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Preface

This thesis represents a 3 year Ph.D programmestuhyg the SHARE cross faculty Ph.D initative.
The work was carried out in the period Oct. 201Tune 2014. Organic syntheses were carried out
at the department of drug design and pharmacoldgwersity of Copenhagen and radiolabeling

was carried out at the PET and cyclotron unit, @bpgen University Hospital.
Compounds, 18 and19 were synthesized by Matthias M Herth.

Binding assays of compounds 2, 3 and 11 were performed by the NIMH Psychoactive Drug
Screening Programme at the Department of Biochemisiase Western Reserve University,
Cleveland, Ohio, USA.



Abstract

Serotonin (5-HT) is an important neurotransmittesponsible for the regulation of multiple
processes such as mood, appetite, aggression, memarsleep. Dysfunction in the serotonergic
system has been linked to various disorders sucRaaksinson’s disease, anxiety, migraine and
depression. Amongst other receptors the 5-t¢€eptor has been investigated in relation toowari
disorders. The use of positron emission tomogra(ptyT) can be a way of gaining knowledge
about 5-HTs as well as the 5-Hieceptor’s role in these as well as physiologizatesses.

PET depends on the use of radiolabeled compoundsidaly used isotope for this purpose is
Carbon-11. The most common way of introducing Casbd into a molecule is through
nucleophilic substitution involving a hydroxy grqughiol or amine on the target molecule and
either F'C]Mel or ["'C]MeOTH. This restricts the library of compoundsidie for labeling. The use
of cross-coupling is a way of expanding the librafyviable compounds. The two most applied
cross-couplings are the Stille reaction and thaulsuzaction. Both of these have been applied to a

wide array of substrates yet still have to havé tlwl scope of substrates investigated.

In this thesis the aim has been two-fold: Firgitysynthesize and label compounds with potential as
PET-ligands for the 5-Hireceptor. Secondly, to investigate the labelingaofine containing
compounds using the Suzuki reaction and if possieMice a general method for the labeling of
these and apply this to the labeling of biologicattive compounds and potential 5-HE&ceptor
PET-ligands

During the Ph.D a method for the labeling of angoataining compounds was devised. It was used
to label a range of model compounds containingetifiit amine motifs. Furthermore it was used to
label the biologically active compoundsG]Vortioxetine, {*C]Cimbi-712 and {:C]Cimbi-772.

[*'C]Vortioxetine was successfully labeled. In thisiext the state of the pd-catalyst was found to
be crucial when competing N-methylation is to beided. When injected into Danish landrace
pigs, ['C]Vortioxetine was found to bind in cortex, hippogaus, thalamus, striatum and
cerebellum. As such it is not a suitable 5;H&ceptor PET-ligand but could none the less be a
valuable tool in other applications such as ingeding the drugs mode of action and as tool for the

investigation of depression in general.



[Y'C]Cimbi-712, f'C]Cimbi-772, FC]Cimbi-775 belong to a group of compounds that $taswvn
potential as PET-ligands on account of their affiior the 5-HT, receptor, the (phenylpiperazinyl-
butyl)oxindoles. }'C]Cimbi-712 and Y:C]Cimbi-772 was labeled using the previously dedise
method. {*C]Cimbi-775 was labeled using O-methylation. Thee¢hPET-ligands were found not
to be viable 5-H¥ receptor PET-ligands on account of either slowetas or lack ofin vivo

specificity.

Finally, ['*C]E-55888 an agonist with high selectivity towatds 5-HT; receptor was synthesized
and labeled. Labeling was achieved as an N-metbgladlthough a labeling using the Suzuki
reaction could be envisaged as well. When injeaténl Danish landrace pigs it enters the brain,

shows reversible kinetics but showed very littleafic binding.

To summarize, the Suzuki reaction was found taréabdéeamine motifs and a method to utilize this
was devised. This method was applied to the lapadin['C]Vortioxetine, }'C]Cimbi-712 and

[Y'C]Cimbi-772. Furthermore{C]Cimbi-775 and {'C]E-55888 were labeled via an O and N-
methylation respectively. The compounds were evetuan Danish landrace pigs yet none were

found to be viable as a 5-HTeceptor PET-ligand.



Dansk resumé

Serotonin (5-HT) er en vigtig neurotransmitter a@r ansvarlig for reguleringen af adskillige
processer sa som humagar, appetit, aggression, hukls®mg sgvn. Dysfunktion i det serotonerge
system er blevet forbundet med forskellige sygdomsénsom Parkinsons sygdom, angst, migreene
og depression. Iblandt andre receptorer har 5-té€eptoren blevet undersggt i forbindelse med
forskellige sygdomme. Brugen af positron emissmmdgrafi (PET) kan veere en made at erhverve
viden om 5-HT og 5-H7receptorens rolle i disse savel som fysiologiske@sser.

PET afhaenger af brugen af radiomaerkede forbindeisemeget anvendt isotop til dette formal er
kulstof-11. Den mest almindelige made at introdeckulstof-11, i et molekyle, er gennem
nukleofil substitution involverende en hydroxy gpep thiol eller amin, pa molekylet der skal
meerkes, og'fC]Mel eller ['C]MeOTf. Dette indsnaevrer maengden af stoffer derrkaerkes. En
made at udvide denne meengde er via anvendelsemyd$kkblinger. De to mest anvendte
krydskoblinger er Suzuki reaktionen og Stille réakén. Disse reaktioner er begge blev brugt til at
maerke et bredt spektrum of substrater. Hvilke satestder kan meerkes via disse metoder og dog
stadig ikke fuldt udforsket.

Formalet i denne afhandling har vaeret: 1) At sysee¢ og maerke stoffer med potentiale som 5-
HT- receptor PET-ligander. 2) At undersgge meerknirafeamin indeholdende forbindelser ved
brug af Suzuki reaktionen og hvis muligt udvikle g@enerel metode hvorved disse kan meerkes.
Denne metode skulle dernaest anvendes til maerkniaigleiologisk aktive stoffer og potentielle 5-

HT- receptor PET-ligander.

| Igbet af Ph.D arbejdet blev en metode for maegernnaf amin indeholdende forbindelser udviklet.
Denne metode blev anvendt til at maerke en reekkeelstoffer indeholdende forskellige amin
motiver. Denne metode blev derudover anvendt til neerke de biologisk aktive stoffer
[*'C]Vortioxetine, ['C]Cimbi-712 og }*C]Cimbi-772.

[*'C]Vortioxetine blev succesfuldt maerket. | denne s@mhaeng blev tilstanden af den anvendte
Pd-katalysator fundet til at vaere altafggrende kwiskurrerende N-methylering skal undgas. Ved
injektion i Dansk landrace grise blev der observdrieding i cortex, hippocampus, thalamus,

striatum og cerebellum[C]Vortioxetine er derfor ikke en passende 5;H&ceptor PET-ligand



men kunne dog veere et veerdifuldt som et veerktaptlersggelse af hvordan vortioxetine virker og

som et veerktgij til at udvide forstaelsen af depoess

[*'C]Cimbi-712, F'C]Cimbi-772, F'C]Cimbi-775 tilhgrer en gruppe af stoffer der hastv
potentiale som PET-ligander i form af deres aféinibg selektivitet for 5-HT receptoren,
(phenylpiperazinyl-butyl)oxindoler fC]Cimbi-712 og {*C]Cimbi-772 blev maerket via den forud
udviklede metode.'{C]Cimbi-775 blev maerket via O-methylering. De tteffer blev ikke dgmt
brugbare som PET-ligander pga en blanding af langkimetik og manglende effekt af blokade
med SB-269970.

Til sidst blev F'C]E-55888, en agonist med hgj selektivitet for 5;H&ceptoren syntetiseret og
meerket. Maerkningen blev udfart via N-methyleringnnmeserkning via Suzuki reaktionen er ogsa
en mulighed. Ved injektion i Dansk landrace gribseayveredes der reversibel kinetik men stoffet

kunne ikke blokeres.

Afhandlingen beskriver saledes udviklingen af ertadle hvorved stoffer indeholdende aminer kan
maerkes. Denne metode blev anvendt til at meerkéestef - 'Clvortioxetine, {*C]Cimbi-712 samt
[Y'C]Cimbi-772. F'C]Cimbi-775 og fC]E-55888 blev meerket via henholdsvis O- og N-
methylering. Kandidaterne blev evalueret i Dansidiace grise men ingen blev fundet anvendelige
som en 5-H} PET-ligand.
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1 Introduction

1.1 The serotonergic system

Since the discovery of serotonin (5-hydroxytryptaeni5-HT) in the gastrointestinal trhand
subsequent discovery in the central nervous sy$&NS)? the serotonergic system has grown to
be a subject of extensive reseat&ven though the majority of 5-HT is found outsttle CNS, 5-
HT plays an important role in many behavioral argyghmological processes such as mood,

aggression, appetite, sleep and memiory.

HO Aromatic HO
Tryptophan 5 Amigoaclid
Hydroxylase ecarboxylase
NH NH NH
% 2 > , 2 » ] 2
HN 0~ “OH HN o0” “OH HN
Tryptophan 5-hydroxytryptophan Serotonin (5-HT)
HO HO HO
Aldehyde
NH, MAO Dehydrogenase OH
— > | >
| | |
HN HN 0 HN O
Serotonin 5-hydroxyacetaldehyde 5-HIAA

Scheme 1Top: Biosynthesis of 5-HT from tryptophan. Bottoltetabolism of 5-HT into 5-HIAA.

Inside the CNS, 5-HT is stored and synthesizediwithe neurons originating from the raphe
nuclei. These neurons radiate throughout CNS ih amcextent that most cells within the brain is in
proximity to a serotonergic fibérAs 5-HT cannot cross the blood brain barrier (BBBhas to be
synthesized within the brain. 5-HT is synthesizednt tryptophan (TRYP) in a two-step
biosynthesis. Tryptophan hydroxylase (TH) convastptophan into 5-hydroxytryptophan (5-HTP)
which is subsequently converted into 5-HT via timzyene aromatic amino acid decarboxylase
(AADC) (scheme 19.0Once synthesized 5-HT is stored in vesicles frohickvit can be released
into the synaptic cleft upon neuronal stimulatigvhen released into the synaptic cleft, 5-HT can
either bind to receptors, both pre and post-synapti it can be taken up into the pre-synaptic
neuron via the serotonin transporter (SERT) (FiglreAfter reuptake, 5-HT can be incorporated

into vesicles for reuse or it can be broken downnmmnoamine oxidase (MAO). The resulting
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compound, 5-hydroxyindoleacetaldehyde, can be éunttretabolised by aldehyde dehydrogenase to
give 5-hydroxyindoleacetic acid (5-HIAA) which igereted through urine (scheme®1).

Cell body Tryptophan (TRYP) Terminal /'_“

Uptake mechanism
5-HT 5 antagonist Firing rateT (blocked by SSRI)

Figure 1. Diagram of serotonergic neurotransmissianTH catalyses the conversion of TRYP to 5-HBP AADC
catalyses the conversion of 5-HTP to 5-K)'5-HT is stored in vesiclesl) release of 5-HT from storage vesicles into
the synaptic clefte) 5-HT can activate subtypes of the seven 5-HTpwedamilies, which couple with their respective
system of signal transduction inside the postsyoapturon.f) Reuptake of 5-HT into the presynaptic neuron by
SERT.g,h) Within the presynaptic neuron 5-HT can eitherstmred in vesicles or degraded by MADActivation of
presynaptic 5-HJ, autoreceptor by 5-HT, which can be blocked by ctele 5-HT,4 antagonistsj) Selective
serontonin reuptake inhibitors (SSRIs) block SERBdified from: Wong et al. 2005

Dysfunction in the 5-HT system has been linked teadety of CNS related disorders such as
depressiofi, parkinsons disease (PB)migrainé® and anxiety In PD a loss of serotonergic

§13 as well as decreased levels of 53F has been reported. Additionally, PET studies

neruon
have shown a decrease in 5 Bnd SERT in patients with PD.The 5-HT receptor has also
been implicated in anxiety. 5-H{ agonists have been shown to have anxiolytic effedtereas 5-
HT1, knockout mice have been shown to have increase@tgnThe 5-HT, receptor has likewise
been linked to disorders, as further describedhapter 1.3. A way of investigating this could be
through the use of positron emission tomographyT|PEhe basis and applications of PET are

described in chapter 1.4 and 1.5
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1.2 5-HT receptors

The family of 5-HT receptors encompasses 14 recegisses, 13 of which are expressed in
humans. The receptors can be divided into sevefamiilies 5-HT;...'” With the exception of the 5-
HT3 receptor, a ligand gated ion-channel, all of thesmeptors are G-protein coupled receptors
(GPCR’s) of the “type A”-family known as rhodopdike receptor$. All GPCRs are characterized
by having an extracellular N-terminus, seven hélicansmembrane regions, connected by three
intracellular and three extracellular loops, andiamacellular C-terminus. At the intracellular
region the receptor is coupled to various G-prateirhe coupling to these proteins, as well as their
amino acid sequence and pharmacological propetigmguish the six 5-HT GPCR subfamilies
from each other. Activation of the receptor mediageructural changes within the G-protein which
in turn regulate the activity of secondary messeggeerating enzymes such as adenylate cyclase.
The six 5-HT GPCR sub-families can be divided ashs®-HT,+ and 5-HE, are coupled to fg

and inhibits adenylate cyclase, thus reducing cABMRIs® Although 5-HEg genes are present in
humans, the 5-HE gene does not produce a functional protein on wtcof interrupting stop
codons'® 5-HT,a.ccouples to @ which activates phospholipase C and thereby iseset levels®
5-HT,, 5-HTs and 5-HT, couples to Gactivating adenylate cyclase resulting in incnegssiAMP
levels® cAMP is responsible for intracellular signallimgjmarily through activation of the enzyme
phosphokinase A. The 5-HTreceptor mediate rapid activating as well as dgsemg inward
currents. These are primarily carried by"'Nad K but the receptor also shows permeability for

Ca2+ 19

1.3  The 5-HT; receptor

The 5-HT; receptor is the most recently discovered 5-HT ptare and until its cloning from several
animals including humas in 198%?* it was described as a 5-Hlike recepto>’ In peripheral
tissue it is found in the smooth muscle cells afobl vessef§ as well as in the gastrointestinal
tract?® A study by Varnas et al. established 5;H@ceptor distribution throughout the human CNS
using the 5-HT antagonist H]SB-269970°° Thalamus was found to have the highest binding.
Intermediate binding was found in hypothalamus, gaaja and hippocampus and low binding in

the striatum and cerebellum. Another study usiitfj$B-269970 in rats have reported a similar
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distribution: highest binding in thalamus, internae to high binding in hypothalamus, amygdala
and hippocampus and no binding in striatum ancdegort

The 5-HT, receptor has been linked to the pathophysiologglepfressiori’ The forced swim test
(FST) and tail suspension test (TST) have both hessd to show an antidepressant effect of
reduced 5-HT receptor activity, either by pharmacological mé&fsor by the use of knockout
mice3!*2 The FST and TST have likewise been used to shawrdle of 5-HT receptor in
depression through the use of amisulpride and iblmas, two atypical antipsychotics with
antidepressant effect. In wildtype mice they woeldit an antidepressant-like effect but none in
knockout mice>** Additionally, Vortioxetine, (Brintellix®) a new dig for the treatment for of
major depressive disorder (MDD), is a multimodalgwith affinities for 5-HTa, 5-HTig, 5-HTs3,
5-HT; and SERT® As of yet the exact mode of action has yet toéterined.

Attempts to establish a link between the 5;H&ceptor and anxiety have yet been inconclusive.
The effect of SB-269970 (Figure 2) has been ingastid in both mice and rats. In rats, SB-269970
elicited an anxiolytic effect in both the Vogel mking test and the elevated plus maze models of
anxiety®® SB-269970 was found to elicit a lesser anxiolgféect than the reference anxiolytic
diazepam though. Furthermore, the marble buryiag sother model used for anxiety, has shown
anxiolytic effect in 5-HT receptor knockout mice as well as in mice injeatdtth SB-26997G° In
contrast, studies using 5-HTeceptor knockout mice in the light-dark transfest and in the
elevated plus maze have found no difference betwlesnck-out and wild-type mic&:>®’
Furthermore, a range of 5-HTselective compounds developed by Volk et al. hdsplayed
anxiolytic effect in both the Vogel drinking testdathe light-dark transfer tedt.

{ S.,,,/\NQ\

N 5HT, 5-HTsn D,
HO SO,
\©/ 126 63 316

Figure 2. Structure of SB-269970 and the three highestitifsxof SB-269970, affinities of other targets 831M.

Values recalculated into nM from pKi values repdrie Lovell et af*°

As with the link between the 5-HTeceptor and anxiety the endeavors to link therstdceptor to
epilepsy has been inconclusive. The first studkitig the 5-HT, receptor to epilepsy was
conducted before the availability of selective gotasts. A correlation was shown between the

affinity of a range of compounds for the 5-HTeceptor and their ability to protect against
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audiogenic seizure in mi¢8.Yang et al. have shown that 5-Hiieceptor activation increases the
number seizures in epileptic rats and 5;Hdceptor antagonists decreases the number ofregizu
Furthermore they report that 5-HTeceptor expression is higher in epileptic thamam-epileptic
subjects in rats and humattsin contrast, a study by Witkin et al. using chemhiand electrical

induced seizures in 5-HFeceptor knockout mice, showed a lowering in seizbreshold$?

As the 5-HT, receptor is indicated in several disorders a 5-&ceptor PET-ligand could be
valuable tool in the further elucidation of theeptors role in these. The use of PET combined with
a 5-HT; selective PET-ligand would allow the quantificatiof receptor densities within the brain

and changes therein in relation to these disorders.

1.4 Positron Emission Tomography

Medical imaging is a still expanding field in whitie techniques can be divided into structural and
functional imaging. Both fields have inherent adeges and disadvantages. Structural imaging
techniques such as magnetic resonance imaging; ger@puted tomography or ultrasound gives
valuable anatomical information but little to ndarmation regarding ongoing processes in the
body. Functional imaging techniques such as PEJimrmie photon emission computed tomography

(SPECT) provide information about physiological ggsses in a manner that can be quantified.

PET is based on the use of radioactive isotopesheTeligible for use in PET an isotope has to
decay via positron emission (also knowrBaslecay). Once emitted, a positron will travel uits
kinetic energy is sufficiently low to collide withn electron. The collision of positron and electron
initially forms positronium, with a half-life of Bpicoseconds, which then annihilates yielding two
511 keV photons emitted in almost opposite diretiFigure 3} It is the coinciding detection of
such photon-pairs which forms the basis of PETwd photons are detected within a narrow time
frame they are deemed coincident. At a coincidesvet a line of response is drawn between the
two involved detectors. By registering vast muttigs of such photon-pairs and reconstructing the
resulting dataset, it is possible to pinpoint tbeation(s) of the tracer in the body as well asgai

information about changes in tracer concentratier time.
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Figure 3. PET exemplified by decay &fC. Source: Miller et &f?

The straight line from the radionuclide to the padh collision is known as the positron range and
depends on the kinetic energy of the emitted pmsitThis energy is dictated by the isotope from
which the positron is emitted which fBf-decay is a continuous spectrum (Figure 4).
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Figure 4. Theoretical positron kinetic energy spectra*fér, 'C, **N and™®0 (normalized to have equal area under the

curve). Source: Levin et al. 1989
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As such the maximum positron range is defined kyntlaximum energy. Furthermore, the collision
of positron and electron is not dependent on ttmepbete expenditure of kinetic eneriyThus the
collision can occur at a lower range than the maxmnrange. Indeed most collisions occur at a
shorter range than the maximum range which giv&s 0 another important range: The average
positron range. It is the transferal of the residuaetic energy which distorts the angle of the
annihilation photons away from 180°. Additionalfs the energy spectrum of the positron differs
from isotope to isotope, the use of differing igme will result in differences in the resolution

achieved in a PET-scan (Table 1).

Table 1. Different isotopes used in PET-tracers. Modifieshi Brown et al. and Miller et &[:**

Isotope Production Product Half-life Ep+ max Max. p*- Avg. B*-
method (min) (KeV) range range
(mm) in (mm) in
water water
o Cyclotron  ["0]0; 2.04 1740 8.0 1.80
5N(d,n)**0
1N Cyclotron  [*NJNHsor 9.97 1200 5.0 1.15
160(p’a)13N [13N]NOX
He Cyclotron  [*'C]CO, or 20.4 970 3.8 0.85
“UNpo)t'c [YMCICH,
18 Cyclotron  [“F]F 110 640 2.2 0.46
180(p,n)18|:

The isotopes used in PET are dominated by shan lisotopes. These include isotopes sucfiGis
13N, *'C and'®F (Table 1). On account of their short half-li\8® and**N are usually impractical
when it comes to incorporation into larger bioladig active molecules. As such they are primarily
used in special applications such as measuring@rblood flow using OJH,0* or measuring
myocardial blood flow using'{NJNHs.*® 'C and'®F are the most widely used radioisotopes, both
with inherent advantages and disadvantages. Casharvast abundance in the library of potential
PET-tracers when compared to fluorine. As sucldiig a labelable candidate is more likely, when
aiming for **C-labeling rather than®F-labeling. The abundance of carbon in biologicalbtfive

compounds and in chemistry in general also meaatsatwider array of reactions is applicable.
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The short half-life of'C makes the use of an onsite cyclotron as wellapil rradiosynthesis a
necessity yet also has an advantage. As most ofdhieity will be gone after six half-lives

(6t1/, = 1,5%), the half-life of*'C makes consecutive experiments within two hoursagh other

a possibility 6 - 20min = 120min). As such, multiple experiments within the sambgjestt can be
conducted also known as test-retest studfifshas a longer half-life and a shorter positrorgean
than *'C. The longer half-life makes test-retest studiestie course of one day problematic
(6 - 110 min = 11 hour) but also makes multistep radiosynthesis moralfkaas well as opening

up the possibility of shipping tH&F-labeled tracer to sites without access to a tyario

1.5 PET in research

The use of PET-tracers enables the targeting afifspéssues, cells or even proteins. PET-tracers
are administered in minute doses as not to occupyenthan 5-10% of the total receptor
population®® This serves the purpose of allowing the imagingttef desired receptor without
having a marked impact on the total availabilitytloé receptor, also known as the tracer principle.
Combined with compartmental modelling or referertssue modelling this allows for the

guantification of data obtained through PET imaging

A typical measure used in the quantification of Rfafa is the binding potential (BPh vitro BP is

defined asBP = % where Bhax IS the total concentration of receptor ang iK the dissociation
D

constant of the liganf. Assuming that at tracer dos&s« K, applying the michaelis-menten

BmaxF

equation adapted for receptor purpoéBs= —
D

) can be rewritten = Zmax — pp |t is this
F Kp

assumption that is the basis of the tracer priecipl vivo BP can be measured by comparison to
one of three reference concentration:zB¥hich is the ratio at equilibrium of the tissueubd
radioligand concentration against free ligand catre¢ion, BR, the ratio at equilibrium of the
tissue bound radioligand concentration against dbecentration of total parent radioligand in
plasma and B, the ratio at equilibrium of tissue bound radiahgl concentration against the

concentration of non-displaceable tissue boundhgaind.

PET has seen increased use in pharmaceutical éwejoghment. By using receptor specific PET-
ligands it has been possible to evaluate recemiupancy at effective doses in both antipsychotics
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and antidepressants. The use’d€]DASB has thus been used in subjects under trestwieh the
selective reuptake inhibitors paroxetine and cgedn. The study found an 80% SERT occupancy
at effective clinical dose¥. Additionally PET can be utilised as a proof of cept in drug
development. Through the use of drug candidateticlrPET-ligands it is possible to determine
biological parameters of the drug candidate suchB&B penetration, receptor binding, non-
specific binding and metabolisth. Examples hereof is the labeling and comparisontwaf
neurokinin 1 receptor antagonist$'qJGR203040 and*{C]JGR205171. On account of a higher
brain uptake and a lower non-specific bindind'C[GR205171 was chosen as the preferred
candidate’

PET-imaging has been widely utilised in the inygadiion of various brain functions, such as
glucose metabolism in the braii® and BBB transport:® and disorders such as imaging beta-
amyloid plaques, using’C]PIB, in connection with alzheimet®On account of its role in various
disorders the serotonergic system has receivech&xte attention in the field of PET-imaging.
PET-ligands for various 5-HT targets have alreadgrbapplied in humans, to test their role in
different disorders, examples are:*qJWAY-100635 (5-HTa), ["C]P943 (5-HTg),
[*®Flaltanserin (5-H7a), ['C]DASB (SERT) or }*CJAMT (5-HT synthesis). fC]WAY-100635
has for example been used to show a decreased, b4#iding in patients suffering from panic
disorder’’ [*'C]JAMT has been used to show changes in 5-HT syisthvase during acute mood
change¥® and during treatment with antidepressan{s'C]DASB has been used to show a reduced
availability of SERT in patients suffering from poilar depressive disorder compared to healthy
subject€’ [*®Flaltanserin has been used to show an age-reladdced 5-HZ, binding®
Furthermore, studies using’¢]P943 have begun to appear investigating the o6l8-HTyg in
alcohol dependenfeand depressioft. The use of 'C]WAY-100635 and {'CJAMT are examples

of two of the applications of PET: Measuring change receptor densities and changes in
metabolism. A 5-H¥ receptor PET-ligand could thus be a valuable toofuantifying 5-HT

receptor densities within the brain.

A goal within the field of serotonergic PET-ligankas been the development of a ligand sensitive
to changes in endogenous 5-HT. Such a PET-liganddame an invaluable tool in determining the
role of 5-HT in various disorders. Currently sevelifferent PET-ligands for different targets have
been evaluated in regards to their sensitivityrtdogenous 5-HT }{C]DASB (SERT), t'C]JWAY-
100635 (5-HTa), [*®FJWAY-analogues (5-H1n), [**FIMPPF (5-HT,), [F'C]CUMI-101 (5-HTia),
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[Y'C]AZ10419369 (5-HTz) [“'CIMDL-100907 (5-HBa), [“°F]setoperone (5-H}k) and
[*®Flaltanserin (5-H7,) have all been found to be insensitive to 5-HTngjes or results have been
conflicting % 5-HT shows the highest affinity for the 5-Hieceptor (K = 0.3-8 nM) with the
closest contenders being 5-HT(K; = 0.2-400 nM) and 5-HE (K; = 1-40 nM)** Paterson et al.
reports that if a PET-ligand is assumed to compéte a neurotransmitter for occupation of a
shared target then an increase in concentratiothefneurotransmitter will result in a reduced
availability of the target, giving rise to a redoctin the observed binding of the PET-ligafidh 5-
HT- receptor PET-ligand could thus have potential smohto measure endogenous levels of 5-HT

and fluctuations herein.

1.6 Development of PET-tracers

The search for new PET-tracers is a multidiscipiinandertaking involving fields of research such
as: Medicinal chemistry, pharmacology, radiocherjisbiology, physics and image analysis.
Despite ongoing advancements in the fields of @wmistry and PET-tracers the development of
PET-tracers is still largely dependent on a triadl @&rror approach. The development of a PET-
tracer from initial medicinal chemistry amd vitro assays through initial labeling experiments and

animalin vivo experiments to actual clinical testing is an exgdanand time consuming process.

To develop a PET-tracer, a target first has todamtified and candidate compounds have to be
found. These are often based on commercially aail@aompounds or compounds found in
literature. Ideally these should contain sites kadbr labeling yet introduction of such a site dan

a necessity, preferably in a position that affedtsity and selectivity minimally. Additionally, a
precursor for commercially available candidatesnad always available and will have to be
synthesised. A number of criteria must be met f®E -tracer to be useful for quantitative PET-

imaging of a target.

1. The labeling of a tracer candidate should be efficnd reliable. For clinical applications
the labeling should preferably be carried out a&slést step in the tracer synthesis. Despite
this a labeling procedure of more than one stepoftam be necessary. The labeling should
be swift as not to lose more activity than necesskhis timeframe is governed by the half-

life of the used radionuclide, the shorter the -iédf the faster the labeling process should

20



be. One should aim to keep the process of labepagfication and formulation of PET-
tracer under three half-lives of the radionuclideuse to ensure a sufficient amount of
activity is obtained for administratidti.

. Care should be taken to ensure high specific agt{¥s), which is defined as the amount of
radioactivity per total amount of compound, typigaiven as a molar unit (GBgmol). As
administered amounts in PET-scans are describadhount of activity, A directly affects
the total molar amount that is administered. Thukigh As lowers the molar amount,
reducing the risk of violating the assumption tiet tracer only occupies a small fraction of
the receptors.

. Candidates should have a high affinity and seldgtior the desired target. The necessary
affinity, usually in the nM range, depends on thegét tissue and the receptor density
therein. The lower the density the higher the #ffjrof the candidate ligand, needs to be in
order to ensure sufficient signal to backgroundosatThe relative density of the target
receptor to receptors, to which the candidate bagpeting affinity, greatly affects the need

for selectivity. The relation between relative netoeg densities and selectivity can be

Kp off target Bmax target

described asreceptor binding = . Thus, a compound, that

Kp target Bmax of f target

shows a 100-fold selectivity towards target A otemget B, evaluated in a tissue where
target B is ten times more prominent would onlywha ten-fold difference in signal
between the two targets. Ideally, a tracer candiglauld be completely selective towards

the desired receptor in the target tissue butishiarely the case.

. A tracer candidate for the CNS has to be able asscthe BBB. If the candidate relies on

passive diffusion to enter the brain this is oftlependent on lipophilicity of the candidate.
LogP values of 2.0-3.5 are generally desirdbla.low lipophilicity will makes entry into
the brain unlikely whereas a high lipophilicity camsult in non-specific binding of the

candidate.

. Metabolites of the labelled candidate have to kernainto account as well. Radioactive

lipophilic metabolites might enter the brain. Thmeght lead to a contamination of the
signal. Additionally, the metabolite can potenyabind to the target in a similar fashion as
the parent compound giving rise to a signal thahéscombined of both. This complicates
the data analysis as the relative amount of bousend compound vs metabolite is

unknown.
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6. Finally a candidate should display reversible Kogetwithin the timeframe of the PET
experiment to ease the kinetic modelling of theieaad data. Additionally, a lack of
reversible binding can present a problem if theopse of the tracer is to evaluate competing
compounds at the receptor. Furthermore, it sholdd be displaceable by a competing
ligand as to ascertain specific binding at the peme The ability to be displaced can also be
shown by using cold PET-ligand as a blocking ag®vihereas this approach will show
whether or not the PET-ligand is displaceable g&sloot give information in regards to the

actual binding site.

1.7 PET-ligands for the 5-HT, receptor

The first 5-HT; receptor PET-ligand -{C]DR4446 (Figure 5), was published in 2002 by Zhahg
al®® As a tetrahydrobenzindole it was labeled fromcitsresponding desmethyl-precursor using
[**C]Mel. The ligand showed good BBB brain permeapilind was metabolically stable. Limited
specific binding was observed. The 5-HEceptor antagonist SB-269970 has been derivatesed
give potential 5-HF PET-ligands. This has led to the compounddF]{1-(2-((2S)-1-
(phenylsulfonyl)pyrrolidin-2-yl)ethyl)piperidin-41y 4-fluorobenzoate, shown in Figure 5 as
['®F]SB-269970 derivative, and®*F]2FP3 (Figure 5) which were both labeled from tthespective
nitro-precursor§>’® The first tracer was found to bind homogenoustptighout the brain with no
specific 5-HT, receptor bindin and [°F]2FP3 showed some promiseimvivo experiments in
cats’* Blocking with SB-269970 found thé®F]2FP3 to be displaceable yet a lack of arteripuitn

function ruled out quantification of the data.

@%O ACL*@ @ oL

Ha''C
[''CIDR4446 ['®F]1SB-269970 derivative ['®F2FP3

Figure 5. Structures of fC]DR4446, {°F]SB-269970 derivative and®F]2FP3.

Seven analogues of 2FP3 have likewise been sym#itesiTheir general structure is shown in
Figure 6. {®F]4F3P3 and fF]2F3P3 (Figure 6), the two compounds with the nprsmising in
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vitro profiles thereof, did not show brain uptdkélhis is suspected to be on account of the tracers

being substrate to efflux pumps in the brain.
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R = Me, 0-OMePh, p-CIPh, 2-Py
Figure 6. General structure of 2FP3 analogues and structiife¥]4F3P3 and'fF]2F3P3.

Recently three Arylpiperazin (Figure 7) based ldmrhave been evaluated. Despite showing
promising in vitro characterastics, two of the figa did not exhibit sufficient brain penetratidn.

The last arylpiperazine crosses the BBB and digglaseversible tracer kinetics. Attempts at
displacement with SB-269970 revealed limited disphaent suggesting that the PET-ligand binds

non-specifically’*

.Y 0
N

o 8
Saatde

O"'CH,4

|
N~ O'"CH,
[''C]Arylpiperazine 1/2 [''C]Arylpiperazine 3
X=CH,, O

Figure 7. Structures of the three arylpiperazines.

In 2013, Shimoda et al reported the synthesis andaluation of ['CJ1-(2-(4-
methoxyphenyl)phenyl)piperazine (Figure 8). Labdterh its desmethyl-precursor usingg]Mel

it enters the brain and has reversible kineticsnouspecific binding was observéd.

A ligand developed in our group:€]Cimbi-806 (Figure 8), was likewise observed tdeerthe
brain and displayed reversible kinetics yet lactiespplacement when blocking with SB-269970 was
attempted?® Finally, [**C]Cimbi-717 (Figure 8), a (phenylpiperazinyl-buttjndole, has been
evaluated. With penetration into the brain, reudeskinetics and displaceability it is to this date

one of the promising candidates for a viable 5-FeEeptor PET-ligand’.
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Figure 8. Structures of fC]1-(2(4-methoxyphenyl)phenyl)piperazin&'(]Cimbi-806 and J:C]Cimbi-717.

