH 7.4) as assay buffer. Then, 5 uL of test
compound in DMSO, 50 pL of [N-methyl->H]scopolamine methyl chloride ([*H]NMS) in assay buffer,
and 445 pL of membrane suspension diluted in assay buffer were incubated for 90 min at 23 °C.
The membrane-bound activity was recovered by filtration through GF/B filter paper pre-soaked in
0.1 % PEI and measured with a liquid scintillation counter. Maximum binding was measured by
using 5 pL plain DMSO, and nonspecific binding was measured by using 5 pL. 1 pM scopolamine
in DMSO. A final concentration of [3H]NM5 was 0.2 nM, 0.3 nM, 0.8 nM, 0.2 nM, and 1 nM for
M1-M5. Then, 3-12 pL membrane suspension were used per tube. IC5; values were calculated by a
variable slope logistic regression using at least five distinct concentrations of test compound, pipetted
in triplicates. K; values were calculated using the Cheng-Prusoff equation and following Kp, values of
[*H]NMS for M1-MS5 [13]: 0.18 nM, 0.24 nM, 0.23 nM, 0.10 nM, and 0.35 nM.

4.7. Calcium Efflux Assay for Agonist/Antagonists Discrimination

For the Fluo-4 direct™ calcium assay kit (invitrogen), 100 uL of a 5 x 10° cells/mL suspension of
CHO-M1 cells were seeded in black clear bottom 96-well plates (Corning). After settling of the cells for
24 h, the kit was performed according to the supplier’s recommendation. In detail, the media was
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removed, and 50 uL of Hanks-balanced salt solution (HBSS; Sigma Aldrich) were added, followed by
50 puL of the Fluo-4 buffer solution (including probenecid). The 96-well plates were incubated for 60 min
at 37 °C in the dark. For the agonist assay, 100 pL of a double-concentrated dilution series of carbachol
(positive control), 1, 2, and 3 were added with the end concentration of 100, 10, 1, 0.1, 0.01 and 0.001 uM
in duplicates. The relative fluorescence was measured with an excitation wavelength of 494 nm and an
emission wavelength of 516 nm. For the antagonist assay, 50 uL of a 4-fold concentrated dilution series
of scopolamine hydrochloride (positive control), 1, 2, and 3 were added in duplicates. Subsequently a
40 uM stock solution of carbachol was added to all wells, and the relative fluorescence was measured
with an excitation wavelength of 494 nm and an emission wavelength of 516 nm. Stock solution of
1, 2, and 3 were in DMSO with a final concentration of at most 1% of DMSO. All experiments were
performed at least in three repetitions.

4.8. Calculations and Statistics

If not indicated otherwise, all values are depicted as mean + standard deviation. All quantitative
results were analysed by means of MS Excel® 2013. Significance was tested with GraphPad Prims 6
(version 6.07, San Diego, CA, USA).

4.9. Synthesis

(1R, 2R)-(+)-2-hydroxy-1,2-diphenylethyl 1-methyl-1,2,5,6-tetrahydropyridine-3-carboxylate (1). Arecaidine
(40.0 mg, 0.284 mmol, 1.0 equiv) was suspended in dry DMF (5 mL) and heated gently until almost
everything dissolved. CDI(46.1 mg, 0.284 mmol, 1.0 equiv) was added as solid. After 1h (R,R)-hydrobenzoin
(122 mg, 0.568 mmol, 2.0 equiv) was added, and the reaction mixture was stirred for 7 days at 20 °C.
The reaction mixture was poured on water (15 mL) and extracted with EtOAc (3 x 15 mL). The combined
organic phases were dried over Na;SOy4 and concentrated under reduced pressure. The resulting residue
was purified via preparative thin layer chromatography (TLC) (CH,Cly/MeOH, 90:10) to give the desired
product in 13% yield (12.2 mg). 'HNMR (400 MHz, CDCl;): 7.24-7.17 (m, 6H, Ph H-3,4,5), 7.15-7.07 (m, 5H,
Ph H-2,6, H-4),592 (d, ] =7.2, 1H, Et H-1), 495 (d, ] = 7.2, 1H, Et H-2), 3.20-3.10 (m, 2H, H-2), 2.53-2.47
(m, 2H, H-6), 2.43-2.35 (m, 2H, H-5), 2.39 (s, 3H, CH3). 13C NMR (101 MHz, CDCl;): & 164.8 (C=0),
139.2 (Ph C-1), 138.4 (C-4), 136.9 (Ph C-1), 128.8 (C-3), 128.10 (Ph C-3,4,5), 128.03 (Ph C-3,5), 127.97 (Ph C-4),
127.2 (Ph-C-2,6), 127.1 (Ph C-2,6), 79.9 (Et C-1), 77.2 (Et C-2), 53.1 (C-2), 50.6 (C-6), 45.6 (CHj3), 26.6 (C-5).
HRMS (ESI+) (myz): calculated for Co;HpyNO;5 [M + H]*: 338.1751; found 338.1751.

(1S,25)-(—)-2-hydroxy-1,2-diphenylethyl 1-methyl-1,2,5,6-tetrahydropyridine-3-carboxylate (2). Following a
modified literature procedure [32], arecoline hydrobromide (200 mg, 0.85 mmol, 1.0 equiv) was dissolved
in sat. ag. NayCOj; (5 mL). The aqueous layer was extracted with CH,Cl, (3x), dried (NapSOy),
and concentrated under reduced pressure. To a solution of the residual oily free base in PhMe (5 mL),
(S,5)-hydrobenzoin (181 mg, 0.85 mmol, 1.0 equiv), KO'Bu (5 mg, 0.04 mmol, 0.05 equiv), and a spatula
of activated 5 A molecular sieves were added subsequently. The resulting mixture was refluxed for 16 h.
Then, it was filtered through a pad of celite, and volatiles were removed under reduced pressure. The crude
oil was purified via preparative TLC (EtOAc/n-heptane, 70:30 with 3% Et3N) to give the desired product in
22% yield (63 mg). 'H NMR (400 MHz, CDCly): § 7.25-7.19 (m, 6H, Ph H-3,4,5), 7.17-7.06 (m, 5H, Ph H-2,6,
H-4),592 (d, ] = 7.2, 1H, Et H-1), 497 (d, ] = 7.2, 1H, Et H-2), 3.20-3.13 (m, 2H, H-2), 2.53-2.47 (m, 2H,
H-6), 2.43-2.36 (m, 2H, H-5), 2.41 (s, 3H, CH3). '*C NMR (101 MHz, CDCl3): § 164.8 (C=0), 139.0 (Ph C-1),
138.4 (C-4), 136.8 (Ph C-1), 128.9 (C-3), 128.17 (Ph C-4), 128.15 (Ph C-3,5), 128.09 (Ph C-3,5), 128.05 (Ph C-4),
127.2 (Ph C-2,6), 127.1 (Ph C-2,6), 79.9 (Et C-1), 77.2 (Et C-2), 53.2 (C-2), 50.7 (C-6), 45.7 (CH3), 26.7 (C-5).
HRMS (ESI+) (m/z): calculated for Co1HpyNO3 [M + H]*: 338.1751; found 338.1758.

Rac. (15,2R)-2-hydroxy-1,2-diphenylethyl 1-methyl-1,2,5,6-tetrahydropyridine-3-carboxylate (3). Following a
modified literature procedure [32], arecoline hydrobromide (200 mg, 0.85 mmol, 1.0 equiv) was dissolved
in sat. aq. NayCOj; (5 mL). The aqueous layer was extracted with CH,Cl, (3%), dried (NazSOy),
and concentrated under reduced pressure. To a solution of the residual oily free base in PhMe (5 mL),
meso-hydrobezoin (181 mg, 0.85 mmol, 1.0 equiv), KO'Bu (5 mg, 0.04 mmol, 0.05 equiv), and a spatula
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of activated 5 A molecular sieves were added subsequently. The resulting mixture was refluxed for
16 h. Then, it was filtered through a pad of celite, and volatiles were removed under reduced pressure.
The crude oil was purified via preparative TLC (EtOAc/n-heptane, 70:30 with 3% Et;N) to give the
desired product in 16% yield (46 mg). 'H NMR (400 MHz, CDCl3): § 7.33-7.26 (m, 6H, Ph H-34,5),
7.26-7.22 (m, 4H, Ph H-2,6), 7.03-6.97 (m, 1H, H-4), 597 (d, ] = 5.8, 1H, Et H-1), 5.03 (d, ] = 5.8, 1H,
Et H-2), 3.13-3.06 (m, 2H, H-2), 2.53-2.45 (m, 2H, H-6), 2.40 (s, 3H, CHj), 2.39-2.33 (m, 2H, H-5). 13C NMR
(101 MHz, CDCl3): 6 164.5 (C=0), 139.5 (Ph C-1), 138.2 (C-4), 136.6 (Ph C-1), 128.8 (C-3), 128.38 (Ph C-4),
128.26 (Ph C-3,5), 128.08 (Ph C-3,5, Ph C-4), 78.9 (Et C-1), 76.5 (Et C-2), 53.0 (C-2), 50.6 (C-6), 45.6 (CH3),
26.6 (C-5). HRMS (ESI+) (m/z): calculated for CoyHpyNO5 [M + H|*: 338.1751; found 338.1755.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8247/13/12/437/s1,
Figure S1: Exemplary competitive binding curves of 1, 2, and 3 on human mAChR M1 expressed on cell membranes
of stably transfected CHO cells using [N-methyl-*H]scopolamine methyl chloride. Values at 107! M and 10710 M

represent full binding in absence of competitor, Figure S2: Isocratic HPLC chromatograms of compounds 1-3.
35-40% ACN in 25 mM NH3H,PO, buffer pH 9.3 at a flow of 1 mL/min, Figure S3: Chiral chromatography using
aan AGP 0.3 cm@ X 5cm 5 pM column operated with 2% IPA in 10 mM NH4Ac pH 5.8 at a flow of 0.5 mL/min,

Figure S4: 'H- and 3 C-NMR spectrum of 1, Figure S5: 'H- and 13C-NMR spectrum of 2. Figure $6: 'H- and
I3C-NMR spectrum of 3.
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Abstract

Drug safety is top priority to prevent any event that may cause or lead to inappropriate medication;
although, these events continuously occurred throughout history until today. In this study, we describe
a novel rearrangement product of the clinically established muscarinic acetylcholine receptor ligand
pirenzepine, which entered the commercially supply chain under the wrong label of being pirenzepine.
The rearrangement occurs under highly acidic conditions, which were previously believed to be
suitable for the dihydrochloride formation of pirenzepine. The affinity of the rearrangement product
is significantly decreased for pirenzepine and the structurally related telenzepine. Fortunately, reaction
kinetics proved that no rearrangement takes place in gastric acid, which therefore is no safety issue
for human administration. The commercial supply of false compounds, even of well-described and
often used compounds like pirenzepine used as reference compounds in drug development, needs to

be considered to guarantee solid basic research and data integrity.
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Introduction

The chemical industry is currently being reshaped by globalization and several emerging market
players have now become global leaders.? In the western market of laboratory chemicals this is
characterized by a boom of chemical distributors?, which act as importers of bulk quantities from
companies around the world and subsequently sell small gquantities to research and development
institutions. Regarding the product quality, it should be beneficial that at least two different
companies, the manufacturer and the distributor, assess the product quality. As chemical distributor
within the European Union under REACH it is common to place chemicals on the European market
without any further analytical process.®> For active pharmaceutical ingredients, import into the
European Union requires higher standards and all active substances must have been manufactured
under good manufacturing practice (GMP). As active pharmaceutical ingredients are chemicals by their
very nature, reliable quality control of the chemical identity is the fundament of drug safety.
Nevertheless, at least hundreds of deadly incidents have been caused by confusion of chemicals in
products of the pharmaceutical industry. For example, in 2008, Baxter processed heparin containing
oversulfated chondroitin sulfate from a commercial supplier® and diethylene glycol which was falsely
specified as glycerine has been used in the production of cough syrup between 1992 and 2007.°

Pirenzepine is a well-established parasympatholytic drug, which is in clinical use since the late 1970's.°
It acts as antagonist for the muscarinic acetylcholine receptors (mAChRs), with a strong preference for
the mAChR subtype M1. Due to its inability to cross the blood brain barrier, pirenzepine triggers only
peripheral mAChRs. Pirenzepine is best known for its long history as inhibitor of gastric acid secretion
and motility in the treatment of gastric and duodenal ulcers.” Besides these classical applications,
pirenzepine is effective for controlling myopia progression in children® and is currently undergoing a
phase |l clinical trial for the treatment of peripheral neuropathy®. The relevance of pirenzepine roots
back to the early days of mAChR research, when its observed different binding affinities gave evidence
for the existence of mAChR subtypes.'® Since then pirenzepine is broadly used in biological assays to
differentiate between M1 and the other mAChR subtypes.'>? Consequently, this has led to the fact
that a significant amount of knowledge regarding mAChR subtypes is tightly linked to the chemical
structure of pirenzepine.

Like many therapeutically used amines, pirenzepine (1) is mainly used as its hydrochloride. Pirenzepine
dihydrochloride (2) is widely available as pure compound and the active pharmaceutical ingredient of
more than 25 trade names.’* !> The synthesis of pirenzepine dihydrochloride was firstly patented by
Dr Thomae GmbH?*® and many alternative synthesis procedures were reported since then (Figure 1).*~
21 Budesinsky et al.? reported an unexpected formation of a side product (3) during the synthesis of 1,
in which the 5,11-dihydro-6H-pyrido-[2,3-b][1,4]benzodiazepin-6-one part rearranges to 6-amino-
5,5a-dihydro-11H-pyrido[2,1-b]quinazolin-11-one. Generally, the well-studied class of PB-lactam
antibiotics illustrates that lactams can be prone to hydrolysis*® and rearrangement?, especially when
under high ring strain. Despite intensive investigations on the synthesis of pirenzepine, only few works
report experimental details of the final step, the reaction of pirenzepine to its dihydrochloride (Figure
1).162021 Fyrthermore, pirenzepine acts as a lead structure for the development of novel mAChR
ligands. The most notable examples which arose from this strategy are the mAChR M1 antagonist
telenzepine®, the M2/M4 antagonist AF-DX-384%° and the M2 antagonists AF-DX 1162 and AQ-RA
741%,

Requiring pirenzepine as agent for displacement studies for investigating the mAChR M1%, we bought
pirenzepine dihydrochloride from a fine chemical distributor. However, it turned out that the received
compound did not contain pirenzepine dihydrochloride at all, but later was identified as structural
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isomer. Within this work we characterized this structural isomer, revealed the reaction leading to its
formation, studied its mAChR affinity profile and traced back the origin of its production.

0

o many routes 20% aq. HCl and concentrated HN
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Figure 1: Overview of synthetic routes of pirenzepine dihydrochloride. Emphasis is given on the synthetic conditions for the
formation of the dihydrochloride.

Results and discussion

Chemistry

X-ray measurements revealed the true structure (4) of a commercially obtained pirenzepine
dihydrochloride (2) sample, which has not yet been reported in literature. 4 and 2 are constitutional
isomers and hence cannot be distinguished by mass spectrometry without molecular fragmentation.
However, 'H-, 3C-, >N-NMR spectroscopy, IR spectroscopy, melting point and RP-HPLC allow for a
clear differentiation (Supporting Information).

In search for a synthetic access to 4 we revealed that agueous acidic conditions combined with
moderately increased temperature result in rearrangement of 2 to 4. When 2 is reacted in 0.1 M
aqueous HCl at 37 °C, 55 °C or 75 °C overnight, 4 is only formed in traces (<1 %). However, in strong
excess of agqueous HCl (6 M) the rearrangement was shown to follow a pseudo first order kinetic with
a quantitative conversion (Figure 2). Consequently, 4 must be much lower in free energy compared to
2, which also correlates to their minimized MMFF94 energies of 583 kl/mol and 762 kJ/mol,
respectively. We propose that this reaction proceeds via lactam hydrolysis and subsequent
condensation of the resulting primary amine with the exocyclic carbonyl group (Figure 3). The
intermediate (in brackets) was never observed experimentally, which underlines its reactiveness and
indicates, that the prior amide hydrolysis is the rate determining step. This is further supported by the
observed high activation energy (83.2+1.9 ki/mol), which is common for acidic amide bond cleavages
(78.6-89.9 kl/mol)*. The exchange of an oxygen atom with an heavy oxygen by utilization of [**0]H,0
during the rearrangement reaction supports the proposed reaction scheme (Figure S8).
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Figure 2: Kinetic data of the rearrangement of 2 in 6 M HCl at an initial concentration of 50 ug/ml as determined by HPLC.
Error bars indicate the standard deviation of n=3 measurements. Left: The kinetic profile of the rearrangement shows the
conversion of 2 to 4 as function of time at different temperatures. The conversion is calculated normalized to the maximum
area under the curve of 4. The rearrangement follows a pseudo first order kinetic with half lifes of 25+2 min (75 °C),
117+16 min (55 °C) and 830+30 min (37 °C). Right: Arrhenius plot illustrating a linear relationship between inverse
temperature and logarithm of the rate constants. The activation energy of the reaction was delineated from the slope:
83.2+1.9 ki/mol.

0 H
NH o NH COOH

J ,2/—:\> @/’SND

NN N\ = N\
o JNe— i A S

N

SR ® () o

2 4

rate-determining step

Figure 3: Reaction scheme showing the proposed reactive intermediate. Oxygens in the carboxylic acid group are
indistinguisable, but for reasons of clarity only one of them is coloured like the hydrolyzing water.

Given that pirenzepine is used as oral drug and that the rearrangement takes place in acidic aqueous
solution, we investigated whether isomerization of 2 to 4 can occur in gastric environment.
Fortunately, neither simulated gastric fluid (0.08 M ag. HCl, 1 g/L NaCl and 1.6 g/L pepsin) nor
equimolar aqueous HCI solution caused detectable isomerization of 2 to 4 after 6 h at 37 °C. These
results indicate that pirenzepine is sufficiently kinetically inert to prevent formation of pharmacological
relevant doses of 4 in the stomach, leaving pirenzepine’s doppelganger a sole problem of chemical
production and distribution. Pure, crystalline 2 heated to 100 °C for 12 h did not result in formation of
4 in detectable amounts, indicating that isomerization as a result of improper handling during delivery
is not to be expected.

Conditions under which pirenzepine undergoes this rearrangement are typical conditions for the
formation of hydrochlorides. Review of the chemical literature showed that in the patent of Suzhou
Homesun Pharmaceutical Co., Ltd*® even harsher conditions (36% HCI, 120 °C, 3 MPa) are used for the
dihydrochloride formation of pirenzepine. Manufacturers following this procedure will inevitably and
unintentionally produce 4 instead of 2 in quantitative yields. Milder conditions'®?! for the formation
of 2 must be chosen to avoid formation of 4.
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Pirenzepine dihydrochloride batches from several distributors of fine chemicals (Table S1) and
pharmaceuticals (Table S2) were qualitatively analyzed using UV-HPLC and two affected chemical
distributors were revealed (sample #2 and #3). Frequently, certificates of analysis provided by
distributors contain only superficial parameters like appearance, assay and melting point. However,
no substantive analytical data allowing a solid proof of the chemical structure are presented. The main
pillar of quality control for assay determination is HPLC, but we should question this overreliance on a
separation method that cannot provide structural information. Finally, in close collaboration with the
distributors the chemical was removed from their product portfolio.

All tested pharmaceutical products containing pirenzepine were shown to contain the expected
constitutional isomer (2). According to entries in online pharmacies, Suzhou Homesun Pharmaceutical
Co., Ltd also provides pirenzepine tablets*3?; however, no sample could be obtained by European
pharmaceutical wholesalers.

Telenzepine, a thienobenzodiazepine congener of pirenzepine, was shown to undergo an analog
rearrangement yielding 6, which was characterized by NMR spectroscopy and X-ray diffraction
analysis. Based on mass spectrometry data, this rearrangement was proposed previously.®® It is
assumable that also other acyl-diazepinones (e.g. AF-DX 116, AF-DX 384, AQ-RA 741) are prone to this
rearrangement. From a synthetic chemist’s perspective, the quantitative conversion of the
rearrangement of pirenzepine highlights the potential applicability of the acyl diazepinone
rearrangement as a useful tool for the synthesis of other N-substituted imidazoles.

Determination of affinities toward mAChR M1-M5

Table 1: K-values (nM) as determined by a competitive radioligand binding assay using [N-methyl-3H]scopolamine methy!
chloride (FH]NMS) on CHO cell membranes containing human mAChR receptors. All obtained binding displacement curves
showed the expected sigmoidal shape. * Binding was carried out for 90 min at 37 °C, using membranes from rat heart tissue
(M2) and transfected A9Lcells (M1 and M3) and in NG108-15 cells (M4)

M1 M2 M3 M4 M5 Source
) 1745 9004300 290430 70120 120450 This work
29 61050 240 330 n.D. 3k
4 600+20 47000119000 700012000 12001200 360120 This work
telenzepine 1.8+0.8 2645 1242 29+16 1649 This work
2HCI 1.8 50.3 6.9 17.4 n.D. 3%
6 14004£300 1060011500 800013000 20001400 41001200 This work

Clearly the rearrangement of pirenzepine and telenzepine causes a tremendous loss of affinity towards
all mAChR subtypes. Regarding the affinity constants towards M1 (Figure 4), this loss is even more
pronounced in telenzepine (780-fold) compared to pirenzepine (35-fold).

1.0 E
E_ ] - 2 £ 1.0 1 —4— Telenzepine -:2HCI
Q a
T = 4 Q -+ 5
(7] o
N @
© 0'5-: % 0.5
£ :
£ ] s
0.0 0.0
T T T T T T T 1 L T T T T T r T
-10 -8 -6 -4 -10 -8 -6 -4
log[competitor] [log(M)] log[competitor] [log(M)]
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Figure 4: Competition binding curves using 0.2 nM [BH]NMS on mAChR M1 membranes for compounds 2, 4, 6 and telenzepine
dihydrochloride. Filter bound decay rate is normalized to 1 for binding in absence of competitor and to 0 for nonspecific
binding. Error bars indicate the standard deviation of n=3 measurements.

Literature Research on sources of scientifically used pirenzepine

Pirenzepine dihydrochloride adopts a pivotal role in mAChR research as it is often used experimentally
to discriminate mAChR M1 from the other mAChR subtypes. Caused by the different chemical,
biological and hence physiological properties, scientific literature which is inadvertently based on 4
instead of pirenzepine needs to be reviewed carefully. According to SciFinder commercial sources®
pirenzepine dihydrochloride is available as pure substance from 65 different suppliers. To investigate
the impact of the pirenzepine production failure, the pirenzepine sources in the literature between
the present and the year 2000 were checked (Figure 5).

A pubmed literature Specified sources:
research resulted in

1817 publications
containing the
keyword
pirenzepine

Sigma, Sigma Aldrich, RBI
(297)

[*H]pirenzepine, Perkin

of which 1674 Elmer, New England

were Nuclear (44)
accessible
Tocris (36)
of which 668
practically used
pirenzepine Boehringer Ingelheim, Dr.
Thomae GmbH (26)
of which 438
specified the

source. others (35).

