- 1 - Description Method for producing a radioactively |abeled carboxylate
- The present invention relates to the technical field of radioactively

| abel ed carbon conpounds. In particular, the present invention relates to
a nmet hod radi oactively |abeled carboxyl ate and radi oactively | abel ed carbon
di oxi de and a the el ectrochenical synthhesis of carboxyl ate. Positron

em ssion tonography (PET) is a nmethod in nuclear nedicine which produces
sectional images of living organisnms. During PET, the distribution of a

r adi oa®Esraliptismel ed substance, a radi opharmakon, in the organismis
shown, by neans of which the structure and al so bi ochem cal and
physiolo%ical processes are illustrated. A radiopharmakon is |abeled by a
radi ondf&H@e, £91r RarHSERge aatofioncitdvedpe labrledntrabbkylate

conventi onal sci nti graphy, PETuses

The present invention relates to the technical field of
radioactively labeled carbon compounds. 1In particular, the
present invention relates to a method for producing a
radioactively 1labeled carboxylate and to the |use of
radioactively labeled carbon dioxide and a microelectrode for
the electrochemical synthesis  of radicactively labeled
carboxylate.

Positron emission tomography (PET) is a method in nuclear
medicine which produces sectional images of living organisms.
During PET, the distribution of a radioactively labeled
substance, a radiopharmakon, in the organism is shown, by means
of which the structure and also biochemical and physiological
processes are illustrated. A radiopharmakon is labeled by a

radionuclide, a radiocactive atom or isotope.

In contrast to conventional scintigraphy, PET uses
radioactively labeled substances which give off positron
radiation. In the event of interaction of a positron with an
electron in the body, two high-energy photons are emitted in
opposite directions. The principle of PET consists in recording

“these coinciding photons by means of detectors which face one
another. The distribution in respect of time and space of these
registered decay events is used to deduce the spatial
distribution of the radiopharmakon in the body.



radi oactively | abel ed substances which give off positron radiation. In the
- event of interaction of a positron with an electron in the body, two

hi gh-energy photons are emtted in opposite directions. The principle of
PET consists in recording these coinciding photons by neans of detectors
whi ch face one another. The distributizon in respect of tinme and space of
these regi stered decay events is used to deduce the spatial distribution of
t he radi opharmakon in the body. - 2 - A frequent application of PET is in
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The radionuclides used most often are radicactive isotopes of
the elements carbon (*'C), fluorine (**F), nitrogen (**N) and
oxygen ('°0). These radionuclides are produced in a cyclotron
by particle acceleration.

The usefulness of radiopharmskons is limited by the short half-
life of the radionuclides of typically less than 2 hours. The
radionuclide C has a particularly short half-life at only ca.
© 20 minutes. The undesired decay in radiocactivity starts as
earlyf as during'-the production. of the radionuclide in the
cyclotron and continues during the production of the
radiopharmakon, its delivery to the PET site and finally to the

point of administration to the patients and measurement.

In order to achieve the widest possible supply radius in which
the positron emission tomograph to be supplied is



| ocat ed around thecycl otron,thehi ghest possi bl e radi oactivity of the

radi ophar makon after its production nust be present. This can be achieved
by the shortest possible production tine of the radi opharmakon fromthe
~radi onuclide since the decay of the radioactivity of a radi onuclide depends
on the tine. The basis for produci ng & radi opharnmakon is a nolecule that is
bi ochem cal ly or physiologically active in the organi smand i n whose

chem cal structure one or nore radionuclides are incorporated. Conventional
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has to be further reacted in a two-stage process with LiAlH,
and HI to give *CH3I. Only in a third step can the
radicactively labeled methylating agent be transferred to the
pharmakon to be 1labeled. As a result of this laboriocus
synthesis of the radiopharmakon, a high proportion of the
radiocactivity originally provided by the *!¢C0, is lost.