1.8 Organic chemistry VS radiochemistry

Several considerations have to be made when mdrong synthesising precursors and references
in the organic chemistry lab to the labeling of thdioactive tracer in the radiochemistry lab. Many
of these revolve around the difference in scalevhith one works in the two respective labs. The
amount of radionuclide present when conductinglabeling of a tracer is typically in the pico to
nano mole range. Therefore the precursor beindddles well as any catalyst or reagents will be
present in a vast excess. This has several impiiatMinute amounts of impurities in precursor,
reagents etc. which would normally have no sigaificimpact on yields, can be detrimental if the
impurity proves to be more reactive towards theoactive synthon. The stoichiometric conditions
during radiochemical experiments mean that mostlitions can be considered pseudo first order.
This makes optimisation of reaction conditions, doef carrying out radioactive experiemnts,
problematic. Finally the small amounts of produetained, as well as safety concerns, usually rules
out identification of the product via NMR spectropg. As such the identification is carried out
through chromatographic means, either by high pexdoce liquid chromatography (HPLC), gas
chromatography (GC) or thin layer chromatographyQ); using a cold (non-radioactive) reference

compound (Figure 9).
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Figure 9. Example of identification of f{C]Cimbi-712 by the use of HPLC and cold Cimbi-7$2urce: Paper’i

1.9 Primary and secondary*'C-building blocks in radiochemistry

As shown in Table 1, cyclotron-generated CarbotisIdrimarily produced in the form of'C]CO,

and 'C]CH,. These primary*C-building blocks will often have to be convertettoi a more
reactive species to be viable for incorporatiom iatlarger molecule. Of these the most common
species is'fC]Mel.” [*'C]Mel can be generated through two methods, knasvthe wet and gas-
phase method respectively. The wet method utilesesvo-step synthesis. First a reduction of
[*'C]CO, with LAH produces T'C]MeOH, which can then be converted intdJJMel using HI%°
Finally it is dried and separated from side produdihe gas phase method uses a radical reaction
between }*C]CH, and } at 700-750 °G* [*'C]Mel can be further converted intB¢]MeOTf using
AgOTf at 200 °C** Despite being the most commonly used second¥Eybuilding blocks,
[*'C]Mel and }'C]MeOTf are not the only secondary building blodkat can be formed from
[**C]CO; and [*C]CH, (Figure 10). Through treatment with Grignard redgét is possible to form
C-carboxylic acids from*fC]CO, which can be further converted into acyl chloritfeg*C]CO

can be formed from!{C]CO, by reduction of 'C]CO, over zinc at 380-400 °C or over
molybdenum at 850 °& [*'C]CH, can be converted intdC]JHCN by reaction with Nk over

platinum®?
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[''CICH,0 = ['CICHiOH —— = [''CICH3l — = [IC|CH;OTS

e R [

o

[carbonyl-1"CIRCOCI =« [carbonyl-'"CIRCOOMX [""CJHCN ["'CICOCH,

|

["CIRCH,X = [V'CIRCH,OH

Figure 10. Various*'C-building blocks which can be formed froMG]CO, or [*C]CH,. Source: Miller et al. 2008

1.10  Cross-couplings if'C-radiochemistry

The most commonly applied method"#€-labeling is thé*C-methylation of nucleophiles, such as

alcohols, amines and thiols, usifgd]Mel or ["'C]MeOTf. This approach has certain advantages
and disadvantages. On account of its extensiveeysiag reaction methodology is well established
and a set of successful labeling conditions camllysbe found easily. The ease with which amines,
alcohols and thiols can be labeled often makesusigeof protection groups a necessity to avoid
side-reactions. This on the other hand introducedher step in the radiosynthesis of the labeled
compound thereby increasing the overall synthesie as well as introducing another point at

which the labeling procedure can fail. As with approach, the existence of a compound with a
suitable motif, in this case O-, N- or S-methylaiprerequisite for the development of a PET-tracer
In the pursuit of a larger range of possible motdsmultitude of other reactions have been
investigated to evaluate their applicability in icdhemistry. Several of these reactions belong to
the same reaction type: cross-couplings. The dipgtlication of cross-couplings in radiochemistry

was reported in 1995. Andersson et al. reported dfethesis of fCltoluene, methyl 4-

[*'C]methylbenzoate and 3]propene from stannyl precursors as well as thethegis of
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[*’C]heptane from a trialkylborane precur&€biFollowing this publication the Stille reaction has
received the most attention of the two. Two yeaterl a general method was published using
Pddba and Pe-tolyl); in DMF with CuCl and KCOs.® The Stille reaction has also been shown to
be applicable when the introduction of *JJcarbonyl group is desirabf&®’ The Stille reaction
has been used to label several biologically actwepounds such as*'C]CHIBA-1001 ana7
ligand, p-*'C-methyl][MADAM a SERT ligand and{C]celecoxib a COX-2 ligand (Figure 1%

Hs''C
\©Y>,CF3

ICH3

|
o) NH, N\ N-N
g O oI
N\) Hy''C i 0
["'C]CHIBA-1001 [p-"1C-methyl]MADAM ["'Cl]celecoxib

Figure 11. Structures of fC]CHIBA-1001, jp-**C-methyl]MADAM and [-'C]celecoxib.

The Suzuki reaction has received less attentiom tine Stille reaction following the initial
publication in 1995. None the less two groups hawlished approaches to a general procedure,
one utilising microwave heating, one using conwardl heating, with the latter getting the best
overall yields’ 2 Like the Stille reaction, the reaction was foundgtve high yields when using
Pd.dba, P(-tolyl); and KCO; in DMF. Both publications found the reaction talis a wide array
of functional groups but also that the performihg bxidative addition to palladium before adding
boronic species was crucial to ensuring high ammtoducible radiochemical yields (RCY’s).
Furthermore the Suzuki reaction has been utilisethé introductionfC]carbonyl groups® The
Suzuki reaction has also been applied to sevembdically active compounds. Examples are:
[*'C]dehydropravastatin a ligand for OATP1B1 and MR#®2he liver and T'C]MENET a ligand
for the norepinephrine transporter (Figure ¥2¥.
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[''C]dehydropravastatin [""CIMENET
Figure 12. Structures of fC]dehydropravastatin and"C]JMENET.

In 2000 Bjorkman and Langstrom added the Heck i@atb the roster of cross-couplings used in
radiochemistry. By reacting benzaldehyde wittC[CHsl in a Wittig reaction followed by Heck
reaction with a series of arylhalides they wereeabd synthesize a range ofC-labeled

functionalised olefin€®

The labeling ofl 70-(3"-[*'C]prop-1-yn-1-yl)-3-methoxy-3, ¥estradiol displayed the use of the
Sonogashira reaction in radiochemistry. By usingdBa, AsPh and TBAF in THF at 60 °C it was
possible to label the ti7estradiol analogue in 49-64% RCY.

Finally in 2013 Kealey et al. were the first to bpihe Negishi reaction. Using rieke zinc they were
able to label a variety of arylhalides as welllas ietabotropic glutamate receptor subtype 5 ligand
MPEP (Figure 13). Interestingly they found thatcontrast to what was observed by Hostetler et

al. and Doi et al. in the Suzuki reaction, additidfi*'C]Mel before adding the zinc species had a

% N 11CH3
| N
=

[''C]MPEP

negative effect on RCY'¥

Ph

Figure 13. Structure of 'C]MPEP.

A common denominator between the various crossiomsgydescribed herein is that they are all
Pd-mediated rather than catalyzed. For exampleStizelki reaction has a circular mechanism with
three key steps: Oxidative addition, transmetallatind reductive elimination (Figure 14). By the
end of the cycle Pd has been regenerated and gamtidergo reaction once more. This allows the

use of Pd in catalytic amounts. When utilized idisahemistry, the stoichiometric ratios mentioned
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in chapter 1.8 means that Pd will be present inegxacompared to*C]Mel. Therefore the
mechanism has to be thought of as step by steprrétln circular (Figure 14). Thus giving rise to

the reactions being Pd-mediated rather than cadlyz

Pd(0)
R1.R2 R2X
Reductive elimination Oxidative addition
R2-Pd(l)-R! R2-Pd(l1)-X
M X A'M

Transmetallation
PdL, L ArB(OR); L

Figure 14. Top: Classical catalytic cycle. Modified from Miya et af® Bottom: Step by step mechanism of Pd-

mediated Suzuki reaction. Source: Paper |
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2 Aims

The aims of this thesis have been twofold.
1. To synthesise and label potential 5-H&ceptor PET-ligands fon vivo evaluation.

This aim can furthermore be split up in accordawadé the potentials of a 5-HTreceptor PET-
ligand: As a tool for receptor quantification oraatool for measuring endogenous 5-HT.

A compound group of interest is the (phenylpipargizbutyl)oxindoles, on account of their affinity
and selectivity for the 5-HTreceptor. Herein three interesting compounds Heeen identified,

Cimbi-712, Cimbi-772 and Cimbi-775 (Figure 15).
L

o @SQM@Q O
©\/HQ)/\/ H (e} H (e}

Cimbi-712 (1) Cimbi-772 (2) Cimbi-775 (3)
Figure 15. Structures of Cimbi-712, Cimbi-772 and Cimbi-775.

Furthermore the agonist E-55888 (Figure 16) showsggh affinity and selectivity for the 5-HT
receptor and could thus potentially be suitabla BET-ligand.

/
N-N
&
N/
I
E-55888 (4)

Figure 16. Structure of E-55888.

Cimbi-712, Cimbi-772 and E-55888 all contain methgdups, inaccessible via conventional O-, N-
or S-methylation. These methyl groups could po#digtbe labeled via the Suzuki reaction. At the
current time it was uncertain whether the Suzukctien tolerated amine motifs in its substrates

when applied in radiochemistry, giving rise to fseond aim of this thesis.
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2. To investigate and develop a method by which theulsiureaction can be applied to amine
containing compounds and furthermore to apply thethod in the labeling of biologically

active compounds and potential 5-H€&ceptor PET-ligands.

As the labeling method described in aim two wasimsental in the labeling of several compounds

in this thesis it is described as the first chaptehe results and discussion.
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3 Results and discussion

3.1 Labeling of amine containing model compounds

Cimbi-712 and Cimbi-772 are compounds with potéras 5-HT, receptor PET-ligands. They
contain a tolyl motif, tertiary amines and no metrfable for conventional O-, N- or S-methylation.
They could thus potentially be labeled via the &uzeaction. At the current time the applicability
of the Suzuki reaction to compounds containing @siwas uncertain. Hostetler et al. and Doi et al.
have both reported that reaction betwe&l€]CH;l and palladium catalyst, before addition of
boronic precursor to the reaction, is crucial tswer successful labelifg® As described in
chapter 1.10 the stoichiometric ratio betwedlCJCHsl and palladium catalyst means that the
reaction has to be thought of as palladium-medieddter than catalysed. As such the regular steps
in the catalytic cycle can be considered as indi@dteps (Figure 14). This led to the hypothesis
that by “trapping” }*C]CHsl as an {*C]JCHs-Pd-I comlex it should be possible to carry out 8z
reactions in the presence of free amines. To lesthypothesis a set of standard conditions was
devised through experimentation with different teac variables such as temperature, base,
palladium catalyst and the use of conventional ingaversus heating by microwave. These
standard conditions would then be used to lab&ries of model compounds containing different

amine motifs.

Investigating the impact of the chosen palladiutalgats found a combination of Ritba and P¢-
tolyl)s 1:2 to be the only system that gave any signifigaglds. The reaction temperature had a
large impact on the reaction yields, with a reactemperature of 60 °C being optimal, whereas the

choice of boronic ester was found to be largeli@vant (Figure 15).
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QR ['CICHy|, K,CO, o) ['C]CH3l, Pdy(dba)s

Pd,(dba)s, P(o-tolyl 11CH /J§< ,
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Figure 15. Left: Impact of temperature and boronic ester iggeon yield. Right: Impact of base on yield. Maetif

from paper

Just like temperature, base was found to havega kifect on the yield. In general weak bases gave
higher yields than strong bases with the optimalséeing very substrate dependent. In this range
of experiments it was also discovered that theliladpecould be carried out without adding any
additional base showing that the precursor carasats own base, likely on account of the large
excess of precursor compared to the amount'@]¢Hsl. Thus CsCOs, K»CO; and no added base
gave highest yields. Of these®0O; was used as the standard base making the starwlzddions:

60 °C, Pddba + P-tolyl)s and KCOs. Using these standards a series of compoundsqinorg
various amine motifs. In this setup conventionatimg was compared to heating by microwave.
Yields were very substrate dependent with conveatidieating giving RCY’s of 49-82% and
microwave heating giving RCY’s of 5-86% (Table Bubstrate reactivities for conventional
heating were7b > 7a > 7c > 7d whereas heating by microwave showed the reverder af

reactivity.
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Table 2.Labeling of model compounds containing varying meninotifs. Modified from Papef®

["'C]CH3l, Pd,(dba),

oS
B-g P(o-tolyl)s, K>COs /©/”CH3
R 60 °C R
d

DMF:H,0 9:1
5a- ["'C]7a-d

Entry Product RCY (%) conventional RCY (%) MW

heating heating
VICH;
1 77 54
N
| 7a

11CH3
2 HzN\/©/ 82 5
7b

49 86
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3.2  [YC]Vortioxetine

The drug vortioxetine (Brintellix®) is marketed ims cold form as a treatment for MDD.
Vortioxetine contains a 2,4-dimethylbenzene moiifl a&ould thus potentially be labeled via the
method devised in the previous chapter (Figure R6)ential labeling sites are orto and para to the
thioether (Figure 16). Vortioxetine contains a setay amine in the piperazine moiety which
could cause problems with side reactions in thenfaf N-methylation. If }'C]Mel is not
sufficiently “trapped” in an’f'C]-Pd-I complex residual amounts ¢t¢]Mel would result in &'C-

N-methylated byproduct.

ZI

Labelmg sites

Vortioxetine (8)
Figure 16. Structure of vortioxetine8] and possible labeling sites.

On account of problematic precursor synthesis, liladpeof the orto position was chosen. The
precursor was synthesized in a three step synt{szisme 2).

Boc Boc

N N W

ey Jm @w@

Scheme 2. Synthesis of 10. a) Pd2dba3, DPEphos, t-BuOK, toluene, 100 °C (M) min, 81%; b)
bis(pinacolato)diboron, Pd(dppf)Cl2, KOAc, 1,4-dame, 100 °C, 12 h; c) TFA, GEL,. Yield of b,c) combined: 32%.

Starting from 2-bromo-4-methylbenzenethiol and -bertyl 4-(2-iodophenyl)piperazine-1-
carboxylate a thioether was formed via a palladiomadiated reaction. Palladium catalyzed
insertion of a boronic pinacol ester followed blyeliation of the free amine by boc-deprotection

yielded the precursod() in an overall yield of 25.9%. The two initial peewere to varying extent
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hampered by a tendency towards debromination. Bliseats and rigorous degassing was found to
be crucial in preventing this side reaction. Lafglof the compound was carried out with the

conditions from chapter 3.1 (scheme 3).

H H
N N
[ ] Pd,dbas, P(o-tolyl)s, [ ]
O\B/O N K2003, [11C]CH3I, 60 OC 11CH3 N
/@/S\Ki DMF:H,0 9:1 [j/s\[i
10 ["'c]8

Scheme 3Labeling of }*C]Vortioxetine.

RCY’s, as determined by analytical high performahgeid chromatography (HPLC), was in the
range of 40%. Synthesis and purification by prefpegaHPLC gave an isolated RCY’s of 161.4-
346 MBq with an A of 8-478 GBgamol (n = 2) and radiochemical purity (RCP) of >97%m a

40 min irradiation. During the labeling processmas discovered that the state of the Pd- and
ligand-source is crucial. In several cases a seqmodiuct was formed, presumably the N-
methylated species rather than the cross-coupledlipt. This was investigated by carrying out the
reaction without palladium thus making N-methylatithe only possible reaction (Figure 17).
Acquisition of new Pd-source as well as new ligasestablished the cross-coupled product as the

product.
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Figure 17. Effect of the state of the palladium ligand conaltion on the amount of N-methylation. (A) Reference
spectrum of8 (with UV-detection). (B) SuccessftiC-labeling of8. (C) Unsuccesfut'C-labeling of8 — product with
retention time ~4 min presumably the N-methylatescprsor. (D) No Pd catalyst added — product wétiemtion time
~4 min presumably the N-methylated precursor. Qoomh: MeCN:Borax buffer 0.01 M 80:20, Lunaufn C18 100 A

coloumn (150 x 4.6 mm.), flowrate: 2 mL/min. Moeifi from: Paper 11°

[*'C]Vortioxetines potential as a PET-ligand was emtd in a Danish landrace pig. From the
affinity profile of vortioxetine (Table 3) one walllexpect to observe binding in striatum, cortex,
hippocampus and thalam({{s:°* The PET-scan revealed a rapid brain uptake wibhv sracer
washout and binding in thalamus, cortex, hippocanmtriatum and cerebellum (Figure 18).
Binding in cerebellum was unexpected as none ofcttmapounds targets are reported as having
high densities in this part of the brain. A possieixplanation could be binding of metabolites.
Determination of radioactive metabolites was hamgdyy low amounts of activity. As such the

involvement of metabolites is uncertain.
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Table 3. Affinities of vortioxetine towards various 5-HTrtgets. Source: Papet®d

Target Mode of action  Affinity (Kj, nM)

5-HTT inhibitor 1.6
5-HT 4 agonist 15
5-HT4p partial agonist 33
5-HT3p antagonist 3.7
5-HT+ antagonist 19

2.0 v
v Vo v
v
Y v YVy
1.5- g ae®8 B ° o
. gl b E ¥
= - g '! A A
-E-- A & A
2 1.0
>
?
0.5 ® Cortex ¥ Thalamus
B Cerebellum +  Striatum
4 Hippocampus
0.0 T r |
0 30 60 90
Time (min)

Figure 18. Top: Coronal, sagittal and transverse (left tchtigSummed PET images (0-90 min, 3 mm Gaussian
filtering) of [*'C]Vortioxetine in the pig brain. Bottom: Time-adtiv curves showing absolute radioligand uptake for

the indicated brain regions. SUV: standardized keptaalue. Source: Paper'fli

The wide range of different targets as well as sloacer kinetics makes™C]Vortioxetine

unsuitable as a tracer for the imaging of the 5-IFeteptor. Despite being unsuitable as a 5-HT
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receptor PET-ligand,*fC]vortioxetine could be a valuable tool in the het elucidation of
Vortioxetines effect on MDD.

3.3  [MC]Cimbi-712, [*'C]Cimbi-772 and [*'C]Cimbi-775

In 2008 Volk et al. published a series of compoun{ghenylpiperazinyl-butyl)oxindoles,
displaying high affinity for the 5-Hi receptor® These compounds were reported as showing

t%2 endeavored to introduce

antagonistic properties. Previous work in our grdnypHerth et a
labelable moieties into this group of compoundslsthmaintaining a high affinity for the 5-HT
receptor. Two compounds with particular promiseenéeentified,1 and11 also known as Cimbi-
712 and Cimbi-717 respectively (Figure 19). Cimb¥7had already been test&d vivo and
displayed a rapid brain uptake as well as reverskhetics and decrease in binding under
pretreatment with the antagonist SB-269970. As Girml2 displays a slightly higher affinity

towards the 5-HTreceptor than Cimbi-71% it ought to show promise as a PET-tracer.

.,

.

N

Cimbi-712 (1) Ho Gimbi-717 (11)
5HT,  5-HT;s 5HT,n SERT  H, ai o1 oF,
1 4.1 491 35 112 323 103 45 24
11 7.5 130 239 253 164 167 59 49

Figure 19. Structures of Cimbi-712 and Cimbi-717 and thefinitfes as K in nM. H;: Histamine-1 receptofy:

Alpha-1 adrenergic receptaty: Alpha-2 adrenergic receptar,: Sigma-1 receptor.

Cimbi-712 is with its 4-methyl group viable for kling via the suzuki reaction. Synthesis of
precursor were based on the formation of 4-(2-cdalin-3-yl)butyl methanesulfonatel?). By
reactingl2 with 1-(4-bromophenyl)piperazink3 was formedl13 could then be converted into the

precursor 14) using a palladium catalyzed boronic ester inger(Echeme 4).
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a,b) OMs

(>0 —> 0
N N
H H

Scheme 4.Synthesis of precursor of Cimbi-712. a) 1,4-butbole Raney-Nickel, 200 °C, 12 h, 70%; b) MeSD
EtN, THF, -78 °C to rt, 2 h; c) 1-(4-bromophenyl)pipeine, NaCQO;, 130 °C, 55%; d) bis(pinacolato)diboron,
Pd(dppf)C}, KOACc, 1,4-dioxane, 100 °C, 12 h, 54%.

Labeling of the corresponding boronic precursoa, tiie Suzuki reaction, yielde'¢]Cimbi-712
with a RCY of 30% as determined by HPLC-analysintBesis followed by HPLC purification
yielded 0.3-0.5 GBg with an#of 57-224 GBgimol and a RCP >98% from a 40 min irradiation.
[*'C]Cimbi-712 was evaluated in Danish landrace pigslowing i.v. injection, high brain uptake
was observed with slow tracer kinetics. The higlpsake was observed in thalamus and the lowest
in cerebellum. This binding profile is in accordaneith PH]SB-269970 determination of 5-HT
receptor densities in the pig brdihA blocking study using the compound SB-269970 sitha
decreased binding in both thalamus and cerebelkigue 20). As such Cimbi-712 was found to
be inferior to Cimbi-717 as candidate for a 5/H€ceptor PET-ligand on account of its slow

kinetics.
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Figure 20. (A) Time-activity curves for fC]Cimbi-712 at baselinee(and A, n = 2) and after blocking with 1.0
mg/kg/h SB-269970<( and A, n = 2). (B) Time-activity curves forfC]-Cimbi-717 at baseline e(and A, n = 6) and
after blocking with 1.0 mg/kg/h SB-269976 4nda, n = 6). Modified from Paper

Cimbi-712 has a chiral center at the oxindole 3itfms making the evaluated'C]Cimbi-712 a
racemate and thus technically two different commisumixed together. To evaluate any potential
difference between the R- and S-form the racemdteCimbi-712 were separated into its
enantiomers (Figure 21). Upon purification, the rgitaners were found to racemise within 5
minutes making evaluation of the different enangosnimpossible. The racemization could be
explained by the acidity of the proton in the oxite3-position. Deprotonation will leave a planar

carbanion which can be reprotonated from eithex gidlding either the R- or S-enantiomer.

— 750 - Lux 5 pm Cellulose-4 LC Column 250 x 4.6 mm

= 600 - ca. 10 pL inj of 1 mg/mL of Cimbi-712

q 450 - Solvent: Hexane: iPA: TFA (40:60:0.1)

£ Flow rate: 2 mL/min

s 300 -

0 ]

E 0 p— | I \ \ | | \

> 0 2 4 6 8 10 12 14 16
Time [min]

Figure 21. Enantiomerical separation of Cimbi-712. Racemiativas observed upon immediate reinjection of an

isolated peak.
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By blocking the oxindole 3-position with an alipttaside-chain this racemization should be
preventable as the formation of a carbanion is or@yér possible. With this intent the ethyl

substituted derivatives, Cimbi-772)(and Cimbi-775 J), were chosen for labeling and vivo

. )

o 0

evaluation (Figure 22).

N N
H Cimbi-772 (2) H Cimbi-775 (3)
5-HT; 5HTys 5HTs, SERT H; o 01 a2z
2 6.5 469 39 295 529 431 37 40
3 7.8 83 98 250 502 434 42 22

Figure 22. Structures of Cimbi-772 and Cimbi-775 and thefinitfes as K in nM. H;: Histamine-1 receptofy;:

Alpha-1 adrenergic receptar;: Alpha-2 adrenergic receptar;: Sigma-1 receptor.

Precursor and reference of Cimbi-772 were syntkedsirom 3-(4-chlorobutyl)-3-ethylindolin-2-
one (5 in a two and one step reaction respectively. Bgacting 15 with 1-(4-
bromophenyl)piperazine, 3-(4-(4-(4-bromophenyl)pgzen-1-yl)butyl)-3-ethylindolin-2-one 1©)
could be formed. Palladium catalyzed boronic esteertion would then yield the precursdr7).
Reaction betweeh5 and 1-p-tolyl)piperazine yielded the reference compou®)d $cheme 5).

//\ /©/ R - Br
N
c)

Cl a,b) N F O
R - '» R=—K

O O e}
N N
H 15 H 2,16 17

Scheme 5.Synthesis of Cimbi-772 and its precursor. a) lefphpiperazine, NgCO;, 130 °C, 66.9%; b) 1-(4-
bromophenyl)piperazine, Na0;, 130 °C, 61.5%; c) bis(pinacolato)diboron, Pd(dippf KOAc, 1,4-dioxane, 100 °C,
12 h, 50.6%.
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Cimbi-772 contains the same tolyl motif as CimbR7Znd should thus be possible to label from its
corresponding boronic precursor via the Suzuki tieac [F'C]Cimbi-775 contains a methoxy

group, making labeling from the corresponding phiermrecursor 18) a possibility (Scheme 6).

(\N szdba& P(o-tolyl)s (\N

11 0
R N \) K,COj3 [11CICH;l, 60°C R N \)
Cfgj/\/ DMF:Water 9:1 @fg/\/
N N " R =H, Et
H 14,17 H ['CI,2
J Qg L e

(\ N OH  NaOH, [''C]CHjl, 140°C (\ N O

N\) [ N\)
N o DMF N 0

18 H ["ci3

Scheme 6Top: Labeling of *C]Cimbi-712 and T'C]Cimbi-772. Bottom: Failed labeling of{C]Cimbi-775.

Labeling of [1C]Cimbi-772 was successful with a RCY of 30% asdetned by HPLC. Synthesis
followed by HPLC purification gave isolated yields122-230 MBqg with a RCP of >97% and an
As of 183-542 GBgimol from a 40 min irradiation. Labeling of'C]Cimbi-775 turned out to be
problematic. Labeling as shown in scheme 6 resuiteghother labeled product thalG]Cimbi-
775, possibly in the oxindole N-position. As subk tabeling was attempted from a boc-protected
precursor in a two-step radiosynthesis consistirgndO-methylation followed by boc-deprotection

(Scheme 7).
11
/©\ a,b) O\ _~CH3
//\N OH //\N (0]
N\) N\)
0] 0]
N N
Boc 19 H ["ci3

Scheme 7a) ['C]JCH;l, 2M NaOH, DMF, 140 °C, 5 min. b) GBI/TFA (1:1), 80 °C, 5 min.

Using this approach it was possible to labECI[Cimbi-775. Synthesis followed by HPLC
purification it was possible to isolate 152-211 M&ith a RCP of >97% and ansAf 78-331
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GBg/fumol from a 40 min irradiation. Chiral resolution loéth Cimbi-772 (Figure 23) and Cimbi-

775 yielded enantiomerically pure compounds whiabweed no tendency towards racemization.

'5' —enantioselective resolution

< 160

-§- €0 stability check one week

g after resolution ‘

Tﬁ -40 | A ’ L —
>

0 5 15 20

10
Time [min]
Figure 23. Chiral resolution of Cimbi-772 and stability check

In vivo evaluation in Danish landrace pigs showed th&]Cimbi-772 and }'C]Cimbi-775 enters
the brain. The highest binding was found in thdaimais and the lowest binding in the cerebellum
which is according to the 5-HTFeceptor distribution in pigs determined withif[SB-269970. The
tracers showed slow yet reversible kinetics howdvere was no reduction in signal after blockage
with SB-269970 (Figure 24). As such neithétCJCimbi-772 or }'C]Cimbi-775 are deemed
suitable as PET-ligands for the 5-fEceptor.

Cimbi-772 Cimbi-775
3 3
9o >®» " .
P L » P [
g A A 4 hd e & g o *
) AAAI“‘ T = “i‘i‘ »
= A, = Yaa PO
21 ® Thalamus A L, R 1@ # Thalamus &
A Cerebellum A Cerebelum
& Thalamus, SB-269970 ® Thalamus, SB-269970
4 Cerebellum, SB-269970 4 Cerebelum, SB-269970
0 T T 1 0 L) AJ 1
0 30 60 90 0 30 60 90

Time (min) Time (min)

Figure 24. Time-activity curves of fC]Cimbi-772 and {'C]Cimbi-775.

In vitro evaluation of the enantiomers of Cimbi-772 @nd Cimbi-775 §) revealed promising
affinity and selectivity profiles of+)-2 and(+)-3 (Table 3). Despite this they were not testedvo
on account of the discouraging results from racdm@]Cimbi-772 and }'C]Cimbi-775.
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Table 3. Affinities of Cimbi-712 (), Cimbi-717 (1), Cimbi-772 @) Cimbi-775 @) as K in nM. H;: Histamine-1

receptoro;: Alpha-1 adrenergic receptar,: Alpha-2 adrenergic receptar,: Sigma-1 receptor.

1 2 (+)-2 (-)-2 11 3 (+)-3 (-)-3
5-HT; 4.1 6.5 5.6 82 75 7.8 11 56
5-HTia | 491 | 469 787 633 130 83 192 151
5-HT,n | 35 39 94 110 239 98 352 66
5HTT | 112 | 295 271 827 253 250 376 1439
H 323 | 529 135 61 164 502 42 2405
o4 103 | 431 951 487 167 434 >10k 794
o1 45 37 33 390 59 42 46 249
o7 24 40 347 61 49 22 152 16

3.4 ['C]E-55888

A highly selective compound for the 5-HTeceptor is E-55888 (Figure 25) developed by the

pharmaceutical company Esteve. It is a full agoaist shows a 280 fold selectivity for the 5-HT

receptor, compared to 5-HJ;, the only other identified targEt As the compound contains several

methylgroups it allows for labeling in four differe positions utilising two different reactions:

Cross-coupling and N-methylation. As such the lalgeimethod devised in chapter 3.1 could

potentially be applied to the labeling of the compad.

Cross coupling

N-N \
2 N-methylation

Figure 25. Structure of E-55888 and potential labeling sites.
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Initially labeling via N-methylation was chosen @erence and precursor could be synthesized
through either a two or a three step synthesisdi®eh8). Furthermore labeling via N-methylation

ought to provide a simple labeling route t4J]E-55888.

/
/—N
b) Boc protection Va
c) Reduction
>
/ /
N—N N—N
a) 21 H
_B. — S
O O /
NH, N—N
NH> »
20 . N
d) Reductive amination
>
N~

Scheme 8Synthesis of precursor and reference for E-5583&,C0Os;, Pd(PPh), DME:water 1:1, 100 °C (MW), 30
min, 74.8%; b) Bog, NaCOs;, THF:water 2:5, reflux, 15 h; c) LiAl] THF, reflux, 5 h, 31.6% (b,c combined); d)
NaCNBH;, ZnCh, CH,O, MeOH, rt, 2 h, 81%.

A cross-coupling between 1,3,5-trimethyl-4-(4,4;&eBamethyl-1,3,2-dioxaborolan-2-yl)-1H-
pyrazole and 3-bromophenethylamine yielded 2-(3;6ttrimethyl-1H-pyrazol-4-

yh)phenyl)ethanamine2Q) from which both precursor and reference couldsyethesized. A boc
protection followed by reduction with LAH gave thbeecursor 21) and reductive amination using

NaCNBH; and formaldehyde gave the reference compodnd (

Labeling of ['C]E-55888 was achieved usingG]MeOTf in acetone at 60 °C (Scheme 9) with a
RCY of 80-90% as determined by HPLC. Radiosynth&sdiswed by purification gave isolated
yields of 1743-2433 MBqg, RCP of >97% and ag & 303-346 GBqg(mol from a 40 min

irradiation.
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_N —
[ [
[*C]MeOTf, 60 °C
H
Acetone
N N
21 H [11c]4 11'CH3

Scheme 9Labeling of {'C]E-55888.

Evaluation of the radiolabeled compound, in Darefdrace pigs, showed a rapid brain uptake
with reversible kinetics. As expected, thalamus tiedhighest binding and cerebellum the lowest,
however the ratio of binding between thalamus amclellum is low indicating a low specific
binding. Two blocking studies were conducted: Adstusing SB-269970 and a study using the
closely related compound SB-258719. Blocking wit-Z58719 and SB-269970 was unable to
reduce the binding of-JC]E-55888 (Figure 26). Surprisingly both blockingeats resulted in an
increased uptake. The increased binding still balset explained. These are preliminary data and
will thus have to be investigated further. Both tb& amount of specific binding at baseline and
the lack of displacement by SB-258719 and SB-2698di@ates that'fC]E-55888 is unsuitable as

a PET-ligand for the 5-H/Ireceptor.

&
432
—_— O —_—
E 3§ 4 E
3 ~
S :
> © >
52 © =
(7] O (7]
1 e ‘i
A
Ter95 5 3 4
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® Thalamus (bsl) ® Thalamus (bsl)
A Cerebellum (bsl) A Cerebellum (bsl)
O Thalamus (0.2 mg/kg/h SB-258719) O Thalamus (1.0 mg/kg/h SB-269970)
A Cerebellum (0.2 mg/kg/h SB-258719) A Cerebellum (1.0 mg/kg/h SB-269970)

Figure 26. Time-activity curves of fC]E-55888 using either SB-258719 (left) or SB-269%ight).
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4 Conclusion and perspectives

In conclusion one general labeling method has lestablished and five PET-ligands have been

synthesised, labeled and evaluated in Danish laagigs.

In chapter 3.1 a general labeling method for theeliag of amine containing compounds via the
Suzuki reaction was described. By trappiftC]Mel as a {'C]Me-Pd-I complex before adding

boronic precursor it was possible to label compsuoaintaining amines, a functional group that
would normally require a protection-group to avawompeting N-methylation. Additionally the

effects of variations in reaction temperature, bd3@-catalyst and boronic ester species were
investigated. A general procedure was devised aerd to label several model compounds. In this
context the effects of conventional heating versiusowave heating was investigated. RCY’s were

found to be highly substrate specific with convensl heating giving higher overall yields.

A general labeling method which allows for aminasidd widen the library of compounds with
labeling potential. Furthermore, application of ieikr approach in the other cross-couplings

utilised in radiochemistry could potentially widdre scope of these reactions as well.

