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Kurzzusammenfassung

In der Vergangenheit wurden zahlreich®F-markierte aromatische Aminosiuren
Uberwiegendals Radiopharmak fur die Tumordiagnostik mittelsPositronerEmissions
Tomographie entwickelt. Tryptophan erwecld@érzlich gro3e Aufmerksamkeitda einige
Tumorarten im Verdacht stehees in erh6htem MalRe aufzunehmdéiese Aminoséaure
konnte bisher jedoch nur in unbefriedigender Weismarkiert werden. Inder Arbeit hier
wurde daher eine einfaateenukleophiledreistufige Radiosynthese zur Darstellung ves
[*®F]Fluortryptophan entwickelt Hierzu wurde ein entsprechender carbeaktivierter
Markierungsvorlaufer mittels Isotopenaustausch radiofluoriig, aktivierende Carbonyl
gruppe durch reduive Decarbonylierungentfernt undanschlieBenddurch eine saure

Hydrolyseder Schutzgruppein L-4-[*®F]Fluortryptophan tberfiihrt.

Zunéchst wrde der Einfluss der Positi@m des Fluors und der Formylgrupmaf den
Isotopenaustausch an diversen Hudrindolcarbaldehyden getestet, welche mit
verschiedenen Schutzgruppen am Stickstoff geschitzt waren. Weiterhin wiigde
Decarbonylierungsreaktiomit Rh(PPh); an diesen Molekileantersuchund optimiert. Die

besten Ergebnisse zeigte hierbei ddaehzyt4-fluor-1H-indol-5-carbaldehyd.

Basierend aufdiesen Ergebnissenwurden weiterhin Syntheskonzepte entsprechender
Markierungsvorlaufefiir L-6-[*®F]Fluortryptophan und.-4-[*®F]Fluortryptophan entwickelt.
Damit konnten die VerbindungeBenzyl (2S,5Sp-tert-butyl-5-[(1-benzyt4-fluor-5-formyl-
1H-indol-3-yl)methyl]-3-methyt4-oxoimidazolidinel-carboxylatund Benzyl (2S,5SP-tert-
butyl-5-[(1-Boc-4-fluor-5-formyl-1H-indol-3-yl)methyl]-3-methyl4-oxoimidazol-idine-1-
carboxylatin 11-stufigen linearen Synthesen Ausbeute von etwa8 % erhalten werden.

Beide wiesen eine hohe Diastereomerenreinheit vé&% auf.

Wahrend die Radiosynthese vers-['®F]Fluortryptophanaufgrund demicht erfolgreichen
Hydrolyse der Benzylgruppscheiterte konnte L-4-[*®F]Fluortryptophan inder dreistufigen
Synthese, bestehend aus Isotopenaustausch, reduktiver Decarbonylierung mig)Rbh(RPh
Hydrolyse mit HC] in einer Enantiomerenreinheit von 99 % isoliert werden. Nach
Optimierung der Radiosynthese gelang Wielierung des Radiotracemit einer gesanehn
radiochemischen ésbeute von ca. 13 % und einer molatddivitat von >70 MBg/mmolbei
einer Synthesedauer voatwa 115 min. Somit konnte eine effizientere nukleophile
Radiosynthese von-4-[**F]Fluortryptophan entwickelt werderwelches nun praklinisch

evaluiert werden &nn






Abstract

In the past a variety dfF-labeled aromatic amb acids have been developedmarily for
tumor diagnostis with positroremissiontomography. Recently tryptophagot high
attention since evidenceame up that some tumaeghibit anelevated consumptioof it. So

far, this amino acid couldnly be radiofluorinated bynsatisfaatry approachedn the work

here a simpler, 3stepmethodfor a nucleophilic radiosynthesis pf4-[*®F]fluorotryptophan

was developedFor this a carbonyl activated precursor was radiofluorinated by isotopic
exchangefollowed by removal othe activating formyl groupby reductive decarbonylation
and subsequent hydrolysis of the protecting groups under acidic conditions.

First, the influenceof positions of fluorine andf the formyl groupon the isotopic exchange
was examinedn severalfluoro-1H-indolearbaldehydesvhere different protecting groups
were attached tthe indole nitrogenFurther a decarbonylation reaction witRh(PPh); on
those moleculewas carried out and optimizetihe best results regarding radiochemical yield
and chemical stabilitwere obtained with-benzyt4-fluoro-1H-indole-5-carbaldehyd.

Based on theeresultsa conceptfor the synthesis gbrecursos for L-6-[*8F]fluorotryptophan
and L-4-[*®FIfluorotryptophanwas developedHerey the compoundsdnzyl (2S,5Sp-tert
butyl-5-[(1-benzyt4-fluoro-5-formyl-1H71 indoli 3-yl)methyl]i 3T methyl 4i oxoimidazolidine
1-carboxylae and benzyl (2S,59)2i terti butyli 5-[(17 Bodi 4i fluoroi 5i formyl-1Hi indoli 3
yl) methyl}3-methyt4-oxoimidazolidinel-carboxylae were prepared following idtep
linear synthetic pathways with overall yields about8 % and an enantiomeric purity of
> 99 %.

While the radiosynthesis af-6-[*®F]fluorotryptophanwas not successfidue to thefailing
hydrolysis of the benzyl group,-4-[*®F]fluorotryptophanwas preparedy the three step
radiosynthesis consisting of an isotopic exchange, a reductive decarbonylation with
Rh(PPhR)s; and the hydrolysis ofhe protecting groups with HCYielding an enantiomeric
purity of >99 %. After optimization of this procedured-[*®F]fluorotryptophanwas isolated

in a radiochemical yield of ca. 13 % aadnolaractivity of > 70 MBg/mmolwithin about 115
min. Hence a new and more efficient nucleophilic radiosynthesis Lef-[**F]fluoro-

tryptophanwas developed which is now available foeginical evaluation.






Contents

IR [ 1 To [ T £ o U 1
1.1 Principle of positron emission tomography (PET)..........ccoviiiiiiiee e, 2
1.2 Labeling of organic molecules with flUOMAS................eviiiiiiiiiiccece e, 5

1.2.1Electrophilic fluorination 6
1.2.2Nucleophilic fluorination 7
1.2.3Fluorination through secondary groups 11
1.2.4Transition metal catalyzed fluorination 14
IR 1 1 o [0 1= 2SR PUPPPPPR 15
1.3.1Indole chemistry 16
I B N o ][ o T Tl [0 U PUPPRTRT 19
1.4.1a-Amino acid uptake through the cell membrane 20
1.4.2 Organic synthesis afamino acids 22
1.4.3 Tumor imaging with radiolabel@damino acids 24
1.5The SErotONErgiC SYSTEIML.......uuuiiiiiiiiiiiieiieeetiie ettt ettt e e e e e e e emmr e e e e e e e e e e e e e e e e e e e 25
1.5.1Serotonin receptors 28
I G I I8/ 100 ] = U TP PPPPRPN: 29
1.6.1 Tryptophan in tumor imaging 30
1.6.2 Rdiolabeled tryptophan derivatives 31
2 AIMS ANA SCOPE... .. ieeeiiieeeeeeeee et emrr e e e e e e e e e e e e e e e e e anamsaaaeeaaaaaaaees 35
S RESUILS NU DISCUSSION ......eviiiiiiiiiiieeee e e e ettt e e e e e e e e e e e e e e s s e mnne e e e e s e s s s snsenreeeesennnnnes 37

3.1Synthesis of precursors for the radiosynthesislnéizyt *®F]fluoro-1H-indole-

CarDAIIENYAES. ... 37
3.2Radiosynthesis of-fF]fluoro-1H-indole-carbaldehydes..............ccooveeeveeeereenene. 42
3.2.1Isotopic exchange 42
3.2.2 Reductive decarbonylation ebg&nzytHluoro-1H-indole-carbaldehydes 47
3.3 Attempts for the debenzylation ebg&nzytfluoro-1H-indoles................ccceevvrriineenn. 49
3.4Synthesis of precursors for the radiosynthesis @& [t®F]fluorotryptophan............. 51
3.4.1 Precursor for the radiosynthesis via a bupgdsynthesis 51
3.4.2 Precursor for the radiosynthesis via a linear synthetic pathway 59
3.5Radiosynthesis of 6-[“F]fluorotryptophan............cccveveveveveeeeeeeceeee e 67
3.6Synthesis of precursor for the radiosynthesis ef-[{-%F]fluorotryptophan............... 69
3.6.1 Precursor for the radiosynthesis via budsynthesis 69
3.6.2 Precursor for the radiosynthesis via a linear synthetiovagth 76
3.7Radiosynthesis of 44-[ B F]fluOrotryptophan...........ccecveveeeeeeeeeeeeeeeeeeeeeeeeneseeenen 19
3.7.1 Isotopic exchange 79

3.7.2 Reductive Decarbonylation ¢%f]68 83



3.7.3 Hydrolysis of protecting groups 85

3.7.4 Specific activity 87
3.8 Summary of the obtained reSUILS...............uuiiiiiiiieee s 88
4. EXPEIMENTAL. ....eeiiiiiiiiii i 89
4.1 General teChNIQUES........coooii e eeeee e 89
4.1.1 Spectrometric devices 89
4.1.2 Microwave device 89
4.1.3 Preparative chromatography and analytic thin layer chromatography 89
4.1.4 Radioanalytik procedures 89
4.1.5 Reagats and solvents 92
4.2 Synthesis of fluordH-indole-carbaldehyde precursors............cccevvvviiiieenn e, 94
4.3 Synthesis of the precursor fo6tfluorotryptophan by builedup synthesis.............. 100
4.4Synthesis of the precursor of@-fluorotryptophan by linear synthesis................ 105
4.5 Synthesis ohie precursor of 44-fluorotryptophan by buildip synthesis............... 111
4.6 Synthesis of the precursor c#tfluorotryptophan by linear synthesis................ 115
O o = (o [ ToTod 1T 1 41 ] 1 Y P 119
4.7.1 Preparation of tetrabutylammoniutiF]fluoride (TBA®F) 119
4.7.2 General procedure fthre radiosynthesis offienzyt[*®F]fluoro-1H-indoles
([*®F]1-4b) by conventional heating 120
4.7.3 General procedure for the radiosynthesistwérizy}[*®F]fluoro-1H-indoles
([*®F]1-4b) bymicrowave heating 120
4.7.4 General procedure for the radiosynthesis-#f t°F]fluorotryptophan (F]70) by
conventional heating 120
4.7.5 General procedure for the radiosynthesis-#f t°F]fluorotryptophan (tF]70)
under microwave heating 121
5.Summary and OULIOOK............cooiiiiiiiiieeee e 122
I = (=] 1= o 127

YA o] o] (=AV/ L= i Lo ] o [T AT 135



1 Introduction

1. Introduction

In recent years, the field of radiopharmacy and radiochemistry gained an increpsetl im
This was possible through the findings of Rontgen and Becquerel who discovered
radioactivity at the end of thal9" centuryby the observation ok-rays anda-radiation

respectively

First medicinal trials with radiation were made with skin disorders, tuberculosjsilepsy"

A few years after the discovery of radiation it was already fzethe treatment of tumors
with promising results. Irradiation itself was usually carried out by implantation of
radiumbromide capses since this made the removal after treatraast’?

In 1898, the harmful properties of radiation towards microorganisms were found after the
successful treatment dflorbus Lupus by irradiation. Between 1918 and 1930 radioactivity
attainedan enomous popularity. At this time it was believed that radiation has rejuvenating
and curing effects. Therefqra variety of radium containing products such as water or

chocolateverecommercially available to everyoffé.

Thefirst application of radiactivity as a tracebegan with de Hevesgnd Panethvho used
radioactive nuclides for isotopic exchange reactions, diffusion studies anfirsisa life

sciences for the determinatiohthe uptakef lead in different types of planf$

They areusually called the inventsio f t h ec oint o é&pst@ncept is based on srhal
amounts of a radiolabeled substance whidhes used as fimass substitute By gpplication

into an organismthe pathway and distribution tiiis substance came measured due to the
low threshold of radioactivity. The very low amounts of tracer, #éinatused for this purpose

do normally nd have anyimpact on physiology and can be neglected in most cases. De
Hevesy was awarded with tidobel prize in chemistry in 1933 for thapplication ofthis

principlein vivo.

The requirement fol widespread ggication of this principle was theéevelopmentof
artificial radioactivity. This was done in 1929 by Lawrence who built the first cyclotron at the
University of California, Berkeley. The development of this new technique was delayed

through the Second WidrWar, especially in Germany.

However, the evolution of radiopharmacy as an independent research field began after the
world war. The first radionuclides for medicinal applicatomere @velopedn 1945 at Oak

Ridge (Tennessee) and the first radiophaemtical products such as N4 were available in
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1955. In the middle of the 70s tHgection on Nuclear Pharmaoyas founded by the
American Pharmaceutical Associatith Since then, uncountable developments have been
achievedin this field andtheir number isstill growing. Nowadays radiotracersare mainly
used for diagnosis and therapy in nuclear medicine, batf@isa broad variety of research

purposes.

1.1 Principle of positron emissiontomography (PET)

Positron Emission Tomograph¢PET) is an analytical imaging technologjyn nuclear
medicineusinglabeledcompounds as molecular probes to measure biochemical processes
vivo*! It is mainly appliedfor diagnosis in nuclear medicitert also foresearch purposés

the fields of oncology” ™ neurologf ™M cardiology?*314 and psychiatry*®.
Other imaging techniques such raagneticresonancemaging (MRI), x-rays or ultrasound,
that are commonly used for anatomical or structural ingagjive limited or noinformation

on biochemicabnd molecular processes. Therefdhese imaging techniques are limited to
the in vivo measurement of diseases associated with struatbhealgeswhereas PETand
SPECT (single photon emission tomograplayjechnique related to PET but relying on the
detection of a single photoare greatoptiors for the in vivo measurement aihalfunctions

related tametabolic events.

PET is based on the simultaneous detection of two 511 edfons resulting fronthe vice

versa annihilation of a positron and an electroRositron emitters are unstable isotopes
bearing an excess of protons in their nucleus. The nucleus of a positron emitter stabilizes by
emission of a positrorb{) and a neutrino§chemel) which is formally the conversion of a
proton into a neutranThe emitted positrothermalizes irough collisionswith other atoms

and molecules in its surrounding

8 o 9 r O

Schemel Decayof a radionucliddy positron emission.

After thermalizationa para-positronium, a hydrogen like particnsistingof an electron
and a positron is formei its singulet state (S = OJhe positron and the electron are anti

particles that evengally annihilate and emit two 511 kedrays (annihilatiorradiatior) in an
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angel of almost 180°. Compared to the ainly occurring para-positronium theortho-
positroniumwith parallel spingS = 1) is relatively rar€® | n ¢ o nt r *garticlesthe t h e
e mi t ‘fradiation 3s body penetrating and can be detected by special szintillation crystals
outside the bodyCommon materialfor those detectors ategh density crystalwith a good

ability to absorb the emittegtradiation such abismutgermanate (BG®Y)! and C&" doped
lutetium-yttrium-oxide-ortho-oxosilicate (LSOY®.. If two o-photons with an energyof

511 keV are detected imwo detectors wittan 180° anglavithin a certain time windovof
generallyless than temaro sconds the signal is registered as val{dee Figure 1). The
position of the annihilation can then assignedilong the connecting line in between the two
events. This is a major advantage of PET over SPECT because the no@geokigther
occurring events is diminished. The high spatial resolution of PET results from the fact that it
is only dependent on the distance travelled by the positron and defined by the kinetic energy
of this particle, which usually reaches from hundretikeV up to a few MeV anasultsin a

travelling distance of up to a few millimeters in human ti¢sle.

S

decay by
positron
emission

1 photon

L ion
annihilation detectio

Figure 1 Schematic representation of the principie PET showing positron decay and
s-annihilation which produces twmphotonsof 511 keV?*"!

In order to obtairreconstructed imagdbat arelinealy correlatedto the measuredactivity

several corrections need be done to avoid uncertainties caused by scattering, attenuation
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and the dead time of the detectors. For this purpose usually a transmission measurement is
done before the radiotracer is inject@diis is generallyaccomplishedy use ofthe positron
emitter ®®Ga Thereby one of the annihilation photons is used for the transmission information
and the other one is needed to define the line of respdhseapplication of this procedure
allows the quantification of the radiotivity measured in the tissue iwvh is the greatest
advantage of PE®Y In order to gain quantitative medical relevant information from the
guantitative measurement of tdestribution of the radiactivity in thebody, theradioactivity

is measuredwhich represents the distribution of the radiotracerivo. These data are then
combined with a suitable bimathematical compartment model that dessritthe
pharmacokinetic behavior of the radiopharmaceuticéthe human body and thereby delivers
quantitative information about the process under sfitlin a typicalPET study a positron
labeled probe is injected, and PET scans provide measures of the tissugrabocest the
probe and its metabolitesver time. These data are combined with a measmeof the
plasma probe concentration over the course of time thnd, represening its delivery to
tissue The obtained data aresubsequentlyprocessed withthe help of a suitable
compartmental modednd differential equations which descrile the transport and reaction
processes the probe undergddsus,an image of the physiological process of interest can be
created. With the help of this image further analysis and rating of this prbeessne
possibe® Since PET probes are usuadigiministered in the concentration ranges of pioo
femtomoles it is unlikely they havepharmacodynamimfluence on the biological process

they are involved in.

Someof the commonly usedhort livedradioisotopes for PE@re idential with those found

in biologically active substancesienceit is possible to label these molecules without
changing theiroriginal compositon or structure. lewidelyus ed so <cal l ed #Aor
isotopesincluding their haHife, production route and decay prodace Iistedin Table1.2

The isotopes shown imable 1 all have relatively short halives which leads to one of the

main challengesof radiochemists because the labeled probe needs to be synthesized,
purified, analyzed, and formulated withintime scale of roughlywo or three haHlives.*®
Therefore the development of rapid synthetic strategies for the production sé tadio-

labeled products is of high interé&\.

Nowadays PET measurements are usually combined with anatomical measurements by a CT
(computed tomographypr MRI. Hereby both techniques are normally combined and
integrated into one devic&his allows matching of the functional data obtained by PET with

the anatomical data recorded by CT or MRI and thereby supports diagnosis.
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Tablel Commonly used shotfived radionuclides in PEWith their haltlifes, nuclear
readions, targeand decay products’

_ . . Nuclear Target Decay
Radionuclide Ty, [min] , . Product
reaction material product
. N, (+Oy) [CICO,
116 20.4 14N(p,L911C g
N2 (+Hy) ["'CICH,
5 H20 [**NJNOXx
N 9.97 o(pO™N B
H,O + EtOH [**N]NH;
0 2.04 UN@n®o N+ 0O, [*°0]0;, 15N
“Ne(dD™F Ne (+R) [*FIF,
F 110 ®o

180 (p’ n)18F H2[18O]O [18F] E

1.2 Labeling of organic molecule with fluorine-18

Fluorine 18 is the most widely used radionuclide for routine diagnosiBEi. It was first
produced in 1936” and found its way into medical application during a few ye#te
intensiveuse of fluorinel8 can be dedicated to its almost perfect nuclear properties. It also
can be produced in high yieldsvemn on low energy cyclotrons whichuaranteesits
availability quite easily. The relatively long halife of 109.7 min allows shipping of the
desired products within a few hours to medical institutes that do not have a cyclotron on site.
The low maximunkinetic energyof the positron emitted during the nuclear decay of 635 keV
(mean energy of 250 keV) results in a maximum range in waAofim (mean range of D.
mm).?*! Thus, he low b*-energiesenablehigh resolution PET images amdlatively low

radiation doses to the patients.

Most of the established labeling methods with fluori8e follow general fluorination
conceptsapplied in organic chemistry like electrophilic or nucleophsiubstitution But the
short halflife and the sulmanomolaramountof fluorine-18 used under neoarrieradded
(n.c.a.) conditionscause difficulties in some reactions like the B&thiemann reaction.
Therefore radiofluorination reactions do often rem special methods andsynthesis

techniques thahake use ohonstandard leaving groups and reactionuget
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1.2.1 Electrophilic fluorination

For electrophilic’®F-fluorination, [*®F]F, is essential which isowadays generally produced
by the **O(p,n)*®F nwclear reactioron a'?O-gas target. After irradiation small amount of

carrier K is added to the target to remove theduced radioactivity® The necessary

addition of carrier and the fact that every molecule&]F. carries only one radioactive
atom result in a maximum radiochemical yi@fi50 % and a low specific activity. Hence
radiotracers produced by electrophitadiofluorination are limited t@pplications where a
high speific activity is not requird e.g."®F-labeled amino acids ot%F]fluorosugars.

Another majordrawback of the electrophili®F-fluorination is the high reactivity of-{F]F,
which resultsin a low selectivity a broad variety of undesired side produatsl a needof
extensive purification In order to increase the regioselectivity in arenes, demetallation

procedures were use¢Scheme 2) with [**F]F, and [°FJCHsCOOF as fluorination

agentd®®! [¢7]

18
M(CH3);  [**F]CH,COOF F

[lBF]F2
——
CFCl, -78
X X

Scheme2 Regioselectivé®F-labeling via electrophilic demetallation reactions
(M = Sn, Ge, Si; X = OCK CH;, H, F, CR, NO,).*?

Experiments performed oa series ofpara-substitutedtrimethylaryltin, -germanium,-and

silicon compounds gave the corresponditf§]fluoroarenes in ljh regioselectivity showing
a decrease in the radiochemical yield in the order Sn > Geirxl8ding rings containig

electron withdrawing group©nly marginaldifferences could be observed betweelfH]F,

andthe somewhat less reacti@;COQ *éF]F 24!

Attempts weralsomadein orderto increase the specific activity off]F, and to reduce the
amount of carrier neededBesides electro@mical attempts for this reasth
methy[*®F]fluoride was prepared bpo-carrieradded f.c.a) nucleophilic substitution of
CHsl with n.c.a. {®F]fluoride followed by an electric gaseous discha¢§eheme3). This

method allows the production dffF]F, with specific activities of up to 30 GBghol, but has
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a major drawback on the radiochemical yiekrther the specific activity is still not high

enough fore.g. labeling ofeceptodigands >

[K2.2.2]"F s 20 - 30 KV 18
CHyl ————— CHy F ——— [ FIF,
MeCN 140 nmol

Scheme3 Elemental‘®F]fluorine generated by electric dischawfeCHs[*%F]F.1*"!

1.2.2 Nucleophilic fluorination

The most important method fdabeling of organic molecules with fluorisie8 is the
nucleophiic substitution with n.c.g®F]fluoride easilyavailablewith both, high activity and
high specific activity via thé®O(p,n)*®F nuclear reactioon H[*?0]O enrichedtarges. The
[*®F]fluoride is receivedfrom the target imaqueoussolution and due tohigh hydration,is
poorly reactive. Further treatment of {18 ]fluoride containing solution is necessary prior to
any use in nucleophilic radiosynthesdlthough amply describéd*Y it should be briefly
summarized hereThe first step hereinsiusually the separation §°F]fluoride from the
expensive’®0-enriched water. This generally takalaceby adsorption of**F]fluoride on an
ion exchange resin, enabling the recovery of'ffieenriched water, followed by the elution
of the F8F]fluoride with a small amount of an aqueous solution of a weak{55&8 The

remaining water is removed bgpeatechizeotropic distillation with MeCI§

Alternatively, [*®F]fluoride can be separated by use of an electrochemical cell. This method
does not require thermal drying. After adsorption the electrode is rinsed with aganic
solvent to remove the remaining water. Afterwards tfgfluoride is released into an aprotic

polar solvenbf choiceby inversion of the voltage in the calhd eluted®”

Because of the strong hydian of fluoride in waterlabeing has tatake place under aprotic
conditions. Thereforeroutine labelingvia nuckophlic substution is usually performed in
dipolar aprotic slvents such as DMSQ@limethylsulfoxide) DMF (N,N-dimethylformamide)

or MeCN (acetonitrile) using alkali salts with softations resulting in weak and easy to
separate I on pairs and Anakedo fluoride
activation can be achieved by the use of phase transfer catalysts (PTC) like
tetraalkylammonium  carbonat&™® or aminopolgther like the mainly used

Kryptofix®2.2.2 in combination with alkalcarbonates or oxalat€8:PB8 This is the
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generallyfavored system in most n.c.a. radiofluorination reactigdso wall loss of the
[*®F]fluoride plays a minor roléf the solubility product of the cryptate complex is not
exceedet® However there are a few cases where tetrabutylammonium carbonate shows

advantages over the Kryptofisystent>03!

Since direct aliphati¢®-fluorinations are generallyperformed in dipolar aprotic solvents,
they proceed according tan S2-mechanism. Good leaving groups such as mesylates,
triflates orothersufonic esters are requirddr high radiochemical yieldsThe yields are also

increasing from tetiary to primarycarbon position.

For aromatic nucleophilic radiofluorinatiq®yAr) the aromatic ring needs to be activated by
an electron withdrawing group like an aldehyde, ketone or nitritgtho or para positionto

the leaving groupCommonly usedeaving groups for this type of reaction afe -NO, or
-N(CHs)3". In general aromatinucleophilicsubstitution reactions require higher temperatures
than aliphatic oes Hence solvents with higher boiling points such as DMF or DMSO are
preferredhere The application of those labeling methods has been reviewed in detail by
Ermert and Coenéff”

Further the requirement of electron withdrawing groups limits thepecd direct aromatic
fluorination Detailed information about this can Beund in a review byCoenenand
Ermert!*? For the fluorination of an electraith arene it igjenerallyessential to generate an
electrophilic center Diaryliodonium salts offera promising possibility for this type of
reaction. It is well known thathey react with a wide range of nucleophiles giving the
corresponding arenes anutdoarene&? The distribution of the resulting products after the
nucleophilic attack is strongly dependent on the electronic and steric character of each arene
ring (Schemed). The reaction itself ppceedsalsovia a SAr-mechanism and in asymmetric
diaryliodonium salts the more electron deficient ring ok course preferred for the

nucleophilic attaclof the F°F]fluoride.

>
18 18,
+ .
@/I\Q n.c.a. ¥ ]fluoride @ ©
= | + |
= X
R " K 2.2.2 R/ \R|

Scheme4 Generabprinciple of*®F-labeling via diaryliodonium salts (X = Cl, Br, TsO, GlO
CRSO; R, or RO® 3 CH,00&1 , Br, |, NO
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Also symmetrical iodonium salts have been prepared in ordeaveid *®F-labeled side

productsoriginating from*®F-fluorination of the undesired arene rifg 44!

Due to their chemical properties the use of iodonium salts was limited ntairdynall
molecules or synthons in the pafecently, ayliodonium ylides were found to be a
promising alternative for direch.c.a. radiofluorination of complexgven electron rich
[*®F]fluoroarenes An example for thisis the radiofluorination othe NET (norepinephrine
transporter)and SERT (serotonin transporter)igands 3- and 4-fluorophenoxy)phenyl
methyl)piperidine(3- and 4 FPPMP)via the corresponding iodonium ylides giving the
transportetigands inaRCY of up to 45 % $chemeb).

o%
o:g_<o
VAR
O )
Boc—N » Boc—N

Y

Kryptofix 2.2.2, K,CO,

18
> HN

DCM

A-[**FIFPPMP

Scheme5 Radiosynthesis of 2{F]JFPPMP via the corresponding iodonium ylitfé.

However, when the radiosynthesis of*#F]FPPMP was carried quglso the positional
isomer 3[**F]FPPMP was always detectedth about 10 % RCYThis behavior was also
observed with the small molecules-méthoxypheny(5-[2,2-dimethyl1,3-dioxane4,6-
dione])ylide and 4benzyloxyphenyliodoniur{5-[2,2-dimethy}t1,3-dioxane4,6-dione])ylide

indicating rearrangement reactions during substitdtfbn

As the incorporation of fluorinr@8 by nucleophilic substitutiomto an organic compoursat a
carbon atoms usually carried out under rather harsh conditiltkes high temperature and
basic conditions, the labelling of complex biomoleciéeg. peptides or proteinis) often not
possible due to their limited stability in this process. Recently, the high affinity of fluorine to
silicone was used in order to aceplish *®F-fluorination under very mild conditions. With

this principle basically two approaches were made for the introduction of flubBinEhe



Introduction 10

preparation of a synthon by asotopic*®F-for-1°F exchandg@” that isonly applicable when

high specific activities are not required, and a method whersiliceneis directy attathed

to the desired molecule. In the second case the leaving group on the silicone is usually an
alkoxy, hydroxy or hydride grouf?*® Examples for the application of these methods are

shownin Schemeb.

o) o)
OAN,O\/”\N/peptide ¥r K222 /@AN,O\)J\N/pePtide
| |
H H

tBu, —> By
19__Si 18__Si
F “tBu F tBu
H H
N 18 N
“peptide F K222 “peptide
—_—
tBu . o tBu, _ o
HO’S\I 18F/S\I
tBu tBu
N ¥F, K2.2.2 N
—R — —R'
R\ ) | / R‘ . | /
H/S\I 18F/S\I
R R

Scheme6 Examples for the radiofluorination of silicone precursors with flueti@doy

isotopic*®F-for-'*F exchange'®F-for-OH substitution andfF-for-H-substitution.

Another*®F-fluorination method for the radiolabeling of arenes that was recently introduced

is based on boronic esters. One of the major advantages of this procedure is that the arenes do
not require previous activabn by an electron whdrawing group which is eestial when
radio-fluorination is carried out under standar@A® conditions. Hereina direct copper(l})
mediated fluorination of aromatic boronic esters with n.c.a. {%F]fluoride has been
accomplished using a wonercially available copper(Hatalyst(Scheme7). The boronic

esters herein are usually prepared by a transition metal catalyzed boron for halogen exchange

Using this procedure a broad variety of snaaktneshas been labeled in moderate to good

RCy b9
I 18
©/B\o [Cu(OTh,(py),] @F
:
["*FIKF / K,y

DMF, 110 Ac, 20

Scheme? Aromatic Cu(llymediated®F-fluorination of pinacolderived boronic estersith
n.c.a. {°Ffluoride ™
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An interesting method that has emerged in recent years is theuadiwdtion of peptides by
the chelation of AfF. The best RCY anéh vivo stability were obtained when pentadentate
ligands were applied leaving one binding siteabfminumfree for the coordination with
[*®F]fluoride. For this reasqgra good ligand isl,4,7triazacyclononand,4, “triacetic acid
(NOTA), where one of the carboxylic acids is already linked to the peptide of intyetste
application of this labeling techniq@eRCY of up to 97 % and specifactivitiesof up to 115
GBg/iumol were obtaiad within a very short reaction time of about 115 min. Since then this
method has beensed for the radiofluorination of several proteins and peptiegsecially
RGD peptide$™

1.2.3 Fluorination t hrough secondary groups

Radiofluorinaton is not alwag possibleby a direct onetep labelling proceduravith
[*®F]fluoride. This isespeciallytrue when electron rich arenes armdacromolecules such as
peptidesor proteinsare subject to labelind hereforeaternativeprocedurs arerequired that

allow nudeophilic radiofluorination of those molecules.