Figure 5: Graphical illustration of the investigated scientific literature about pirenzepine between January 2000 and June 2020
showing the literature research workflow (left) and the specified sources (right).

34% of the literature which used pirenzepine did not specify the supplier. Consequently, the impact of
the pirenzepine confusion on the scientific data integrity can only be estimated. Based on the fraction
of publications which specified a supplier it is reassuring to know that pirenzepine was never obtained
from an evidently affected source. In the vast majority of the investigated publications pirenzepine is
used for its mAChR M1 antagonistic properties in sophisticated experimental setups. It therefore
appears unlikely that the structural identity of pirenzepine would have been questioned in these
experiments, given that there are numerous other factors that could cause unexpected experimental
results.

Conclusion

We present a case in which a literature-unknown chemical (4) was confused with pirenzepine by at
least one producer and two fine chemical distributors. Formation of 4 was caused by an acid catalyzed
rearrangement during dihydrochloride formation. In comparison to pirenzepine, 4 showed a strongly
decreased affinity to mAChRs. It remains unclear, whether more samples of pirenzepine’s
doppelganger is still in circulation and if other producers resort to the synthesis description leading to
the rearrangement product. Fortunately, none of the pirenzepine-containing drugs tested within this
work contained 4. However, entries in online pharmacies show that the affected producer is or was
also producing pirenzepine tablets for the pharmaceutical market.
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We strongly advise all users of pirenzepine to confirm the chemical identity of their product with the
analytical methods presented within this work. Furthermore, we want to raise general awareness that
fine chemicals can enter the supply chain under a wrong label and that a natural suspicion of the
declared content is to some degree always justified. To avoid being a victim of chemicals sold under
the wrong label, we encourage a critical inspection of the certificate of analysis and recommend close
collaboration and constructive discussion with distributors and manufactures to improve the quality
on chemical supplies in a more and more globalized world.
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Abstract

Background: [''C]Metoclopramide is a new radiotracer for investigating the activity
of P-glycoprotein at the blood-brain barrier. A highly stable and reproducible
radiosynthesis is a prerequisite for clinical studies applying ['' Clmetoclopramide or
other "C-labelled radiotracers, therefore all potential pitfalls must be identified and
monitored to allow a stable process.

Results: Long-term production (n =94 in a time range of approximately 2 years) of
["'CImetoclopramide synthesized on two commercially available synthesizers yielded
39+ 2.0GBqg of product with a molar activity of 132 + 164 GBg/pmol and an overall
success rate of 93%. During all successful productions, the product guality was in
accordance with the recommendations of the European Pharmacopoeia. The most
common pitfalls that were identified for the radiosynthesis included poor turnover
into [”C]CH3OTf, decomposition of the solvent or insufficient semi-preparative HPLC
performance.

Conclusion: The study provides long-term insight in the improved, robust and
stable preparation of [''Clmetoclopramide for human use.

Keywords: [''Clmetoclopramide, carbon-11, radiosynthesis, blood-brain-barrier, PET

Background

["'C]Metoclopramide is a novel positron emission tomography (PET) radiotracer,
which has been developed to measure the activity of P-glycoprotein (P-gp) at the
blood-brain-barrier, an important efflux transporter, which restricts the brain distribu-
tion of many different drugs (Bauer et al. 2019; Tournier et al. 2019; Auvity et al. 2018;
Pottier et al. 2016). [''C]Metoclopramide is a weak P-gp substrate, which has consider-
ably higher brain uptake under conditions of full P-gp function as compared with pre-
viously described avid P-gp substrates for PET (e.g. [''Cl]verapamil or [''C]N-
desmethyl-loperamide). Consequently, [''C] metoclopramide may possess a better sen-
sitivity to measure moderate changes in P-gp function at the blood-brain barrier than
previously described radiotracers (Bauer et al. 2019). Carbon-11 is an attractive radio-
nuclide for PET imaging as it allows to radiolabel most drug molecules without struc-
tural changes. Moreover, its short radioactive half-life (20.4 min) leads to relatively low
radiation exposure of study participants and allows for repeated PET scanning within

one imaging session (e.g. two consecutive scans without and with pre-treatment with a

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International
License (http://creativecammons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commans license, and
indicate if changes were made.
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P-gp inhibitor). For a successful clinical application, stable and reliable radiosynthesis
procedures are therefore a prerequisite.

Here, we present the fully-automated radiosynthesis of [''C]metoclopramide (Fig. 1)
conducted with a GE TRACERlab™ FX C Pro or GE TRACERIlab™ FX2 C system, re-
spectively. The main pitfalls of the radiosynthesis were identified e.g. decomposition of
solvent or insufficient separation on semi-preparative HPLC and appropriate solutions
were implemented.

Material and methods

All chemicals were obtained from commercial sources and used as received. The pre-
cursor O-desmethyl-metoclopramide (GMP grade) as well as the reference compound
metoclopramide  (4-amino-5-chloro-N-[2-(diethylamino)ethyl]-2-methoxy-benzamide)
were purchased from ABX (Radeberg, Germany). The Ni catalyst (Shimalilte Ni re-
duced, 80/100 mesh) was purchased from Shimadzu (Kyoto, Japan). SepPak® C18 plus
cartridges for solid-phase extraction were purchased from Waters (Waters® Associates
Milford, MA, USA). Low-protein binding Millex GS® 0.22 um sterile filters were pur-
chased from Millipore® (Bedford, MA, USA). The silver triflate column was prepared
according to the recommendation of the module producer General Electric Medical
System, Uppsala, Sweden. Silver triflate and carbopack adsorbent C, 80-100 mesh was
obtained by Sigma Aldrich and used as received.

Instrumentation

[*'C]CO, was produced in a GE PETtrace 860 cyclotron (General Electric Medical Sys-
tem, Uppsala, Sweden) via the **N(p,a)"*C nuclear reaction by irradiation of a gas tar-
get (aluminium) filled with N, + 1% O, (Air Liquide, Vienna, Austria). Typical beam
currents were 60—65 pA and the irradiation was stopped as soon as the desired activity
level was reached (approx. 80-130 GBq [''C]CO,; corresponding to 30-40 min irradi-
ation time). The synthesis of [”C]metoclopramicle starting from ''cjco, (Fig. 1) was
performed in two different GE modules (GE Healthcare, Uppsala, Sweden), namely a
TRACERIlab™ FX C Pro and a TRACERIab™ FX2 C module. For analytical HPLC, an
Agilent 1260 system was used, which was equipped with a quaternary pump (G1311B),
a multi wavelength UV-detector (G1365D), a column oven (G1316A), a manual injector
(G1328C), as well as a radio-detector controlled by GINA Star software (Elysia-Raytest;

Straubenhardt, Germany). Osmolality of the formulated radiotracer solution was

["'cico,

Y

1
["'CICH,

'

['"CICH,l
0 ( Y 0

SO e
H H
H,N OH 3 M NaOH HN 0

Fig. 1 Scheme for the radiosynthesis of [''Clmetaclopramide
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measured using a Wescor osmometer Vapro® 5600 (Sanova Medical Systems, Vienna,
Austria) and pH was always measured using a WTW inoLab 740 pH meter (WTW,
Weilheim, Germany) for every released product. Gas chromatography was performed
using a 430-GC system (Bruker Daltonik GmbH, Bremen, Germany) and a capillary
column (forte GC Capillary Column ID-BP20; 12 m x 0.22 mm x 0.25 ym) from SGE
Analytical Sciences Pty Ltd. (Victoria, Australia). Butanone was analysed with a Bruker
Avance 111 200 spectrometer (200 MHz for 'H).

Preparation of the synthesizers

The flow charts of the TRACERIab™ FX C Pro and FX2 C are depicted in Fig. 2. All
parts involved in the radiosynthesis were first flushed with helium and subsequently
checked for tightness by applying a helium flow of 100 mL/min, which has to decrease
below 4 mL/min when all lines are tightly sealed. The methyl iodide trap was heated to
200 °C for approximately 20 min and afterwards cooled down to <35 °C. The silver tri-
flate column was preheated to 200 °C before start of the synthesis for approximately 15
min. The reaction vessels V1-V3 and the corresponding transfer lines via the reaction
vial and HPLC injection loop into the waste were washed twice with water and acetone.
Complete removal of all traces of solvent was assured by visual inspection of all
connected tubes. The radiotracer formulation part of the module was washed with
water and ethanol including the bulb and product collection vial. The preparation
procedure was performed similarly for the GE TRACERlab™ FX C Pro and TRA-
CERlab™ FX2 C. A detailed protocol for the module preparation was published re-
cently (Vraka et al. 2019).

The reaction vials were filled with 1 mL water (aqua ad injectabilia; V2), 5 mL sodium
chloride 9% (V4), 1.5 mL ethanol (V5) and 10 mL water (aqua ad injectabilia; V6). The
bulb was filled with 80 mL of water (aqua ad injectabilia), a C18 Plus Sep-Pak (equili-
brated with 10 mL ethanol and 20 mL water) was placed on the Sep-Pak position and 6
mL of phosphate buffered saline (prepared by Vienna General Hospital pharmacy,
Austria; 0.021 M phosphate buffer, 0.188 M NaCl, pH 7.7) were placed in the product
collection vial. For patient application, a product vial with sterile filter and sterile air
ventilation was prepared in a laminar air flow cell and connected to the product tubing.
Prior to use, the reaction vessel had been stored at 100 °C for at least 4 h. Immediately
before start of the radiosynthesis, 1 mg of O-desmethyl-metoclopramide (3.5 pmol) was
dissolved in 400 pL butanone and transferred to the reaction vessel. Then 7 uL of 3 M
aqueous NaOH solution (21 umol, 6 equivalents) was added to deprotonate the phenol.

Fully-automated radiosynthesis of [''Clmetoclopramide
The synthesis sequence started with a 15-20 min pre-run including heating of the car-
bon dioxide trap to 400°C and subsequent cooling to <50°C. During the heating
process, the trap was continuously flushed with helium (50 mL/min). When 400 °C was
reached, 3 min of hydrogen pre-equilibration of the carbon dioxide trap took place.
Afterwards the carbon dioxide trap was cooled to <50°C and the methane trap was
cooled to — 75 °C ending the pre-run with the comment ‘ready to receive activity’.

The automatic radiosynthesis was then started by delivering 116 +17 GBq of
[''C]CO, to the carbon dioxide trap and confirmation of the end of delivery. The gas
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Fig. 2 Flow charts of the used synthesis modules TRACERIab™ FX C Pro and TRACERIab™ FX2 C. The major
differences between the set-ups concern the installation of the silver triflate column are highlighted
(red circle)

phase transformation of [*'C]CO, via the formation of [**C]CH, produced approxi-
mately 50 GBq of ["C]CH;!I and has been described in detail elsewhere (Vraka et al.
2019; Pichler et al. 2018a; Philippe et al. 2018; Larsen et al. 1997). ["'C]CH;OTf was
produced by passing [''C]CH;l gas through the silver triflate column at 200 °C. After
completion of the activity trapping within the reaction mixture, the reaction took place
at 110 °C for 2 min. Afterwards the reaction mixture was quenched with water from V2
and transferred to the semi-preparative HPLC via the injection valve. For semi-
preparative HPLC, a SUPELCOSIL LC-ABZ+ column (5pum, 250 mm x 10 mm) from
Merck (Darmstadt, Germany) was eluted with freshly prepared 20mM aqueous

68



- Results and discussion -

Pichler et al. EINMMI Radiopharmacy and Chemistry (2019) 4:31 Page 5 of 14

NaH,PO, / acetonitrile (80/20) at a flow rate of 5 mL/min with UV absorption mea-
sured at 254 nm (Fig. 3).

In total, 70 syntheses were performed on the TRACERIab™ FX C Pro, of which the
first eight syntheses were performed for establishment and evaluation of the automated
radiosynthesis and analytical and preparative HPLC establishment. These syntheses
were excluded from statistical analysis as the final activity yield was not always mea-
sured. Three syntheses failed, caused by insufficient transfer of the activity into the re-
actor (no formation of ['C]JCH;l or [MC]CH,OT), insufficient separation or no
product formation at all besides other technical issues. Thirty-eight radiosyntheses were
performed so far on the GE TRACERIab™ FX2 C, of which six syntheses were per-
formed for validation of the new module (excluded data) and four synthesis failed. Out
of these productions (n =94, excluding test syntheses, 7 fail synthesis), 81 radiosynth-
esis were released for clinical application, the remaining six productions were released
but for other applications. Details on optimization radiosyntheses performed, which
were not released for human application but are included in the overall analysis are
shown in Table 1. The success rate of [“C}metoclopramide produced on TRACERIab™
FX C Pro or GE TRACERIab™ FX2 C was 95 and 88%, respectively. The productions
were performed between August 2017 and September 2019. The change of the synthe-

sis module was implemented in December 2018.

Quality control of [''Clmetoclopramide

The quality control parameters encompassed the parameters pH, osmolality, organic
solvent content, radionuclidic purity, radiochemical and chemical purity as well as bio-
logical testing of sterility and endotoxins. All tests performed were in accordance with
the recommendations of the European Pharmacopoeia for other ''C-radiotracers. The
chemical and radiochemical purity was measured by means of RP-HPLC using an X-
Bridge BEH Shield RP-18, 4.6 x 50 mm, 2.5 um, 130 A (Waters GmbH) column eluted

at a flow rate of 1 mL/min with a gradient program (Fig. 4) of the following solvents:

——Gamma detector [CPS]

——UV detector [mV]

16000 Product collection
1
[**C]CH,0H
[MCICH,!
12000 —
®
c
a0
w
S 8000
k7]
]
1]
a
4000 Side product
0 — AN
0 2 4 6 8 10 12 14 16
Time [min]

Fig. 3 Typical semi-preparative RP-HPLC chromatogram of a [''Clmetaclopramide radiosynthesis including
the signal of the UV-detector (254 nm, black) and radio-detector (red). The product peak has a retention
time of approximately 10.5-12.5 min
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Table 1 Overview on evaluation batches and overall yield of [''CJmetoclopramide productions
with changing reaction conditions

Solvent Reactive RCY (% based on [''CICO,, decay Activity vield
synthon corrected) [GBq]

Acetone (n=3) ["'QCHOTF 207 £ 4.5% 54412

Butanone (n= 3, evaluation ["'CJCH,OTF 208 £ 3.8% 63+ 17

batches)

Butanone (n=1) [""CICH, no product 0

Butanone (n = 94, overall ["'CICHSOTF 132+ 67 39+ 20

productions)

solvent A: aqueous acetonitrile (90%), solvent B: water and solvent C: aqueous ammo-
nium phosphate buffer (50 mM), pH 9.3 adjusted with NaOH (Nics et al. 2018). The re-
tention time of the precursor O-desmethyl-metoclopramide was between 1 min 20s to
1 min 50s and for the product [“C]metoclopramide 2min 50s to 3 min 20s (Fig. 5).
The calibration curve was set up at 225nm for the concentration range 0.1-5 pg/mL
(0.1, 0.5, 2, 3.5 and 5 pg/mL standards) including blank measurements all performed in
at least three repetitions (Fig. 4).

The retention times were checked prior every radiosynthesis by injection of the re-
spective reference compounds. Both, the semi-preparative as well as the analytical
HPLC systems were tested for the retention times of the reactive intermediates methyl
iodide, methyl triflate and methanol (from the reaction of methyl triflate with water) as
well as ["'C]CH,l, [M'C]CH;OT{, [''C]CO, and a mixture of ["'C]CH;OTf with water
(for the retention time of [''C]CH;OH).

Statistical analysis

Yield calculation consisted of the measured activity of the product in GBq corrected for
decay divided by the produced starting activity of [''C]CQ, in GBq and is expressed in
% if not stated otherwise (Coenen et al. 2017).

>
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9 4
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7 4
6 1 ®
J €
25 g
Eq §
31 y = 1.6455x - 0.0752
2 R? = 0.9995
1 4
0
0 2 4 6 0 5

time [min]

concentration mL.
ion [ug/ml] msolvent A Msolvent B solvent C

Fig. 4 a Calibration curve of metoclopramide in the range of 0.1-5 pg/mL measured at a wavelength of
225 nm. The limit of detection and limit of quantification were 0.2 ug/mL and 0.7 pg/mL, respectively. b
Gradient for the analytical RP-HPLC for the quality contral of [''Clmetoclopramide. The mobile phase
consist of solvent A: agueous acetonitrile (90%), solvent B: water and solvent C: agueous ammonium
phosphate buffer (50 mM), pH 9.3 adjusted with NaOH
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Fig. 5 Exemnplary analytical RP-HPLC chromatogram of [''CJmetoclopramide formulated for iv. injection
including the signal of the UV-detector (225 nm, upper channel) and radio-detector (lower channel)

If not indicated otherwise, all values are depicted as mean * standard deviation. All
results derived from synthesis or quality control were analysed by means of MS Excel®
2013. Significance was tested with GraphPad Prims 6 by means of t test analysis.

Results and discussion

Automated radiosynthesis optimization for human application

Starting from 116 + 17 GBq of ["'C]CO,, 39 + 13 GBq of [''C]JCH;OTf was trapped in
400 pL butanone within the reactor containing O-desmethyl-metoclopramide and aque-
ous sodium hydroxide solution after approximately 15 min. In the original radiosynth-
esis published by F. Caillé and coworkers (Caillé et al. 2018) the [MCICH;0TS was
trapped at — 20 °C in acetone, with subsequent heating to 110°C. This radiosynthesis
had to be adjusted in order to minimize mechanical strain caused by heating acetone
over the boiling point and to reduce the effort of maintenance of the synthesis modules,
although the chemical turnover in acetone and butanone was comparable during the
establishment process (see Table 1). For this reason, the solvent acetone was exchanged
by butanone, which additionally enabled the omission of the cooling during the
[MC]CH3OTf trapping step due to its higher boiling point. The trapping efficiency of
["'C]CH;OTf in acetone and butanone was approximately 80% (non-decay corrected),
in accordance to previously published data (Pichler et al. 2018b). Afterwards, the reac-
tion solution was heated to 110°C for 2 min, cooled to £35°C and quenched with
water. Semi-preparative radio-HPLC (Fig. 3) revealed the presence of the following
radioactive peaks: [*'C]CHsl and [*'C]CH;OH (from the reaction of [**C]CH;OTf and
water) at early retention times between 3 and 6 min, followed by a minor unknown side
product at 8 min and the desired product fraction at approximately 12 min. In contrast
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to a previous study (Caillé et al. 2018) the semi-preparative HPLC column was changed
from a Waters Symmetry® C18 7.8 x 300 mm, 7 pm column to a SUPELCOSIL LC-
ABZ+ column. After the semi-preparative HPLC purification (Fig. 3), 3.9 + 2.0 GBq of
product was isolated, which corresponded to a radiochemical yield of 13 +7% (based
on the starting activity of MC]CO,, decay-corrected) or 23+ 11% (based on trapped
["'C]CH,], decay-corrected).

Molar activity and quality control

The molar activity of the final formulated product was 132 + 164 GBq/umol (range: 5—
659 GBq/pmol). The molar activity was calculated according to the recently published
nomenclature and harmonization guidelines (Coenen et al. 2017). The calibration curve
as well as the limits of quantification and detection were determined according to ICH
(International Council for Harmonisation) guidelines (see Fig. 4) (Balaram et al. 2011).
If the concentration of metoclopramide was below the limit of detection (LOD), the
value was set to the LOD of 0.2 pg/mL for molar activity calculation. Hence, the molar
activity was presumably even better than stated in 11 out of 94 production runs, due to
hitting the detection limits of the analytical method.

The quality control parameters are listed in Table 2. The parameter radiochemical purity,
radionuclidic purity (y spectrum), half-life, residual solvents as well as the physiological pa-
rameters pH and osmolality were measured before release of the product. Sterility and endo-
toxin testing were performed after decay of the radioactivity. All parameters were in
accordance with the recommendations of the European Pharmacopoeia as applied for other
"'C-radiotracers (European Directorate for the Quality of Medicines (EDQM) 2016).

Differences and similarities of TRACERIab™ FX C Pro and TRACERIab™ FX2 C

In general, the productions with the TRACERIlab™ FX C Pro afforded significantly lower
molar activities (62 + 80 GBq/pmol) than the newly installed TRACERlab™ FX2 C
(299 + 184 GBg/pmol). This considerable difference in molar activity can presumably
be explained by the long usage of the TRACERIab™ FX C Pro leading to carbon de-

posits. A detailed analysis of potential sources of carbon load in synthesizers has been

Table 2 Quality control parameters for all released batches (n =81) of [''CJmetoclopramide
according to the recommendations of the Furopean Pharmacopoeia for ''C-radiotracers

Quality control parameter Release criteria Quality control
Radiochemical purity > 95% 99+ 1%

Molar activity no release criteria 132 + 164 GBg/pumol
Half-life 203+ 20min 194+ 08 min
Radionuclidic purity (y-line) 430-520 keV 505+ 15 keV

Residual solvents < 410 ppm per solvent < 410 ppm butanone

< 410 ppm acetonitrile

< 10% ethanol < 10% ethanol
pH 4.5-8.5 75+02
Osmolality 200-400 mosm/kg 316+ 37 mosm/kg
Sterility pass pass
Endotoxins Pass pass
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published by our group recently (Pichler et al. 2018b). The final radioactivity amount of
["'C]metoclopramide at the end of synthesis was slightly higher for the TRACERIab™
FX C Pro than for the TRACERlab™ FX2 C (4.2 + 1.9 GBq versus 3.4 2.2 GBq, not
significant).

The synthetic program of [''C]metoclopramide of the TRACERIab™ FX C Pro had to
be adjusted for the TRACERIab™ FX2 C to implement the synthesis of [''C]metoclopra-
mide. The main difference between the modules is the changed installation of the silver
triflate column (Fig. 2). For the TRACERIab™ FX C Pro, the silver triflate column has to
be inserted before the synthesis in a horizontal position. Here, the main disadvantage
lies in the recurrent manual removal and therefore opening of the column which may
lead to the introduction of humidity. On the other hand, the exchange of the connect-
ing tubes is easy and fast. For the TRACERIab™ FX2 C, the silver triflate column has a
smaller column diameter, and the column is inserted in a vertical position. Here, the
silver triflate column can be automatically by-passed and therefore the main disadvan-
tage of the TRACERIab™ FX C Pro was overcome. However, a disadvantage of the
TRACERIab™ FX2 C is the inaccessibility of the connecting tubing between the
["'C]CH,I trap and the silver triflate column. Additionally, the heating and cooling of
the silver triflate column has to take place in a mode where the valves are closed and

therefore the column may be pressurized.