In chapter 3.2 the method devised in chapter 34 aplied to the labeling of'C]vortioxetine, a

new drug for the treatment of MDD. The compound vedieled in sufficient yields to investigate
its in vivo distribution in a Danish landrace pig. Binding vadsserved in cortex, thalamus, striatum,
hippocampus and cerebellum. With the exceptionirmdibg in cerebellum this was in accordance
with what would be expected from the affinity ptefof the compound. On account of its multiple

affinities it is not a suitable PET-ligand for theHT; receptor.

As [*'C]vortioxetine could be labeled without competingniéthylation it shows that protection
groups are unnecessary when labeling through thibatieleveloped in chapter 3.1. As such the
method has the potential of reducing the necestaps in the radiosynthesis of future radiotracers.
Despite being unsuitable as a 5-Hfeceptor PET-ligand,*{C]vortioxetine could have other
applications. As the mode of action of vortioxettmes not yet been determinet{(Jvortioxetine
could be valuable tool in its elucidation. Furthers as a treatment for MDD'C]vortioxetine
could be a tool to gain further knowledge aboutdiserder itself. Finally it is known that several
drug treatments against depression have respoaddrson-respondeté? If this is the case with
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vortioxetine as well the radiolabeled equivalentldgootentially be used to investigate differences
between these patient groups.

In chapter 3.3 the synthesis, labeling and evaloatif the potential 5-Hireceptor PET-ligands
[Y'C]Cimbi-712, F'C]Cimbi-772 and 'C]Cimbi-775 was described.*C]Cimbi-712 and
[*'C]Cimbi-772 was labeled via the method describedhapter 3.1 and“{C]Cimbi-775 via O-
methylation.In vivo evaluation revealed that all three ligands erttertirain. {*C]Cimbi-712 had
slow tracer kinetics but was displaceable by SB9Z69 [-'C]Cimbi-772 and {'C]Cimbi-775 both
displayed slow yet reversible tracer kinetics arldck in vivo specificity. None of the compounds

were found to be viable as a 5-fEceptor PET-ligand.

In chapter 3.4 the synthesis, labeling and evainatif the agonist'{C]E-55888 as a potential 5-
HT; receptor PET-ligand was describetfCJE-55888 was labeled via N-methylation. The PET-
ligand enters the brain and displayed reversilaleetr kinetics yet is not displaceable by the use of
SB-258719 or SB-269970. As sucti(JJE-55888 was not found to be viable as a 5-iceptor
PET-ligand. Furthermore a self-block study is pkohrto ascertain if ‘f{C]E-55888 is can be

displaced at all.

A PET-ligand for the 5-HT receptor is still a desirable tool. As the recepthere 5-HT shows the
highest affinity, a PET-ligand for the 5-HTeceptor could provide a tool to measure endogenou
serotonin within the brain. Additionally, the 5-HTeceptor has been linked to various processes
and disorders. Thus a PET-ligand could be a toguantify 5-HT, receptor levels and thus help
elucidate its role in these disorders. As of yet thost promising candidate for a 5-Heceptor
PET-ligand is the previously developedJ]Cimbi-717.
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) Experimental

General information:

Chemicals were purchased from Sigma or Merck. Wni¢serwise stated, all chemicals were used
without further purification. GC-MS analysis wagfpemed on a Shimadzu. LC-MS analysis was
performed on an Agillent 1100 system with a Hewldtkard series 1100 MS detector. For Solid
Phase Extraction (SPE), Sep-Pak®-C18-cartridges tdid/a USA) were used. Thin Layer
Chromatography (TLC) was performed using platesnfiderck (Silicagel 60 F254)H-NMR
spectra and®’C-NMR spectra were recorded using a Bruker AC 3@#:someter or a Bruker AC
400 spectrometer. Chemical shifts are quoted-aslues (ppm) downfield from tetramethylsilane
(TMS). Preparative high performance liquid chrongadphy (HPLC) were performed on a Dionex
system consisting of a pump P680A pump, a UVD ld@tector and a Scansys radiodetector.
Analytical HPLC was performed on a Dionex systemststing of a pump P680A pump, a UVD
170U detector and a Scansys radiodetector, anai#B000 system with a Scansys radiodetector or
a Waters system comprised of a 2795 seperation ani2996 diode array and a Scansys
radiodetector. fC]Methane was produced via tH&N(p,a)*'C reaction by bombardment of an
[**NJN, containing 10% K target with a 17 MeV proton beam in a ScanditroMC32NI
cyclotron. Microwave-assisted syntheses were @hroat in a Scansys PET-SYN apparatus
operating in single mode; the microwave cavity pidg controlled irradiation at 2.45 GHz. The
temperature was monitored by an IR sensor focuse@ @oint on the reactor vial glass. The
reactions were run in sealed vials (1 mL). Desterdperatures were obtained using variable power

monitored by PID regulation.

4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yiN,N-dimethylaniline (5a)

4-(dimethylamino)phenylboronic acid (1 g, 6.06 mnebs dissolved in
25 ml of CHCI, and added pinacol (718.7 mg, 6.08 mmol). This omet 9/K<
was stirred for 15 h. The mixture was washed wih gL of brine and /©/B\O
3x5 mL of water. The organic phase was dried amteotratedn vacuo. N

Yield: 1.50 g (6.04 mmol, 99.7 %JH-NMR (CDCl, 300MHz)$: 7.67
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(m, 2H), 6.68 (m, 2H), 2.9 (s, 6H), 1.32 (s, 12BC-MS: 247 m/z. Analytical data corresponds
with data found in literatur®>

(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2 yl)pheyl) methanamine (5b)

p-bromobenzamine (1 g, 5.37 mmol) was dissolvedHif-Water 2:5.

Boc,O (1.41 g, 6.45 mmol) and MaG; ( 1.67 g, 12.09 mmol) were O/K<

then added and the mixture was refluxed for 12 XtraEtion was Ié\o
performed with 3x50 mL of EtOAc. The organic phases dried with HzN\/©/

NaSO, and concentratedh vacuo. The residue was purified by flash chromatograpising
heptane : EtOAc 10:1. Yield: 1.36 g (89%, 4.79 mmbi-NMR (CDCk, 400MHz)3: 7.74 (dt,
2H), 7.18 (d, 2H), 4.28 (d, 2H), 1.48 (s, 9FC-NMR (CDCk, 100MHz)5: 156, 138, 132, 129,
121, 80, 44, 28. GC-MS: 285 m/z. Analytical data dm found in literatur® Tert-butyl-4-
bromobenzylcarbamate (400 mg, 1.40 mmol) was disgoin 10 mL of dry dioxane, potassium
acetate (165 mg, 1.68 mmol), bis(pinacolato)dibd##t6 mg, 1.68 mmol) and Pd(dppf}¢L0 mg,
0.01 mmol) were added and the reaction was statetD0 °C for 12 h. The mixture was stirred
with 10 mL of sat. NaCl aqueous solution for 10 mand extracted with 3x50 mL EtOAc. The
combined organic phases were dried with®@ and concentrategh vacuo. The resulting residue
was purified by flash chromatography using heptaggAc 10:1. The pure compound was treated
with 2.0 M HCI in diethyl ether and the resultingpdotected HCI salt was filtered off. Yield: 276
mg (73%, 1.039 mmol}H-NMR (CDClk 400MHz)$: 7.69 (d, 2H), 7.48 (d, 2H), 4.03 (s, 2H), 1.29
(s, 12H). Analytical data corresponds with datanfibin literature™®’

1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)penyl)piperazine (5c)

phenyl-piperazine (6.32 mL, 41.37 mmol) was dissdlin 75 mL of

ethanol. This was slowly added 90 mL of a 1M BrEtOH solution 9/&
(90 mmol). The reaction mixture was stirred at raemperature for /©/B\O

15 h. The mixture was added 140 mL of water andfibesusing ﬁN

15% aqueous NaOH. 200 mL of EtOAc was added toemehphase HNJ

separation. Afterwards the water phase was exttasith 3x75 mL EtOAc and the combined
organic phases were dried and concentratedvacuo yielding 12.99 g of crude 1-(4-

bromophenyl)piperazine. When necessary the proaastpurified by flash chromatography using
CH,Cl,:MeOH:EgN 10:1:0.01 and concentratéd vacuo. IR: 1493, 1236, 814 ¢t 'H-NMR
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(CDCls, 300 MHz)8: 7.32 (m, 2H), 6.77 (m, 2H), 3.11 (m, 4H), 3.03, @hl). *C-NMR (CDCE,
300MHz) &: 150.9, 132.0, 117.8, 111.9, 50.3, 46.2. GC-MS0 M/z. Mp: 121-122°C. 1-(4-
bromophenyl)piperazine (2 g, 8.29 mmol), B0q1.9 g, 8.71 mmol), and sodium carbonate (1.97
g, 18.6 mmol) was dissolved in THF:Water 5:2 anitured for 12 h. Extraction was performed
with 3x50 mL EtOAc. The combined organic phasesewgashed with 2x50 mL brine, dried and
concentrated in vacuo. The resulting solid wasfigariby flash chromatography (EtOAc:Heptane
1:1) Yield: 2.04 g (72%, 5.98 mmoBH-NMR (CDClk, 300 MHz)8: 7.33 (m, 2H), 6.78 (m, 2H),
3.56 (m, 4H), 3.09 (m, 4H), 1.48 (3¥C-NMR (CDCk, 400 MHz)3: 154.7, 150.2, 132.0, 118.2,
80.0, 49.3, 28.5. tert-butyl 4-(4-bromophenyl)pgene-1-carboxylate (250 mg, 0.733 mmol),
Potassium acetate (86 mg, 0.879 mmol) and Pd(dfgpfk0 mg) was dissolved in 1,4-dioxane and
heated to 100 °C with stirring. 4,4,4',4',5,5,50&amethyl-2,2'-bi(1,3,2-dioxaborolane) (223 mg,
0.879 mmol ) was then added and stirring was caatrfor 12 h. A crude sample was analyzed on
GCMS, if the reaction was not finished a small antoaf 4,4,4'4'5,5,5',5'-octamethyl-2,2'-
bi(1,3,2-dioxaborolane) was added and stirring e@stinued for 2 hours. The reaction was then
cooled to room temperature and stirred with 10 rhbrine for 10 min. The combined phases was
extracted with 3x50 mL of EtOAc. The combined orggphases were dried and concentrated
vacuo. The crude product was purified by flash chromedpgy using EtOAc:Heptane 1:2. The
pure compound was treated with 2.0 M HCI in dietbtyler and the resulting deprotected HCI salt
was filtered off. Yield: 120.1 mg (50%, 0.370 mmdhi-NMR (CDCk, 400 MHz)s: 7.72 (d. 2H),
6.90 (d. 2H), 3.23 (m, 4H), 3.03 (m, 4H), 1.33X8H). 13C-NMR (CDCI3, 400 MHz): 153.8,
136.1, 114.5, 83.4, 49.3, 45.9, 24.8. LC-MS (m£8p.2 m/z.

1-methyl-4-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborain-2-yl)phenyl)piperazine (5d)

1.39 M t-BuLi (1.4 mL, 1.95 mmol) was dissolved 10 mL dry

THF at -78 °C. 1-(4-bromophenyl)-4-methylpiperaz{21.7 mg, Q/K<

0.79 mmol) dissolved in 3 mL dry THF was added drise whilst /©/B\O

the solution was stirred. The reaction was stirfed 15 min ﬁ

afterwards. B(®Pr) (0.36 mL, 2.35 mmol) was added dropwseNJ

and heated to room temperature. After reaching rtemperature the reaction was stirred for one
hour. Pinacol (141.2 mg, 1.19 mmol) was added dimdng was continued for two hours. The
mixture was washed with 3x10 mL saturated aqueddCNwater 1:1, 2x10 mL saturated aqueous

NaHCG; and 2x10 mL water. The organic phase was driedeaagoratedn vacuo. The resulting
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residue was purified by flash chromatography ugt@Ac:MeOH:EtN (10:1:0.02). Yield: 107.5
mg (0.36 mmol, 45%). IR: 1361, 1237, 1140trtH-NMR (CDCk, 300 MHz)&: 7.70 (m, 2H),
6.89 (M, 2H), 3.29 (t, 4H), 2.57 (t, 4H), 2.36381). **C-NMR (CDCk, 300MHz)5: 136.3, 114.5,
83.5, 55.1, 48.2, 46.3, 24. GC-MS: 302 m/z. Mp:-113 °C.

4-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)N,N-dimethylaniline (6)

4-(dimethylamino)phenylboronic acid (0.99 g, 6.0éhah) was dissolved Q/jL

in 25 mL of CHCI, and added neopentyl glycol (635 mg, 6.10 mmol). B\O

This mixture was stirred for 15 h. The mixture weashed with 2x5 mL\fTl

of brine and 3x5 mL of water. The organic phase waed and

concentratedin vacuo. Yield: 1.34 g (5.77 mmol, 96.2 %-NMR (CDCk, 300MHz)&: 7.66 (m,
2H), 6.68 (m, 2H), 3.73 (s, 4H), 2.97 (s, 6H),QL @, 6H). GC-MS: 233 m/z. Analytical data

corresponds with data found in literatdfe.
tert-butyl 4-(2-((2-bromo-4-methylphenyl)thio)pheny)piperazine-1-carboxylate (9)

tert-BuOK (311 mg, 2.78 mmol), Rthag (57.8 mg, 0.063 mmol), Boc
|

DPEphos (136 mg, 0.252 mmol), 2-bromo-4-methylbeatteol (512 mg, N

2.52 mmol) and tert-butyl 4-(2-iodophenyl)piperaezih-carboxylate (980 B [N]

mg, 2.52 mmol) was dissolved in dry toluene (4 nkept under nitrogen S

and degassed using a stream of nitrogen for 10 Tii@.mixture was then/©/ \©

heated to 100 °C (MW). The resulting crude wasfigariby dry column vacuum chromatography
using heptane to heptane/EtOAc 10:1 (rf = 0.48 drepEtOAC 3:1) yielding 950 mg as a slightly
yellow oil (81%). 1H NMR (CDCI3, 400 MHzy: 1.49 (s, 9H) 2.35 (s, 3H) 2.97-3.03 (m, 4 H)
3.50-3.55 (m, 4 H) 6.85 (dd, J = 7.78, 1.51 Hz, 6t965-6.99 (m, 1H) 7.04-7.08 (m, 2H) 7.17—
7.23 (m, 2H) 7.51 (d, J = 1.00 Hz, 1H). 13C NMR @B, 400 MHz) d: 20.8, 28.5, 51.6, 79.7,

120.4, 124.6, 127.3, 127.7, 129.0, 129.6, 131.2,113134.0, 134.2, 139.6, 150.4, 154.9. LC-MS
(m+1): 464 m/z.
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1-(2-((4-Methyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxabrolan-2-yl)phenyl)thio)phenyl)piperazine
(10)

Pd(dppf)C} (13.3 mg, 0.018 mmol), bis(pinacolato)diboron (16§, 0.665 W [ ]
mmol), KOAc (178 mg, 1.81 mmol) and 4 (280 mg, @.6®dmol) was

dissolved in dry 1,4-dioxane (10 mL), degassed witfogen for 10 min and/©/ \©
heated to 100 °C for 18 h. The resulting crude pasied by dry column

vacuum chromatography using heptane to heptane/&tOAL (rf = 0.55 heptane/EtOAc 3:1).
Yielding 124 mg of Boc-protectetD as a slightly yellow oil (40%)H NMR (CDCk, 400 MHz)s:
1.15 (s, 12H) 1.50 (s, 9H) 2.38 (s, 3H) 3.05 (bt Bl) 3.58 (br s, 4H) 6.74 (d, J = 7.83 Hz, 1H)3.8
(t, J =7.46 Hz, 1H) 7.00 (m, 1H) 7.06 (m, 1H) 7(@2J = 7.82 Hz, 1H) 7.35 (d, J = 7.83 Hz, 1H)
7.63 (s, 1H)C NMR (CDC}, 400 MHz)8: 21.1, 24.6, 28.5 51.4, 79.6, 83.8, 119.5, 12125, 6,
127.2,132.3, 134.6, 134.8, 136.4, 137.1, 137.8,13.C-MS (m+1): 511 m/z. This material was
deprotected in the following way: 90 mg (0,176 mynweas dissolved in C}Cl, (10 mL) and TFA
(0.5 mL) was added and the mixture was stirred3@min. The resulting mixture was then washed
with saturated aqueous NaHE@®Bx10 mL) and the organic phase was evaporatedryoess
yielding 57 mg ofl0 as a slightly yellow oil, 0,14 mmol, 799 NMR (CDCI3, 400 MHz): 1.13

(s, 10H) 2.38 (s, 3H) 3.37 (d, J = 12.23 Hz, 8H)76(d, J = 7.58 Hz, 1H) 6.93 (s, 1H) 7.02-7.05
(m, 1H) 7.09 (d, J = 7.09 Hz, 1H) 7.23 (d, J = 686 1H) 7.34 (d, J = 7.82 Hz, 1H) 7.66 (s, 1H).
13C NMR (CDCE, 400 MHz)$: 21.0, 24.5, 44.2, 48.3, 83.9, 119.8, 125.5, 12527.4, 132.5,
134.1, 134.7, 136.5, 137.6, 147.2. LC-MS (m+1): A11.

3-(4-hydroxybutyl)indolin-2-one

Oxindole (5.32 g, 40 mmol), 1-4,butanediol (40 A89 mmol) and 2 g©\/g/\/OH

of raney nickel in water slurry were heated to 200in a pressurized H

container for 12 h. The resulting mixture was d@itlusing acetone and flushed through a pad of
celite and concentrated vacuo. Excess butane-1,4-diol was removed by kugelr@stilhtion at
170 °C leaving a brown oil. The oil was purifiedftgsh chromatography using EtOAc. Yield: 5.72

g (27.9 mmol, 69.8 %):*C-NMR (CDCk, 400MHz): 180.9, 141.8, 129.8, 128.1, 124.2, 122.4,
110.0, 62.6, 46.2, 32.7, 30.2, 22.2. Data corredpdm reported data if’®
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4-(2-oxoindolin-3-yl)butyl methanesulfonate (12)

3-(4-hydroxybutyl)indolin-2-one (5.7205 g, 27.9 miinand Et3N ( OMs
7.77 ml, 55.7 mmol) was dissolved in 50 ml of diyH and cooled ©\/Q)/\/

N
to -78°C. Mesyl chloride was added dropwise wiilrisg and the H

temperature was raised to rt. Upon reaching rtreaetion was stirred for 1h. The crude was stored

for further use.
3-ethyl-3-(4-(4-(p-tolyl)piperazin-1-yl)butyl)indolin-2-one (2)

1-(4-Methylphenyl)-piperazine (210 mg, 1.192 mmol),

sodium carbonate (126 mg, 1.192 mmol) and 3-ethyh-3 /©/
chlorobutyl)oxindole (300 mg, 1.192 mmol) yielded 2 @

(312 mg, 0.797 mmol, 66.9%) as a white solkdwas o

purified was purified by flash chromatography using H

EtOAc (rf = 0.12). Mp 127.8-128.3 °CH-NMR (CDCk 400 MHz)$: 9.28 (1H, s), 7.19 (1H, m),
7.12 (1H, m), 7.05 (3H, m), 6.91 (1H, d, J= 7.8 H&ZB2 (2H, m), 3.10 (4H, m), 2.52 (4H, m), 2.26
(5H, m), 1.94 (2H, m), 1.80 (2H, m), 1.43 (2H, m}3 (1H, m), 0.93 (1H, m), 0.64 (3H, t, J=7.4
Hz); *C-NMR (CDCk, 100 MHz)&: 182.8, 149.1, 141.5, 132.5, 129.5, 129.0, 12128,9, 122.2,
116.2, 109.5, 58.2, 54.2, 53.1, 49.5, 37.5, 30898,22.2, 20.3, 8.0; LCMS (ESI) RT: 5.36 min,
m/z 392.1 [M+H] at 210 and 254 nm;:R0.12 (EtOAc); HRMS (ESI) [MH cald. for GsH34N3:0O
392.269, found 392.2710

3-(4-(4-(4-bromophenyl)piperazin-1-yl)butyl)indolin-2-one (13)

1-(4-bromophenyl)piperazine (425 mg, 1.763 mmoly wa

Br
melted at 130 °C, N&EO; (187 mg, 1.763 mmol) ant /©/
(499 mg, 1.763 mmol) was and stirred until the omet ,\Ol
turned solid. The solid was dissolved in a mixtafe o
EtOAc and water. The organic phase was concentrated H

vaquo and purified using flash chromatography (EtOAdelY: 416.2 mg (55.1%, 0.972 mmol) IR:
1703, 1589, 1493, 815 ¢ém'H-NMR (CDCk, 300MHz)8: 7.77 (s, 1H), 7.31 (m, 2H), 7.20 (m,
2H), 7.02 (m, 1H), 6.86 (d, 1H, J = 7.3 Hz) 6.76 @H), 3.48 (t, 1H, J = 5.9 Hz) 3.17 (t, 4H, J =
4.7), 2.59 (m, 4H), 2.39 (t, 2H, J = 7.8 Hz), 208 2H), 1.57 (m, 2H), 1.41 (m, 2H)*C-NMR
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(CDCls, 300MHz)6: 180.4, 150.3, 141.7, 131.9, 129.7, 128.0, 12822.4, 117.7, 111.9, 109.8,
58.3,53.1, 48.9, 46.8, 30.4, 26.8, 23.8. LC-MQ #fiz (M+1). Mp: 132-134°C.

3-(4-(4-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborola-yl)phenyl)piperazin-1-yl)butyl)indolin-2-
one (14)

13 (50 mg, 0.12 mmol), KOAc (22.9 mg, 0.23

mmol), Bis(pinacolato)diboron (35.6 mg, 0.14 g&
mmol) and Pd(ddpf)Gl (10 mg, 0.01 mmol) was /©/ Y
dissolved in 10 mL of dry Dioxane, heated to 100 °C ﬁN

and stirred for 12 h. The reaction was then co@em/\/hld

r.t, stirred with 10 mL of brine for 10 min an H ©

extracted with 3x50 mL EtOAc. The combined

organic phases were dried, concentratedaquo and purified by flash chromatography (EtOAc).
Yield: 30 mg (54 %, 0.06 mmolJH-NMR (CDCk, 300MHz)3: 8.62 (s b, 1H), 7.70 (d, 2H, J = 8.8
Hz) 7.22 (t, 2H, J = 7, 8.2 Hz ), 7.03 (m, 1H),&(@, 3H), 3.50 (t, 1H, J = 5.9 Hz) 3.31 (t, 4H; J
5.3), 2.64 (t, 4H, J = 4.7 Hz), 2.42 (t, 2H, J 9 Hz), 2.02 (m, 2H), 1.61 (m, 2H), 1.44 (m, 2H),
1.34 (s, 12H).°C-NMR (CDCk, 400MHz) &: 189.8, 153.1, 141.4, 136.2, 129.6, 127.9, 124.2,

122.3, 114.5, 109.6, 83.4, 58.1, 52.8, 47.7, 43082, 26.2, 24.9, 23.6. High-res MS: 476.3094
(M+1)

3-(4-(4-(4-bromophenyl)piperazin-1-yl)butyl)-3-ethyindolin-2-one (16)

1-(4-bromophenyl)piperazine (479 mg, 1.986 mmo}), 3

(4-chlorobutyl)-3-ethylindolin-2-one (500 mg, 1.98 /©/Br
mmol), and NaCOs; (211 mg, 1.986 mmol) was heated to ﬁN

180 °C and stirred for 3 h. After cooling to rtetlesulting NJ

solid was dissolved in a mixture of EtOAc and waldre N ©

organic phase was concentratadzacuo and purified by

flash chromatography using EtOAc (rf = 0.18). Yieh$7.2 mg (61.5%). 145-145.5 °CH-NMR
(CDCls, 400 MHz)&: 7.73 (1H, s), 7.33 (2H, m), 7.21 (1H, td, J =97.%8.38 Hz), 7.12 (1H, m),
7.06 (1H, m), 6.88 (1H, d, J = 7.78 Hz), 6.76 (&), 3.16 (4H, m), 2.56 (4H, brs), 2.31 (2H, t,J =
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7.65 Hz), 1.93 (2H, m), 1.79 (2H, m), 1.45 (2H, m)12 (1H, m), 0.93 (1H, m), 0.64 (3H, t, J =
7.40 Hz);**C-NMR (CDCk, 100 MHz) §: 181.8, 150.2, 141.1, 132.5, 131.8, 127.6, 12B22,5,
117.6, 109.3, 58.1, 52.8, 48.7, 37.5, 31.1, 26292,28.5; LCMS (ESI): RT: 5.97 min, m/z: 457.2
[M+H] " at 210 and 254 nm;{R= 0.18 (EtOAc); HRMS (ESI) [MH] cald. for GH3:BrNzO
456.1645, found 456.1657

3-ethyl-3-(4-(4-(4-(4,4,5,5-tetramethyl-1,3,2-dioxsorolan-2-yl)phenyl)piperazin-1-
yl)butyl)indolin-2-one (17)

24 (77 mg, 0.169 mmol), KOAc (19.8 mg, 0.202 /K<

mmol), Bis(pinacolato)diboron (86 mg, 0.337 é\o
mmol) and Pd(ddpf)Gl (10 mg, 0.01 mmol) was /©/
dissolved in 10 mL of dry Dioxane, heated to 100 Q\'
°C and stirred for 12 h. The reaction was th

(0]
cooled to r.t, stirred with 10 mL of brine for 1drmm N

H
and extracted with 3x50 mL EtOAc. The combined orgghases were dried, concentratad
vacuo and purified by coloumn chromatography using pugptane to pure ethyl acetate yielding
43 mg (50.6%) as a dark yellow diH-NMR (CDCk 400 MHz)$: 7.70 (2H, d, J = 8.78 Hz), 7.59
(1H, s), 7.20 (1H, td, J = 7.65, 1.38 Hz), 7.13 (bh), 7.07 (1H, td, J = 7.40, 0.88 Hz), 6.87 (3H,
m), 3.24 (4H, t, J = 4.77 Hz), 2.52 (4H, brs), 2(2®, t, J = 7.53 Hz), 1.93 (2H, m), 1.79 (2H, m),
1.44 (2H, m), 1.33 (12H, s), 1.12 (1H, m), 0.92 (1), 0.64 (3H, t, J = 7.40 Hz J’°C-NMR
(CDCl; 75 MHz) 6: 181.7, 141.0, 136.1, 132.6, 127.6, 123.2, 1218,3, 109.3, 83.4, 77.2, 58.2,
54.1, 52.9, 48.0, 37.6, 31.1, 24.9, 22.3, 8.55;MEESI): RT: 7.00 min, m/z: 504.3 [M+Ht
210 and 254 nm; &= 0.73 (EtOAc); HRMS (ESI) [MH cald. for GoH43BNz03 504.3397, found

504.3420

2-(3-(1,3,5-trimethyl-1H-pyrazol-4-yl)phenyl)ethanamine (20)

1,3,5-trimethyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxablan-2-yl)-1H-pyrazole N N/
(610 mg, 2.58 mmol), 2-(3-bromophenyl)ethanamimb(B1g, 1.722 mmol), I
KoCOs; (262 mg, 1.895 mmol) and tetrakis(triphenylphosp)palladium

(199 mg, 0.172 mmol) was dissolved in 12 ml DME:@/dt:1 and degassed

N . . . NH
with nitrogen for 10 min. The reaction mixture w&en reacted at 100 °C 2
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(MW) for 30 min under nitrogen. Purified by dry aain vacuum chromatography using EtOAc to
EtOAc:E&N 10:1. Yield: 295.6 mg (74.8%) Rf: 0.2 (EtOAc:Me@N 10:1:1)."H NMR (CDClh,
400 MHz)6: 2.20 - 2.26 (m, 6 H) 2.75 - 2.81 (m, 2 H) 2.99.63 (m, 2 H) 3.77 (s, 3 H) 7.05 - 7.15
(m, 3 H) 7.33 (tJ=7.46 Hz, 1 H).*C NMR (CDCE, 100 MHz)3: 10.3, 12.5, 36.0, 39.9, 43.6,
119.1, 126.6, 127.3, 128.5, 129.9, 134.4, 136.2,8.345.0. LC-MS (m+1): 230.1 m/z

N-methyl-2-(3-(1,3,5-trimethyl-1H-pyrazol-4-yl)pheryl)ethanamine (21)

2-(3-(1,3,5-trimethyl-1H-pyrazol-4-yl)phenyl)ethanmme (126 mg, 0.549 N_N/

mmol), Bo¢O (132 mg, 0.604 mmol) and p&O; (146 mg, 1.374 mmol) wa [

dissolved in 20 ml of THF and 50 ml of water anflweed for 15h. The

reaction mixture was then cooled to rt and extcheteh 3x40 ml of EtOAc. N
The combined organic phases were evaporated, dssol 50 ml of dry THF H

and added LiAIH (25mg, 0.659 mmol) and refluxed for 5h. The rasglimixture was quenched
using 10 ml of 1M NaOH and extracted using 3x400mEtOAc. The combined organic phases
were evaporated and purified by dry column vacutnomatography using EtOAc to EtOAc;Nt
10:1. Yield: 42.2 mg (31.6%) Rf: 0.14 (EtOAc:MeOH§E 10:1:1)."H NMR (CDCk, 400 MHz)3:
2.21-2.28(m, 6 H) 2.48 (s, 3H) 2.82-2.934) 3.79 (s, 3 H) 7.07 - 7.16 (m, 3 H) 7.31 - 7.37
(m, 1 H).**C NMR (CDCE, 100 MHz)s: 10.3, 12.5, 36.0, 36.1, 36.3, 53.2, 119.1, 126X,.3,

128.5, 129.8, 134.4, 136.2, 140.0. LC-MS (m+1):.24%/z

N,N-dimethyl-2-(3-(1,3,5-trimethyl-1H-pyrazol-4-yl)phenyl)ethanamine
4)

2-(3-(1,3,5-trimethyl-1H-pyrazol-4-yl)phenyl)ethanae (140.9 mg, 0.614 Dl/
mmol), NaCNBH (85 mg, 1.352 mmol), Zn€l(41.9 mg, 0.307 mmol) and

37% formaldehyde (25Ql, 3.08 mmol) was dissolved in 25 ml MeOH and _
stirred at rt for 2h. The mixture was evaporated parified by dry column I
vacuum chromatography using EtOAc to EtOAENEt10:1. Yield: 131.2 mg (83%) Rf: 0.22
(EtOAC:MeOH:EN 10:1:1)."H NMR (CDCk, 400 MHz)8: 2.24 (d,J=2.45 Hz, 6 H) 2.31 (s, 6 H)
2.54-2.61(m, 2 H) 2.78 - 2.85 (m, 2 H) 3.783$) 7.05 - 7.14 (m, 3 H) 7.29 - 7.35 (m, 1 HC
NMR (CDCl;, 100 MHz)s: 10.3, 12.5, 34.5, 36.0, 45.5, 60.4, 61.6, 11928.4, 127.1, 128.4,
129.8, 134.3, 136.1, 140.5, 145.0. LC-MS (m+1):.258/z
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General labeling procedure for developing a standal procedure for the labeling of amine

containing compounds

Aryl boronic ester, palladium-catalyst and baseenesed in a ratio of 40:1:4'C]Mel was trapped

in 300 pL DMF. To the trapped*C]Mel was added Pd-catalyst dissolved in 300 uD®IF:water

9:1 and heated to 60 °C’¢]Mel was allowed to react for 2 min and the terapae was then
adjusted to a predetermined temperature betweemd@20 °C. Aryl boronic ester and the base of
choice dissolved in 150 uL of DMF:water 9:1 was etléind allowed to react for 5 min. Results
were analysed by HPLC using a Lunau® C18 100 A coloumn (150 x 4.6 mm. 50:50 0.01 M

Borax buffer : MeCN flowrate 2 mL/min).

Standard labeling procedure:

Aryl boronic ester, Pqdba}, P(-tolyl); and base were used in a ratio of 40:1:2:4 withr@mpate
masses calculated from the use of 0.1 mg oftél§l)s. [*'C]Mel was trapped in 300 uL DMF. To
the trappedfC]Mel was added Pd-catalyst dissolved in 300 pDMIF:water 9:1 and heated to 60
°C. [*C]Mel was allowed to react for 2 min. Aryl bororéster was added along with 0.5 MGO;
dissolved in 150 uL of DMF:water 9:1 and allowedréact for 5 min. Results were analysed by
HPLC using a Luna im C18 100 A coloumn (150 x 4.6 mm. 50:50 0.01 MaBobuffer : MeCN

flowrate: 2 mL/min).
Labeling procedure utilizing Microwave:

Aryl boronic ester, Pqdba), P(-tolyl); and base were used in a ratio of 40:1:2:4 withr@mpate
masses calculated from the use of 0.1 mg oftél§l)s. ['C]Mel was trapped in 300 uL DMF. To
the trapped’fC]Mel was added Pd-catalyst dissolved in 300 pDbfF:water 9:1 and the reaction
was then heated to 60 °CX¢]Mel was allowed to react for 2 min. Aryl bororéster was added
along with 0.5 M KCO; dissolved in 150 pL of DMF:water 9:1 and microwavadiated for 3 min
at 100 Mhz. Results were analysed by HPLC usingi@al5um C18 100 A coloumn (150 x 4.6
mm. 50:50 0.01 M Borax buffer : MeCN flowrate: 2 fmiin).
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Labeling of [**C]Cimbi-712:

14, Pd(dba}, P(-tolyl); and base were used in a ratio of 40:1:2:4 withrgmpmte masses
calculated from the use of 0.1 mg ofoR¢lyl)s. [*'C]Mel was trapped in 300 pL DMF. To the
trapped f'C]Mel was added Pd-catalyst and base dissolve@0n2. of DMF:water 9:1 and heated
to 60 °C. {*C]Mel was allowed to react for 2 mif.was added along with 0.5 Mx&O; dissolved

in 150 uL of DMF:water 9:1 and allowed to react formin. Purification was performed by
preperative HPLC using a Lunad@ C18 100 A coloumn (Phenomenex Inc.) (250 x 10 BGr50
0.01 M Borax buffer : MeCN, flowrate: 9 mL/min). @lcollected fraction was trapped on a solid-
phase C18 sep-pack extraction coloumn and elutéd 8viml EtOH. Results were analysed by
HPLC using a Luna im C18 100 A coloumn (Phenomenex Inc.) (150 x 4.6. @150 0.01 M
Borax buffer : MeCN, flowrate 2 mL/min). Total syresis time: 40-50 min.