This goal can beachievedusing a secondary group that can be directly labeled through

nucleophilic substitution with.c.a.[*®F]fluoride followed by couplingo the target molecule.

CH,OH

X
| N @R
p NaBH, Rh(PPh),Cl
F

SOBr,
H,0, / H'
SiH,l, 272
CH,X / \ o
_R AN
| —R
Pz
18F

Scheme8 Possibilities of conversion of%F]flucrobenzaldehydes @axamples ofrersatile
synthond>?

Aromatic, so calledradiofluorinatedsynthons are often derived from & 4[*®F]fluorobenz

aldehydes that are easilgc@ssibleby direct labeling with n.c.a{F]fluoride. The activating
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aldehyde in those molecules can be converted to versatile functional ,grewgps
benzylhydroxides ori halides by reductive reactions. It is also possible to remove the
aldehyde functio completely by reductive decarbonylation. Conversion to phenols can be
accomplished by th8aeyerVilliger Oxidation. Some importanaromatic synthonslerived

from [*®F]fluorobenzaldehydeare shown irSchemes. More detailed infrmation on this can

be found in the review by Ermert and CoeR&H0ll=0l=0li30]

Other important procedures for the introduction ‘8FFluoride are theé'®F-fluoroalkylation,

the ®F-fluoroacylaton and the®F-fluoroamidation (Scheme9).P3H345% applications forthe
prosthetic groupsshown in Scheme9 are widespread and reach froradiolabeling of
macromolecules and peptides'#-fluorination ofsmall molecules such as neurotransmitters

or hormones. By far the most important of these procedures is the fluoroalkylation which was
used extensivelynithe recent years to radiofluorinate molecules tijkesine,L.-DOPA orL-
5-hydroxytryptophan. The *®F-fluoroalkylation synthons areusually prepared by *®F-
fluorination of symmetrically 1ssubstituted precursorghe most commonly used of those
8c_fluoroalkylation agents is probably®F]fluoroethyltosylate which has beeppliedto a

saies of radiolabeled compoun@& k758l

¥Ffluoride 7-
X/@/Y [TF] 18F/\<%Y R-Z-H lSF/\{é%fZR
O

Y
Y

n n n

F

X LF]fluori 18
[““Flfluoride R-Z-H
)WOR NOR NZR
o o)

O

Y

Y

Y
Y

H
o )y .
g T e, RTIOR (N -
n n

n

Schemed Prosthetic groups fdfF-fluoroalkylation,'®F-fluoroacylation and®F-fluoro-
amidation (X, Y = Br, I, OTs, OTf; Z = N, O, S; R = alkyl, 834!

A further important secondary group that is mainly used for protein or peptide labeling is
N-succinimidyt4-[*®F]fluorobenzoate {fF]SFB) This versatile compound can be prehin
a three step linear radiosynthesis in less than 60 min. The starting matesiayligl-

(trimethylammonium triflate)benzoatdat is radiofluorinated in the first step followed by
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hydrolysis of the ester and subsequent coupling WMitk,N N &etranethylO-(N-succint
midyl)uronium hexafluorophospha(elSTU) giving a RCY of about 44 9% The synthesis
is shown inrSchemelO.

¥ K2.2.2 N(Pr),OH

CO,Et CO,Et
—>
\ . 90 Ac. c, 18 @/ Ac,
N

N\
o)
210
-+
CO, 'N(Pr), HSTU o
—_— \é)
18 90 Ac, 5%i

SchemelO Syntheticroutefor the preparation of{F]SFBin a three step linear pathway
less than 60 mif”

The radiosynthesis of'§]SFB was later optimized using a microwave assisted setup.
Thereby the synthesis time could be reduced to 20white increasing theRCY to about
61 %% Labeling with [°F]SFB is usually done at amine functions of amino acids and

proteins.

o O
TsO [K2.2.2]"%F 18F N3/\/U\peptide n=N. ﬂ
\\ e \\ > — N peptide
n MeCN “n Cu, Na-ascorbate 18

DIEA n

(o}

0]
18 i
rofy,, M mp ee
N3 — N3 | > N peptide
n MeCN n Cu, Na-ascorbate ;g /\)W
F

DIEA

Schemell The two alternative onsets for Huisgen’s-difolar cycloaddition for
preparatiorof [*®F]fluoropeptides®?!

An additionalconcept that has become popular in the past few yearsf&tfieorination via
Alci ¢ k ¢ hMostidten a Huisgen 1,dipolarcycloadditionof an alkyne and an azide
is usedfor this purpos€Schemell). The reactiororiginally requirel the addition of Cliand
proceeds under mild conditions in aqueous solutiorthe past the addition of Cwas a
problem when the radiotracer should leed forin vivo applications but in recent years

several optimizations for this type of reaction were made, that allow radiofluorination by this
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method without the addition of CuSome examples for this can béound in the
literature®®®? Further advantage are that generally there is no need farotection of
functional groups and that the reaction is usually done within 30 min giving higHREY.

1.2.4 Transition metal catalyzedfluorination

In recent years methods relying on transition metal catalyzed meclsar@sme into focus of
radiochemists. Since ¢n a variety of approacheasbeen made in this directicd@neof the

first approaches in this dirésh wasmade byLee et af®®

who developed #d-catalyzd
electrophilic late stag€F-fluorination method starting from n.c.a%f]fluoride (seeScheme
12). The major drawback of this method is the preparation of the palladium complex which is

hard to facilitate andequires extremely anhydrous conditions.

0 o
\ ey //@

@N/B\ \_7 @N/B\N \_7

Schemel2 Electrophilicradidluorination of palladium aryl complexes to afford aryl
fluorides. Top: With the electrophilic fluorination reagert EDA.
Bottom: With thePd(IV) fluoride complexmade fron{*®F]fluoride [**

An improved modification of this methodwas developed relyingn a Nimediated®F-
fluorination with less sensitiveomplexes anda higher RCY (seeSchemel3). The
fluorination is accomplished by combination of@responding Ncomplex with an oxidant

and aqueous'{F]fluoride. This method avoids some of the lations inherent to the
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palladium chemistryshown in Scheme 12, especially the possibility of a onstep
radiosynthesisFurthemorg the Nicomplex is much more stable. The drawback of this
procedure is the req@ment of a special oxidant that is very sensitiveumidity and needs

to be prepared and handled under extremely anhydrous conditiglose-boxes®®

(0]
S
\S 18

= N/ \\o NO, F

l 18
| \N—Ni—N/ \> oxidant
— MeCN, 1 min

=

Ph

Ph

Schemel3 Ni-mediatechucleophilic n.c.a'F-fluorinationof simple aromatic
compound€®®

Recently a method was developed whiottescribesa late stage benzylic *8F-for-H

fluorination with n.c.a. [*®F]fluoride based on Mn(salerfomplexes(see Scheme1l4). It

provedsuitablefor alarge series of small arenes suclih@spharmaceuticdbuprofen(®”!

Mn(salen)OTs (10 %)
COOMe phio (1eq.) COOMe

n.c.a‘’F

Py
Y

solvent, 10 min

H 18

Schemel4 Benzylic'®F-for-H fluorination with n.c.aF]fluoride.®”!

1.3 Indoles

The indole motives one of the most frequently occurringterocydic moietes in natural
productd®® It is, for example part of the essential amino adietryptophan, its metabolite
skatol, the plant growth factor-i@dolylacetic acid (heteroauxirgnd the neurotransmitter
serotonid®® There is also a broad vanebf plant alkaloids that contain indole.g.
strychnine and ellipticin. Many of those plant alkaloids are highly toxic but may have

properties that are highly valuable for special medicpalicationd’® Indole was first found
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by Baeyer and Kaop while studying the structure and properties ofjod™ In 1869 Baeyer

and Emmerlingoroposed the structurkat is still generally acceptéBigure2).[’?

3
5
\
12
6 N
7 H

Figure 2 Chemical structure of indole withPAC numbering.

1.3.1 Indole chemistry

Due tothe arising interest in indoles and indole chemistry, many attempts have been made to
synthesize indoles anddvativesthereof The first organic ythesis of indole was achieved
by Baeyeret al. whooxidized indigo to isatin, reduced isatin to dioxindole and oxindole with

zinc dust and further reducede formedoxindole and dioxindoleto indole by passingfs

o

vapor overhot zincoxide (Schemels).

H
oxindole
Red. \
—o —» —_—
OH N
H
. - . - _O .
indigo isatin N ir
H
dioxindole

Schemel5 Synthesis of indole performed by Baeyt al’?

Until now a variety of methods has been described for the syntbieiie indole moiety

usually classified byhe name of their invento{Schemel6).
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Schemel6 Selection of pathways for tleynthesiof indoles.

Furstner
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The most popular hereirs probably the Fischer indolgrghesis which uses arylhydrazines
and ketonesHere, wo new bonds, the iINC” and the & C°'™ linkage are formed in the
same step. This is w&glly the case with the BartdReaction in course of which
vinylmagnesium bromide adds nucleophilically to a nitrosoarene, generated in situ from a

nitroarene precursof’’

The LeimgrubeiBatcho gnthesis also starts with a nitroarene but herein a methyl group is
attached irortho position to the nitro groul5?! Due to the availability of anilines they were
also often used for the formation of indoles. Two examples foratt@sthe Berlinerblau
Nordlandel>7eH 78T ang the BischleMohlau®® procedure. By both methods the
aniline is alkylated with a side chain that contains a protected or unprofeotex group
which allows an intramolecular Fried€rafts hydroxylation by an acid catalyst. Further
Furstner et al. demonstrated that @tho and doublyN-acylated anilinealso delivers an

indole when treated Wi McMurry low-valent titaniunt®#2

The chemistry of indoles mtherversatile. Usually indigo is formed when indoles are subject
to mild oxidation conditions such as to hydrogen peroxide or ozone. Reduction of indoles
usually leads to 2;8ihydroindole and is possible under electralytonditions or by catalytic
hydration. 6chemel 7).l

/////' H

[::[i> indigo
=

2,3-d|hydr0|ndole

Schemel7 Reactions ofndole under oxidative and reductive conditions.

Furthemore indde is highly activated in its -position towards electrophilic substitrn
reactionssuch as nitrations or formylations. One popular example for artregédic
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substitution reactiorthat provides formylation in the -Bosition is the VilsmeieHaack

reaction®® which gives high yield$”

In the pastdirect halogenatiowf the carbocyclavasnot feasible. Thisvasusually donevia
build-up synthese such as the Bartoli reaction starting from halogehbémzene derivatives.
In contrast halogenatigninthe 2 or 3-position proceed smoothlfhereby the choice of the
reaction conditions and the substitution pattern of the indole determine whetheothihe
3-position is halogenatéff! This is similar withits alkylation which canalso occur inthe

3-position or at the nitrogen atodepending on the reacticonditions®®

Nowadays halogenatioand electrophilic aromatic substitution @te carbocycle became
possible due to the application of special conditions and reagicttisaghosedescribed by
Schlosser et a{Schemel 8). [*°)

N secBuli, I, I N
F/E>\/I\> Fm

Y

o]
secBuLi, CO
F N F N
TIPS TIPS

Schemel8 Electrophilic iodination of ATIPS-6-fluoroindolewith secBuLi and | as
electrophile(top) andcarboxP/Iation of ATIPS-6-fluoroindole withseecBuLi and
CO; as electrphile (bottom)!®®!

1.4 a-Amino acids

a-Amino acids are important organic compounds #rat biologically actie andnecessary

for a broad variety of biological processespeciallyas building blocks for proteins. Every
amino acid contains, as described by their name, an amino group and a carboxylic acid. The
amino acids involved in biological processes aréJaimino acids. Those amino acitsvea

central carbon atom, thécarbon to which are tiached the amino group, the carboxylic acid

a protonand a residue (Ryvhich is often called side chain (segure 3). Except of glycine

where the side chain is a proton alnino acids are chiraand are thereforeD- or L-

stereoisomers. The form usually found in naturally occurring proteins lisften. 788
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HOOC
R

NH,,
H

Figure 3 General structure of ditL-amino acid.

The 20a-amino acids that areamly occurring inmammalianpr ot ei ns ar e c al

ami no anaaradvidled iressentialand nonessentialamino acids The essentiala-
amino acids cannot be synthesized by thedmu body and mudie delivered byood while

the nonressentialamino acids can be synthesized by the human B3dyarious ways for
classificationof the differenttypes ofa-amino acid have been described in the past and can

be found in the literatur&®!

Some amino acids function nohly for nutrition, asbuilding blocks inprotein synthesiand

cell divisionbut also as metabolic intermediates likeghe biosynthesis of neurotransmitters
such ag.-DOPA or serotoninThe most important of such neurotransmitter amino acids are
the ones taking part in thdopaminergicand serotonergic pathways namely phenylalanine,

tyrosine and tryptophan.

1.41 a-Amino acid uptake through the cell membrane

Generally there are two possibilities toansportof amino acids into cellsThey can get into
cells by diffusion through a concentration gradiemhich, however plays a minor role under
physiological conditionsThe transport minly occurs bycarrier mediated processésat

involve the binding of the substrate to a specific catalytic site on a transporter [§Pbtein.

Various functionally and biochemicallydistinct amino acid transporteystemshave been
discovered and defined on the basis of tlitino acid selectivity and physichemical

properties In most caseshe transport of amino acids into the cytoplasm is an active process

that requires binding of the amino acid to an active site on a complex protein that may contain

several transmembrane regions. It is well known that most of the carrier privtgisport a
specialclass of amino acids.@, neutrals, cationics, aromatics, amino acid amides) rather

than one specific amino acid.

Furthemore many of the wnsporter systemsequire sodiumfor maximal activity and
thereby the catalysis of the amimacid transport is coupled to the sodium ion. The transport
proaess itself is established byhagh extracellular/intracellular sodium gradient (ca. 140 mM

€
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outside, ca. 10 mM inside). The initial step of the transpattiedinding of sodium to the
trangorter. Thereby a conformatidnahange occurs which increasdee affinity of the
extracellularly oriented cotransporter dibe subsequent amino acid bindirfgsodiumamino

acid cotransporter complex is formed and another conformational change nesh#gelease

of the amino acid and the sodium ion into the cytoplasside the cellThe sodium ion is

then transported out of the cell \aa energy requiring NaK* ATPase against its gradient to
maintain the electrochemical potentsadd the sodiumrgdientof the cellwhile the released
amino acid undergoes intracellular metabolism or functions in signal transduction
(Figure4).°1%2

> 9111 i
AL U B oy 7979

sl 48
@3
Transported W:/ﬂf cell Intracellular J \@

via Na+/ K+ ATPase Metabolism

Figure 4 ConcePtuaI scheeof a membrandound sodiurdependent}amino acid
carrier!®

The driving force of this process the sodiumgradient as well as the electrical potential
which promotes the initial binding of the sodium ion withie tarrier and thereby activates

the dhannel.

For the other group of amino acid transportérthe sodium independent systeiinghe
vectorial movement of amino acid transport generally depends on the relatieentrations

of the concerne@dmino acid inside and outsidd# the celland follows the concentration
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gradient®® There are also examples where the transport occurs against the concentration
gradi ent under appropriate conditions. For
properties,system L, which is responsible for the transport of aromatic amino acals,
accumulate amino acids against their gradient by cotraesporting a second amino acid

whose gradient has been established by one or more of the steliemdent systené!

1.4.2 Organic synthesis ofa-amino &acids

In the past many attempts have been mfadehe synthesis oflifferent types ofa-amino
acids.One of the firsmethods was described Byreckel®™ who first synthesizedlanine by
reactingacetaldehyde with potassiuayanide ancammonia followed by the addition of an

excess of hydrochloric at(Schemel9).

o H,N NH;
L+ Kken —— )\\ — OH
H NH,CI A HCI

Schemel9 Synthesis of racemigamino acids via Strecker's appro&th.

The reaction itself is a Mannich type reaction @noved usefufor the synthesis of several
amino acids. The major drawback hereirthiat the produced amino acids are only available

as a racemic mixture.

Another important pathway for the preparation of amino asidise HeltVollhard-Zelinsky
reaction in combinatiowi t h Gabr i el 6 sacabpxylic Acel & breminatetlehit e b y
phosphoroustribromide and elemental bromine followed by a reaction of the resulting

U-bromide with potassium phthalimiéed subsequent hydrolyggcheme20).1°®

o~ PBr;, Br, Br Gabriel synthesis NH,
COOH —» - =
)\COOH COOH

Scheme20 Synthesis of racemic amino acids via the Gabrieirsgis™

As describedwith the Streckemethodit is not possible to get the desired amino acia in

pure enantiomeric formSince the separation of two enantiomeric forms usually results in
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complicated chiral derivatizatiointo diastreomers followed by separatiqgrpceduresre of

great advantagéhat deliver the desired amino acid with high enantiomeric purity.

A general method fothis purposas based on an electrophilic alkylation of optigadctive

derivatives ofglycine. Two reagentare often usetbr thatandare described in detdkelow.

One of such glycine derivativethat allows a stereosetive synthesis of amino acids was
devebped bySchdllkopf ands based on a chiral bislactimether that is derivechfglycire

and D- or L-valine. The two amino acids are condensed and the carbonyl oxygens are
methylated Scheme21).

0._0 O
HOOC\_ cocl, Oi ~ Glycinemethylester HN/Y
~—NH, —_— " NH ——— NH
_:\ (@) ;
N /\
D-valine
O\
Me,O'BF; l\ll/\|(
—> o : N
/:\
Sch°l l kopf auxiliary

Scheme21l Preparation of Schollkopf's auxilialy/!

The Schollkopd auxiliary is converted into ama@no acidby deprotonation and subsequent
reaction wih an alkyl or aryl halide. Deptonation of the auxiliary ressltin a planar
transitionstate(Scheme22) where an attack of the halide is only possible fromstteewhich

is not steically occupied by the isopropyl residuesulting in an amino acid with inverted
stereochemistrgompared to the bislactimett?

.. LR
Li 0]
H N’Sj
~(Sem
O
\

Scheme22 Transitonstateof he al kyl ati on wi®h Schel |l kopfo
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Enantiomeric purities obtained ugirthis procedureare generally X5 %. An improved
methodwas deeloped usingd- or L- tert-leucine instead of the naturally occurrifigm

resultirg in enantiomeric purities of §8 % .°!

Another method relying on a chiral auxiliary is thee developed by Seebach e3IThe
auxiliary herein is based on an imidazolidinone that is prepared in a-stagtisyresis
(Scheme23). The major drawback is that the auxiliary is obtained in racemic éomimeed

to be separated by -@vystallisation with_- madelic acid.

1) CHNH,

X '
2 +
HaN— ) X =N H O N
COOMe \—CONMe EE— N
H

Scheme23 Prepaation of Seebach's reagéfif!

After crystallizationthe free amine needs foe protected with a Becor Z-group. The
stereoselctivity results from thebulky tert-butyl group that preventa nucleophilic attack
from the site of the imidazoldinone that is occupietdy this group Using this method

enantiomeric purities of 98 % ae usually obtained.

1.43 Tumor imaging with radiolabeled a-amino acids

Tumor imagingwith radiolabeled amino acids is based on the elevated uptake of radiotracer
in the malignant tissué®” Amino acids are required by all types of Isefor energy
production, protein synthesis and cell duplicatidalignanttumor cells are&known to be
most often hypermetabolic in glucose metabolismrotein synthesisand amino acid
uptakei’® Furthemore the transportertypes LATL and Al are often overexpressed in
malignant tumor cells as compaed to normal tissug?MO4R0SHI8 | the |iterature
especially analogues of phenylalanine and tyrosireedescribed asseful for the imaging of

tumors related to overexpressiontioé LAT1 transporter proteift®”

Several studies have described the measurement of both protein synthesis rate (PSR) or only
the uptake of amino acids/ the overexpressedansporterd AT and Al It is also indicated
that in some caseadiolabeled amino ats do have an advantage over FDG which is the

standard PET tracer for tumor imaginghis isespeciallytrue whenit comes to applications
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whereimaging withFDG is limited. Examples for thiare area®f tissuewith a high basic
glucose uptake such as theain or if tumors must balifferentiaed from inflammatory
lesions which is due tohigh FDG uptake in macrophages, e.g., after radiothempy

inflammation

In the past it was suggested by several studies that for tumor imagngdte important to
measure the uptake of amino acids rather than the incorporation into psatemsne latter is
slow and does notoccur significantly during the time of the measurememhereforg it is
likely that the fraction of amino acids which is incorporated intotgins doesnot

considerably contribute tie szintigraphic visualization of the tunftifH10oH110!

Subsequently amino acid derivatives tla¢ not subject terotein synthesidbut undergo
internalzation have beendeveloped for the quantification of the amino acid
transporf1®HIULI2IE The most prominent of those amino acid analogues is posifty
[*®F]fluoroethyl)-L-tyrosine whichis widely used for tumodiagnosig**5H% Thefact that
those slowly metabolied radiolabeled amino acids are not releagean the cells into

circulation allows simp@ kinetic modeling for quantification.

Another major advantage of measuring amino acid uptake rather than protein incorporation is
thatit is a fast metabolic process and that therefore tumor imaging can be performed within

20 min post injection.

1.5 The seotonergic system

The serotonergic system plays a central role in the regulation of cognitive, emotional and
neuroendocrine processes and is related to a broad variety of behavioral functions.
Dysfunctions in the signal transduction of the serotonergitesysrethereforerelated to

neuropsychiatric diseases as well as to alterations in emotional and cognitive functions.

The serotonergic system is characterized by its broad allocation in the central nervous
systems. The neurotransmitter serotoniiyBroxytyramine, 5HT) itself shows a variety of
mechanisms of action caused by ihieraction withdifferent receptor types and the resulting
effects. Serotonin can interact with receptors locatedamé postsynaptic, and according to

the subtype of the casponding receptpexcitatory and inhibitory effects are possible. The
main effects of serotonin are the modulation of dopaminergic, cholinergic and GABAergic

neurongd!®
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Serotonin was first discovered as a vasoconstrictor substance in thE'fleod has been
revealel to be of importance in a broad range of physiological processes. It has been shown
that serotonin is involved in the control of smooth sele tone and vascular
functiorf* 1811191120 hemostasis and platelet functiti*?? and tepatitis and liver
regeneratioff?M124H125M126]  Eyrther it was found thait also plays an important role in
mammary gland plasticit}?”, insulin secretiof?®, the development of neurons andegle
regulation. It is also involved in the control of appetite, the gastrointestinal motility, pain

sensation, nociception, mood, stress, maternséxmal behavior and aggressitifi30H3H

The biosynthesis of serotonin starts with the essential amino acid trgptophich is
hydroxylated in5-positionyielding 5-hydroxytryptophan (84TP) by the enzyme tryptophan
hydroxylase (TPH). This hydroxylation is the initial and rate limititep™>? in the synthesis

of serotonin. EHTP is then further decarboxylate(kee Scheme 24) to serotonin
(5-hydroxytaramine, 91T) by aromatic amino acid decarboxylase (AADC). TPH belongs to
the family of aromatic amino acid hydroxylases that also includes tyrosine hydroxylase and
phenylalanine hydroxylase. All of them are iron {ffedependent and have similarities in

structure and mechanighi®!

Tryptophan
TPH2

5-HT

Centraleﬂécts

Maternal \Sleep
care
Thermo-
regulation

Breathing Aot
utonomic

Depression function

Growth
control

Figure 5 Dualit P/ of the 5-HT-system. Functions of peripheral (TPl and central (TP#2)
5-HT.
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In the past the existea of two independent systems eH3 formation has been discovered.
The difference of the systems is the rate limiting enzyme TPH.-TiHesponsible for the
synthesis of 84T in peripheral tissue and is found in the gastrointestinal enterochromaffin
cdls and blood platelets but also in the pineal gland whefd %s further metabolized into
melatonin. TPH2 is only expressed in the brain and mainly located in neurons of the raphe
nucleus in the brainstem. According to their location both -Bipélems hee very different
effects on the human body. While TRHhas mainly peripheral effects, TRPHaffects the

central nervousystemonly (Figure7).

1.5.1 Serotonin receptors

Up to now more than 20 receptors for the neurotransmitter serotonin have been discovered
They are divided into groups fromtdT; to 5HT,. The 5HT; receptor is the only ligard
gated iorchannel and belongs the Cysloop family of ligandgated iorchannelsuch aghe

nicotinic acetylcholine receptorhie GABA receptors, anthe glycinereceptors

Table2 Signaling pathways, location and pharmacology-efsreceptor subtype&™

Receptor Major signaling pathway Neuronal Location Regional localization

Somatic autoreceptor, Raphe nuclei/hippo

5-HT;n ZcAMP ;
postsynaptic campus, cortex

Striatum, nucleus

Terminal autoreceptor,
accumbens, ventral

5-HT,g ZcAMP

postsynaptic tegmental area

5-HT,a  IP3 Postsynaptic Frontal cortex
5-HT,.  IP3 Postsynaptic Frontal cortex
5-HT3 lon channel Postsynaptic Cortex, amygdala

- : Striatum, nucleus
5-HT, ycAMP Postsynaptic accumbens, cortex
5-HTs YcAMP Postsynaptic Hippocampus, cortex
5HT, §CAMP Postsynaptic Suprachiasmatic nucleus,

cortex

The 5HT3 receptors are distributed iboth, the peripheral and the central nervous
system**®M137] The other BHT receptors are of metabopio nature and coupled to-G
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proteins. If a single receptor is of excitatory or inhibitory nature, depends on whether it is a
presynaptic hetermr autoreceptor or a postsynaptic receptor. It also depends on the type of
second messenger activation the ptoecauses. According to the anatomic distribution some

receptors are more important for the interaction between serotonin and cognition than others.

The receptors -5'|T1/_\/1[3/1D, 5—HT2/_\/ZB/2(;, 5—HT3A/3B, 5—HT4A/4B, 5—HT5A/5|3, 5—HT6 and 5HT7
seemto be hghly involved in cognitive processes. They are located in the hippocampus, the
basal ganglia, the amygdala, the frontal cortex and partially in other cortical régfibAs.

overview of 5HT receptor subtypes is givenTable?2.

1.6 Tryptophan

Tryptophan(Trp, W) is one of the essenti@romaticamino aails occurring in the human

body andbelongs to thgroup ofnon-polaramino acidsThe isolation of tryptophan was firs
reported in 1901 byHopkins though the hydrolysis of caseii” The biosynthesis of
tryptophan in plants and microorganisms usually starts from shikimic acid or anthranilate. The
latter condenses wittphosphoiribosylpyrophosphate (PRPP), generating pyrophosphate
(PPi)as a byproduct. After ring openg of the ribosenoiety and followingdecarboxylation,
indole-3-glycerinephospha is produced which ighentransformed into indoleThe last step

is catalyzed by the enzyme tryptophan synthase. This enzyme couples serine to indole and
thereby createsyptophan(Scheme25).1247!

) OH OHQ
PRPP J\H\/
@ @ V} — @
3 P\o
anthranilate o)
O\_
=0
HO Fé)- A
OH _ COOH
A\ Serine A\
—_— | N —_— | —_— |
N N -H,0 N
H H H
indole-3glycerinphosphat indole tryptophan

Scheme25 Biosynthesis of yptophan starting from anthranilate.
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Industial production of tryptophamlso proceedsy the fermentation of indole with serine
under the influencef tryptophan synthasén the last few years tryptoph@ained increased
interest. It came out that some tumors haveghly elevatedrryptophan consumption which
could be of use regardirtgmor imaging with PET or treatméeit! Furthemore tryptophan

is the precursor for serotonin which is involved in a broad variety of neurological gesces
such as depressidit! and migraind"*?. Therefore a *®F-labeled tryptophan analogue might

bea potential radiotracer famaging of the serotonin synthesgisvivo.

1.61 Tryptophan in tumor i maging

Recently the assumptiadame up that fast growing progressive cancers occur bechtlse o
failure of the immune system to maintain control over those tunitesce the ability of
cancers tascape immune response is attracting attention. There is evidence that the immune

escapef those tumors is due to the consumption of tryptophan as a critical fagtor.

It was found by Opitz et df**! that some tumors upregulate the enzyme tryptophan
dioxygenasgTDO) to drive tryptophan consumption. This enzyme converts tryptophan to
kynurerine (Scheme26) whichis known to be a ligand for the aryl hydradoan receptor that

mediates invasive tumor growkit”!

COOH
NH, ™ @WCOOH
A\

H._NH O NH,

N g

H 0]

tryptophan kynurenine

Scheme26 Conversiorof tryptophanto kynurenine

Those facts may be crucial in the explanation of how tumors overcome immune barriers to
cancerprogression It is assumed that the interplay between cancer cells and nearby immune
cells plays an important role inhather the canceis destroyed by the immune system,
persiss in a dormant, slow growing state or progess$ an aggressive and clinically

challenging state. Therefgréammune escape drives the development whdrs towards
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aggressive form$*¥ One such pathway is of emerging interest and involves thgucaption

of tryptophan and thepregulaton of the enzymes TDO, IDO (indoleareir2,3dioxidasé

and IDOZ which are all responsible for the generation of kynurenine thrényghophan
metabolism. The crucial role of IDO in immune tolerance was discovered several years before
it was connected with cancelt. is also by far the bestwgdied tryptophan metabolizing
enzymé?**M4¢l The generation of kynurenine by IDO and TDO inhibits the activation of the
so called T cells through various mechanisms which also affect the activityeofimimune

cells. In patients with cancer the upregulation of IDO is often combined with a poor
prognosig**” Therefore radiolabeled tryptophan might be useful for the imaging of cancers
with upregulated TDO and IDO.

1.6.2 Radiolabeled tryptophan derivatives

In the last 30 gars several tryptophan analogues/e been radiolabeled with the PET
isotopes carbefil or fluorinel8. The motivatiorfor this was to find either an amino acid
tracer that is suitable for tumor imaging or acénathat enables the measurement of serotonin
levels and metabolisnThe first attempto the radiosynthesis of a radiofluorinated tryptophan
analogue ws made in 1972 by Atkins et &f® who developed a method for &nd 6
[*®F]fluorotryptophan based on a Bahzhiemann reaction on diethylformam malonates.
The radiosynthesiheaein is complicated antime-consuming(>220 min) givinga low RCY
between 7 % and 10 %nd a specific activityof max. 12.6uCi/mg. The pathway of this
radiosynthesis is shown Scheme 27.