Analysis of pitfalls of the [

C] metoclopramide production

Overall synthesis success rate was 93% combined for both modules (1 = 94). The identi-
fied problems are depicted in Fig. 6. The first step with potential failure was the
["'C]CHsI production, for which in some cases no conversion of ["'C]JCH, into [*']CH,I
was observed. A higher failure rate was due to insufficient transformation of [MCICH,l
into the more reactive intermediate ["'CJCH;OTY. In these cases activity was either
trapped on the silver triflate column or the activity was successfully transferred to the re-
actor, but no reaction took place due to insufficient amounts of [''C]JCH;OTt. During the
semi-preparative HPLC purification step two possible failure scenarios occurred: firstly,
there was a poor separation between the side product and the [''C]metoclopramide frac-

tion leading to an impure product and subsequently inhibiting product release. Secondly,

[11C]CH;,l [*1C]CH,OTf HPLC technical
production turnover purification issues
A) No conversion B) No activity D) Poor separation F) Poor liquid
caused by H, in transfer into transfer
circulation unit reactor

E) No product G) Miscellaneous
formation
C) Activity transfer
but no [11C]CH,OTF
formed
Fig. 6 Schemne of the pitfalls of [''Clmetoclopramide synthesis
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there was no product formation at all, which may be attributed to insufficient conversion
of [M'C]CHSI into [M'C]CH;OTf or resulting from traces of decomposed butanone. A test
synthesis using [''C]CHsl as reactive synthon proved the necessity of [M'CICH,OTT for
the preparation of [''C]metoclopramide (see Table 1). All other synthesis failures were at-

tributable to technical issues like clogging of tubings or valves.

Pitfalls of [''CICH;l production

In general, the gas-phase [''C]CH3l production was very stable and reproducible as de-
scribed before (Pichler et al. 2018b). However, a potential source of failure in the
[MC]CH,I production could be identified in the course of the evaluation of [*'C]metoclo-
pramide. In these cases, the characteristic pattern of the re-circulation of ["'C]CH, and
trapping of [''C]JCH,I was not observed. Instead, the radioactivity was passing through
the [M'C]CH;1 trap without any trapping (see Fig. 7). Hence, this failure in [MC]CH,I pro-
duction was therefore visible within the first few seconds of the re-circulation process.
Once the failure in trapping was noticed, the circulation unit could be flushed with helium
and the synthesis could be immediately re-started, as the precursor solution was not af-
fected. In these rare cases, the second run was always successful.

The cause for this failure could be confirmed and the erroneous circulation pattern
could be reproduced when the whole circuit unit was flushed with hydrogen (100 mL/min
for 2-3 min) instead of helium prior to the [M'C]CHAI production. The introduction of
hydrogen into the unit is only explicable, if a valve is leaking or a faulty circuit happens
during the conditioning of the CO, trap. Other (non-commercial) gas-phase ["'C]JCH,I
production units are not trapping the formed [**C]CH, on a cooled methane trap (per-
sonal communication, see also methane trap in Fig. 2) and therefore the produced
[*C]CH, is not separated from remaining [*'C]CO, and unreacted H,. As the production
of [''C]CHjl in these production units is working properly, we assume that this problem

may only occur in presence of high amounts of hydrogen.

Validation of [''CJCH;OTf production
Overall, the ['*C]JCH;0Tf production was more prone to failure than the ['C]CH;l

production and was the main source of synthesis failure. With the set-up of the

a5 -
a0
35 4
30 4
25 4
20 4
15 4
10 4
5 4
0 : . T T T ,

0 50 100 150 200 250 300
Time [s]

Activity on [''C]Mel Trap [GBq]

Fig. 7 Progression of the turnover of [''CICH, to [''CICHsl and trapping of the activity on the methyl
iodide trap, for a successful reaction (black) and failed reaction caused by presence of hydrogen (red) in the
circulation unit of the GE TRACERIab™ FX C Pro synthesizer
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TRACERIab™ FX2 C module, two different unwanted scenarios were observed. In the
first scenario, the [''C]CH;l was either almost completely trapped on the silver triflate
column or insufficiently transferred from the silver triflate column into the reactor. In
the second scenario, a very good transfer of the radioactivity into the reactor was ob-
served, but there was no conversion of [''C]CH;l into ["'C]JCH;OTf. The trapping of
the [''C]CHa] on the silver triflate column primarily occurred in our facility, when the
silver triflate column was exposed to humidity. However, the main source of failure
was the insufficient transformation of [*'C]CHsl into [*!C]CH;OTH. Consequently, the
silver triflate column must be checked and replaced regularly in order to guarantee a
stable process. The exchange of the silver triflate column was performed every 15th—
20th synthesis for the GE TRACERIab™ FX C Pro. The successful transformation of
["'C]CH;I into ["'C]CH;OTS was indirectly detected by analytical HPLC analysis of the
crude reaction mixture. Although [ C]CHaI reacts with water of the mobile phase to
[M'C]CH30H, a certain amount of non-reacted [''C]CH;l was detectable (see Fig. 8).
[HC]CHgon, on the other hand, reacts very quickly with water, so that no
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Fig. 8 Radio-HPLC analysis of [''CJCHy, [''CICH;OTf and crude reaction mixture. The individual peaks were
identified by co-injection of commercially available unlabelled reference compounds. The analyzed
[""CJCH,OTF batch contained approximately 13% of [''CJCH;l due to incomplete conversion of [''CJCHs|
into [''CICH;OTY, [''C] methancl originates from the reaction of [''CJCH;OTf with water. A similar
phenomenon was seen for the crude reaction mixture
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["'C]CH;OTf peak is detectable but a pronounced ["'C]CH;OH peak. For failure ana-
lysis after the synthesis, the injection of the crude reaction mixture into analytical
HPLC allows the following conclusions: (i) a detectable ["'C]CH,l peak indicated an in-
sufficient conversion to ["'C]JCH3;OTf, which considerably lowers the radiochemical
yield; (ii) if only the [*'C]CH,OH peak was present, the reaction of [MCICHSI to
["C]CH;OTf took place, so that other factors, like insufficiently inert atmosphere,
among others, were responsible for low product conversion.

Separation efficiency of semi-preparative HPLC and other technical issues

A poor semi-preparative chromatogram was present, when either there was an insuffi-
cient separation of product and side product or there was no product formation at all.
For an efficient purification of [''C] metoclopramide it was necessary to prepare the
mobile phase freshly at least once per week. Otherwise the tailing of the ["'C]metoclo-
pramide peak enhanced (Fig. 9), as well as the amount of the side peak at around 8 min
appeared to increase. Analysis of the collected semi-preparative HPLC product fraction
by analytical HPLC showed that the collected peak consist of both, side product and
[M'C]metoclopramide. Exchange of the HPLC solvent restored the separation and re-
duced the peak at approximately 8 min.

A reduced or no formation of the product was either due to poor [M'C]CH,OTf for-
mation but also caused by decomposition of the butanone after long time usage (Fig.
9). Acetone is known to undergo aldol reactions when stored on molecular sieves (JoVE
Science Education Database 2019). However, GC and 'H-NMR did not show any aldol
reaction product in amounts higher than 0.01% (GC analysis) or at all (*H-NMR) in
butanone, which was stored over molecular sieves for more than 6 months. Still, the ol-
factory differences between the bottle of butanone stored over molecular sieves and a
bottle of butanone without molecular sieves suggests that butanone underwent molecu-
lar sieve-catalyzed reactions. This small amount of formed aldol product might still be
enough to interfere with the radiolabeling via [''C]CH3OTf. Therefore, a regular ex-
change of butanone at least every 3 months is recommended.
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Fig. 9 Insufficient semi-preparative RP-HPLC chromatograms caused by aged HPLC solvent (black) or
decomposed butanone (red)
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Conclusion

["'C]Metoclopramide was reliably synthesized on both, a GE TRACERIab™ FX C Pro
and GE TRACERIab™ FX2 C synthesis module, for more than 100 synthesis in good
yields and high molar activities. The quality of the final product was in accordance with
the recommendations of the European Pharmacopoeia for other ''C-radiotracers. The
main technical problems were identified, and individual solutions were developed in

order to keep synthesis failures at a minimum.

Abbreviations
PET: positron emission tomography; P-gp: P-glycoprotein; RP-HPLC: reversed phase-high performance liquid
chromatography
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Specific activity Methods: In this study, diverse '>C-contaminations were analyzed and quantified, which occurred during >450
Carbon-11 syntheses of six PET tracers using [ ''C|CO, or [''C|CH3l generated via the gas phase method in a commercially

available synthesizer. Additionally, non-radioactive syntheses were performed in order to identify the origins
of carbon-12.

Results: The manifold contributions to low molar activity can be attributed to three main categories, namely tech-
nical parameters (e.g. quality of target gases, reagents or tubings), inter/intralaboratory parameters (e.g. mainte-
nance interval, burden of the module, etc.) and interoperator parameters (e.g. handling of the module).
Conclusion: Our study provides a better understanding of different factors contributing to the overall carbon load
of a synthesis module, which facilitates maintenance of high molar activity of carbon-11-labeled
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radiopharmaceuticals.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

"C-labeled radiotracers for application in positron emission tomog-
raphy (PET) play an important role in neuroimaging, especially for
in vivo analysis of receptor expression and disease-induced alterations
thereof in the brain. The concept of molar activity is especially relevant
for potential receptor occupancy and saturation, as well as to avoid un-
desired pharmacological effects. In small-animal PET measurement, it is
e.g. stated that the receptor saturation should be below 5%, and reason-
ably, an exceptionally high molar activity is necessary [ 1]. As a result, the
radioactivity as well as the moles of the substance are determined for
these PET-tracers and their ratio is called the molar activity. Just re-
cently, Coenen et al. started a movement for standardization of

* Corresponding author at: Waehringer Guertel 18-20, 1090 Vienna, Austria,
E-mail address: verena.pichler@meduniwien.ac.at (V. Pichler).

https://doi.org/10.1016/j.nucmedbio.2018.09.003
0969-8051/© 2018 Elsevier Inc. All rights reserved.

radiopharmaceutical nomenclature und definitions. Accordingly, the
term molar activity (An,) is used for ‘the measured radioactivity per
mole of compound measured in Bq/mol or GBg/umol’. Besides, the mea-
sured activity per gram of compound in Bq/g or GBq/g is designated as
specific activity (As) [2].

It is obvious, that time is an important factor in radiochemistry, as
the molar activity is continuously decreasing over time due to radioac-
tive decay. Time has a higher impact on short-lived radionuclides
(such as carbon-11) compared to longer-lived ones (like fluorine-18).
Furthermore, ''C-chemistry displays another characteristic making
the molar activity even more crucial compared to productions of PET
tracers with a different radiolabel. Most ''C-tracer productions start
with [''C]CO, and, unfortunately, the non-radioactive contaminant
CO, is ubiquitous in surrounding air, whereas it is rather unlikely that
e.g. cyclotron produced fluorine-18 is, besides other sources, contami-
nated with high amounts of naturally occurring fluorine-19 per se.
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Carbon-11, a cyclotron generated nuclide, is produced either by irradia-
tion of No/O or No/H, gas mixtures. In most cases, the generated [1'C]
CO, (or [''C]CH,) is further processed to receive the most important
synthon [!'C|CHzl. Reasonably, the molar activity for syntheses starting
from [''C]CH, is generally higher than for those starting from [''C]CO,
[3]. The processing of [''C]CO, to [''C]CHsl is performed either via the
‘wet’ method with LiAlH, and HI, or via a gas phase reaction using H,
and [,. Potential carbon-12 sources were extensively discussed for the
‘wet’ method [4,5] as well as for the single pass I, method [6]. However,
less information is available for the synthesis of [''C]CH;I through the
gas phase iodination reaction of commercially available modules such
as GE TRACERIab FX C [7] or Synthra Melplus. This fact is astonishing
considering that most of ''C-syntheses are performed during routine
production or clinical trials, and the production has to be performed
on a weekly or even daily base. Therefore, a constant aim is to keep
the molar activity high and predictable. Every inexplicable decrease is
the fear of a radiochemist specialized on ''C-tracer preparation and
also of technicians involved.

The aim of our investigations was the identification and evaluation
of potential carbon-11 sources within the [1'C]JCHsl production unit of
the GE TRACERIab FX C Pro. These investigations were based on six
"C-labeled PET tracers, which were produced on a weekly to nearly
daily base within our facility over the course of 1.5 years. Due to the clin-
ical demand for high radiochemical yields, often 2-3 applications have
to be possible with one radiochemical production. Hence, all syntheses
were performed using the [ 1'C|CO, target. Additionally, we established
a protocol to minimize potential risks for poor/decreased molar activi-
ties as well as to optimize the maintenance interval for the equipment
in order to guarantee high and reproducible quality within our daily
routine production of 2-3 ''C-tracer preparations per day on the same
synthesizer.

2. Experimental
2.1. Material and reagents

All chemicals and solvents were obtained from commercial sources
with analytical grade and used without further purification. lodine (sub-
limated grade for analysis; ACS, Pharm.Eur.) was purchased from Merck
(Darmstadt, Germany; product number: 1.04761.0100). The nickel
catalyst (Shimalilte Ni reduced, 80/100 mesh) was purchased from
Shimadzu (Kyoto, Japan) and was mixed with a molecular sieve (4 A,
80/100 mesh, purchased from Grace, Columbia, USA). The |“C]CH31
trap consisted of Porapak Q (50-80 mesh, Waters, Vienna, Austria). Sil-
ver triflate impregnated carbon was prepared by dissolving 1 g of silver
trifluoromethanesulfonate (Sigma Aldrich, Vienna, Austria) in 20 mL
acetonitrile (for DNA synthesis, <10 ppm H,0, Merck, Darmstadt,
Germany). To this solution, 3 g of Graphpac-GC (80/100 mesh, Alltech,
Deerfield, Illinois, USA) was added and the suspension was stirred in
the dark for about 30 min. The solvent was removed under reduced
pressure and the obtained powder was further dried in the dark for
2 h (rotary evaporator). The three ascarite Il traps (ascarite®, approx.
20-30 mesh, Sigma Aldrich, Vienna, Austria) were used to avoid con-
taminations with moisture within the methyl iodide production unit.

2.2. General method for the in-target ['CJCO, production and delivery to
the hot cell

[1'C]CO, was produced by means of a GE PETtrace 860 cyclotron
(General Electric Healthcare, Uppsala, Sweden) and a GE [''C]CO,
high pressure target via the "*N(p,a)''C reaction by a high purity gas
mixture of N, 6.0 and 1% 0, 5.5 (Air Liquide, Vienna, Austria).
Alphagaz™ 2 helium 6.0 (299.9999%, Air Liquide, Vienna Austria) and
Alphagaz™ 2 hydrogen 6.0 (99.9999%, Air Liquide, Vienna Austria)
was used as inert gas and reduction reagent, respectively. The target
consisted of an aluminium alloy and target foils made of Havar (alloy
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of cobalt). Depending on the experimental schedules irradiation times
and beam currents were varied. However, standard settings were an ir-
radiation time of 30 min and beam current of 65 pA yielding approxi-
mately 120 GBq of [''C]CO;. Moreover, delivery time from target to
the Hot Cells/TRACERIab FX C Pro synthesizer was 4 min, including an
automatic, additional refill/delivery cycle to assure complete emptying
of the target. Subsequently, the delivered [''C]CO, was trapped on a
molecular sieve at room temperature and either released by heating
to 400 °C for Grignard reactions ([''C]-(+)-PHNO, [carbonyl-''C]
WAY100635) or further processed according to Larsen et al. [8] by
means of the in-built methylation process in the GE TRACERlab FX C
Pro synthesizer (General Electric Healthcare, Uppsala, Sweden) (Fig. 1).

2.3. Maintenance interval for the GE TRACERIab FX C Pro

The maintenance interval recommended by the commercial supplier
of the GE TRACERIab FX C Pro for the most common tasks was adapted
to serve the needs of our facility. The adaptions are listed in Table 1.

24. Preparation of the GE TRACERlab FX C Pro for [''CJCH;I based
productions

Module preparation started with flushing of the “[''C]CH3l prepara-
tion unit” with helium (20-50 mL/min) (via V24, V25,V29, VA, V15, V9,
V17,V16) as well as flushing the lines to the reactor (via VB, V7 and V8)
for around 1 min. Subsequently, the same pathways were checked for
leakages with a helium flow of 100 mL/min. In order to guarantee tight-
ness the flow had to decrease below 4 mL/min.

Heating to 200 °C under a continuous helium flow (50 mL/min) of
the ["'C]CH5l trap - and, if applied, the silver triflate column - was per-
formed to remove traces of chemical contaminants from the previous
synthesis. During that time, V1-V3 were washed two to three times
with water followed by acetone via the reactor as well as the load and
inject positions of the HPLC valve. The reactor as well as the lines from
V1-V3 and the line to the injection valve were dried with a continuous
helium stream via V18. V4, V5 and VG were washed with either ethanol
or water via the product vial or V11 and V12. The HPLC lines were
washed with HPLC solvent via V14 into the waste bottle as well as
into the bulb. The bulb line was washed with water and HPLC solvent
via V11 and V12.

All lines associated with the reactor were afterwards checked for
presence of solvent residues, which have to be fully removed.

15 min before the start of the synthesis, a pre-run sequence was
started, consisting of a heating step of the [''C]CO, trap ([''C]CH,4 pro-
duction unit) to 400 °C with a helium stream of 50 mL/min via V27
(2 min). The [''C]CO, trap was pre-flushed with hydrogen gas
(3 min) still at 400 °C and subsequently cooled down to at least 50 °C.
Cooling of the CH,4 trap to —78 °C with liquid nitrogen was started
before release of radioactivity from the target.

2.5. General procedure for the conversion of [1'CJCO- to [''CJCH5I

[''C]CO, was trapped at room temperature on a molecular sieve in-
cluding nickel as catalyst. Afterwards, the [''C]CO, trap was flushed
with helium (50 mL/min) and subsequently filled with hydrogen
(120 mL/min). V27 was closed prior to V25 and the ['C]CO, trap was
heated to 400 °C. The formed [''C]CH,4 was released with a helium
stream via V10 (exhaust exit) and trapped on the [''C]CH, trap, which
was cooled to —75 °C. V10 was closed, V9 opened and [ ''C]CH, was re-
leased into the circulation unit by heating the trap slowly to 80 °C. Inside
the circulation unit, the ["'C]CH, was converted to [''C]CHsl, whereas
an optimal result was achieved by around 10-11 circulations within ap-
proximately 3 min. Around 10% of the radioactivity were usually
trapped on the ['"C]CHsI trap within the first circulation and approxi-
mately 35-50% of the starting activity were trapped as [''C]CHsl after
the circulation process had ended. Afterwards V16 (exhaust exit) was
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Fig. 1. Scheme of the [''C|CH;l production unit of the GE TRACERIab FX C Pro.

opened and the trap was heated to 90 °C to remove potential
byproducts. Afterwards V16 was closed, the trap was further heated to
190 °C and the radioactivity was released into the reaction vessel via
V17, VB (silver triflate column or bypass), V7 and V8. Around 75-90%
of ["'C]CH,l/[''C]CH5OTf was trapped inside of the reactor, highly de-
pending on the employed trapping solvent.

2.6. General procedure for ['C]CO, release for Grignard reactions

In general, Grignard reactions can be directly conducted using [''C]
CO, from the cyclotron. In our facility, firstly ['C]CO, was trapped on
the [''C]CO, trap prior to the actual reaction start, in order to allow a
controlled [''C]CO; release into a plastic reaction loop, previously
coated with the respective Grignard reagent. In advance, the cyclotron
target was flushed twice with target gas.

Accordingly, the [''C]CO, trap was heated for 5-10 min to 400 °C
with a helium stream (20 mL/min) via V27 to remove potential CO,
traces and subsequently cooled to room temperature. It is important
to avoid accidental flushing of this trap with hydrogen gas to prevent
the chemical reaction to [''C]CH,4. Then, the cyclotron produced [''C]
€0, was trapped. The trap was successively heated to 300 °C with a gen-
tle helium stream (5-10 mL/min) via the exhaust valve V27. When a
temperature of 300 °C was reached, it was further increased to 400 °C,
while V27 was closed, and V29 and VA were opened for release of the
activity to the loop.

Table 1

2.7. Tracer production

Four tracers were produced by methylation reactions, using [''C]
CHsl or [''C]CH5OTT, respectively, and were therefore dependent on a
good performance of the [''C]CHsl production unit: [''C]DASB (n =
158), [''C]harmine (n = 109), [''C]PIB (n = 61) and [''Clerlotinib
(n = 49). The synthesis procedures were performed as described previ-
ously [9-12]. Two tracers were produced via Grignard reactions. A de-
tailed description of the synthesis of |'C]-(+)-PHNO (n = 49) as well
as [carbonyl-1""C]WAY100635 (n = 31) was published elsewhere
[13,14]. For analysis of the trapping efficiency of different solvents, addi-
tional data from productions for [''C]methionine (n = 14) [15] and
[1!C[tariquidar (n = 10) [16] were added.

2.8. Analytical procedure for the quantification of molar activity

For analysis of the molar activities, an Agilent 1260 system (Agilent
Technologies GmbH, Santa Clara, CA, USA) equipped with a quaternary
pump (G1311B), a multi wavelength UV-detector (G1365D), a manual
injector (G1328C), a Nal (Tl) detector from Berthold Technologies
(Bad Wildbad, Germany) and GINA Star controlling software (Elysia-
Raytest; Straubenhardt, Germany) was used. The column was an X-
Bridge BEH Shield RP-18, 4.6 x 50 mm, 2.5 um, 130 A (Waters,
Austria). All details for the different mobile phases, limits of detection
and quantification were presented recently [17].

Recommended versus established maintenance interval for the most common tasks of module servicing in our facility.

Maintenance tasks Recommended interval

Our interval

Leak test Every 5" synthesis
1*'iodine trap Every 5" synthesis
2" jodine trap na.

Water traps Every 20" synthesis
lodine refill Every 20™ synthesis

Change of CHsl trapping material Every 20" synthesis
Change CO; trap/CH, oven material Every 100 synthesis
Change CO, cooling trap material n.a.

Every synthesis

Once per week (approx. 7-10" synthesis)

Every 30" synthesis

Every 15-20" synthesis

Every 25™ synthesis

Dependent on synthesis performance (every 150-200" syntheses)
Dependent on synthesis performance (every 200-400™ syntheses)
Dependent on synthesis performance (~1000'" syntheses)
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2.9, Partial runs for the analysis of potential contamination with ubiquitous CO> =g : 5 * [carbonyl-"C|WAY100635
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2.10. Statistical analysis of molar activity for a set of PET tracers . 0 100 200 300 400 500 600

The molar activities of the aforementioned six PET tracers were ana-
lyzed over a course of approximately 1.5 years with around 10-15
carbon-11 productions per week. Production records were statistically
analyzed by Microsoft Excel 2010 and t-test was performed with Graph
Pad Prism 6 (GraphPad Software, La Jolla, CA, USA). Moving average anal-
ysis was executed by trend line analysis also in Microsoft Excel 2010.

All calculation for molar activities and yields within the different
processes were performed at the same time point (end of syntheses or
end of the respective process) but non-decay corrected to depict the sit-
uation during a synthesis.

Box plot analysis (Fig. 3) shows the overall range of values (minimal
to maximal value), the range between the 25 to 75" percentile as box
and the median value is shown as intermediate line of the box. All data
for Fig. 5 are expressed as mean =+ SD, whereas in Figs. 2, 4, and 6 every
point represents a single experiment/event to enable trend analysis.