Labeling of [**C]vortioxetine

10, Pd(dba}, P(o-tolyly and base were used in a ratio of 40:1:2:4 withrgmmte masses
calculated from the use of 0.1 mg of P(otaly]'C]Mel was trapped in 30QL DMF. To the
trapped f'C]Mel was added Pd-catalyst andGO; dissolved in 30QuL of DMF/water 9:1 and
heated to 60 °CMC]Mel was allowed to react for 2 mid0 was added dissolved in 150 of
DMF/water 9:1 and allowed to react for 5 min. Ruaafion was performed by preparative HPLC
using a Luna Jum C18 100 A column (Phenomenex Inc.) (250 x 10 dn50 citrate buffer pH
4.62: MeCN, flowrate: 9 mL/min). The collected ftian was trapped on a solid-phase C18 sep-
pack extraction column and eluted with 3 ml EtOldsRts were analyzed by HPLC using a Luna 5
um C18 100 A column (Phenomenex Inc.) (150 x 4.6 rBt50 citrate buffer pH 4.62: MeCN,
flowrate 2 mL/min). Starting activities around 16Bq EOB as T'C]CH.. Yields as determined by
HPLC: 40%. Isolated yields: 161.4-346 MBq. Speaiitivities: 8—478 GBgimol. Total synthesis

time: 55 min.

Labeling of [**C]Cimbi-772

[*'C]methyl iodide (F*C]Mel) produced using a fully automated system wassferred in a stream
of helium to a 1.1-mL vial containing DMF (300 pL)o this vial was added Rdba} (0.3 mg),
P(o-tolyl)s, and 2,6 puL of a 0,5M #CO; solution dissolved in DMF:O 9:1 (150 uL). The
resulting mixture was heated at 60 °C for 2 minteAfards, precursor dissolved in DMEM9:1
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(150 pL) was added and the mixture was heated &€ 66r another 5 min. Purification of the crude
product was accomplished using HPLC (Luna 523 100 A, 250 x 10.00 mm 5 micron; 0,01M
Borax buffer: MeCN (30:70, flow rate: 9 mL/min, R%75 sec ('C]Cimbi-772). The fraction
corresponding to the labeled product was colleatedterile water (150 mL), and the resulting
solution was passed through a solid-phase C18 SkpRraction column (Waters Corp.), which
had been preconditioned with ethanol (10 mL), feltd byisotonic sodium chloride solution (20
mL). The column was flushed with sterile water (B)mrhen, the trapped radioactivity was eluted
with ethanol (3 mL) into a 20-mL vial containinghgsphate buffer (9 mL, 100 mM, pH 7), giving
a 12 mL solution of }C]Cimbi-772. In a total synthesis time of 45-50 min1-0.2 GBq of
[**C]Cimbi-772 was produced.

Labeling of [**C]Cimbi-775

[**C]methyl iodide (f'C]Mel) produced using a fully automated system wassferred in a stream
of helium to a 1.1-mL vial containing the labelipgecursor 21 (0.3-0.4 mg), DMF (300 pL) and 4
pnL of a 2N NaOH solution. The resulting mixture weesated at 140 °C for 5 min. Afterwards, the
solution was subsequently cooled to 80 °C by né@rogooling before 500 uL of a TFA:GEIl,
solution (1:1) was added. The solution was stifigedfurther 5 min at this temperature and then
guenched with 3.5 mL of HPLC eluent. Purificatidntlee crude product was accomplished using
HPLC (Luna 5u C18 100 A, 250 x 10.00 mm 5 microtO/0.1 HPQO, (20:80, flow rate: 6
mL/min, RT: 650 sec {{C]Cimbi-775). The fraction corresponding to theeknl product was
collected in sterile water (150 mL), and the raaglsolution was passed through a solid-phase C18
Sep-Pak extraction column (Waters Corp.), which been preconditioned with ethanol (10 mL),
followed byisotonic sodium chloride solution (20 mL). The column whssied with sterile water
(3 mL). Then, the trapped radioactivity was eluteith ethanol (3 mL), followed byisotonic
sodium chloride solution (3 mL) into a 20-mL viartaining phosphate buffer (9 mL, 100 mM,
pH 7), giving a 15 mL solution of{C]Cimbi-775 with a pH of approximately 7. In a toégnthesis
time of 45-50 min, 0.4-0.5 GBq of'C]Cimbi-775 was produced.
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Labeling of [*'C]E55888

0.3 mg of21 was dissolved in 300l of actone. After the trapping ofC]MeOTf the reaction was
heated to 60°C for 90 sec. Purification was perémrhy semi-preparative HPLC using a Luna 5
um C18 100 A coloumn (Phenomenex Inc.) (250 x 10 88)20 0,1% TFA in water : MeCN,
flowrate: 6 mL/min). The collected fraction waspped on a solid-phase C18 sep-pack extraction
column and eluted with 3 ml EtOH. Results were yaed by HPLC using a Lunaysn C18 100 A
coloumn (Phenomenex Inc.) (150 x 4.6 mm). 85:1394,IFA in water : MeCN, flowrate 2
mL/min). Isolated yields: 1743-2433 MBq. Specifitigities: 303-346 GBg/mol. Total synthesis
time: 37-42 min.

Analytical HPLC chromatograms of purified radioactive products
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[*'C]Cimbi-775
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Chiral resolution of Cimbi-712, and Cimbi-772 and @mbi-775

Analytic resolution of Cimbi-712: 5 pL of the desik racemate (1 mg/1 mL MeCN) were injected
on a Lux 5 pum Cellulose-4 LC Column 250 x 4.6 mmheTsample was eluted with
Hexane:iPA:DEA (40:60:0.1) with a flowrate of 1 miih. Retention time (RT) of the separated
enantiomers of Cimbi-712: a) 4.91 min b) 13.03 min
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Analytic resolution of Cimbi-772 and Cimbi-775: & pf the desired racemate (1 mg/1 mL MeCN)
were injected on a Lux 5 um Cellulose-4 LC ColurBf & 4.6 mm. The sample was eluted with 20
mM AmmBi: MeCN:DEA (40:60:0.1) with a flowrate of mL/min. 1) Retention time (RT) of the
separated enantiomers of Cimbi-772: a) 12.45 mit6l81 min 2) RT of the enantiomers of Cimbi-
775: a) 11.956 min b) 14.13 min;

Chiral separation was carried out using a Jasco8BW pump, a spectraseries UV100 detector
connected to a Merck Hitachi D-2000 chromato-inegrand a Diacel Chiralpak IF {5n 10 mm x
250 mm) coloumn. Cimbi-772 was separated usingameptPA:DEA 90:10:0.1 at 4.5 ml/min and
Cimbi-775 was separated using heptane:IPA:DEA 80:2&t 4.5 ml/min.

Chiral resolution of Cimbi-772 (2) and stability test

(+)-2
=) —enantioselective resolution (-)-2
< 160
E- €0 stability check one week
g after resolution
;5 -40 | : ’ L —

0 5 15 20

0
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Chiral resolution of Cimbi-775 (3)

— 3300 Lux 5 um Cellulose-4 LC Column 250 x 4.6 mm (+)-3
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Stability test of (+)-3

Time [min]

Optical Rotation

Optical rotation was measured on a Bellingham #ley@eADP410 polarimeter at 689 nm.
(-) - 2: [a]?®’ =-16 (c = 0.5, CHG)

(+) - 2: [a]%® = +16 (c = 0.5, CHG)

() - 3: [a]?° =-16 (c = 0.5, CHG)

(+) - 3: [a]?° = +16 (c = 0.5, CHG)
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Cross-couplings are an alternative to conventional ''C-methylations which are generally employed in PET
tracer synthesis. Therefore, we set out to develop a general procedure for the synthesis of para-''CH;
labeled aromatic amines from the corresponding para-aminoarylboronic esters in the presence of free
amines. Aryl boronic esters containing primary, secondary, and tertiary amines were successfully con-

verted into corresponding labeled methyl derivatives in sufficient radiochemical yield to apply this

Keywords:
Cross-couplings
PET

Carbon-11
Methyl iodide
Palladium

method for tracer development. This procedure was applied to the labeling of CIMBI-712, a promising
candidate for the in vivo imaging of the 5-HT; receptor in the CNS.

© 2012 Elsevier Ltd. All rights reserved.

Positron emission tomography (PET) is widely used as a tool to
image biological processes in the body. For example, it allows the
imaging of neuroreceptors and transporters in vivo. Since its dis-
covery in 1976, ''C-methylation of amines and hydroxy-groups
via [''C]CH;l has been the most commonly used strategy for
obtaining ''C-labeled PET tracers.! The disadvantage of this ap-
proach is twofold. Firstly, the presence of an N-methyl- or meth-
oxy- group in the ligand is necessary for the synthesis of a viable
precursor. Secondly, its applicability to various functional groups
often makes time consuming protection/deprotection a necessity.
Therefore, different ''C-labeling strategies have been developed.'
For example, cross-couplings via [''C]CHsl have been carried out
to broaden scope, and in recent years, mainly the Stille reaction
was applied in PET chemistry, even though examples where the
Suzuki reaction has been used for ''C-radiolabeling have appeared
in the literature.??

Both the Stille and the Suzuki reactions have advantages and
disadvantages. In general, the reactivity in a Stille reaction is higher
and therefore gives faster reaction rates. However, in PET chemis-
try the very large excess of the precursor causes the concentration
of this to remain constant during the labeling step, and the

* Corresponding author.
E-mail address: jekr@farma.ku.dk (J.L. Kristensen).
 Equally contributed.

0040-4039/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.tetlet.2012.11.001

reactions can be considered pseudo-first-order. Therefore, the
higher reactivity in a Stille reaction does not play a key role. Thus,
a direct comparison of reactivities in preparative synthetic organic
chemistry and radiochemistry can be misleading.

The Stille reaction is not dependent on the presence of a base.
This is an advantage when working with compounds that are
unstable under basic conditions. On the other hand, the Suzuki
reaction uses less toxic reagents compared to the tin species ap-
plied in the Stille reaction. When a radiolabeled compound is to
be used in vivo, non-toxic reagents and precursors are preferable.
Therefore, we believe that the Suzuki reaction is the superior alter-
native for PET tracer production.

The use of the Suzuki reaction in PET chemistry has received
limited attention. A review in 2011 described the various endeav-
ors using the Suzuki reaction as a tool to insert '!C-labeled

Figure 1. Structure of CIMBI-712.
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PdL, L ArB(OR), L
1 1 "
[''CICH;l ——= 1-Pd-1"CHy —————= Ar-Pd-"CH; —= | Ar-"'CH,
L L

Figure 2. Oxidative addition of [''C]Mel followed by transmetallalation and
reductive elimination upon addition of the boronic substrate.

["'CICH,l

B‘O Pd-catalyst YCH,4
—_—
R R

2a-e ["ci3a-e

Figure 3. Model compounds portraying different amines encountered in PET
tracers.

Table 1
Effect of different Pd-systems on the RCY?

9J§< [MCICH,
Pd catalyst VICHs
K,CO4 /©/
- - (\N

N ' N

2 DMF:H,0 9:1 ["'c13e
Entry Pd-catalyst RCY (%)
1 Pd(PPh3)4 9
2 Pd(PPh3),Cl, 0
3 Pd(dppf)Cl, 0
4 Pdy(dba); + P(o-tolyl)s 49

@ Reaction was carried out with 40 equiv of boronic ester, 1 equiv of Pd-catalyst,
2 equiv of ligand, and 2 equiv of base.

Table 2
Impact of the ester species on the RCY?

2
R ['CICH3l, K,CO5 »
/©/B\OR2 Pd(dba)s, P(o-tolyl)s ©/ CHs
R 100 °C R
DMF:H,0 9:1 ['cj3a-b

2a-b (R2= pinacol)

4a-b (R?= neopentyl glycol)
Entry R! R? (RCY) (%)
1 H pinacol 71
2 H neopentyl glycol 72
3 N(CHz), pinacol 59
4 N(CH3), neopentyl glycol 58

¢ See Table 1 for the reaction conditions.

carbonyl groups or methyl groups.”> Additionally, it remarks that
the insertion of [''CJmethyl groups has received no further atten-
tion, and a literature search only revealed two separate investiga-
tions on this subject. The Suzuki reaction has been investigated by
Hostetler et al.? and Doi et al.” using either microwave or conven-
tional heating. Previously the Suzuki reaction has been used to
label [w-''C]palmitic acid® and [''C]dehydropravastatin.®> The
applicability toward amine-containing compounds is still

B. ["CICH3l, K,CO4 UCH,
/©/ OR Pda(dba)s, P(o-tolyl)3 /©/
~ - = ~
"“ Heat "\‘
DMF:H,0 9:1
2b and 4b "'c13b
90%
80%
70%
60% R =neopentyl
;6 50% glycol
M 40% —#— R = pinacol
30%
20%
10%
0%
20 40 60 80 100 120
Temperature °C
Figure 4. Impact of the reaction temperature on the RCY.
g ["CICHg, Pdy(dba)s e
/@/ ~0 P(o-tolyl)s base /@/ 3
R 60 °C R
DMF:H,0 9:1
2be 2 ["ci3b,e
90% 1
80% +
70%
60%

= 50% 4

o}

2 40% 4 R = dimethylamino
30% H R = 4-methylpiperazin-1-yl
20% 4
10% +

0% - B

Cs:CO; KoCO; NaOH BwNOH Nobase

Base

Figure 5. Impact of base on the RCY.

unknown and competing alkylation of the nitrogen could, in prin-
ciple, be detrimental, as ['!C]CH;sl is known to react readily with
amines. The possibility of applying the Suzuki reaction to these
compounds is of great interest as many biologically active com-
pounds contain amines.

An example is the (phenylpiperazinyl-butyl)oxindoles devel-
oped by Volk et al. as selective 5-HT; antagonists.® Recently, we
developed a promising compound within this chemical class, CIM-
BI-712, see Figure 1.° Its selectivity profile makes it a prime candi-
date for PET applications, ideally setup to be labeled via the Suzuki
reaction of the corresponding aryl boronic derivative.

As Hostetler et al.5 and Doi et al.” reported, the reaction be-
tween an aryl boronic derivative and [''C]CHsl is a stepwise pro-
cess, see Figure 2: first the oxidative addition, then the
transmetallation, and finally reductive elimination. Thus, the palla-
dium-carbon-11-complex can be formed quantitatively before the
aryl boronic precursor is added. Thus, ''C-Suzuki reactions can be
thought of as palladium-mediated rather than catalyzed as the Pd-
catalyst is used in large excess compared to [''C]CHsl. This led us
to hypothesize that N-!'C-methylation of amines should only be
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Table 3
Comparison of the impact of conventional heating and microwave irradiation on the
RCY

[MCICH3l, Pdy(dba)s

11
/@/ Plo-tolyl)s, KaCO;s /@/CHs
60 °C R

DMF:H,0 9:1
["'c]3b-e
Entry Product RCY (%) conventional RCY (%) MW
heating heating

UCH,
1 /©/ 77 54
UCH,
2 \/©/ 82 5
: VCHg
3 ﬁN 64 77

49 86
N
3e
2 OR
R=H (5
Qo —
H H

Scheme 1. Reagents and conditions: (a) 1,4-butanediol, Raney-Nickel, 200 °C, 12 h,
70%; (b) MeSO,Cl, EtsN, THF, —78 °C to rt, 2 h; (c) 1-(4-bromophenyl)piperazine,
Na,CO0s3, 130°C, 55%; (d) bis(pinacolato)diboron, Pd(dppf)Cl,, KOAc, 1,4-dioxane,
100 °C, 12 h, 54%.

N
Ej\/g\o/V RCY =30%
N 120 GBg/umol

H [Yen

Scheme 2. Radiosynthesis of [''C]CIMBI-712. Reagents and conditions: (a)
[''C]CH3l, K,COs5, Pdy(dba)s, P(o-tolyl)s, 60 °C, DMF:H,0 (v:v 9:1).

observed to a minor degree. Therefore, the aim of this study was to
develop a procedure in which compounds containing unprotected
amines could be labeled via the Suzuki reaction, and eventually ap-
ply this procedure to the labeling of CIMBI-712.

700
— CIMBI-712

o0 [MC]CIMBI-T12

500
400

300

mAU/mV

200

100

0 A A
1 2 3 4 5 6

-100 . . .
Retention time (minutes)

Figure 6. HPLC chromatograms of [''C]JCIMBI-712 and CIMBI-712.

Primary, secondary, and tertiary amines are commonly ob-
served moieties in various PET tracers. Therefore, the possibility
to label model compounds bearing such motifs was investigated,
see Figure 3. Reference compounds and precursors were either
purchased or synthesized using standard procedures, see Supple-
mentary data.

In general, the choice of the palladium-catalyst (Pd-ligand) af-
fects the chemical yields quite dramatically.!® Therefore, the im-
pact on radiochemical yields (RCY) of four different Pd-ligand
systems, was tested (Table 1). In accordance with the findings of
Doi et al.,” Pd,(dba); combined with P(o-tolyl); was found to be
the most efficient Pd-ligand system (Table 1).

The reactivity of the organoboron species of the precursors also
influences the transmetallation in Suzuki couplings. Therefore, two
different ester moieties were tested. The neopentyl and corre-
sponding pinacol ester precursors displayed no impact on the
RCY (Table 2).

Optimization of the reaction temperature was carried out using
4-(dimethylamino)phenylboronic esters. A range of temperatures
was set from 40-120 °C for the neopentyl glycol based ester and
50-120 °C for the pinacol based ester (conditions shown in Table
1). The labeling of both compounds was highly affected by the
reaction temperature. The RCY increased until 60 °C and decreased
afterward for both compounds (Fig. 4). This is possibly due to the
decomposition of PdIL,!! CHs.

Furthermore, the Suzuki reaction is dependent on a base and
therefore, the effect of the utilized base was investigated. BuyNOH,
NaOH, K,COs3, Cs,COs3, and the absence of a base were all tested
(conditions shown in Table 1). The RCYs varied from 17-77%.
Strong bases showed the lowest yields. Surprisingly, the radiosyn-
thesis without an additional base resulted in rather high RCYs of
64% and 81%, respectively. This demonstrates that amine-contain-
ing compounds can provide suitably basic conditions for ''C-Suzu-
ki reactions. However, Cs;COs; and K,COs; provided the highest
yields in our set-up and are thus preferable (Fig. 5).

To summarize, the standard conditions for ''C-Suzuki cross-
couplings are as follows: Pd,(dba); and P(o-tolyl); (1:2) in DMF
is added to the trapped [''C]Mel and stirred at 60 °C for 2 minutes.
The aryl boronic ester and base are then added and the mixture is
heated at 60 °C for 5 minutes (see supporting information for full
details). Using these conditions p-[!'C]tolylmethanamine
([*'C]3c), 1-(p-[''C]tolyl)piperazine ([''C]3d), and 1-methyl-4-(p-
[''CJtolyl)piperazine ([''C]3e) were labeled starting from their
respective precursors 2c-e with RCYs ranging from 49-82%.

Hostetler et al. demonstrated the use of microwave (MW) irra-
diation as a way of increasing the RCYs in ''C-Suzuki reactions.®
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Therefore, we applied MW conditions for labeling compounds 3b-
e. Instead of 5 minute conventional heating, 3 minutes of MW
heating were applied. Changes in the RCY were variable. [1'C]3d
and [''C]3e showed moderately increased RCYs, whereas reduced
RCYs for ['1C]3c and ['!C]|3b were observed (Table 3).

Cul has previously been used to increase yields of Suzuki reac-
tions."" As such [''C]3c and [''C]3e were obtained using Cul in 1:1
ratio with the respective boronic ester, but without improved
RCYs.

We then utilized the protocol to prepare CIMBI-712, a potential
5-HT; PET tracer, see Figure 1.

The precursor was prepared via a four-step synthesis starting
from oxindole (Scheme 1). 3-(4-Hydroxybutyl)-indolin-2-one (5)
was formed by a Raney-Nickel catalyzed reaction between oxin-
dole and 1,4-butanediol.® The resulting alcohol was then converted
into the corresponding mesylate 6% and reacted with 1-(4-bromo-
phenyl)piperazine to give 3-{4-[4-(4-bromophenyl)piperazin-1-
yl]butyl}indolin-2-one (7). Finally, the boronic ester 8 was formed
via Miyaura borylation.

Labeling of 8 via the devised standard method (Scheme 2) fol-
lowed by preparative HPLC purification (Fig. 6) yielded the labeled
compound [!'C]1 with a radiochemical purity >98% in 30% RCY at
the end of synthesis, with a typical specific activity of 120 GBq/
pmol. Labeling using Cs,CO5 was also attempted but was unsuc-
cessful. We are currently evaluating CIMBI-712 as a PET tracer,
and the results will be reported elsewhere.

In conclusion, a set of standard conditions for !!C-labeling via
the Suzuki reaction has been identified. Using these conditions it
was possible to label compounds containing primary, secondary,

and tertiary amines without competing alkylation at these amino
groups. Finally, these conditions were used to label [''C]CIMBI-
712, a potential new 5-HT; PET tracer.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.tetlet.2012.11.
001.
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Gener al information:

Chemicals were purchased from Sigma or Merck. Wnddlserwise stated, all chemicals were used
without further purification. GC-MS analysis wasfpemed on a Shimadzu. LC-MS analysis was
performed on an Agillent 1100 system with a HewRgitkard series 1100 MS detector. For Solid
Phase Extraction (SPE), Sep-Pak®-C18-cartridgesgi/dJSA) were used. Thin Layer
Chromatography (TLC) was performed using platesifierck (Silicagel 60 F254jH-NMR

spectra and®C-NMR spectra were recorded using a Bruker AC 3@&someter or a Bruker AC
400 spectrometer. Chemical shifts are quotethasues (ppm) downfield from tetramethylsilane
(TMS). Preparative high performance liquid chrongaaphy (HPLC) were performed on a Dionex
system consisting of a pump P680A pump, a UVD l1d@d6téctor and a Scansys radiodetector.
Analytical HPLC was performed on a Dionex systemststing of a pump P680A pump, a UVD
170U detector and a Scansys radiodetector, anat#B000 system with a Scansys radiodetector or
a Waters system comprised of a 2795 seperationai@fi96 diode array and a Scansys
radiodetector.'fC]Methane was produced via tH&l(p,a)*'C reaction by bombardment of an
[**N]JN containing 10% bitarget with a 17 MeV proton beam in a Scanditrdvii232NI

cyclotron. Microwave-assisted syntheses were @hoig in a Scansys PET-SYN apparatus
operating in single mode; the microwave cavity m@dg controlled irradiation at 2.45 GHz. The
temperature was monitored by an IR sensor focusedpwmint on the reactor vial glass. The
reactions were run in sealed vials (1 mL). Destezdperatures was obtained using variable power
monitored by PID regulation.

Synthesis of 4-(4,4,5,5-tetramethyl-1,3,2-dioxabor olan-2-yl1)-N,N-dimethylaniline (2b):

4-(dimethylamino)phenylboronic acid (1 g, 6.06 mnaias dissolved in 25 ml of GBI, and
added pinacol (718.7 mg, 6.08 mmol). This mixtues\gtirred for 15 h. The mixture was washed
with 2x5 mL of brine and 3x5 mL of water. The orgaphase was dried and concentratedacuo.
Yield: 1.50 g (6.04 mmol, 99.7 %)-NMR (CDCk, 300MHz)3: 7.67 (m, 2H), 6.68 (m, 2H), 2.9
(s, 6H), 1.32 (s, 12H). GC-MS: 247 m/z. Analytidaka can be found in literatdre

Synthesis of (4-(4,4,5,5-tetramethyl-1,3,2-dioxabor olan-2-yl)phenyl)methanamine (2c):

p-bromobenzamine (1 g, 5.37 mmol) was dissolvedHirWater 2:5. BogO (1.41 g, 6.45 mmol)
and NaCO; ( 1.67 g, 12.09 mmol) were then added and theurexwvas refluxed for 12 h.
Extraction was performed with 3x50 mL of EtOAc. Tédrganic phase was dried with 488, and



concentratedn vacuo. The residue was purified by flash chromatograpsipg heptane : EtOAc
10:1. Yield: 1.36 g (89%, 4.79 mmolH-NMR (CDClL, 400MHz)s: 7.74 (dt, 2H), 7.18 (d, 2H),
4.28 (d, 2H), 1.48 (s, 9H}*C-NMR (CDCk, 400MHz)s: 156, 138, 132, 129, 121, 80, 44, 28. GC-
MS: 285 m/z. Analytical data can be found in litera? Tert-butyl-4-bromobenzylcarbamate (400
mg, 1.40 mmol) was dissolved in 10 mL of dry diogapotassium acetate (165 mg, 1.68 mmol),
bis(pinacolato)diboron (426 mg, 1.68 mmol) and B@{LCl, (10 mg, 0.01 mmol) were added and
the reaction was stirred at 100 °C for 12 h. Thetume was stirred with 10 mL of sat. NaCl
agueous solution for 10 min. and extracted with@Bxi. EtOAc. The combined organic phases
were dried with Ng5O, and concentrateith vacuo. The resulting residue was purified by flash
chromatography using heptane : EtOAc 10:1. The panegpound was treated with 2.0 M HCl in
diethyl ether and the resulting deprotected HGlwak filtered off. Yield: 276 mg (73%, 1.039
mmol). '"H-NMR (CDCk 400MHz)35: 7.69 (d, 2H), 7.48 (d, 2H), 4.03 (s, 2H), 1.291(H).

Analytical data can be found in literatufre.

Synthesis of 1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxabor olan-2-yl)phenyl)piper azine (2d):

1-phenyl-piperazine (6.32 mL, 41.37 mmol) was digsth in 75 mL of ethanol. This was slowly
added 90 mL of a 1M Brin EtOH solution (90 mmol). The reaction mixtur@asastirred at room
temperature for 15 h. The mixture was added 140omwater and basified using 15% aqueous
NaOH. 200 mL of EtOAc was added to achieve phaparation. Afterwards the water phase was
extracted with 3x75 mL EtOAc and the combined orggnhases were dried and concentrated
vacuo Yyielding 12.99 g of crude 1-(4-bromophenyl)pipénaz When necessary the product was
purified by flash chromatography using &H,:MeOH:EgN 10:1:0.01 and concentratéd vacuo.

IR: 1493, 1236, 814 cth *H-NMR (CDClk, 300 MHz)8: 7.32 (m, 2H), 6.77 (m, 2H), 3.11 (m, 4H),
3.03 (m, 4H).C-NMR (CDCk, 300MHz)$: 150.9, 132.0, 117.8, 111.9, 50.3, 46.2. GC-MR) 24
m/z. Mp: 121-122°C. 1-(4-bromophenyl)piperazineg(28.29 mmol), Bog (1.9 g, 8.71 mmol),
and sodium carbonate (1.97 g, 18.6 mmol) was disdaih THF:Water 5:2 and refluxed for 12 h.
Extraction was performed with 3x50 mL EtOAc. Thaentmned organic phases were washed with
2x50 mL brine, dried and concentrated in vacuo. Tésulting solid was purified by flash
chromatography (EtOAc:Heptane 1:1) Yield: 2.0478%, 5.98 mmol)!H-NMR (CDCl, 300
MHz) &: 7.33 (m, 2H), 6.78 (m, 2H), 3.56 (m, 4H), 3.09, éhi), 1.48 (s)*C-NMR (CDC}, 400
MHz) &: 154.7, 150.2, 132.0, 118.2, 80.0, 49.3, 28.5-vetyl 4-(4-bromophenyl)piperazine-1-
carboxylate (250 mg, 0.733 mmol), Potassium ac&fieng, 0.879 mmol) and Pd(dppfpC(10



mg) was dissolved in 1,4-dioxane and heated to°@®ith stirring. 4,4,4',4',5,5,5',5'-octamethyl-
2,2'-bi(1,3,2-dioxaborolane) (223 mg, 0.879 mmulas then added and stirring was continued for
12 h. A crude sample was analyzed on GCMS, if daetron was not finished a small amount of
4,4.4'4' 555" 5-octamethyl-2,2'-bi(1,3,2-diogetlane) was added and stirring was continued for
2 hours. The reaction was then cooled to room teatpe and stirred with 10 mL of brine for 10
min. The combined phases was extracted with 3x500MmEtOAc. The combined organic phases
were dried and concentratéa vacuo. The crude product was purified by flash chromedphy
using EtOAc:Heptane 1:2. The pure compound waseeaith 2.0 M HCI in diethyl ether and the
resulting deprotected HCI salt was filtered off.eMi 120.1 mg (50%, 0.370 mmolfH-NMR
(CDCl3, 400 MHZz)6: 7.72 (d. 2H), 6.90 (d. 2H), 3.23 (m, 4H), 3.03 @ni), 1.33 (s, 12H).

Synthesis of 1-methyl-4-(4-(4.4.5,5-tetr amethyl-1.3.2-dioxabor olan-2-yl)phenyl)piper azine
(2e):

1.39 M t-BuLi (1.4 mL, 1.95 mmol) was dissolved & mL dry THF at -78 °C. 1-(4-
bromophenyl)-4-methylpiperazine (201.7 mg, 0.79 Mrdssolved in 3 mL dry THF was added
dropwise whilst the solution was stirred. The reacivas stirred for 15 min afterwards. B{Pr);
(0.36 mL, 2.35 mmol) was added dropwise and hemtedom temperature. After reaching room
temperature the reaction was stirred for one hBuracol (141.2 mg, 1.19 mmol) was added and
stirring was continued for two hours. The mixturasmvashed with 3x10 mL saturated aqueous
NH4Cl:water 1:1, 2x10 mL saturated aqueous Nakl@ad 2x10 mL water. The organic phase was
dried and evaporated vacuo. The resulting residue was purified by flash chatomgraphy using
EtOAc:MeOH:EN (10:1:0.02). Yield: 107.5 mg (0.36 mmol, 45%).: IR861, 1237, 1140 cih
'H-NMR (CDCk, 300 MHz)s: 7.70 (m, 2H), 6.89 (m, 2H), 3.29 (t, 4H), 2.574H), 2.36 (s, 3H).
¥C-NMR (CDCE, 300MHz)5: 136.3, 114.5, 83.5, 55.1, 48.2, 46.3, 24. GC-B® m/z. Mp: 113-
115 °C. Analytical data found in literatdire

Synthesis of 5,5-dimethyl-2-phenyl-1,3,2-dioxaborinane (4a):

Phenylboronic acid (104.1 mg, 0.85 mmol) was dis=blin 25 mL of CHCIl,, neopentyl glycol
(93.2 mg, 0.89 mmol) was added and the reaction stiagd for 15 h. The organic phase was
washed with 2x5 mL brine, 3x5 mL of water, driedlaoncentratedh vacuo yielding: 142.1 mg



(0.75 mmol, 88.2%)*H-NMR (CDCk, 300MHz)3: 7.78 (m, 2H), 7.40 (m, 1H), 7.35 (m, 2H) 3.77
(s, 4H), 1.03 (s, 6H). Analytical data found iretiaturé

Synthesis of 4-(5,5-dimethyl-1.3,2-dioxaborinan-2-yl)-N,N-dimethylaniline (4b):

4-(dimethylamino)phenylboronic acid (0.99 g, 6.0thaf) was dissolved in 25 mL of GBI, and
added neopentyl glycol (635 mg, 6.10 mmol). Thigtare was stirred for 15 h. The mixture was
washed with 2x5 mL of brine and 3x5 mL of watereTérganic phase was dried and concentrated
in vacuo. Yield: 1.34 g (5.77 mmol, 96.2 %H-NMR (CDCk, 300MHz)3: 7.66 (m, 2H), 6.68 (m,
2H), 3.73 (s, 4H), 2.97 (s, 6H), 1.00 (s, 6H). GS: 233 m/z. Analytical data found in literattire

Synthesis of 3-(4-hydroxybutyl)indolin-2-one (5):

Oxindole (5.32 g, 40 mmol), 1-4,butanediol (40 489 mmol) and 2 g of raney nickel in water
slurry were heated to 200 °C in a pressurized goentdor 12 h. The resulting mixture was diluted
using acetone and flushed through a pad of celtiecancentrateth vacuo. Excess butane-1,4-diol
was removed by kugelrohr destilation at 170 °Cilgga brown oil. The oil was purified by flash
chromatography using EtOAc. Yield: 5.72 g (27.9 mhn66.8 %).*C-NMR (CDCk, 400MHz)$:
180.9, 141.8, 129.8, 128.1, 124.2, 122.4, 110.(5,686.2, 32.7, 30.2, 22.2. Data corresponds to
reported data fh

Synthesis of 4-(2-oxoindolin-3-yl)butyl methanesulfonate (6):

5 (5.7205 g, 27.9 mmol) and Et3N ( 7.77 ml, 55.7 Mmas dissolved in 50 ml of dry THF and
cooled to -78°C. Mesyl chloride was added dropwigk stirring and the temperature was raised to

rt. Upon reaching rt. the reaction was stirredlfior The crude was stored for further use.

Synthesis of 3-(4-(4-(4-bromophenyl)piper azin-1-yl)butyl)indolin-2-one (7):

1-(4-bromophenyl)piperazine (425 mg, 1.763 mmol¥ weelted at 130 °C, NaO; (187 mg, 1.763
mmol) and6 (499 mg, 1.763 mmol) was and stirred until the tome turned solid. The solid was
dissolved in a mixture of EtOAc and water. The oiggphase was concentratad vaguo and
purified using flash chromatography (EtOAc). Yiekil6.2 mg (55.1%, 0.972 mmol) IR: 1703,
1589, 1493, 815 cih *H-NMR (CDCl, 300MHz)5: 7.77 (s, 1H), 7.31 (m, 2H), 7.20 (m, 2H), 7.02
(m, 1H), 6.86 (d, 1H, J = 7.3 Hz) 6.76 (m, 2H),8® 1H, J = 5.9 Hz) 3.17 (t, 4H, J = 4.7), 2.59
(m, 4H), 2.39 (t, 2H, J = 7.8 Hz), 2.00 (m, 2H)57A.(m, 2H), 1.41 (m, 2H)**C-NMR (CDCE,



300MHz)s: 180.4, 150.3, 141.7, 131.9, 129.7, 128.0, 121¥22,4, 117.7, 111.9, 109.8, 58.3, 53.1,
48.9, 46.8, 30.4, 26.8, 23.8. LCMS: 429 m/z (Mjp: 132-134°C.