NHCHO NHCHO
1) NaNQ, HCI
N C(COCoHs)2 2 LiBYF, 18_ -, N C{CO2C2Hs)
H,NT— N —  » B Ry N,—1— N
Z N

/;&O ):o

NHCHO NH,
C(CO,C,H5), , COOH
D 18F N N hydrolysis 18F 2 B\
| |
Z~N Z N
=o "
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Scheme27 Radiosynthesis of-8and 6['®F]fluorotryptophan via a BalSchiemann
reaction*®!

In 1988 Chaly et al. developed a method for the radiosynthesis of BE-*C]methyt
tryptophan(UMTrp) by alkylation with *'CHsl of an anionwhich wasgenerated by reacting
the Schiff base af-tryptophan methylester wittiisopropylamingScheme28).49!

COOH COOH
1) LDA
=CHCH
©j\(< NH, C,HCHO ©\/C< N 65 2) CIMel
_—
N triethylamine
H

CHCgH
HooC  EHCeHs HOOC
NH,
Ha 2N HCl YeH,
- A\
135 AC \

a-[*'C]methyltryptophan

Scheme28 Schematic representationtbreaction sequence used in the synthesis of
U C]methyltrypytophar:*?!

With this radiotracerhe serotonin syntheses rate and the tryptophan uptake from the plasma
were determinedThe three compartmenkinetic model used for the calculation of the
k-values is shown ifFigure 6. One advantage of this method is, tbeiTrp is convertedn

situ into U'methykserotonin,a serotonin tracewvhich was assumed tme distributed into the
same compartments as serotonin itS&lf. The experiments were repeated by Muzik et al.
who confirmed the results!

Extracellular Metabolic
Plasma {«.-.-] space pool
::E:EZ: kT a-Me-L-Trp ok
Ty - a3 .
Ch OBS —1— a-Me-serotonin
R 00 SRS, C K
ferene] 2 E degradation
20C LS L-Trp K
e - 3 .
Cop —4 serotonin
SRk, Ce Cwm degradation
SN and release

BBB
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Figure 6 A schematig representation of a biological model representing the metabolic
pathway ofOMTrp (tracer) andherespective part of tryptophanetabolisnt*>

Later, this was criticized byGharib et al*®@ and Shoaf et 4> who suggested that the
trapping ofU M T lispnly related to tryptophan incorporation into proteins és only an
indication of typtophan uptake to the brain. Further experimentshere specifically one
tryptophan hydroxylase or the protein synthesias blockedrecommend tha) M T rismot
incorporated into proteins buhe uptakeis related to serotonin synthesis since it gets
met ab o | -metrytderotonin>t)

Also in 1988 a methodfor the radiosynthesis of ®F]fluoro-5-hydroxy-tryptophanwas

developed under electrophilic caditions™*>°!

Herein 5hydroxytryptophanwas directly
radiofluorinated  with TF]JF, resulting in  4[*®*F]fluoro-5-hydroxytryptophan and
6-[*®F]fluoro-5-hydroxy-tryptophanin RCY of 9 % and 7 % respectively,and molar
activities of about 235 mCi/mmd@bcheme29). Also a variety of side producta/as formed

that were nofurthercharacterized.

COOH COOH COOH

18,
N N 18 N
H H

H

Scheme29 Radiosynthesis of-Zand 6[*®F]fluoro-5-hydroxytryptopharnwith [*2F]F..

In 2012 Kramer et al. developed the potiah radiotracer §2-[**F]fluoroethoxy)L-

tryptophan (FEHTP) fothe purpose ofumor imaging with PET*® The mdiotracer was
preparedby '®F-fluoroethylation starting fromfF]fluoroethyltosylatein a RCY of about
23 %, a specific activity of 550 GBgumol and a radiochemical purity of > 95. %he

tracer was testeith in vitro studieson PG3, NCFH69 and MDAMB-231 cells andhowed
significantly higher uptake whecompared with the uptake §f*F]JFDOPA Whenin vivo

metabolism studies were doimexenograftmice, mainly the parent f¥F]JFEHTP was foundh

the blood andbrain 60 min after injection whilé'®FJFDOPA could not be detected. Tire

vivo measurements ¢t°FJFDOPA and ¥F]JFEHTP showed similaresults Figure7).

In search of another potential radiotracer based on amino acids, sé&ffetabeled
fluoropropyltryptophan analogs have been synthesized and evaluated. The tryptophan
derivatives investigated were(3-[*®F]fluoropropyl)}DL-tryptophan (f*F]2-FPTRP) and 5
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(3-[*®F]fluoropropyl}DL-tryptophan (f°F]5-FPTRP). Both compounds were obtained in

a RCY 0f29-34 % andaradiochemical purity of > 99 %. These tracers are also substrates for
amino acid transport and enter small cell lung cancer cells-(M0) probably via the LAT
transporter In vivo PET measurements on xenograft mice showed a high ttanor

background ratio coparable to that obtained byfF]FET 7]
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2 Aims and scope

¥c_labeled amino acids are widely used as radiopharmaceutical® foivo molecular
imaging in tunor diagnostiowith PET in nuclear medicindJp to now procedures for the
production of a variety of®F-labeled amino acids such ag'ZF]fluoro-L-phenylalanine, 2
[*®F]fluoro-L-tyrosine and 6['®F]fluoro-L-tyrosine are available. Recently the amino acid
tryptophangot specialinterest sincehere is evidencéhat many tumors have an increased
tryptophan uptake due to overexpression of the enzyme tryptophan dioxygenase (TDO).
Furthemore tryptophan couldpossibly be used in order to determine biochemical
abnormities connected with the serotonergic syss#nce it is the precursor of serotonin.

the past radiofluorinated tryptophan analogues have only been synthesized by electrophilic
fluorination, through secondary groups which alter the original tstreyor in a complex and

time consumindpuild-up synthesisvith low radiochemical yiel&nd specific activity.

Recently for the radiosynthesis of PF]fluoro-L-phenylalanine and-pP°F]fluoro-L-tyrosine
proceduredecame availablevith three step®nly. Thoseconsistof an isotopic*®F-for-°F
exchange followed by the removal of an activating aldehyde group by reductive

decarbonylationand a final step whettbe hydrolysis of the protecting groups wdene

Therefor, the major aim of this work washe developmenof a nucleophilic radiosynthesis
which providesL-[*®F]fluorotryptophan where théluorine-18 is attached directiyto the
carbocycle This should be accomplished by the three step radiosynthetic concept described
above.For this purpose a sthetic pathwaywas tobe developed for the preparation of a
suitable, carbonyl activated precursior orderto realizethe radiosynthesiaccording to the
earlier realized conceptentioned above

In order to determine the optimum posioof the fluorhesubstituentand of the formyl

group in tryptopharfacilitating the isotopic exchangeeveralortho- and para-substituted
fluoro-1H-indolecarbaldehydes should be prepared with different protecting groups on the
indole nitrogerfor comparison

With thoe compoundsthe isotopic exchangevas to be optimized and to test, if the
substitution patterand thetype of protecting group on the indole nitrogeavie an influence
on the RCY the chemical stabilitpf the precursor and the labeled compaundthemore, a
method for adecarbonylationreaction on the fluordH-indolecarbyldehydesad to be

developed and optimized with respect to RCY.
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With the experiences orfluoro-1H-indolecarbaldehydesa route for the synthesief a

carbonyl activated precurs@houtl then be developedhat alloved an enantioselective
radiosynthesis of -[*®F]fluorotryptophan The positios of the fluorine and the activating
carbonyl function herein should be similar to those of the {flitandole-carbyldehyde that

gave the best reks with respect to RCY and chemical stability.

Subsequentlythe radisynthesis ofL-[**F]fluorotryptophan should beealized and each
reaction step beptimizedon its own. Furthenore the whole synthesis should be optimized
with respect to total timef@ynthesis and enantiomeric purdfthe final productn order to
provide a new radiotracer for preclinical evaluation of itsfulsess formolecular imaging

applicationwith PET.
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3 Resuls and Discussion

3.1 Synthesis ofprecursors for the radiosynthesisof 1-benzyH[**F]fluoro-1H-

indole-carbaldehydes

In recent years the indole moiety has become an important motive in radiopharmacy. Labeling
of those compoundwith nucleophilic fluorinel8 has only been performed by secondary
groups or complex buildip synthess. Since no literature data exists for the labeling of
indoles in the carbocycle, it was attempted to achieve this by an isbtepar-'°F exchange

in this dissertation and to study if the substitution pattern has any influence on the RCY and
stablity of the labeled compounds. In order to reduce the electron density in the benzene ring
and thereby activating it for nucleophilic aromatic substitution, an electron withdrawing group
was attached inrtho- or para-position to the fluorine atom. Forighpurpose severaktho- or
para-substituted fluordlH-indole-carbaldehydes wersynthesized. The structures of the

derivatives withortho-substitutionpattern are shown i&cheme30.

o) O F
I I d: PG =H
N N N e PG = benzyl
= N N | N f: PG =methyl
PG PG o F PG g: PG =Boc
h: PG = tosyl
1d-h 2d,eg 3d.e

Scheme30 Derivatives of indole of interest for isotopic exchangéabeling with
[*®F]fluoride.

In 2012 Schlosser et al. developgdhethod for the synthesis of different fluetbl-indole-
carboxylic acid$®® In this method the critical step was the introduction of the carboxylic acid
that was performedybdeprotonation of the fluoroindole followed by the addition of carbon
dioxide. According to this procedure, a method was developed for the preparation of the
ortho-substituted fluordlH-indolecarbaldehyded-3. The route for the whole precursor
synthesiss show inScheme31 atthe example of @luoro-1H-indole-5-carbaldehyde(1d-h).

The first step of the synthesis was the protection of the indole nitrogen which proceeded
guantitatively. In this case TIPS (triisopropylsilyl) wée protection group of choice since it

is a bulky group that is able to shield thgdsition of the indoles against an electrophilic
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attack. Next, the formyl group was introducerdho to the position of fluorine. This was
accomplished referring to theqeedure described by Schlosser ef%hlusing DMF (N,N-
dimethylformamide) as electrophile instead of carbon dioxide. The formylation gave yields of
about 65 % with all fluordH-indoles (b T 3b). Hereby, it was essential to use at least four
equivalents of DMF because otherwise much lower yields than 65 % were dbtahee
deprotection of the nitrogen was performed with TBAF (tetrabutylammonium fluoride) at

room temperature giving yields above 90 %.

1) n-BuLi 1) secBuli
m 2) TIPS-CI 2) DMF
L THF THF -

TIPS TIPS
1a 1b 1c
d:PG=H
e PG = benzyl
TBAF €©j> protection K/@\/B f: PG = methyl
g: PG =Boc
h: PG = tosyl
1d le - 1h

Scheme31l Synthesis of thertho-substituted fluordlH-indole-carbaldehyde precursors
exemplified by6-fluoro-1H-indole-5-carbaldehyde.

Finally, different protecting groups were attached to the indole nitrogen of the-flbiero
indolecarbaldehydes. For this the benzyl, methyl, Boc and tosyl groups wer&ciseche32

shows the protection reactions of aitho-substituted fluordlH-indolecarbaldehyded.d-3d)

at the example of-Buoro-1H-indole-5-carbaldehydeld). Except for theN-benzylation all
protections wergerformedas described byiterature methodd'*e"5%M8% According to the
literature N-benzylatios of indoles proceeth good yields when THF or DMSO are used as
solvent. But for the benzylation of all indole compouddscribed her€ld i 3d) the use of

DMF as solvent was essentiaécaus otherwise decomposition of the final product was
observedWith DMF as solvent the benzylation proceeded in good yields of about 85 %. The
methylation gave moderate yields of about 58 % while the tosylation and Boc protection gave

yields between 80 and®%%.
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Scheme32 Protection of théluoro-1H-indole-carbaldehydesxemplified by6-fluoro-1H-
indole-5-carbaldehyde.

The only fluore1H-indole-carbaldehydeisedwith a para-substitution pattern wasdenzyt
4-fluoro-1H-indole-7-carbaldehyde4g). An important intermediate for its synthesis was 7
bromo4-fluoro-1H-indole @b) that was prepared in 52 % yielda a Bartoll”® reaction
(Scheme 33). The starting material -iromo4-fluoro-2-nitrobenzene was synthesized
following the procedure described by Smith et4l.
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F F
vinylmagnesium bromide> A
NO, THF, -78 AC N
Br Br H
4a 4b

Scheme33 Preparation of -broma4-fluoro-1H-indole (4b) by a Bartoli reaction

For the synthesis dhe final precursor4g) three synthetic approaches were attempted. The
first one was based on a concept described by Schlosséletviab used two equivalents
n-BuLi followed by the addition of carbon dioxide. This route was modified regarding the
reagent used for the bromine formyl exchange. Further DMF was udeddnsf carbon

dioxide in order to generate an aldehyde instead of a carboxylic acid.

oy
\ 77 :

Br

4b 4c

Scheme34 Synthesis of 4luoro-1H-indole-7-carbaldehyde
i) i-PrMgCI.LiCl, THF, 0 °C.; ii) 2 eqn-BuLi, THF,-78 °C.

First, i-PrMgCI.LIiCl was testeds reagent for the bromimeetal exchangeyhich has been

used for similar reactions bgrasovskiyet all*®?. In contrast ton-BuLi, those reagents are
known to give high yields and setesity under very mild conditions. This reaction was
performed in THF starting at O °C and slowly warming to room temperature after the addition
of DMF. Unfortunately, nothing of the desired compoutudcould be obtained when these
conditions were appliedEven when the more activeBuLi was used for the brominmetat
exchange, it was impossible to get any of the formylated fluorointtolBut, howeverwith

n-BuLi, the debrominated -#uorindole could be isolated which is an indication that the
brominemetalexchange was successful but the following electrophilic substitution did not
proceed. Hence, it was assumed that a stronger electrophile than DMF might be more suitable
for this purpose. For this reason ethyl chloroformate was chosen as electtogiite the
correspondindpenzyl ester. This ester should then be reduced to the alcohol and reoxidized to
the aldehyddc (Schemedb).
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Indeed, the esterification and reduction proceeded in good yields of 67 % and 59 %,
respectiely. The oxidation was tested under various conditions. In the padbRybenzoic

acid (IBX) has been widely used for mild organic oxidation reacfithsncluding the
oxidation of benzylic alcohols to benzaldehyf&8.However, the reoxidation of the benzyl
alcohol to the correspondirgjdehyde4c was not successful with IBX. Instead of the desired
indolecarbaldehydéc a variety of side products were found which are probably subject to the
formation of di and oligoindoles. This behavior is described in the literature when some tosyl
protected indoles were reacted unaedidizing conditiond!® Furthermore, the Swern
oxidation was tested under standard conditifisput the results were similarly negative

compared tahe reaction with IBX.

= 1) n-guLi = =
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Scheme35 Attemptedsynthesis of 4luoro-1H-indole-7-carbaldehydé4c).

Another approach was made using manganese dioxide JMagdoxidant which is also
generally used fore oxidation of benzyl alcohols their corresponding benzaldehydes and

has previously been used for the synthesis of indaarbaldehyd&®” However, this

attempt was also unsuccessful. The starting material was not converted but could be recovered
guantitatively which is an indication that the oxidation potential of MisQoo low for this
purpose. Sine all those approaches for the reoxidation failed, the synthesHlwdrd-1H-
indole-7-carbaldehyde could not be accomplished by this pathway. Therefore, a new synthetic
route was developed starting also frorbrémao4-fluoro-1H-indole @b). Herein the iirogen

of the indole was first protected with a benzybgp followed by formylatiorby a lithium-

bromine exchangéscheme36).
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1) NaH 1) n-BuLi
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Scheme36 Synthesis ofl-benzyt4-fluoro-1H-indole 7-carbaldehyde4e) starting from
7-bromao4-fluoro-1H-indole @b).

The benzylation of -bromo4-fluoro-1H-indole with NaH and benzyl bromide gave the
protected indoletd in a yield of 81 %. The following formylation was realized wiHBuLi
and DMFgiving 39 % of the desirettbenzyt4-fluoro-1H-inole-7-carbaldehyde4e).

In summary, terortho-fluoro-1H-indole-carbaldehydesl, 1e 1f, 1g, 1h, 2d, 2¢e 2g, 3d, 3¢

with three different substitution patterns and gaga-fluoro-1H-indole-carbaldehydg4e)

were successfully prepared and could now be examined for their properties on an isotopic
exchange reaction. Thertho-fluoro-1H-indole-carbaldehydes were obtained in overall yields

of 331 48 %, depending on th@rotectinggroups that is attached tioe indole nitrogen, while

the synthesis of theara-fluoro-1H-indole-carbaldehydete gave an overall yield of only

16 % which is due to the moderate yield of the Bartoli reaction.

3.2 Radiosynthesisof [*®F]fluoro-1H-indole-carbaldehydes
3.2.1 Isotopic exchange

The first step in the radiosynthesis of tinelolecarbaldehydes was an isotopfe-for-'°F
exchange. Since no data about this type of reaction on indoles exists in the literature the
reactions were performed accordingdta from the literature asotopc exchange reactions

on fluorobenzaldehydes which were assumed to show a similar behavior. Previous work on
this nucleophilic aromatic substitution has shown that DMF as solvent, tetrabutylammonium
bicarbonate (TBAHCEg) as anion activator and temperatusgsve 100 °C gave the best
RCY.[IGB]'[:LGQ]

The labeling reaction was first performed on th#u6ro-1H-indole-5-carbaldehydesl@-h)
where the influence of different protecting groups on the isotopic exchange reaction was
examined Schemed7).
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Scheme37 Isotopic exchange onftuoro-1H-indole-5-carbaldelgdes(1d-h).

According to the results of the previous works on isotopichamge reactions on
benzaldehyd&®% the reaction wa first done in DMF at 130 °C for 15 min with
TBAHCO;3; as anion activator. These reaction conditions were applied to the unprotected
fluoroindole 1d and to the protected derivativese-1h. The labeling results are shown in
Table 3. Unfortunately, the Boc protected compoubglwhich could be deprotected under
mild conditions gave only a low RCY of ca. 6 %. Radiofluorination was impossible when the
indole nitrogen was not protected or when it was protected with a tosyl group, wisctotva
surprising since detosylation of indoles is commonly carried out with TBAFThe best
results could be obtained with the benzyl and methyl protectddo®-1H-indole5-
carbaldehydede and 1f where aRCY of about 25 % and 20 %asobtained, respectively.

For further experiments the benzyl derivative was used since itagaightly higher RCY.

Table 3 Dependence of the radiochemical yield on different protecting groups.

Compound Protecting group  RCY [%)]
1d none 0
le benzyl 257
1f methyl 20+ 4
19 Boc 6+ 2
1h tosyl 0

Next, the temperature dependence and the influence of the substitution pattern of the benzyl
protected fluorelH-indole-carbaldehydede, 2e, 3e and 4e on the RCY were investigated.
For this purpose the isotopic exchamgactions were done at temperatures between 60 and

150 °C for 15 min. The results are showrrigure8.
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Figure 8 Temperature depelence of thesubstitution patterron theisotopic exchange

on compound4e, 2e 3eand4e

Surprisingly, it showed that the substitution pattern ofaifileo- andpara-substituted indoles
(1e, 2e, 3¢, 4e) has a major impact on the optimum temperaturéhi@isotopic exchange, the

maximum RCY achievable and also the chemical stability.

When the isotopic exchange was performed wibienzyt6-fluoro-1H-indole-5-carbaldehyde
(1€ at 130 °C a moderate RCY of about 24 ®sabtained. With increasing temparegs the
gained RCY was also slowly increasing. The maximum RCY was found at 160 °C where
61 % of the labeled compound could be achieved while the formation of any side products
was not observed, even at 160 °C. In order to apply higher temperaturd&tham, DMSO
was used as solvent. However, with DMSO, the highest RCY obtained was 8 % and the

formation of several side productasobserved at any temperature tested.

Due to the results obtained with-benzyt6-fluoro-1H-indole-5-carbaldehyde 1), the
temperature was first set to 150 °C foibdnzyt4-fluoro-1H-indole-5-carbaldehyde(2¢€)
which resulted in a RCY of about 94 %. Hence, the temperature was decreased until the RCY
went down significantly wich happened at 80 °C. Betweeh &d 150 °C the ahined RCY

was always in the area of 90 % or above. Similarltbenzyt6-fluoro-1H-indole-5-
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carbaldehydgle), the formation of side products was not observed. Due to these findings it
was not possible to determine if the isotopic exchange reactionbemzy/l7-fluoro-1H-
indole-6-carbaldehyde3g) or 1-benzyt4-fluoro-1H-indole-7-carbaldehyde4g would rather

give results similar tde 2e or behave completely different. Therefore, the labeling reaction
was investigated at temperatures between 60 and?@50r both compounds3é and 4e€).
However, the results obtained wiBe and 4e were more similar t@e than tole For both
compounds3e and4e) the maximum RCY that was achieved was around 90 % even though
the ortho-substituted3e gave slightly higheRCY than theyara-substitutedde The optimum
temperature for both compounds was found at about 90 °C. However, decomposition of the
labeled product wasbservedor 1-benzyt4-fluoro-1H-indole-7-carbaldehyde4g) as well as

for 1-benzyl7-fluoro-1H-indole-6-carbaldehyde 3g) at temperatures higher than 100 °C,
which has not beembservedfor 1-benzyt4-fluoro-1H-indole-7-carbaldehyde 2g). The
isotopic exchange reaction on thddnzyHluoro-1H-indolecarbaldehyege 3e and 4e was

also done in DMSO and NBN, but both solvents proved as not suitable for this purpose
since low maximum RCY of 8 and 10 %, respectively, were obtained for all compounds along

with a variety of side products.

It can be summarized that the substitution pattern has an influente qmopertieof the
correspondingsotopic exchange reactions. However, not only the position of the fluorine has
an influence on the isotopic exchange but also the position of the formyl groups which is
significantly exemplified by different results fodirwith the compound&e and 4e which

both have the fluorine attached in th@dsition and the compounde and2e, that both had

the formyl group in the fposition.

In order to improve the process of the isotopic exchange, a microwave assisted setup was
tested on the compounds and 2e It should be examined whether an improvement of the
RCY of 1e and/or a reduction of the reaction time can be obtaikkctowave irradiation
produces efficient internal heating {@ore volumetric heating) by direct coupy of
microwave energy with the molecules (solvents, reagents, catalysts) that are present in the
reaction mixture resulting in amverted temperature gradient compared to conventional
thermal heatind-"™" For this purpose the fluoroindoleke and 2e TBAHCO; and dry
[*®F]fluoride in DMF were irradiated with 2040 W microwaves during 1 min or 3x1 min
respectively It proved that the maximum RCY could not be increased for both comgound

but was at least similar as with conventional heating. However, when the reaction mixtures
were irradiated for 3x1 min, the RCY dfbenzyt4-fluoro-1H-indole-5-carbaldehydg2e)

decreased at energies higher than 70 W which was not observed undeticoaléeating.
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This was probably due to decomposition of the labeled comp®erl similar behavior was

found for tbenzyt6-fluoro-1H-indole-5-carbaldehydgl1e) at energies higher than 110 W.
Furthermore, with microwave heating an asymptotical depeedefcthe RCY on the
microwave energies was observed fbe while a linear dependence was found with
conventional heating, which was probably due to the fact that higher temperatures than
160 °C were not applied with DMF as solvent. In summary, the RCY ¢wt be increased

but the reaction time can be reduced to 1 min when the labeling reaction is performed with

microwave heating.

o F
100 A1ximi 'k(jf%
® 3 x1 min N
80 2e
?
:|: ® x 1 m
S 3x 1 -~ N
>_ le \\Q
O
T 40 -
20 +
0 } } } } } } |
10 30 50 70 90 110 130 150

power [W]

Figure 9 Microwave assisted performance of the isotopic exchéorgkd and2d.

Due to the exdient labeling properties of-thenzyt4-fluoro-1H-indole-5-carbaldehyde 2e)

and the opportunity of a mild deprotection, the isotopic exchange reaction was also tested on
the Bocderivative of this compound,-Boc-4-fluoro-1H-indole-5-carbaldehyde 2g). As
expected, after optimization of the reaction temperature, a RCY of about 28 % was obtained
when the isotopic exchange was performed at 80 °C in DMF with TBAH&Oanion
activator. At higher temperatures than 100 °C the RCY decreased due to decomposition.
However, the Boderivative 2g results in lower RCY than its benzyl derivative, but
deprotection of this compound proceeded under mild conditions (2 M HCI, 15 min) in

guantitative yields.
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In summary a complex molecule containing the indole moiety shoptdferably be
radiofluorinated in the 4position, because this position provides outstanding properties with
respect to RCY and chemical stability.

3.2.2 Reductive decarbonylation of tbenzykfluoro-1H-indole-carbaldehydes

Since the activating aldehydienction is only necessary for the nucleophilic arom&fefor-

% isotopic exchange the possibilities of a removal of this group by a reductive
decarbonylationwere examined Scheme 38). This reaction has not been tested on
indolecarbaldehydes in the past. For this reason the parameters of previously described
decarbonyl ation reactions on severalgChenzal d
were applied her@/21%M73l ysing this reagent for decarbonylation stoichiometric amounts

of Rh(PPRh)sCl are required due to the formation of stable Rh¢RRBO)CI as secondary

product.

R, R
R, Rh(PPh),Cl A
N >
R N R2 \
3 R

[*°F]1e,2e,3e,4e ¥Fg-7
[**F]1le Ry =H, R, = CHO, R="F, R, = H [*°F]5: R =", R=H, Ry=H
[**F]2e: R, ="F, R=CHO,R=H,R,=H [**F]6: Ry=H, R="F, RR=H

[**F]3e: Ry =H, RR=H, Ry= CHO, R, = '8

F [*®F]7: Ri=H, R=H, RR="°F
[**Fl4e R = F, R = H, R,= H, Ry= CHO

Scheme38 Reductive decarbonylatiasf 1-benzytluoro-1H-indolecarbaldehyded § 2e
3eand4e) using Wilkinson'satalyst

Conditions, firstly published in 1992 by Pleneveaux ét'd|.were examined. Di@ne was

used as solvent and the reaction was stirred for 20 min at 150 °C in an oil bath. In this setup 2
equivalents of Wi lkinsonbds catalyst were use
when applied to the benzaldehydes described by Plenevealixhet total conversioaf the
compound*®F]1e was only 29 % while the rest of the starting material remained unchanged.
Additionally to the desired produt®F]6 which was obtained in a RCY of about 6 % the
formation of several side products was otsedr Due to these disappointing results the

reaction was not further optimized with dioxane as solvent.
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In 2007 Shen et &% published a method for the decarbonylation of benzaldehydes using
benzonitrile as solvent and 3 equivabsnts of
applied to compoun{f®F]1e. The reaction mixture was again heated.5® °C for 20 min

resulting in a conversion of > 99 %. The desiredehzy}t6-[*®F]fluoro-1H-indole (*®F]6)

was obtained in an excellent RCY of > 95 %. Applying those conditions to the other
1-benzyH[ *®Ffluoro-1H-indole-carbaldehydeq'®F]2e, [-*F]3e and[*®F]4e resulted in similar

RCY, independentof their substitution pattermwhich suggests these conditions for the

application in decarbonylation reactgoon indole compounds.

Furthemore the decarbonylation reaction watso carried out under miowave heating,

based on a method developed by Castillo € #AlHerein, benzonitrile was preferred over
dioxane as reaction solvent since it gave higher RCY compared to conventional heating as it
shows better absorption of microwaveBssk the reaction was tested pfF]1e by irradiation

with 100 Wmicrowaved or 50 s wusing 3 equivalents of Wi
a RCY of about 85 %f ['°F]6 while no side products could be detected. However, the total
conversion wasmy about 88 % and thereby incomplete. In order to further increase the RCY
the reaction time was prolonged to 120 s while the energy of the microwaves was kept at
100 W. This resulted in a conversion of > 99 % and a RCY of about 95 P8Rp8. These

results could also be transferred to the compoltiig2e, [*°F]3e and[*®F]4e giving similar

RCY as listed inTable4. In contrast to the obtained RCon the isotopic exchange on the
fluoroindolecarbaldehydese 2e 3e and 4e the substitution pattern had no impact on the

RCY during the decarbonylation reaction.

The introduction of the microwave assisted setup did not change the RCY or the formation of
side products under the optimum reaction time of 2 min. Howéwsas possild to reduce

the reaction time from 20 min to 2 min.

In summary, a reductive edarbonylation on all tested-kienzyt4-fluoro-1H-indolecarb
aldehydes was successful. When benzonitrile was used as sa\R@GlY of > 95 % vas
obtained for all compounds undesnventional heating as well as under microwave heating.
However, the reaction time could be reduced from 20 min to 2 min with microwave heating of
100 W for 2 min.
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Table4 Reductive decarbonylation orbenzyH[*®F]fluoro-1H-indde-carbaldehydes
['®F]1e, [*°F]2e, [*®F]3e and[‘®F]4e comparing conventional and microwave
heating; RCY of the reductive decarbonylation were similar for all compaandis
independent of thesubstitution pattern

Solvent ed. Wilkinson Conditions Converson [%] RCY [%]
benzonitrile 3 150 °C, 20 min~” > 99 95+ 6
benzonitrile 3 100 W, 50 ¢'"°! 85+ 2 85+ 2
benzonitrile 3 100 W, 120 s > 99 95+3
dioxare 2 150 °C, 20 min*"? 29+ 4 6+3

3.3 Attempts for the debenzylation of tbenzylfluoro-1H-indoles

Since most bioactive molecules and pharmaceuticals that contain the indole moiety do not
have a potecting group attached to the indole nitrogen and due to the fact that this protecting
group provided the best RCY for the isotopic exchange it was examined if it was possible to

remove this group during the radiosynth€Sisheme39).

R, Rq
\ [/, \
k Nk@ // =T H
R, Rs
5-7 8-10
5R=F,R=H R=H 8 R=F,R=H, R=H
6RR=H,R=F,R=H 9R=H, R=F,R=H
7"Ri=H,R=H,R=F 10R=H, R=H, R=F

Scheme39 Attempts forthe debenzylation of-benzytfluoro-1H-indoles.