3. Results and discussion

The molar activities of six PET-tracers, [''C]DASB, [''C]harmine,
[''clpiB,  ['Clerlotinib, [''C]-(+)-PHNO and [carbonyl-''C]
WAY100635, was monitored over the course of 1.5 years with a high
turnover of around 10-15 carbon-11 productions per week produced
on the same GE TRACERIab FX C Pro system (Fig. 2). Moving average
analysis showed a continuous trend with a peak in molar activity
around every 3 months (approx. 150 syntheses). Within our production
scheme, the main reason for a fast drop in molar activity was found to be
the filling level of the target gas bottle (major effect) or the inert gas bot-
tle (helium bottle, minor effect).

On the other hand, the molar activity was highly dependent on the
quality of the starting materials (different production lots of commercial
suppliers, time of solvent usage, etc.). Therefore the average molar activ-
ity was also PET-tracer dependent. The highest A, at end of synthesis
(non-decay corrected) was achieved for [''C]harmine (146 +
108 GBq/umol), [''C]DASB (133 £ 110 GBg/umol), as well as the Gri-
gnard reaction based tracers [ "'C]-(+)-PHNO (132 + 92 GBq/umol)
and [carbonyl-""CIWAY100635 (137 + 101 GBq/umol), whereas [''C]
erlotinib (101 & 57 GBq/umol) and [*'C]PIB (103 + 61 GBq/umol)
showed the lowest values.
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time frame / [days]

Fig. 2. Top: Overview on molar activities of an overall of 457 syntheses of the following
PET-tracers: [carbonyl-""C][WAY-100635 (n = 31), [''C]-(+)-PHNO (n = 49), [''C]
erlotinib (n = 49), ["'C]harmine (n = 109), ["'C|PIB (n = 61) and [''C]DASB (n =
158). The lines are the moving average analysis (base 4) for the respective radiotracer to
visualize the trend over the time. Bottom: Moving average analysis over all molar
activities with a period of 20 to show the fluctuation within approximately a month
independent on the respective radiotracer.

Interestingly, we observed a slight trend to lower molar activities
throughout the day when using the synthesizer repeatedly for ''C-
tracer preparations. In general, the first production resulted in higher
molar activity than the successive ones. This trend is explicable either
by residues from previous runs, which could not be removed by the
cleaning procedure, or it is potentially a sum of effects caused by the
type of tracer in combination with effects caused by the producer. How-
ever, a more extensive evaluation is necessary to fully explain this trend
— performing three consecutive syntheses with the same tracer and the
same producer. Unfortunately, we are not able to perform such experi-
ments at the moment due to logistical restrictions in connection with
the clinical routine schedule.

However rare, excessive or wrong use of the module by the producer
can dramatically influence the performance. Intra- and interoperator
variabilities were also clearly seen (Fig. 3).

When a reduction in molar activities was observed, it was essential
to clearly distinguish between a drop (a) only for ["'C]CH5l based
tracers, (b) only for Grignard-reaction based tracers or (c) for both. In
our facility, the main reasons for a decreasing molar activity only for
[''CJCH5I based tracers were identified as (organic) contamination of
the ascarite traps or molecular sieves, damaged tubing or clogging of
valves. As the transformation of ['C]CO, to [''C]CH5l was found to
show a linear trend with around 37 + 4% absolute yield of [''C]CH;l
(Fig. 4) every drastic discrepancy indicated a beginning systematic dis-
turbance of this process.

Once a poor performance (with unaltered turnover of [''C]CO, to
["'C]CHsl) was observed, it was mandatory to change all ascarite traps
in order to gain sufficient molar activities again. Moreover, it was
found that a few syntheses were necessary for regeneration of the sys-
tem (i.e. additional methylation runs without tracer preparation).
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Fig. 3. Inter- and intraoperator variabilities in molar activities shown for [ 'CJharmine. Box
plot analysis includes the minimum to maximum value (upper and lower whisker}), the
range of the 25" to 75t percentile (box) as well as the median value (intermediate line
of the box). In overall 86 syntheses were included in the analysis with the following
assignment to the producers: producer 1 (n = 10); producer 2 (n = 12), producer 3
(n = 29), producer 4 (n = 7), producer 5 (n = 16), and producer 6 (n = 12). 23
syntheses were excluded as no assignment to a single producer was possible
(productions in pairs due to teaching aspects) or when only <5 syntheses per producer
were available.

When additionally to the drop in molar activity the radiochemical yield
in [''C]CH;! decreased to less than approximately 30% it was mainly
caused by partial clogging of the gas pump valve, which was recogniz-
able by a reduction in the number of the cycles during the transforma-
tion of ["'C]CH,4 to [1'C]CH3] via valves V9, V17, V16 and V15.

Although the reaction solvent did not influence the molar activity of
the respective tracer, a distinct difference in the trapping efficiency and
consequently on the yield was observable (Fig. 5). The most effective
solvents for trapping [''C]CH;l or [''C]CH5OTf at room temperature
were polar, aprotic solvents, like DMSO, acetone, and butanone, with a
nearly quantitative recovery of the activity. The least effective ones
were polar, protic solvents, such as a mixture of ethanol and water,
which additionally were able to act as nucleophile themselves and,
therefore, potentially produce side products, e.g. [''CJmethanol or
[methyl-"'CJmethylethylether.

As Grignard reactions, as used for e.g. the synthesis of [''C]-(+)-
PHNO, do not proceed via ['C]CH;l, a drop in molar activity solely for
this kind of reactions was mainly caused by impurities of the used re-
agents. This problem was often caused by repeated usage of critical re-
agents (e.g. CO, enrichment in these containers). In most cases a
significant increase of the molar activity was achieved by using a fresh
batch of the applied chemical reagent.

However, when a drop in both, [''C]CO, and ["'C]CH;l based reac-
tions, occurred, the main carbon source was either a contamination of
the [''C]CO, trap or within the cyclotron target. As mentioned before,
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Fig. 4. Absolute yield of [''C]CH;l in relation to the starting activity of [''C|CO, (n = 262).
The linear regression analysis (dotted line) highlights the increasing trend (y = 0.3558x
+ 1.9012; R2 = 0.449).
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Fig. 5. Trapping efficiency of [''C]CH3l or [''C]CH;OTf, respectively, in five solvents,
namely acetone ([''C]tariquidar, n = 10), butanone (["'C]PIB, n = 48), DMSO ([''C]
DASB and [''C]harmine, n = 31), acetonitrile ([''Clerlotinib, n = 49) and a mixture of
ethanol/water ([''Clmethionine, n = 14) at room temperature. Values are expressed as
mean =+ SD.

this increased carbon load was mainly brought about by a low fill level
of the target gas bottle.

For identification of the origin of organic contamination, we performed
three successive syntheses, in which two partial runs and a full run were
conducted on the same day. For molar activity measurement, the [''C]
DASB production scheme was used. The partial runs included the identifi-
cation of the amount of DASB within the starting material, the contribution
to the carbon load by the module and the cyclotron target, as well as mea-
surement of the carbon load solely originating from the module.

The amount of DASB within the starting material was negligible for
the following calculations. The results for the carbon load were opposed
to the produced DASB. The correlation between the identified carbon
load of the sum of the contributions of module and cyclotron and the
obtained molar activity is depicted in Fig. 6. Here, it is obvious that
small changes in the carbon-load influence the molar activity more
drastically in the high molar activity range than in the low one. Thus,
high fluctuations are more likely and common at high molar activities.

The experimental work-up using different partial runs was success-
fully applied to identify and eliminate carbon contaminations faster
within our synthetic protocol and production routine. Hence, we rec-
ommend following this procedure in the set-up and during continuous
monitoring of automated radiosyntheses of ''C-tracers.

In summary, three clearly recognizable parameters for performance
of carbon-11 syntheses in terms of molar activity were identified: tech-
nical, inter/intralaboratory and interoperator parameters (Fig. 7).

400
3504 H
300
250
200
150 4

100

molar activity [GBq/ug]

Y T T T T T T T T T T 1
2 3 4 5 6 7 8 9 10 11 12 13

carbon-12 load partial run 2 [pg DASB]

50 | |

Fig. 6. Relationship between the '?C-load (absolute amount of produced DASB) of the sum
of contributions from synthesizer and cyclotron processes and molar activity of [ 'C]DASB
measured on the same day.
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[ | Quality of target gases
D Quality of all other gases (e.g. inert

module/target

r—! Quality of tubings, valves, trap and
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L material
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‘| Radiochemical, chemical and
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1 Different handling of module
' preparation

Experience in recognizing changes in
the process

Unknown/Not yet identified factors

Variation between different tracers

Fig. 7. Identified parameters influencing the molar activity of the six analyzed radiotracers.

The technical parameters included mostly external factors, such as
the quality of the target and inert gas, the quality of the reagents and
consumables, which were dependent on the commercial supplier and
therefore often difficult to control.

Easier to adapt and modify were the inter-/intralaboratory parame-
ters as, for instance, the maintenance intervals had to be changed to
generate continuous high performance and to keep the carbon load
within the module at a low level.

The trickiest part was the determination of interoperator parame-
ters, such as varying module preparation procedures and monitoring
of the synthetic process. Only extensive validation, (re-) training of
the personnel and clear and concise standard operational procedures
lead to satisfactory and consistent molar activities.

4. Conclusion

The aim of this extensive study was to identify carbon-12 contami-
nations within the synthetic procedure which influence the molar activ-
ities of six examined carbon-11 based PET tracers. The identified
parameters were manifold and could be summarized into technical,
inter/intralaboratory and interoperator parameters. For this purpose,
both a retrospective analysis of =450 synthesis data and dedicated ex-
periments (including partial synthetic runs as well as full radiochemical
runs) were conducted in order to facilitate the identification process of
the responsible parts within the synthesizer for reduced molar activi-
ties. Addressing the identified parameters before set-up and monitoring
them during operation guarantees stable quality of ''C-tracer prepara-
tions with constant molar activities.
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ers. The optimization of equipment and labeling proce-
dures—especially with respect to time—is a must when
dealing with the short-lived radionuclide carbon-11. Time
reduction in all processes (including quality control) is of
the utmost importance, though both accuracy and repro-
ducibility must be maintained. The synthetic possibili-
ties for ''C-labeled radiotracers resemble a multicolored
bouquet of flowers, with methods ranging from gas-phase
reactions to in-loop syntheses and from straightforward
""C-methylations to tricky multistep Grignard reactions.
A variety of synthons—including ["'C]CH,I, [""C]JHCN,
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of radiotracers incorporating a ''C-radiolabel at desired
positions in the target molecule without altering its physi-
cochemical and biological properties. Although several
critical limitations are placed upon "C-radiochemists—
including time constraints as well as the need for suffi-
cient yields and molar activities—you will find plenty of
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up feasible synthetic routes that demonstrate the beauty of
"C-radiochemistry.

V. Pichler - N. Berroteran-Infante - M. Ozenil - S. Pfaff

C. Philippe - W. Wadsak ([-0)

Department of Biomedical Imaging and Image-guided Therapy,
Division of Nuclear Medicine, Medical University of Vienna,
Vienna, Austria

e-mail: wolfgang.wadsak @meduniwien.ac.at

© Springer Nature Switzerland AG 2019

General Considerations for Radiotracer
Production and the Setup of Synthesizers

The routine production of !'C-labeled radiotracers requires
equipment that ensures the safety of the attending radio-
chemists. This suite of equipment typically involves a lead-
shielded working space, so-called hot cells, an active gas
compression system for storing exhaust air in tanks during
the decay process and radiation monitoring systems. The
heart of every '"C-radiochemistry laboratory is the semi-
automated or fully automated synthesizer, in which the
actual chemical conversion of the precursor to the radiola-
beled product takes place.

Carbon-11 synthesis modules—like any other synthesizer
in radiochemistry—should comply with a set ol specific
properties in order to fulfill the demands of routine produc-
tion with a high degree of reproducibility [1]. As a result, the
modules must facilitate or allow for the following:

* The possibility for the automation of all processes

* The reproducibility of robust processes

* Modifications for challenging syntheses (e.g. in-loop
reactions)

* Constant quality of the radiolabeled product in terms of
molar activity and radiochemical yield

¢ The production of multiple doses per day

* Reduced maintenance efforts

Independent of the manufacturer, versatile synthesis mod-
ules for carbon-11 radiochemistry must have a minimum
configuration featuring four major parts (for an overview, see
Fig. 1). The first part consists of an instrument for the pro-
duction of ["'C]methyl iodide ([''Cliodomethane)—with or
without an extension to prepare [''C]methyl triflatc—ecither
via the “wet” method (see the section on “*Wet’ Production
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® i

« Trapping of CO./CH, + Chemical and physical
resistance
« Conversion to Mel
- Tightness

- Conversion to MeOTf

« Heating/cooling block
« Optional by-passing

« Stirring feature

o #

+ Reagent valve (EtOH,
buffer)

+ Injection valve

+ HPLC purification
- Sterile filtration

- UV and radiodetector

« Fraction collector

+ Solid phase extraction

Fig. 1 Overview of the four necessary procedures for a successful radiosynthesis

of [M"'C]CH,I™) or the “gas-phase”™ method (see the section on
“‘Gas-Phase’ Production of [''C]JCH;I”). The next part is
composed of the reaction and reagent vessels necessary for
conducting the radiolabeling procedure, including a heating/
cooling block. This part has to be connected via an injection
valve to the third component: a purification system including
an HPLC for the separation of precursors, possible by-
products, and the radiotracer of interest (see the section
on “Purification and Separation”) and often also a solid-
phase extraction (SPE) system or a rotary evaporator to get
rid of residual solvents used during HPLC. For clinical pur-
poses, a fourth component is built in to facilitate the formula-
tion of the radiolabeled compound in a manner suitable for
intravenous injections. All four of these parts are connected
via tubes and externally controllable valves, and the trans-
portation of all gaseous or liquid/dissolved precursors, inter-
mediates, and products is realized via an inert gas flow
(mainly helium or argon).

Reactors and Reagent Vessels

The reaction vessel—which contains the dissolved non-
radiolabeled organic precursor—is directly connected to the
[''CICOL/["'C]methyl iodide production unit (Fig. 2; see Part
2). In addition, exhaust tubing should be present to prevent
overpressure and Lo ensure a constant gas flow during the
delivery of the radioactive precursor. In most cases, there is
at least one additional segment of tubing for the addition of
reagents or solvents to quench the reaction. The tubing for

the addition of the radioactive intermediate—e.g. [''C]
methyl iodide—reaches down to the bottom of the reaction
vessel to facilitate the ideal trapping of the radioactivity. In
some cases, the height of the position of this inlet tubing can
be adjustable. All other tubes are positioned in the upper part
of the vessel to prevent an inadvertent backflow of the reac-
tion mixture. Furthermore, this component also includes a
heating/cooling block that enables diverse reaction condi-
tions as well as a stirring unit.

The first step of the radiolabeling reaction is the trapping
of the radioactive precursor/intermediate in the solution con-
taining the nonradioactive precursor. Subsequently, the reac-
tion vessel is closed for the entirety of the reaction time, and
the reaction mixture is heated to the desired temperature. The
tightness of the reactor is a key factor for successful radio-
syntheses, as this reduces the possibility of losing radioactiv-
ity due to evaporation. After the completion of the reaction,
the mixture is cooled to room temperature, and the reaction
is quenched (e.g. by addition of HPLC solvent or water). As
time efficiency is crucial when working with such a short-
lived radionuclide, an efficient heating/cooling system can
save precious time.

It is important to mention—though perhaps obvious—
that all tubes and vessels must be chemically resistant and
need to display a high degree of stability over a wide range
of temperatures. As many ''C-based radiotracers are highly
lipophilic—especially those designed to permeate the blood-
brain barrier, such as [''C]PIB or [''C]DASB—the reactor
should preferably be made of either glass or plastic with a
polar surface in order to avoid non-specific binding between
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product
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z
]
2]

end
product

PART 4 /

Fig.2 The four essential parts of carbon-11 radiosynthetic modules

the tracer and the surfaces of the instrument. Moisture- and
air-sensitive reactions often require modifications to the
module array in order to increase turnover and yield. One
potential modification of the module involves using a loop
instead of a vessel-based reactor as a platform for either con-
version steps or whole radiosyntheses. For example, radio-
chemical Grignard reactions are often performed “in-loop,”
bypassing the [''C]methyl iodide production unit (see
the section on “Grignard Reactions in Carbon-11
Radiochemistry (In-Loop)”).

Purification and Separation
One characteristic of carbon-11 radiochemistry is that vast
excesses of non-radioactive precursor typically remain even

after the creation of a new radiotracer. Hence, the majority of
carbon-11 syntheses require a purification process to sepa-
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rate the '""C-labeled compound from unreacted precursor,
side products, and organic solvents from the conversion pro-
cess (see Fig. 2, Part 3).

To this end, the crude reaction mixture is typically trans-
ferred to an HPLC system, including an injection valve, a
column, a UV/Vis and radioactivity detectors, and an appara-
tus enabling the collection of the peak of interest. The col-
lected product peak still contains organic solvents from the
mobile phase—e.g. acetonitrile or methanol-—which must be
removed prior to the formulation of the radiotracer for
patients. In order to remove these solvents, the collected
product is first diluted with large amounts of water. This
solution is then transferred to a reversed-phase C,; cartridge
for purification via SPE. The dilution step is necessary in
order to reduce the amount of nonpolar solvents, as the pres-
cnce of these solvents can reduce the cfficiency of the car-
tridge. Depending on the physicochemical parameters of the
product, the use of other cartridges—including those

waste

detector
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containing ion-exchange resins—or even combinations
thereof can be advantageous as well.

The last part of the module consists of additional reagent
vessels, a product collection vial, and a final segment of tub-
ing including a sterile filter for the filling of the final product
vial under aseptic conditions (see Fig. 2, Part 4). These
reagent vessels are connected to the SPE cartridge with the
retained product, and the cartridge is washed with water to
remove the final traces of organic solvents. Then, the purified
product is recovered from the SPE cartridge via elution with
a small amount of an organic solvent that is well tolerated in
living organisms (such as ethanol) into the product collection
vial where formulation takes place.

Formulation

Following synthesis and purification, the radiolabeled prod-
uct must be prepared for intravenous administration to
patients [2], as a so-called parenteral preparation. Parenteral
preparations are sterile aqueous preparations that may
include excipients for the adjustment of osmolality and
pH. In the final steps described in the section on “Purification
and Separation,” the radiotracer is washed out of the SPE
cartridge with ethanol and directly into the product collec-
tion vial already containing a buffered solution for the adjust-
ment of pH and osmolality (e.g. phosphate-buffered saline).
Depending on the specifications within the applicable phar-
macopeia, up to 10% v/v ethanol is allowed in injections.
Last but not least, the cartridge is rinsed with physiological
sodium chloride solution (0.9% w/v) to ensure the complete
transfer of the product from the SPE cartridge and through
the lines. The well-stirred solution is then transferred from
the product collection vial in the production hot cell into the
final sterile product vial in the filling hot cell, where it is
sterile filtered under aseptic conditions (i.e. laminar airflow)
and subsequently ready to use.

Optimizing Possibilities Within the Synthesizer

Careful handling and maintenance significantly extend the
lifetime of every module. Before starting a synthesis, the
synthesizer should be checked, and all tubings and vessels
must be washed and dried. Checking the system thoroughly
for leakages reduces the loss of radioactivity during synthe-
ses and is mandatory when dealing with gaseous reagents
such as [''C]CO,, [''C]JCH,, and ["'C]methyl iodide. The
cleaning of all necessary tubing and connections within the
module removes residues or particles from prior syntheses
and thus reduces the likelihood of synthesis failures due to

blockages within the tubes and valves. The exclusion and
elimination of humidity is not only essential for highly
moisture-sensitive reactions like Grignard reactions but can
also increase radiochemical yields by preventing the hydro-
lysis of reagents. For example, ["'C]methyl iodide can be
hydrolyzed to form the unwanted byproduct [''C]methanol.

The optimization of yields is an essential practice for
every radiochemist. In this regard, a particularly useful
strategy—especially when working with short-lived radio-
nuclides—Ilies in minimizing reaction, purification, and
transfer times. For carbon-11 and its 20-min physical half-
life, reducing the total synthesis time by just 3 min will
result in a 10% increase in the yield of the reaction!
Shortening the connecting tubes and miniaturizing reactor
vessels can lead not only to reduced transportation times but
also to reductions in the amount of product lost within the
tubes and on vessel walls.

In addition, the consistent performance of radiotracer pro-
duction ensures high molar/specific activity [3]. In general,
every CO, source within the early components of the synthe-
sizer can significantly affect molar activity. The main sources
for nonradioactive CO, are the target gas itself and the con-
nection tube between the target and the synthesizer.
Therefore, the quality of the target gas as well as that of the
inert gas used for transportation is the most important factor
when it comes to low molar activity. Additional CO, con-
tamination can also be caused by leaks in the system as well
as poor quality traps for humidity or CO,, especially traps
based on molecular sieves or charcoal. Furthermore, one
should also pay careful attention to the absence of CQO, in the
hydrogen gas used for the reduction of [''C]CO, to [''C]CH,.
In the end, it becomes clear that comprehensive and constant
monitoring of the module is the best way to detect alterations
or deteriorations within the system as early as possible and
thus to reduce the probability of poor quality productions or
even failed syntheses.

Post-target Production: From [''C]CO, to
["CICH;I

General Aspects of ['"C]CH;l Production

C-based methylations are used to introduce a [''C]CH;-
moiety into a molecule. They are—by far—the most widely
used method for the ''C-labeling of organic molecules. The
most commonly used methylation agent is [''C]methyl
iodide (["'C]JCH;l; [''Cliodomethane), which can be pro-
duced either via the so-called “wet” method (Fig. 3) or the
gas-phase method (Fig. 4; see also Chap. 11 “Carbon-11-
Labeled Precursors for Labeling™).
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Fig.3 “Wet” method for the

0O
preparation of [''C]methyl iodide 14N(p. 0..)11(: 42> [11C]CO2 =™

Fig.4 “Gas-phase” method
for the preparation of [''C]
methyl iodide. (a) Starting
from cyclotron-produced [''C]
carbon dioxide and (b)
starting from cyclotron-
produced [''C]methane

“Wet” Production of ['"C]CH;l

The “wet” chemistry method for the production of [''C]methyl
iodide [4] consists of the reduction of [''C]carbon dioxide
(["'C]CO,) to [''Clmethanol ([''C]CH;OH) via reduction with
lithium aluminum hydride (LiAIH,) and subsequent reaction
with hydroiodic acid (HI). More specifically, [''C]CO, is pro-
duced in the cyclotron via the “N(p,u)!'C-reaction and is then
trapped in a solution of LiAlH, in tetrahydrofuran (THF).
Thereby [''C]CO, is reduced to [''C]CH;OH. After the evapo-
ration of the THF, HI is slowly added to the precipitate, and the
reaction mixture is heated to 90 °C. The resultant ["'C]CH;I
can then be distilled using an ascarite/phosphorus pentoxide
trap into the solution containing the organic molecule to be
""C-methylated. This trap is needed to remove excess HI (via
ascarite) and to eliminate traces of water (via phosphorus
pentoxide), both of which are essential for good methylation
yields. This method is not without its drawbacks, of course.
For example, the use of LiAIH, can be associated with low
molar activities, and HI can degrade tubing and valves.