Synthesis of 3-(4-(4-(4-(4,4,5,5-tetramethyl-1,3,2-dioxabor olan-2-yl)phenyl)piper azin-1-
vDbutyDindolin-2-one (8):

7 (50 mg, 0.12 mmol), KOAc (22.9 mg, 0.23 mmol), Bisacolato)diboron (35.6 mg, 0.14 mmol)
and Pd(ddpf)Gl(10 mg, 0.01 mmol) was dissolved in 10 mL of digxX@ane, heated to 100 °C and
stirred for 12 h. The reaction was then cooled.tostirred with 10 mL of brine for 10 min and
extracted with 3x50 mL EtOAc. The combined orggni@ses were dried, concentratad/aquo
and purified by flash chromatography (EtOAc). Yie3® mg (54 %, 0.06 mmoljH-NMR (CDCl,
300MHz)s: 8.62 (s b, 1H), 7.70 (d, 2H, J = 8.8 Hz) 7.22H, J =7, 8.2 Hz ), 7.03 (m, 1H), 6.88
(m, 3H), 3.50 (t, 1H, J = 5.9 Hz) 3.31 (t, 4H, 5.3), 2.64 (t, 4H, J = 4.7 Hz), 2.42 (t, 2H, J 9 7.
Hz), 2.02 (m, 2H), 1.61 (m, 2H), 1.44 (m, 2H), 1(8412H).**C-NMR (CDCk, 400MHz)3: 189.8,
153.1, 141.4, 136.2, 129.6, 127.9, 124.2, 122.3,5,1109.6, 83.4, 58.1, 52.8, 47.7, 45.8, 30.2,
26.2, 24.9, 23.6. High-res MS: 476.3094 (M+1)

General labeling procedurefor developing a standard procedur e

Aryl boronic ester, palladium-catalyst and baseenesed in a ratio of 40:1:4'C]Mel was trapped

in 300 pL DMF. To the trapped'C]Mel was added Pd-catalyst dissolved in 300 pD®IF:water

9:1 and heated to 60 °C’¢]Mel was allowed to react for 2 min and the terapae was then
adjusted to a predetermined temperature betweemd@20 °C. Aryl boronic ester and the base of
choice dissolved in 150 uL of DMF:water 9:1 was etléind allowed to react for 5 min. Results
were analysed by HPLC using a Lunau® C18 100 A coloumn (150 x 4.6 mm. 50:50 0.01 M
Borax buffer : AcN).

Standard labeling procedur e:

Aryl boronic ester, Pgdba}, P(-tolyl); and base were used in a ratio of 40:1:2:4 withr@mpate
masses calculated from the use of 0.1 mg oftél§l)s. ['C]Mel was trapped in 300 uL DMF. To
the trapped’fC]Mel was added Pd-catalyst dissolved in 300 pDMiF:water 9:1 and heated to 60



°C. ["'C]Mel was allowed to react for 2 min. Aryl bororgster was added along with 0.5 MGO;
dissolved in 150 puL of DMF:water 9:1 and allowedréact for 5 min. Results were analysed by
HPLC using a Luna im C18 100 A coloumn (150 x 4.6 mm. 50:50 0.01 Madbuffer : AcN).

L abeling procedur e utilizing Micr owave:

Aryl boronic ester, Pqdba}, P(-tolyl); and base were used in a ratio of 40:1:2:4 withr@mpate
masses calculated from the use of 0.1 mg oftél§l)s. ['C]Mel was trapped in 300 uL DMF. To
the trapped’fC]Mel was added Pd-catalyst dissolved in 300 pDbfF:water 9:1 and the reaction
was then heated to 60 °CX¢]Mel was allowed to react for 2 min. Aryl bororéster was added
along with 0.5 M KCQO; dissolved in 150 pL of DMF:water 9:1 and microwavadiated for 3 min
at 100 Mhz. Results were analysed by HPLC usingi@al5um C18 100 A coloumn (150 x 4.6
mm. 50:50 0.01 M Borax buffer : AcN).

Procedure for the labding of [MC]CIMBI-712:

8, Pd(dba), P(-tolyl)s and base were used in a ratio of 40:1:2:4 withrgmmte masses
calculated from the use of 0.1 mg ofoR¢lyl)s. [*C]Mel was trapped in 300 pL DMF. To the
trapped f'C]Mel was added Pd-catalyst and base dissolve@0nu2. of DMF:water 9:1 and heated
to 60 °C. {'C]Mel was allowed to react for 2 mif.was added along with 0.5 M,&O; dissolved

in 150 pL of DMF:water 9:1 and allowed to react formin. Purification was performed by
preperative HPLC using a LunayBn C18(2) 100 A coloumn (Phenomenex Inc.) (250 i,
50:50 0.01 M Borax buffer : AcN, flowrate: 9 mL/minThe collected fraction was trapped on a
solid-phase C18 sep-pack extraction coloumn aneehith 3 ml EtOH. Results were analysed by
HPLC using a Luna im C18 100 A coloumn (Phenomenex Inc.) (150 x 4.6. @50 0.01 M

Borax buffer : AcN, flowrate 2 mL/min).

Radio signal of a crude sample of CIMBI-712. Prdacheak at 3.677
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2Neurobiology Research Unit, Rigshospitalet and University of Copenhagen, Copenhagen, Denmark; 3Department of Drug Design
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Cyclotron Unit, Copenhagen University Hospital Rigshospitalet, Copenhagen, Denmark

The serotonin (5-hydroxytryptamine [5-HT]) 7 receptor (5-HT-R) is
the most recently discovered 5-HT receptor, and its physiologic and
possible pathophysiologic roles are not fully elucidated. So far, no
suitable 5-HT;R PET radioligand is available, thus limiting the in-
vestigation of this receptor in the living brain. Here, we present
the radiosynthesis and in vivo evaluation of Cimbi-712 (3-{4-[4-
(4-methylphenyl)piperazine-1-yllbutyl}p-1,3-dihydro-2H-indol-2-one)
and Cimbi-717 (3-{4-[4-(3-methoxyphenyl)piperazine-1-yl]butyl}-
1,3-dihydro-2H-indol-2-one) as selective 5-HT,R PET radioligands
in the pig brain. The 5-HT,R distribution in the postmortem pig brain
is also assessed. Methods: In vitro autoradiography with the 5-HT,R
selective radioligand 3H-labeled (R)-3-(2-(2-(4-methylpiperidin-1-yl)
ethyl)pyrrolidine-1-sulfonyl)phenol (SB-269970) was performed on pig
brain sections to establish the 5-HT7R binding distribution. Radio-
labeling of 5-HTR selective compounds was performed in an auto-
mated synthesis module in which we conducted either palladium-
mediated cross coupling (''C-Cimbi-712) or conventional O-methylation
(""C-Cimbi-717) using '"C-Mel and 'C-MeOTf, respectively. After
intravenous injection of the radioligands in Danish Landrace pigs,
the in vivo brain distribution of the ligands was studied. Specific
binding of 'C-Cimbi-712 and 'C-Cimbi717 to 5-HT,R was inves-
tigated by intravenous administration of SB-269970 before a second
PET scan. Results: High 5-HT,R density was found in the thalamus
and cortical regions of the pig brain by autoradiography. The radio-
synthesis of both radioligands succeeded after optimization efforts
(radiochemical yield, ~20%-30% at the end of synthesis). Time-
activity curves of "C-Cimbi-712 and ''C-Cimbi-717 showed high
brain uptake and distribution according to 5-HTR distribution, but
the tracer kinetics of ''C-Cimbi-717 were faster than 11C-Cimbi-712.
Both radioligands were specific for 5-HT;R, as binding could be
blocked by pretreatment with SB-269970 for ''C-Cimbi-717 in a
dose-dependent fashion. For 1'C-Cimbi-717, nondisplaceable bind-
ing potentials of 6.4 + 1.2 (n = 6) were calculated in the thalamus.
Conclusion: Both ''C-Cimbi-712 and ''C-Cimbi-717 generated
a specific binding in accordance with 5-HT,R distribution and are
potential PET radioligands for 5-HT,R. 1'C-Cimbi-717 is the better
candidate because of the more reversible tracer kinetics, and this
radioligand showed a dose-dependent decline in cerebral binding
after receptor blockade. Thus, ''C-Cimbi-717 is currently the most
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promising radioligand for investigation of 5-HT;R binding in the liv-
ing human brain.
Key Words: ''C-Cimbi-717; 1'C-Cimbi-712; 5-HT; receptor; PET;
novel radioligand

J Nucl Med 2014; 55:1-7
DOI: 10.2967/jnumed.113.128983

The serotonergic system plays a key modulatory role in the
brain and is a target for many drug treatments for brain disorders
either through reuptake blockade or interactions with one or more
of the 14 subtypes of 5-hydroxytryptamine (5-HT) receptors. Our
knowledge about the behavior of the 5-HT system in vivo is still
scattered, and most of the understanding is derived from animal
models. However, the use of imaging techniques such as positron
emission tomography (PET) and the increasing number of radio-
ligands for the 5-HT receptors enable in vivo investigation of the
5-HT system in the human brain.

The 5-HT; receptor (5-HT7R) is the most recently discovered
5-HT receptor, and its biologic functions are not fully elucidated.
However, its implications in brain disorders such as depression
and schizophrenia (/) make it an interesting target for both drug
discovery and radioligand development. Both pharmacologic
blockade of 5-HT-R and inactivation of the receptor gene led to
an antidepressant-like behavioral profile in the forced swim test
and in the tail suspension test (2—5). Pharmacologic blockade of 5-
HT-R also presented anxiolytic effects in animal models of anx-
iety (5,6).

Currently, no well-validated radioligand is available for in vivo
imaging of 5-HT-R. Interestingly, the 5-HTR and the 5-HT oR are
the receptors for which 5-HT has the highest affinity. This is relevant
for the aim of discovering a radioligand that is sensitive to changes in
cerebral levels of endogenous 5-HT. If the competition model
applies, the probability of measuring a signal change in response
to a pharmacologic challenge that changes 5-HT levels will depend
solely on the affinity of 5-HT to the target receptor (7).

Several potent and selective ligands for 5-HT;R have been dis-
covered, but so far only a limited number of PET radioligands have
been evaluated in vivo. ''C-DR4446 had good blood-brain barrier
permeability and was metabolically stable but showed only
a minimal specific binding component (8). The 5-HT,R antagonist
(R)-3-(2-(2-(4-methylpiperidin-1-yl)ethyl)pyrrolidine-1-sulfonyl)

Hansen et al. 1
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phenol (SB-269970) has been used as a lead structure for discover-
ing '8F-labeled radioligands. !8F-1-{2-[(25)-1-(phenylsulfonyl)
pyrrolidin-2-ylJethyl } piperidin-4-yl 4-fluorobenzoate and 1-(2-
{(2R)-1-[(2-'8F-fluorophenyl)sulfonyl]pyrrolidin-2-yl }ethyl)-
4-methylpiperidine ('8F-2FP3) were evaluated ex vivo in rats and in
vivo in cats (9,10). However, no input function was obtained while
evaluating '8F-2FP3. Furthermore, the 5-HT;R binding distribution
was not evaluated in cats, thus making it difficult to verify if the
binding of '8F-2FP3 was specific to 5-HT,R. We recently also
reported the evaluation of a 5-HT-R PET radioligand, ''C-Cimbi-
806, that displayed selectivity in vitro, but the lack of blocking effect
by SB-269970 in vivo led us to conclude that this compound does
not selectively image the 5-HT-R in vivo (/7).

Further work with the oxindole compound class led to the
synthesis of a group of compounds including Cimbi-712 (3-{4-[4-
(4-methylphenyl)piperazine-1-yl]butyl}p-1,3-dihydro-2H-indol-2-
one) and Cimbi-717 (3-{4-[4-(3-methoxyphenyl)piperazine-1-yl]
butyl}-1,3-dihydro-2H-indol-2-one). The affinity of both Cimbi-
712 and Cimbi-717 is in the lower nanomolar range for 5-HT,R,
with an inhibition constant (K;) of 1.1 and 2.6 nM, respectively
(12). Cimbi-712 is 2,191-fold selective for 5-HT-R over 5-HT;,R
(K; for the 5-HT oR is 2,410 nM), whereas Cimbi-717 is 130-fold
selective (K for the 5-HT | oR is 261 nM). From the outcome of the
affinity testing on a range of receptors, Cimbi-712 displayed
slightly higher selectivity for 5-HT;R than did Cimbi-717 (12).

Here, we report the ''C-labeling and in vivo evaluation, includ-
ing receptor occupancy measurements, of two novel 5-HT;R se-
lective PET radioligands in Danish Landrace pigs. For comparison
between in vivo and postmortem receptor distribution, we also
investigated the distribution of 5-HT,R in the pig brain.

MATERIALS AND METHODS

In Vitro Autoradiography

One brain hemisphere of a 30-kg Danish Landrace pig was sliced
on a HM5000M cryostat (Microm International GmbH) in 20-pm cor-
onal sections except for the cerebellum, which was sliced in the sagittal
plane. Sections were thaw-mounted on Superfrost Plus glass slides
(Thermo Scientific) and stored at —80°C until use. Autoradiography
was performed at room temperature in 50 mM Tris-HCI buffer (pH
7.4) with 5 nM 3H-SB-269970 (1,476.3 MBq [39.9 mCi}/pmol at
synthesis [January 2012]; PerkinElmer). Nonspecific binding was de-
termined by adding 10 uM SB-258719 (3-methyl-N-[(1R)-1-methyl-3-
(4-methyl-1-piperidinyl)propyl]-N-methylbenzenesulfonamide hydro-
chloride; Tocris Bioscience). Sections were preincubated in buffer for
approximately 30 min and then incubated with radioactive buffer for 2 h.
Sections were then washed for 1 X 5 min and for 2 X 10 min in 50 mM
Tris-HCI buffer, rinsed in distilled H,O for 20 s, and dried before expo-
sure to tritium-sensitive plates (Fujifilm Europe GmbH) for 19 d.

Calibration, quantification, and data evaluation of all autoradiogra-
phy images were done with ImagelJ analysis software (http://rsb.info.
nih.gov/ij/). Regions of interest were hand-drawn around anatomic
landmarks—for example, borders of sections—for each brain region,
and the mean pixel density was measured in each brain region as
outcome. A third-degree exponential calibration function of decay-
corrected 3H-microscales (GE Healthcare) was used to convert mean
pixel density to receptor binding measured in kBq/mg tissue equiva-
lents (TE). Finally, the decay-corrected specific activity of H-SB-
269970 was used to convert kBg/mg TE to fmol/mg TE.

Organic Synthesis
The precursors and reference compounds were synthesized as
racemates as previously described (/2,13).

Radioligand Preparation

" C-Cimbi-717. '"'C-methyl trifluoromethanesulfonate, produced
using a fully automated system, was transferred in a stream of helium
to a 1.1-mL vial containing the labeling precursor (0.3-0.4 mg, 0.8—
1.0 wmol), 0.5 M K,CO5 (14 pL, 7 pmol), and MeCN (300 pL). The
resulting sealed mixture was heated at 60°C for 5 min and then sep-
arated by high-performance liquid chromatography (HPLC) on a Luna
5-um C18(2) 100-A column (Phenomenex Inc.) (250 x 10 mm, 50:50
acetonitrile:0.01 M sodium borate buffer, at a flow rate of 6 mL/min).
Retention times were 610 s for ''C-Cimbi-717 and 300 s for the pre-
cursor. The fraction corresponding to the labeled product was col-
lected in sterile water (150 mL), and the resulting solution was passed
through a solid-phase C18 Sep-Pak extraction column (Waters Corp.),
which had been preconditioned with ethanol (10 mL), followed by
isotonic sodium chloride solution (20 mL). The column was flushed
with sterile water (3 mL). Then, the trapped radioactivity was eluted
through a sterile filter with ethanol (3 mL), followed by isotonic
sodium chloride solution (3 mL), into a 20-mL vial containing sodium
phosphate—buffered saline (9 mL, 100 mM, pH 7), giving a 15-mL
solution of racemic ''C-Cimbi-717 with a pH of approximately 7.

1 C-Cimbi-712. 1'C-Cimbi-712 was produced as described previ-
ously (/3). The HPLC fraction corresponding to the labeled product
was collected in sterile water (150 mL), and the resulting solution was
passed through a solid-phase C18 Sep-Pak extraction column, which
had been preconditioned with ethanol (10 mL), followed by water (20
mL). The trapped radioactivity was eluted through a sterile filter with
ethanol (3 mL) into a 20-mL vial containing sodium phosphate—buffered
saline (9 mL, 100 mM, pH ~7), giving a 12-mL solution of racemic
11C-Cimbi-712 with a pH of approximately 7.

Determination of Radiochemical Purity and
Specific Radioactivity

Chemical and radiochemical purities were assessed on the same
sample by HPLC analysis. Specific activity of the radioligands was
calculated from 3 consecutive HPLC analyses (average) and de-
termined by comparing the area of the ultraviolet absorbance peak
corresponding to the radiolabeled product on the HPLC chromato-
gram with a standard curve relating mass to ultraviolet absorbance (A =
225nm). ''C-Cimbi-712 and ''C-Cimbi-717 were analyzed with HPLC
using a Luna 5-um CI8(2) 100-A column (150 x 4.6 mm, 50:50
MeCN:0.01 M borax buffer, at a flow rate of 2 mL/min). Retention times
were 180 s for ''C-Cimbi-717 and 290 s for ''C-Cimbi-712).

Animal Procedure

Eight female Danish Landrace pigs (mean weight = SD, 19 *=
2.0 kg) were used for in vivo PET imaging. All animal procedures were
approved by the Danish Council for Animal Ethics (journal no. 2012-
15-2934-00156).

PET Protocol

''C-Cimbi-712 was given as an intravenous bolus injection over
20 s, and the injected doses were 155 and 110 MBq for baseline scans
(n = 2) and 123 and 73 MBq for scans for which SB-269970 was
preadministered (n = 2). ''C-Cimbi-717 was also given as an intra-
venous bolus over 20 s, and the injected dose (mean * SD) was 236 =
117 MBq for baseline scans (n = 6; range, 115-435 MBq) and 147 =
82.1 MBq for scans for which a preblocking agent was administered
(n = 6; range, 40-277 MBq). The pigs were subsequently scanned for
90 min in list mode with a high-resolution research tomograph
(HRRT; Siemens AG), with scanning starting at the time of injection
(0 min). Immediately after the baseline scan (90 min), SB-269970
(Tocris Bioscience), a selective 5-HT;R antagonist (/4), was given
intravenously as a bolus infusion (0.2, 1.0, or 4.2 mg/kg/h), and
rescanning started after 30 min of pretreatment with SB-269970. In
one pig, a 0.5 mg/kg dose of prazosin (Sigma Aldrich), an a; adren-
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ergic receptor antagonist (/5,16), was given as an intravenous infusion
before injection of ''"C-Cimbi-717.

Whole-Blood and Plasma Input Functions

During the first 30 min of the scans, radioactivity in arterial whole
blood was continuously measured using an ABSS autosampler
(Allogg Technology) counting coincidences in a lead-shielded de-
tector. Concurrently, arterial whole blood was sampled manually at
2.5, 5, 10, 20, 30, 40, 50, 70, and 90 min after injection and
radioactivity was measured in whole blood and plasma using a well
counter (Cobra 5003; PerkinElmer). Cross calibration between the
HRRT scanner, the autosampler, and the well counter allowed for the
determination of plasma input functions.

Metabolite Analysis

Radiolabeled parent compound and metabolites were measured in
plasma using HPLC with online radioactivity detection. In short, 'C-
Cimbi-712 and ''C-Cimbi-717 were separated from their respective
radiolabeled metabolites by direct injection of plasma in a column-
switching HPLC system. Whole-blood samples were centrifuged
(3,500 rpm, 7 min), and the supernatant plasma fraction was collected
and filtered through a 0.45-puM syringe filter before analysis with
online radioactive detection, as previously described (/7,18).

Determination of Free Fraction

The free fraction of ''C-Cimbi-717 in pig plasma was measured
using an equilibrium dialysis method as previously described (/9) and
calculated as the ratio between radioactivity in a buffer and plasma
compartment after equilibrium between the chambers had been
reached after 3 h.

Quantification of PET Data

Ninety-minute list-mode PET data were reconstructed into 38
dynamic frames of increasing length (6 x 10, 6 x 20, 4 x 30, 9 x 60,
2 x 180, 8 x 300, and 3 x 600 s). Images consisted of 207 planes of
256 x 256 voxels of 1.22 X 1.22 x 1.22 mm. A summed picture of all
counts in the 90-min scan was reconstructed for each pig and used for
coregistration to a standardized MR imaging—based atlas of the Danish
Landrace pig brain, similar to that previously published (/8,19). The
time—activity curves were calculated for the following volumes of
interest: cerebellum, cortex, hippocampus, lateral and medial thala-
mus, caudate nucleus, and putamen. The activity in the striatum is
defined as the mean radioactivity in the caudate nucleus and putamen.
The activity in the thalamus is calculated as the mean radioactivity in
the lateral and medial thalamus. Radioactivity in all volumes of in-
terest was calculated as the average of radioactive concentration
(Bg/mL) in the left and right sides. The outcome measure in the time—
activity curves was calculated as radioactive concentration in the vol-
ume of interest (in kBg/mL) normalized to the injected dose corrected
for animal weight (in kBq/kg), yielding standardized uptake values
(g/mL).

Distribution volumes (V) for the volumes of interest were calcu-
lated on the basis of 3 different models: the 1-tissue-compartment (1-
TC), 2-tissue-compartment (2-TC), and Logan linearization models. A
single parent fraction curve fitted to a biexponential function, obtained
from the average across all scans in the study, was used to generate
individual metabolite-corrected plasma concentration curves. The Vr
of baseline and blocked conditions was used to determine the non-
displaceable distribution volume (Vyp) by use of the Lassen plot and
thereby allow for calculation of the nondisplaceable binding potential
BPnp (20). All modeling was initiated with the same starting param-
eters, and SD coefficient variance was below 15% for macropara-
meters (the rate constant K; and V). Datasets that did not fulfill this
criterion were not included in the results. Of the 176 fittings for ''C-
Cimbi-717, 2 failed for the 1-TC, 31 failed for the 2-TC, and 7 failed
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for the Logan linearization model. Of the 40 attempts for ''C-Cimbi-
712, 2 failed for the 1-TC, 12 failed for the 2-TC, and 11 failed for the
Logan linearization model.

RESULTS

5-HT-R Distribution in the Pig Brain

The highest 3H-SB-269970 binding was found in small subre-
gions of the thalamus (62.2 fmol/mg TE), amygdala (48.3 fmol/mg
TE), and cingulate cortex (44.9 fmol/mg TE) (Table 1; Fig. 1). Low
binding was found in the striatum and especially in the cerebellum
(13.4 fmol/mg TE). In the cortical regions, binding increased toward
the posterior parts of the pig brain, with the highest cortical binding
found in the cingulate lobe (Supplemental Fig. 1; supplemental
materials are available at http://jnm.snmjournals.org).

Radiochemistry

Radiolabeling of 'C-Cimbi-712 has previously been described
(13). In brief, ''C-Cimbi-712 was labeled with a radiochemical
yield (RCY) of 0.3-0.5 GBq and with a specific activity of 106 *
68 GBg/pmol (n = 4) in a total synthesis time of 40-50 min.

Radiolabeling of ''C-Cimbi-717 underwent extensive optimiza-
tion (Supplemental Table 1) as compared with ''C-Cimbi-712
(13), now using 0.3 mg of precursor, 14 pL of 0.5 M K,CO; (1
equivalent), and ''C-CH;OTf on a fully automated system (decay-
corrected RCY, ~20%) (Fig. 2). Two major radioactive peaks
were detected. The minor peak corresponded to ''C-Cimbi-717
(~600 s) (further information is in the supplemental materials).
The precursor eluted approximately 300 s before the radiolabeled
product as indicated by the ultraviolet-absorption chromatogram
(Supplemental Fig. 2). The radiosynthesis, including HPLC puri-
fication and formulation, generated an injectable solution of ''C-
Cimbi-717 (radiochemical purity > 97%, chemical purity > 98%)
within 40-50 min. Typically, 0.2-0.4 GBq of ''C-Cimbi-717 were

TABLE 1
5-HT-R Distribution in Different Brain Regions Determined
by 3H-SB-269970 Autoradiography

Specific Number of
binding sections in
Region (fmol/mg TE) region
Cortical regions
Prefrontal 32.7 + 1.60 2
Frontal 38.3 + 2.68 )
Temporal 41.0 £ 3.03 7
Cingulate 44.9 + 2.60 16
Occipital 33.2+2.40 4
Striatum
Putamen 21.6+1.64 5
Caudate 24.4 + 2.81 5
Thalamus 45.6 + 0.19 3
Thalamus (high-binding 62.0 + 5.53 2
subregion)
Hypothalamus 43.0 £ 6.03 3
Hippocampus 37.5 + 3.35 6
Amygdala 48.3 + 5.01 4
Cerebellum 13.4 £ 2.22 2

5-HT-R distribution is determined as specific binding of 5 nM
3H-SB-269970 in fmol/mg TE. Values are given as mean + SD.
Mean is for 3 independent experiments.
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changes in arterial input function were ob-
served between the baseline and blocking
experiments. Receptor binding of ''C-
Cimbi-717 quantified with the 1-TC model
showed the Vr to be highest in the thala-
mus (16 *+ 2.5 mL/cm?) and lowest in the
cerebellum (6.6 = 1.2 mL/cm?), indicating
good regional separation, as also confirmed
by the time-activity curves (Fig. 3B). Vt
was also calculated for all doses of SB-
269970 and prazosin (Fig. 4C). A dose-de-
pendent reduction in V was observed with

Fig. 4]

FIGURE 1.
nM 3H-SB-269970 to determine total binding (upper row) and with 10 uM
mine nonspecific binding (lower row).

isolated, with a specific activity of 69.7 = 41.0 GBq/pmol (n =
12) at the end of synthesis. No precursor could be detected in the
final formulation.

In Vivo Distribution

With ''C-Cimbi-712, the highest brain uptake was observed
in the thalamus and the lowest uptake in the cerebellum. Time-
activity curves displayed slow kinetics, with peak uptake after
approximately 50 min (Fig. 3A). Pretreatment of the animals with
1.0 mg/kg/h SB-269970 decreased binding by approximately 50%
in all regions. Like '"C-Cimbi-712, ''C-Cimbi-717 showed the
highest brain uptake in the thalamus and the lowest uptake in the
cerebellum (Fig. 3D). The ''C-Cimbi-717 time-activity curves in-
dicated reversible binding in the pig brain, with fast brain uptake and
a more pronounced decline in tissue time—activity curves than was
found for ''C-Cimbi-712 (Fig. 3B). Pretreatment of the animal with
SB-269970 (1.0 mg/kg/h and 4.2 mg/kg/h) decreased ''C-Cimbi-
717 uptake and increased the rate of washout in all brain regions.

Because no significant changes were observed between the
baseline and blocking experiments in the composition of parent
compound and other metabolites over the time course of the scan
(data not shown), a single parent fraction obtained from the
average over all scans with ''C-Cimbi-717 was computed and
used to generate arterial plasma input time-activity curves. No

Representative sections of 5-HT;R autoradiography. Sections were incubated with 5

SB-269970, with significant reductions
with the doses 1.0 mg/kg/h (P < 0.01)
and 4.2 mg/kg/h (P < 0.001) in all regions
except the cerebellum. The slope of the
occupancy curve for prazosin was not sig-
nificantly different from 0, supporting the likelihood that prazosin
does not alter the binding of ''C-Cimbi-717 in vivo.

Receptor binding of ''C-Cimbi-712 was quantified with the
1-TC model. Vrs were—as with ''C-Cimbi-717—nhighest in the
thalamus (87.5 and 54.9 mL/cm?) and lowest in the cerebellum
(35.2 and 32.1 mL/cm?). The Vis of the pretreated scans revealed
a decrease in binding, although the decrease could not be reliably
statistically assessed (Fig. 4A). The occupancy slopes were, how-
ever, significantly different from 0, verifying that SB-269970 did
block the binding of ''C-Cimbi-712.

Based on occupancy plots of ''C-Cimbi-717 (Fig. 4D), the Vxp
and occupancy were extracted from the linear regression. The ''C-
Cimbi-717 Vyp was on average 2.1 *= 0.8 mL/cm? (mean * SD,
n = 5), and intravenous pretreatment with 0.2 mg/kg/h SB-269970
resulted in 25.4% occupancy, whereas pretreatment with the
higher doses of 1.0 and 4.2 mg/kg/h resulted in 59.9% and
75.4% occupancy, respectively. Consequently, the BPyp of 'C-
Cimbi-717 at baseline in the thalamus and cerebellum were cal-
culated to be 6.4 £ 1.2 and 2.1 £ 0.6 (n = 6), respectively.

Treatment with 1.0 mg/kg/h SB-269970 before 'C-Cimbi-712
injection resulted in an occupancy of 75.3% and a Vyp of 8.57
mL/cm? (Fig. 4B). Consequently, the BPyp of ''C-Cimbi-712 in
the thalamus is 7.3 based on average Vs and Vyps.

Comparison of the in vitro and in vivo binding data revealed
significant positive correlations between
3H-SB-269970 binding in vitro and ''C-

SB-258719 to deter-

FIGURE 2. Radiosyntheses of 'C-Cimbi-712 and ''C-Cimbi-717. Reagents and conditions:
1C-CHjsl, KoCO3, Pdy(dba)s, P(o-tolyl)s, 60°C, DMF:H,0 (v:v 9:1) (A) and ''C-CH3OTf, 0.3 mg
precursor, MeCN, K,CO3 (1 equivalent), 60°C, 5 min (B).
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Cimbi-712 (P = 0.016) and ''C-Cimbi-
N/\ N/\ 717 (P < 0.001) binding in vivo (Fig. 5). [Fig. 5]
o AN A o AUN The free fraction of 1'C-Cimbi-717 in
N \©\B”O — N \©\11 plasma was on average 6.7% at equilib-
: CHs rium.
O\Ké 1C-Cimbi-712
RCY:~30% Metabolism
Radio-HPLC analysis of pig plasma
revealed that after intravenous injection,
N/\ B N/\ HC-Cimbi-717 was relatively slowly me-
o] K/N . o K/N tabolized (50% remaining after 30 min),
” \© ” \© and two radiometabolites were observed
OH G-CimbiTA7 0"CH;, (Fig. 6). Th.e polar metapolite fra}ctiorT in- [Fig. 6]
ROY: ~ 20 % creased during the 90-min scanning time.
The other more lipophilic metabolite was

detected in relatively low amounts (~15%).
However, this metabolite was less lipophilic
than ''C-Cimbi-717.
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pig brain was fairly homogeneous in the
neocortex but differed more across the
remaining brain regions. Our data also
showed that the hypothalamus, thalamus,
and amygdala are areas with high 5-
HT-R density, as is in line with the in-
volvement of 5-HT4R in circadian rhythm
controlled by the suprachiasmatic nucleus
(24,25). As described for human brain tis-
sue, *H-SB-269970 binding in the pig
striatum was low. We found low 5-HT,R
binding in the pig cerebellum, correspond-
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FIGURE 3. (A) Time-activity curves for 1'C-Cimbi-712 at baseline (® and A, n = 2) and after

ing to a study showing low amounts of

blocking with 1.0 mg/kg/h SB-269970 (O and A, n = 2). (B) Time—activity curves for "C-Cimbi-
717 at baseline (® and A, n = 6) and after blocking with 1.0 mg/kg/h SB-269970 (O and A,n =
3). (C) MR-based atlas of pig brain. (D) ''C-Cimbi-717 baseline summed PET images from 0 to
90 min. (E) SB-269970-pretreated ''C-Cimbi-717 summed PET images from 0 to 90 min. (F) Color

5-HT;R messenger RNA in cerebellum in
pigs (26). We found a general high binding
in the cerebral cortex of the pig brain as

bar of standardized uptake value (SUV) (g/mL). Error bars = SEM.

DISCUSSION

Here we have presented the radiosyntheses and in vivo
evaluation of two novel 5-HT;R radioligands, ''C-Cimbi-712
and ''C-Cimbi-717. To enable comparisons between in vitro and
in vivo data, we have also assessed for the first time the cerebral
5-HT;R distribution in the pig brain.

Consistent with observations in the human brain (27,22) and
brain membrane binding assays in different species (23), in vitro
data with 3H-SB-269970 showed that 5-HT-R distribution in the

reported earlier for membrane binding
assays (23). Although the cortical binding
pattern did not resemble that of 5-HT,5R
or 5-HT AR (27), we confirmed the specificity of 3H-SB-269970
through autoradiographic blocking experiments with the specific
5-HT aR and 5-HT,5R antagonists WAY-100635 and MDL-
100907 (data not shown). No displacement was found with
WAY-100635, but in accordance with the affinity of MDL-
100907 (K; ~ 50 nM) toward 5-HT-R (28), a 40% displacement
was observed.