This was first tested with neradioactive conditions in order to allow more experiments in
time. Several previouslgublished methods were investigated the debenzylation. First the
debenzylation was examined with the help of palladium on activated charcoal (Pd/C) in
combination with ammonium formate (NHCO,) in ethanof™ Applying these conditions

no conversion of the starting material colld detected even when heating the reaction
mixture to reflux. Next, a procedure previously described by Petrasi'ét alas studied
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where hydrogen gas was passed through a solution of Pd/C in acetic acid, but again no
conversion was detected. It has also been described in the literature that the debenzylation of
indoles proceeds good with an ege of AIC} in aromatic solvents such as benzene, toluene

or anisole when the-Bosition of the indole is occupiéd® ™"l Although this position was

not occupied the procedure was examined. None of the desired debenzylated fluoroindole
could be detected but the formation of a variety of side products was obsemviedbly
resulting from the formation of dor oligoindoleswhich has previously been observed by
Fujino et al. when indolesvith an unoccupied -position were reacted with AlGlunder

similar conditiond!®® Even if these conditions did not give the desired debenzylated
compound, this method is more promising than the ones investigated so far sinee the 3
position which seems to be the critical part is alkylated in most natural products and
pharmacaticals that contain the indole moiefurthermore, a method described by Jorand
Lebrun et al'’® was examined that was originally used for the debenzylation of tertiary
amines such as benzylpiperdidines. Hereby, triphosgene was used to convert the benzylamine
into the corresponding carbamoyl chloridehigh was then hydrolyzed under acidic
conditions. This procedure also resulted not in a conversion of the starting material. Also the
attempt of an acidic hydrolysis with conc. hydrochloric acid at 150 °C failed, and no
conversion was observe@lable5 summarizes the results obtained for the debenzylation of
the different ibenzyHluoro-1H-indoles.

Table 5 Approaches for the debenzylation eb&nzytfluoro-1H-indoles.

Reagent/Catalyst Solvent Temperature [°C] Conversion [%]  Yield [%]

Pd/C, NHHCO, EtOH RT 0 0
Pd/C, NHHCO, EtOH 110 °C 0 0
Pd/C, B AcOH RT 0 0
AICl 3 benzene RT >99 0
AICl 3 toluene RT >909 0
AICl 3 anisole RT >99 0
triphosgene DCM RT 0 0

HCI H.O 150 °C 0 0
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However, a pocedure for the successful debenzylation of thedgenkyHluoro-1H-
indolecarbaldehydes was not found. The approach with;AdClevertheless promising when
indoles are subject to debenzylation where tHp@dtion is occupied.

3.4 Synthesis of precurses for the radiosynthesis of

L-6-[*®F]fluorotryptophan

Although the previous results onbknzytfluoro-1H-indole-carbaldehydes have shown that
molecules containing the indole moiety should be preferably radiofluorinated in the aromatic
ring in the 4postion, a pathway for a precursoould be developedvhich is fluorinated in

the 6position , since a promising route for this synthesis was available and previously
described by Ma et &% Furthermore, it was shown in this work that indoles carrying a
fluorine in this positbtn have proved to be very stable under acidic conditions as well as under
basic conditions and are also insensitive towards elevated temperatures which allows a broad
variety of reaction conditions during precursor synthesis.

3.41 Precursor for the radiosynthesis via a buildup synthesis

The general concept of the route for the synthesis of the precursor is based on a method for

the synthesis of tryptophan analogues via a palladium mediated heteroanftifatiterein

an ortho-iodoaniline is coupled to a functionalized tritmgsilylalkyne. In this case the
trimethylsilylalkyne should be functionali ze
stereocenter that enables a stereoselective synthesis of only one enantiomer of 6
] fluorotryptophan.auxn |thiry owase pBedlaclds
auxiliary since it is known t@ive higher enantiomeric purities. The functionalized alkyne

should be coupled to one of tlwtho-iodoanilines {1 - 14). In order to generate the
L-enantiomer of tryptophan, the-eSh ant i o mer of Seebachos auxi

introduction of the chiral center.
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Scheme40 Synthetic concegor the preparation of a precursor fo6-[*°F]fluorotryptophan.

First, the alkye 15 was prepared following a modified pathway to the one described earlier

by Ma et af!’® starting from propargyl alcohol. The synthetic route is shiomBchemet1.
1) n-BulLi
2) TMS-CI KOH, Tos-ClI S
OH THF, -78 AC OH Et,0 OTos
17 18
[e]
Li
N
bos™ TMS— o
o™=
Boc—N._N_
15

Schemedl1 Preparation of Sghach functionalized alkyriib.

The first step herein was the introduction of the TMS group. This was accomplished through a
deprotonation of both, the alcohol and the alkyne group mvBliLi followed by the addition

of two equivalents of TM&l. The TMSgroup on the alcohol was removed through an acidic
work-up yielding the intermediat&7 in 96 % yield. The introduction of the tosyl group was
first performed with KOH in EO at room temperature which resulted in varying, rather low
yields of 14- 18 % and a major tosylated but desilylated side product. Therefore, the reaction

was examined with triethylamine as base and a reaction temperature of 0 °C giving less than
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10 % vyield and also the desilylated side product. When the reaction was performed with
DMAP (N,N-dimethylaminopyridine) as catalyst in DCM, no conversion of the starting
material could be observed. Using pyridine as base and solvent at 0 °C resulted in
decomposition ol 7 while it was impossible to recover any of the starting material. The onl
procedure that was suitable for this reaction was the use of powdered KO#Djrstatrting

the reaction at50 °C and slowly warming it to O °C during 2 h. Thereby, the alkygeould

be obtained in 87 %ield. Table6 summarzes the conditions examined for this reaction.

The following coupling to Seebachdés auxiliar

LDA (lithium diisopropylamide) as base-a18 °C giving the chiral alkyng5in 82 %.

Table 6 Conditionsfor the psylation of the alkyné7.

Solvent Base Temperature Time Conversion [%] Yield [%0]
Et,O KOH RT 2h >99 14-18
Et,O EtsN 0°C 2h >99 <10
DCM DMAP RT 24 h 0 0
Pyridine Pyridine 0°Ci RT 2h >99 0
Et,O KOH -50°Ci 0°C 2h >909 87

Next, a pathway for the preparation of a suitablého-iodoaniline was developed. An
overview of the selected routes is showrSchemed4. The aim hereby was the preparation
of anortho-iodoaniline that contains a fluorinéom as well as an electron withdrawing group

such as an aldehyde.

The first approach started withkfBioroaniline(19) which was iodinated in the-gosition with
NalO, and Kl in aqueous acetic abff! giving the desired -Buoro-4-iodoaniline Q0) in
82 % yield. This reaction was carried out at 25 °C for 3 h. Longer reaction times or elevated
temperatures promoted the formation of thiedinated 5fluoro-2,4-diiodoaniline (4) and

resulted in decreasing yields for the monoiodinated ariine
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Schemed2 Synthetic route for the synthesit4-amino2-fluorobenzaldehyd€1a,b).

The iodoaniline 20 should afterwards be converted into the corresponding amino
benzaldehyde&la. For this purposea method for the formylation of anilines described by
Gilman et af*®¥ was studied where three equivalemtsBuLi were applied to the aromatic
amine followed by the addition of DMF at78 °C. Unfortunately, this reaction led to
decomposition of the starting material and none of the desired aminobenzaldéhydeld

be isolated Furthermore, a procedure that has been described by Krasovskiy®8tveds
examined, which has been applied successfully during the synthesis ebémzytfluoro-
1H-indole-carbaldehydes (see chapter 3.1) and procemdisr umilder conditiondHereby, the
reagent for the iodinenetal exchange isPrMgBr. Equally as under the conditions described
above, none of the desired aminobenzaldeli@decould be isolated. Due to the fact that the
introduction of the aldehyde funoh failed, the introduction of an acetyl group was studied.
For this purpose the same conditions that have lBed for the formylation of the
iodoaniline20 were applied, but using acetyl chloride as electrophile instead of DMF, since it
is known to hae a higher electrophilic activity. With this procedure, it was still impossible to
isolate the desired anilirlb.

Next, a new pathway startirgainfrom 3-fluoroaniline (19) was examined. The first step
hereby was the introduction of a bromiperato the amino group followed by the protection

of the free amine with a Begroup and a formylation via a halogeretal exchangeScheme

43).
‘s
1)i-PrMgCl.LiCl
F K,CO,, Bqu 2)DMF F
" pwso H O/THF

NH, NHBoc NHBoc

19 22 23

Scheme43 Preparation of tetibutyl (3-fluoro-4-formylphenyl)carbamatés).
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The bromination of the fluoroaniline was done with HBr in DMSO according to a procedure
described bMajetich et all*®? giving the bromoanilin€2in 82 % vyield. The introduction of
the Boegroup was done with the help of B@cand KCO;s yielding the bromoanilin3 in

64 % vyield. The brominéormyl substitution wasperformed by a halogemmagnesium
exchange with the help ofPrMgCI.LiCl at 0 °C followingagain theprocedure described by
Krasovskiy et al'®® and giving the corresponding benzaldehy@ in 97 % vyidd.
Furthermore, an improved pathway to this procedure was developed startingliromai2-
fluorobenzaldehyde2@) with the introduction of a Boprotected amine via a palladium
catalyzed heteroamidatiofScheme45) which was dscribed by Qin et dt®¥! giving the
protected aminobenzaldehy@® in 97 % vyield while reducing the number of necessary
synthetic steps from three to of&cheme 45)
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Scheme44 Overview of the synthetic concepisnsideredor the preparation afrtho-
iodoanilines.
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Schemed45 One steynthesis for the preparationteft-butyl (3-fluoro-4-
formylphenyl)carbamaté5).

The next steps were the protection of the benzaldeRy@ad the deprotection of the amine
(Schene 46). For the protection of the benzaldehyztea 1,3dithiolane group was chosen,
since dithiolanes are known to be statdeards a wide variety of reagents and conditions
and can be removed with high selectivity under mild condiff§f$:%% The introduction of

the 1,3dithiolan was performed as previously published by Firouzabadi®&f'akith 1,2
ethandithiol in DCM and 10 % elemental iodine as catalyst. Using this procedure the dithiolan

26 could be obtained in yields of ca. 90 %.

0] S__S S__S
z
F ws' sh F TFA F
—_— —_—
I, DCM
NHBoc NHBoc NH,
25 26 z

Schene46 Preparation of 41,3-dithiolan-2-yl)-3-fluoroaniline(27).

The removal of the Boc group was done under standard conditions with TFA in DCM at room
temperature yielding the desired aniligéin 77 %. Now, the introductionfdhe iodine in
ortho-position to the amine had to be doseliemet7). This should be accomplished by the
procedure of Emmanuvel et % which gave good yields when it was applied to 3
fluoroaniline (9). With 27, however, neither the desiredtho-iodoanilie 13 nor the starting
material 27 could be obtained due to decomposition which was probably causéde by

dithiolan group.
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Scheme47 Attempts for the iodination of the anilir2y;
i) NaHCG;, I, H,O; i) NalO,, Kl, NaCl, AcOH/H0.

Furthermore, a method for the iodination of fluorobenzenes wasimadnthat has been
successfully used by Layek et &f"! Hereby, sodium bicarbonate in combination with
elemental iodine in water was used. As well as under the conditions tested before
decomposition of the starting material was detected, but not the fornasditiba iodoaniline

13 which was possibly also due to cleavage of the dithigtaop

Due to the fact that the previous results for the synthesis of a suttiaodoaniline failed,

the diiodoanilinel4 was used for the coupling with the Seebach akiysin order to prepare

a precursor for the radiosynthesis ofLdryptophan derivative that could possibly be
formylated by an iodinenetal exchange and thereby generate an aromatic system that is

suitable for a nucleophilit®F-for-'°F isotopic exchangESchemets).

0
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Scheme48 Pd-catalyzed synthesis of thettyptophan derivativ&0.

The Pdmediated coupling itself was done following a modified procedure to the one
previoudy described by Ma et dt’™® In the original method only monoiodinated
fluoroiodoanilines and Schdllkopf functionalized alkynes have been used for this reaction
while this reaction should be examined with a diiodinaigtio-iodoaniline which has not
been investigatetsefore”® Since the originasetup with Pd(OAg) LiCl and NaCO; in
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DMF and heating to 100 °C for 20 h did not give any of the desired product, but a large
amount of side products insteatte method was altered regarding reagents, solvent and
temperature. Hereby, an increase ofiperature to 120 °C did not change the obtained results
as well as a changd the solvent from DMF to NMPN-methy}2-pyrrolidone) and rising the
temperature to 140 °C. The base was also changed freB(hlto CsCO; but again none of

the desired productould be achieved. However, the desired compounds could not be
obtained regardless the applied conditions. The investigated setups are summarasd in

7. Since the desired compouB@ could not be isolated the reaction wasf@ened with 2
iodoaniline which has been used by Ma et al. and gave high yields of abouto8Zh#&
corresponding tryptophan analogdéis was done in order to verify that the alkyisewvhich

was functionalized with Seolpd®dsdsi sausxuiltially
reaction and whether the observed side products are due to the diiodinated iodbé4pilitee

the alkynels.

Table 7 Conditions tested for the Rdediated formation d30.

Solvent Reagents Temperaturg°C] Time [h]
DMF LiCl, Na,COs 100 20
DMF Kl, Na,COs 100 20
DMF LiCl, Cs,CO;3 100 20
DMF LiCl, Na,COs 120 20
NMP LiCl, Na,COs 100 20
NMP LiCl, Na,CO; 140 20

For this purposethe reaction waperformedunder the conditions described by Maagf’®

giving 6-fluorotryptophan in similar yieldsf about78 %. However, this tryptophan analogue
was not suitable as precursor io6-[*°Ffluorotryptophan sincéhere is noability of the
introduction of a formyl group. Furthermore, it was proven that the preparatioyptdghan
analogues by this procedure is possible, but is limited to iodoanilines that do not carry a
second iodineDue to the fact that the preparation of a precursor for the radiosynthesss of
[*®F]fluorotryptophan failediia this approach a new symtic pathway had to be developed.
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3.4.2 Precursor for the radiosynthesis via a linear synthetic pathway

In 2012 Konas et a°” developed a method for the enantioselective synthesis-4of
fluorotryptophan via a seven step linear synthegarting from 4luorindole®® The original
synthetic pathway idepictedn Schemet9. This route was also uséeérefor the synthesis of

the standard-6-fluorotryptophanbut starting from &luoroindole instad of 4fluoroindole.
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POC NaH, Tos-Cl NaBH
N —g> @\/\g - N .
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Scheme49 Original pathway by Konas et al. for the synthesis-éffluorotryptophari!t®

Iz _

In order to pepare a precursor that is suitable for a nucleophilic isotopic exchange the
introduction of an electron withdrawing group for the activation of the aromatic system was
necessary. This should be accomplished by an early introduction of a fgmooyd ortho to

the fluorine substituent. The formyl group should be protected subsequently in order to
prevent undesired side reactions. In this caledoindole was chosen as starting material to
realize a precursor for-6-[*®F]fluorotryptophan. An overview ofhe first steps of the
synthetic pathway is givein Schemeb0.

Compoundlc was prepared following the procedure described¢hapter 3.1 The formyl

group was then protectedith a 1,3dithiolane group under the conditions used by
Firouzabadi et dt® yielding the dithiolane1in 40 % vyield. Here, the dithiolan group was
preferred over an oxalane group since oxalanes are labile under acidic conditions and the
introduction of a second formyl group later in the pathway in #p@s3tion was planned

through a MsmeierHaack reaction requiring acidic conditions. The deprotection of the
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indole nitrogen was done with TBAF giving the free ind8Rin a yield of 92 %. The
introduction of the formyl group should be done under standard VilsiHeieck caditions

with POCE in DMF as published by Smith et &1 in order to attach another carbon atom to
the indole which could then be further reduced to the alcohol, brominated and alkylated
according to the procedure described by Konas Bt%aThe formylation under Vilsmeier
Haack conditions, however, was not successful, and the desired formy@3iaeld not be
obtained due to decomposition of the starting material, which was probably due to the
dithiolane group, since the reimt proceeded in good yields during the synthesis of the

standard.-6-fluorotryptophan.

o]
1) n-BulLi 1) secBulLi | W
2) TIPS-CI 2) DMF
= N THF, -7¢ N THF, - 78F A N 1,
H TIPS TIPS
la 1b 1c
(\S (\S POCI, (\S 0
S TBAF s S
N o . N N
= N THF = N F N
TIPS H H
DMF
31 32 33

Schemeb0 Attempt for the synthesis afprecursomwhich is suitable for the radiosynthesis
of L-[*®F]fluorotryptophanby isotopic exchange.

Since a suitable precursor for the radiosynthesis$®Bff[uorotryptophan was not possiblé

this approach, the route shown above was altered in a way that the formyl group in the indole
1c was substituted by an iodine whican be converted into a formyl group by a halegen
metal exchange at a later stage of the whole synthesis and thereby generating a molecule that
is more stable towards a wide range of reaction conditions. The introduction of the iodine was
first done folbwing a procedure described by Schlosser étalsing secBuLi in
combination with N,N,NO6N6& R6-pentamethydiethylenetriamine (PMDTA) for the de
protonation of the indole and elemental iodinelastrophilefor the iodination(Schemes1).

Due to the fact that separatiohtbe compound4b and34 was not possible, the deprotection
with TBAF was always done with crud@4 followed by separation of the desilylated
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compoundsla and 35 by column chromatography. The yields were calculated over both

steps, i.e. iodination and depection.

| |
| orii TBAF
= N E N

\
TIPS TIPS H
34

Scheme51 lodination and deprotection ab;
i) seeBuLi, PMDTA, I, THF; ii) secBuLi, PMDTA, 1,2diiodoethane, THF.

The iodination of the fluoroindoldb is a crucial step in the synthetic sequence of the
precurer. For this reaction the addition of equimolar amounts of PMDTA was essential.
PMDTA is commonly used in organic synthesis for the activation of organolithium
compounds, such asBuLi or secBuLi. Usually simple alkyllithum compounds occur as
oligomers €.g. hexameria-BuLi) in solution. This inhibits or prevents precoordination to the
reactive site of other reagents. Through the addition -obbitridentate ligands such as
PMDTA those oligomers are broken up and reactive monomeric litbpeunies aréormed
(Schemes?2) 18]

CHj
HaC N i
3 \N/\/ V\N/CHSL'
CH H.C :
HaC N 3 n-BulLi 8 HaC
3c ch - n-BuH CHLi

Schemeb2 Lithiation of the central and terminal methyl groups of PMDTA wiBuULI.

When the reaction was performed without the addition of equimolar amounts of PMDTA the
desired free iodoindol85 could not be obtained and the starting mate6-fluoroindole, was
recovered Furthermore, it was necessary that the reaction was kepd 4C for at least six

hours after the addition ofecBuLi. Otherwise decreasing yields were obtained while
keeping the reaction mixture at8 °C for moretan six hours did not result in higher yields.

In the beginning elemental iodine was used as electrophile for this reaction giving the desired

iodoindole35 in about 65 % vyield after deprotection and purification. Later, the reaction was
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carried out usind.,2-diiodoethane as iodination agent which resulted in similar yields but a

much easier handling of the reaction.

_0 _0
| POCI, | NaH, Tos-Cl '
m B ————— N\ —_— A\
F N DMF F N THF . N

H H PG
35 36 37a PG =tosyl
37b: PG = lenzyl

Schemeb3 Preparation of 8luoro-5-iodo-1H-indole-3-carbaldehyde37a,b).

The rext step in the synthesis was the formylation of the iodoing®la the 3position. This
was done under standard Vilsméigaack condition&! giving the indole3-carbaldehyd@6
in 64 % vyield.

For the protection of the indolecalth@hyde36 two different protecting groups were studied.

On one hand a tosyl group was selected which was also chosen by Konas et al. and should be
suitable for the following reactions. On the other hand the previous studies on the
radiofluorination of thendolecarbaldehydes in chapter B@&seshown that the best RCY was
obtained when the nitrogen of the indole was protected with a benzyl group. In order to avoid
additional steps for the change of protecting groups later in the synthetic pathway, the
inddecarbaldehyd&6 was alternatively protected with both protecting groups, yielding the
tosyl and benzyprotected indolecarbaldehyd@&§a and 37b in 81 % and 60 % yield,
respectively. It was also promising that the benzyl group could be removed after the
radiosynthesis since the-g®sition was occupied in the precursor which should allow
deprotection with AIG in benzene or another aromatic solvent.

The following reduction of the indolecarbaldehy@¥a and37b was done with NaBHin a
mixture of THF andEtOH (Scheme54) giving 38ain quantitative yields whilé8b could
only be obtained in 65 % yield.
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_0 OH
I NaBH, |
N - A\
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37a,b 38a,b b: PG =benzyl

Schemeb4 Reduction of the indolecarbaldehyd®&and37bto the corrgsonding alcohols
38aand38b.

I n order to enable an alkylation with Seebac
a bromide. This was done via an Appel reaction using, @& PPhin DCM.*®% Using this

procedure the tosyl protected brime 39a could be synthesized in 56 % yield when the

reaction temperature was kept at 0 °C and not allowed to get higher than 25 °C until the
bromide was separated from triphenylphosptorele which is formed during the reaction.
Otherwise isolation of #ndesired produ@9awas impossible due to instability

i orii

Br // OH Br
| | :
F N // F N F N
Bn PG

\
Tos

39b 38a,b

Schemeb5 Bromination of thendolylalcohols38aand38b;
i) PPh, CBrs, DCM, 0 °C:; ii) PBg, DCM.

Applying the conditions described above ttee benzyl protected alcoh@B8b resultedin
decomposition of the starting material and formation of a wide range of side products even
when the reaction temperature was reduced2® °C. Furthermore, the reaction was
performed in DCM using PBras bromnation agert® but those conditions also resulted in
demmposition. Later it was found that compoufb shows high instability when dissolved

in chlorinated solvents such as DCM, chloroform or carbon tetrachloride, which makes
bromination of this molecule impossible, since aliphatic bromine for hydroxyl mlulen
substitution reactions are usually realized in chlorinated solvents. Hence, confund

could not be synthesized successfully.
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Therefore the synthetic pathway was continued with the tosyl protected broBfae
Hereby, it was important thatthékay | at i on wi th Seebachds auxili
after purification of the bromid@9abecause otherwise it was subject to slow decomposition,

especially when exposed to light.

The introduction of the c¢hi ruilarywasmdrriedoutby al
under standard conditions Bf8 °C in THF using LDA as base and proceeded with 73 %

yield giving the iodofluoroindold0 (Schemeb6).

@]
\ N/
/
F Br OxN F .
| T '.“) /4
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N THF, - 78 N
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Schemeb6 Syrthesis of (2SP-tert-butyl-5-[(4-fluoro-5-iodo-1-methyt1H-indol 3-
yl)methyl]-1,3-dimethylimidazolidin4-one(40).

Further on, the aldehyde function was introduced which is necessary for the activation of the
carbocycle for the planned isotopic exchangkis aim was accomplished by a procedure
previously described by Boymond et'al! and Armstrong et dt°2. The method based on a
Grignard reaction with-PrMgBr which mediates the iodimeagnesium exchange followed

by the addition of DMF (Schemé&r’b i-PrMgBr is commonly used in Grignatitte reactions

for iodinemagnesium exchanges. Reactions whd?PeMgBr is applied instead of elemental
magnesium can generally be carried out under milder conditions which results in the

formation of less side pducts and often higher yields.

Performing the reaction under the conditions described by Boymond!&t gave the
corresponding aldehydtL in 78 % vyield. During the formylation procedure it was essential to
use at least four equivalents of DMF, besmwtherwise only yields of less than 50 % were

achieved.
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Scheme57 Formylation of40 with i-PrMgBr and DMF-.

The final steps in the synthetic pathway of the precursor were the removal of thgrtagyl

and the protection of the indole nitrogen with a benzyl group which gave the best RCY when
studied on the indoléH-carbaldehydes (see chapter 3.2). The detosylation was done
according to a procedure described by Yasuhara ©f%auising TBAF in THF for this
purpose. The reaction was performed at room temperature giving the desired free
indolecarbaldehydé?2 in 91 % yield (seeScheme58). The subsequenbenzylation was
carried ot following the procedure that was also used for the benzylation of the {hidele
carbaldehyde in chapter 3.3iving the precursor for-6-['°F]fluorotryptophan 43) in 78 %

yield. Finally, a potential precursor for the radiosynthesis-6{ ‘®Ffluorotryptophan could

be synthesized by an eleven step linear synthesis in an overall yield of 7 %. An overview of

the synthetic sequence is showrsithemes9.

(@]
/ /
N N N N
(@] F . o F .
| l'\l) /4 TBAF | "\I) /4 NaH, BnBr
\ Bz . \y Bz - -
N THF N DMF
Tos H
41 42

Scheme58 Final reaction steps for precursorésf °Fltryptophard3.
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Scheme59 Oveniew of theelaborated (11 stegynthetic pathwawpf a precursor for the
radiosynthesis af-6-[*®F]fluorotryptophan 43) by isotopic exchange.
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35 Radiosynthesis of-6-['°F]fluorotryptophan

The radiosynthesis af-6-[*®F]fluorotryptophan [-*F]45) was planned to proceed in three
steps, isotopic exchange, reductive decarbonylation and removal of protecting groups
according to a modified procedure previously used by Castillo'€f'dbr the radiosynthesis

of aromatic amino acidsS¢hemes0).

\\\\ S,/N\ 1) AlC, \ oH
Rh(PPh).Cl 2) HCI
(PPh), _ /@\/\g o) ) ~ \ 4
. 18
benzonitrile F N 18 N
H

[°F]44 1845

Schemes0 Synthetic concept for the radiosynthesis [ *®F]fluorotryptophar{*%F]45.

The first step in this routeras the introduction of thé¥F]fluoride byanisotopic'®F-for-*°F
isotopic exchangeThis was done under the optimum conditions elaborated for the isotopic
exchange on -benzyl6-fluoro-1H-indole-5-carbaldehyde 1€ which has a similar
substitution pattern. Therefore, the reaction was first examaets0 °C in DMF with

TBAHCOs; as anion activator.

Since the tosyprotected precursatl was availablehrough the same pathway e benzyl
protected precursat3 its radiofluorination was examineghich would shorten the synthesis
of the precursor bywo steps. Unfortunately, radiolabeling of topybtected41 could not be

obtained under any conditions studied. The applied temperatures that were investigated for
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this purpose reached from 12A50 °C. No radiofluorinated product could be detecte@@t 1
°C while at 150 °C an unpolar product was found which could be identified as tosyl
[*®F]fluoride. This was not surprising since detosylation has been observed beflarrids

is also used for the detosylation of indoles, but usually a large exc#éasrafe is used for

this purpose.

In first radiolabeling experiments using the berardtected precursa@t3 at 150 °C a RCY of

only 944 % could be found. Furthermore, racemization was observed during the
radiofluorination at this temperature giving theandD- diastereomer of®F]43 in a ratio of

about 70:30. Also, several radioactive side products could be detected. When temperatures
lower than 150 °C were applied the desired radiolabeled prddig#3 could not be

obtained at all.

A reductive dearbonylation step was alsxaminedunder the conditions that gave the best

RCY for I-benzyt6-fluoro-1H-indole-5-carbaldehyde 1e) (see chapter 3.2.2) with 3

equi valents of Wil kinsonds <catalyst and mi
benzonitrile Thereby, however, the decarbonylaféi]44 could be obtained in a RCY of

11+2 % along with several side products, that were not further characterized while this
reaction gave yields of > 95 % when it was done on the indolecarbalddghrjas, [*°F]2e,

[*®F]3eand[*®F]4eunder the conditions applied here.

The final step in the radiosynthesis was the removal of the benzyl group which was first tested
under acidic conditions using conc. HCI and heating to 150 °C for 30 min. This resulted in
decompositia of [*®F]44 while free 6['®F]fluorotryptophar{*®F]45 could not be observed.
Furthemore the debenzylation reaction was performed according to the procedure of
Murakami et al*’® with AICI; in benzene followedby removal of the solvent and an acidic
hydrolysis of the Seebach group with conc. HCI at 150 °C for 30 min. But under those
conditions neither the desired producq'&]fluorotryptophan[*®F]45 nor the starting

material[*®F]44 could be detected.

In summary, 6[**F]fluorotryptophan [®F]45) could not be obtained from the precurddr

via the synthetic pathway shown Bcheme60. This is due to the fact that the benzyl
protecting group and thereby the hydrolysis of the pratgairoups did not succeed. Though,
the isotopic exchange @8 and the reductive decarbonylation [0#F]43 were possibleven

if only a low RCY of about 96 and 11 %, respectively, was obtained. This is probably due to
the low reactivity for precursat3 towards the isotopic exchange that was also observed with
1-benzyt6-fluoro-1H-indole-5-carbaldehyde 1) and different to the other indolecarb
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aldehydesZe 3eand4e€). These results confirm those ones obtained in chapter 3.2. For this
reason a new prersor needed to be prepared carrying the fluorine in the more activated 4
position and the formyl group in thepsition, if possible, since this substitution pattern gave

by far the best RCY on the isotopic exchange and showed the best properties gegardin
chemical stability. Furthermore, labeling of fluetbl-indolecarbaldehydes with this
substitution pattern gave already the maximum RCY at temperatures of about 90 C. Hereby, it

might be possible to avoid racemization or at least to minimize it.

3.6  Synthess of precursor for the radiosynthesis of

L-4-[*®F]fluorotryptophan

In addition to the precursor forfuorotryptophan a synthetic pathway should be developed
for the synthesis of a precursor that is suitable for the radiosynthesiq &f]fitioro-
tryptophan since this substitution pattern gave high RCY when it was tested on thelffiioro

indolecarbaldehdes, as described in chapter 3.2.

3.6.1 Precursor for the radiosynthesisvia build-up synthesis

In 2012 Levesque et al. published a new method foptéparation of substituted indoles by

an [1,2}aryl shift condensatiol®® The starting materials for this are an alkylatedire-
benzaldehyde and ethyl diazo acetate. The reaction mechanism is shown in detail in
Schemesl

Q o CO,Et
| T #LOEt PO @f\g—H
+
x// NHR N, DCM, RT x// N
R
fono
Fs E\q CO,Et
1,2]-Aryl shift
A O coer LAAY A O A
x/ ZSNHR Nﬁ’ x/ ZSNHR

Scheme61l Mechanism of the preparation of indoles via an Fa3] shiftcondensation as
proposecby Levesque et af**!
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Ethyl diazoacetate is commercially available but the functionalized amipaloehyde needs

to be prepared prior to the cyclization reaction. The aminobenzaldehyde of choice is shown in
Figure 10. The positions of the fluorine and iodine were chosen in order to generate a
4-fluoroindole where a formyl gup can be easily introduced in theasition, since this
substitution pattern gave the best RCY in the experiments described in chapter 3.2. A benzyl
group was chosen as protecting group for the amine since benzyl protected
aminobenzaldehydes gave thestogields in the indole formation described be Levesque et
al**3 Furthemore, the best RCY on the isotopic exchange coutth dle achieved with-1

benzyt4-fluoro-1H-indole-5-carbaldehyde2g).