Important technology has been introduced for new PET contrast
agents in the field of *F labeling by means of so-called
“elick chemistry”. This method permits the synthesis of
radivactive contrast agerts in a single step (Devaraj et al.,
2009; Li et al., 2007). Radiopharmakons labeled with fluorine,
e.g. ®F-fluorocuracil, *F-6-fluorc-DOPA or ”F—fluoro—Z—deoxy—D—
glucosge, however, differ from their corresponding non-labeled
origin molecules, and so it is desired to use hydrocarbon
compounds which do not differ chemically from theirx origin
molecules.



provision of at |east one precursor nolecule of the carboxylate in a

sol vent which conprises a conductive salt; introduction of at |east one
reactant which conprises radioactively |abeled carbon dioxide into the
sol vent; and el ectrochemi cal reaction of the precursor nolecule with the
radi oactively | abel ed carbon dioxi de tdo gi ve the radi oactively | abel ed
carboxyl ate; where the radioactively |abeled carbon dioxide during the
reaction of the precursor nolecule is conpletely dissolved in the solvent.
I n addilt oms ttiepriesenttiaventdan dfelwdie prhdadite iysenf gnainastdvely

| abel e ar .di.gxi de . the el ectrochem cal synthesis of a radioactively
| abel e Igar g%} %gé{; \Ahriéélceh?%e %Xr bof T dxi de dﬁ%@ﬁﬁa?iﬁéves it héﬁ%ﬂeéi
conpl ettsidr aflasgshy edcdmpeusd| vean. e addintlogizdie presient | aventHaort

rel at es,dddie s & Qe ML ectirgde for the el ectrochem cal synthesis of
a radigactivelfﬁfagéfédlbarg%§¥1g%gi where radi oactively | abel ed carbon

di oxide is reacted. The dependent cl ains contain advantageous enbodi nents
of  thedHiventélBflect - 8s- achieved by a method for producing a

radicactively labeled carboxylate which involves the steps:

- provision of at - least one precursor molecule of the
carboxylate in a solvent which comprises a conductive
salt;

- introduction of at least one reactant which compriges
radioactively labeled carbon dioxide into the solvent; and

- electrochemical reaction of the precursor molecule with
the radiocactively labeled carbon dioxide to give the
radiocactively labeled carboxylate;

where the radiocactively 1labeled carbon dioxide during the

reaction of the precursor molecule is completely dissolved in

the solvent.

In addition, the present invention relates to the use of
radiocactively labeled carbon dioxide for the electrochemical
synthesis of a radiocactively labeled carboxylate, where the
carbon dioxide during the synthesis is completely dissolved in

a solvent.

In addition, the present invention relates to the use of a
microelectrode for the electrochemical synthesis of a
radiocactively labeled carboxylate, where radicactively labeled

carbon dioxide ig reacted.

The dependent claims contain advantageous embodiments of the

invention.



The present invention is described in nore detail below by reference to the
attached figures. Figure 1 shows an el ectrochem cal reductive carboxylation
of a ketone with incorporation of 11CO2 for the synthesis of a

radi oactively | abel ed al pha-11C-am no acid. Figure 2 shows an

el ectrochemi cal reductive carboxyl ati &r-of a ketone with incorporation of
flICO2 for the synthesis. of a radioactively |abel ed al pha-11C- hydroxy aci d.
Figure 3 shows a reductive carboxylation for producing an am no acid by
react i Mpeanpredaet Witdventriadi oast idedoriane! e aysrd daethi gungeYosheys two

m cr oel [ , +cathod and -anode 3, and also their arrangenent rélative
to onergﬁ%gﬁggé f%bE%%éggﬁﬁﬁhﬁge%ﬁﬁgﬁeﬁrovides a nethod for producing a

radi oactively | abel ed carboxyl ate whi ch involves the steps: provision of
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t he radi oactively | abel ed carbon dioxide during the reaction of the
precur Fogumel ec@hewiss oo ngl &t tetgycltinsicol V et duc t hee S@AVEStylation of a

ketone with incorporation of C0, for the synthesis of a
radiocactively labeled alpha-'C-hydroxy acid.