Tricks of the Trade To minimize contamination with atmo-
spheric carbon, all sensitive tubes and vials should be flushed
with inert gas (such as helium or argon) whenever possible.

“Gas-Phase” Production of [""C]CH;l

Although the “wet” chemistry method is very reliable in
terms of radiochemical yields, the “gas-phase” method [5] is
more commonly used for the production of [''C]methyl
iodide today. This approach is simpler than the “wet” chem-
istry method and results in higher molar activities due to its
avoidance of the use of LiAlH, (a source of CO,).

As in the “wet” method, the “gas-phase” method begins
when [''C]CO, is produced in the cyclotron. This [''C]CO, is
commonly trapped on a molecular sieve (4 A) and converted
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to [''C]CH, in the presence of Ni catalyst and hydrogen at
400 °C (Fig. 5). Afterward, [""C]CH, is reacted with elemen-
tal iodine (I,) at 720-740 °C to produce [''C]CHSI. Since the
elficiency of the conversion of [''C]CH, to [''C]CH;l is only
20-30%, this process might be repeated a couple of times.
Indeed, there are several different technical solutions for this
repetition. For example, a pump can be used to pass [''C]CH,
several times through the iodine column in a circulating pro-
cess to increase the conversion yield. In this approach, a trap
has to be installed to collect [''C]JCH;l produced during the
reaction. Following the reaction, [''C]CH;I can be released
from the trap via heating and transferred to the reactor using
a gentle gas flow (e.g. He, 5 mL/min).

Tricks of the Trade In order to achieve high molar activi-
ties of [''C]CHal, it is essential to continually flush all sensi-
tive tubes and vials with an inert gas such as helium or argon.
Furthermore, both the [''C]CO, trap and the [''C]JCH;l trap
must be heated to 400 °C and 190 °C, respectively, immedi-
ately prior to the start of synthesis for a couple of minutes in
order to remove moisture and atmospheric carbon. During
the heating process, the inert gas should constantly flow (20—
50 mL/min) through the traps. Before starting the synthesis,
the traps have to be cooled down to room temperature again
in order to enable efficient trapping.

Transformation of ['"C]CH;l to [''CICH,OTf

["'C]Methyl triflate ([''C]CH,OTY) is a much more reactive
reagent for '"C-methylations and, therefore, is used for the
"'C-methylation of nucleophiles with low reactivity (Fig. 6).
["!'C]Methyl triflate can be produced easily via the passage of
["'C]CH:I through a heated (200 “C) column loaded with graph-
itized carbon impregnated with silver triflate (AgOTTf) [6].
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Fig.6 “Gas-phase”
production of [''C]methyl

iodide. (a) Direct delivery of ["CICH,
[""C]CH3;l into the reactor and
(b) online passage of [''C]
CH;I through AgOTf for
conversion into ["'"C]CH;OTf
100°C

Tricks of the Trade The silver triflate (AgOTf)-impregnated
graphitized carbon is extremely sensitive to moisture. If it
comes into contact with humid air or other sources of
moisture, the conversion of [''C]CH;l into [''C]JCH;OTf will
no longer occur, and the AgOTf-impregnated graphitized
carbon has to be exchanged. Furthermore, the carbon sub-
strate is sensitive to light and therefore has to be stored in the
dark (the column in which this reagent is used has to be
“light-proof” as well). After filling the column with the
AgOTf-impregnated graphitized carbon, the column must be
heated to 200 °C for 2 h under a continuous flow of inert gas
(50-100 mL/min) to remove any contamination. The filled
column can be reused for multiple syntheses but has to be
kept closed under an inert atmosphere or needs to be heated
up to 200 °C for 15-20 min under a continuous flow of inert
gas (50-100 mL/min) before every synthesis.

A Comparison of the [''C]-Methylation
of Amines, Acids/Alcohols, and Thiols

Amines, acids, alcohols, and thiols can all be labeled with
["'C]CH; moieties. To this end, the functional group in ques-
tion is reacted with ['"C]JCH;I/["'C]CH;OTT via nucleophilic
substitution to create a secondary or tertiary amine, ester,
ether, or thioether. "'C-Methylations are quite simple and fast.
Indeed, the reaction can often be performed by transferring
[MC]CHaI or [''CJCH;OTY{ into a solution containing the pre-
cursor and quickly heating (<5 min) up this reaction solution.
Solvents like DMSQ, acetone, 2-butanone, or acetonitrile are
commonly used depending on the temperature and polarity
required for the reaction. For the methylation of hydroxyl and
carboxyl groups, the addition of a base (e.g. NaOH or TBAH)
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is needed to deprotonate the functional group. In contrast,
amines and thiols can be methylated without prior deproton-
ation. Examples of ''C-methylations are provided in the sec-
tions on “Applications of Carbon-11 Tracers Produced Using
[""C]Mel” and “[''C]CO, Fixation and Its Application.”

Tricks of the Trade The precursor for methylation should
be dissolved shortly before starting the synthesis. It is best to
add the base directly into the solution of the precursor. In
addition, one should always remember that heating and cool-
ing might take significant extra time. As a result, gains in
radioactive yield created by performing reactions at elevated
temperatures may be offset by corresponding losses in yield
due to decay.

Applications of Carbon-11 Tracers Produced
Using ["'"C]Mel

As previously mentioned in the section on “Post-target
Production: From [''C]CO, to ['"C]JCH;I”, ""C-methylations
are the most common type of ''C-labeling reactions. As a
result, they have contributed to the development of a variety
of important radiotracers with different applications.

C-Amino Acids

Due to the essential role of amino acids in all kinds of biologi-
cal processes, several PET tracers based on amino acid scaf-
folds have been developed and have proved to be a versatile
research tools. A variety of !'"C-labeling reactions—e.g.
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alkylations, carboxylations, and cyanations—can provide
standard and non-standard amino acids which share the (bio)
chemical properties of their nonradioactive counterparts. This
latter point is particularly important, since '®F-labeled amino
acids have been proposed as more practical alternatives to
'C-labeled amino acids. However, the introduction of fluorine
atoms can significantly change the chemical properties of an
amino acid [7].

L-[Methyl-"C]Methionine The high uptake of ['®F]
FDG in healthy brain tissues has been described as a
major limitation for its use in the imaging of brain tumors.
Radiolabeled amino acids such as L-[methyl-''C]methio-
nine were proposed as a way to circumvent this issue,
since their uptake in a healthy brain is low. Moreover, the
upregulation of type L-amino acid carriers in several brain
tumors can lead to the increased accumulation of
L-[methyl-''C]methionine [8]. Although several
'IC-labeled amino acids have been used in neuro-oncol-
ogy, L-[methyl-""C]lmethionine is indisputably the most
often employed due to its fast, convenient, and high-yield
radiochemical synthesis which enables scans for two to
three consecutive patients with the same production batch.
While various methods have been described to synthesize
L-[methyl-""C]methionine, in our hands the most practical
way utilizes L-homocysteine as the precursor (in EtOH
and activated with 0.1 M NaOH) and [''C]CH;I as meth-
ylation agent (Fig. 7).

Alpha-[""C]Methyl-L-Tryptophan (['"C]JAMT) Serotonergic
neurotransmission is known to be relevant in different pathways
of the brain, such as mood, sleep, feeding, and sexual behavior.
Moreover, its dysregulation has been related to numerous neu-
rologic and psychiatric disorders, including depression, affec-
tive diseases, and epilepsy. Therefore, the in vivo measurement
of the rate of serotonin synthesis can provide a reliable view of
ongoing serotonergic processes [9]. [''C]JAMT is the methyl-
ated form of the amino acid tryptophan—a precursor of sero-
tonin (also known as 5-HT)—which is further enzymatically
converted to o-["CJmethyl-serotonin (["'C]AM-5HT) in the
brain. Unlike native 5-HT, [''C]AM-5HT is not further metabo-
lized by the enzyme monoamine oxidase A and therefore accu-
mulates in serotonergic nerve terminals, a phenomenon which
facilitates the evaluation of the synthesis rate of 5-HT [10].
More recently, ["CJAMT has also been used in PET imaging of
different tumors, such as breast, brain, and lung cancers [11].

93

The radiosynthesis [12] of ["'"C]AMT is quite complex and
highly sensitive to traces of moisture (Fig. 8). To wit, the synthe-
sis requires the fresh preparation of lithium diisopropylamide
(LDA) at =78 °C as well as the use of gastight syringes for the
addition of liquids. LDA serves as a strong base to yield the
activated enolate precursor under argon atmosphere that further
reacts with ['"C]JCH;L. After the '"C-methylation reaction, an
acid-catalyzed decyclization steps the basic hydrolysis of the
protecting groups, and finally SPE purification provides the
desired product: [''"C]AMT.

"C-Amino Acid Derivatives

['C]Choline Prostate carcinomas are the most common
type of cancer in men, with particularly high rates of dis-
ease in 60-70-year-old men [13]. Although ["*F]FDG is
by far the most used tracer in oncology, its utility in the
diagnosis and staging of prostate cancer is limited due to
several factors, including the uptake of the radiotracer in
the adjacent urinary bladder, inflammatory conditions,
and scar tissue. Therefore, radiotracers such as [''C]cho-
line and its 'SF-analogues were developed to target the
biosynthesis of cellular membrane (phospholipids), since
this process is known to be increased in prostate cancer
cells. [''C]Choline is also utilized similarly to L-[methyl-
"Clmethionine in the diagnosis of brain tumors. The
radiosynthesis of [!'C]choline has been amply described,
and excellent yields are always obtained in short synthesis
times (Fig. 9). For instance, the reaction takes place
smoothly when using a solution of dimethylaminoethanol
in DMF as the precursor and [''C]JCH;I as the labeling
agent. Purification by means of SPE (without HPLC) is
sufficient, since a cation exchange resin can be used due
to the cationic nature of the product.

""C-Labeled Neuroimaging Tracers

Neuroimaging is one of the main applications of PET. In
fact, the brain was the initial focus of PET imaging when the
technology was first introduced, and over the years, numer-
ous PET tracers have been developed to visualize brain func-
tions and characterize neurological and psychiatric disorders.
From a chemical point of view, methylated amines are a fre-
quent structural motif in drugs designed for the central
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Fig.8 Radiochemical
synthesis of [''"CJAMT
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Fig.9 Radiochemical synthesis of [''C]CHO

nervous system [14]. This has fueled the development of cor-
responding radiotracers via amine-directed ''C-methylations,
although tracers have been developed via the ''"C-methylations
of alcohols, amides, and thiols as well. Moreover, the meta-
bolic fate of these ''"C-methylated tracers usually follows a
pathway that involves demethylation, thus producing radio-
active metabolites that are more polar and have a lower
molecular weight than the parent radiotracer and which often
possess low uptake in the brain.

The occurrence of symptoms similar to those present in other
types of dementia (e.g. mild cognitive impairment) impedes
the accurate diagnosis of this disease. Autopsies, however,
have revealed that the deposition of f-amyloid (in conjunc-
tion with the aggregation of tau protein) is an important hall-
mark of AD. Therefore, PET imaging of these B-amyloid
deposits, also known as plaques, has been described as an
effective technique to confront this problem. To this end,
[''C]PiB—a thioflavin T analogue—was developed as a
tracer to visualize such plaques. It is until now the most
applied tracer for the in vivo visualization of amyloid
plaques, although a couple of '®F-labeled analogues have
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been developed as well. The radiochemical synthesis of [''C]
PiB (Fig. 10) initially employed ["'C]CH,I as the labeling
agent but was later optimized using [!'C]JCH,;OTf [16]. In
light of the lower nucleophilicity of anilines, the higher reac-
tivity of ['C]JCH;OTf proves beneficial, ultimately creating a
simple and efficient strategy for radiolabeling. As usual,
purification via HPLC and SPE after the labeling reaction
yields the product [''C]PiB.

["'C]3-Amino-4-(2-Dimethylaminomethylphenylsulfa
nyl)Benzonitrile (["'C]DASB) The serotonin transporter
(5-HTT) is a protein located in the plasma membrane of sero-
tonergic neurons which regulates 5-HT concentrations from
the synaptic cleft through reuptake into the presynaptic neu-
ron. The in vivo assessment of 5-HTT expression and den-
sity—although sometimes intricate—can enable enhanced
analysis of neuropsychiatric disorders. Dysregulation of
5-HTT has been reported in several conditions, especially
depression. Moreover, parallel investigations have suggested
the involvement of the 5-HTT polymorphisms in such con-
ditions. Therefore, 5-HTT has been proposed as a target
for drugs known as selective serotonin reuptake inhibitors
(SSRIs). Although several compounds have been nominated
as potential PET radiotracers for 5-HTT, [''C]DASB is widely
acknowledged as the gold standard tracer for PET studies of
the 5-HTT due to its high affinity and selectivity for its target,
high brain uptake, and fast binding equilibrium. The synthesis
of ['"C]DASB (Fig. 11) occurs in a straightforward manner
after the trapping of [''C]CHjsl in a solution containing the pre-
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cursor—>3-amino-4-(2-methylaminomethylphenylsulfanyl)-
benzonitrile (MASB)—in DMSO. Afterward, the product is
purified using HPLC and SPE [17].

[1'C]3,5-Dichloro-N-[[(28)-1-Ethylpyrrolidin-2-yl]
Methyl]-2-Hydroxy-6-Methoxy Benzamide ([Methoxy-
HC]JRaclopride) The neurotransmitter dopamine exerts its
functions through five G-protein-coupled receptors—D,; and
Ds (both D,-type receptors) as well as D,, D;, and D, (all
three D,-type receptors)—which possess a broad distribution
in the brain and also in the peripheral nervous system.
Moreover, the involvement of the dopamine receptor system
in a variety of diseases has been reported, including move-
ment disorders such as Parkinson’s and Huntington’s dis-
eases. In particular, the role of the D,/D; receptors in these
conditions has been investigated with [methoxy-""C]raclo-
pride (Fig. 12) by evaluating the density of these postsynap-
tic receptors in the striatum. [Methoxy-''C]Raclopride is a
benzamide derivative and a highly selective D,/D; receptor
antagonist which possesses a moderate allinity toward these
receptors. The synthesis of [merhoxy-""Clraclopride has been
reported using both [''C]JCH;I and ["'C]JCH;OTf, though the
latter has shown to produce higher radiochemical yields. To
this end, a solution of desmethyl-raclopride in acetone or
2-butanone together with 5 M sodium hydroxide is commonly
used as precursor solution and kept at low temperatures (15—
20 °C) during the trapping of ["'C]CH;OTTf. After the label-
ing reaction, the product is purified via HPLC. By using the
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appropriate conditions for this purification, the fraction con-
taining the product can be directly filtered into the product
vial without further treatment (i.e. no SPE necessary).

['"C]Harmine (['""C]JHAR) The degradation of monoamine
neurotransmitters (e.g. 5-HT, dopamine, or norepinephrine)
plays a key role in the regulation of neurotransmission. A
type of enzymes known as monoamine oxidases (MAO)—
and more specifically the enzyme MAO-A—is responsible
for the degradation of the neurotransmitters mentioned
above. MAO-A is primarily found in catecholaminergic neu-
rons, and its dysregulation has been correlated with several
behavioral and neuronal disease states, including panic,
bipolar affective, and major depressive disorders. Besides its
expression in the brain, MAO-A is also located in cardiac
muscle cells, where it has been identified as a major source
of reactive oxygen species (ROS) that can affect function and
viability of the myocardium. The in vivo measurement of the
density of MAO-A has been achieved with a couple of PET
ligands, including the p-carboline derivative [''C]JHAR,
which is a reversible inhibitor of MAO-A that displays high

Fig. 13 Radiochemical
synthesis of [''CJHAR

Fig. 14 Reaction pathways
to ["'C]CO, fixation products
yielding in high oxidation
state functional groups

affinity and selectivity for the enzyme. The radiosynthesis of
[''"CIHAR requires a base for the formation of the phenoxide
anion (Fig. 13) that subsequently reacts with [''"C]JCH,I [18].
Therefore, a solution of the precursor harmol in DM SO must
be freshly prepared for each radiosynthesis prior to the addi-
tion of 5 M sodium hydroxide. The resulting solution should
be light yellow; a green-colored solution should not be
obtained.

Harmol

[''CICO, Fixation and Its Application
Introduction to [''C]CO, Fixation Chemistry

The application of [''C]JCO, as a starting material for
""C-radiosyntheses is attractive for accessing functional
groups with high oxidation states such as carboxylic acids,
ureas, and carbamates (Fig. 14). From a chemical point of
view, the direct incorporation of [''C]CQ, into radiotracers is
quite challenging, as carbon dioxide is unreactive, and thus
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highly reactive nucleophiles or catalysts must be used to
lacilitate the effective fixation of [''"C]CO, [19].

A successful synthetic procedure for the fixation of [''C]
CO; uses organometallic reagents such as Grignard reagents,
organolithiums, or silanamines. The functional groups
formed through these reactions are mostly carboxylic acids
and derivatives thereof such as carboxyamides. In general,
these very reactive reagents are moisture sensitive and unsta-
ble, which makes automation cumbersome and reproducibil-
ity difficult (for a discussion of Grignard reactions, see
the “Grignard Reactions in Carbon-11
Radiochemistry (In-Loop).” In contrast, transition metal-
mediated carboxylation reactions involving organoboron and
organozinc reagents are superior in terms of the stability of
the reagents.

The spectrum of CO, fixation agents has recently
expanded, especially due to the growing field of “green”
chemistry and approaches involving guanidines and ami-
dines. These strategies facilitate the formation of functional
groups with even higher oxidation states than carboxylic
acid derivatives, including ureas, carbamates, and oxazolidi-
nones [20].

section on

Grignard Reactions in Carbon-11
Radiochemistry (In-Loop)

Grignard reactions involve organometallic compounds—
alkyl or aryl magnesium halides—which work as nucleo-
philes, attacking electrophilic carbons and leading to the
formation of carbon-carbon bonds. In radiochemistry, [''C]
CO, typically serves as the electrophilic reagent for these
reactions. Grignard reactions can be performed rapidly and
quantitatively. These traits, along with the direct availability
of ['"C]CO, from cyclotrons, make this approach highly
attractive for the production of PET radiotracers. One of the
most popular PET tracers, [''Clacetate, was developed by
Pike er al. more than 35 years ago and is produced via a
Grignard reaction using [''C]CO; [21]. Since then, the most
common radioactive carboxylation reactions have been the
syntheses of [''Clacetate and [''C]palmitate. Grignard reac-
tions have also been applied to the production of [carbonyl-
NCIWAY 100635 and (+)-[''C]JPHNO, two important
radiotracers in neuroimaging. The syntheses of both were
described by Mark er al. using a loop for the Grignard reac-
tion [22].

Moisture Sensitivity, Solvents, and Preparation

Grignard reagents are extremely sensitive to moisture, and
any contact with water results in the formation of magne-
sium hydroxides that precipitate in organic solvents.
Therefore, the synthesis module in which the Grignard reac-
tion takes place must be moisture-free. It is not possible to
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keep the whole hot cell under inert atmosphere, but the oper-
ator should avoid any water contamination inside the cell
while preparing the synthesizer. The optimal strategy for
cleaning and preparing a synthesizer prior to Grignard reac-
tions is comprised of three washing steps. First, the system is
washed with water to remove all hydrophilic impurities.
Afterward, acetone is used as a cleaning agent to eliminate
any water residue. Finally, an additional wash is performed
with a nonpolar organic solvent, typically the same substance
used for performing the reaction. The last washing is critical,
as acetone itself contains an electrophilic carbon (a ketone)
that is susceptible to attack by Grignard reagent. In addition,
all lines must be properly dried with an inert gas, typically
helium or argon. Grignard reactions require dry and aprotic
solvents such as diethylether or tetrahydrofuran (THF).
Furthermore, it is important to consider that these solvents
may contain stabilizing agents that can hinder the synthesis
or lead to the formation of by-products. Hence, the use of
freshly distilled solvents is recommended, as they are free of
any stabilizers and completely dry. Moreover, the
organometallic reagent must be used within a short period of
time to obtain good molar activities. The reason is clear: the
ubiquitous presence of CO,. The diffusion of air (containing
atmospheric CQO,) through the septum of the storage bottle
may take place, leading to the incorporation of this CO,—
rather than [''C]JCO,—into the Grignard reagent even at
room temperature or during storage.

Technical Considerations: Reaction Vessels
Versus In-Loop Syntheses for Grignard
Reactions

Grignard reactions can be performed in every vial or vessel
that enables reactions under inert atmosphere. Two
approaches are commonly used for Grignard-based radio-
syntheses. The first is the “classical” vessel-based method
using a reactor. The second approach, in contrast, uses a
polymeric loop as the site of the reaction. Both approaches
have advantages and disadvantages. As a result, preparations
of [''C]Jacetate, for example, using both methods have been
published [23, 24]. For reactions in a conventional reactor,
the metal halide precursor is dissolved in an aprotic and dry
solvent, and [''C]CO, is bubbled through the precursor solu-
tion. Subsequently, the reaction is quenched and the solvents
are evaporated. Thereafter, the product is purified by a distil-
lation step, leaving metal-hydroxyl impurities inside the
reactor vessel and transferring the clean product to a product
vial. On the one hand, this purification method is relatively
elegant and eflficient for one-step reactions. On the other
hand, the distillation step is time-consuming and requires a
tight system that is both temperature- and pressure-stable.
Therefore, this approach is not practical for radiosyntheses
involving multistep reactions during which the decay of car-
bon-11 plays a dominant role in the determination of yield.
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Fig.15 Scheme of in-loop
syntheses for (a) a one-step
reaction and (b) a multistep
synthesis of (+)-["'C|PHNO
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The alternative method is the “in-loop™ synthesis
(Fig. 15). In this case, the inner surface of a polymer loop is
coated with the Grignard solution by pushing it through the
loop with a flow of an inert gas. Subsequently, [''C]CO, is
passed through the impregnated loop, and it reacts with the
organometallic reagent. When performing a one-step reac-
tion that forms a carboxylic acid salt, the crude mixture can
then be purified using an HPLC system. In case of multistep
reactions (e.g., (+)-['"CJPHNO and [carbonyl-''"C]WAY-
100635), the intermediate species remain in the loop and are
eluted into a reaction vessel during the subsequent step.
Perhaps not surprisingly, the length and material of the loop
must be tested and optimized for each application. The loop
material must exhibit low non-specific binding and resis-
tance to both the Grignard reagent and its solvent. The in-
loop reaction boasts high conversion rates due to reaction of
the reagents on the large surface area of the loops.
Accordingly, one significant advantage of the in-loop method
is the possibility of fast conversion reactions without the
need for cooling or heating. Additionally, plastic tubes are
usually available in each laboratory, so in-loop syntheses are
easily accessible for anyone and offer a plethora of synthesis
possibilities. However, the crude reaction mixture of multi-
step “in-loop” reactions must be purified via distillation or
the use of SPE cartridges in a manner similar to that used for
vial-based systems.