Figure 10 6-(Benzylaminoj2-fluoro-3-iodobenzaldehyde as building block for the indole
formation via the method described by Legee et al.

A route for the synthesis of the amino benzaldehy®® Wwas developed starting from 2

amina6-fluorobenzoic acid46) which is shown irschemes2.

The first step of this procedure was the cyclisation of the aminokeazid46 which was
previously done by Tedesco et'&f! with phosgene in THF. Due to the fabat phosgene is
highly toxic and difficult to handle, since it is a gas, triphosgene was used instead giving also
guantitative yields oft7. The methyl este48 was prepared by refluxind7 in ethanol with a
catalytic amount of DMAP in 97 % vyield. The iodtion of 48 was realized following a
method described by DeVita et™&f! using elemental iodine and A80x in ethanol. Thereby
methyl 6amino2-fluoro-3-iodobenzoate(49) could be obtained in 80 % vyield. The
benzylation of the amine was carried out by a reductive amination with benzaldehyde and
NaBH;CN following a procedure described by Levesque ét®3lwho performed this
reaction in methanol at room temperature. Thisr@ggh, however, did not give the desired
compound50. Refluxing was necessary to convert the free amine into the corresponding
benzylamine in about 7% yield. The following reduction of the methyl est&b was first

studied under standard conditions udiyiH 4 in THF followed by an acidic workup.



71 Results and Discussion

F 0] F O
triphosgene o DMAP @O/
—>
HF /L\ MeOH NH,
H
46 47 48
F 0 benzaldehyde F O
Ag,SO, 1, | o~ NaBHCN, ZnC}, I\©\)k o Red.
—_— —_— B
49 50
F OH F O
I\I:i:[% Ox. ' l
_—
NHBnN NHBnN
5la 52a

Scheme62 Synthetic pathway for the preparation of the aminobenzaldeéd®de

Unfortunately, the application of these conditions led to the formatioheofdeiodinated
alcohol 51b (Schemes3). This might be due to a mechanism proposed by Twum Efal.
who also observed aromatic deiodination wietho- or para-iodoanilines were handled
under acidic conditions. The proposed mechanism is showehames4 at the example of
the deiodination of50. An alternative explanation for the deiodination might be an

electrophilic retroiodination which would result the same compd&dd

F O F  OH
|\dko/ LiAIH , @\)
E —
NHBn THF NHBn
50 51b

Scheme63 Reductionof 50 with LiAIH 4 followed by an acidic workupielding the
deiodinated benzyl alcohblLb.

In order to avoid acidic conditions during weuk the reaction was quenched rather with

water than with 1M HCI. The resulting slurry was filtered aménsively washed with DCM
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to get the desired benzyl alcoldlain 57 % yield. The yield could be increased to 85 % after
purification when DIBAL (disobutylaluminiumhydrié@) was used as reducing agent. This is
probably due to the fact that DIBAL fornascolorless solid when water is added which can be

filtered off moreeasily.

F OH F OH F OH
| H* l |
e 4/Bn — = H
NH" SNHB
NHBN _/ n
50
H
F OH
H
—_—
NHBn
51b

Scheme64 Mechanism proposed by Twurm et al. for aromatic deiodination under acidic
conditions at thexample of51b,/2°®!

The following oxidation of the benzyhlcohol 51a was first performed with IBX 2-
iodoxybenzoic aciy a hypervalent iodine oxidant that is commonly used for the oxidation of
alcohols to aldehydé¥ "% The reaction itself was carried autderthe conditions used by
Levesque et dt®! Unfortunately, when these conditions were applied, not only the alcohol
was oxidized to the corresponding benzaldehyde, but also the benzyl group on the amine was
removed giving the aminobenzaldehysizh in 78 % yield Echemes5). When DesdMartin-
periodane (DMP), a derivative of IBX, was used, decomposition of the starting material

occurred, which was probably due to the higher reactivity of DMP.

F OH F O
| IBX ' l
L
NHBnN DMSO NH,
Sla 52b

Scheme65 Oxidationof the benzyl alcohddlawith IBX resulting in the debenzylated
aminobenzaldehyde2b.
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Finally, activated manganese dioxide (Mh@as applied as oxidant which is also a common
reagent for the oxidation of benzyl alcohols to benzaldydes under extremh@lgonditions.
Usually an excess of Mns used and DCM is the solvent of choice. With this procedure the

desired benzaldehyd®awas obtained in about 67 % vyield.

Next, the prepared benzaldehysZzawas reacted with ethyl diazoacetate under theitond
described by Levesque et al. giving the desired fhimdo-indole 53 in 83 % vyield
(Schemes6).

e F Cco,Et
I BF,OEt, EDA |
- N\
én Bn
52a 53

Scheme66 Preparation of the fluoroiodoindoks.

Since the preparnain of 53 was successful and could be accomplished with high yields, the
ester in the Josition of the indole should be reduced to the corresponding alcohol followed

by the introduction of a | eaving group and
reduction was first tried with LiAlldin THF. The alcohob4 could be detected by TLC but

during purification decomposition already occurred. Due to the observed instability of the

alcohol54it was directly used for the next reaction step witHacther purification.

When the conversion of the alcotl into the corresponding bromidg&5a) or tosylate §5b)
was examined, decomposition of the starting material occurred immediately and none of the

compounds could be isolated.

F CO,Et F OH F LG
| LIAIH I i or i '
N N N

Bn Bn Bn
53 54 55a LG = Br
55h: LG = OTos

Scheme67 Attempts for the preparation of the compoub8a,b,
i) CBrs4, PPh, DCM; ii) NEt3, TosCIl, MeCN
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The bromination of the instable alcol@! was done by an Appel reaction at 0 °C resulting in
decomposition of the atting material as soon as it was dissolved in DCM. This was similar

to the benzyl protected indo&8b described in chapter 82. Therefore,a tosylation was
attemptedn acetonitrile with triethylamine as base, since decomposition of benatdcted

indoles was not observed under those conditions. Using these conditions, neither the starting
material nor the tosylate5b could be obtained due to immediate decomposition of the labile
alcohol54.

Since the introduction of a suitable leaving group forahek y | at i on wi th Seeb.
was impossible, the benzyl group should be removed and substituted by a protecting group, in
another attempt, resulting in a compound that is stable under the conditions required for the
following reactions. In this casetosylgroup should be introduced which indeed worked well

for bromination ofthe alcohol38a

The removal of the benzyl group was performed under the conditions previously described by
Murakami et al. using 5 equivalents of AiGh benzené”® When these conditions were
applied, the debenzylated indd®a could not be obtained. Instead, the formation of the
debenzylated and deiodinated indb&b was observed which could be isolated in 78 % yield
(Schemes8). In order to avoid the deiodination during the debenzylation step the impact of
the solvent on the deiodination was tested. Therefore, toluene and anisole were also tested as
solvents for this reaction since they have been usedliopsty for those kinds of
reactiond!’"M%8 |nopportunely using these solvents gave the same results that have been

observed before.

AlCI
P Co,kt ; 564

[
\©\/\g benzene or toluene or anisole
N F
Bn AlCl, CO,Et
53 N\
N

Scheme68 Debenzylation 063 using AICk in various solvents.
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Moreover, it was studied whether the use of one equivalent of; AdGéffective for the
debenzylation o63. This was dne in order to find out whether the bengybup is more
reactive to AIC} than the iodine. If this was the case, debenzylation would be possible
without deiodinationwhich would potentially result in longer reaction timasile yielding

the desiredb6a Since no conversion could be observed with one equivalent, the amount of
AICI 3 was increased slowly in order to find a ratio of starting material and reagent where the
desired debenzylation proceeds, but the undesired deiodination does not. This was not
possible, since debenzylation was not observed without deiodination. Therefore, the removal
of the benzyl group was examined under various conditions. First, the reaction was carried out
with Pd/C and NEHCGO, in EtOH which did not result in any conversioh the starting
material. The same results were obtained when Pd/C and the benzyl protecte83nderie
dissolved in MeOH and hydrogen gas was passed through the soltwmmver,it was
impossible to obtain the debenzylated iodoindbia and it was stdied whether the
formylation of the benzylinold®3 is possible followed by protection of the aldehyde and
debenzylation of the indole nitrogeBdhemes9).

The formylation was done by an iodingagnesium exchange under the dbods previously
described by Boymond et &Y starting from the iodoindol&3 usingi-PrMgBr and DMF at

0 °C. Due to the fact that these conditions led again to fast decomposition of the starting
material, the reaction was carried out with the sagagents at78 °C. Thereby, the desired
indolecarbaldehyde could be obtained in 25 % yield. The following protection was tried under
standard conditiof€® with 1,2-ethandithiol in DCM and catalytic amounts of elemental
iodine. Unfortunatelydecomposition of the starting materialrggd immediately after it was
dissolved in DCM as it has been observed before for compeRind

HS™\_-SH
F co,Et O F cot ()] coqE
N THF N / / N
\ \
Bn Bn Bn
53 57 | ‘
2
(\ S F  co,Et
AlCI, )\©\/g
S \
benzene N
H

Scheme69 Planned synthetic pathway for the fofation and debenzylation 6.
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These observations asamilar to those that were made when the benzyl protected iB8ble

was dissolved in DCM and might be a further evidence for the instability of some benzyl

protected indoles in DCM. Due to the complications that come along with this route,

especially thelebenzylation and the reduction, it was not as promising as previously assumed

and therefore not further investigated.

3.6.2 Precursor for the radiosynthesis via a linear synthetic pathway

The experiments in context of a linear synthesis of a precussar-[*°F]fluorotryptophan

(43) revealed to be a good strategy. SineBudro-1H-indole Qa) became commercially
available at reasonable prices, the synthetic concept developed in chapter 3.3.2 could be
adapted to the synthesis afsuitable precursoof L-4-[*®F]fluorotryptophanstarting from
4-fluoro-1H-indole here.

The whole synthetic route of the precursoref-[*®F]fluorotryptophan is shown iBcheme

70 (see als@schemes9, chapter 31.2) . Theprotection of 4fluoroindole @a) was carried ou

as discussed in chapter 3jiving the desired TIP$dole 2b in 94 % vyield. The iodination

was done withsecBuLi, PMDTA and diiodoethane a¥8 °C followed by removal of the
TIPS group. This was performevithout characterization of the TIPS protected iodoin886le
since the separation of the iodinated and not iodinated-pit&*8cted indole§9 and2b was

also impossible for those compounds. The vyield for both steps was about 65 %. The
VilsmeierHaack fomylation was realized under standard condiffhsis described in
chapter 3.2. In contrast to the-Buoroindole 3-carbaldehyde86 which gave about 64 %
yield, the 4fluoro derivative61 could be obtained in yields as high as 89#ch has to be

due to the substitution pattern of the fluorine on the indole. The following tosylation was
accomplished in THF with TosCl and NaH giving the tosylated indolecarbalded®/de

74 % yield. The reduction was carried out with NaBtHTHF/EOH vyielding the alcohob3
guantitatively.Bromination of63 via an Appel reaction gave the bromifié in yields of
about 63 %. The bromid& was stable at room temperature and not as sensitive to light as
the 6fluoroderivative39 which had to be usedimediately after preparation in order to avoid
decomposition. With the bromid&, storage at 8 °C was possible for at least 2 weeks which
simplified the handling with this compound.
performed under standard catiwhs with LDA at-78 °C giving compoun@5in 73 % yield.

The following introduction of the formyl group in-fosition was done by an iodine
magnesium exchange withPrMgBr followed by the addition of DMF, thugielding the
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resulting formylindole66 in about 73 % yield. Hereby, the use of four equivalents of DMF
was also essential. When less DMF was used the obtained yields were below 50 %.

1) n-BulLi F 1) secBulLi
2) TIPS-CI N 2) diiodoethane lm
T HF, -78 N T HF,

TIPS TIPS

2a 2b 59
H 1) NaH
TBAF DMF, POC.L, | 2) Tos-Cl
A\ - =
THF RT N THF, ©
H
60 61
F Br
NaBH, \©j< Cer, PPR | N LDA, Z-BMI
—_— =
THF/EtOH D C M, 0 A N THF, -7
Tos Tos
62 63 64
/
S—n
F
| N)""/'L 1) i-PrMgBr

Vo %o 2) DMF

N THF 0

Tos b

65
o)

N THF RT
67

Scheme70 Synthetic pathway for precurs6é8 for the radiosynthesis of
L-4-[*®F]fluorotryptophan.
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The removal of the tosyl group was performed with TBAF in THF at room temperature
yielding theunprotected indol&7 in about 42 % besides a variety of side products. This
behavior, however, was not observed, when tHtdo derivative 41 was subject to
detosylation where yields above 90 % were obtained, and the formation of side products was
not observed. Finally, the Begroup was chosen for the protection of the precursor over the
benzytgroup which was used for the protection of the precursorGfluorotryptophan 43)

for several reasons. TheBbc-4-fluoro-1H-indole-5-carbaldehyde2g) which has a similar
substitution pattern gave RCY of about 28 % and the removal of theg®ap can be
accomplished under much milder conditions than the removal of a bgmmayd. This might

lead to lower RCY in the isotopic exchange, but has some advartageg the planned
radiosynthesis. It reduces the radiosynthesis by one step, avoids the removal of the very stable
benzyl groupas well aghe use of AIG and avoids benzene as solvent which is known to be
toxic. The introduction of the Begroup was doe with BogO and catalytic amounts of
DMAP in THF giving the desired precursé8in about 86 % yield.

In summary, a precursor for the radiosynthesis-&f[**F]fluorotryptophan was successfully
synthesized in an eleven step linear synthesis in an byeslal of about 8 % following the
synthetic pathway that has been developed before in this work for the preparation of a similar

precursor for-6-[*®F]fluorotryptophan.
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3.7 Radiosynthesis oi_-4-[**F]fluorotryptophan

The radiosynthesis af-4-[**Ffluorotryptophan was carried out in three steps following again

the concept that was previously developed by Castillo'&shnd also used for the attempts

of the radiosynthesis af-6-[*®F]fluorotryptophan. The three steps consist of a enythilic
isotopic’®Ffor-®®F exchange, a reductive decarbonyl at|
hydrolysis of the protecting groups. The whole synthesis sequence is illustrStbeime7 1.

oI Fooo SKN\ TBAlE | Foooo ” N
o
N N
Boc Boc
68 18FT68
W
04
I § 18, Nz
I N~ OH
Rh(PPh),CI HCI ]
(PPh), . @j\g (0] - N\ O
benzonitrile N N
Boc H
['®F]69 8170

Scheme71 Synthetic concept for the radiosynthesis ef-[**F]fluorotryptophan [:°F]70).

3.7.1 Isotopic exchange

The first step in the radiosynthesis is the isotopic exchange. Since complex molecules
containing the indole moigthave not been labeled with nucleophilic fluorit directly in

the carbocycle, the reaction was first tried under the conditions that gave the highest RCY for
1-Boc-4-fluoro-1H-indole-5-carbaldehyde 2g). The best RCY for this compound was
obtained at O °C where 28 % RCY could be obtained. Therefore, the precGBwras
reacted for 15 min at this temperature using TBAHG®S anion activator and DMF as

solvent(t73H1e8l
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The RCY obtained using the conditions described above was about 17 %.rRarthdérwas
examired whether increasing temperatures result in a higher RCY. However, at temperatures
higher than 90 °C decomposition occurred. When temperatures higher than 110 °C were used
complete decomposition of tls@mehow temperature sensitstarting material occued. The

isotopic exchange was therefore also investigated at temperatures between 85 °C and 60 °C.
The best RCY that could be obtained was about 51 %, and surprisingly the optimum
temperature was 80 °Qhis was unexpected since dan be found in the &tature that
isotopic exchange reactions on fluorobenzaldehydes gave the best RCY at temperatures above
100 °Cl8HI8 \with tempeatures lower than 80 °C the RCY decreased significantly. The
temperature region where a good RCY of above 40 % can be obtained is very narrow and is
limited from 75 °C to 85 °C. The temperature dependence on the RCY is graphically shown
in Figure 11. The isotopic exchange was also tested with DMSO and MeCN as solvents but
the RCY obtained thereby were always below 8 % combined with the formation of several
side products which was similar to the radiofluorination tbé Xbenzylluoro-1H-
indolecarbaldehyded ¢4e). For this reason, it is suggested to prefer DMF over DMSO and

MeCN as solvent for the isotopic fluori@xchange on indoles.
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Figure 11 Temperature dependenctthe isotopic extange 068 on the RCY of **F]68.
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Due to the fact that the isotopic exchange68rstrongly depends on the temperature of the
reaction, it was additionally studied whether a reaction time of 15 min is useful or whether
decomposition is already occurrirajter this time. For those investigations, the isotopic
exchange was performed at the optimum temperature of 80 °C and samples of the reaction
mixture were taken and analyzed by radio HPLC after 5, 10, 15, 20, 25, 30 and 45 min. The
obtained vyields over me areshown inFigure 12. It showed that the maximum RCY is
already reached after 10 min under the studied conditions. Furthermore, a plateau of the RCY
was observed for reaction times between 10 and 20 min. pesiion of the labeled
intermediate[*®F]68 started at reaction times longer than 20 min. The decomposition,
however, was slow but led to a total losg'8F]68 of about 13 % during 45 min. According

to these results, the initially used reaction timé&®imin was optimal, since it is placed in the
middle of the plateauAfter this time it can be assumed that the isotopic exchange is

completed but decomposition of the product has not started at this time point.
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Figure 12 Optimization of the isotopic exchange with respect to reaction time.

Moreover, it was investigated if a microwave assisted setup, which gave excellent RCY with
the XbenzyHluoro-1H-indole-carbaldehydes (see chapter 3.2.1), is also suitable for the

isotopic change on the precursé8to obtain higher RCY

Therefore, the reaction mixture was irradiated withi380 W microwaves for 1 min.

Afterwards the reaction mixture was cooled to room temperature and analyzed by radio
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HPLC. The results obtained with theamowave assisted setup are shawirigurel13. It was

found that radiolabeling is possible using microwave heating with low microwave energies of
30 to 40 W. At energies of 60 W decomposition of the precursorolyasrved which was
probably due to temperatures above 90 °C in the reactor and the high sensitivity of the
precursor towards elevated temperatures. The best results were obtained when irradiation was
done with 40 W which yielde®F]68 in a RCY of about @ %. However, this was ca.

10 % less than under conventional heating. Furthermore, the variatlte REY obtained

under microwave heating was higher than under conventional heating e.g. at RGYWV
between 25% and 44 % were obtained. This is in costréo previous results from the
literature where the RCY was described as more stable with microwave heating than under
conventional heating’® The most positive result ahe microwave assisted conditions was

that it was again possibte reduce the reaction time from 15 to 1 min.
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Figure 13 Isotopic'®F-for-'%F exchange on the precursor 68 under microwave heating.

In summary, radiofluorination by isotopic exchange on the precBwas successful using
TBAHCO; as anion activator and DMF as solvent. The desired prddi68 could be
obtained in about 50 % RCY under conventional heating omih at 80 °C and in about

40 % under microwave assisted heating with 40 W microwaves within 1 min. However, the
obtained RCY were much lower compared to those obtained {oeniytfluoro-1H-
indolecarbaldehydes, but higher than those obtained f&oci4-fluoro-1H-indole-5-

carbaldehyde2g). Further, a second diastereomer thaturredduringthe isotopic exchange
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of 43 could not be detected with8 and was probably due to the lower temperatures during

the isotopic exchange reaction.

3.7.2 Reductive Decarbonylation of [*°F]68

The second step in the synthetic pathway of the radiosynthesid-pfF]fluorotryptophan
([*®F]70) wasthe removal of the formyl group that was previously attached for the activation
of the i1 sotopic exchange. The removal wa s
(Rh(PPR)sCI).2"3! The reaction itself was performed undee conditions that gave the best

RCY with the Ibenzyt'®F]fluoro-1H-indolecarbaldehyde$™®F]le [**F]2e [**F]3e and

[*®F]4e Thus, all reactions were carried out in benzonitrile. The first attempt was made with 3
equivalents of Rh(PRJCIl. However,it was not possible to obtain the decarbonylated
intermediate['°F]69 without the loss of the Begroup that was attached to the indole
nitrogen. This was not a problem since it had to be removed in the hydrolysangteay
(Schemer2).

o 18F N 18 N
R e SfN\ E . Q/N\
K@\/\g 3 Rh(PPh),Cl _ @\/\g g
N benzonitrile N
Boc H
[*°F]68 FI69a

Scheme72 Loss of the Boc group durirthe reductive decarbonylatioon [**F]68.

When the reaction was examined with 3 equivalents of RhjfRhunder conventional
heatirg to 150 °C for 20 min the decarbonylated and deprotdtiEib9a was obtained in a

RCY of about 45 % while the formation of a polar side product was also observed but could
not be identified. Therefore, the amount of Rh(§# was risen in order to get higher

RCY. Increasing the amount of Rh(RREI to 4 equvalents decreased the RCY to only

35 %, while the formation of the side product was increasing. Hence, the amount of

Rh(PPR)sCl was reduced to 2 equivalents which resulted in a reduced RChoat 45 %
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and only minor amounts of the polar side product (< 10 %) but a total conversion of only
about 22 %. Due to these results the initially used amount of R§)¢EPhesulted in the
highest RCY with conventional heating.

A microwave assisted setupaw alsostudiedfor the reductive decarbonylation in order to
increase the obtained RCY or reduce the time needed for the reactionthEirsmount of
catalyst that worked best for the reductive decarbonylatioft®6]68 under conventional
heating, whib were 3 equivalents, was also used #edsolutionwas irradiated with 100 W
microwaves for2 min. Ths microwave energy and reaction time were chpsérce good
results were obtainedefore with the tbenzytluoro-1H-indolecarbaldehydeg*®F]1e
['®F]2e [*®F]3eand['®F]4e Under those conditions, a RCY of ca. #Bwasachievedwhich
was significantly higher than under conventional heatiegducing the amount of catalyst to
1 equivalent led t@ decreas of the RCY toabout 58 %. When the amount of(RPh)sCl
wasagain riserto 2 equivalents the RCY was also increasing to6€a%. Further increasing
of the amount of Rh(PP§sCl to 4 equivalentglid, however,not result in a significantly
higher RCY.The formationof the same polar side produdeteted under conventional

heathg was always observetihe results are summarizedTiable8.

Table 8 Results of the reductive decarbonylatiorj'8F]68; CH: conventional heating for
20 min, MH: microwavéneating for 2 min.

Conditions eg. Rh(PP¥)sCl Time [min] Conversior %] RCY [%]
CH, 150 °C 2 20 22+8 15+6
CH, 150 °C 3 20 65+9 45+8
CH, 150 °C 4 20 45+ 6 35+3
MH, 100 W 1 2 >99 58+ 11
MH, 100 W 2 2 >99 69+ 9
MH, 100 W 3 2 >99 757
MH, 100 W 4 2 >99 78+ 6

In order to reduce the amount of the undesired side product that is formed during reductive

decarbonylation, the reaction was tested with an irradiation time of 60 s and 3 equivalents of
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Wil kinsonds cat alsing tesults:TThe fermatioa @f fouroproduatst he |
starting materia]'®F]68, the decarbonylated but still Boc protected intermedidfg69, the
decarbonylated and deprotected intermedi=tg69a and the unknown side product, always
formed during reducte decarbonylation. This shows that the reaction time does not correlate
with the unknown side product and that this has to be subject to something else. Furthermore,
those results were interesting since they indicate that the irradiation time of 2nagessary

to guarantee a completenversion during theeaction.

In summary, the reductive decarbonylation could be performed under both conventional and
microwave assisted heating. However, when microwave heating was applied, the obtained
RCY was signiicantly higher than under conventional heating. The reaction times could thus
be reduced from 2@nin to 2 min, which is of great advantage in radiochemistry. The
decarbonylated products were purified as described in the Experimental part (see chapter
4.7.4.

3.7.3 Hydrolysis of protecting groups

The last step in the radiosynthesis Lo#i-[*®F]fluorotryptophan was the hydrolysisf the
Seebachauxiliary which masks the amino acid function. Due to the fact that thegBmap
was already removed during retive decarbonylation the focus for the conditions of the
hydrolysis was adapted to Seeb@dwxiliary. The amide bond in this group is quite stable
and its cleavage requires rather harsh reaction conditions.

In the pasthis was done using concentrated rHB HI and temperatures as high 10 °C

and 200 °C, respectively ®®% |n a work published in 2011 concentrated HCI and heating

to 150 °C for 30 min wassed for the hydrolysis ofthe Bgcr ot ect ed deri vati ve
auxiliary.'”® Here,theseconditions were adaplegivinga RCY ofonly ca.34 %which was
unexpected, since those types of reactions were described as quantitative in the past.
Additionally, a side product was formed about 13 %of the total activity that could not be
characterized (sdeigure14). Due to thepossibility that the side product might be subject to
incomplete hydrolysis of the protecting groups it was studied if longer reaction times would
provide a higher RCY. Therefore, the hydrolysis was performe@ foand samples were

taken every 30 min. It proved that the unkngvaak & not a result of incomplete hydrolysis,

since the ratio of -4-[*®F]fluorotryptophan and of this peak stayed the same over the whole
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reaction timeHence, it was assumed that decompositibthe temperature sensitive starting

material might be the reason for the occurrence of the side product.

Furthermore, changes in reaction temperatures could provide a better RCY for this reaction
and those were varied from 110 to 160 °C. While at tenyr@slower than 130 °C the RCY

fell down due to incomplete hydrolysis, a reaction temperature of 160 °C resulted in complete
decomposition of the starting material. In total the conditions first tested (150 °C, 30 min)
gave the best results and were ueedurther experiments.

30 my |' uv?2
[
l
204 ‘! [oH
| =
! (=
[l o
10 !I =
0 AN N\
I | | | | | I I I I I | | I I | | I I I ] I | | |
0000 05'00 10'00 15'00 20700 min
3,00{cps *1000 & 3 Ch2
B o
1 o,
[
2,00 ~ 4
-
wn
[
1,00
. ) o
0,00 — -
] | | | | | I I I 1 1 | | I I | | I I 1 | I | | |
00"00 05'00 10'00 15'00 20'00 min

Figure 14 HPLC-analysisof L-4-[**F]fluorotryptophan [(®F]70) and an undesired side
product which is formed during hydrolysi§['®F]69a.

In summary, the radiosynthesis af-4-[*®F]fluorotryptophan could be successfully
accomplished in three steps with an overall RCY of about 13 % and an enantiomeric purity of
> 99 %. Figure 15 depicts a comparison between the HPLC analysis of a standard sample of
L-4-fluorotryptophan prepad as described by Konas ef'&f and the radiofluorinated-4-
[*®F]fluorotryptophan which was previously purified by semreparative HPLC.
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The moderate total RCY of about 13 % is mainly due to the hydrolysis which gave only 34 %
RCY. Thus, it can probably be increased during further optimization of this reaction step or
by using a protecting group for the amino acid function that can be hydrolyzed under milder

conditions and thereby avoiding decomposition of the intermeidfi&i&9a.
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Figure 15 HPLC analysisnaSupel co chirobi oti ckofd col oumn

standard sample of-&-fluorotryptophan and the previously purifiédal
product[**F]70 after hydrolysig[*°F]70 = 4FTrp)

3.7.4 Specific activity

The specific activity obtained in isotopic exchange reactions is a function of both, the amount
of precursor and the startifgF-activity. The amount of carrier is determined by the quantity

of precursor employed, in this case ca. 9 umol. Under manuatiegrgal conditions used

here with a low starting activity of typically 250 MBq the specific activity was always > 70
MBg/mmol which is in the area of specific activities that can be obtained under electrophilic
fluorination conditions. But it can be exped that the specific activity will increase
significantly with higher starting activities and will thereby be much higher than those

obtained with electrophilic fluorination.
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3.8 Summary of the obtained results

In this work, a simple threstep radiosythesis ofL-4-['®F]fluorotryptophan was developed.
The used precursor was synthesized in an elstegnlinear synthesis in an overall yield of

8 %. The substitution pattern of the fluorine and the formyl group for the pre@8suas
chosen with respedo the results that were obtained prior to its synthesis in order to
determine the optimum substitution pattern. Furthermore, the prect8sevhich had the
fluorine in the undesirable-osition, confirmed the results obtained for the flubkbindole-

carbaldehydes regarding the isotopic exchange.

However, further investigations are necessary in order to increase the yield for the
radiosynthesis of-4-[*®F]fluorotryptophan, especially the hydrolysis. This can probably be
achieved through a protectiomogp on the amino acid function which can be cleaved under
less aggressive conditions. A promising attempt for this is the protection of the carboxylic
acid with an ester and the protection of the amine with a trityl group that can be hydrolyzed
under slightly acidic conditions at room temperature. It is also desirable to increase the
stability of the precursor towards elevated temperatures, since this was also an issue during
the ®F-for-1°F isotopic exchange and might also result in higher RCY duringeiion due

to the fact that higher labeling temperatures become possible.
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4.  Experimental

4.1 General techniques

All reactions sensitive to humidity were carried out undaratmosphere ofrgon. The
reaction flasks were driddr 24 hat 100 °C ad equipped with a septuand aballoonfilled
with argon All liquids sensitive to humidity were transferred into the reaction flask through

syringes All reaction mixtures were magnetically stirred.

4.1.1 Spectrometric devices

'H, Bc and®F spectra we recorded on a Varian Inova 400 MEEEA-3) or aBruker DPX
Avance(INM-5) spectrometer using CDE£or d-DMSO as solvents. Akhifts are given in
ppm using thesolvent residual signabss referenceHRMS spectra were obtained on a FTICR
0L TQ F TThadrhotFrskeer Sgientific, Germanlgy the ZEA3. Elementalnalyses were
obtained on &ario EL cube(ZEA-3).

4.1.2 Microwave device

Reactions under microwave heating were performed using a CEM Discover (Matthews, USA)
single-mode microwave reactor systemthe energy range from 30 to 200 W.