Although ""C-Cimbi-717 was successfully labeled in sufficient
RCY for the PET experiments, we did not succeed in further
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FIGURE 4. (A) V1s for 11C-Cimbi-712 quantified by 1-TC modeling. (B) Occupancy plots for 1'C-
Cimbi-712, where Vs for individual pigs are shown. (C) Vs for ''C-Cimbi-717 quantified by 1-TC
modeling. (D) Occupancy plots for "'C-Cimbi-717 with 3 different doses of SB-269970. In A and
C, bars represent mean + SD; in B and D, bars represent mean + SEM. **P < 0.01 and **P <
0.001 in comparison to baseline data within each volume of interest on statistical analysis with
2-way ANOVA and Bonferroni posttest. Tha = thalamus; Str = striatum; Ctx = cortex; Hip =
hippocampus; Cb = cerebellum.
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optimizing the RCY. We speculate that
the major radioactive side product is due
to methylation of the oxindole moiety, and
if so, the introduction of a protecting group
at the N-1 position of the oxindole may
reduce the formation of the observed side
product. Although the racemic material
could be separated on chirale HPLC, the
stereogenic center epimerizes rapidly. Thus,
all compounds in this study have been in-
vestigated as the racemate. The quantifica-
tion is therefore an average of binding of
two enantiomers, and it is possible that one
of the enantiomers is superior to the other.

In vivo evaluation of ''C-Cimbi-717 dem-
onstrated a high brain uptake and a binding
distribution similar to that of 5-HT-R found
in vitro; thalamus has the highest and cere-
bellum the lowest Vr, consistent with the
3H-SB-269970 autoradiography. ''C-Cimbi-
717 binding in the striatum was not quite in
line with the correlation between in vivo
binding in other regions and in vitro auto-
radiography binding. Further analysis of
these differences revealed that this discrep-
ancy between 5-HT-R binding in vivo and
in vitro was larger for the putamen than for
the caudate nucleus; thus, the discrepancy
could be due to binding to an unknown tar-
get, for which either of the enantiomers of
C-Cimbi-717 has affinity. However, the
occupancy plot did not reveal lower dis-
placement in the striatal regions. We suspect
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binding in the cerebellum was not statisti-
cally significant, it confirms the in vitro
Tha autoradiography data and the literature

Hip data that have found 5-HT,R to be present

in the cerebellum (26). This decrease in

Ctx binding in the cerebellum also invalidates

the cerebellum as a reference region for a
reference tissue model analysis of the PET
data. In the absence of a reference region,
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we determined the nondisplaceable binding
using the occupancy plot. Because of the
affinity of Cimbi-717 for the a; adrenergic

FIGURE 5. Comparison of 5-HT,R brain distribution determined by 3H-SB-269970 autoradio-
graphy and by in vivo PET experiments using baseline Vs of 1'C-Cimbi-712 (n = 2) (A) and ''C-
Cimbi-717 (n = 6) (B). Cb = cerebellum; Ctx = cortex; Hip = hippocampus; Str = striatum; Tha =

thalamus. Error bars represent mean + SEM.

that the difference observed between the in vitro and in vivo results are
due to inhomogeneity in the autoradiography experiments. With au-
toradiography, only a few cross sections were evaluated, whereas in
PET, binding in the whole region is evaluated. The putamen is near the
amygdala in the pig brain, and partial-volume effects may affect the
signal from this high-binding region, leading to an overestimation of
the ''C-Cimbi-712 and ''C-Cimbi-717 binding in the putamen. The
correlation between in vitro and in vivo binding was not as strong for
HC-Cimbi-712 as for ''C-Cimbi-717. Along with the difference in
binding in the striatum, !'C-Cimbi-712 also displayed equal uptake in
the hippocampus and cerebellum, a finding thatis notin line with what
we see with 3H-SB-269970 autoradiography. This discrepancy in
binding between ''C-Cimbi-712 and ''C-Cimbi-717 in the hippo-
campus could be due to off-target binding. Highest binding is, how-
ever, still observed in the thalamus, consistent with the autoradiogra-
phy results.

Pretreatment with SB-269970 resulted in a dose-dependent de-
crease in ''C-Cimbi-717 binding in the pig brain supporting 5-HT;R
selectivity in vivo for ''C-Cimbi-717. Vi decreased in all regions
examined, including the cerebellum. Although this decrease in
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FIGURE 6. Metabolism of ''"C-Cimbi-717. Three radioactive com-
pounds could be detected with radio-HPLC: 11C-Cimbi-717 (parent com-
pound) and two radiolabeled metabolites, both of which had lower reten-
tion time than parent compound. Data are presented as mean + SEM.

receptor (K; = 47 nM) (12), we ensured that
pretreatment with prazosin, an o; adrener-
gic receptor antagonist, did not result in any
significant decrease in ''C-Cimbi-717 Vr.
HC-Cimbi-712 binding was blocked with
SB-269970, supporting the possibility that this radioligand also
labels 5-HT,R specifically. The slow kinetics of !'C-Cimbi-
712, however, complicate modeling of the binding, resulting
in large variations in the outcome measures (V1) and conse-
quently also larger uncertainties in the calculated occupancy
and VND-

The average nonspecific binding in the pig brain, Vyp, of ''C-
Cimbi-717 as determined by the occupancy plot was 2.1 mL/cm?
and thus comprised about 15% of the V in the high-binding regions.
This ratio of specific-to-nonspecific binding is larger than what is
obtained by other PET ligands evaluated in the same species, for
example, approximately 50% for ''C-NS14492 and approximately
35% for ''C-SB2047145 (19,29).

Modeling of the ''C-Cimbi-717 data was done with the 1-TC
model first because of the simplicity of the model, second because
more regions converged with this model compared with 2-TC, and
finally because the Akaike information criterion was generally
lower for the 1-TC than for the 2-TC (Supplemental Table 2).
The Logan linearization model underestimated the Vr values by
10%—15% compared with both the 1-TC and the 2-TC.

The systemic metabolism of ''C-Cimbi-717 was relatively
slow compared with other radioligands evaluated in pigs
(11,18,19), with approximately 60% of the total plasma activity
arising from the parent compound left after 20 min. Metabolism
was nonsignificantly faster after blockade with SB-269970, as
could be explained by an increased availability in the blood
and thus an increased availability to enzymatic degradation. No
effects on metabolism were observed with prazosin.

CONCLUSION

C-Cimbi-712 and ''C-Cimbi-717 were both successfully
radiolabeled in sufficient RCYs for in vivo evaluation in the pig.
Of the two novel radioligands for brain imaging of 5-HT,R, ''C-
Cimbi-717 generated the highest brain uptake and showed more
reversible tracer kinetics than ''C-Cimbi-712—benefits that are
important for quantification. Both ''C-Cimbi-712 and ''C-Cimbi-
717 had a regional distribution pattern compatible with 5-HT,;R
distribution in the pig brain, as assessed independently by autora-
diography. Finally, ''C-Cimbi-717 showed a dose-dependent de-
crease in binding after pretreatment with the 5-HT;R—specific
antagonist SB-269970. We conclude, on the basis of these pre-
clinical data, that ''C-Cimbi-717 may be a useful radioligand for
in vivo imaging of 5-HT;R binding sites in the human brain.
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Vortioxetine is a new multi-modal drug against major depressive disorder with high affinity for a range of
different serotonergic targets in the CNS. We report the ''C-labeling of vortioxetine with [1'C]Mel using a
Suzuki-protocol that allows for the presence of an unprotected amine. Preliminary evaluation of
['C]vortioxetine in a Danish Landrace pig showed rapid brain uptake and brain distribution in accor-
dance with the pharmacological profile, all though an unexpected high binding in cerebellum was also
observed. [''C]vortioxetine displayed slow tracer kinetics with peak uptake after 60 min and with limited
wash-out from the brain. Further studies are needed but this radioligand may prove to be a valuable tool
in unraveling the clinical effects of vortioxetine.

© 2014 Elsevier Ltd. All rights reserved.

Major depressive disorder (MDD) is a prevalent disease that is
considered by the WHO to be one of the leading causes of disability
worldwide.! MDD has traditionally been treated with tricyclic
anti-depressants (TCAs) monoamine oxidase inhibitors (MAOIs),
selective serotonin reuptake inhibitors (SSRIs) and serotonin-nor-
epinephrine reuptake inhibitors (SNRI’s).?

Recently, a new drug for the treatment of MDD made its way to
the market. Vortioxetine (1) is a multi-modal acting drug with high
affinity for a range of serotonergic targets, see Figure 1.> The anti-
depressant effects of 1 are thought to be mediated through three
serotonergic targets: (1) inhibition of the 5-HTT which leads to
an increase in extracellular 5-HT levels in the brain (in analogy
to previous antidepressants); (2) agonism of 5-HT;aR, which is
believed to shorten the time to onset of clinical effects,* and (3)
antagonism of 5-HT3R. Preclinical studies indicate that antagonism
of 5-HT5R (among many other effects) could have positive effects
on mood and cognitive dysfunction in patients with depression.’

The recommended starting dose of 1 is 10 mg per day, and PET
studies in humans have shown that the occupancy at the 5-HTT is
~50% at 5 mg whereas the 5-HT;aR occupancy as measured in a
small sample was not measurable.® The occupancy at other 5-HTRs
is currently unknown and the exact mode of action of 1 remains to
be fully elucidated. Here, we set out to develop a ''C-labeled

* Corresponding author. Tel.: +45 35336487; fax: +45 35306040.
E-mail address: jesper.kristensen@sund.ku.dk (J.L. Kristensen).

http://dx.doi.org/10.1016/j.bmcl.2014.04.044
0960-894X/© 2014 Elsevier Ltd. All rights reserved.

version of 1 for PET studies. Access to such a radiotracer would
open the possibility for conducting studies in different patient
groups who respond differently to treatment, in analogy to previ-
ous studies with [''C]Clozapine.'” Based on the in vitro receptor
affinities reported for 1 one would expect to see binding in thala-
mus,”® cortex,” hippocampus®'° and striatum.® !

The commonly employed !!C-labeling strategy of O-, N- or
S-methylation is not an option for labeling vortioxetine, whereas
the aromatic methyl-groups are possible sites for labeling via a
Suzuki-coupling with a suitable boronic acid derivate.'® In theory,
two different labeling sites are possible: the ortho- and the para-
position. We chose to focus on the 2-position, as the required pre-
cursor would be readily available.

As 1 contains a secondary amine, one could envisage two label-
ing strategies, see Scheme 1: in route A, a precursor with a suitable
protecting group (Pg) on the secondary amine is first !'C-labeled
and the Pg is subsequently removed. This would appear to be the
safe option as labeling of the precursor using route B (in which
the two steps are reversed) in principle could lead to labeling at
the secondary nitrogen instead. The disadvantage with route A is
that it requires a subsequent deprotection step after the ''C-label-
ing, with concurrent loss of radiochemical yield, whereas Route B
gives ['1C]1 directly. We have previously developed procedures
for the Pd-mediated '!C-labeling of aryl boronic derivatives con-
taining unprotected amines'* and decided to try and developed a
radio synthesis based on route B.
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Target Mode of action  Affinity (K;, nM)
[ ] 5-HTT inhibitor 16
5-HT4a agonist 15
5-HT4p partial agonist 33
\(j 5-HT3a antagonist 3.7
5-HT; antagonist 19

Vortioxetine (1)

Figure 1. Structure and selected pharmacological profile of vortioxetine (1) at
various human 5-HT receptors.®

The required precursor was synthesized as outlined in Scheme 2.
Starting from 2-bromo-4-methylbenzenethiol (2) and tert-butyl 4-
(2-iodophenyl)piperazine-1-carboxylate (3) the synthesis of the
required precursor was carried out in a three step sequence start-
ing with a Palladium catalysed thioether formation via coupling of
2 and 3 to give 4 in 81% isolated yield.'> The use of dry, degassed
toluene and microwave irradiation at 100 °C proved essential for
an efficient coupling; otherwise debrominated 4 was the main
product. Installment of a boronic ester moiety via a Pd-catalyzed
coupling with bis(pinacolato)diboron and Pd(dppf)Cl, followed
by liberation of the secondary amine via Boc-deprotection pro-
vided the desired precursor 5 in 32% yield.'®

We previously showed that by trapping [''C]CHsl as a ['!C]
CHs-PdL,-I complex, it is possible to subsequently label aryl boro-
nic derivatives that contain free amines.'* Using this method 5 was
converted to [''C]1 in 40% radiochemical yield. Following prepara-
tive HPLC-purification it was possible to isolate 346 MBq ['!C]1 in
>98% radiochemical purity and a specific activity of 478 GBq/
umol.'” Yields were found to be extremely dependent on the qual-
ity of the palladium/ligand catalyst, as N-methylation rather than
cross-coupling occurred in several instances, see Figure 2. Thus, a
freshly prepared catalyst mixture was found to be essential for suc-
cessful synthesis of ['1C]1.

['C]1 was injected into a Danish Landrace pig (Fig. 3).'® A swift
brain uptake was observed and, as expected from the pharmaco-
logical profile, with high binding in cortex, thalamus, hippocam-
pus, striatum. High binding in cerebellum was also observed
which is unexpected as none of the identified targets are reported
as having high densities in this part of the brain. Target densities
have been determined in the pig brain with autoradiography for
the 5-HTT ([?HJescitalopram),'”® the 5-HT;aR ([*H]JWAY-
100635),'° the 5-HT,R ([>H]SB-269970),'" and for the 5-HTsR

Pg Pg
W N N
o. O [ j Route A 1" [ ]
B N CHj
s 1) "'C-labeling
_—
Route B Route A
1) Deprotection 2) Deprotection
0 H
N N
j Route B [ ]
2) "C-labeling

"CH;

.
Competing
N-alkylation?

Scheme 1. Possible radiolabeling approaches to !'C-labeling of vortioxetine.
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Scheme 2. Synthesis of precursor and !'C-labeling of vortioxetine (1). Reagents and
conditions: (a) Pd,dbas, DPEphos, t-BuOK, toluene, 100°C (MW), 30 min; (b)
bis(pinacolato)diboron, Pd(dppf)Cl,, KOAc, 1,4-dioxane, 100°C, 12 h; (c) TFA,
CH,Cl,; (d) [''C]CH3l, Pd,dbas, P(o-tolyl)s, K,CO3, 60 °C DMF/H,0 9:1, 5 min.

([H]-(S)-Zacopride).?° Areas with high density of 5-HT;R include
the cortex and the hippocampus. 5-HT;R density is high in the
thalamus and in the cortex, but based on the affinity of 1 for these
two targets it is most likely that the uptake of [''C]1 in the cortex
arises from [''C]1 binding to the 5-HT;4R.*!

The high uptake in the striatum is likely due to the high density
of 5-HTT and possibly also due to binding to the 5-HT;gR. The area
with the largest 5-HT3R density in the pig brain is the spinal cord
(substantia gelatinosa), however this region is too small to be iden-
tified on the PET image and the region is not available in the pig
atlas. It is therefore difficult to analyze whether binding to the 5-
HT;3R contributes to the PET signal.

The uniform uptake of [''C]1 could also indicate that the com-
pound is very lipophilic and therefore has a large fraction of non-
specific binding in the brain. The radio ligand displayed slow tracer
kinetics with peak uptake after 60 min and with limited wash-out
from the brain within the data acquisition time. This complicates
the use of compartment models when performing kinetic modeling
for quantification of binding, however in humans it may be possible
to use reference tissue models although this needs to be validated.

Time (Min)

Figure 2. Effect of the state of the palladium-ligand combination on the amount of
N-methylation. (A) Reference spectrum of 1 (with UV-detection). (B) Successful 1'C-
labeling of 1. (C) Unsuccessful ''C-labeling of 1—product with retention time ~4
min presumably the N-methylated precursor. (D) No Pd catalyst added—product
with retention time ~4 min presumably the N-methylated precursor.
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Figure 3. Top: Coronal, sagittal and transverse (left to right) summed PET images
(0-90 min, 3 mm Gaussian filtering) of [''C]1 in the pig brain. Bottom: Time-
activity curves showing absolute radioligand uptake for the indicated brain regions.
SUV: standardized uptake value.

The protein binding of [''C]1 in pig plasma was determined to 98%
measured after 2.5 h dialysis.?” This level of protein binding is sim-
ilar to that found in humans.?

In conclusion, vortioxetine was !'C-labeled using the Suzuki
reaction and its kinetics was evaluated in the pig brain. The tracer
crossed the blood-brain barrier readily and binding to multiple
sites within the brain was observed. Further investigations are nec-
essary, but [!!C]vortioxetine could prove to be an important tool
making it is possible to follow the pharmacokinetics of an antide-
pressant with a new mechanism of action and thus aid uncovering
of the underlying mechanism for 1's effect on MDD.
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Experimental section—synthesis of precursor: tert-butyl 4-(2-((2-bromo-4-
methylphenyl)thio )phenyl)piperazine-1-carboxylate (4): tert-BuOK (311 mg,
2.78 mmol), Pd,dba; (57.8 mg, 0.063 mmol), DPEphos (136 mg, 0.252 mmol),
2-bromo-4-methylbenzenethiol (512 mg, 2.52 mmol) and tert-butyl 4-(2-
iodophenyl)piperazine-1-carboxylate (980 mg, 2.52 mmol) was dissolved in
dry toluene (4 mL), kept under nitrogen and degassed using a stream of
nitrogen for 10 min. The mixture was then heated to 100 °C (MW). The
resulting crude was purified by dry column vacuum chromatography using
heptane to heptane/EtOAc 10:1 (rf = 0.48 heptane/EtOAc 3:1) yielding 950 mg
of 4 as a slightly yellow oil (81%). "H NMR (CDCls, 400 MHz) §: 1.49 (s, 9H) 2.35
(s, 3H) 2.97-3.03 (m, 4 H) 3.50-3.55 (m, 4 H) 6.85 (dd, J=7.78, 1.51 Hz, 1H)
6.95-6.99 (m, 1H) 7.04-7.08 (m, 2H) 7.17-7.23 (m, 2H) 7.51 (d, J = 1.00 Hz,
1H). '3C NMR (CDCls, 400 MHz) &: 20.8, 28.5, 51.6, 79.7, 120.4, 124.6, 127.3,
127.7, 129.0, 129.6, 131.7, 132.1, 134.0, 134.2, 139.6, 150.4, 154.9. LC-MS
(m+1): 464 m/z.

1-(2-((4-Methyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl)thio)phenyl)piperazine (5): Pd(dppf)Cl, (13.3 mg, 0.018 mmol),
bis(pinacolato)diboron (169 mg, 0.665 mmol), KOAc (178 mg, 1.81 mmol)
and 4 (280 mg, 0.604 mmol) was dissolved in dry 1,4-dioxane (10 mL),
degassed with nitrogen for 10 min and heated to 100°C for 18 h. The
resulting crude was purified by dry column vacuum chromatography using
heptane to heptane/EtOAc 10:1 (rf = 0.55 heptane/EtOAc 3:1). Yielding 124 mg
of Boc-protected 5 as a slightly yellow oil (40%). '"H NMR (CDCls, 400 MHz) &:
1.15 (s, 12H) 1.50 (s, 9H) 2.38 (s, 3H) 3.05 (br s, 4 H) 3.58 (br s, 4H) 6.74 (d,
J=7.83 Hz, 1H) 6.88 (t, J=7.46 Hz, 1H) 7.00 (m, 1H) 7.06 (m, 1H) 7.22 (d,
J=7.82Hz, 1H) 7.35 (d,] = 7.83 Hz, 1H) 7.63 (s, 1H). '*C NMR (CDCls, 400 MHz)
5: 21.1, 24.6, 28.5 51.4, 79.6, 83.8, 119.5, 124.5, 125.6, 127.2, 132.3, 134.6,
134.8, 136.4, 137.1, 137.4, 155.0. LC-MS (m+1): 511 m/z. This material was
Boc-deprotected in the following way: (90 mg, 0,176 mmol) was dissolved in
CH,Cl, (10 mL) and TFA (0.5 mL) was added and the mixture was stirred for
30 min. The resulting mixture was then washed with saturated aqueous
NaHCOs3 (3 x 10 mL) and the organic phase was evaporated to dryness yielding
57 mg of 5 as a slightly yellow oil, 0,14 mmol, 79%) 1H NMR (CDCls, 400 MHz)
5: 1.13 (s, 10H) 2.38 (s, 3H) 3.37 (d, J= 12.23 Hz, 8H) 6.77 (d, J = 7.58 Hz, 1H)
6.93 (s, 1H) 7.02-7.05 (m, 1H) 7.09 (d, J = 7.09 Hz, 1H) 7.23 (d, J = 6.36 Hz, 1H)
7.34 (d, J = 7.82 Hz, 1H) 7.66 (s, 1H). 1*C NMR (CDCls, 400 MHz) §: 21.0, 24.5,
44.2, 48.3, 83.9, 119.8, 125.5, 125.9, 127.4, 132.5, 134.1, 134.7, 136.5, 137.6,
147.2. LC-MS (m+1): 411 m/z.

"C-labeling of 1: 5, Pd,(dba)s, P(o-tolyl); and base were used in a ratio of
40:1:2:4 with appropriate masses calculated from the use of 0.1 mg of P(o-
tolyl)s. [''C]Mel was trapped in 300 uL DMF. To the trapped [!'C]Mel was added
Pd-catalyst and K,CO3 dissolved in 300 puL of DMF/water 9:1 and heated to
60 °C. [''C]Mel was allowed to react for 2 min. 5 was added dissolved in 150 pL
of DMF/water 9:1 and allowed to react for 5 min. Purification was performed by
preparative HPLC using a Luna 5 um C18(2) 100 A column (Phenomenex Inc.)
(250 x 10 mm, 50:50 citrate buffer pH 4.62: AcN, flowrate: 9 mL/min). The
collected fraction was trapped on a solid-phase C18 sep-pack extraction column
and eluted with 3 ml EtOH. Results were analyzed by HPLC using a Luna 5 pm
C18 100 A column (Phenomenex Inc.) (150 x 4.6 mm. 50:50 citrate buffer pH
4.62: AcN, flowrate 2 mL/min). Starting activities around 100 GBq EOB as
["'C]CHy,. Yields as determined by HPLC: 40%. Isolated yields: 161.4-346 MBq.
Specific activities: 8-478 GBq/pmol. Total synthesis time: 55 min.

PET data acquisition: A female Danish Landrace pig (18 kg) was tranquilized by
intramuscular (im) injection of 0.5 mg/kg midazolam. Anaesthesia was
induced by im injection of a Zoletil veterinary mixture (1.25 mg/kg tiletamin,
1.25 mg/kg zolazepam, and 0.5 mg/kg midazolam; Virbac Animal Health,
France). Following induction, anaesthesia was maintained by intravenous (iv)
infusion of 15 mg/kg/h propofol (B. Braun Melsugen AG). During anaesthesia
the pig was endotracheally intubated and ventilated (volume 200 mL,
frequency 16 per min). Venous access was granted through two catheters in
the peripheral milk veins. The Danish Council for Animal Ethics approved the
animal procedures (journal no. 2012-15-2934-00156). [''C]1 was given as an
intravenously (iv) bolus injection and the injected dose was 124 MBq (n=1).
The pig was subsequently scanned for 90 min in list-mode with a high
resolution research tomography (HRRT) scanner (Siemens AG, Munich,
Germany), where scanning started at the time of injection (0 min). Image
reconstruction and analysis: ninety-minute list-mode PET data were
reconstructed into 38 dynamic frames of increasing length (6 x 10, 6 x 20,
4 x 30,9 x 60,2 x 180, 8 x 300, and 3 x 600 s). Images consisted of 207 planes
of 256 x 256 voxels of 1.22 x 1.22 x 1.22 mm. A summed picture of all counts
in the 90-min scan was reconstructed and used for co-registration to a
standardized MRI-based atlas of the Danish Landrace pig brain. The time-
activity curve was calculated for the following volumes of interest (VOIs):
cerebellum, cortex, hippocampus, lateral and medial thalamus, caudate
nucleus, and putamen. Striatum is defined as the mean radioactivity in
caudate nucleus and putamen. The radioactivity in thalamus is calculated as
the mean radioactivity in the lateral and medial thalamus. Radioactivity in all
VOIs was calculated as the average of radioactive concentration (Bq/mL) in the
left and right sides. Outcome measure in the time-activity curves (TACs) was
calculated as radioactive concentration in VOI (in kBq/mL) normalized to the
injected dose corrected for animal weight (in kBq/kg), yielding standardized
uptake values (g/mL).
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. Plasma protein binding assay: The free fraction of [''C]1 in plasma, f,, was

estimated using an equilibrium dialysis chamber method. The dialysis was
conducted in chambers (Harvard Biosciences) separated by cellulose
membrane with a protein cut-off of 10,000 Da. Small amounts of [''C]1

(~5MBq) were added to 5 mL plasma sample from the pig. Plasma (500 pL)
was then dialysed at 37 °C against an equal volume of buffer (135 mM NaCl,
3.0 mM KCl, 1.2 mM CaCl,, 1.0 mM MgCl,, and 2.0 mM KH,PO4, pH 7.4). Counts
per minute in 400 pL of plasma and buffer were determined in a well counter
after various dialysis times (0.5, 1, 2, and 2.5 h), and f, of [''C]1 was calculated
as the ratio of radioactivity in buffer and plasma. Equilibrium in f, was reached
after 1 h of dialysis.
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ABSTRACT: The 5-HT, G protein-coupled receptor is an important tafgedrug development. It is involved in various trah
nervous system (CNS) functions and disorders. Rceme have described the successful synthesisematliation of two poten-
tial racemic oxindole-based 5-HPET tracers. In this work, we show that both tra@annot be resolved into their enantiomers. In
order to address this epimerization process, wekblbthe chiral center of these parent compounttsam alkyl group. The newly
developed compounds could be chirally separatedsandied a similar pharmacological profile. Two liga were selected for
"C-labeling and evaluated in vivo. The tracers shibhigh brain uptake in 5-H7enriched brain regions. Surprisingly, both lig-
ands could not be displaced by a 5-k$Elective inverse agonist, SB-269970. Insteadigatsncrease in brain uptake was ob-
served.

The 5-HT; G protein-coupled receptor is the latest addition separation on chiral HPLC at room temperature &ih lwom-
to the serotonin receptor subfamily.Although the functional pounds (see supporting information for further Yafghe
significance of this receptor is largely unknoweyeral re- observed epimerisation is due to the acidic nat@itbe chiral
ports have associated the human 5-FEeptor with a variety  center at the 3-position of the oxindole moietywsodecided
of central nervous system (CNS) functions and dis’ For to investigate the influence of blocking the 3-piosi. This
example, the antidepressant effect of the atypintipsychotic blockade will enable the separation of the compsuimdo
drugs amisulpride and lurasidone could be explabe8-HT, their corresponding enantiomers.
receptor antagonisff. The availability of an appropriate 5-

HT; receptor positron emission tomography (PET) ragtwold 5CH,
would provide a significant advance in the underitag of {/\N/©/

A

1
the neurobiology and eventual dysfunctions of thelTs N N o~
receptor, because PET molecular imaging enablestifjoa- H H
tion of neuroreceptor binding in vivo. We have istigated a o o
number of ligands from different compound classasthat N [MCl-Cimbi-712 (1) N ["'CI-Cimbi-717 (2)

H H

purposé€™ Cimbi-712 () and Cimbi-717 %) displayed the
most promising profile for selective 5-HTeceptor PET imag-
ing in thalamic regions (Figure 1, Table 1). Subsexly, "'C-
labeling of both compounds was carried out anditheivo
PET behavior of both radioligands evaluated in pigggh Volk et al. have previously reported that 3-Et-aidtes have a

brain uptake and specific labeling of 5¥Bceptors could be  similar pharmacological profile to non-substitutedndoles'®
detected™ ™ These results encouraged us to further evaluatel” \we could also show that other alkyl chains at3tgosition

Figure 1. Structure of oxindole-ligands previously inveatig
ed as PET ligands for the 5-HT7 recegfor.

the potential of this compound class as PET ligdndshe 5-
HT; receptor.1 and 2 were evaluated in their racemic form.
The use of racemic mixtures in PET can complichtedata
analysis as the two enantiomers may very well tdifferent
pharmacological profiles and kinetics (on/off-rag¢s.).

Thus, we set out to evaluate the enantiopharmagaidd
and 2. Unfortunately, rapid racemization was observetgraf

(-Me, -Et, -EtF and -Pr) did not alter the affinipwvards the 5-
HT- receptor significantly (see supporting informajiofhus,
we decided to target the two compounds in which Hhes
replaced by an ethyl-grou énd4 compared td and2) for
further studies (Figure 2). The compounds were l®gired
using similar procedures as previously described &ipport-
ing information for details)® *



All four compoundsi-4) were tested for efficacy in a heter-
ologous cell line overexpressing human 5;gTinitial exper-
iments indicated inverse agonism, in that cellalaMP con-
centrations were reduced below the level foundritraated
control cells (Figure 3A). Subsequent concentrat&sponse
studies showed complete antagonism of 1 pM 5-HTded
cAMP accumulation (Figure 3B) and curve fittingtbe data
(Figure 3C) yielded inhibitory potencies in the loanomolar
range (IGo values: 1.9, 5.6, 15.3 and 6.8 nM for compouhds
4).

Kj
Ro = Ri=
H Et
OO
NN ) aMe |11() 253
N" O 3-0M 2 4
N -OMe | 2.6 (2) 2.0 (4)

Figure 2: Affinity (K ; values, in nM)of 1, 2, 3 and4 for the
5-HT; receptor. Data represent n = 6 from three indepgnde
experiments, each carried out in duplicate.
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Figure 3: Pharmacological characterization of compound
efficacy in Hela cells stably expressing human 55 TCells
were exposed to test compounds in the absenceesemee of
1 uM 5-HT and cellular cAMP was measured after 15utes
of treatment. In the absence of 5-HT, all four coonds (at
10 puM) exhibit inverse agonist activity (A). In tpeesence of
5-HT, all compounds are potent and efficacious gomiists
(B, C). All data are displayed as means + SEM. Dat&
were analyzed by one-way ANOVA with Dunnett's npiki
comparison test, and asterisks indicate significhifierences
from untreated controls (**p<0.01, **p<0.001; n6=11 from
four independent experiments). Concentration-respaurves
in C were derived from data in B via nonlinear esgion (n =
6 from three independent experiments, each camwigdin
duplicate).

Chiral resolution of3 and4 on HPLC (see experimental sec-
tion for details) provided both enantiomers. Subsedy, the
racemic mixture as well as the pure enantiomersewer

screened against a broad selection of targets eatPDSP
screening facilities to fully evaluate the potehtid these
compounds as PET ligands.

(+)-3 and(+)-4 showed at least a 5 fold higher affinity towards
the 5-HT; receptor compared t6)-3 and (-)-4. The racemic
compounds3 and 4 had affinities comparable t6+)-3 and
(+)-4, respectively, and also comparable to the 3-unigubd
oxindole derivativesl and 2. However,o, — affinities were
decreased. Table 1 displays selected affinitiesatdsvtargets
where cross affinity could become an issue. Otlaegets
showed affinity > 10 pM. Compounds2, 3, (+)-3, 4 and(+)-

4 were at least 2.5-fold selective over sigma reaspémd at
least 5-fold more selective for the 5-FlTreceptors. At other
targets tested, a selectivity of more than one roodenagni-
tude was detected. On(y)-4 showed lower selectivity over
H1 receptors (~4 fold).

In general, it appears that C-3 alkylation doesimpirove the
affinity towards the 5-HTreceptor, but improves the selectivi-
ty towards other receptors.

A PET radioligand has to fulfill several requirerteto selec-
tively image only one target. For example, highirét§y to-
wards the target-in-question must be accompaniedrbypc-
ceptable level of selectivity towards other targetshe re-
gions of interest. The receptor density,{B is a measure of
how many receptors are present in a given regiontefest. A
seeming lack of selectivity of a compound towardsegtain
receptor may be compensated by a highxB a particular
region:®

Table 1: Selectivity profile of promising structureaffinities
[K;-values] were determined by PDSP (n=3) and displaye
nM.

K [nM]
1 3 (+)3 ()3 2 4 (+)4 ()4
5HT, 41 6.5 5.6 82 75 7.8 1 56
5-HTp 491 469 787 633 130 83 192 151
5-HT)p 35 39 94 110 239 98 352 66

S5-HTT 112

323

295
529

271
135

827
61

253
164

250
502

376
42

1439

Hy 2405

oy 103 431 951 487 167 434 >10k 794

o1 45 37 33 390 59 42 46 249

g, 24 40 347 61 49 22 152 16

Therefore, the observed PET images are a functioth®
relative affinity of the ligands towards a targeidathe B,
value of that target in a specific region. In gehea 10—100-
fold higher binding to the target compared to otiaegets in a
particular region is acceptabféBased on these guidelinés,
(+)-3, 4and(+)-4 displayed very promising profiles for selec-
tive 5-HT; receptor imaging in the thalamus (Table 2; see
supporting information for further explanations)heveas the
previously evaluated compounti&nd?2 displayed a question-
able profile against,, - receptors in the thalamus. However,
selective 5-HY receptor imaging witl3, (+)-3, 4, or (+)4
could be problematic in other brain regions (seppstting
information for details). In general, introductiaf an alkyl

2



group to the oxindole moiety increased the selegtB,,.,
ratio for the criticala; — receptor. This could be further im-
proved by enantioselective resolution of the etiegaderiva-
tives. Unfortunately, selectivity/By ratios for the sigma re-
ceptors could not be calculated due to a lack ahdru B,
values. Future studies have to determine if theseptors
have to be considered off-targets.