Other Applications: Neuroimaging Using
(+)-[""CIPHNO and [Carbonyl-""C]WAY-100635

In ncuroimaging. radiotracers that specifically target recep-
tors or transporters with high (subtype) selectivity are used.
In this respect, (+)-['"C]JPHNO and [carbonyl-'""CI|WAY-
100635 are applied to target dopamine D./D; receptors ((+)-
["'"C]JPHNQ) or serotonin-1A receptors ([carbonyl-''C]
WAY-100635), respectively, for the visualization of physio-
logical processes in the brain or mental disorders like schizo-
phrenia or depression. The production of these radiotracers
requires multistep syntheses, after which by-products are
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removed. Both syntheses start with the Grignard reaction fol-
lowed by the conversion of the carboxyl group to the respec-
tive carboxylic acid chloride using thionyl chloride. The
crude mixture is transferred to a reactor containing the dis-
solved precursor—(+)HNO or WAY-100634, respectively—
by pushing the thionyl chloride/THF solution through the
loop. While the reaction of [carbonyl-""C]WAY-100635 is
stopped after a heating step, the synthesis of (+)-[!'C]JPHNO
requires an additional step in which LiAlH, is used to reduce
the acyl intermediate to the alkyl product [25-27]. The puri-
fication of both compounds takes place via semi-preparative
HPLC, and SPE is subsequently used to remove the organic
solvents used during chromatography (as described in the
scction on “Technical Aspects of Carbon-11: Commercially
Available Synthesizers and Optimization™). To conclude,
Grignard reactions are a versatile tool for the incorporation
of carbon-11 into radiotracers and have become well-
established in the clinic. Moreover, the advent of in-loop
syntheses has made them even more accessible for multistep
reactions in radiochemistry.

Tricks of the Trade Careful attention should be dedicated
to the removal of all traces of water/moisture from all equip-
ment used with reactive Grignard species. Ideally, single-use
materials should be employed for these steps. Stabilizers
(e.g. xylene) in reagents and solvents should also always be
avoided, as they might lead to the formation of by-products.

Application of Other Carbon-11 Precursors
in Tracer Preparation

Overview of Other Methodologies
for the Production of ''C-Labeled Radiotracers

The vast majority of carbon-11 tracers are produced via reac-
tion with electrophilic methylating agents such as [!'C]CH;I
or [''C]JCH;OTY. In the section on “["'C]CO, Fixation and Its
Application,” we have seen that the reaction between
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Fig. 16 Reaction pathways to less-common carbon-11 precursors

Grignard reagents and [''C]CO, has also become a well-
established route to '"C-based radiotracers. Considering the
breadth of carbon chemistry, it is surprising that !'C-labeled
radiotracers are almost exclusively synthesized from a small
variety of radiolabeled precursors. This imbalance between
what is possible and what is feasible can be attributed to the
high degree of automation and time constraints associated
with '"C-based radiosyntheses. However, unconventional
carbon-11 precursors are nonetheless important tools that
can both open up synthetic pathways to otherwise inacces-
sible radiotracers and enable the labeling of a higher number
of positions within a molecule. An assortment of such rarely
used carbon-11 precursors is shown in Fig. 16 as lower- and
higher-hanging fruits [28].

Carbonylation

The term “carbonylation” refers to the introduction of carbon
monoxide into organic or inorganic molecules. [''C]CO can
be straightforwardly and rapidly (<5 min) obtained via the
reduction of [M'"C]CO, over zinc or molybdenum in high
radiochemical yields. However, compared to the other car-
bon-11 precursors discussed in this chapter, [''C]CO is quite
unreactive. One strategy to increase the reactivity of [[!C]CO
is to apply pressures of 350+ bar within an autoclave system
in order to increase its solubility and shift the reaction equi-
librium toward nongaseous products. Obviously, however,
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this high-pressure process comes with disadvantages such as
high-maintenance intervals and complexity. In response to
the drawbacks of high-pressure processes, lower-pressure
methods have been developed. Generally, ''C-carbonylations
are typically performed using transition metal-mediated
cross-couplings  between nucleophilic and electrophilic
reagents, thereby enabling the synthesis of a variety of
carbonyl-labeled moieties (e.g. esters, amides, hydrazines,
acrylamides, and carbamates). Not surprisingly, the ligand
system of the transition metal strongly affects the efficiency
of [""C]CO trapping and therefore the radiochemical yield
[29]. One example of '"C-carbonylation is the synthesis of
[carbonyl-""Clraclopride, which is labeled at a metabolically
more stable position than the better known [merhoxy-''C]
raclopride (Fig. 17).

Reactive C=0 Species: [''C]Formaldehyde
and [''C]Phosgene

Formaldehyde is a well-studied and multifaceted reagent
which can be used for a myriad of reactions. As early as
1972, [''C]formaldehyde ([""CJHCHO) was prepared via the
ferric-molybdenum oxide-catalyzed oxidation of [''C]meth-
anol. However, the specialized equipment required for this
procedure hampered the application of this approach in most
carbon-11 laboratories. Recently, [''C]formaldehyde has
been prepared in a one-pot synthesis by treating [!'C]CH;I
with trimethylamine N-oxide (TMAOQ), a strategy which has
greatly widened the scope of its application and led to a
series of novel radiotracers [30]. Examples of radiosyntheses
performed with [!'C]formaldehyde include reductive amina-
tions, ring closure reactions, and electrophilic aromatic sub-
stitution. Depending on the substrate, a reductive amination
approach can have several advantages compared to conven-
tional [''C]CH;l-based methylations, including insensitivity
to moisture, reduced cross-reactivity with other nucleophiles,
and avoidance of alkaline reaction conditions. This, in turn,
helps radiochemists eschew protecting groups when using
this strategy, as illustrated by the conversion of serotonin to
N-[""C]methylserotonin (see Fig. 17) [31].

Considering its high reactivity and the high number of
functional groups that it could theoretically label,
['""Clphosgene ([''C]JCOC]I,) is a very promising carbon-11
precursor. However, the use of [''C]COCI; has remained lim-
ited to a small number of groups due to its cumbersome syn-
thesis. Typical procedures for the synthesis of [''C]phosgene
involve the chlorination of [''"C]CH, to form [''C]CCl,,
which is then oxidized at high temperature in the presence of
iron or copper catalysts without the intentional addition of
oxygen. In another synthetic route which has increased the
reliability of the synthesis of [''C]phosgene, the ''C-labeled
synthon is formed in the pretreatment tube of a commercially
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available CCl, gas detection system. A variety of structures
are accessible using [''C]phosgene-based radiolabeling reac-
tions, including amides, carbamates, ureas, and uric acids
[32]. Indeed, the high reactivity of [''C]phosgene is exempli-
fied by the almost instantaneous formation of [''C]JEMD-
95885 (sce Fig. 17) [33].

[''ClHydrogen Cyanide ([''"CIHCN)

Due to the cataclysmic combination of toxicity with volatil-
ity, even experienced synthetic chemists try to avoid using
hydrogen cyanide. Radiochemists, however, can work with
["CIHCN as carbon-11 precursor without fear, since the
amount used lies far below that which is dangerous. [''C]
HCN can be prepared by reacting [''C]CH, with NH; over a
platinum catalyst at 950 °C [34]. ['CJHCN is then typically
reacted with nitriles bearing aromatic halides or aryl-boronic
acids under transition metal-catalyzed conditions.
Furthermore, aryl nitriles can be obtained via nucleophilic

K,COj4, Pdydbag
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aromatic substitution with activated arenes. Alpha-amino
acids can be synthesized via the nucleophilic ring opening of
activated aziridines or the Strecker reaction from aldehydes
or ketones. Radiolabeling with [''CJHCN offers more than
just a one-step reaction to nitriles, since amides, carboxylic
acids, and amines can be readily generated from subsequent
reactions. For example, in the synthesis of [''C]LY2795050,
the radiolabeled nitrile is hydrolyzed to a primary amide (see
Fig. 17) [35]. However, it is important to note that HCN
readily adsorbs on stainless steel, and thus inert tubing (e.g.
Teflon™) must be used in order to avoid the loss of [V'C]
HCN in transport lines.

['"C]Carbon Disulfide ([''C]CS,)

Compared to CO,, carbon disulfide (CS;) has weaker double
bonds and thus increased reactivity. CS; is a liquid under stan-
dard conditions and is readily condensed and trapped in solu-
tion, making it a relatively easy-to-handle carbon-11
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precursor. [''C]CS, can be obtained by passing [''C]CH;I
over a column containing elemental sulfur and sand at 500 °C.
[''C]Dithiocarbamate salts can be formed by reacting [''C]
CS, at room temperature with a variety of primary amines.
Upon heating these salts, they release H,S and further react to
form symmetrical [''C]thiocarbonyl-labeled thioureas. In the
presence of electrophilic alkylating agents, thioureas can fur-
thermore be S-alkylated, thereby opening up access to a wide
variety of target structures. The three-step reaction from [''C]
CS, to S-alkylated thioureas can be performed in a one-pot
setup which is rapid enough for carbon-11 chemistry and
results in high radiochemical yields and purities. [''C]Carbon
disulfide can also be used for ring closure reactions between
amines and alcohols, as illustrated by the synthesis of [thio-
carbonyl-""Cltanaproget (scc Fig. 17) [36].

Technical Advantages: Solid Support, Online,
or Other Approaches

The chemical behavior of most carbon-11 precursors (e.g.
[MCICH;I) is best studied (and understood) in solution.
Therefore, it appears logical that the majority of ''C-labeling
reactions are conducted in the solution phase as well. Indeed,
vial-based “in-solution™ reactions are predominantly used in
carbon-11 chemistry, but reactions on solid supports—such
as “on-cartridge™ or “in-loop” reactions (see the section on
“["'C]CO, Fixation and Tts Application”)—have been devel-
oped as well. Syntheses using solid supports offer several
advantages that are especially important in carbon-11 chem-
istry, such as decreased reaction times, higher degrees of
automation, and enhanced reliability. This is illustrated by
the “‘on-cartridge” synthesis of [N-methyl-'"'C]choline, in
which the precursor 2-dimethylaminoethanol is loaded onto
a Cy; cartridge prior to synthesis. ['"C]JCH;I is then distilled
across the C g cartridge, and a cationic exchange cartridge is
sufficient for the subsequent purification of the product,
enabling an overall synthesis time of 12 min from the end of
bombardment (EOB) [37].

The Bottom Line

* Speed up! Time is crucial when dealing with carbon-11.
All processes from EOB to product release after quality
control need to be optimized for minimal time consump-
tion in order to obtain sufficient yields and high molar
activities.

* The most important reaction pathway  for
"C-radiochemistry is !'"C-methylation, and the most
important synthon is [""C]methyl iodide (['""C]CH;l). For
higher reactivity, [''C]methy] triflate ([''C]CH,OTT) can
be prepared directly from [''C]JCH;l.
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* The use of other ""C-labeled synthons opens additional
routes for '""C-radiolabeling in different positions and
makes it possible to incorporate carbon-11 into some
molecules for which [""C]JCH;l and ["'C]CH;OTf are
unsuitable. Along these lines, [''C]CO,, [''C]CS,, [''C]
COCl, ['""CJHCHO, ["'C]CO, or [""CJHCN is used.

* Grignard reactions are attractive due to their ability to
incorporate [''C]CO,, but they are extremely moisture-
sensitive and require the use of aggressive chemicals.
This makes the automation of these "'C-radiosyntheses
very challenging.

» The most widely applied "'C-radiotracer is the amino acid
L-[methyl-"'C]methionine. Clinically, it is mainly used to
assess brain tumors.

» !C-Labeled compounds play a particularly important role
in neuroimaging and studying specific processes of nerve
cells. Important radiotracers in this respect are [''C]raclo-
pride, [''C]DASB, and [''C]PiB (among many others).
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4. Conclusion and outlook

The research described within this dissertation contributed to the progress of molecular imag-
ing using PET tracers at stages from compound design, development and preclinical evalua-
tion (chapter 3.1 and 3.2), over improvements on radiosynthesis of an established PET tracer
(chapter 3.4 and 3.5), all the way to retrospective evaluation of synthesis and quality data from
clinically established radiotracers (chapter 3.5). The radiopharmaceutical chemistry of carbon-
11 was highlighted in a book chapter (chapter 3.6).

Based on the structure of arecoline, 18 novel small molecules targeting the mAChRs were
synthesized and chemically characterized. For every compound, the affinity toward the five
MAChR subtypes was assessed in a competitive radioligand binding assay. This revealed a
steep structure-activity-relationship for changes at the position of the O-methyl group as well
as for changes in the arecaidine structure, with observed differences in affinity of more than
ten thousand-fold. The arecaidine backbone was proven to be a rewarding structural feature
for straightforward and robust carbon-11 labeling on the N-methyl group with several different
residues on the O-methyl moiety. Derivatives containing a diphenylmethyl moiety showed a
promising affinity toward mAChR M1, favorable metabolic properties and no detectable binding
to the off-target acetylcholinesterase. Thus, binding properties of their carbon-11 labeled coun-
terparts were investigated thoroughly. However, the amount of nonspecific binding anticipated
by several different methods was judged as inadequate for further development as PET tracer.
Lipophilicity is seen as the major contributor to nonspecific binding. The synthesized set of
compounds showed a correlation between mAChR affinity and lipophilicity, which can be ex-
plained by the strong contribution of hydrophobic interactions in the orthosteric mAChR ligand
binding. The set of hydrobenzoin esters of arecaidine aimed to evade this correlation by in-
cluding polar interactions to amino acid residues which were not targeted by the previous set
of compounds. In silico models supported this strategy and consistently depicted the different
experimental binding affinity of the enantiomers. Radiolabeling and thorough preclinical eval-
uation of this next generation compounds is still pending. An overview of the novel small mol-
ecules targeting the mAChRs, which were developed during this work (chapter 3.1 and 3.2), is

presented in Figure 9.

103



- Conclusion and outlook -

OCH;

o 0 ) 0 O ) 0 )
S5 Sl SN GAe CURINGS S -
cO Y e ?

\O .._\) q == \‘_1
0 0 @YO o) 0 QNH o Py
NZ\ /S

¢ o O C o a

*) [Z])Lﬁ O <> E: )
\

¢ ¢ i ¢

-) ] ) . *)

5
e (T\])LO )

e ;
(ﬁ)LO OH
N N
' \

metabolic stability

LRURHN o
0
—=
(@]
;ﬁﬂ
RLO E
@@ B

<

G m .
%
e}

) Jow (K, > 1 uM)

M1 affinity @ intermediate (100 nM < K; < 1 uM) molecular docking

ll-based bindi
& high (K, < 100 nM) cell-based binding

@ ®m M

autoradiography
@3 radiochemical synthesis ) AChE interaction £ functional binding

Figure 9: Novel small molecules targeting the mAChRs: Ideograms indicate the methods applied for the preclinical
evaluation of the respective compound.

104



- Conclusion and outlook -

Due to the similarities in the orthosteric binding pockets of mMAChR M1-M5, development of
“highly” subtype selective drugs remains a challenging task. Subtype selectivity is a pivotal
characteristic of newly developed mAChR ligands. Nevertheless, in research articles it is often

” W ”

described with tempting yet undefined adjectives like “pronounced”, “strong”, “superior’. Com-
bining the relations of five K; values to each other is an unfulfillable task, which is why these
values should be looked at all together, to allow for a clear picture of the subtype selectivity.
Assuming that the expression levels of the different mAChR subtypes in the different areas in
human brain were known, one could estimate the required subtype selectivity to image a given
brain area. However, caused by the lack of truly subtypes selective mAChR ligands, only lim-
ited information on the expression levels of the different subtypes in human brain is available.
Consequently, it is hard to state which levels of in vitro subtype selectivity have to be reached
to justify further development as therapeutic or diagnostic. Still, this basic rule holds true: The
higher the difference in K; values, the better. Previous developments of mAChR radiotracers
have taught us that subtype selectivity in vitro does not necessarily correlate with in vivo ob-
servations. In the light of that, it makes no sense to view in vitro mAChR subtype selectivity as
an absolute criterion that should at least be x-fold but rather as a general predictive character-
istic to evaluate candidates in the drug development process.

Until recently allosteric mAChR ligands with sufficient affinity (K in the low nanomolar range)
were not available.® Recent advances in crystallography of the mAChR enabled rationalized
development of allosteric mMAChR ligands, which eventually led to allosteric ligands with suffi-
cient affinity for PET tracer development (MsR-1023% and MK-6884%). With respect to sub-
type-selectivity allosteric ligands appear to be a promising game-changer for mAChR PET

tracer development. As of now, no human studies with these compounds have been reported.

While working on the radiolabeling of [*!C]pirenzepine, a rearrangement product of pirenze-
pine, which was unwittingly sold as pirenzepine, was discovered (chapter 3.3). Supported by
pirenzepine’s approvement as drug and its high relevance in biological assays for the discrim-
ination of M1 over the other mAChR subtypes, the cause and consequence of the formation
of this product were investigated. The rearrangement was shown to occur under hot, acidic,
agueous conditions and is comprised of a lactam hydrolysis followed by a nucleophilic addition
and elimination. Rearrangement products of pirenzepine and telenzepine exhibited a tremen-
dous loss in MAChR affinity, which will compromise experimental data obtained by their unwit-
ting use. The affected chemical suppliers were informed about this case and withdrew the
affected products from the market. An inclusion of the discovered rearrangement product to

the monograph of pirenzepine in the European Pharmacopoeia will be pursued.
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On the following pages the supporting information of the works 1.-3. is depicted in the same
order as in the main texts (chapter 3).
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Further syntheses

Precursor 2k features two potential nucleophilic sites that could react with ['"C]JCHsl: a
secondary amine of the arecoline and a secondary urea nitrogen. Base-free conditions as they
were employed in the radiosynthesis should strongly faver the methylation of the secondary
amine. However, in order to ensure that both methylated regioisomers do not coincidentally
exhibit the same retention time in the used radio-HPLC system, 11 is a necessary reference

compound.

1k in dry DMF and dry DMSO with an excess of CHsl did not show reactivity. Addition of base
(1.5 eq Cs2C0O3 or NaH) resulted in Fmoc deprotection. Consequently, the N-Boc-protected
analogue 9 was used for subsequent synthesis trials. Once again base free conditions with
excess of CHsl did not yield the methylated product and urea cleavage happened upon addition
of base (1.5 eq Cs2CO3 or NaH).

I
base ;
@AN DME deprotection

A

\ (0]
Fmoc

NH

1k

NH DMF

(‘ﬂo _.O»O

Figure S1: Synthesis overview: attempted synthesis of 11 and urea clavage of 9 to 10.

tert-butyl 5-{[3-cyclohexyl(cyclohexylcarbamoyl)amino]carbonyl}-1,2,3,6-tetrahydro
pyridine-1-carboxylate (9). DCC (49.9 mg, 0.242 mmol) was added to a solution of N-Boc-
guvacine (50.0 mg, 0.220 mmol) in dry DMF (1 mL). After stirring for 1 h DMF was evaporated.
The residue was extracted with EE (5 mL) and purified by preparative TLC (PE:EE = 3:1; silica
gel 40 F254 20x20 cm, 0.25 mm; Rs = 0.55-0.85; developed 3x). The product was obtained as
white, crystalline solid (28.9 mg, 30 %).
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'H-NMR (200MHz, CDCls) & 6.25 (brs, 2H), 4.12 (brs, 2H), 4.10-3.94 (m, 1H), 3.80 (brs, 1H),
3.49 (t, J=5.7Hz, 2H), 2.20 (brs, 2H), 2.00-1.53 (m, 12H), 1.47 (s, 9H), 1.40-1.04 (m, 8H).
HRMS (ESI) calcd for CasHasNaNaOs (M + Na*) 456.2833, found 456.2839

tert-butyl 5-(cyclohexylcarbamoyl)-1,2,3,6-tetrahydropyridine-1-carboxylate (10). NaH
(1.7 mg of a 60 % emulsion in mineral oil, 0.0415 mmol) was added to a stirred solution of 9
(15mg, 0.0346 mmol) dry DMF (1 mL) at rt. After 30 min CHsl was added (6.5 uL,
0.104 mmol). After 18 h the reaction mixture was diluted with water (10 mL) and extracted with
Et.O (3x15 mL). The organic phase was washed with water (10 mL) and purified by preparative
TLC (PE:EE = 3:1; silica gel 40 F254 with concentration zone 20x20 cm, 0.10 mm; Rs = 0.20-
0.28). The product was obtained as colorless oil (5.3 mg, 50 %).

'H-NMR (400MHz, CDCls) & 6.57 (brs, 1H, H-4), 5.52 (brs, 1H, NH), 4.15-4.10 (m, 2H, H-6),
3.86-3.78 (m, 1H, Cy H-1), 3.47 (t, J=5.6Hz, 2H, H-2), 2.29-2.21 (m, 2H, H-3), 1.98-1.88 (m,
2H, Cy H-2), 1.76-1.67 (m, 2H, Cy H-3,5), 1.67-1.57 (m, 1H, Cy H-4), 1.47 (s, 9H, CHs), 1.45-
1.30 (m, 2H, Cy H-3,5), 1.23-1.05 (m, 3H, Cy H-2,4,6). '*C-NMR (100MHz, CDCl3) & 171.8
(CONH), 154.8 (OCON), 131.0-129.0 (C-4), 80.0 (OC(CHsa)4), 48.2 (Cy C-1), 42.7 (C-6), 39.5
(C-2), 33.1 (Cy C-2,6), 28.4 (CHg), 25.5 (Cy C-4), 25.0 (C-3), 24.8 (Cy C-3,5). '>N-NMR
(41MHz, CDCIlz) & -256.6 (CONH). (one quaternary carbon could not be detected)
According to TLC product spot is immediately formed after addition of base and remains
constant over time. Consequently, a reaction time of around 10 min is likely sufficient and also
addition of CHsl can be omitted.

Considering the unreactivity of an excess of CHsl towards 1k and 9 under the otherwise same
reaction conditions as applied in the radiolabeling, it appears very unlikely that the urea-N-
methylated regioisomer is formed during radiolabeling.

A precursor (12) for the synthesis of [''C]pirenzepine was synthesized from piperazine (99°%,
Alfa Aesar) and 11-(chloroacetyl)-5,11-dihydro-6 H-pyrido[2,3-b][1,4]benzodiazepin-6-one
(99 %, abcr) as illustrated in Figure S2.

5Pt o B

N
ACN, 82°C N NH
/}, 16 % HN\J /57/ _
0 N
N/

12

Figure S2: Synthesis of the precursor for the radiolabeling of [''C]pirenzepine.

11-(2-(piperazin-1-yl)acetyl)-5,11-dihydro-6 H-benzo[e]pyrido[3,2-b][1,4]diazepin-6-one
(12). A solution of piperazine (120 mg, 1.39 mmol) in ACN (2 mL) was added dropwise to a
3/29
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stirred suspension of 11-(chloroacetyl)-5,11-dihydro-6H-pyrido[2,3-b][1,4]benzodiazepin-6-
one (200 mg, 0.70 mmol) and K=COs (144 mg, 1.04 mmol) in ACN ( 3mL). The reaction mixture
was refluxed for 30 min, allowed to cool to room temperature and poured on H20 (5 mL).
Extraction with DCM (2x10 mL) followed by precipitation with hexane afforded the product as
white solid (37 mg, 16 %).