4.1.3 Preparative chromatography and analytic thin layer chromatography

Flash chromatography was performed on silica gel (Merck 60 mesh for flash chromatpgraphy
Germany following the procedure proposed by SHf! or via automated flash
chromatography using a ReveleriSlash Chromatography systerfGrace USA) on
commercially availabl& | as h Gr a c eartrRigesGrdces USAs E

Thin layer chromatography (TLC) was performed on precoated plates of silica ge&60 F
(Merck, Germany)The conpounds were detected bl absorptiorat 254 nm.

4.14 Radioanalytik procedures

The analysis of the radiofluorinated products was performed by either radio thin layer
chromatography (radi®dLC) or radio high performance liquidhmmatography (radio
HPLC).
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Radio-thin layer chromatography

Radio TLC for the analysis of th&F-labeled products and intermediates was done in order to
determine the radiochemical yield (RCY). The measurements were performed on precoated
silica plates bsilica gel 60 ks4 (Merck, Germany) The reaction mixtures were diluted with

an appropriate solvent (2 or MeCN) and samples of aboupiR were applied on the TLC
plates. Those were developed in an appropriate solvent mixture of petroleum etherd(PE) an
ethyl acetate (EA). The identification of unreact&¥FJfluoride was simple since under the
conditions used for the elution it remained at the origin of the TLC plate. The distribution of
the radioactivity on the TLC plate was detected using an Indtama ger E ( Pac k a
Instruments). The RCY was calculated by dividing the activity of the spot of compound of
interest by the total activity on the Tk@ate, multiplied by 100 (Equation I)able9 shows

the correspondingRalues ad eluent mixtures of the labeledmpounds analyzed by radio

TLC.

YO ——— pTm

Equation 1 Determination of the radiochemical yield by radibC.

Table9 Rs-values and eluent systems tbe compounddetermined by radio TLC.

Compound Eluent system (PEEA) R¢-value
['®F]1d, [*°F]2d, [°F]3d 3:2 0.63
['®F]1e, [°F]2e, [°F]3e 4:1 0.65
[**F]af 4:1 0.63
[**Fl1g, [F129 4:1 0.69
[**Fl1h 4:1 0.59
[**F43 3:2 0.62
['®F]68 7:3 0.74

[*®F]69 7:3 0,24
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Radio-high performance liquid chromatography

RadiocHPLC separations were performed using a Knauer plmpuer, Germany)a Knauer
K-2500 UV/VIS detector(Knauer, Germanyand two manual Rheodyne injectors (20
loop). The first loop wadocated before the HPL-€olumn and the second omehindit.
Detection of radioactivity was accomplished watNal(TI) well-type scintillation detector
(EG&G Ortec; model 276 Photomultiplier Bagemetek, USA with an ACE Mate Amplifier
and BIAS supply (@ec USA). Data acquisition and interpretation was done with Gina

software (RaytestGermany).

Radioactive samples were injected into the column using the first injector. After elution of all
compounds of interest from the colunthree aliquots of the s#ple were injected into the

second injector. The RCY of the product was determined using equation 2 whesgi\the

activity of the desired produgieakand Ao is the activity determinedly injection into the

second injector. The tern®ds usel for decay correction during the HPLC run, whiee is

the decay constant for fluorife8 and fAt o i s the time differeni

the product and thaliquots

YO ap

Equation 2 Determination of theadiochemical yieldy radio HPLC.

HPLC-Systems

System A Analytic HPLC of the'®F-labeled indole derivativeswas performed with a
reversephase Kromasil 5C18 column (2504 mm; CS Chromatographieservice GmbH
Germany. Elution was performeat a constant flow rate of 1 nmin™ with a acetonitrilé

watermixture (65 : 39.

System B Preparative HPLC was carried out with a Synergi 4m HRPo80A column
(250'10 mm; PhenomenexGermany. The mobile phase was aqueous ethandl%, and

the flow rate was 3 miin™.
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System C The enantiomeric purity of the radiolabeled compounds was determined by HPLC
using a Supelco chirobiofic  TEolumn (250x4.6 mm; Sigmaldrich, Germany) Elution
was performed at a constant flow rate of Lmin™ with amethanoiwatermixture (30:70).

System D Analytical HPLC was carried out with a Synergi 4m HyRB 80A column (250
4 mm; Phenomenexzermany. The mobile phase was agueous ethanol (10 %), and the flow

rate was 1 mimin™.

Table 10 k' values of the probes analyzed by radieLC.

Compound System k 0
[**F]1e A 5.18
[*°F]2e A 5.26
[*°FI3e A 5.38
[*°Fl4e A 6.60
[*°FI5 A 7.49
[*°Fl6 A 7.84
[*°F17 A 8.32
[*°F143 A 9.94/10.91 (L + D)
[*°Fl68 A 14.68
[*°Fl69 A 5.18
[**F]70 B 3.44
[**F]70 C 6.18
[**F]70 D 2.99

4.1.5 Reagents and solvents

The dy solvents dichloromethane, tetrahydrofurane, dioxane, methanbl,N-
dimethylformamide, diethyl ether acetone, bemizde, dimethyl sulfoxide,acetamitrile,
benzene,dluene and anisolevere purchased from Sigra#ddrich, Germany.The solvents

used for extraction and chromatograptigthyl ether, petroleum ethengxanesacetonitrile
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(HPLC grade)ethyl acetate, ethanol, methangichloromethaneywereobtainedfrom Merck
Germany All solvents were used without further purification or drying.

(SyBoc-BMI, (S)yZ-BMI, 1,2-ethanedithiol, dbroma4-fluoro-2-nitrobenzene4a), 2-aminc
6-fluorobenzoic acid 46), 3-fluoroaniline @9), 4-bromo2-fluorobenzaldehyde 2¢), 6
fluoroindole (a), 7-fluoroindole @a), aluminum chloride, ammonium chloride, ammonium
formate, benzaldehyde, benzyl bromide, boron trifluoride diethyl etherate, cesium carbonate,
chloroethylformate, diiodoethane, igibutylaluminium hydride, diert-butyl dicarbonate,

ethyl diazoacetate, iodomethane, isopropyl magnesium bromide, isopropyl magnesium
chloride, lithium aluminum hydride, lithium chloride, manganese dioxide (activated),
N, N, N O ;pdhtadethipdiethylenetriamine N,N-dimethylaminopyridine n-butyllithium,
palladium on activated charcoal, palladium(ll)acetate, phosphorous tribromide, potassium
carbonate, potassium iodidsecbutyllithium, silver sulfate, sodium borohydride, sodium
carbonate, sodium chloride, sodium cyanoborohydride, sodiumdeydsodium hydroxide,
sodium sulfate, sodium thiosulfateert-butylcarbamate, tetrabutylammonium fluoride, tosyl
chloride, triethylamine, trifluoroacetic acid, trimethylsilyl chloride, triphenylphosphine,
triphosgene, trsopropylsilyl chloride, vinyl magesium bromide, Wilkinson catalyst, Xphos

andzinc chloridewereall acquiredfrom SigmaAldrich, Germany

4-Fluoroindole, D,L-4-fluorotryptophan, D,L-6-fluorotryptophan and phosphorous exy
chloride werepurchased from Chempur, Germany, whitetec acid,hydrobromic acid and

hydrochloric acid weracquiredfrom Merck, Germany.

IBX was preparecs described by Frigerio et &Y. DessMartin periodan wasynthesized
as described by Dess and Martff?. 1-Trisiopropylsily+4-fluoro-1H-indole @b), 1-
trisiopropylsilyl6-fluoro-1H-indole (b), 1-trisiopropylsilyl7-fluoro-1H-indole @b)and 7

bromo4-fluoro-1H-indole @b) were prepared as described by Schosser &t'al.
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4.2  Synthesis of fluore1H-indole-carbaldehyde precursors

1-Triisopropylsil yl-6-fluoro-1H-indole-5-carbaldehyde (X),

according to Schlosser et'&l.

OI A solution of 6fluoro-1-(triisopropylsilyl)indole (4.0 g, 14 mmol) in 30

m mL tetrahydrofuran was cooled @8 °C, and a 1.4 M solution of sec

F N butyllithium in hexanes (14 mmol) was added dropwise. The resulting
TIPS

mixture was stirred for 2 h af8 °C before 5nL dimethylformamide were
added slowly. The reaction was allowed to warpto room temperature and stirred for 2
more hours. Watewas added and the aqueous phase was extracte&wthThe combined
organicextractswere dried oveNaSO;, filtered and the solventsereevaporatedn vacuo
The cruderesidue was purified via flash chromatography (2 % EtOAc/RE, ®30) giving

2.5 g (7.8 mmol, 64%) of the desired product as a colorless oil.

'H-NMR(CDCk) U 10. 38 (s, HgHH),7.38(d, 173.3Hd, 1H)J7.24(dd7 . O
J=12.6 Hz, J=0.7, 1H), 6.74 (dd, J = 2.4 Hz, J = 0.9 Hz, 1H), 1.72 (hept, J = Hz, 3H), 1.19
(d, J = 7.4 Hz, 18H)**C-NMR (CDCls) 187.11 (J 6.4 Hz), 161.13 (J = 246.6)44.77 (J =

12.1 Hz), 133.44 (J = BHz), 12817 (J = 1.1 Hz), 121.68 (J = 4.0 Hz), 118.37 (J = 10.9 Hz),
106.52, 100.38 (J = 25.2 Hz), 17.99, 128B:NMR (CDCl3) &i-130.1

HRMS: GgH26FNOSI [M+H]" calcd. 320.1840 found320.1839

1-Triisopropylsilyl -4-fluoro-1H-indol-5-carbaldehyd () according to Schlosser et &!

o F Analogouslypreparedas the aldeyde 1c while starting from4-fluoro-1-

| (triisopropylsilyl)indole(2b) giving the desired product as a colorless solid
l\T in 66 % yield.

TPS 11 NMR (DMSO) i 10.26 (s, 1H), 7.57.48 (m, 3H), 6.85 (d, J = 3.2 Hz),
1.73 (hept, 3H, J = 7.6 Hz), 1.02 (d, 18H, J = 7#;I’*C-NMR (DMSO)li 187 .27 ( J
Hz), 158.86 (J = 259.3 Hz), 147.31 (J = 11.5 Hz), 134.24, 120.94, 119.68 (J = 19 Hz), 115.77
(J = 5.3 Hz), 11153, 102.29, 18.13, 12.78-NMR (DMSO) U -128,78; HRMS:
Ci1aH26FNOSI [M+H]* calcd. 3201840 found3201842 E.A. cald. C: 6767 H: 820 N:4.38
foundC: 67.68 H: 8.25 N: 85
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1-Triisopropylsilyl -7-fluoro-1H-indol-5-carbaldehyd (3c) according to Schlosser et!'.

N Analogouslyprepared as the aldehyde but starting from 7-fluoro-1-
K(;\/,? (triisopropylsilyl)indole(3b) giving the desired product as a colorless solid
| \

O F TIPS in63%yield.

'H-NMR (DMSO)110.32 (s, 1H), 7.71 (d, 1H, J = 2.6 Hz), 7.52 (dd, 1H, J = 8.2 Hz, J = 12.6

Hz), 7.51 (d, 1H, J = 7.1 Hz), 6.82 (s, 1H), 1.69 (sept, 3H, J = 7.2 Hz), 1.07 (d, 18H, J = 7.5

Hz); ®*C-NMR (DMSO)i 187 .51 (J = 8.3 Hz), 153Hz208
138.37, 126.92 (J = 9.4 Hz), 119.6, 117.36, 106.80, 18.25, 13.14 (J = 5.8°HEMR
(DMSO) i -133.15;HRMS: GigHxFNOSi [M+H]" calcd. 320.1840 found 320.1840; E.A.;
calcd. C: 67.67 H: 8.20 N: 4.38 found C: 67.42 H: 8.24 N: 4.35

6-Fluoro-1H-indole-5-carbaldehyde (19 according to Schlosser et'3.

OI 4.1 mL of al1.0 M solution of TBAF in THRvere addeda a solution of 1.3 g

K/@\/\> (4.0 mmol) of1-triisopropylsilyl-6-fluoro-1H-indole-5-carbaldehyde 1(c) in

F m 5 mL THF. The reaction mixture was stirred for 5 min at room temperature,
guenched by the addition of water andrastedrepeatedlywith Et,O. The

combined organic layers were dried over,8I3, filtered and the solvent was removed

vacua Purification by column chromatography (PEA = 3:2) gave 560 mg (3.4 mmol,
86 %) of the desire@-fluoro-1H-indole-5-carbaldehgie (1d) as a coldess solid.

M.p.: decomposition at 126128 °C

'H-NMR (DMSO) i 11.60 (s, 1H), 10.16 (s, 1H), 8.06 (d, 1H, J = 6.8 Hz), 7.47 (t, 1H, J = 3

Hz), 7.28 (d, 1H, J = 12 Hz), 6.61 (s, 1HC-NMR (DMSO)1i188.18 (J = 4.9 Hz), 160.16 (J

(J

= 245.7Hz), 139.72 (J = 13.4 Hz), 128.83 (J = 2.7 Hz), 124.91, 123.22 (J = 3.8 Hz), 117.88 (J

= 10.7 Hz), 103.728, 98.43 (J = 24.8 HZE-NMR (DMSO) Ui -130.24; HRMS: GHsFNO

[M+H] " calcd. 164.0506 found 164.0506; E.A.: calcd. C: 66.26 H: 3.71 N: 8.59 found C:

65.80 H: 3.75 N: 8.55

4-Fluoro-1H-indole-5-carbaldehyde (2d)according to Schlosser et'3.

O F Analogously prepared as compound 1d while starting from 1-

\ triisopropylsily+4-fluoro-1H-indol-5-carbaldehyd2c); colorless solid; 89%

N 'H-NMR (DMSO) i 11.89 (s, 1H), 10.27 (s, 1H), 7.49 (t, 2H, J = 6.8 Hz),
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7.33 (d, 1H, J = & Hz), 6.68 (s, 1H)**C-NMR (DMSO) 1 187.23 (J = 6.9 Hz), 159.50 (J =
259.5 Hz), 142.84 (J = 13 Hz), 128.18, 120.45, 116.21 (J = 20.6 Hz), 115.15 (J = 5.4 Hz),
109.38 (J = 3 Hz), 99.33°F-NMR (DMSO) 11 -129,01; HRMS: GHsFNO [M+H]* calcd.
164.0506 foundl64.0506; E.A.: calcd. C: 66.26 H: 3.71 N: 8.59 found C: 65.76 H: 3.73 N:
8.54

7-Fluoro-1H-indole-6-carbaldehyde (3¢ according to Schlosser et'3.

Analogouslyprepared as aldehydel but starting from2-triisopropylsily}7-

A\
I N~ fluoro-1H-indol-5-carbaldehyd3c) giving the desired product ascalorless
o F "™ solidin88%yield.

'H-NMR (DMSO) 11 10.28 (s, 1H), 7.67.34 (m, 2H), 7.447.37 (m, 1H), 6.59 (s, 1H}*C-

NMR (DMSO) U 187.32 (J = 6.8 Hz), 152.7 (J = 258.9 Hz), 137.00 (J = 7.8 Hz), 131.63,
123.24 (J = 11.24 Hz), 117.92, 116.97 (J = 2.9 Hz), 116.46 (J = 3.4 Hz), 103.66 (J = 1.2 Hz);
F.NMR (DMSO) Ui -140.48; HRMS: @H¢FNO [M+H]" calcd. 164.0506 found 164.0505;
E.A.: calcd. C: 66.26 H: 3.71 N: 8.59 found C: 65.89 H: 3.75 N: 8.62

1-Benzyt6-fluoro-1H-indole-5-carbaldehyde (1¢

I A solution of 270 mg (1.7 mmol) of-fuoro-1H-indole-5-carbatiehyde {d)
m in 5 mL DMF was cooled to 0 °Cand 100 mg (2.5 mmol) of a 60%
F N dispersion of NaH in mineral oil were added. Theufeng solution was

stirred for 20 min at 0 °C before 296L (2.5 mmol) benzyl bromide were

added.Then, he reaction mixture wasvarmed toroom temperature and
stirred for 12 h. Water was addddllowed byrepeatedextraction with EfO. The combined
organic layers were dried over }50, and the solvent was evaporatadsacuo Purification

by column chromatography gave 371 mgtGLmmol, 86 %) of dbenzyt6-fluoro-1H-indole-

5-carbaldehydégle) as a colorless solid.

'H-NMR (DMSO)1110.17 (s, 1H), 8.08 (d, 1H, J = 6.8 Hz), 7.63 (d, 1H, J = 3.1 Hz), 7.54 (d,
1H, J = 12.5 Hz), 7.32.22 (m, 5H), 5.43 (s, 2H}’C-NMR (DMSO) 1 188.09 { = 5.3 Hz),
160.31 (J = 246.4 Hz), 139.58 (J = 13 Hz), 137.86, 132.67 (J = 3.1 Hz), 129.12, 128.06,
127,65, 125.32, 123.59 (J = 3.8 Hz), 118.04 (J = 10.7 Hz), 104.07, 97.68 (J = 26 Hz), 49.77;
F-NMR (DMSO0) Ui -128.90; HRMS: GsH1,FNO [M+H]* calcd. 254.096 found 254.0975;

E.A.: calcd. C: 75.88 H: 4.78 N: 5.53 found C: 75.27 H: 4.86 N: 5.27
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1-Benzyt4-fluoro-1H-indole-5-carbaldehyd (2¢

o E Analogouslyprepared as the aldehyde while starting from4-fluoro-1H-

| N indole-6-carbaldehyd€2d) giving the desired mduct as aolorlesssolid in
N 88 %yield.

'H-NMR (DMSO)i10.26 (s, 1H), 7.68 (d, 1H, J = 3.2 HZ)49 (dd, 1H, J =

8.8 Hz, J = 8.4 Hz), 7.30.20 (m, 5H)6.75 (d, 1H, J = 2.8 Hz), 5.47 (s, 2H);
13C-NMR (DMS0)i 187.24 (J = 6.1 Hz), 159.24 (J = 260.1 Hz), 142.27 (J = 13 Hz), 137.81,
132.00, 129.01 (J = 20.6z) 128.11 (J = 7.6 Hz), 127.50, 116.76 (J = 20.6 Hz), 115.40 (J =
5.3 Hz), 108.21 (J = 3.1 Hz), 99.45, 49.8F-NMR (DMSO) i -128.90;HRMS: C;gH1,FNO
[M+H]" calcd 254.0976 found 254.0975; E.A.: calcd. C: 75.88 H: 4.78 N: 5.53 found C:
75.27 H: 4.86 N5.27

1-Benzy}7-fluoro-1H-indole-6-carbaldehyd (3¢

\ Analogouslyprepared as the aldehydes but starting from 7-fluoro-1H-
N~ indole-6-carbaldehydd€3d) giving the desired product as a colorless solid in

O F 82 %yield.

'H-NMR (CDCl) 1110.36 (s, 1H), 7.52 (ddH, J = 5.9 Hz, J = 2.1 HzJ,39
(d, 1H, 8.3 Hz), 7.33.24 (m, 4H), 7.13 (d, 2H, J = 7.0 Hz), 6.58 (s, 1H), 5.51 (s, ¥8);
NMR (CDCl;) 187.03 (J = 8.7 Hz), 153.67 (J = 258.8 Hz), 137.76 (J = 7.4 Hz), 137,36,
133.88, 128.90, 127.98, 126.70, 122.98 (8.1 Hz), 118.44, 117.61 (J = 4.5 Hz), 117.13 (J =
3.3 Hz), 103.67 (J = 1.2 Hz), 52.65 (J = 5.6 HJF-NMR (CDCl;) -148.05 HRMS:
CieH12FNO [M+H]" calcd.254.0976 found 254.0976; E.A.: calcd. C: 75.88 H: 4.78 N: 5.53
found C: 75.57 H: 4.80 N: 5.49

1-Methyl-6-fluoro-1H-indole-5-carbaldehyde (1)

OI A solution of80 mg (0.5 mmol) of 6fluoro-1H-indole-5-carbaldehydel(d)

m in 5 mL DMF was cooled to 0 °Cand 30 mg (0.75 mmol) of a 60%

F N dispersion of NaH immineral oil were added. The resulting solution sva
Ha

allowed to stir for 20 min at 0 Mefore 100uL (1.6 mmol) iodomethane
were added. The reaction mixture was allowed to reach room temperatuheasiired for
further 12 h. Water was added followed bgpeatedextraction with E{O. The combined
organic layers were dried over p&0y, and the solvent was evaporaiadracuo Purification



Experimental 98

by columnchromatography gave 52 mgZ0.mmol, 58 %) of dnethyt6-fluoro-1H-indole-
5-carbaldehydé€lf) as an off white solid.

M.p.: 10871 110 °C

'H-NMR (DMSO) 111021 (s, 1H), 8.09 (d, 1H, J = 6.8 Hz), 7-326 (m, 2H), 6.67 (dd, 1H,

J = 0.9 Hz, J = 3.2 Hz), 3.82 (s, 3#JC-NMR (DMSO) 11 188.18 (J = 5.3 Hz), 160.29 (J =
245.8), 140.16 (J = 13.0 Hz), 133.14 (J = 3.1 Hz), 125.09 (J = 0.6 Hz), 123.46 (J = 4.0 Hz),
117.79 (J = 10.8 Hz), 103.38, 97.33 (J = 25.2 Hz, 33" 48-NMR (DMSO) ii -129.49
HRMS: CioHsFNO [M+Na]* calcd.200.0482found 200.0482 E.A.: calcd. C:67.79H: 4.55

N: 7.91found C:66.42H: 4.61N: 7.61

1-Boc-6-fluoro-1H-indole-5-carbaldehyde (19, accoding to Koning et af*>

OI To asolution of100 mg (0.61 mmol) of 6fluoro-1H-indole-5-carbaldehyde

m (1d) in 7 mL THF were added 7.3 mg (0.06 mmol) DMAP and 152 mg (0.7

F N mmol) BogO. The resulting solution was stirred for 4 h at room
Boc

temperature. Water was added followmyl repeatedextraction with EfO.
The combined organic layers were dried ovepr9@ and the solvent was evaporatied
vacua Purification by column chromatography gave 136 mg (0.48 mmol, 72 %Bot-b-

fluoro-1H-indole-5-carbaldehydélg) asa colorlesssolid.
M.p.:91-93 °C

'H-NMR (DMSO) i 10.38 (s, 1H), 8.05 (d, 1H, J = 6.7 Hz), 7.95 (d, 1H, J = 11.2 Hz), 7.62
(d, 1H, J = 3.6 Hz), 6.63 (d, 1H, J = 3.8 Hz), 1.68 (s, 9f)-NMR (DMSO) 11 187.43 (J =

6.8 Hz), 162.63 (J = 249.8 Hz), 148.97, 139.08 (B2 Hz), 127.96 (J = 3.1 Hz), 127.01,
121.33 (J = 3.1 Hz), 120.27 (J = 10.1 Hz), 107.81, 102.95 (J = 28.1 Hz), 85.03,'38.10;
NMR (DMSO) Ui -126.44;HRMS: Cy¢H1,FNOsS [M+Na]* calcd.286.0849found 286.0849

E.A.: calcd. C63.87H: 5.36N: 5.32found C:63.71H: 5.38N: 5.23

1-Boc-4-fluoro-1H-indole-5-carbaldehyde (2)), according to Koning et &

O F Analogously pepared as the aldehyde but starting from 7-fluoro-1H-
N indole-6-carbaldehyd€3d) giving the desired product as a colorless solid in
N 82 % yield.



99 Experimental

M.p.: 11271 114 °C

'H-NMR (CDCl) 1.48 (s, 1H), 8.06 (d, J = 8.7 Hz, 1H), 7.82 (dd, J = 8.7 Hz, J = 6.5 Hz,
1H), 7.67 (d, J = 3.8 Hz, 1H), 6.81 (d, J = 3.8 Hz, 1H), 1.73 (s, 8)NMR (CDClL) U
186.91 (J = 7.0 Hz), 158.72 (J = 247.38), 149.84, 141.57, 127.28, 123.65 (J = 1.62 Hz),
119.27 (J = 20.7 Hz), 118.20 (J = 5.5 Hz), 111.94 (J = 3.8 Hz), 103.41, 85.24,9B.11;
NMR (CDCl;) -1P9.58 HRMS: GgH1oFNOsS [M+Na] calcd. 286.0849 found 286.5@

E.A.: calcd. C62.77H: 5.36 N: 5.32 found C: 631 H: 5.22N: 5.21

1-Tosyl-6-fluor 0-1H-indole-5-carbaldehyde (1h) according to Konas et &

OI A solution of150 mg (0.92 mmol) of &fluoro-1H-indole-5-carbaldehyde

m (1d) in 5 mL DMF was cooled to 0 °Cand 55 mg (1.38 mmol) of a 60%

F N dispersion of NaH irmineral oil were aded. The resulting solution was
Tos

allowed to stir for 20 min at 0 °Chefore 263 mg (1.38 mmol) tosyl
chloride wasadded. The reaction mixture was allowed to reach room temperature and stirred
for further12 h. Water was added followed bgpeatedextraction with E6O. The combined
organic layers were dried over }50,, and the solvent was evaporatedsacuo Purification
by column chromatography gave 239 mg (0.75 mmol, 82 %)toéyi-6-fluoro-1H-indole-5-
carbaldehydé¢lh) as an off white solid.

'H-NMR (DMS0)i10.15 (s, 1H), 8.06 (d, 1H, J = 6.7 Hz), 7.94 (d, 2H, J = 9.2 Hz), 7.90 (d,
1H, J = 3.5 Hz), 7.81 (d, 1H, J = 11.4 Hz), 7.37 (d, 1H, J = 8.0 Hz), 6.93 (d, 1H, J = 3.4 Hz),
2.27 (s, 3H)*C-NMR (DMSO) i 187.95 (J = 5.4 Hz), 161.43 (J = 251.0 Hz), 1461807,63

(J = 13.0 Hz), 134.06, 130.91, 129.44 (J = 3.5 Hz), 127.42 (J = 4.2 Hz), 127.39, 123.69 (J =
3.6 Hz), 121.04 (J = 10.6 Hz), 110.24, 101.35 (J = 27.3 Hz), 2YBNMR (DMSO) ii -

124.12 HRMS: Ci6H1,FNOsS [M+H]" calcd. 318.0595found 318.0594 E.A.: calcd. C:
60.56H: 3.81N: 4.41found C:60.35H: 3.95N: 4.46

1-Benzy}t7-bromo-4-fluoro-1H-indole (4d)

A solution of 612 mg (2.9 mmol) of-Bromo4-fluoro-1H-indole in dry

DMF was cooled to 0 °Gand 173 mg (4.3 mmol) of a 60% dispersion

N of NaH in mireral oil was added. After 20 min 530 (735 mg, 4.3

Br \\© mmol) benzyl bromide were added and the reaction mixture was
allowed to warmup to room temperature and stirred overnight. Water

A\
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was addedand the aqueous phase wepeatedlyextracted with BEO. The ombined organic
layers were dried over Ma&QOy, and the solvent was removedvacuo The crude product was
purified by columnchromatographyielding 711 mg (2.4 mmol, 81 %) of-ienzyt7-bromo

4-fluoro-1H-indole @d) ascolorlessoil.

'H-NMR (DMSO) i 7.337.25 (m, 4H), 7.1.03 (m, 3H)6.71 (dd, 2H, J = 10.5 Hz, J = 9.4
Hz), 5.87 (s, 2H)HRMS: CisH11BrFN [M+Na]™ calcd. 304.0131 foundno corresponding
peak could be detecteH;A.: calcd. C63.87H: 5.36N: 5.32found C:63.71H: 5.38N: 5.23

1-Benzyk4-fluoro-1H-indole-7-carbaldehyde (4e) according to Boymond et &f*

F A solution of 420 mg (1.4 mmol) ofd in 5 mL THF was cooled to
N\ -78 °C and 560pL (1.4 mmol) of a 2.5 M solution of-BulLi in
N hexanes were added. The mixture was stirred for 30 Ingfore 500
07 \\© uL DMF were addegdfollowed by warming to room temperature and
stirring for 3 h. Water was addeand the aqueous phase was
repeatedlyextracted with EO. The combined organic fractions were dried oveiS®g, and
the solvent was evaporateth vacuo The crude product was purifiedy column
chromatography yielding 134 mg (0.5 mmol, 39 %) ebehzyt4-fluoro-1H-indole-7-
carbaldehyde4e) asacolorless solid.
M.p.: 757 77 °C
'H-NMR ( D M30Dp (s,llH), 7.81dd, J = 8.4 Hz, J = 5.7 Hz, 1H), 7.71 (d, J = 3.2 Hz,
1H), 7.22-7.10 (m, 6H), 6.98 (t, J = 21.0 Hz, 1H), 6.90 (d, J = 1.3 Hz), 6.82 (d, J = 3.3 Hz),
5.97 (s, 2H)"®*C-N MR ( D M39D.83, 169.89 (J = 154.01 Hz), 138.636.15 (J = 12.9
Hz), 132.14, 132.05 (J = 9.8 Hz), 129.09, 127.73, 126120,46, 105.39 (J = 19.7 H2z),
98.85, 53.72, 284; “F-N MR ( DMST)1.47 HRMS: C;sH1:BrFN [M+Na]" calcd.

304.0131 found; no corresponding peak could be detected; E.A.: cal68.82:H: 5.36 N:
5.32 found C: 63.71 H: 5.38 N: 5.23

4.3 Synthesis ofthe precursor for L-6-fluorotryptophan by build-up synthesis

3-(Trimethylsilyl)prop -2-yn-1-ol (17), as described by Ma et &f°

_ To a solution of propargyl alcohol (1L, 17.2 mmol) in 45mL THF

OH wereadded 21.0mL of a 2.5 M solution oh-BuLi in hexanes at78 °C.
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The solution was stircefor 30 min at' 78 °C before7.7 mL (60 mmol) TMSCI was added
The reaction mixture was warmed to room temperature and stirred for one more hour. 25
water and 25mL 10 % hydrochloric acidvere subsequentlyaddedand the mixture was
repeatedlyextracted with BO. The organic layers were dried over, 8@y, and the solvents
were removed under reduced pressBigificationby flash chromatography gave the desired
prodwct 17in 97 % yieldas a colorless oiRf = 0.25 (PEEA = 9:1)

'H-NMR (CDCl) t14.30 (s, 2H)1.89 (broad s, 1HP.20 (s, 9H)

3-(Trimethylsilyl)prop -2-yn-1-tosylate (18) according to by Ma et &

TMS—— A solution of 500 mg (3.9 mmol) of the alcoHdlin Et,O was cooled to

150 °C before tosyl chloride (900 mg, 4.7 mmol) was added. The
solution was stied for 15 min followed by the addition gfowdered KOH (700 mg, 12.4
mmol). The reaction mixture was slowly warmed to 0 °C and stirred for about 1.5 h at this
temperature. 30nL ice water were added and the aqueous phase was extracted Jith Et
The combmned organic layers were dried over,8@, and the solvent was removed under
reduced pressure. Purification via flash chromatography gave the desired tb8ya&Y %

(960 mg, 3.4 mmglyield as a colorlessil.