Figure 3 shows a reductive carboxylation for producing an amino

aclid by reacting an imine with a radioactively labeled cyanide.

Figure 4 shows two microelectrodes, cathode 1 and anode 3, and

also their arrangement relative to one another.

The present invention provides a method for producing a

radioactively labeled carboxylate which involves the steps:

- provision of at 1least one precursor molecule éf the
carboxylate in a solvent which comprises a conductive
salt;

- introduction of at least one reactant which compriges
radiocactively labeled carbon dioxide into the solvent; and

- electrochemical reaction of the precursor molecule with

“the radiocactively labeled carbon dioxide to giﬁe - the
radiocactively labeled carboxylate;

where the radiocactively labeled carbon dioxide during the

reaction of the precursor molecule is completely dissolved in

the solwvent.



- 6 - The term "carboxyl ate", as used here, refers to a conpound which

i ncl udes a carboxyl group, e.g. of the enpirical fornula RLR2ZR3C( C00-)

The radicals Rl, R2, R3 bonded to the central carbon atom can be identical
or different saturated or unsaturated |inear, branched or cyclic aliphatic,
aromatic or heteroaromatic radicals o mxed forns thereof. It is a
prerequisite that the radicals do not contain groups which are thensel ves
reactive under the carboxylation conditions according to the invention. The
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The term “conductive salt”, as used here, refers to an

electrolyte dissolved in the solvent which conveys current.

The term “reactants”, as uszsed There, includes chemical
molecules, such as carbon dioxide, cyanide, water and ammonia,
and also protons and electrons. The introduction of the
reactants into the solvent can take place in one or more steps,
meaning that the reactants can be introduced simultaneously,
with an overlap or in succession.

The term ‘“electrochemically”, as used here, refers to a

chemical reaction by means of electrolysis.



As a result of conpletely dissolving the carbon dioxide, its concentration
. in the solvent is increased. Concentration gradients due to an undi ssol ved
gas phase are avoided. The conpl ete dissolution of the carbon di oxi de | eads
to a better m xing and a honbgeneous concentration of the carbon dioxide in
the solvent. Overall, therefore, the réaction tinme and production tine are
shortened and the yield is increased. As a result of the short reaction
time and production tinme, radiochem cal yield |osses due to the natural
decay dfh¢ heermdi*ddssbildedasaabomadi@add” t taBeake toh o pieguces 1 Jhe
rapid radi gfﬁ}é&ecggggx oiorxao(lieoact%]ve 11C hitherto nmade it necessary for
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can be maEsswcte al tiid ledloverexpendi ture on apparatus. Internedi ates do not
have to be isolated or purified. The nethod according to the invention can
therefore be used directly in the clinic or the radiol ogical surgery. The
reacti ol adder dneghod tdecondéngi dro oftlehe iprvectrieoor fokecpredwting a

radi oastiyelycd ahelied icachon dioxide,1akes Riacs by eans of  aredugtive
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nol eculeasbsiyihdde las dHapaled e rardaadatssynthesis acepnding fo the
|nvent|10r}j Ie'acﬁ orﬂ&kr%%hem s step before the carboxylate end product
(cf. filG et ShdanP ARG 8hd al so the | abeling take place in a
single step, which is not foll owed by any other synthesis steps. A

car boxyl_at Si i rbon di.oxide.is scribed in EP Q 189 120 Al,
al t houg San% ?é%%ggctoﬁvgé&ga%?%ﬂ aPB6 V&ngiq%be i §OHR%Y Cherdrs, 1ts
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occursproduction time are shortened and the vield is increased.

As a result of the short reaction time and production time,
- radiochemical yield losses due to the natural decay of the

- radionuclide as a function of tiie are in turn reduced.