'H-NMR (400MHz, CDCls)  8.27 (brs, 1H, Ar H-2), 7.97 (d, J=7.7Hz, 1H, Ar H-7), 7.63 (m,
2H, Ar H-9,10), 7.54 (dd, J=7.9Hz, J=1.6Hz, 1H, Ar H-4), 7.43 (m, 1H, Ar H-8), 7.29 (dd,
J=7.9Hz, J=4.7Hz, 1H, Ar H-3), 3.65 (m, 1H, COCHy), 3.14 (m, 1H, COCH;), 2.69 (m, 2H, H-
3,5), 2.57 (m, 2H, H-3,5), 2.37 (m, 2H, H-2,6), 2.08 (m, 2H, H-2,6). 1*C-NMR (100MHz, CDCls)
5 167.8 (NHCO), 147.7 (Ar C-11a), 144.6 (Ar C-2), 140.6 (Ar C-10a), 133.3 (Ar C-9), 131.2 (Ar
C-7), 130.7 (Ar C-4a), 129.5 (Ar C-4), 128.6 (Ar C-10), 128.1 (Ar C-8), 123.7 (Ar C-3), 61.9
(COCH:N), 54.1 (C-2,6), 45.6 (C-3,5).* HRMS (ESI) calcd for CisHzoNsO2 (M + H*) 338.1612,
found 338.1613.

*the quaternary carbons Ar C-6a and NCOCH: could not be found

Radiolabeling of [''C]pirenzepine.

['"C]pirenzepine was produced as positive control for autoradiography. The synthesis was
performed using the same materials and methods as described in the main text, with following
changes and details: 1 mg precursor (12) was dissolved in 0.5 mL DMSO. [''C]Pirenzepine
was purified using a pBondapak™ C18 7.8x300 mm Prep Column (Waters) with 50 mM
NH4HzPO4 buffer pH 9.3 : ACN = 80 : 20 at flow of 7.5 mL/min. Interestingly, under these
chromatographic conditions [''C]pirenzepine is less retained by the stationary phase
compared to 12 (Figure S3). Whereas, usually the methylated product has a higher retention
time compared to its N-desmethyl precursor (Figure S4). For the quality control of
[''C]pirenzepine an XSelect™ (HSS T3, 3.5 um, 100 x 4.6 mm) column with 25 mM NHsH2PO,
buffer pH 9.3 : ACN = 75 : 25 at flow of 1 mL/min was used (Kprec. = 1.68, Kproa. = 2.33, LOQ =
1.3 pg/mL). Five batches of ["'C]pirenzepine were prepared (yield = 3.7 + 1.0 GBg, RCY =
12.3 + 3.8 %, A at EOS = 137 + 94 GBg/umol).
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Figure S3: Exemplary preparative chromatograms of the purification of [''C]pirenzepine. Precursor (12) and

["'C]pirenzepine exhibit strong tailing. However, [''Clpirenzepine elutes earlier, which prevents the precursor (12)
from smearing into the product fraction. The product fraction was collected from 15.9 min to 17.2 min.
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Figure S4: Exemplary preparative chromatograms of the purification of [''C]3¢. The product fraction was
collected from 10.2 min to 11.2 min.

Chiral separation of 3e

mlplu Integration UV_A (254 nm)
4 I3 O 1 Substance R/T | Type Area %Area
s MAU*s %
‘ (+)3e 14715 |BB(M | 263,3370 50,86
3,04 ()3e 26146 |BB(M | 254, 4471 19,14
[Sum in RrOT T 517,7841] 100,00
2,0 ‘
| (')'32
1,04 |
1
‘ EW/\‘__,_______ .
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Figure S5: UV-HPLC chromatogram of 2 pL 1 mg/mL solution of racemic 3e on a chiral column (AGP 0.3 cm; @x5

cm 5 M)

using 12% 2-propanol in 10 mM NHsAc pH 5.8 at a flow of 0.5 mL/min.
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Determination of [BH]JNMS Kp towards M1-M5

Equilibrium dissociation constants (Kp) of [P(HINMS were determined via a direct radioligand
binding assay. For every subtype a saturation binding curve with specific binding at six different
concentrations was experimentally determined. Specific binding was delineated from total
binding minus non-specific binding. Total binding was determined by incubating 5 yL DMSQ,
50 pL radioligand solution and 445 uL membrane suspension for 1.5 h at 20 °C. For the
determination of non-specific binding 5 uL 100 uM scopolamine in DMSO was used instead of
pure DMSO. Bound and unbound ligand were separated using the filtration method as
explained in the main text. Concentrations were chosen around the expected Kp and to reach
saturation. The binding curve was fitted with Equation S1 and the determined Kp values are
shown in Table S1.
SB = Bmax C3H|NMS
Kp + cpmvms

Equation S1: Saturation function for specific binding. SB: specific binding [cpm], Bmax: maximum specific binding
[cpm], cerHnus: radioligand concentration [nM], Ko: equilibrium dissociation constant [nM].

Table S1: Equilibrium dissociation constants (Ko) given in nM for mAChR receptor subtypes M1-M5. Kp values of
this work are comparable to literature. The shown sources also determined the Kp via saturation binding on
membrane preparations of CHO cells transfected with human mAChRs. Presented are means + standard deviation
from three independent measurements performed in triplicates.

M1 M2 M3 M4 M5

this work 0.18+0.06 0.24+0.07 0.23+0.10 0.10+0.04 0.35%0.16

Lit 0.17 0.15 0.16 0.07 -
Lit" 0.25 0.32 0.23 0.20 0.26
Lit" 0.051 0.29 0.086 0.056 0.20

EeAChE affinity and metabolism

Before starting the Ellman’s assay the required enzyme concentration was evaluated. The
enzyme was diluted using a mixture of 20 mM NaH2PO. and 20 mM Na:HPQ, in a 4:6 ratio at
pH 8.0 (3.75 pL enzyme solution (1 mg/mL) in 996 pL buffer). The resulting enzyme solution
was then diluted with a 50 mM NaH2PQ, buffer (pH = 8.0), which gave the concentration used
(250 pL in 13.5 mL buffer). These solutions were tested in combination with the highest
concentration of ATl (3 mM) and with DTNB (0.5 mM). The kinetic was observed using a
photometer. As the enzyme solution with the final concentration of 0.0682 pg/mL did not show

a plateau over a 10 minute time period, this concentration was used for the Ellman’s Assay.
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Figure S7: left: reciprocal slope of kinetic measurement plotted against the reciprocal substrate concentration;
right: slope of the linear regression lines from the double reciprocal plot plotted against the tacrine concentration.
The Ki of tacrine was obtained from the negative abscissa intercept in this plot.

Metabolic stability

Table S2: Retention times in the HPLC methods for metabolic stability.

retention time 11 - [''C]arecaidine

[min] in method [''Clarecaidine ethyl ester parent compound
[''C]3b 2.2 8.3 16.2
['"Cl3c 2.1 8.1 14.1
['"'C)3i 2.2 8.6 14.8
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Figure S8: HPLC radio channel of a [''C]3c 40 min timepoint measurement showing [''Clarecaidine (green),
["'Clarecaidine ethy! ester (red), [''C]3c (blue).

Metabolite identification

15 pL microsomes were preincubated in 257 pL PBS, 15 pL solution A and 3 pL solution B by
gently shaking at 37 °C for 10 min. 10 yuL of 3b (10 mg/mL in EtOH) was added and 50 pL
samples were taken at 0, 10, 20, 40 and 60 min. The samples were immediately quenched
with 50 uL ACN:MeOH = 1:1, centrifuged at 21500 g for 5 min and 50 puL of the supernatant
was purified with the same HPLC conditions used for the assessment of the metabolic stability
of ['""C]3b. However, NH:Ac was used as buffer substance instead of NHsH-PQ. to allow for
compatibility with direct HRMS measurements. A UV peak at the retention time of the observed
less polar radiometabolite emerged and grew over time. It was collected from the 60 min time
point and HRMS analysis revealed an exclusive peak at 170.1177 m/z, indicating the formation

of arecaidine ethyl ester.

Plasma stability

12 uL formulated [''C]3c was incubated with 1 mL plasma by gently shaking at 37 °C and
200 pL samples were taken at 0, 30 and 60 min. The samples were immediately quenched
with 200 uL ACN:MeOH = 1:1, centrifuged at 21500 g for 5 min and 50-200 pL of the
supernatant was analyzed with the same HPLC conditions used for the assessment of the
metabolic stability of [''C]3c. Peak areas of appearing radiometabolites were decay corrected

for their retention times and related to the total peak area.
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Interactions of [''C]3c with CHO-M1 cells
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Figure S9: Binding curves of [''C]3c on CHO-MT1 cells. Count rates are corrected for decay and normalized. A: No
effect on the kinetic of [''CJ3c binding on CHO-M1 cells was observed by preblocking with 10 uM scopolamine. B:
Binding curvature in dependence of ['' C]3c concentration.
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NMR spectra
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Figure S10: 'H and *C NMR spectra of 3b including assignment of signals.
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16/29

129



- Supporting information -

p
|
[
]
fl
s r [ 1/
p / {1/
J J J 6.56 (m) o} 7.23.(m) J I/
H
238 (m) 165.8 127.4 ;,EB(m)
H 1324 7260‘3N‘ 128.7
H
6.28 (m) 127.5
H H
H
257 H Nojao H 3260m) 7.23(M) 1287 7.27 (m)
(1, 5.7 Hz) H
45.5 7.33 (m)
H/T“H
H 244(s)
\ ALJ I\ /L
. ool Ll T o
4 8 8 8 EL
3 g g 3 RER
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5
& (ppm)
! Wy et AN
T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
& (ppm)
Figure S$16: 'H and '*C NMR spectra of 3i including assignment of signals.
17/29

130



- Supporting information -

f
t
]
/
[ N/ [
J T o 429 (m) J JJ‘ Jf j J
2.38 (m) 1656
H o]
H
ey NrH97 W 317 (m)
(t. 5.6 Hz)
45.6 70.58*
H”C\H H\seyo 71 H
H 242 (s) /C\ H 365(m)
HoH
* indistinguishable 338 (3) 3.55 (m)
o J - ML...‘»‘
z T YT O Y
T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5
& (ppm)
oA e o e ‘ , T Jpoum g n“mmmv gt b T
T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
3 (ppm)
Figure S17: 'H and '3C NMR spectra of 3j including assignment of signals.
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Figure S21: 'H and '3C NMR spectra of 6 including assignment of signals.
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Figure S23: 'H and '*C NMR spectra of 3b including assignment of signals.
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X-ray Analysis

The X-ray intensity data were measured on Bruker D8 Venture diffractometer equipped with
multilayer monochromator, Mo and Cu K/a INCOATEC micro focus sealed tube and Oxford
cooling system. The structure was solved by direct methods. Non-hydrogen atoms were
refined with anisotropic displacement parameters. Hydrogen atoms were inserted at calculated
positions and refined with riding model. The following software was used: Bruker SAINT
software package’ using a narrow-frame algorithm for frame integration, SADABS’ for
absorption correction, OLEX2" for structure solution, refinement, molecular diagrams and
graphical user-interface, Shelxle'! for refinement and graphical user-interface SHELXS-2015""
for structure solution, SHELXL-2015* for refinement, Platon* for symmetry check.
Experimental data and CCDC-Codes Experimental data and CCDC-Code (Available online:
http://www.ccdc.cam.ac.uk/conts/retrieving.html) can be found in Table S3. Crystal data, data
collection parameters, and structure refinement details are given in Table S4 - Table S7.

Crystal structure and packing view is visualized in Figure S24 - Figure S27.

Table S3: Experimental parameter and CCDC-Code.

Sample | Machine | Source Temp. 3;:; ‘:g; '-:rr'::é #Frames I:;? dT: ccbcC
Bruker K] [mm] [s] [°]
3k
D8 Cu 100 34 15 2553 0.5 1866258
3 D8 Mo 150 30 5 501 1.000 1977571
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N-cyclohexyl-N-(cyclohexylcarbamoyl)-1-methyl-1,2,5,6-tetrahydropyridine-3-
carboxamide for 3k “ Eur. J. Med. Chem.”.
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Figure 824: Asymmetric Unit of 3k, drawn with 50% displacement ellipsoid. The bond precision for C-C single

bonds is 0.0022A.

Figure S$25: Packing of 3k, two free tube volumes with diameters around 2-2.5 A characterize the packing. Both
tubes are formed by hydrogen spheres. Also a moderate intermolecular hydrogen bond (NzH...O1) is characterizing

the packing.
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Table S4: Sample and crystal data of 3k.

Chemical formula C20H33N302 Crystal system orthorhombic
Formula weight [g/mol] 347.49 Space group Pna21
Temperature [K] 100 z 4
Measurement method \f and \w scans Volume [A3] 1973.81(9)
- Unit cell
{E‘;"a"“ (Wavelength | o\ (\=154178) | dimensions [A] | 12.6877(3) 90
and [°]
Crystal size / [mm?] 0.61 x 0.19 x 0.182 16.3698(4) 90
Crystal habit clear colourless 9.5034(3) 90
. Absorption
Density (calculated)/ 1.169 coefficient / [mm- 0.597
[g/em’] 1
. . Abs. correction
Abs. correction Tmin 0.6345 Tmax 0.7536
Abs. correction type multiscan F(000) [e7] 760

Table S5: Data collection and structure refinement of 3k.

Index ranges

-15=h<15,-20<k <

Theta range for

10.764 to 144.162

20,-10=s1s11 data collection [°]
. Data / restraints /
Reflections number 18703 parameters 3575/1/227
Refinement method Least squares all data RT= Obog;;éwm -
Final R indices R1=0.0270 WR? =
Function minimized Z w(Fo? - Fe?)? 1>20(1) - 0.0727 -

Goodness-of-fit on F2

1.055

Largest diff. peak and
hole [e A3]

0.20/-0.14

Weighting
scheme

w=1/[0%(Fo?)+(0.0399P)?+0.2962P]

where P=(F:2+2F2)/3
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2-carboxy-4-methylmorpholin-4-ium bromide for 5 “Eur. J. Med. Chem.”
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Figure S26: Asymmetric Unit of 5, drawn with 50% displacement ellipsoid. The bond precision for C-C single bonds
is 0.0100A.

Figure S27: Packing of 5.
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Table S6: Sample and crystal data of 5.

Chemical formula C6H12BrNO3 Crystal system monoclinic
Formula weight [g/mol] 226.08 Space group P21/n
Temperature [K] 100 z 4
Measurement method \f and \w scans Volume [A?] 873.81(8)
_— Unit cell

Radiation (Wavelength |\, .« (\ =071073) | dimensions [A] | 11.1252(6) 90
[A]) o

and [°]
Crystal size / [mm?3] 1x05x0.1 7.1215(4) 114.093(2)
Crystal habit clear colourless block 12.0815(6) 90

. Absorption
Density (calculated) / 1.718 coefficient / [mm- 4.666
[g/cm’] 1]
. . Abs. correction

Abs. correction Tmin 0.4573 Tmax 0.7461
Abs. correction type multiscan F(000) [e] 456

Table S7: Data collection and structure refinement of 5.

-152h<15,-10<k<

Theta range for

Index ranges 4.198 t0 61.224

10,-17<1<17 data collection [°]
. Data / restraints /
Reflections number 22129 parameters 2656/0/106
Refinement method Least squares all data Rl = OGO?SI,BWRQ =
Final R indices R1-0 6368 Ao =
Function minimized Z w(Fo? - F)? 1>20(1) - 0.1021 whe =

Goodness-of-fit on F? 1.078 w=1/[02(F02)+(0.0679P)2 +0.5591P]

Weighting

Largest diff. peak and scheme

hole [ A?] 1.97/-1.33

where P=(Fo2+2F2)/3

I ValiScreen® GPCR Cell Line human Muscarinic Acetylcholine Receptor, Technical Data Sheet; Perkin Elmer:
Waltham, MA, 2009.

i Jakubik J., Randakova A., El-Fakahany E. E., DoleZal V. Divergence of allosteric effects of rapacuronium on
binding and function of muscarinic receptors. BMC Pharmacology, 2009, 9:15.
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Figure 1. Exemplary competitive binding curves of 1, 2, and 3 on human mAChR M1 expressed on
cell membranes of stably transfected CHO cells using [N-methyl-*H]scopolamine methyl chloride.
Values at 101! M and 1071° M represent full binding in absence of competitor.
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Figure 3. Chiral chromatography using a an AGP 0.3 cm@ x 5 cm 5 uM column operated with 2% IPA

in 10 mM NHiAc pH 5.8 at a flow of 0.5 mL/min.
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Materials

11-(Chloroacetyl)-5,11-dihydro-6H-pyrido[2,3-b][1,4]benzodiazepin-6-one (abcr), 1-methylpiperazine (alfa aesar),
Telenzepine dihydrochloride (Sigma Aldrich, T122), scopolamine hydrobromide (Sigma Aldrich), [**0]H.0 (98 atom %,
Hyox-18, Rotem), hydrochloric acid (HCl, 37%, Merck), pepsin (from porcine gastric mucosa, 3200-4500 units/mg
protein, Sigma Aldrich), [N-methyl-*H]scopolamine methyl chloride ([*H]NMS, 2.964 TBg/umol, 37 MBq, in 1 mL
ethanol), poly(ethyleneimine) (PEI, 50% in H20, Fluka), phosphate buffered saline (PBS, pH 7.4, Gibco, Life Technologies
Limited), acetonitrile (ACN, for HPLC, 299.9%, Sigma Aldrich),dichloromethane (DCM, EMPROVE® ESSENTIAL, Merck),
dimethylsulfoxide (DMSQ, =99.9%, Sigma Aldrich) and methanol (MeOH, for HPLC, 299.9%, Sigmal Aldrich) were used
without further purification.

Table $1: Obtained samples of fine chemical batches.

# company hame ordering number lot number or batch
1 abcam ab120153 APN10196-3-4

2 abcr AB349569 1313238

3 AK Scientific 0383 080223G

4 EDQM Ref standard Y0000038 batch 1

5 Glentham Life Sciences GP0823 658NXR

6 Henan Allgreen Chemical not reported not reported

7 Hycultec HY-17037 25525

8 Sigma Aldrich P7412 079K1733V

9 TCI P2457 XLZNG-5G

Table $2: Obtained pharmaceuticals.

. lot number or
company name trade name manufacturing

batch
. . . Boehringer Ingelheim Ellas

Boehringer Ingelheim Gastrozepin 50 mg, 50 Tabletten 844033
S.A,, Greece
Boehri Ingelheim Ell

Boehringer Ingelheim Tactpouenid Tabnetku 25 mr, 50 TabneTok oenringer ingetheim Lilas 744487
S.A., Greece

Boehringer Ingelheim H R FOEE 2§ 10088 (105Ex10) Nippon Boehringer Ingelheim, 889001

Japan
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Hikma Gastrozepin 50 mg, 100 Tabletten Delpharm Brétigny, France G001
g ‘Lo E ISR ;
H,E;**itﬁ*i EL 2t EEIESR25me 1008 (10 not specified in leaflet CCc2001
(Nichi-lko) $#Ex10-PTP)
1]
;;tifg)zﬁt% (S5P HR =L SSP Pharmaceutical Co., Japan 01037E

Instrumentation

NMR samples were measured in CDCl; (= 99.8%, stabilized with silver foil, Sigma Aldrich) or D,0 (89.9%, Sigma Aldrich)
at 25 °C. Chemical shifts are given referenced to the solvent signal of *H in CDCls (6 7.26 ppm), *H in D20 (6 4.79 ppm)
and 13C (& 77.0 ppm) in CDCls. >N signals are given referenced to liquid NHs. Combination of standard NMR techniques,
such as COSY, NOESY, APT, HSQC and HMBC, allowed for unambiguous assignment of NMR signals, unless stated
otherwise. NMR experiments were performed with a Bruker Avance 111 400 or Bruker Avance Il 600 spectrometer. ESI-
TOF HRMS spectra were recorded with a Bruker maXis 4G instrument. IR spectra were recorded on a Shimadzu
IRAffinity-1S FTIR spectrometer. Melting points were determined at a 2°C/min ramp with a DigiMelt SRS MPA160.
MMFF94 energy was determined using LigandScout 4.4.3.

HPLC analyses were performed using a XSelect HSS T3 column (3.5 um, 100 x 4.6 mm) on an Agilent 1200 series
quaternary pump and degasser equipped with an Agilent 1100 series autosampler and UV detector (upgraded to
G1315B DAD). Injection volume was set to 20 pL and UV detection wavelength to 216 nm. Linear gradient programs
using 25 mM (NH4)H2PO4 pH 9.3 buffer, acetonitrile (ACN) and an initial 3 min equilibration phase were applied for the
analysis of 2, 4, telenzepine and 6 (Table S3). For qualitative analysis of commercial pirenzepine samples the samples
were injected at a concentration of 100 pg/mL. Pirenzepine containing tablets were suspended in water to yield the
same concentration and insoluble additives were removed by centrifugation and/or filtration prior HPLC analysis.

Table $3: HPLC parameters of the methods for the analysis of pirenzepine, telenzepine and their rearrangement products. LOD = limit of
detection, LOL = limit of linearity’

compound tr[min] LOD [pg/mL] LOL [ug/mL] gradient

2 6.7 0.30 >50 0 min: 15% ACN, 3 min: 15% ACN, 9 min: 60% ACN,
4 3.0 0.41 >100 9.01 min: 15% ACN.
Telenzepine 7.3 0.74 >50

in: 0, in: 0, in: 0,
6 51 0.38 550 0 min: 12% ACN, 8 min: 45% ACN, 8.25 min: 10% ACN.

Stably transfected CHO-K1 cells containing human muscarinic receptors M1-M5 were purchased from Missouri
University of Science and Technology cDNA Resource Center (Cell Catalog#: CEM1000000, CEMZ2000000,
CEM3000000, CEM4000000, CEM5000000) and maintained in Ham’s F12 Nutrient Mixture (Gibco, Life Technologies
Limited) supplemented with 10% FBS (Gibco, Life Technologies Limited) and 250 pg/mL Geneticin® (G418, Thermo
Fisher) at 37 °C and 5% CO; in a cell incubator. Cells were passaged using Gibco Trypsin-EDTA (0.05%). A solution of
P2714-1BTL, Sigma-Aldrich in 10 mL water was used as protease inhibitor cocktail. Count rate of the filter pieces was
measured using 2 mL Ultima Gold (high flashpoint LSC cocktail, PerkinElmer) in CPM mode on a 300 SL Automatic TDCR
liquid scintillation counter (HIDEX).