'H-NMR (CDCk) ii7.86 (d, 2H, J = 8.3 Hz), 7.33 (d, 2H, J = 12.0 Hz), 4.75 (s, 2H), 2.49 (s,
3H), 0.12 (s, 9H)

(S,8)2Tert-butyl-3-methyl-4-oxo-5-[3-(trimethylsilyl)prop -2-yn-1-ylimidazolidine -1-
carboxylate (15)

/ At -78 °Cn-BuLi in hexane (0.73 mL, 1.8 mmoljas addedo a
O N
™S A > ----- solution of diisopropylamine266 pL, 1.8 mmol) in 1.5mL THF.
—
o N\BOC The resulting solution was stirred for 30 mibefore a solution of

Boc-BMI (380 mg, 1.5 mmol) in 3mL THF was added. After another 30 min of stirring at
-78 °C a solutiorof 18in 1.5mL THF was addedand the reaction mixture was allowed to
reach room temperature. After stirring for 3tle reaction was quenched witlaterand the
aqueous phase waspeatedlyextracted with EO. The combined organic layers were dried
over NaSQ,, and he solvent was evaporatadvacuo Purificationby flash chromatography
(PEEA = 4:1, R = 0.29)gave the desired produts in 82 % (429 mg, 1.2 mmol) yields a

colorless solid
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M.p.: 133 135 °C

IH-NMR (CDCL) 5009 (s, 1H), 4.02 (s, 1H), 3.36 (d, LHz 142 Hz) 3.10 (s, 3H), 2.88 (d,
1H, J = 16.6 HZz)1.55 (s, 9H), 1.00 (s, 9H), 0.12 (s, 9H)

3-Fluoro-4-iodoaniline (20), according tEmmanuvel et af®®

NH, Kl (1.46 g, 8.8 mmolas addedo a solution of Zluoroaniline (1.0 g, 8.8 mmaol),
NalO, (1.88 g, 8.8 mmol) and NaCl (1.0 g, 17.2 mmol) in a mixture of acetic acid
and water and the reaction mixture was stirred for 3 h at rampdrature

| 30 mL ice waterwas added and the aqueous phase was extrastceral times

with DCM. The combined organic extracts were dried ovesSRa and the solvent was
evaporated under reduced pressure. Purificdtypflash chromatography gave thesired

aniline20in 82 % (1.7 g, 7.2 mmol) yields a yellow solid
M.p.: 651 67 °C (Lit. 67i 68.5 °CG**%))

'H-NMR (CDCl;) 745 (dd, 1H, J = 8.5 Hz, J = 7.2 Hz), 6.46 (dd, 1H, J = 9.9 Hz, J = 2.6
Hz), 6.31 (dd, 1H, J =8.3 Hz, J = 2.5 H2)85 (broad s, 2H)

3-Fluoro-4-bromoaniline (22), acording to Majetich et dt®?

NH, To a solution of Fluoroaniline (4.0 g, 36 mmol)ni 15 mL DMSO was added
5 mL aqueous HBr (48 %) at about 10 °C. The reaction mixture was stirred for 6 h
F at room temperature before water was added. Afterwards NaOH was added until
Br the solution was basic. The aqueous phasere@esatedlyextracted with BEO and
the combined organic extracts were dried ovesS@a. The solvent was evaporated under
reduced pressure. Flash chromatography ERE£ 4:1, R = 0.26) of the crude mixture

provided 3fluoro-4-bromoaniling(22) as a yellowish solid in 82 % (5.5 g, &8nol) yield.
M.p.: 58- 61°C (Lit. 63 65 °C!20%)

'H-NMR (CDCk) 7i28 (dd, 1H, J = 8.3 Hz, J = 4.4 Hz), 6.49 (dd, 1H, J = 10.4 Hz, J = 2.6
Hz),6.39 (dd, 1H, J = 8.6 Hz, J = 2.6 Hz), 3.75 (broad s, 2H
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1-Boc-3-flu oro-4-bromoaniline (23) according to Peterson et

NHBoc To a solution of3-fluoro-4-bromaoaninline (22) (743 mg, 3.9 mmol) iTHF/H,O
(18 mL, 50:50) were added XO; (1.0 g, 7.8 mmol) and Be® (850 mg, 3.9
F mmol) subsequently. The mixture was stirred overnight at room temperature
Br before it was ®tracted with E£O for several timesThe combined organic extracts
were dried over N&O, and the solvent was remed under reduced pressure. The crude
mixture was purifiedoy flash chromatography giving the desired product in 64 % (725 mg,

2.5 mmol) yietl as a yellow solid

M.p.: 647 68 °C

'H-NMR (CDCL) 7i#97.38 (m, 2H), 6.94 (ddd, J = 8.7 Hz, J = 2.5 Hz, J = 1.0 Hz, 1H),
6.70 (broad s, 1H), 1.55 (s, 9HJC-NMR (CDCk) 161.66,149.54 (J = 274.6 Hz), 139.35 (J

= 10.1 Hz), 133.21 (J = 1.6 Hz), 114.92 (J = 3.3 Hz), 106.89 (J = 27.4 Hz), 101.55.0J = 21
Hz), 81.34, 28.30:%F-NMR (CDCl) -105.68

1-Boc-3-fluoro-4-formylaniline (25)

NHBoc Method A: (according to Boymond et &) 0.1 mL dioxane was added &
solution ofi-PrMgCI.LiCl in THF (1.7 nk., 1.7 mmol)at 0 °C. The solution was
F stirred for 5 nn before the bromid@3 (384 mg, 1.3 mmol) in 1 mL THF was
o~ added. The reaction mixture was stirred at O °C for Then200 uL DMF (2.6
mmol) were addedhe solution was warmed to room temperature and stirred for further 3 h at
this temperature. A satated aqueous solution of NEI was added followed by extraction
with ELO. The combined organic extracts were dried ovesSRa and the solvent was
evaporated under reduced pressiiash chromatgraphy of the crude mixture (FEA =
95:5, R = 0.14) proviled the desired product in 97 % yielsla colorless solid

Method B: (according to Qin et at*®)) To a solution of 4romo2-fluorobenzaldeyd€24)

(500 mg, 2.5 mmol) in dry dioxangereadded Pd(OAg)(17 mg, 0.075 mmol), Rhos (110

mg, 0.225 mmol){-butylcarbamate (350 mg, 3 mmol) and,C8; (1.1 g, 3.5 mmol). The
reaction mixture was heated to 100 °C for 4 h, cooled to room temperature and extracted
repeatedlywith EtOAc. The combined organic extracts were dried oveS8a filtered and

the solvent was evaporated under reduced pressure. Flash chromatography of the crude
mixture (PEEA = 95:5, R = 0.14) provided the desired prod&s in 95 % (560 mg, 2.3

mmol) yieldas a colorless solid
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'H-NMR (CDCl) 1@.25 (s, 1H), B1 (t, 1H, J = 8.5 Hz), 7.59 (dd, 1H, J = 13.0 Hz, J = 2.0
Hz), 7.06 (dd, 1H, J = 8.5 Hz, J = 2.0 Hz), 1.55 (s, 9¥):NMR (CDCkL) 186.15 (J = 6.0
Hz), 165.85 (J = 255.3 Hz), 151.79, 146.12 (J = 12.6 Hz), 129.51 (J = 3.618293 (J = 8.3
Hz), 11373 (J = 2.9 Hz), 105.04 (J = 26.4 Hz), 82,01, 28'2BNMR (CDCkL) -1119.31

1-Boc-4-(1,3-dithiolan -2-yl)-3-fluoroaniline (26), according td=irouzabadket al.[*&"!

NHBoc 10 a solution of the benzaldehy@g (370 mg, 1.54 mmol) and elemental iodine
(20 mg, 0.16 mmol) in DCM 15(L (1.84 mmol) 1,2-ethanedithiolwere added
£ The mixture was stirred at room temperature for 1 h before water was added. The
s s aqueous phase wazpeatedlyextracted with DCM. The combined organic
/ extracts were dried over bBO,, filtered and the solvent was evapted under
reduced pressure. Purification of the crude mixfoyeflash chromatography provided the
desired product as a colorless solid in 90 % (437 mg, 1.38 mmol)aseddslightly yellow

solid.

'H-NMR (CDCk) i 7.63 (t, 1H, J = 8.5 Hz), 7.34 (dd, 1H, 12.4 Hz, J = 2.1 Hz), 6.97 (dd,
1H, J = 8.5 Hz, J 2.1 Hz), 6.60 (s, 1H), 5.94 (s, 1H), 3:335 (m, 4H), 1.55 (s, 9H)

4-(1,3-Dithiolan-2-yl)-3-fluoroaniline (27)

NH,, 5 mL TFA were addeda a solution of the thiolan26 (390 mg, 1.23 mmol) in 5
mL DCM. The reaction mixture was stirred for 1 h at room before water was
F added. NgCO; was added until the solution was basic followed rbpeated
s g extraction with DCM. The combined organextractswere dried over N&O,,
\—/ filtered, and the solvent was evaporated under reduced pressure. The crude mixture
was purifiedby flash chromatography (PEA = 4:1, R = 0.23) giving the desired product in

77 % (206 mg, 0.95 mmol) yielks a yellow solid

'H-NMR (CDCl) @i 7.51 (t, 1H, J = 8.5 Hz}.45 (dd, 1H, J 8.4 Hz, J = 2.3 Hz), 6.35 (dd,
1H, J = 12.0 Hz, J = 2.3 Hz), 5.94 (s, 1H), 3.85 (s, 2H),-3.88 (M, 4H)

3-Fluoro-4,6-diodoaniline (14), according to Emmanuvel et

NH, Kl (2.9 g, 17.6 mmol)was addeda a solution of ZFluoroaniline (1.0 g, 8.8
mmol), NalQ (1.88 g, 8.8 mmol) and NaCl (1.0 g, 17.2 mmol) in a mixture of
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acetic acid anavater and the reaction mixture was stirred for 6 h at room temperature. 30 mL
ice water were added and the aqueous phase was extsavt@l timesvith DCM. The
combined organic extracts were dried over®@ and the solvent was evaporated under
reducedpressure. Purificatioby flash chromatography gave the desired aniifen 88 %

(2.8 g, 7.7 mmol) yiel@ds a brown solid

'H-NMR (CDCk) 783 (d, 1H, J = 6.8 Hz), 6.54 (d, 1H, J = 9.6 Hz), 4.29 (broad s,F2H);
MS (ESI)CeHaFI,N m/z [M+H]" calcd.: $3.849 found363.80

4.4  Synthesis ofthe precursor of L-6-fluorotryptophan by linear synthesis

5-(1,3-Dithiolan-2-yl)-6-fluoro-1-triisopropylsilyl -1H-indole (31)

according tdrirouzabadket al.[*8¢!

(\S To a solution of the indolecarbaldehyde (2.5g, 7.9 mmol) and
S N\ elemental iodine (1 mg, 0.79 mmol) in DCM wre added 12QuL
F N (9.5 mmol)1,2-ethanedithiol. The reaction mixture was stirred for 1 h
TIPS

at room temperature and quenched with 40 mL 0.1 )& and 40
mL 0.1 M NaOH. The aqueous phase was extradpdatedlywith DCM, the orgarg layers
were dried over N&Qy, filtered and the solvent was evaporated under reduced pressure. The
crude mixture was purifiedy flash chromatography giving the desired procagt colorless
solidin 40 % (1.23 g, 3.1 mmol) yield.

'H-NMR (CDCk) 788(d, 1H, J = 7.8 Hz), 7.28.17 (m, 2H), 6.63 (dd, 1H, J = 3.3 Hz, J =
0.9 Hz), 6.11 (s, 1HB.623.19 (m, 4H), 1.71 (hept, 3H, J = 7.7 Hz), 1.18 (d, 18H, J = 7.4 Hz)

5-(1,3Dithiolan-2-yl)-6-fluoro -1H-indole (32) according to Schlosser et'&!.

(\s 1 mL of a 1.0 M solution of TBAF in THRwas addeda a solution of the
S)D\/\> dithiolan 31 (1.2 g, 3 mmol)in THF. The mixture was stirred at room
F N temperature for about 10 min before the solvent was evaporated. The
H

crude product was purifiedy flash chromatography giving the desired
indole32as a colorless solith 92 % (655 mg, Z4 mmol) yield.

'H-NMR (CDCk) 8.1 (broad s, 1H), 7.98 (d, 1H, J = 7.4 Hz), 7.16 (t, 1H, J = 3.0 Hz), 7.03
(d, 1H, J = 10.9 Hz), 6.58.50 (M, 1H), 6.07 (s, 1H), 3.5%.30 (m, 4H)
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6-Fluoro-5-iodo-1H-indole (35) as described by Schlosser ef4l.

| secBuLi in hexane (20 ml, 28 mmol, 1.4 M) was added to solutio8.0fg
Fm (27.5 mmol) 6fluoro-1-triisopropytlH-indole (1b) and 5.8 ml

H N, N, NO ,-pedriainetiNIdiéthylenetriaming.9 g, 27.5 mmol) in 40 mL
THF ati 78 °C. The solution was stirred at this temperature for 6 h before 7.8 g (27.5 mmol)
of 1,2-diiodoethanewere added. The reaction mixture was slowly warmgdto room
temperature and stirred overnight. Water was added the aqueous phase wapeatedly
extracted with BO. The combined organic layers were dried ovep@y, filtered and
concentratedh vacuo. The crude produ@4, a brownishoil, was dissolved in 30 ml THF and
7.1 g (27.1 mmol) TBAFxED were added. The mixture was stirred for 30 min at RT before
water was added. The aqueous phass extractedseveral timesvith ELO. The organic
layers wee dried over Ng5Q,, filtered and the solvent was evaporaiadvacuo The crude
residue was purified by flash chromatography 8EF 4:1; R = 0.45) giving 4.7 g (17.9
mmol, 65 %) of the desired product as a light green solid.

M.p.: 327 36 °C (Lit. 377 39 °C®)
'H-NMR (200 MHz, CDC}) 11 8.21 (br s, 1H), 8.02 (d, 1H, J = 6.1 Hz), ZBA6 (m, 2H),
6.536.50 (m, 1H)

6-Fluoro-5-iodo-1H-indole-3-carbaldehyde (36) according to Konas et &f”

o At 0 °C 5.7 mL POQ (35.5 mmol) were added to 16.0 mL DMF. The

ID\/\g mixture was stired at this temperature for 15 min before 4.1 g (15.6 mmol)
= N of 6-fluoro-5-iodo-1H-indole @5) in 37 mL DMF were added’he solution

H was warmedup to RT and stirred until it became avpaqe paste
(approximately 1 h). 10 % NaQkwas added until the pH of éhsolution was greater than
10. The suspension was heated to reflux for 10 min before it was cooled to 0 °C. The
precipitate was filtered and washed with water an@®EAfter drying under reduced pressure

at 50 °C, the desirgaroduct was obtained as affi white solid (64 %, 2.9 g, 10.0 mmol).
M.p.: decomposition at 280291 °C

'H-NMR (400 MHz, DMSO)ii 12.28 (s, 1H), 9.90 (s, 1H), 8.47 (d, 1H, J = 6.3 Hz), 8.32 (s,
1H), 7.44 (d, 1H, J = 8.7 HZ)’>C-NMR (400 MHz, DMSO)i 185.44, 157.77 (J = 234.5 Hz),
139.89 (J = 1.9 Hz), 137.40 (J = 11.4 Hz), 130.46 (J = 3.2 Hz), 123.31 (J = 1.0 Hz), 117.22,
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99.88 (J = 28.9 Hz), 75.72 (J = 28.0 H%’E-NMR (400 MHz, DMSO)u -100.44;HRMS:
CgH,FINO, [M+H] " calcd.2899473found 3812975;E.A.: calcd.C: 3740 H: 174 N:4.85
foundC: 3754 H: 188 N: 486

6-Fluoro-5-iodo-1-tosyl-1H-indole-3-carbaldehyde(37a), according to Konas et &f°

o A solution of 3.8 g (13.3 mmol)of 4-fluoro-5-iodo-1H-indole-3-
ID\/\C carbaldehyd¢36) in 40 mL THF was cooled to 0 °C ad80 mg (20 mmol)
E N of a 60 % dispersion of NaH in mineral oil was added. The resulting
Tos  solution was stirred for 20 min at 0 °C before 3.8 g (20 mmol}Qlosere
added. The reaction mixture was warmed to RT and stirred for another 2 h. Water was added
and tle aqueous phase wespeatedlyextracted with DCM. The combined organic extracts
were dried over N&O, and the solvent was removed vacuo Purification by flash

chromatographyREEA = 4:1 R = 0.38 gave the desired product as a colorless solid (88 %,
5.2 g, 11.7 mmol).

M.p.: 19:192 °C

'H-NMR (400 MHz, CDC}) 11 10.02 (s, 1H), 8.65 (d, 1H, J = 6.2 Hz), 8.19 (s, 1H), 7.83 (d,
2H, J = 8.1 Hz), 7.69 (d, 1H, J = 8.3 Hz), 7.32 (d, 2H, J = 8.1 Hz), 2.39 (s’BH}MR

(400 MHz, CDC}) G 184.70, 159.51 (J = 242.0 Hz), 146.63, 136.51 (J = 3.2), 135.25 (J =
11.2 Hz), B3.71, 132.60 (J = 2.8 Hz), 130.47, 127.13, 124.16 (J = 2.0 Hz), 120.86 (J = 0.9
Hz), 100.71 (J = 31.3 Hz), 78.44 (J = 27.3 Hz), 21.B88-NMR (400 MHz, CDC}) 11-93.31;
HRMS: GH1iFINOsS [M+H]" calcd. 4439561 found 4439561; E.A.: calcd. C: 4336 H:

2.50 N: 316foundC: 4305 H: 259 N: 3,11

[6-Fluoro-5-iodo-1-tosyl-1H-indol-3-yljmethanol (383), according to Konas et &€

OH 541 mg (14.3 mmol) NaBHwvere addeda a solution of 4.2 g a87 (9.5

'i@f\g mmol) in 150 mL THF/EtOH (2:1) at 0 °C. €hresulting solution was
F N warmed to RT and stirred for 30 min. Saturated,Cll, was added and

T . . . .
° " the mixture was extracted with DCM. The combined organic extracts were

washed with brine, dried over p&0, and filtered. Evaporation of the solvent gave the

desred product as a colorless solid (97 %, 4.1 g, 9.2 mmol).

M.p: 171:172 °C
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'H-NMR (200 MHz, CDC}) 1i8.13 (d, 1H, J = 6.3 Hz), 7.92 (d, 2H, J = 8.3 Hz), 7.81 (d ( 1H,
J =8.9 Hz), 7.70 (s, 1H), 7.41 (d, 2H, J = 8.5 Hz), 5.23 (t, 1H, J = 5.6 Hz), 488,(@= 5.4

Hz), 2.34 (s, 3H)*C-NMR (200 MHz, CDC}) & 158.77 (J = 136.7 Hz), 146.32, 135.29,
135.06. 134.26, 130.80, 128.61, 127.33, 125.00 (J = 3.8 Hz), 123.53 (J = 1.3 Hz), 101.82 (J
31.3 Hz), 77.54 (J = 28.1 Hz), 55.23, 21.5%-NMR (200 MHz, CLCl3) 1 -97.75; HRMS:
C16H13FINOsS [M+H]" calcd.4459718found 427.9612 (ohne OH)E.A.: calcd.C: 4316 H:

2.94 N: 315foundC: 4332 H: 301 N: 313

[3-(Bromomethy!)-6-fluoro -5-iodo-1-tosyl]-1H-indole (3%), according to Appel et &f%

Br A soluton of the alcohoB8 (2.0 g, 4.5 mmol) was cooled to 0 °C before
leg PPh (1.3 g, 5.0 mmol) and CBr(1.7 g, 5.0 mmol) were added
F N subsequentlyThe mixture was stirred at 0 °C and monitored by TLC

TOS  (PEEA = 4:1, R = 072). After approximately 30 min the retmt was
finished and the solvent was partially removeaacuoat room temperatutelhe oily residue
was applied to a silica columend eluted with a mixture of PEA (4:1). Removal of the

solvents under reduced pressure gave the desired product aslessetdid (64 %, 1.4 g,

2.8mmol).
M.p.: decomposition at 184186 °C

'H-NMR (200 MHz, CDC}) 1i8.03 (d, 1H, J = 5.9 Hz), 7.8274 (m, 2H), 7.64 (s, 1H), 7.32

(d, 2H, J = 7.3 Hz), 4.53 (s, 2H), 2.42 (s, 3HE-NMR (200 MHz, CDC}) 11519.30 (J =
240.5Hz), 145.87, 135.53 (J = 11.4 Hz), 134.55, 130.28, 129.95, 129.89, 127.33, 127.29,
126.95, 125.81 (J = 3.9 Hz), 117.80 (J = 1.4 Hz), 101.34 (J = 31.2 Hz), 22.77 (J = 8.7 Hz);
F-NMR (200 MHz, CDC}) i -95.54; HRMS: GgH1:BrFINO,S [M+Na]" calcd.529,8693

found 5298696, 5318676 (GeH12 BrFINO,S); E.A.: calcd.C: 37.82 H: 238 N: 276 found

C: 37.79 H: 249 N: 251

Benzyl (2S,5SP-tert-butyl-5-[(6-fluoro-5-iodo-1-tosyl-1H-indol-3-yl)methyl] -3-methyl-4-

oxoimidazolidine-1-carboxylate (40)