The rapid radiocactive decay of radiocactive 'C hitherto made it
necessary for an extremely high dose of radiocactive starting
substances to be used for the synthesis of the carboxylate
radiopharmakon. By shortening the reaction time by means of the

method according to the invention, the dose of radiocactive
carbon which



- 9 - 1n a preferred enbodi nent, the carboxylate is an al pha-hydroxy acid
salt and/or an al pha-amno acid salt. The prefix "al pha-" refers to the
position of the carboxyl group on the al pha-carbon atomto which the

hydr oxyl group or amino group is also attached. The al pha-hydroxy acid salt
is synthesized in a single-stage reactdon directly froma ketone or an

al dehyde, with incorporation of the radi oactively | abel ed carbon di oxi de
(figure 1). It is therefore a very rapid and sinple reaction with | ow
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est abl ijshed fHidLcker reaction (figures 1 and 3). Al pha-amino acid salts can

be synthesized by the method according to the invention with a higher yield
t han al pha- hydroxy acid salts. Al pha-amno acid salts, just Ili ke
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R2 and 23 cRR &itRes 1he 4 hd%qtj}t?l cal nqr dif ftelreg_ta g%tllﬁg heteroaromatl ¢ and
al i Cycli

al i phatic radicals. The atic radicals i AC 9°¥¥ - branched
and unbranched, cyclic and allcycllc sat ur at ed and unsaturated car bon

CONMPOUTtS. trtc-_ance:tanpr geedulishye thatcpde nadigal s, dQ,Mot i 0” 30 %’F% S
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during the last step of the carboxylate synthesis according to
the invention, i.e. only one synthesis step before the
carboxylate end product (cf. fig. 1 and 2). The carboxylation
and also the labeling take place in a single step, which is not

followed by any other synthesis steps.

A carboxylate synthesis with carbon dioxide is described in
EP 0 189 120 Al, although no radiocactively labeled carbon
dioxide . is” used thérein. Similarly, nd completely dissolved
carbon dioxide, but gaseous carbon dioxide, is used, meaning
that in EP 0 189 120 Al the vield is lower and the reaction
time is’ longer. Since EP 0 189 120 Al does not relate to the
production of radioactively labeled carboxylate, these
disadvantages are less serious since. non-radiocactive
carboxylate does not decay as a function of time, but is
stable. Moreover, the amount of starting substances used in

EP 0 189 120 Al is not a critical factor because no radiocactive
burden occurs.



tetrafl uoroborate or tetra(Cl-C4)al kyl ammoni um hexaf | uor ophosphate. The
radi cals bonded to the nitrogen of the quaternary amoniumsalt are
identical or different aliphatic, cycloaliphatic or aromatic radicals.

Chl oride, brom de, iodide, tetrafluoroborate, hexafl uorophosphate,

par a-t ol uenesul fonate, perchlorate an@ bis(trifluoronethylsulfonimnmde) are
preferred anions of the quaternary ammoni um salts. Tetra(ClLC4) al kyl ammoni um
tetrafl uoroborate or hexafl uorophosphate are preferred conductive salts,
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f urt heredeivedi trilcenft:het heos Battrantfr egdot scmbbxtyfhe qragur sar yhe eallpai-n one

step t ] e n ne s short and
QaPh¥e ta*&%rrpacrobqqﬁ’bcﬂeth cﬁﬁé&?%t 2 ;Eer of A61h gré?ﬁr%ﬁef‘ﬁ 50

the radi oactive yield sses over re | OwW.
enbodi AEHECHERe 1 adi oact i vel y | abel ed car bon dioxide is 11CQ2. 1In a
further enbodi ment, the carbon dioxide is introduced into the solvent under

a pres e of han 2 bar, preferably 5 bar or. more than 5 bar. As a
result%gﬁ %%QF%HQ%&ER%%S%F% hd & a}%oﬁYHFﬁﬁﬁaéeéuﬂthatﬁéngéﬁcﬁﬁéﬁeof t he