Table 2: Selectivity/B,, ratio of the different compounds for
the 5-HT, receptor relative to other cross-affinity targetshe
thalamus. Data is based on values reported in Tabded
Table S2. (PDSP determinedalues and human, B values)

Selectivity over By, ratio

1 3 (+)-3 (-)-3 2 4 (+)-4 (-)-4
5-HTqa | 359 216 421 23 52 31 52 8
5-HTon | 17 12 34 3 63 25 64 2
5-HTT 32 54 58 12 40 38 41 30
Hq 236 244 72 2 65 193 11 128
o4 4 9 23 1 3 8 128 2
2 n.c. n.c. n.c. n.c. n.c. n.c n.c n.c
[ n.c n.c. n.c. n.c. n.c. n.c n.c n.c

n.c.: not calculated, Human By, values of o4 and o, could not be found in the literature

For practical reasons, we decided to start Withlabelling of
both racemic compounds to allow us to optimize|#ieeling
procedure. In addition, use of the racemic compsuBd 4
would enable a direct in vivo PET imaging companidze-
tween these and the unsubstituted oxinddle®)(

The radiosynthesis of"C]-3 ([*'C]Cimbi-772) was carried
out similar to a recently published procedure f&-suzuki
cross coupling®® It is noteworthy that the formation of the
[*'C]Me-Pd-I complex prior to the addition of the puesor is
essential for a successful cross-coupling. Theamesspecific
activitiy was 343 GBqg/umol (range 183-542GBg/pmaljth
radiochemical purity being above 97%. Thus, typjcan
amount of 122-230 MBq could be isolated from a 4@ m
beam. Scheme 1 summarizes the precursor and rathesys

of [*'C]Cimbi-772.
Br
Br
//\N/©/
N

/@}CHa
N

N
N ["'C}-Cimbi-772

H H

Scheme 1:Synthesis of the precursor andd|Cimbi-772: a)
N&COs;, 180 °C, 1lh; b) KOAc, Bis(pinacolato)diboron,
Pd(dppf)C}, 1,4-dioxane, 100 °C, 12h ; c) #ftba), P(-
tolyl)s, K,COs, [''C]CH;l, DMF:water 9:1, 60 °C, 5 min

Initially, we tried to**C-label 4 ([*'C]Cimbi-775) using the
same conditions as reported for the synthesiseokttuctural-
ly related compoun@ via direct alkylation at the phenolic
position** All attempts to produce the desired PET ligand
using this approach were unsuccessful, and a singlesired
byproduct was observed. We speculate that C-3 atikyl of
the oxindole influences the reactivity of the oatel core
leading to competing labeling at this position. ffere, a
new labeling strategy was developed in which thenplic
hydroxyl-group was transiently TBDPS-protected,ilfting
selective Boc-protection of the oxindole. Subsetaesilyla-
tion provided a suitable precursor, which was OAalled with
[*'C]CH,OTf followed by Boc-deprotection yielding the de-
sired tracer '£C]-2. Average specific activities were around
234GBg/pmol (range 78-331 GBqg/umol) with a radiouotual
purity above 97%. Typically, an amount of 152-21BdV
could be isolated using a 40 min beam (Scheme 2).

=2 w@Pf

["'CICH5OTf or
6 [ 1C]CH3I
FN

L L

Scheme 2:Synthesis of the precursor andd]Cimbi-775: a)
NaCG0;, 180 °C, 1h; b) TBDPSCI, NaH, DMF, 110 °C, 12h c)
Boc,0, NaHDMS, THF, -5 °C, 30 min d) NjH, MeOH, 70
°C, 30 min e) T'C]CH;l, 2M NaOH, DMF, 140 °C, 5 min f)
TFA/CH,CI, (1:1), 80 °C, 5 min

01‘CH3

[''cl-4
[''C]-Cimbi-775

[*'C]Cimbi-772 and ['C]Cimbi-775 were evaluated in Danish
Landrace pigs using a high resolution research ¢paphy
(HRRT) PET scanner. Summed PET images (Figure 4a an
4b) show that both radioligands readily enter tigelpain and
distribute to known regions with 5-HTeceptor distributiori’
Following i.v. injection of either '[C]Cimbi-772 or
[*'C]Cimbi-775, the peak uptake reached 2.5 SUV intltiaé-
amus. The tracer kinetics of both radioligands wesiely
slow, in that the peak uptake was not reached +8@Imin for
[*'C]Cimbi-772 and ~10 min for{C]Cimbi-775. Consequent-
ly, a limited wash-out of radioligand was seen witthe PET
acquisition time of 90 min.
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Figure 4: Summed PET images (0-90 min) &fG]Cimbi-772
(a) and {'C]Cimbi-775 (b). MRI-based atlas of the pig brain
(c). Time activity curves at baseline (solid syn®)a@nd after
pretreatment with SB-269970 (open symbols) t&€]Cimbi-
772 (n=2) (d) and'{C]Cimbi-775 (n=1) (e). Baseline and
pretreatment

To investigate the specificity of binding of thedialigands,
we administered 1.0 mg/kg/h of SB-269970, a selediHT,
receptor inverse agonist,? 30 min prior to the second injec-
tion of radioligand. No significant blocking effectould be
detected for either of the radioligands, on thetraog it ap-
peared that the uptake of especiafffC|Cimbi-772 was in-
creased (Figure 4d and 4e).

This lack of displacement could be due to the iaseel lipo-
philicity of [*'C]Cimbi-772 and T'C]Cimbi-775 compared to
Cimbi-712 and Cimbi-717, which should increase tiom-
specific binding (NSB) in the brain (supporting amhation
for details, Table S1). However, assuming that NsS&niform
throughout the brain, the observed binding canmosblely
attributed to NSB since the radioligands distribate pattern
similar to the 5-H¥ receptor distribution determined in vitro.
Cross-affinities of the aforementioned targets doekplain

this behavior, but*fC]Cimbi-772 and :C]Cimbi-775 dis-
played a slightly improved in vitro selectivity fiile com-
pared to that of the successfully applied 5;/Hdceptor PET
ligands, {'C]Cimbi-712 (1) and ['C]Cimbi-717 Q). However
we cannot rule out cross-affinities to other tasg€inally, the
dose of the blocking agent could be too low. Howgtlee
used dose of SB-269970 has previously resultedifo6oc-
cupancy with {'C]Cimbi-717* and consequently, we find this
dose appropriate for testing the specificity of aokel 5-HT,
receptor radioligands.

Interestingly, these results are very similar tosth obtained
with the 5-HT, selective tracer,'{C]Cimbi-806 [18]. Cimbi-
806 could displace’]SB-269970 in vitro, but SB-269970
could not displace'fC]Cimbi-806 in vivo. One explanation of
this behavior could simply be that™C]Cimbi-772,
[*C]Cimbi-775 and TC]Cimbi-806 are not selective for the
5-HT; receptor in vivo. However, the observed in vivaac
mulation fits with receptor distribution as detenedl by in
vitro autoradiography’ In the original study by Volk et al., all
oxindole structures are reported as antagoHistéowever,
Volk et al. did observe a difference in the antagtmefficacy
between the C-3 alkylated and unsubstituted oxand@riva-
tives. Recently, some studies have shown differemntédind-
ing after competition or blocking with inverse aggis, antag-
onists and agonisfs. 2 Furthermore, the compounds could
bind to different receptor binding sites or causféecent de-
grees of receptor internalization, what may infleeethe pos-
sibility to perform blocking or competition studigdowever,
more studies are warranted in order to investighte im-
portance of functional differences of compounds RET
radioligand binding.

Conclusion

A set of potential 5-HT receptor 3-Ethyl-3-
(phenylpiperazinyl-butyl)oxindoles PET radioligandsas
successfully synthesized and evaluatgd(+)-3, 4 and (+)-4
displayed a promising in vitro profile for PET imag of the
5-HT; receptor in thalamus. In comparison to the non-
alkylated derivatives] and?2, it appears that alkylation of the
3-oxindole position improves the overall selecyivjirofile,
but does not improve the affinity towards the 5;H@&ceptor.
Radiolabeling of3 and4 succeeded after optimization efforts
and allowed us to evaluate both racemates in Bath race-
mates entered the brain and accumulated in brajione
reflecting the expected distribution of 5-HTeceptors. No
significant blocking of radioligand binding was elbged after
administration of the 5-H;Treceptor specific inverse agonist,
SB-269970, which calls into question the selegtivf both
radioligands in vivo. Further studies have to baduzted to
clarify if a functional difference between alkyldt@and non-
alkylated oxindole PET ligands could lead to theseskied
effect.

Experimental Section

General. The labeling procedure of selected compounds and
the PET scanning protocol are described below. Jéreeral
chemistry, experimental information, spectral daftall new
compounds and determination of lipophilicities dtdvalues
are supplied in the Supporting information. Pudfyall final
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compounds was determined by HPLC or GC analysisignd

>96%.

Labelling procedures

["'C]Cimbi-772. [“'C]methyl iodide (}'C]Mel) produced
using a fully automated system was transferred stream of
helium to a 1.1-mL vial containing DMF (300 pL). Tbis
vial was added R@ba) (0.3 mg), Pg-tolyl)s, and 2,6 pL of a
0,5M K,CO; solution dissolved in DMF:D 9:1 (150 pL).
The resulting mixture was heated at 60 °C for 2.mAifter-
wards, precursor dissolved in DMR®I 9:1 (150 pL) was
added and the mixture was heated at 60 °C for antimin.
Purification of the crude product was accomplishesing
HPLC (Luna 5p @(2) 100 A, 250 x 10.00 mm 5 micron;
0,01M Borax buffer: MeCN (30:70, flow rate: 9 mL/miRT:

475 sec (['C]Cimbi-772). The fraction corresponding to the

labeled product was collected in sterile water (280, and
the resulting solution was passed through a sdi@sp C18
Sep-Pak extraction column (Waters Corp.), which baén
preconditioned with ethanol (10 mL), followed byotisnic
sodium chloride solution (20 mL). The column wassfied
with sterile water (3 mL). Then, the trapped radioaty was
eluted with ethanol (3 mL) into a 20-mL vial comtaig

phosphate buffer (9 mL, 100 mM, pH 7), giving a m2

solution of }'C]Cimbi-772. In a total synthesis time of 45-50

min, 0.1-0.2 GBq of {C]Cimbi-772 was produced.

["'C]Cimbi-775. [“'C]methyl iodide (}'C]Mel) produced
using a fully automated system was transferred stream of
helium to a 1.1-mL vial containing the labeling quesor 21
(0.3-0.4 mg), DMF (300 pL) and 4 pL of a 2N NaOHuso
tion. The resulting mixture was heated at 140 °CSanin.
Afterwards, the solution was subsequently coole8aGC by
nitrogen cooling before 500 pL of a TFA:@El, solution
(1:1) was added. The solution was stirred for ferth min at
this temperature and then quenched with 3.5 mL BLE
eluent. Purification of the crude product was adolished
using HPLC (Luna 5y (2) 100 A, 250 x 10.00 mm 5 mi-
cron; EtOH/0.1 HPQ, (20:80, flow rate: 6 mL/min, RT: 650

sec (['C]Cimbi-775). The fraction corresponding to the la-

beled product was collected in sterile water (139,rand the
resulting solution was passed through a solid-pl@Gk® Sep-
Pak extraction column (Waters Corp.), which hadnbpee-
conditioned with ethanol (10 mL), followed by isoio sodi-
um chloride solution (20 mL). The column was flugheith
sterile water (3 mL). Then, the trapped radioattiwas elut-
ed with ethanol (3 mL), followed by isotonic soatichloride
solution (3 mL) into a 20-mL vial containing phbspe buffer

(9 mL, 100 mM, pH 7), giving a 15 mL solution of

["'C]Cimbi-775 with a pH of approximately 7. In a tosyn-
thesis time of 45-50 min, 0.4-0.5 GBq &fJ]Cimbi-775 was
produced.

PET scanning protocol

[*'C]Cimbi-772 was given as an intravenous (i.v.) bdhjec-
tion and the injected dose was 61 and 153 MBq &seline
scans (n=2) and 153 and 194 MBq for scans wher2&a370
was pre-administered (n=2}'¢]Cimbi-775 was also given as
an i.v. bolus injection and the injected dose wa8 and 129

MBq for baseline scans (n=2) and 155 MBq for thansc
where SB-269970 was administered (n=1). The pigsewe
subsequently scanned for 90 min in list-mode witthigh
resolution research tomography (HRRT) scanner (&ism
AG, Munich, Germany), where scanning started atithe of
injection (0 min). Immediately after the baselinears (90
min), SB-269970 (Tocris Bioscience, Bristol, Unit&dng-
dom) was given i.v. as bolus infusion (1.0 mg/kgénd
rescanning started after 30 min of pre-treatmerh v8B-
269970.

ASSOCIATED CONTENT

Full experimental details on the synthesis of coomuls, the
conditions for the chiral resolution, in vitro chaterization,
lipophilicity measurements, animal procedures amahtjfica-
tion of PET data. This material is available fréeclbarge via
the Internet at http://pubs.acs.org.
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1. Chiral resolution of 3-unsubstitued phenylpiperainyl-butyloxindoles
Cimbi-717 and Cimbi-712 were separated using chillLC. A) shows the purity of Cimbi-717,
whereas B) the chiral resolution. C) displays th&at resolution of Cimbi-712. Unfortunately,

reinjection of both separated fractions showed epsation after 5 minutes. Complete conversion

was observed within 30 minutes.

a) RP-HPLC of Cimbi-717
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Luna 5 pm C18(2) 100A 150 x 4.6 mm

ca. 5 pLinj of 1 mg/mL of Cimbi-717
Solvent:  ACN: 0.1M Borax buffer (50: 50)
Flow rate: 2 mL
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b) Chiral Resolution of Cimbi-717
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Lux 5 um Cellulose-4 LC Column 250 x 4.6 mm
ca. 10 pL inj of 1 mg/mL of Cimbi-717
Solvent:  Hexane: iPA: TFA (40: 60:0.1)

Flow rate: 2 mL
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c) Chiral Resolution of Cimbi-712 Lux 5 pm Cellulose-4 LC Column 250 x 4.6 mm
ca. 10 pL inj of 1 mg/mL of Cimbi-712
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2. General

Chemicals were purchased from Acros, Fluka, Sighwaris, ABX or Merck. Unless otherwise
stated, all chemicals were used without furtheifigation. Flash chromatography was performed
on silica gel 60 (35-70 pum). Thin layer chromatgdna (TLC) was performed using plates from
Merck (silica gel 60 F254 and aluminium oxide 6(B&R *H-NMR and**C-NMR spectra were
recorded using a Bruker AC 300 spectrometer oruk@&rAC 400 spectrometer . Chemical shifts
are quoted a8 values (ppm) downfield from tetramethylsilane (TM#Bternal standard. Infrared
spectroscopy was performed on a Perkin Elmer FISgektrometer (Spectrum One). Melting
points were determined on a Stanford Research @gs@ptimelt system. For Solid Phase
Extraction (SPE), Sep-Pak®-C18-cartridges (Wald®&A) were used. GC-MS measurements were
performed on a Shimadzu apparatus (GCMS-QP 505D)ME tests were performed on 6410
Triple Quad LC/MS instrument. Field desorption mapectra (FD-MS) were recorded using a
Finnigan MAT90 spectrometer and electrospray idiomamass spectrometry (ESI-MS) were
performed on a ThermoQuest Navigator-InstrumenghHesolution mass spectra (HRMS) were
recorded on a Q-TOF Premier (Waters, USA) and Mdaxipact (BrukerDaltonics, Germany)
spectrometer. Analytical and preparative high grenince liquid chromatography (HPLC) were
performed on a Dionex system consisting of a pu®@@0R pump, a UVD 170U detector and a
Scansys radiodetector. Lipophilicites were deteeulirusing a Dionex Ultimate 3000 HPLC
equipped with a degasser, an autosampler, a cohvan-and a UV-detector. Chiral Resolution was
performed on a Lux 5 um Cellulose-4 LC Column 258.& mm. PET scanning was performed
with a high-resolution research tomography scarf#RRT, Siemens AG).{C]Methane was
produced via thé*N(p,a)*'C reaction by bombardment of aNJN, containing 10% H2 target
with a 17 MeV proton beam in a Scanditronix MC32Ntlotron. Full spectral data of previously

published compounds can be found in the indicatéstences.

3. Structure Activity Studies of 3-Alkyl-3-(phenylpiperazinylbutyl)oxindoles

A convenient organic synthesis route to 3-alkykBehloroalkyl)-oxindoles has been described by
Volk at al. [1]. Briefly, isatins were reductiveblkylated with alcohols in the presence of Raney
nickel under hydrogen pressure. The resulting $tadindoleswere further C-3 alkylated using 2
equivalents n-BuLi and 1,4-bromochlorobutane (Sahéin The resulted intermediates were finally

linked to 1-(4-chlorophenyl)piperazine by applymeat reaction conditions (Scheme 2).
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Scheme S1: General procedure for the preparatid@iadkyl-3-(w-chloroalkyl)-oxindoles: a) ROH, Ra-Ni, 15 bag,H
180 °C, 3-4 h, 85 — 95% b) n-BulLi, Br-(G}#Cl, THF, from -78 °C to RT, 4h, > 80%

In general, fewer products were observed usingetibforo-intermediates compared to previously
applied mesylates, even at higher reaction temperaf2]. Furthermore, in contrast to the

mesylated derivative, the halogenated compounaalidlecompose at room temperature.

Cl
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Sy el
o (0] N
N N
_R R X_
(d) -Me (g) -Me 4-Ci
(5) -Et (h) -Et 4-Cl
(fy) -Pr (i) -Pr 4-Cl

(7) -Et 3-OH
Cimbi-772 (3) -Et 4-Me
Cimbi-775 (4) -Et 3-OMe

(k) -Et 4F

Scheme S2: Synthesis of 3-alkyl-oxindol derivativés,COs, 180 °C, 1h, 73-85%

The second approach aiming at a C-3 alkylation lattex stage, only resulted in limited success
(Scheme 3). Methyliodide lead to bis-methylation @ddition to the C-3-position also the N-1-
position was alkylated), whereas the alkylationhwpiropyliodide completely failed. Alkylation

with 1,2-bromofluoroethane resulted in the desipedduct, however only in 24%. Therefore,

alkylation earlier in the synthesis sequence iscpable.

In a next evaluation step, we determined the ajfitowards the 5-HT receptor binding site.
Alkylation at the C-3 position of the oxindole didt alter the affinity towards the 5-HTeceptor

in any significant. Low nanomolar j¥alues below 10 nM were detected for all reference
compounds and consequent labeling should thus e®ablT; PET imaging (Table S1). Only one
exception could be detected. Bisalkylation leadmgompound 15 reduced the affinity by a factor

of 5-8. This is in line with previously reportedtddl].
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Scheme S3: C-3 Alkylation of oxindole derivativgsaikylhalides: n-BuLi, RX, THF, from -78 °C tolR12h, 0-55%

Table S1: Human recombinant 5-Haffinity: The influence of the C-3 position of th&indole

Y N
o uw
N N
X gZ

compound Z X Y 5-HT/® K;(nM) LogD74
p 4-Cl -H -H 7.0 4.56

g/m 4-Cl -H -Me 1.2 4.98

n 4-Cl -H -Et 0.7 5.76

0 4-Cl -H -EtF 1.4 5.72

iIn 4-Cl -H -Pr 35 5.92
I 4-Cl -Me -Me 16 >7
Cimbi-717 (2) 3-OMe -H -H 26,75 4.73
Cimbi-775 (4) 3-OMe -H -Et 2.0;78 5.75
(+)-4 3-OMe -H -Et 1% 5.75
(-)-4 3-OMe -H -Et 58 5.75

q 4-F -H -H 1.1 4.65

k 4-F -H -Et 0.5 5.72

r 3-OH -H -H 27.5 3.40

7.j 3-OH -H -Et 8.9 4.40
Cimbi-712 (1) 4-Me H -H 1.1; 44 5.19
Cimbi-772 (3) 4-Me H -Et 25,65 6.17
(+)-3 4-Me H -Et 5.6 6.17
(-)-3 4-Me H -Et 82 6.17

Affinities were determined by PDSP



4. Organic Syntheses
Compounds a, b, ¢, 5, h, k, p, q, r, 9, Cimbi-712, Cimbi-717 (2), Cimbi-775 (4) were
synthesized as previously published [1-4].

General Synthesis Strategies:

N N
Boc
~Ql ol
N_J OH p S N, 0-"ICH; 4
N (o] 8 N [11C]u
éoc éOC

11CH3

["'CICimbi-775
[11C]4

Scheme S4: Synthesis of the precursor dn@]Cimbi-775: a) TBDPSCI, NaH, DMF, 110 °C, 12h bpdO,
NaHDMs, THF, -5 °C, 30 min c) Nff, MeOH, 70 °C, 30 min d)}{C]CHsl, 2M NaOH, DMF, 140 °C, 5 min e)
TFA/CH,CI; (1:1), 80 °C, 5 min

— c&m"@"'@\
Boc

Scheme S5: Synthesis wfBoc,0O, NaHDMs, THF, - 5 °C, 30 min

Cimbi-775 (4)



General Procedure for the Preparation of 3-Alkyl-3{w-chloroalkyl)-oxindoles.

To a mixture of n-BuLi in hexane (2.5 M, 20 mL05 mol) and THF (20 mL), the solution of the
appropriate8-alkyloxindole (0.02 mol) in THF (25 mL) was adddpwise at —78 °C, under argon
atmosphere. Then the 1-bromo-4-chlorobutane (3,38.@2 mol) was added dropwise, and the
reaction mixture was allowed to warm to room temperaturee Btirring was continued for 3
additional hours, the mixture was quenchedh ethanol (20 mL), and the solvents were
evaporated. The residweas dissolved in ethyl acetate and extracted watew The organitayer
was dried over N&O, and evaporated. The oily residaegystallized upon trituration with hexane
(20 mL). The white solidvas filtered, washed with hexane, and dried. Troelpets wereused
without further purification.

3-methyl-3-(w-chlorobutyl)oxindole (d)

n-BuLi in hexane (2.5 M, 20 mlQ.05 mol), 3-methyloxindole (2.95 g, 0.02 mol) a@rtiromo-4-
chlorobutane (3.38 g, 0.02 mol), yielded in (dB&g, 16.4 mmol, 82%) as a white solid. Mp 94-95
°C; *H-NMR (CDCk, 300 MHz):3 8.74 (1H, bs), 7.24-7.13 (2H, m), 7.06-7.01 (15, 6192 (1H,

d, J = 7.5 Mz), 3.40 (2H, t, J = 6 Hz), 1.98-1.881( m), 1.82-1.61 (3H, m), 1.39 (3H, s), 1.30 —
1.17 (1H, m), 1.14-0.99 (1H, mYC-NMR (CDCk, 75 MHz): 5 183.3, 140.5, 134.37, 127.9, 122.9,
122.7, 110.0, 49.0, 44.67, 37.7, 32.7, 24.0, 22CIMIS (ESI) RT: 3.68 min, m/z: 238.1 [M+Hht
210 and 254 nm; {R0.46 (EtOAc/Heptane 1:1)

3-propyl-3-(w-chlorobutyl)oxindole (f)

n-BuLi in hexane (2.5 M, 20 mLQ.05 mol), 3-Propyloxindole (3.5 g, 0.02 mol) antbrbmo-4-
chlorobutane (3.38 g, 0.02 mol) yielded in (f) @@ 14.8 mmol, 74 %) as a white solid. Mp 97-98
°C; 'H-NMR (CDCl, 300 MHz):3 8.69 (1H, bs), 7.25-7.16 (1H, m), 7.12-7.10 (1H, m06-7.01
(1H, m), 6.91 (1H, d, J = 7.5 Hz), 3.38 (2H, t,  Hz), 1.95-1.57 (6H, m), 1.28-1.00 (3H, m),
0.94-0.83 (1H, m), 0.78 (3H, t, J = 9 HFC-NMR (CDCk 75 MHz): 8 182.8, 141.2, 132.8, 127.8,
123.1, 122.6, 109.8, 53.7, 44.6, 40.4, 37.3, 32183, 17.6, 14.3; LCMS (ESI) RT: 4.17 min, m/z:
266.1 [M+H] at 210 and 254 nm;:R0.62 (EtOAc/Heptane 1:1)

General Procedure to couple 3-(4-chlorobutyl)-3-alklindolin-2-one with 4-piperazines
The secondary amine (12 mmol) was heated to 18Int@r slowstirring. Then 3-(4-chlorobutyl)-
3-alkylindolin-2-one (12 mmol) and sodium carbonfte86 g, 12 mmol) were addedfter 1 h



reaction time, the brown melt was cooled to ambtentperature. Ethyl acetate and water were
added and the layevgere separated. The organic layer was dried ove8®j@ndevaporated. The

residual oil or solid was purified by column chrdaography with the indicated eluent.

3-{4-[4-(4-Chlorophenyl)piperazine-1-yl]-butyl}-3-methyl-1,3-dihydro-2H-indol-2-one (g)
1-(4-chlorophenyl)-piperazine (0.486 g, 2.48 mmsfdium carbonate (0.26 g, 2.48 mmol) and 3-
methyl-3-¢-chlorobutyl)oxindole (0.26 g, 2.48 mmol) yielded(g) (0.71 g, 1.8 mmol, 73 %) as a
white solid. (g) was purified was purified using EtOAc. Mp 18831°C; *H-NMR (CDCk 300
MHz): 6 8.41 (1H, bs), 7.21-7.12 (4H, m), 7.05-7.00 (1Hl, &89 (1H, d, J = 7.5 Hz), 6.78 (2H, d,
J =9 Hz), 3.09 (4H, t, J = 6 Mz), 2.49 (4H, t, & Mz), 2.24 (2H, t, J = 9 Hz), 1.99-1.89 (1H, m),
1.82-1.72 (1H, m), 1.51-1.36 (2H, m), 1,38 (3H, KR0-1-05 (1H, m), 0.99-0.84 (1H, m)iC-
NMR (CDCl, 75 MHz): 6 183.28, 150.03, 140.56, 134.63, 129.06, 127.82,5R 123.03, 122.62,
117.31, 109.86, 58.34, 53.15, 49.20, 49.09, 3844)1, 24.13, 22.67; LCMS (ESI) RT: 2.41 min,
m/z: 398.1 [M+H] at 210 and 254 nm; {R0.2 (EtOAc); HRMS (ESI) [MH] cald. for
Ca3H29CIN3O 398.1999, found 398.2000

3-{4-[4-(4-Chlorophenyl)piperazine-1-yl]-butyl}-3-propyl-1,3-dihydro-2H-indol-2-one (i)
1-(4-chlorophenyl)-piperazine (0.37 g, 1.89 mmalpdium carbonate (0.2 g, 1.9 mmol) and 3-
propyl-3-(-chlorobutyl)oxindole (0.5 g, 1.89 mmol) yielded(ih (0.68 g, 1.60 mmol, 85 %) as a
white solid. (i) was purified was purified using@c/Heptane 3:1. Mp 129-130 °GH-NMR
(CDCl3,300 MHz):6 8.41 (1H, bs), 7.20-7.09 (4H, m), 7.05-7.00 (1Hl, 87 (1H, d, J = 7.5 Hz),
6.78 (2H, d, J =9 Hz), 3.09 (4H, t, J = 6 Hz),2(4H, t, J = 6 Hz), 2.23 (2H, t, J= 9 Hz), 1.9%11.
(4H, m), 1.47-1.32 (2H, m), 1.16-1.05 (2H, m), G®@85 (2H, m), 0.78 (3H, t, J = 6 HZJC-NMR
(CDCl3 75 MHz): 6 183.0, 149.99, 141.41, 133.11, 129.05, 127.73,5]0423.15, 122.51, 117.32,
109.78, 58.31, 53.93, 53.10, 49.15, 40.56, 38.04012 22.31, 17.69, 14.43; LCMS (ESI) RT: 2.29
min, m/z: 426.1 [M+H] at 210 and 254 nm;;R0.3 (EtOAc/Hepatne 3:1); HRMS (ESI) [MH
cald. for GsH33CIN3O 426.2313, found 426.2320

3-{4-[4-(3-Hydroxyphenyl)piperazine-1-yl]-butyl}-3-ethyl-1,3-dihydro-2H-indol-2-one (7) (j)
1-(3-Hydroxyphenyl)-piperazine (0.33 g, 1.88 mmabdium carbonate (0.2 g, 1.88 mmol) and 3-
ethyl-3-@-chlorobutyl)oxindole (0.5 g, 1.88 mmol) yielded (j) (0.49 g, 1.26 mmol, 67 %) as a
white solid. (j) was purified was purified using@c. Mp 224-225 °C*H-NMR (DMSO-d6 400



MHz): & 10.99 (1H, bs), 10.41 (1H, s), 7.23-7.16 (2H, )4-6.98 (2H, m), 6.86 (1H, d, J = 8
Hz), 6.43-6.30 (3H,m), 6.67 (2H, d, J = 12 Hz),33(2H, d, J = 8 Hz), 3.10 (2H, t, J = 8 Hz), 3.04-
2.93 (4H, m), 1.82-1.66 (4H, m), 1.67-1.58 (2H, MP4-0.91 (1H, m), 0.89-0.73 (1H, m), 0.51
(3H, t, J = 8 Hz);®*C-NMR (DMSO-d6, 75 MHz):3 180.57, 158.25, 150.74, 142.47, 131.93,
129.72, 127.58, 123.00, 121.49, 109.16, 107.49,0107.03.16, 54.86, 52.97, 50.32, 45.38, 36.39,
30.13, 23.06, 21.24, 8.37; LCMS (ESI) RT: 4.98 mminiz: 394.2 [M+H] at 210 and 254 nm;;R
0.1 (EtOAC); HRMS (ESI) [MH] cald. for §HaiNsO, 393.2654, found 393.2652

3-{4-[4-(4-Methylphenyl)piperazine-1-yl]-butyl}-3-ethyl-1,3-dihydro-2H-indol-2-one (3)
(Cimbi-772)

1-(4-Methylphenyl)-piperazine (210 mg, 1.192 mmaipdium carbonate (126 mg, 1.192 mmol)
and 3-ethyl-3-¢-chlorobutyl)oxindole (300 mg, 1.192 mmol) yielded(3) (312 mg, 0.797 mmol,
66.9%) as a white solid. (3) was purified was pedfusing EtOAc. Mp 127.8-128.3 °¢4-NMR
(CDCl3, 400 MHz):5 9.28 (1H, s), 7.19 (1H, m), 7.12 (1H, m), 7.05 (3h), 6.91 (1H, d, J= 7.8
Hz), 6.82 (2H, m), 3.10 (4H, m), 2.52 (4H, m), 2(861, m), 1.94 (2H, m), 1.80 (2H, m), 1.43 (2H,
m) 1.13 (1H, m), 0.93 (1H, m), 0.64 (3H, t, J= A); "*C-NMR (CDCk 75 MHz): 5 182.8, 149.1,
141.5, 132.5, 129.5, 129.0, 127.5, 122.9, 122.83,211109.5, 58.2, 54.2, 53.1, 49.5, 37.5, 30.9,
26.8, 22.2, 20.3, 8.0; LCMS (ESI) RT: 5.36 min, 382.1 [M+H] at 210 and 254 nm;{R0.12
(EtOAc); HRMS (ESI) [MH] cald. for GsH34Nz0 392.269, found 392.2710

3-{4-[4-(4-Chlorophenyl)piperazine-1-yl]-butyl}-1,3-dimethyl-1,3-dihydro-2H-indol-2-one (I)

To a mixture of n-BuLi in hexane (2.5 M, 0.732 niL83 mmol) and dry THF (10 mL), a solution
of the appropriate 3-alkyloxindole (352 mg, 0.92 atinin dry THF (10 mL) was added dropwise at
—78 °C, under argon atmosphere. Then Mel (0.01@.;,mmol) was added dropwise, and the
reaction mixture was allowed to warm to room terapge. The stirring was continued for 12
additional hours, the mixture was quenched withaeth (20 mL), and the solvents were
evaporated. The residue was dissolved in ethybteeind extracted with water. The organic layer
was dried over N&O, and evaporated. The oily residue was columned Eti®Ac/EgN (300:3) to
yield 125 mg (0.3, 53%) as a white salidkNMR (CDCk 300 MHz): 3 7.25 (1H, t, J = 6 Hz),
7.18-7.15 (3H, m), 7.05 (1H, t, J = 6 Hz), 6.81 (3H) = 9 Hz), 3.20 (3H, s), 3.10 (4H, t, J = G Hz
2.49 (4H,t,J =6 Hz), 2.24 (2H, t, J = 9 Hz),81088 (1H, m), 1.80-1.70 (1H, m), 1.46-1.33 (2H,
m), 1.35 (3H, s), 1.04-0.83 (2H, m); R0.28 (EtOAC/EN 250:3)



3-{4-[4-(4-Chlorophenyl)-piperazine-1-yl]-butyl}-3--(2-fluoroethyl)-1,3-dihydro-2H-indol-2-

one (0)

To a mixture of n-BuLi in hexane (2.5 M, 0.52 mL3Inmol) and dry THF (5 mL), the solution of
the appropriate 3-alkyloxindole (200 mg, 0.52 mmwoljiry THF (10 mL) was added dropwise at —
78 °C, under argon atmosphere. Then 1,2-bromofibape (0.164 g, 1.3 mol) was added dropwise,
and the reaction mixture was allowed to warm tawdemperature. The stirring was continued for
12 additional hours, the mixture was quenched witanol (20 mL), and the solvents were
evaporated. The residue was dissolved in ethybteeind extracted with water. The organic layer
was dried over N&O, and evaporated. The oily residue was columned Eti®Ac/EgN (300:3) to
yield 50 mg (0.12 mmol, 24%) as a white solid. M@82124 °C:*H-NMR (CDCk 300 MHz): &
9.14 (1H, s), 7.24-7.11 (4H, m), 7.03 (1H, m), 6(&Bl, d, J = 6 Hz), 6.76 (2H, d, J = 9 Hz), 4.31
(1H, m), 4.16 (1H, m), 3.08 (4H, t, J = 6 Hz), 2(481, t, J = 6 Hz), 2.44 — 2.33 (1H, m), 2.23 (2H,
t, J =6 Hz), 2.17-2.00 (1H, m), 1.97-1.91 (1H, tB6-1.76 (1H, m), 1.52-1.30 (2H, m), 1.19-1.05
(1H, m), 0.97-0.86 (1H, m)?C-NMR (CDC}k 75 MHz): 5 182.20, 149.98, 141.39, 131.49, 129.04,
128.30, 124.58, 123.38, 122.65, 117.31, 110.1g,78@, J = 140 Hz), 58.22, 53.09, 51.25, 49.14,
38.16, 37.89, 26.88, 21.94; LCMS (ESI) RT: 2.66 ,miriz: 430.29 [M+H] at 210 and 254 nm;:R

= 0.25 (EtOAC/EN 250:3); HRMS (ESI) [MH] cald. for GsH3CIFNsO 430.2055, found
430.2069

tert-butyl 3-ethyl-3-{4-[4-(3-hydroxyphenyl)piperazin-1-yl]butyl}-2-oxoindoline-1-carboxylate

(8)

To a solution of (7) (0.520, 1.323 mmol) in dry DMEO mL) was added, NaH (36 mg 1.523
mmol) and TBDPSCI (0.971 g, 1.323 mmol). The rasglmixture was stirred over night at 110 °C
and then poured into water, and extracted with ledlogtate. The combined organic layers were
washed 3 x with water, then with brine, dried oMgSQO,, and concentrated in vacuo to afford
(Sa). The crude mixture was used without furtherfigation. LC-MS (ESI) m/z: 632.5; RT: 6.75
min; R: 0.7 (EtOAc/MeOH 10:0.3)

Afterwards, (Sa)1.323 mmoL) was dissolved in dry THF, cooled to G5 added 1M NaHMDS
(2.323 mL, 1.323 mmol) and stirred for %2 h. BOQ275 mg, 1.323 mmol) was added and stirred
for 1 h. Excess NaHMDS was quenched with 6 mL ACTHE 1:4 and then 40 mL water.