n-BuLi in hexare (1.24 mL, 3.1 mmol) was addeal & solution of
< >_\ o}
o-/{ \X diisopropylamine (43%L, 3.1 mmol) in 3 mL THF at78 °C. The
N resulting solution was stirred for 30 min before a solution-8h\

~~~~ N
|I>\/€ %f (772 mg, 2.7 mmol) in 3 ml THF was added. After another 30 min
N\ O
E N
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of stirringat-78 °C a solution of the bromid9in 4.5 mL THF was added. The reaction was
slowly wamed to RT and stirred overnighefore itwas quenched with saturated Mg
Water was added and the aqueous phrapeatedlyextracted withEt,O. The combined
organic extracts were dried over M, and the solvent was removed under reduced
pressure. Purification of the crude prodhbgtflash chromatography (PEA = 7:3; Rs = 0.4)
gave the desired product as a colorless sold471.4 g, 2.0 mmol).

M.p.: 751 78 °C

'H-NMR (200 MHz, CDC}) 119.43 (s, 1H),

¥C-NMR (200 MHz, CDC}) U 171.52, 145.28, 134.90, 134,86, 134,68, 130.04, 129.42,
129.39, 126.91, 115.65, 100.96, 100.33, 81.61, 81.19, 31.83, 28.21, 26.57,"ELNBIR

(200 MHz, CDC}) U -95.54; HRMS: GeH1-BrFINO,S [M+Na] calcd. 5298693 found

5298696, 5318676 (GeH12BrFINO,S); E.A.: calcd. C: 37.82 H: 238 N: 276 found C:
37.79 H: 249 N: 251

Benzyl (2S,5SP-tert-butyl-5-[(6-fluoro -5-formyl -1-tosyl-1H-indol-3-yl)methyl] -3-

methyl-4-oxoimidazolidine-1-carboxylate (41) according to Boymond et &f*!

1.7 mL of a 2.9 M solution of-PrMgBr in THF were addeda a
@O 4 solution of the iodidet0 (1.8 g, 2.5 mmol) in 5 mL THF at 0 °C.
N The resulting solution was stirred for 1 h at 0 °C before [{lzO

O' .... %fN\ DMF (10 mmol) were added. The reaction was warmpdo room
D\/\g © temperatureand stirred for another 3 h. Saturated J8H, was
Tos added and the aqueous phase was extradederal timeswith
Et,O. The combined organic extracts were dried oveiSg and the solvenivasremoved

under reduced pressure. Flash chromatographye@€E€/7:3 R; = 0.27) of the crude mixture
gave the desired product as a colorksg] (85 %, 1.3 g, 2.1 mmol).

'H-NMR (200 MHz, CDC}) & 10.31 (s, 1H),7.767.67 (m, 3H), 7.41-7.20 (m, 8H), 6.95

(ddd, 1H, J = 9.0 Hz, J = 9.0 Hz, J = 2.5 Hz), 5.11 (q, 2H, J = 11.8 Hz), 4.60 (s, 1H), 4.38 (s,
1H), 3.94 (s, 1H), 3.29 (d, 1H, J = 14.3 Hz), 3.08 (s, 1H), 2.64 (s, 3H), 2.36 (s, 3H), 0.91 (s,
9H); F-NMR (200 MHz, CDC}) U -124.90 HRMS: GsaHasFN;OsS [M+H]* calculated
620.2225 found 620.222FE.A.: calculatedC: 63.96 H: 5.53 N: 6.78 found C: 64.42 H: 4.96

N: 7.42
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Benzyl (2S,5SP-tert-butyl-5-[(6-fluoro -5-formyl -1H-indol-3-yl)methyl] -3-methyl-4-oxo-
imidazol-idine-1-carboxylate (42) according to Yasuhara et

3.5 mL of 1.0 M solution of TBAF in THR#ere addeda a solution
Q_\o—/{ of 432 mg (0.7 mmol#1in 10 mL THFE The resulting mixture was
N heatedo reflux for 3 h, cooled to room temperatusad the solvent

o .

| %fN\ was evaporatedn vacuo Flash chromatography of the crude

,\T © mixture gave the desired product as a colorless solid in 91 % (297
H mg, 0.64 mmolyield.

'H-NMR (CDCls) 1 8.047.65 (m, 3H), 7.44.15 (m, 9H), 5.10 (d, J = 3.6 Hz, 2H), 4.62 (s,
1H), 4.38 (s, 1H), 3.88 (s, 1H), 3.24 (d, J = 14.7 Hz, 1H), 2.77 (s, 3H), 2.38 (s, 3H), 0.92 (s,
9H); *F-NMR (CDCls) Ui -95.67 HRMS GeHogFNzO4 [M+H]* calculated 466.2137 found
4662141

Benzyl (2S,5SP-tert-butyl -5-[(1-benzyl4-fluoro -5-formyl -1H-indol-3-yl)methyl] -3-
methyl-4-oxoimidazolidine-1-carboxylate (43)

A dispersion of NaH in mineral oil (16 mg, 0.4 mmol) was added t
C \o-/{ a solution of42 (200 mg, 038 mmol) in 5 MLDMF at 0°C. The

reaction mixture was stirred at 0 °C before 10 benzyl bromide
[ %fN\ were addegdand the mixture was warmed to room temperature and
m © stirred for 3 h. Water was addednd the aqueous phase was
Bn repeatedlyextracted with EO. The combined organic extraavere
dried over Na@SQ,, filteredand the solvent was evaporated under reduced pressure. The crude

mixture was purified via flash chromatography giving the desired precdiBsas acolorless
solidin 62 % vyield (146 mg, 0.24 mmol)

M.p. 1527 154 °C

'H-NMR (CDCls) © 10.30 (s, 1H)8.09 (d, J = 6.2 Hz), 7.37.12 (m, 10H), 6.9%.70 (m,

3H), 5.18 (s, 2H), 4.62 (s, 2H), 4.48 (s, 1H), 4.41 (s, 1H), 3.92 (broad s, 1H), 3.32 (d, J = 18.8
Hz), 2.65 (s, 3H), 0.90 (s, 9HYF-NMR (200 MHz, CDC}) i -122.88 HRMS GsgH3sFN3O,
[M+H]" calculated556.2606found 5562608; E.A.: calculated C: 71.33 H: 6.17 N: 7.56
found: C: 71.86 H: 5.88 N: 7.08
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45 Synthesis ofthe precursor of L-4-fluorotryptophan by build-up synthesis

5-Fluoro-2H-3,1-benzoxazine2,4(1H)-dione (47, accordiny to Tedesco et &>
F O 10.0 g (64.5 mmol) -aminc6-fluorobenzoic acid46) were dissolved in
l o 140 mL THF and 9.5 g (32.6 mmol) triphosgen were added. The mixture
N/K o Wwas stirred at 50 °C overnight, allowed to cool to room temperature and
H filtered. The resulting solid was washed withy@&tfor several times and

dried in vacuoat 40 °C to yield 10.47 g (581mol, 90%) 5fluoro-2H-3,1-benzooxazine
2,4(1H)-dione(47) as an off white solid.

M.p.: decompositiorat 2511 259 °C

'H-NMR (200 MHz, DMSO) U 11.89 (s, 1H), 7.74
7.106.95 (m, 2H);”*C-NMR (200 MHz, .6D,M5P@9, 156.951I6=44.8 Hz),

147.33, 143.53 (J = 2.6 Hz), 138.46 (J = 11.1 Hz), 111.73 (J = 3.9 Hz), 110. 60 (J = 20.0 Hz);
YENMR (200 MHz110.25;WS @9 ESHCsH4FNO; [M + H]*calculated 181.12

found 181.97213.90 [M + N&*

Methyl 6-amino-2-fluoro-benzoate (48§, according to Levesque et &F°

F O 580 mg (4.8 mmolPMAP wereaddedto a solution of 8.7 g (4&mol)47in
@O/ 300 ml dry MeOH. The resulting mixture wéeated toreflux for 24 h,
NH, allowed to cool to room temperatyand the solvent was removedvacuo
The residue was taken up in,8t the organic phase washed with water, dried oveSRa
and the slvent was evaporatedin vacuo The residue was purifiedoy column
chromatography{PEEA = 4:1, R = 0.74) giving7.8 g (46.1 mmol, 97 %) of the desired
productas acolorlesssolid.

M.p.: decompositiorat 1617 166 °C

'H-NMR (200 MHz, DMSI»N8.2#z J=820z {6 Hz)16HB38 (m,

3H), 6.32 (ddd, 1H, J = 11.7 Hz, J = 8.0 Hz, J = 1.1 Hz), 3.82 (s,"4E)\MR (200 MHz,

DMSO) 4 166.74 (J = 3.3 Hz), 165.37, 160. 35
112.55 (J = 2.9 Hz), 1006 (J = 23.3 Hz), 52.17 J=0.6 HZJF-NMR (200 MHz, DMS
-10821; Ms (+c ESI): m/z = 169.9M + H']*
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Methyl 6-amino-2-fluoro-3-iodobenzoate (4% according to DeVita et dt*®

F O 12.7 g (41 mmol) AgSO, and 5.2 g (41 mmol), Wwere consecutively added
I\dko/ to a solution of 6.9 g (41 mmol) of the meltiegter48in 100 ml EtOH. The
NH, reaction mixture was stirred for 3 h at room temperature, the solid was
filtered off and the filtrate concentrateédvacuo The residue was taken up in EtQAad the
organic phase was washed with saturated Nai16xhe andwater, dried over N&O,, and
the solvent was removedn vacuo The crude product was purifiedhy column
chromatography to yield 9.8 g (32.9 mmol, 80 %) of the desired iodo ber#dats a

colorless solid.

M.p: 1337 134 °C

'H-NMR (200 MHz, DMSO)i 7.53 (dd, 1H, J = 8.9 Hz, J = 7.0 Hz), 6.73 (s, 2H), 6.38 (dd,
1H,J=8.2 Hz,J=1.0 Hz), 3.83 (s, 3FP;3—NMR (200 MHz, DMSO)1165.90 (J = 4.0 Hz),
160.95 (J = 248.1 Hz), 152.35 (J = 4.6 Hz), 141.73 (J = 5.1 Hz), 114.79 (J = 3.2 Hz), 101.56
(J = 170 Hz), 63.24 (J = 28.4 Hz), 52.38F-NMR (200 MHz, DMSO)ii -87.93; HRMS:

CgH,FINO, [M+H] " calculated295,9578 found 295,957€.A.: calculatedC: 32,57 H: 2,39
N: 4,75 found C: 32,68 H: 2,44 N: 4,68

Methyl 6-(benzylamino)-2-fluor -3-iodbenzoate(50), acording to Levesque et &F*
F O 3.0 g (22 mmol) ZnGland 2.8 g (26.2mmol) benzaldehyaereadded

I\dko/ to asolution of 3.86 g (13. mmol) 49 in 30 ml MeOH. The reaction
NH mixture was stirred for 20 min at room temperature before 1.4 g (22
© mmol) NaBHCN were added. After stirring overnight at room
temperature and refluxing for 2, the reaction was quenched with
1 M HCI and extracted ith DCM. The combined organiextracts were dried over hBO;,

filtered, and concentratech vacuo Purificationby flash chromatography gave the desired

product as an off white solid (3.9 g, 10.2 mmol, 78 %).

M.p: 106107 °C

'H-NMR (200 MHz, CDC}) i 7.54(dd, J = 9.0 Hz, J = 6.7 Hz, 1H), 7-4®81 (m, 5H), 6.32
(dd, 3 = 9.1 Hz, J = 1.0 Hz), 4.46 (s, 2H), 3.95 (s, 3HJQ:NMR (200 MHz, CDC}) U

167.35, 165.79 (J = 146.2 Hz), 151.76 (J = 4.1 Hz), 142.68 (J = 5.1 Hz), 137.85, 128.84,
127.49, 127.03, 10%7(J = 3.2 Hz), 101.85 (J = 16.0 Hz), 63.88 (J = 29.1 Hz), 52.16, 47.63;
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F.NMR (200 MHz, CDC}) Ui -83.19; HRMS: GsH13sFINO, [M+H]" calculated 386.0048
found 386.0049; E.A. calculated C: 46.77 H: 3.40 N: 3.64 found C: 45.94 H: 3.35 N: 4.08

[6-(Benzylamino)-2-fluoro-3-iodophenyllmethanol (51a)
F DIBAL (10.4 mL, 10.4 mmol)was added a a solution of the
I\©\/\OH aminobenzoaté0 (2.0 g, 5.2 mmol) in 20 mL THF at 0 °C. The reaction
NH mixture was stirred overnight and quenched with wate Etas added,
© the precipitatewas filtered off and washed with DCM. The organic
phase was separated, dried ovep3@ and the solvent was removed
under reduced pressure. Flash chromatographye@€/9:1; R = 0.28) of the crude mixture
provided the benzyl alcohéllaas a colorlessoéid in 60 % (1.1 g, 3.1 mmodjield.
M.p. 8384 °C
'H-NMR (200 MHz, DMSO)ii 7.41-7.20 (m, 5H), 6.29 (t, J = 5.7 Hz, 1H), 6.20 (d, J = 8.7
Hz, 1H), 5.24 (t, J = 5.5 Hz, 1H), 4.60 (q, J = 1.9 Hz, 2H), 4.40 (d, J = 6.0 HZ*2ZHYMR
(200 MHz, DMSO)i 15920 (J = 236.7 Hz), 149.57 (J = 6.4 Hz), 139.95, 137.91 (J = 4.4 Hz),
128.86, 127.44 (J = 5.1 Hz), 127.24, 113.68 (J = 19.3 Hz), 109.55 (J = 2.5 Hz), 64.10 (J =
28.2 Hz), 53.80 (J = 6.2 Hz), 46.7%#F-NMR (200 MHz, DMSO)ii -101.27; HRMS:

C14H13FINO [M+H]" calculated 358.0099 found 358.0099; E.A. calculated: C: 47.08 H: 3.67
N: 3.92 found C: 47.25 H: 3.71 N: 3.78

6-(Benzylamino)-2-fluoro -3-iodobenzaldehydg52a)

F IO Activated MnQ (1.7 g, 20 mmolwas addedo a solution ofthe benzyl
I\©\) alcohol51a(700 mg, 1.96nmol) in 15 mL DCM. The reaction mixture was

NHBn stirred overnightfiltered, and the solvent was evaporated under reduced

pressure. Flash chromatography &/= 95:5) provided the desired benzaldehyde as a
colorless solicb2ain 61 % (420 mg, 1.18 mmol) ya
M.p. 113115 °C
'H-NMR (200 MHz, CDC}) 11 10.31 (s, 1H), 9.23 (s, 1H), 7.55 (t, J = 7.4 Hz, 1H), 7.53®
(m, 5H), 6.31 (d, J = 9.1 Hz, 1H), 4.74 (d, J = 5.7 Hz, 2B0:NMR (200 MHz, CDC}) U
189.03 (J = 11.8 Hz), 165.03 (J = 252.5 Hz), 151.823H4Hz), 145.13 (J = 5.4 Hz), 137.35,
128.89, 127.61, 126.91, 110.12 (J = 3.6 Hz), 108.72 (J = 11.0 Hz), 60.88 (J = 26.1 Hz), 46.88;
F-NMR (200 MHz, CDC}) Ui -102.27; HRMS @H1:FINO [M+H]" calculated 355.9942
found 355.9943; E.A. calculated C: 47.083B7 N: 3.92 found C: 47.25 H: 3.71 N: 3.78
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Ethyl 1-benzyl4-fluoro-5-iodo-1H-indole-3-carboxylate (53), according to Levesque et
al.[193]

F O\ o BF;OEtL (0.67 ml, 2.5 mmolas added dropwise & solution of the
| ~ benzaldehyd&2a (865 mg, 2.44 mmol) and ethyl diazoacetate (1.4 g,
\©\/§ 12.2 mmol) in 15 mL DCM at 0 °C. The reaction mixture was stirred
\\© for 3 h at 0 °C before a saturated aquesalution of NaHC@was
added. The aqueous phase wegeatedlyextracted with DCM, the
combined organic extracts were dried over$@, and the solvent was removed under

reduced pressure. Flash chromatography of the crude mixturEARE/M4:1, R = 0.33
provided the desired indo&8 as a colorless solid @2 % (954 mg, 2.25 mmol) yield.

'H-NMR (200 MHz, CDC}) 11 7.80 (s, 1H), 7.49 (dd, J = 8.4 Hz, J = 5.4 Hz, 1H), 7.3

(m, 3H), 7.11 (d, J = 7.1 Hz, 2H), 6.87 (d, J = 8.6 Hz, 1H), 5.30 (s, 1H), 4.36 (q, J = 7.1 Hz,
2H), 1.40 (t, J = 7.1 Hz, 3H}’*C-NMR (200 MHz, CDC}) Ui 163.54, 154.94 (J = 251.2 Hz),
139.53(J = 9.9 Hz), 135.75, 135.18, 132.67, 129.13, 128.42, 126.90, 115.12 (J = 22.0 H2z),
108.30 (J = 4.1 Hz), 107.09 (J = 4.3 Hz), 73.02 (J = 26.0 Hz), 60.35, 51.13, ‘P&-HR

(200 MHz, CDC}) U -89.73, HRMS: GgH1sFINO, [M+H]" calculated 424.0204 found
424.0204; E.A. calculated C:51.08 H: 3.57 N: 3.31 found C: 50.78 H: 3.59 N: 3.22

Ethyl 4-fluoro-1H-indole-3-carboxylate (56b), according to Murakami et &f®

AICI3 (96 mg, 0.72 mmolwas addeda a solution 053 (100 mg, 0.24

o)
EN O\/ mmol) in 5 mL benzenélhe reaction mixture wastirredfor 2 h at room
A\ temperature before water was added. The aqueous phasepeasedly

N

H extracted with DCM, the combined organic layers were dried over
NaSQ,, filtered and the solvent as removed under reduced pressure. Flash chromatography
of the crude mixture provided the debglated and deiodinated indoss a yellowish solid

56bin 78 % (40 mg, 0.19 mmol) yield.

'H-NMR (200 MHz, CDC}) 119.56 (s, 1H), 7.94 (4H), 7.23 (d, J = 8.1 Hz, 1H), 7.17 (dd, J
=12.5 Hz, J = 7.7 Hz, 1H), 6.92 (t, J = 9.2 Hz, 1H), 4.39 (g, J = 7.1 Hz, 2H), 1.41 (t, J = 7.1
Hz); 3C-NMR (200 MHz, CDC}) Ui 164.57,156.32 (J = 249.8 Hz), 139.35 (J = 10.6 Hz),
132.37 123.86 (J = 7.8 Hz), 114.02 (J = 20.2 Hz), 108.03 (J = 3.6 Hz), 107.90, 107.76, 60.30,
14.42 (J = 4.2 Hz)"*F-NMR (200 MHz, CDC}) i -112.76; HRMS:Cy1H1oFNO; [M+H]*
calculated208.0787 found 208.0786 [M+|acalculated 230.0588 found 230.0588 ; E.A.
cdculated C: 63.76 H: 4.86 N: 6.76 found C: 63.35 H: 4.79 N: 6.59
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6-Amino-2-fluoro-3-iodobenzaldehydg(52b), according tSatam et aft>”

F |O IBX (873 mg, 3.12 mmoljvas addeda a solution 061a(934 mg, 2.6 mmol)
in 15 mL DMSO at room temperature. The reaction mixture was stirred for 30
NH, min before water was added. The aquephase was extractsdveral times
with Et,O, the combined organic extracts were dried oveiSRg filtered and the solvent
was removed under reduced pressure. Flash chromatography of the crude mixture provided
the aniline52b as a yellow solidn 67 %(450 mg, 1.7 mmol) yield.

'H-NMR (200 MHz, DMSQ i 10.12 (s, 1H), 7.62 (broad s, 2H).56 (t, J = 8.3 Hz, 1H),
6.49 (d, J = 9.0 Hz, 1H}*C-NMR (200 MHz,DMSO) i 188.64 (J = 10.6 Hz), 164.75 (J =
248.6 Hz), 152.71 (J = 4.1 Hz), 144.33 (J = 5.5 Hz), M B4 3.3 Hz), 107.99 (J = 5.9 Hz),
60.97 (J = 26.0 Hz)!*F-NMR (200 MHz, DMSO) Ui -104.24; HRMS:C/HsFINO [M-H]*
calculated263.9316 found 263.9317; E.A. calculated: C: 31.72 H: 1.90 N: 5.29 found C:
31.80 H: 2.04 N: 5.21

46 Synthesis ofthe precursor of L-4-fluorotryptophan by linear synthesis

4-Fluoro-5-iodo-1H-indole (60), according to Schlosser et'd.

Analogously prepared asiodoindole 35 while starting from 4-fluoro-1-

F
I\@\/\> (triisopropylsilyl)indole(2b) giving the desired product ascalorlesssolid in
N 65 % yield.
H

M.p. 58i 60 °C;

'H-NMR (CDCk) U 8. 3,dH),(7B2 (dda = 8%t Hz, J = 6.0 Hz, 1H), 7.14 (t, J = 2.7
Hz, 1H), 6.99 (d, J = 8.5 Hz, 1H), 6.61 (t, J = 2.0 Hz, TBO:NMR (CDCL) & 155. 18
244.7 Hz), 138.32 (J = 10.8 Hz), 131.13, 124.68, 117.78 (J = 24.2), 109.17 (J = 3.7 Hz), 98.81
(J = 59 Hz), 68.30 (J = 23.4 HZ}’F-NMR (CDCk) -1D1.74; E.A. calculated: C: 36.81 H:

1.93 N: 5.376und C: 37.64 H : 2.17 N: 5.14

4-Fluoro-5-iodo-1H-indole-3-carbaldehyde(61), according to Konas et &f”

E O\ H Analogouslyprepared asndolecartaldehyde36 but starting from4-fluoro-
| N 5-iodo-1H-indole (60) giving the desired product as aff white solidin 89
N % yield.

\
H
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M.p. decompostition a246-249 °C

'H-NMR (DMSO) i 12.60 (s, 1H), 10.02 (d, J = 3.3 Hz, 1H), 8.30 (d, J = 2.9 Hz, 1H), 7.60
(dd, J =8.6 Hz, J = 5.8 Hz, 1H), 7.23 (d, J = 8.5 Hz, 1HE-NMR (DMSO) 1 184.07 (J =

1.7 Hz), 155.09 (J = 245.1 Hz), 140.10 (J = 11.3 Hz), 136.79, 132,81, 116.84 (J = 6.5 Hz),
113.81 (J = 24.6 Hz), 111.70 (J = 3.7 Hz), 73.23 (J = 24.4'PE)NMR (DMSO) Ui -92.94;
HRMS: GHsFINO [M-H]" calculated289.9473 found 289.9477; E.A.: calculated: C: 37.40

H: 1.74 N: 4.85 found: C: 37.86 H:1.84 N: 5.22

4-Fluoro-5-iodo-1-tosyl1H-indole-3-carbaldehyde(62), according to Konas et &f”

. o\ H Analogously prepaed asindolecarbaldehyde87 while starting from 4-
| fluoro-5-iodo-1H-indole-3-carbaldehydefl) giving the desired product as a
A\
N colorlesssolid in74 %yield.

\

Tos M.p. decomposition at 14853 °C.

'H-NMR (CDCl) 1110.02 (s, 1H), 8.65 (d, 1H, J = 6.2 Hz), 8.19 (s, 1H), 7.83 (d, 2H, J = 8.1
Hz), 7.69 (d, 1H, J = 8.3 Hz), 7.32 (d, 2H, J = 8.1 Hz), 2.39 (s, 38)NMR (CDCl) U
184.70, 159.51 (J = 242.0 Hz), 146.63, 136.51 (J = 3.2), 135.25 (J = 11.2 Hz), 132.8Q, 13

(J = 2.8 Hz), 130.47, 127.13, 124.16 (J = 2.0 Hz), 120.86 (J = 0.9 Hz), 100.71 (J = 31.3 Hz),
78.44 (J = 27.3 Hz), 21.63"F-NMR (CDCl) U -89.7QHRMS: GCgH1:FINOsS [M+H]"
calcd.443,9561 found 443,956E.A.: calcd. C: 43,36 H: 2,50 N: 3,16 found €3,05 H:

2,59 N: 3,11

[4-Fluoro-5-iodo-1-tosyl-1H-indol-3-y[Jmethanol (63), according to Konas et &f°
= on Analogouslypreparedastosylate38 by starting from4-fluoro-5-iodo-1-
|\©f\< tosyt1H-indole-3-carbaldehyde 62) giving the desired proadd as a
N colorlesssolid in97 %yield.
\TOS

M.p. 13:132 °C

'H.NMR (DMSO) 4 7.87 (d, J = 8.4 Hz, 2H), 7.
1H), 7.61 (d, J = 8.7 Hz, 1H), 7.40 (d, J = 8.2 Hz, 2H), 5.26 (t, J = 5.4 Hz, 1H), 4.63 (d, J =
5.3 Hz), 2.33 (s, 3H®CNMR ( DMSO) U 154. 63 (36.705J 2984 . 7
Hz), 134.33, 133.73, 130.41, 126.79, 124.42, 121.74 (J = 4.8 Hz), 118.01 (J = 23.3 H2),
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111.63 (J = 3.8 Hz), 74.86 (J = 23.9 Hz), 55.53 (J = 1.8 Hz), 2P MR ( DMSO) i
100.88; HRMS: GHisFINOsS [M+Na] calculated 467.9537 found 46B39; E.A.
calculated C: 43.16 H: 2.94 N: 3.15 found C: 43.40 H: 3.03 N: 3.15

[3-(Bromomethy!)-4-fluoro -5-iodo-1-tosyl]-1H-indole (64), according to Appel et &F°

Br Analogouslypreparedas bromide 39 while starting fromthe alcohol63

F
I\©\/§ giving the eksired product as@lorlesssolid 63 %yield.
N

\ M.p. decomposition at 168668 °C

Tos
'HNMR (DMSO) U 8.08 (s, 1H), 7.88 (d, J = 8.
1H), 7.62 (d. J = 8.8 Hz, 1H), 7.42 (d, J = 8.2 Hz, 2H), 4.82 (s, 2H), 2.33 (s“BHYMR
(DMSO) U4 154.27 (J = 246.8 Hz), B4IB2416, 13

126.74, 124.28, 117.37 (J = 22.8 Hz), 117.00 (J = 3.7 Hz), 111.57 (J = 3.9 Hz), 75.62 (J =
24.1 Hz), 55.39 (J = 1.8 Hz), 20.94F-N MR ( D M S102.3; HRMS: GeH1-BrFINO,S
[M-Br] calculated 427.9617 found 427.9636; E.A. calculated C: 3A82,38 N: 2.73 found
C:38.12 H: 2.38 N: 2.64

Benzyl (2S,5SP-tert-butyl -5-[(4-fluoro -5-iodo-1-tosyl-1H-indol-3-yl)methyl] -3-methyl-4-

oxoimidazolidine-1-carboxylate (65)

Analogouslypreparedas40 but starting fromthe bromides4 giving
< >ﬁ 0
o—/< the desired mduct as &olorlesssolidin 73 %yield.
N
Fo Q/N M.p. 831 86 °C

~
| I
@j\g © IH.NMR(CDCk) & 7.73 (broad s, 2H), 7.
N

\ Hz, 1H), 7.47 (d, J = 8.6 Hz, 1H), 7.25 (broad s, 2H), -B.BB

(broad m, 6H), 5.18 (broad s, 1H), 4.84 (d, J = 6.1 Hz, 2H), 4.38 (s,
1H), 3.76 (broad s, 1H), 3.40 (d, J = 14.4 Hz, 1H), 3.06 (s, 3BY (s, 3H), 1.02 (s, 9H);
BCNMR (CDCL) @ 171.12, 155.39 (J = 248.9 Hz),
134.68, 134.23, 130.06, 128.48, 128.33, 128.27, 127.07, 122.15, 120.23 (J = 21.2 Hz), 115.04
(J = 3.0 Hz), 111.15 (J = 3.8 Hz), 81.21, 73.83=(24.4 Hz), 67.61, 60.41, 58.28, 40.85,
32.13, 26.30, 21.08, 21.60°F-NMR (CDCk) -1D0.94; HRMS: GsHzFIN3OsS [M+Na]'
calculated 740.1061 found 740.1053; E.A. calculated C: 53.56 H: 4.64 N: 5.86 found C: 53.13
H: 4.58 N: 5.39
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Benzyl (2S,5SP-tert-butyl-5-[(4-fluoro -5-formyl -1-tosyl-1H-indol-3-yl)methyl] -3-
methyl-4-oxoimidazolidine-1-carboxylate (66), according to Boymond et &*!

Analogouslypreparedas41 by starting from65 giving the desired
Q_\o—/{ product as a colorless solid7ia %yield.

O'Ké\/gk/f'\'\ 1M.p.7?r75 C v
\ O H-NMR (CDCk) U 10. 34 -77E(m, 4#)H7.31 (d,7).=8 1
N\T 7.7 Hz, 2H), 7.0%6.87 (m, 6H), 5.16 (s, 1H), 4.93 (s, 2H), 4.45 (s,

1H), 4.16 (d, J = 7.1 Hz, 1H), 3.53 (d, J = 17.2 Hz, 1H), 3.05 (s,
3H), 2.37 (s, 3H), 1.06 (s, 9HC-NMR (CDCk) &  4B=679 Bz 171.02, 160.01 (J =
263.5 Hz), 145.83, 140.02 (J = 11.0 Hz), 134.90, 134.60, 130.19, 128.41, 128.29, 127.15,
123.93, 119.48 (J = 16.8 Hz), 118.81 (J = 5.2 Hz), 116.01, 109.89 (J = 3.5 Hz),691625,
40.83, 32.08, 26.31, 21.68F-NMR (CDCk) -12912, HRMS: GsH34FNsOeS [M+Na]'

calculated 642.2044 found 642.2030, E.A: calculated: C: 63.96 H: 5.53, N: 6.78 found C:
63.91 H: 5.63 N: 6.48

Benzyl (2S,5SP-tert-butyl -5-[(4-fluoro -5-formyl -1H-indol-3-yl)methyl] -3-methyl-4-oxo-

imidazol-idine-1-carboxylate (67), according to Yasuhara et

3.5 mL of 1.0 M solution of TBAF in THWere addeda a ®lution
©_\o—/{ of 432 mg (0.7 mmol$6in 10 mL THF. The resulting mixture was
N stirred at room temperaturéor 3 h beore the solvent was

gave the desired product as a colorless sold?2 % (140 mg, 0.3

o F .. Q/N

k@\/g i ~ evaporatedn vacuo Flash chromatography of the crude mixture
\y O
N
H

mmol)

'H“NMR (DMSO) 4 11.53 (s, 1H), 10.27 (s, 1H),
(d, J =8.5 Hz, 1H), 7.197.14 (m, 3H), 7.08 (d, J = 7.2 Hz, 2H), 6.72 (s, 1H), 5.19 (s, 1H),

5.00 (d, J = 12.3 Hz, 1H), 4.79 (d, J = 12.3 Hz, 1H), 4.50 (d, J = 4.4 Hz, 1H3.348Tbroad

s, 1H), 3.38 (d, J = 15.4 Hz, 1H), 2.93 (s, 3H), 0.99K8; *C-NMR (DM 'S 0) 18715 (J =

7.5 Hz), 171.02160.84 (J = 262.5 Hz), 142.62 (J = 13.9 Hz), 136.29, 128.58, 128.30, 123.64,
120.46, 115.80 (J = 16.0 Hz), 115.21 (J = 5.3 Hz), 109.95, 109.23, 80.41, 66.90, 58.69, 31.84,
26.47;°F-N MR ( D MSI3).47;0HRMS: GsHosFN;O4 [M+Na]" calculated 488.1956

found 488.1992; E.A. calculated: C: 67.08 H: 6.06 N: 9.03 found C: 65.20 H: 5.92 N: 8.60
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Benzyl (2S,5SP-tert-butyl-5-[(1-Boc-4-fluoro -5-formyl -1H-indol-3-yl)methyl] -3-methyl-
4-oxoimidazolidine-1-carboxylate (68), accordingo de Koning et af:>°!

60 mg (0.27 mmol) Ba© were addeda a solution 067 (110 mg,
©_\o_/<o 0.23 mmol) and DMAP (3 mg, 24mol) in 5 ml THF. The resulting
Fo &N mixture was stirred for 1 h at room temperature. The solvent was
| I~ evaporated under reduced pressure. Purification hef ¢rude
K@:\l\g © mixture by flash chromatograph¢{PEEA = 7:3, R = 0.5) yielded
Boc the desired product as a colorless solid (86 %, 112 mg, 0.20 mmol).

M.p.: 13371 136 °C

'H-NMR(CDCk) 4 10.37 (s, 1H), 7.92 (d, J = 8.8
1H), 7.397.03 (m, 5H), 6.98 (s, 1H), 5.44489 (m, 3H), 4.49 (d, J = 1.2 Hz, 1H), 4.03 (d, J =
16.8 Hz, 1H), 3.59 (d, J = 17.2 Hz), 3.11 (s, 3H), 1.58 (s, 9H), 0.99 (s, @EANMR

(CDCl) U0 187. 45 (J 169.646J =7261k8H2), 148145, 040.8 2 11.5 Hz),
136.25, 128.33 (J = 5.3 Hz), 124.61, 123.23, 118.78, 118.53, 118.41, 114.50 (J = 3.0 Hz),
111.96, 85.51, 80.79, 66.83, 58.09, 31.99, 27.99, 26’B{MR (CDCl) -180.61; HRMS
Cs1H3sFN3O4 [M+Na]™ calculated 588.2480found 588.2461; E.Acalculated C: 65.83 H:

6.42 N: 7.43 found C: 64.58 H: 6.39 N: 7.32

4.7 Radiochemistry
4.7.1 Preparation of tetrabutylammonium [*®F]fluoride (TBA °F)

N.c.a. [®F]fluoride was produced by tH&O(p,n)*F nuclear reaction via bombardment of an
isotopicdly enriched {®O)water targt with 17 MeV protons at th&SW cyclotron BC 1710

(FZ Jiilich)?°® An aliquot of the {¥F]fluoride olution was added to 156L (18 pmol) of a

0.12 M tetrabutylammonium bicarbonate solution (TBAHE®! After addingl.0 mL of dry

MeCN by a syringe azedropic distillation under a steam of argon at 75 °C and 600 masr
performed The azeotropic evaporation was repeated twice. Afterwards the vial was evacuated
for about 5 min at 10 20 mbarand flushed again with argon
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4.7.2 General procedure for theradiosynthesis of tbenzyH[*®F]fluoro -1H-indoles

([*°F]1-4b) by conventional heating

A solution of 20 pmol of the corresponding precurgls 2e 3eor 4€) in 1.0 mL DMFwas

added tothe vial containing the dryTBA®F with a typical activity of 15 to 3MBq. The

reaction mixture was heated to ttiesired temperature (usually between 60 and 16GdiC)
typically 15 min. After labeling theeactionsolution was diluted with 10.0 mL water and
passed through a previously conditioneChrolut RR18e cartridge (Merck, Germany).
Afterwards the fixed labeled compound was eluted with 2.0 ml acetonitrile into a second vial
foll owed by the evaporation of the $2iH4vent.
eg.) in 1.0 mL of the desired solvent (benzaleitor dioxane)vas added and the mixture was
heated to 150 °C for 20 min.

4.7.3 General procedure for the radiosynthesis of -benzyH**F]fluoro -1H-indoles

([*®F]1-4b) by microwave heating

A solution of 20 umol of the corresponding precursor in 1.0DMF wasadded tahe vial

containing the dried TBAF with a typical activity of 15 to 30 MBqThe reaction mixture

was heatedwith microwavesof the desiredenergy(usually between 30 and 140Wiuring

1 min. After labeling the solution was diluted witl®.0 mL water and passed through a
previously conditioned.iChrolut RR18e cartridge(Merck, Germany). Afterwards the fixed

labeled compound was eluted with 2.0 ml acetonitrile into a second vial followed by the
evaporation of the solvent. A solutioncantai ng Wi | ki (@4oeg.insl.0Omleot al y st
the desired solvent (benzonitrile or dioxamegs added and themixture washeatedwith

100W microwavedor 2 min.

4.7.4 General procedure for the radiosynthesis of -4-[*®F]fluorotryptophan ([ *3F]70)

by conventional heating

A solution of 89 pmol of theprecurso68in 1.0 mL DMFwasadded tahe vial containing

the dryTBA®F with a typical activity of 206 300 MBq The reaction mixture was heated to
the desired temperatufer typically 10 min. After labeling the reaction mixture was diluted
with 1.0 mL acetonitrile and 9.0 mL water and passed through a previously conditioned
LiChrolut RR18ecartridge(Merck, Germany). Afterwards the cartridge was eluted with 2.0
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mL acetonitrile and the solventws evapor at ed. A solution coni
(generally 2" 4 eq.)in 1.0 mL benzonitrile was added and the reaction mixture was heated to

the desired temperature for typically 20 mifhe mixture was diluted with 1.0 mL of a

solution of ethylaceate in petroleum ether (5%A/PE), and filtered through a silicartridge
(600-700mg silica gel in a 3 mL dgethylene filtration tube) followed by elution with 9 mL

of the same solvent mixtur8ubsequently the desired compound was eluted withuéicso

of ethyl acette in petroleum ether (60%A/PE). The solvents were evaporated followed by

the addition of 0.5 ml of concentrated hydrochloric acid laeating of theeactionmixtureto

the temperature of choice (11@60 °C)for usually30 min.

4.7.5 General procedure for the radiosynthesis of -4-[*®F]fluorotryptophan ([ *8F]70)

under microwave heating

A solution of 89 umol of the precursd@8in 1.0 mL DMFwasadded to a vial containing the
dry TBAF with activities of usually 200 300 MBq The reaction mixture waseatedwith
microwavesof the desired energy (usually 3@0 W) for 1 min. After labeling the reaction
mixture was diluted with 1.0 mL acetonitrile and 9.0 mL water and passed through a
previously conditionedLiChrolut RR18e catridge (Merck, Germany). Afterwards the
cartridge was eluted with 2.0 mL acetonitrile and the solvent wasoeated. A solution
containingWi | ki ns o n(@is4 eq.)m tL.@ mlLybsnizonitrile was added and the reaction
mixture washeatedwith 100 W mcrowavedor 2 min. The mixture was diluted with 1.0 mL

of a solution of ethyl acetate in petroleum ether B#4PE), and filtered through a silica
cartridge(600-700 mg silica gel in a 3 mL gdgethylene filtration tubefollowed by elution

with 9 mL of the same solvent mixtur&ubsequently the desired compound was eluted with a
solution of ethyl aceta in petroleum ether (60%A/PE). The solvents were evaporated
followed by the addition of 0.5 ml of concentrated hydrochloric,aod the reactiomixture

was heated ttemperatures between 110 &r@&D °C for typically 30 min.













