The X-ray intensity data were measured on Bruker D8 Venture diffractometer equipped with multilayer
monochromator, Mo K/a INCOATEC micro focus sealed tube and Oxford cooling system. The structures were solved
by Direct Methods, Charge Flipping and Intrinsic Phasing. Non-hydrogen atoms were refined with anisotropic
displacement parameters. Hydrogen atoms were inserted at calculated positions and refined with riding model. The
following software was used: Bruker SAINT software package’ using a narrow-frame algorithm for frame integration,
SADABS" for absorption correction, OLEX2" for structure solution, refinement, molecular diagrams and graphical user-
interface, Shelxle’ for refinement and graphical user-interface SHELXS-2015" for structure solution, SHELXL-2015"" for
refinement, Platon"" for symmetry check. Experimental data and CCDC-Codes Experimental data (Available online:
http://www.ccdc.cam.ac.uk/conts/retrieving.html) can be found in Table S4. Crystal data, data collection parameters,

3/13

151



- Supporting information -

and structure refinement details are given in Table S5 toTable $10. Asymmetric Unit visualized in Figure S5 to Figure
S7.

Table $4: Experimental parameter and CCDC-Code.

Sample Machine Source Temp. Detector Distance Time/Frame #Frames Frame width ccDC
Bruker K] [mm] [s] [°]
4 D8 Mo 100 35 8 612 0.600 2010631
5 D8 Mo 100 35 8 3808 0.700 2010632
6 D8 Mo 100 40 10 1040 0.500 2010633

Analytical differentiation between 2 and 4

Pirenzepine dihydrochloride obtained from the EDQM (2).

'H-NMR (400MHz, D,0) & 8.34 (m, 1H, Ar H-2), 7.85-7.46 (m, 6H, Ar H-3,4,7-10), 4.32 (d, 0.65H, J=16.7Hz, COCH,N)?,
4.23 (d, 0.35H, J/=16.6Hz, COCH;N)*, 3.88 (d, 0.65H, /=16.7Hz, COCH;N)?, 3.86 (d, 0.35H, /=16.6Hz, COCH;N)*, 3.95-
3.10 (m, 8H, H-2,3,5,6), 2.98 (s, 1.95H, CHa)%, 2.96 (s, 1.05H, CHa)*. 3C-NMR (100MHz, D,0) & 169.1 (NHCO)®, 168.9
(NHCO)*, 167.3 (NCO)*, 166.7 (NCO)?, 146.5 (Ar C-2)%, 146.4 (Ar C-2)*, 144.2 (Ar C-11a)*, 143.6 (Ar C-11a)®, 139.1 (Ar
C-10a)?, 138.0 (Ar C-10a)*, 135.9 (Ar C 3°)*, 135.2 (Ar C 3°)%, 133.3 (Ar C 3°)*, 133.2 (Ar C3°)%, 132.2 (Ar C 3°)*, 131.8
(ArC3°)%, 131.4 (ArC 3°)*, 131.2 (Ar C-4a)®, 130.9 (Ar C-4a)*, 130.4 (Ar C3°)%, 129.4 (Ar C-6a)*, 128.4 (Ar C-6a)®, 128.0
(Ar C 3°)%, 127.5 (Ar C 3°)*, 127.1 (Ar C 3°)%, 126.6 (Ar C 3°)*, 57.8 (COCH:N)?, 57.5 (COCH,N)*, 51.6 (C-3,5)*, 51.5 (C-
3,5)%, 50.1 (C-2,6), 43.4 (CHs). >N-NMR (41MHz, D,0) & 292.6 (Ar N-1), 143.7 (Ar N-11), 133.3 (Ar N-5), 40.2 (N-4).
HRMS (ESI) calcd for C1gH22NsO> (M + H*) 352.1768, found 352.1773. m.p. 235 °C decomp.

NMR at 20°C in D;0 allows for the resolution of the interconverting exocyclic amide bond conformations.?* Signals
marked with ’ correspond to the more populated conformation, whereas “*' marks signals of the less populated
conformation. In case signals of both conformations coincide, no mark is given. Most tertiary aromatic carbons could
not be allocated unambiguously and are therefore labelled ‘Ar C 3*.

Pirenzepine dihydrochloride which actually contained the constitutional isomer 2-(2-((4-methylpiperazin-1-
yl)methyl)-3H-imidazo[4,5-b]pyridin-3-yl)benzoic acid dihydrochloride (4).

'H-NMR (400MHz, D,0) & 8.51 (dd, 1H, J=5.0Hz, J=1.3Hz, Ar H-5), 8.43 (dd, 1H, J=8.3Hz, J=1.3Hz, Ar H-7), 8.37 (dd, 1H,
J=7.7Hz, J=1.7Hz, Ph H-6), 7.99 (m, 1H, Ph H-4), 7.93 (m, 1H, Ph H-5), 7.73 (m, 1H, Ph H-3), 7.72 (dd, 1H, J=8.3Hz,
J=5.0Hz, Ar H-6), 4.11 (s, 2H, ArCH,N), 3.48 (m, 2H, H-3,5), 3.04 (m, 2H, H-3,5), 2.93 (m, 2H, H-2,6), 2.89 (s, 3H, CH3),
2.72 (m, 2H, H-2,6). *C-NMR (100MHz, D,0) & 168.1 (COOH), 153.0 (Ar C-2), 147.2 (Ar C-5), 146.5 (Ar C-3a), 135.5 (Ph
C-4),133.3 (Ph C-6),132.7 (Ph C-5), 131.2 (Ph C-2), 130.2 (Ph C-3), 129.1 (Ph C-1), 127.3 (Ar C-7a), 127.2 (Ar C-7), 122.7
(Ar C-6), 53.7 (C-3,5), 52.3 (ArCH;N), 50.3 (C-2,6), 50.0 (C-2,6), 43.4 (CH3). >N-NMR (41MHz, D,0) & 255.9 (Ar N-4),
180.7 (Ar N-1), 167.5 (Ar N-3), 41.6 (N-4), 36.7 (N-1). HRMS (ESI) calcd for Ci9H23NsO; (M + H*) 352.1768, found
352.1773. m.p. 185 °C decomp.
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Figure $1:*H-NMR spectra of 2 (top, sample #2) and 4 (bottom, sample #4) in D20 at 400 MHz.
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Figure $2: 13C-NMR spectra of 4 (top, sample #2) and 2 (bottom, sample #4) in D,0 at 100 MHz.
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Figure 53: IR spectra of 4 (top, sample #2) and 2 (bottom, sample #4). Most notable differences are the strong absorptions at 1663 cm™ (2),
1351 ¢cm™ (2), 1275 cm™ (4) and 1093 cm™ (4).
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Figure 54: UV-HPLC traces of 4 (top, sample #2) and 2 (bottom, sample #4).
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Figure S5: Crystal structure of 4, drawn with 50% displacement ellipsoid. The bond precision for C-C single bonds is 0.0017A. Solvent omitted for
clarity.

Table §5: Sample and crystal data of 4.

Radiation [A] MoKa (A = 0.71073) z 4 Measurement method \f and \w scans
Crystal habit clear colourless block a[A] 9.5381(5)

Crystal size [mm3] 0.25%x0.22x0.2 b [A) 16.2994(9) Abs. correction type multiscan
Empirical formula C19H25CI2N503 c [A] 14.1925(8) Abs. correction Tmin

Formula weight [g/mol] 442 .34 al’] a0 Abs. correction Tmax

Temperature [K] 100.0 B[] 106.5352 Density (calculated) [g/cm?] 1.389
Crystal system monoclinic v 90 Absorption coefficient [mm1] 0.338
Space group P21/c Volume [A3] 2115.2(2) F (000) [e7] 928.0

Table S6: Data collection and structure refinement of 4.

20 range for data collection [°] 4.454 to 60.33 Index ranges Goodness-of-fit on F2 1.034
Reflections collected 20483 h -12<h<13 Diff. peak and hole [e-A3] 0.45/-0.22
Data / restraints / parameters 6239/0/280 k -23<k<17
Refinement method Direct Methods | -20<1<19 Function minimized Iw (Fo? - Fe2)?
R1=0.0415, -
all data WR2 = 0.0873 Weighting scheme where
R1=0.0331, w=1/[c?(Fo?) + (0.0403P)? e 5
>20() r2 = 0.0820 +0.7619P] P=(Fo?+2F2%)/3

7/13

155



- Supporting information -

Synthesis
0 0
o HN HN
HN H @ (\\S\
7 . [j K2COs, ACN, NT N _DCM, 20°C
S

82°C, 61 % K&o " twoweeks (&

. )

cl ]
"" N

1 5

Qﬂ/—\

11-(2-(4-methylpiperazin-1-yl)acetyl)-5,11-dihydro-6H-benzo[e]pyrido[3,2-b][1,4]diazepin-6-one, trivial name:
Pirenzepine (1). 1-Methylpiperazine (34.8 mg, 0.348 mmol) in acetonitrile (2 mL) was added dropwise to a stirred
suspension of 11-(Chloroacetyl)-5,11-dihydro-6H-pyrido[2,3-b][1,4]benzodiazepin-6-one (100 mg, 0.348 mmol) and
K:CO; (72.1 mg, 0.521 mmol) in acetonitrile (2 mL). The suspension was refluxed for 30 min, cooled to room
temperature and the solid KxCO3 removed by filtration. Evaporation of the filtrate afforded a residue, which was solved
in dichloromethane (5 mL). 1 mL of the crude product solution was purified by preparative TLC (DCM:MeOH = 9:1, Rf
=0.19-0.32) to yield pirenzepine as a colorless oil (15 mg, 61%).

'H-NMR (400MHz, CDCls) & 9.84 (brs, 1H, CONH), 8.28 (brs, 1H, Ar H-2), 7.96 (d, J=7.7Hz, Ar H-7), 7.63 (m, 2H, Ar H-
9,10), 7.61 (dd, J=7.9Hz, J=1.3Hz, 1H, Ar H-4), 7.42 (m, 1H, Ar H-8), 7.31 (dd, J=7.9Hz, J=4.7Hz, 1H, Ar H-3), 3.58 (d,
J=14.6Hz, 1H, NCH,CO0), 3.19 (d, J=14.6Hz, 1H, NCH,CO), 2.43 (m, 2H, H-2,6), 2.16 (s, 3H, CHs) 2.27-2.00 (m, 6H, H-
2,3,5,6). BC-NMR (100MHz, CDCl3) & 169.7 (NCO), 168.2 (NHCO), 147.4 (Ar C-11a), 144.8 (Ar C-2), 140.8 (Ar C-10a),
133.4 (Ar C-9), 131.1 (Ar C-7), 130.7 (Ar C-4a), 129.8 (Ar C-4), 128.8 (Ar C-10), 128.3 (Ar C-6a), 128.0 (Ar C-8), 123.9 (Ar
C-3), 61.1 (COCH:N), 54.7 (Ar C-3,5), 52.8 (Ar C-2,6), 45.9 (CHs). >N-NMR (41MHz, CDCls) 6 301.5 (Ar N-1), 142.8 (Ar N-
11), 132.5 (Ar N-5), 37.0 (N-4). HRMS (ESI) calcd for CisH2NsO; (M + H*) 352.1768, found 352.1776.

1-(chloromethyl)-1-methyl-4-(2-oxo0-2-(6-ox0-5,6-dihydro-11H-benzo[e] pyrido[3,2-b][1,4]diazepin-11-
yl)ethyl)piperazin-1-ium chloride (5). Upon leaving the remaining crude product solution standing for 2 weeks
colorless crystals formed, which were crystallographically identified as the nucleophilic substitution product of
pirenzepine with dichloromethane.

Figure 56: Crystal structure of 5, drawn with 50% displacement ellipsoid. The bond precision for C-C single bonds is 0.00204. Counter ion, hydrogen
atoms and solvent omitted for clarity.
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Table $7: Sample and crystal data of 5.
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Radiation [A] MoKa (A =0.71073) z 2 Measurement method \fand \w scans
Crystal habit clear colourless block a[Al 8.9968(4)
Crystal size [mm?3] 0.25x0.2x0.2 b [A] 9.6557(4) Abs. correction type multiscan
Empirical formula C11H13CI2N20 c[A] 13.6354 Abs. correction Tmin 0.7617
Formula weight [g/mol] 260.13 o [’] 80.9712(18) Abs. correction Tmax 0.8017
Temperature [K] 100.0 B[] 82.0177(18) Density (calculated) [g/cm?3] 1.491
Crystal system triclinic vI[] 88.8009(19) Absorption coefficient [mm-1] 0.539
Space group P-1 Volume [A3] 1158.50(8) F (000) [e]] 540.0
Table $8: Data collection and structure refinement of 5.
20 range for data collection [°] 3.054 to 60.706 Index ranges Goodness-of-fit on F2 1.037
Reflections collected 74993 h -12gh<12 Diff. peak and hole [e"A3] 1.19/-1.08
Data / restraints / parameters 6929/0/290 k -13<k<13
Refinement method Charge Flipping | -19<1<19 Function minimized I w (Fo? - Fc2)?
R1=0.0428, N
all data WR? = 0.1185 Weighting scheme where
R1=0.0388, w=1/[c%(Fo?) + (0.0668P)2
1>20(] P=(Fo2+2F:2)/3
>20l) - Ra - 0.1147 +1.0659P] (Fo+2Fc)/

O
HN
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5-methyl-4-(2-((4-methylpiperazin-1-yl)methyl)-1H-benzo[d]imidazol-1-yl)thiophene-3-carboxylic
Telenzepine dihydrochloride hydrate (10 mg, 0.0226 mmol) solved in water (750 pL) and reacted with 12 M HCl
(750 L) at 75 °C for 18 h. The solvent was evaporated and the solid residue was solved in ethanol (1 mL). Crystalline
6 was obtained as colorless needles by vapour diffusion with diethyl ether.

acid

(6).

H-NMR (600MHz, D,0) & 8.37 (d, 1H, J=2.3Hz, thiophene H-2), 7.92 (d, 1H, J=7.1Hz, Ar H-4), 7.68 (t, 1H, J=7.1Hz, Ar H-
5), 7.62 (t, 1H, J=7.1Hz, Ar H-6), 7.43 (d, 1H, J=7.1Hz, Ar H-7), 4.04 (s, 2H, ArCH.N), 3.50 (brs, 2H, H-2,6), 3.11 (brs, 2H,
H-2,6), 3.02 (brs, 2H, H-3,5), 2.90 (s, 3H, NCHs), 2.67 (brs, 2H, H-3,5), 2.30 (s, 3H, CH3). *C-NMR (150MHz, D,0) 6 164.9
(COOH), 151.2 (Ar C-2), 141.7 (thiophene C-4), 133.6 (Ar C-7a), 133.1 (thiophene C-2), 130.3 (Ar C-3a), 128.9 (thiophene
C-3), 127.1 (Ar C-6), 127.0 (Ar C-5), 124.3 (thiophene C-5), 114.6 (Ar C-4), 112.4 (Ar C-7), 53.2 (C-2,6), 51.1 (ArCH:N),
49.5 (C-3,5), 42.7 (NCHs), 11.4 (CHs). HRMS (ESI) calcd for C19H22NsO; (M + H*) 371.1536, found 371.1541.
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Figure S7: Crystal structure of 6, drawn with 50% displacement ellipsoid. The bond precision for C-C single bonds is 0.0039A. Counter ion and

solvent omitted for clarity.

Table §9: Sample and crystal data of 6.

Radiation [A] MoKa (A =0.71073) z 4 Measurement method \fand \w scans
Crystal habit clear colourless plate a[A] 12.8483(5)
Crystal size [mm?] 0.2x0.13x0.03 b [A] 10.8713(5) Abs. correction type multiscan
Empirical formula C19.75H28.51CI2N403.55 c[A] 17.7454(7) Abs. correction Tmin 0.5166
Formula weight [g/mol] 480.97 al’] 90 Abs. correction Tmax 0.5619
Temperature [K] 100.0 B[ 101.326(2) Density (calculated) [g/cm?] 1.314
Crystal system monoclinic v [] 90 Absorption coefficient [mm-1] 0.383
Space group P21/c Volume [A3] 2430.37(18) F (000) [e7] 1012.0
Table $10: Data collection and structure refinement of 6.
20 range for data collection [°] 4.682 to 50.752 Index ranges Goodness-of-fit on F2 1.098
Reflections collected 40495 h -15<h<15 Diff. peak and hole [e-A3] 0.89/-0.82
Data / restraints / parameters 4441/2/288 k -12<k<13
Refinement method Intrinsic Phasing | -20<1<21 Function minimized I w(Fe2-F2)?
R1=0.0643, -
all data WR2 = 01318 Weighting scheme where
R1=0.0487, w=1/[02(Fo?) + (0.0528P)2 P
>20() wR2=0.1174 +3.9477P] P=(Fo*+2F2)/3

158

10/13



- Supporting information -

Kinetics

An aqueous solution of 2 (50 uL, 100 pg/mL) was combined with aqueous HCI (50 uL, 12 M) and shaken at 37 °C, 55 °C
and 75 °C. At 30 min, 60 min, 90 min and 72 h a 5 pL of the reaction mixture were quenched with agueous NaHCOs;
solution (45 pL, 55.5 mg/mL) and analyzed by HPLC. The experiment was performed in three repetitions. The reaction
kinetics were studied using the AUC at 216 nm of formed 4 as a function of reaction time. Values were normalized on
the AUC of 4 after 72 h, where no more unreacted 2 could be detected. For each temperature data points were fitted
with Y(t) =1 - ™, with ¥ being the normalized AUC and t being the time. The activation energy (Es) was determined
from linear regression based on the linearized Arrhenius equation (In(k) = -Ea/(RT) + In(A)).

Rearrangement using HCl in [**0]H,0

In a three necked round-bottom flask equipped with a dropping funnel gaseous HCl was prepared by adding
concentrated aqueous HCl (10 mL) on anhydrous CaCl,. The formed gas was passed through [**0]H,0 (1 mL) using PVC
and glas tubings. An aqueous solution of 2 in [*®0]H20 (200 uL, 10 mg/mL) was combined with the prepared HCl in
[*¥0]H,0 solution (200 pL) and shaken at 75 °C for 60 min.40 pL of the reaction mixture were quenched with aqueous
NaHCOj3 solution (100 pL, 55.5 mg/mL) and 10 uL of the resulting solution were separated by HPLC. A 50 mM NHAc
pH 9.3 was used as eluent instead of the (NH4)H:PO4 buffer to allow for compatibility with mass spectrometry.
Fractions of 2 and 4 were collected and analyzed by ESI-MS.
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Figure S8: Isomerization of 2 using HCl in [180]H,0. The UV-HPLC chromatogram and HRMS spectra of collected fractions after 60 min at 75°C
are shown: [180}4 (tz = 2.9 min, expected mass: 354.1816 m/z), 2 (tz = 8.3 min, expected mass: 352.1768 m/z).

Rearrangement in simulated gastric fluid

The initial concentration of 2 (50 pg/mL) was chosen to mimic the intake of a 50 mg tablet on 1 L of gastric fluid. An
aqueous solution of 2 (50 uL, 100 pg/mL) was combined with 2x simulated gastric fluid (50 pL, 0.16 M ag. HCl, 2 g/L
NaCl and 3.2 g/L pepsin)* or equimolar aqueous HCI (50 uL) and shaken at 37 °C. At 30 min, 60 min, 90 min and 6 h
a 5 uL of the reaction mixture were quenched with agueous NaHCOj; solution (45 pL, 55.5 mg/mL) and analyzed by
HPLC.

Determination of affinities toward mAChR M1-M5

Membrane preparations of mAChR M1, M2, M3, M4 or M5 receptors were produced from the respective cell line as
follows. Ten cell culture flasks were processed in parallel. The medium of a confluent T175 cell culture flask was poured
off and the cell layer was washed with ice-cold PBS. Cells were scraped off and suspended in 2 mL/flask 10 mM
Tris/HCl, 1 mM EDTA buffer (pH 7.4) and 200 pL protease inhibitor cocktail. A cell homogenate obtained from passing
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the cell suspension through a G29 needle was centrifuged (10 min, 1,000 g, 4 °C). The supernatant was subjected to
ultracentrifugation (30 min, 100,000 g, 4 °C) and the resulting pellet was suspended in 125 pL/flask 50 mM Tris/HCI
buffer (pH 7.4) and stored at -80 °C.

A competitive radioligand binding assay using [*HINMS and variable concentrations of test compounds was performed
in assay buffer (50 mM Tris/HCIl, 10 mM MgCl,, 1 mM EDTA). Polypropylene tubes were filled with 5 uL aqueous
solution of the test compounds, 50 ul radioligand solution in assay buffer and 445 uL membrane suspension in assay
buffer (diluted approx. 1:100), shaken and incubated for 1.5 h at 20 °C. Nonspecific binding of the radioligand was
determined by using 5 puL of a 1 UM scopolamine hydrobromide solution instead. The concentration of the radioligand
solution was chosen as 2 nM, 3 nM, 8 nM, 2 nM and 10 nM for M1-M5, respectively. Membrane bound activity was
recovered using a M-36 tygon tubed Cell Harvester (Brandel, Gaithersburg, MD) and GF/B filters (Whatman, GE),
presoaked in 0.1% PEI for 1.5 h. After filtration of the assay mixture tubes and hosing were washed with 2x3 mL ice
cold 50 mM Tris/HCI buffer pH 7.4. The filter paper was punched out, transferred to scintillation tubes, mixed with
2 mL Ultima Gold scintillation cocktail (high flashpoint LSC cocktail, PerkinElmer), shaken for 15 min and counted in a
liquid scintillation counter (HIDEX 300 SL) in CPM mode. Specific binding was calculated as total binding minus
nonspecific binding. To delineate the ICso value, specific binding was plotted against the logarithm of the test
compound concentration and fitted by a variable slope logistic regression. |Cso values were calculated based on at least
five different test compound concentrations in technical triplicates with n=3. K; values were calculated by means of
Cheng-Prusoff equation using Kp values of 0.18 nM, 0.24 nM, 0.23 nM, 0.10 nM, 0.35 nM for M1-MS5, respectively .

Cytotoxicity toward CHO Cell Line

Cytotoxicity was determined by means of a colorimetric microculture assay (MTT assay). For this purpose, CHO-K1
cells were harvested from culture flasks by trypsinization and seeded into 96-well microculture plates (Corning) in
densities of 4,000 viable cells/well. After a 24 h preincubation, cells were exposed to dilutions of the test compounds
in complete culture medium (200 pL/well) for 72 h. At the end of the exposure period, the compound solutions were
replaced with RPMI 1640 medium supplemented with 10% heat-inactivated FBS and 4 mM L-glutamine (100 pL/well)
and MTT solution (MTT reagent in PBS, 20 uL/well, 5 mg/mL). After incubation for 4 h, the medium was removed, and
the formazan product was solved in DMSO (150 pL/well). Optical densities at 490 nm were measured with a microplate
reader (BioTek Synergy HTX multi-mode reader) using a reference wavelength of 690 nm to correct for unspecific
absorption. The quantity of viable cells was expressed in terms of T/C values by comparison to untreated controls.
Evaluations were based on means from at least three independent experiments, each comprising triplicates for each
concentration level.
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Figure §9: Log-dose of 2, 4, telenzepine and 6 versus cell viability. No cytotoxic effect could be observed for concentrations as high as 1 mM.
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