Extraction was made with 3x10 mL EtOAc. The combimeganic phases were washed with 2x10



mL brine, dried, concentrateoh vacuo to yield in crude 8, which was used without furthe
purification. LC-MS (ESI) m/z: 732.6; RT: 7.12 miR;: 0.7 (EtOAc/MeOH 10:0.3)

Finally, 20 (1.323 mmoL) and Nj# (0.23 g, 3.3 mmol) was dissolved in dry 10 mL Nte@nd
heated at 70 °C for 30 min. Afterwards, the solweas removed , the residue dissolved in,8H
and extracted 3 times with CHCIThe combined organic layers were dried 8@&) and
evaporated. The crude oil was columned with EtOégtane (1:1) to yield 21 (0.83 g, 1.68 mmol,
51%) as a white solid. Mp 68—69 °@&4-NMR (CDCl 300 MHz):5 7.81 (1H, d, J = 5 Hz), 7.34-
7.27 (1H, m), 7.18 — 7.04 (3H, m), 6.45 — 6.42 (i), 6.34 — 6-31 (2H, m), 3.18 (4H, t, J = 6 -Hz),
2.65 (4H, t, J = 6 Hz), 2.37 (2H, t, J = 6 Hz), AR89 (2H, m), 1.82-1.71 (2H, m), 1.66 (9H, s),
1.55-1.39 (2H, m), 1.13-0.79 (2H, m), 0.62 (3H] £ 6 Hz);"*C-NMR (CDCk 75 MHz): 5 179.186,
171.60, 157.66, 152.17, 149.17, 139.95, 130.80,9727124.60, 122.66, 114.81, 108.01, 107.57,
103.66, 84.41, 68.63, 57.74, 53.97, 52.52, 48.301(®8 33.42, 32.08, 28.15, 25.78, 22.19, 8.60;
LCMS (ESI) RT: 5.60 min, m/z: 494.4 [M+Hpt 210 and 254 nm;:R 0.25 (EtOAc/heptane 1:1);
HRMS (ESI) [MH] cald. for GgH4oNs04 494.3013, found 494.3031

Remark: Unfortunately, a direct protection approadth Boc,O and NaCO; did not lead to any
success. This is in contrast to a reported proeeftuirunsubstituted oxindoles [4].

tert-butyl-3-ethyl-3-(4-(4-(3-methoxyphenyl)piperain-1-yl)butyl)-2-oxoindoline-1-carboxylate

(u)

Cimbi-775(20 mg, 0.049 mmoL) was dissolved in dry THF, cddie -5 C, added 1M NaHMDS
(0.049 mL, 0.049 mmol) and stirred for ¥2 h. B0q10.24 mg, 0.049 mmol) was added and stirred
for 1 h. Excess NaHMDS was quenched with 6 mL ACtHE 1:4 and then 40 mL water.
Extraction was made with 3x10 mL EtOAc. The combineganic phases were washed with 2x10
mL brine, dried, concentrated vacuo to yield in crude (u). LCMS (ESI) RT: 6.07 min,zn508.4
[M+H] " at 210 and 254 nm

3-(4-(4-(4-bromophenyl)piperazin-1-yl)butyl)-3-ethyindolin-2-one (10)
1-(4-bromophenyl)piperazine (479 mg, 1.986 mmolj4-&hlorobutyl)-3-ethylindolin-2-one (500
mg, 1.98 mmol), and N&G; (211 mg, 1.986 mmol) was heated to 180 °C ancedtiior 3 h. After
cooling to rt. the resulting solid was dissolvedaimixture of EtOAc and water. The organic phase

was concentrateth vacuo and purified using flash chromatography (EtOAc)el: 557.2 mg



(61.5%). 145-145.5 °C*H-NMR (CDCk, 400 MHz):8 7.73 (1H, s), 7.33 (2H, m), 7.21 (1H, td, J =
7.59, 1.38 Hz), 7.12 (1H, m), 7.06 (1H, m), 6.88l(H, J = 7.78 Hz), 6.76 (2H, m), 3.16 (4H, m),
2.56 (4H, brs), 2.31 (2H, t, J = 7.65 Hz), 1.93 (2#), 1.79 (2H, m), 1.45 (2H, m), 1.12 (1H, m),
0.93 (1H, m), 0.64 (3H, t, J = 7.40 HZJC-NMR (CDCk 75 MHz): 5 181.8, 150.2, 141.1, 132.5,
131.8, 127.6, 123.2, 122.5, 117.6, 109.3, 58.11(4%k2.8, 48.7, 37.5, 31.1, 26.9, 22.2, 8BGMS
(ESI): RT: 5.97 min, m/z: 457.2 [M+H]at 210 and 254 nm;¢R= 0.18 (EtOAc); HRMS (ESI)
[MH] cald. for G4H3:BrN3O 456.1645, found 456.1657

3-ethyl-3-(4-(4-(4-(4,4,5,5-tetramethyl-1,3,2-dioxsorolan-2-yl)phenyl)piperazin-1-
yl)butyl)indolin-2-one (11)

10 (77 mg, 0.169 mmol), KOAc (19.8 mg, 0.202 mm@dis(pinacolato)diboron (86 mg, 0.337
mmol) and Pd(ddpf)GI(10 mg, 0.01 mmol) was dissolved in 10 mL of digxane, heated to 100
°C and stirred for 12 h. The reaction was thenexbabd r.t, stirred with 10 mL of brine for 10 min
and extracted with 3x50 mL EtOAc. The combined orgghases were dried, concentratad
vacuo and purified by coloumn chromatography using pugptane to pure ethyl acetate yielding
43 mg (50.6%) as a dark yellow diH-NMR (CDCl 400 MHz):5 7.70 (2H, d, J = 8.78 Hz), 7.59
(1H, s), 7.20 (1H, td, J = 7.65, 1.38 Hz), 7.13 (ht}, 7.07 (1H, td, J = 7.40, 0.88 Hz), 6.87 (3H,
m), 3.24 (4H, t, J = 4.77 Hz), 2.52 (4H, brs), 2(2®, t, J = 7.53 Hz), 1.93 (2H, m), 1.79 (2H, m),
1.44 (2H, m), 1.33 (12H, s), 1.12 (1H, m), 0.92 (iH), 0.64 (3H, t, J = 7.40 Hz J*C-NMR
(CDClz, 75 MHz): 6 182.3, 153.23, 141.2, 136.1, 132.6, 127.6, 1282P.5, 114.3, 109.4, 83.4,
58.1, 54.2, 52.8, 47.8, 37.5, 31.1, 24.8, 24.63,22.5;LC-MS (ESI): RT: 7.00 min, m/z: 504.3
[M+H] " at 210 and 254 nm;;R= 0.73 (EtOAc); HRMS (ESI) [MHA cald. for GoH43BNz03
504.3397, found 504.3420

5. Chiral resolution of Cimbi-772 (3) and Cimbi-775(4)

Analytic resolution: 5 pL of the desired racemdteng/l mL MeCN) were injected on a Lux 5 um
Cellulose-4 LC Column 250 x 4.6 mm. The sample elased with 20mMAmmBI: MeCN:DEA
(40:60:0.1) with a flowrate of 1 mL/min. 1) Retemtitime (RT) of the separated enantiomers of
Cimbi.772: a) 12.45 min b) 16.81 min 2) RT of theaetiomers of Cimbi-775: a) 11.956 mi b)
14.13 min;

Chiral separation was carried out using a Jasco8BW pump, a spectraseries UV100 detector
connected to a Merck Hitachi D-2000 chromato-inegrand a DiacelChiralpak IF (m 10 mm x



250 mm) coloumn. Cimbi-772 was separated usingameptPA:DEA 90:10:0.1 at 4.5 ml/min and
Cimbi-775 was separated using heptane:IPA:DEA 80:2(t 4.5 ml/min.

a) Optical Rotation
Optical rotation was measured on a Bellingham tlejeADP410 polarimeter at 689 nm.
(-)-3:[«]3’ = -16 (c = 0.5, CHG)
(+)-3:[a]%’ = +16 (c = 0.5, CHG)
(-)-4:[a]%° = -16 (c = 0.5, CHG)
(+)-4:[a]?® = +16 (c = 0.5, CHG)

b) Chiral resolution of Cimbi-772 (3) and stability test

=) —enantioselective resolution (+)-3 (-)-3

< 160

E- €0 stability check one week

g after resolution

© 40 | ° A=A

- 0 5 15 20

10
Time [min]

Chiral resolution and stability test of one enamigw of Cimbi-772, the same HPLC conditions as abdavere used

c) Chiral resolution of Cimbi-775 (4)

— 3300 Lux 5 um Cellulose-4 LC Column 250 x 4.6 mm (+)-4

D 2600 ca. 10 pL inj of 1 mg/mL of Cimbi-775 (-)-4

< Solvent: 20 mM AmmBi:MeCN:DEA (40:60:0.1)

|§. 1900 Flow rate: 1 mL

L 1200

=

(C 500

> c%———g —
_200 —
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Time [min]



d) Stability test of (+)-4

—_ 20 Lux 5 um Cellulose-4 LC Column 250 x 4.6 mm (+)-4
= 40 ca. 10 pLinj of 1 mg/mL of Cimbi-775
E 28 Solvent: 20 mM AmmBi:MeCN:DEA (40:60:0.1)
Flow rate: 1 mL
@ 9
TU -10
> 0 2 4 6 8 10 12 14 16

Time [min]

6. PDSP Screening

In vitro radioligand binding assays were perfornigdthe NIMH Psychoactive Drug Screening
Program at the Department of Biochemistry, Caset®¥vesReserve University, Cleveland, Ohio,
USA (Bryan Roth, Director). Compounds Cimbi-712mBi-717, Cimbi-772, Cimbi-772-1, Cimbi-
775 and Cimbi-775-1 were assayed for their affsitfor a broad spectrum of receptors and
transporters in competitive binding experimentsvitno using cloned human receptors. Reported

values of the inhibition coefficient (Ki) are me&rsD of four separate determinations.
7. Receptor distribution of colocalized targets

Table S2 shows theeceptor Distribution of colocalized Targets. Bmeaues are reported in

fmol/mg wet tissue or in fmol/mg protein.

Table S2Receptor distribution of colocalized targets

5HTAY  BHT1A®" 5HT® o H¥  sigma™® SERT®
cortex 2.3 73 56 283" 14 101 4.3
Hippocampus 5.7 82 24 2344 6.4 73 2.6

thalamus 12 4 6 g8 4 58 10




8. Selectivity/B .y ratio for 5-HT,

Table S3: Selectivity/B,x ratio for 5-HT; of the compounds relative to other relevant targets in
different brain regions. Data are based on values reported in Table 1 abteTS2. Human R

values were used.

.. . K . topaot g B'\'in-' tarnet
Selectivity/Byax ratio = ( e “") ( i )
. K 7 AB: 7 Ty

versus VErsus Vversus  Vversus versus versus
5-HT 4 5-HT oy H1 sigma SERT

cortex 0.3 0.5 0.5 17.8 0.15 17

Cimbi-775 (4) hippocampus 0.7 2.9 1.4 - 0.42 70
thalamus 32 25 7.6 193 1.11 38

cortex 0.5 13 7.5 1.05 0.09 18

(+)-4 hippocampus 1.2 7.6 22 - 0.32 74
thalamus 52 64 123 11 0.86 41

cortex 0.5 1.3 0.2 6.0 0.2 18

Cimbi-717 (2) hippocampus 1.2 7.5 0.5 - 0.61 73
thalamus 52 63 3.0 67 1.6 40

cortex 2.3 0.2 0.5 22 0.12 24

Cimbi-772 (3) hippocampus 5 14 1.6 - 0.4 99
thalamus 216 12 9.0 244 11 54

cortex 4.4 0.6 13 6.6 0.1 25
(+)-3 hippocampus 9.7 3.9 4.1 - 0.5 106
thalamus 421 34 23 72 1.2 58

cortex 3.7 0.4 0.2 21.8 0.24 14

Cimbi-712 (1) hippocampus 8.3 2.0 0.6 - 0.85 59
thalamus 359 17.1 3.4 236 2.2 32

Remark: Exemplarily, we would like to calculate oswectivity/By.x ratio for Cimbi-712 in
thalamus for the target (5-H)rand for the off-target (5-HR): The affinity of Cimbi-712 for the 5-
HT- receptor is 4.1 nM and for the 5-khIreceptor, it is 491 nM (Table 1 and Table S3)aBmax
in thalamus is 12 fmol/mg original wet tissue foet5-HT; receptor and 4 fmol/mg original wet

tissue for the 5-Hi, receptor.

fmol
491 nM ) 12 mg et tissue

4.1 nM fmol
mg wet tissue

5-HT7 receptor 5-HT-

= 359.26
5-HT1A

selectivity/Bmax ratio SXD = (

SHIT/SHTIA

4 5-HT1 4 receptor

Thus, theselectivity/Bmax ratio of Cimbi-712 for 5-HT in thalamus is 359-fold relative to the 5-

HT;a receptor. Of course, one should critically revighe selectivity/B,x ratio. The original in



vitro data can vary considerably due to differegtiedmination methods. In addition, it is important
to remember that in vitro binding characteristicaymnot always predict in vivo binding
characteristics. That is, because radioligands hwhre suitable for in vitro quantification may not
necessarily be ideal for in vivo PET imaging. PEAcers have to enter the brain through the blood-
brain barrier (BBB). The tracer can be a subswefflux pumps. Metabolism or pharmacokinetics
could further limit its use [13]. Nonetheless, whaken these pre-considerations into account, the

selectivity/Bnax ratio is a good estimate of the in vivo bindingaagiven compound.

9. In vitro characterization

Cell culture and cAMP accumulation assay

HeLa cells stably expressing the human 5qTeceptor [HeLa h5-Hiay, kindly provided by Dr.
Mark Hamblin] were used to determine activity o tiest compounds in vitro. We have previously
described the pharmacological profile of HelLa h5:gTand recently used these cells to
characterize novel ligands of 5-HT14, 15].Cells were cultured in a standard incubator at 37°C
and 5% C@95% air. Growth medium consisted of DMEM suppletednwith 10% fetal bovine
serum, 2 mM L-glutamine and 250 pg/ml Geneticin &4 Cells were seeded into 96-well plates
(Sarstedt, Helsingborg, Sweden) at a density d@Dcells per well 24 hours before experiments.
About 18 hours prior to treatment, cells were shett to serum-free medium (DMEM
supplemented with 2 mM L-glutamine). All drug satuis were freshly prepared on the day of a
given experiment, either from powder (5-HT, pamggli theophylline) or from 10 mM stocks in
DMSO (test compounds). Serial dilutions of the tmshpounds were prepared in ¢dH The final
concentration of DMSO was 1% (v/v) at the highesthaentration of test compounds, and 1%
DMSO was used as a vehicle control in all experismemo test for agonist activity, cells were
treated with 10 uM of test compounds for 15 minuifies test for antagonist activity, cells were
treated with 1 uM 5-HT for 15 minutes in the absenc presence of increasing concentrations of
test compounds. Untreated cells were used to eédtabhseline concentrations of CAMP in all
experiments. To prevent degradation of 5-HT and €Al wells contained a final concentration
of 5 uM pargyline and 2.5 mM theophylline. After irfinutes of treatment, cells from each well
were harvested and lysed in 100of 0.1 M HCI containing 1% (v/v) Triton X-100. tiracellular
concentrations of CAMP were measured using a kitlic AMP Complete ELISA; Abnova, Taipei

City, Taiwan) according to the manufacturer's undions for acetylated samples.



Determination of antagonist potencies

Results from individual cAMP accumulation assaysemeormalized (CAMP concentration after

treatment with 1 uM 5-HT = 100%) and then pooleddastruct concentration-response curves for
the test compounds. Nonlinear regression and dittireg were carried out in GraphPad Prism 5

(GraphPad, La Jolla, USA) using a four-parameteraggn, with the top plateau fixed at 100%.

Based on the observation of complete antagoniskiTaduced cAMP suppressed to baseline) for
all four test compounds, the bottom plateau wasdfiat the average value of normalized cAMP
observed at the highest test compound concentréti@d M). Inhibitory potencies (g values)

were derived from nonlinear regression and bestdfives were plotted.

Additional notes

All cell culture reagents (DMEM, FBS, L-glutamin€eneticin) were from Life Technologies.

DMSO, 5-HT, pargyline and theophylline were frongi@a-Aldrich.

10. Lipophilicity[16]

Lipophilicites were determined using a Dionex Uit 3000 UHPLC equipped with degasser,
autosampler, column-oven and UV-detector. The ¢luas 50:50 (v/v) 20 mM sodium phosphate-
buffer (pH = 7.4) and MeOH. Injected volumes wef® LiL with a flow rate of 1 mL/min. The
determination was carried out on a Luna C18(@n5L00A (150 mm x 4.6 mm, 5 um) and UV
detection was conducted at 254 nm. The logarithimetention factor of reference compounds
(phenol, acetophenong-cresol, benzene, toluene, chlorobenzene, benzopkemaphthalene,
diphenyl and phenanthrene) and tested compoundscalaslated, and a plot of the reference
values against their known logD values was usedttapolate logD values for tested compounds.
Lipophilicity data are displayed in Table S1.

Lipophilicity discussion: The development of a sessfulin vivo PET probe for neuroreceptor
imaging requires high selectivity for the targdda-brain-barrier (BBB) passage and a low non-
specific binding of the ligand. Especially, thedghilicity of the compound influences the last two
parameters (ideal logA2 = 2-3 [17]). Therefore, we decided to determine lipophilicity of our
final ligands and to compare them to previouslylishled oxindoles which bear no alkyl moiety at

the 3-position [2]. Calculated logld values are displayed in Table 1.



C-3 alkylation increased the loglvalue about a factor of ~ 0.5 per additional carladom.
Respectively, different BBB passage and non-sgebiiding of these alkylated oxindole ligands
could be expected and possibly change imaging piepein regards to PET. However, the
determined values were still in a reasonable rangentinue with their evaluation process. Further,
fluorination of the ethyl moiety reduced the lipdmity slightly and as expected, hydroxyl
derivatives decreased the lipophilicity by a factdrone compared C-3 ethylated compounds.
Finally, N-alkylation increased the lipophilicityrainatically and exclude further use of such
compounds for PET.

At this stage, it is worthwhile to comment on tle¢atively high determined logD values in this
study, keeping in mind that the ideal interval $arall molecules to penetrate the BBB was reported
to be 2-3 [17]However,in our set-up other known CNS-PET ligands (e.g. MIDD907, altanserin
or WAY 100635) show similarly high values. Therefpmwe believe that these compounds may
have similarly good properties for molecular imagin



11. Preparative radio-HPLC chromatogram of £*C]Cimbi-775
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12. Preparative radio-HPLC chromatogram of £*C]Cimbi-772

WV sigea . o o Uvsiga NG
o o T
150,01 precursor ”

§ 100 :

£
€ 5000+ :
< m

0.0

B0 | L) I b N
00 50.0 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 500,0.__

Tima

Camma signal
2000,0-
[*'C]Cimbi-772 N
1500,0~ fﬁ.
§ :
") .
2 1000,0+
g :
{ .:.
0,0~} ) R | | 1““7 L ) :
00 500 1000 1500 2000 250.0 3000 3500 4000 4500 5000 5500 6000:

a

Time



13. Analytical HPLC chromatogram of [*'C]Cimbi-772 and [*'C]Cimbi-775
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14. Determination of radiochemical purity and spedic radioactivity

The radiotracer preparation was visually inspeébtectlarity, and absence of colour and particles.
Chemical and radiochemical purities were assessd¢deosame aliquot by HPLC analysis. Specific
activity (Ag) of the radiotracers were calculated from threesecutive HPLC analyses (average)
and determined by the area of the UV absorbanck gaaesponding to the radiolabeled product
on the HPLC chromatogram and compared to a stamtdave relating mass to UV absorbanke=(
225 um). Column used for'fC]Cimbi-775: Luna 5um C18(2) 100A column (Phenomenex Inc.)
(150 x 4.6 mm (50:50 acetonitrile: 0.01% borax buyffflow rate: 2 mL/min. retention times:
[*'C]Cimbi-775 = 4.580 min). Column used fd*¢]Cimbi-772: Luna 5um C18(2) 100A column
(Phenomenex Inc.) (150 x 4.6 mm (50:50 acetonitfl®1% borax buffer; flow rate: 2 mL/min.
retention times:fC]Cimbi-772 = 6.007 min).

15. Animal procedures

Four female Danish Landrace pigs (mean weight +£,SLB + 2.3 kg) were used for in vivo PET
imaging. Tranquillization, anaesthesia, monitorangd euthanasia of animals were performed as
previously described (ref). All animal proceduresrgvapproved by the Danish Council for Animal
Ethics (journal no. 2012-15-2934-00156).

16. Quantification of PET data

Ninety-minute list-mode PET data were reconstruatéal 38 dynamic frames of increasing length
(6x10, 6x20, 4x30, 9x60, 2x180, 8x300, and 3x6@mBds). Images consisted of 207 planes of 256
x 256 voxels of 1.22 x 1.22 x 1.22 mm. A summedype of all counts in the 90-min scan was
reconstructed for each pig and used for co-registrao a standardized MRI-based atlas of the
Danish Landrace pig brain, similar to that previgysublished[18, 19]. The time activity curves
(TACs) were calculated for the following volumes wofterest (VOIs): cerebellum, cortex,
hippocampus, lateral and medial thalamus, caudatiens, and putamen. Striatum is defined as the
mean radioactivity in caudate nucleus and putarfbe. activity in thalamus is calculated as the
mean radioactivity in the lateral and medial thalamRadioactivity in all VOIs was calculated as
the average of radioactive concentration (Bg/mL}he left and right sides. Outcome measure in
the time-activity curves (TACs) was calculated adioactive concentration in VOI (in kBg/mL)
normalized to the injected dose corrected for ahiweight (in kBqg/kg), yielding standardized

uptake values (g/mL).
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Development of a C-11-Labeled Tetrazine for Rapid Tetrazine-Trans-Cyclooctene Ligation
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Tetrazine-trans-cyclooctene ligations are remarkably fast and
selective reactions even at low micro-molar concentrations.
In bioorthogonal radiochemistry, tools that enable conjugation
of radioactive probes to pre-targeted vectors are of great interest.
Herein, we describe the successful development of the first
"C-labelled tetrazine and its reaction with trans-cyclooctenol.

Bioorthogonal chemical reactions between two exogenous
moieties, without interfering with native biochemical processes
in living beings, may serve as powerful diagnostic applications
in molecular imaging." Potentially, these ligations could permit
in vivo long-term positron emission tomography (PET imaging)
using short-lived isotopes such as fluorine-18 (t ~ 110 min) or
carbon-11 (& ~ 20.4 min), which are routinely applied in non-
invasive clinical PET imaging. The basic principle relies on a
pre-targeting approach enabling repeatable PET imaging of
applied pre-targeting vectors (the in vivo click approach).!
Snapshots at multiple time-points provide long-term imaging
information without applying long-lived nuclides. This strategy
results in a superior image contrast compared to conventional
long-term imaging techniques and the ability to administer
higher radioactive doses.”

Bioorthogonal conjugations, like the Staudinger ligation or
the strain-promoted azide-alkyne cycloaddition,® have found
widespread applications within in vivo click chemistry.”
However, the slow reaction kinetics (k, < 40 M~ * s~ %) necessi-
tated a high dose and a large excess of secondary reagent to
achieve detectable ligation' (see ESIt for further details).
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tetrazine-trans-cyclooctene ligationt

Matthias M. Herth,*?*¢ Valdemar L. Andersen,?*° Szabolcs Lehel,¢ Jacob Madsen,
Gitte M. Knudsen® and Jesper L. Kristensen®

R = any group

Thermodynamic products
(only one isomer shown)

Kinetic products

Scheme 1 Tetrazine-trans-cyclooctene (TTCO) ligation between two asymmetric
synthons.

Recently, Blackman introduced a rapid inverse-electron-demand
Diels-Alder reaction between electron-deficient tetrazines (TTA)
and strained trans-cyclooctene (TCO) derivatives often referred to
as tetrazine-trans-cyclooctene (TTCO) ligation (Scheme 1).

The fast reaction kinetics (k, = 2000 to 22000 M~ ' s7)
and selectivity of this catalyst-free coupling make it an ideal
candidate for effective applications at low concentrations.’?
In addition, this ligation can be performed in water and its
conjugates are stable towards biological nucleophiles.® There-
fore, the TTCO could be applied to quantitative and repetitive
in vivo click PET or single photon emission computed tomo-
graphy (SPECT) imaging. Compared to other imaging methods,
PET and SPECT bear the advantage of high sensitivity (the level
of detection approaches 10> M of the tracer) and isotropism
(i.e. ability to detect organ accumulation accurately regardless
of tissue depth).”

Rossin et al. proved for the first time the potential of the
tetrazine ligation approach on a pre-targeted antibody for
SPECT molecular imaging." PET is beneficial over SPECT,

Chem. Commun., 2013, 49, 3805-3807 | 3805
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because PET results in higher spatial and temporal resolution
and better quantification.” Therefore, Devaraj et al. extended
this TTCO approach to PET by in vivo clicking an '®F-labeled
polymer to a TCO modified antibody.® However, this strategy is
disadvantaged by violating the tracer principle, i.e., that radio-
active compounds’ kinetics reflect physiological processes with-
out interfering with the physiology itself. This requirement is
typically met at concentrations in the nanomolar range. In the
aforementioned approach, pharmacological doses (uM) of the
labeled polymer are used because the precursor cannot be
separated from the final labeled product. As a result, toxicology
and approval concerns might arise. Labeling of a small, well
defined molecule reduces these concerns substantially since
the precursor and the labeled product are easily separated at
nanomolar concentrations. In 2010, Li et al. described the first
synthesis of a small molecule (an '®F-labeled trans-cyclooctene
derivative) for the TTCO.® However, this approach has one
drawback as the '®F-label was attached to the TCO instead of
the TTA.® This requires that the TTA be attached to the pre-
targeting vector. Although several advances have been made
recently, TTA chemistry is still in its infancy.’® Furthermore,
asymmetric TTAs with suitable chemical handles for conjuga-
tion with biomolecules are challenging to create.” However, the
biggest drawback of attaching the TTA-unit to a vector is the
very poor solubility and possible low long-term in vivo stability
of the highly nitrogen rich TTAs. In addition, TTAs are
explosive,'® a cause for concern when handled in micromolar
quantities. In contrast, the strategy to conjugate easy, commer-
cially available and stable trans-cyclooctene derivatives to the
pre-targeting vector and subsequently to image them via a
labeled TTA is very promising and the labeled TTA can then
be applied in nanomolar quantities.

Besides the aforementioned possibility to conduct in vivo
click chemistry using the TTCO, this fast and selective ligation
could also enable traditional labeling of complex molecules
such as proteins, antibodies or nanoparticles. Even small
molecules such as peptides could benefit from an effective
and prompt labeling approach. A broader set of secondary
labeling synthons is still required to address the chemical
diversity of targeting vectors. Today, the largest and most
promising potential to develop novel PET molecular imaging
tracers is innovative radiochemistry.>'" The use of the TTCO
for labelling small molecules is challenging as several isomers
are formed in the reaction, which complicates subsequent
characterisation (Scheme 1). Initially, a mixture of kinetic
products is formed, which then isomerises over time to the
thermodynamically more stable ones.® Thus, complete charac-
terisation of the product mixture is very difficult, if not impos-
sible. Nevertheless, Selvaraj et al. used this tetrazine ligation
approach to label and evaluate successfully a small cyclic RGD
peptide without separating the isomers.'? Likewise, Li et al.
did not separate all possible isomers when analyzing their
'8F-labeled TTCO adduct.’

Herein, we report the development of a rapid TTCO between
a "'C-labeled TTA and a trans-cyclooctenol (TCO). This develop-
ment based carbon-11 was prioritized as it displays some advantages
over fluorine-18 during development research, e.g. the possibility
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Scheme 2 Synthesis and functionalization of the tetrazine matrix: (a) hydrazine
(98%), H,0, 90 °C, 12 h, 31%; (b) DDQ, toluene, 12 h, 50%; (c) p-anisoyl chloride,
pyridine, 130 °C, MW, 5 min, 98%; (d) p-(benzoyloxy)benzoyl chloride, pyridine,
130 °C, MW, 5 min, 92%; (e) Pd/C, ammonium formate, isopropanol, 70 °C, MW,
20 min, 90%,# (f) various conditions (see ESIt for details)

to conduct repeat PET studies in the same subject within hours
or usually under simpler insertion conditions.

Initially, we focused on the introduction of carbon-11 on
aniline 6 and later—since phenols are more easily labeled than
anilines"*—we used a novel developed phenol derivative 9.
The necessary tetrazine matrix was synthesized according to
Blackman (Scheme 2).° Purification processes were optimized
and 6 was isolated. In contrast to the reported procedures,’®
the amino moiety of 6 could not be easily functionalized as the
amido, alkyl or amidosulfonyl derivatives (see ESIf for details),
and all attempts to introduce a “'C-labeled methyl group
directly on the aniline failed (Scheme 2).

Afterwards, phenol 9 and its corresponding reference 7 were
synthesised. The synthesis of the amide derivatives succeeded
with microwave heating, whereas conventional heating of the
corresponding acid chloride with 6 failed (Scheme 2).

With the precursor 9 and its reference 7 in hand, we optimized
the radiolabeling conditions for [**C]7 (log D, 4 = 3.37) (see ESI} for
details). The highest RCY (33 £ 5%, n = 5, EOS) was obtained using
0.3 mg precursor (0.8 pmol) dissolved in 0.3 mL DMF, 0.8 uL
2 N NaOH (2 equiv.) and [""C]Mel at 80 °C for 2 min. [*'C]7 could
be synthesized, separated via semi-preparative HPLC and formu-
lated in a radiochemical purity of >98% (Scheme 3) in a synthesis

a) ‘ X H/\
N‘/N\ N7 N‘,N\ N
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b) 3000
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Scheme 3 '"C-radiolabeling of TTA derivative: (a) radiosynthesis of [''C]7
succeeded in 33% RCY: [''C]CH5l, NaOH (2 equiv.), DMF, 80 °C; (b) analytical HPLC
chromatogram of ['C]7 and its standard 7 (UV at 254 nm: black; radio: grey).
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Scheme 4 (a) Tetrazine ligation of [''C17 (radio: light grey) and trans-cyclooctenol
resulting in the Diels-Alder conjugates [''C]10; (b) LC-MS trace of 10;
(c) radio and UV-HPLC diagram of [''C]10, 10 and ["'C]7 (UV at 254 nm: black;
radio: dark grey).

time of 50-60 min (EOB to EOS) with an average specific activity of
60 GBq pmol ' (range 40-80 GBq pmol ). Thereby, 0.4-0.8 GBq
was typically produced.

Initially, we tested the non-radioactive TTCO of 7 and trans-
cyclooctenol 11 (Scheme 4a). As indicated by an instant colour
change from pink to yellow, the conjugation proceeded imme-
diately in DMSO, DMF, H,0 and phosphate buffer. Only one UV
peak was observed by LC-MS with the expected mass with no
traces of 7 remaining in the mixture (Scheme 4b). The identity
of the product was also confirmed by HRMS. In addition, NMR
showed that the double bond of 11 disappeared suggesting
complete consumption of 11. However, the complex aliphatic
part of the NMR spectrum hints the formation of several
isomers, as outlined in Scheme 1. Therefore, an analytical
method was pursued to try and separate the possible isomers.
Four major isomers could be identified (Luna 5 pm C18(2)
100 A column (Phenomenex Inc.), 150 x 4.6 mm, 50:50
acetonitrile : IP-buffer (5 mM Na-decanesulfonate, 25 mM
phosphate buffer); pH = 2.6 adjusted with H;PO,, flow rate:
2 mL min~") (Scheme 4c). These isomers served as HPLC
standards for determination of the radiolabeled product
[*'CJ10 and were stable in DMSO and H,O for at least 7 days.

Next we turned our attention to the TTCO with [*'C]7
(Scheme 4a). To our delight, [*'C]7 proceeded with 50-500 pM
of 11 to ["'C]J10 at a conversion rate of >98% in EtOH,

This journal is © The Royal Society of Chemistry 2013
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0.1% phosphate buffer or in the HPLC eluent (MeCN: 0.1%
phosphate buffer 1:1). Analysis of the final "'C-TTCO conjugate
was started within 20 s, and again 4 major peaks were observed
(as judged from the radioactive trace). They corresponded to the
UV-trace (Scheme 4c). In addition, the HPLC chromatogram
showed complete consumption of [*'C]7.

In conclusion, we describe here the development of a
" C-labeled tetrazine for rapid tetrazine-trans-cyclooctene ligation.
Labeling of [*'C]7 succeeded in a 33% RCY and the final click
ligation proceeded very rapidly to produce various isomers of
[*'CJ10 within 20 s. The secondary ''C-labeling synthon [*'C]7
is the first described "'C-labeled TTA which could be used as a
click agent for conventional or bioorthogonal labeling of nano-
particles such as polymers or antibodies.
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