pr ecur seactmbec uldi fectdiysof ved c@mﬂkﬁ&ﬂﬂélnokheaﬂﬂ\&ﬂ&ehﬁiba f whther

pr ef er he reac n takes n.a.conti nuous-fl ow
reacto?gg?%ggggk nuou% fI%M/re %8?Ctév8§¥ ﬁ@he}ﬁda 885??ﬁu0§%°§ﬁ3@edure
as a ré§ugur@fIWh|dH:the téa¢efomeequrVeby|mapu§ ﬁdeamhpIetheasyﬁbhe5|s
di rect iy Tais rheadenkhiaah gaoYhehdeota .l 0 AELagLivhLY gnd alsg Lo a

| ow concentrati on of esire i mént , t he
reactlGHEF§§€§epP§€§15ﬁeat@|éﬁé§?ﬁu§h@ré©s¢h@ft§hﬁ1Tﬁﬂcpastnuetuaebonas

used harexifef @esdt anfl BhakUtbZedaubkt shand 8y skers-RoLblArkant he m croneter
and al so in the nanoneter range, such as e.g. mcrocontalners, mcrom Xers,

nlcroelectrodes and nlcrostirrers. The use_of t he nicrostructure ensures an
|nprov@ﬁeS@mbamﬁkwmlm@addﬁMd)ﬂHrtﬂkbd&&ﬁﬁgOﬂhép@Eﬁhajﬁﬁlﬁﬂpé@YQdsalt

surfac /v l.eads to a ra xing, an_effective he urrent
transf gr %Iﬁtijq{g—h 5@12 Conty o' FaBfe S Fe%%e%%%?rr@?r& Otfﬁ et 98?1?‘%5[ g& so of
t he subBsrankey pﬁégénpntHéneuneswﬁthndS3MSiRgphaeamshbuatmdeSamal thear ef ore

be opehat enibLe 9t eheniy hd Pl BNOT (L eBaL | AN LLORS, A gD

yi el ds, ' Thé very good contro sy nt eses on m ¢ros
and t hBiGhEF| X%ﬁk%ttbﬁnh@%HW%éﬁﬁﬁmﬁﬁlﬁgl@oﬁﬁéﬁﬁs ankbha -sonine  aosidc

react aph3tpl espi¥t thekei R1aRE -hydroxy acid salts and acids thereof,
are physiologically important molecules that are widespread in
the metabolism, meaning that they are customary PET biomarkers
with diverse use.

In a further embodiment, the precursor molecule comprises
ketimine, aldimine, ketone, - aldehyde and/or ions thereof.
Aldimine has the formula R;HCNR,, ketimine the formula R1R;CNR;,
ketone the formula R:;R,CO and aldehyde the formula R;HCO. One
example of a ketimine ion is an iminium cation (fig. 3). The
radicals R;, R; and R; can either be identical or different
aromatic, heteroaromatic and aliphatic radicals. The aliphatic
radicals include acyclic



- 12 - in particular the radi opharnmakons |ead to high operational safety.
The mcrostructure used in the course of the invention therefore reduces
“the radiation burden and al so the burden due to healt h- endangeri ng
substances to the radi ochem st during the synthesis of the radioactively

| abel ed carboxyl ate. During the nmetho#Caccording to the invention for
produci ng a radi oactively | abel ed carboxyl ate, short reaction tines and
therefore production tines and also a high yield of the carboxylate are
achi evéwranclidie gad boxipramiched, akéygl Pt aaadom 18 dRCliast r Yt WrgeedS aad esul t

of the i uctipn tipe, radiochem cal .yield | osses due
to natura%l erfzagt%q%f gfgﬁgggag%gr%oﬁ}él |Sdnu%€?&(§ a3 grfeffr‘?@f‘lilgrjr%&f ﬂﬁ%tti are
r educedadifd lghodmt net cxordorin adironps| wie chis etke nthbessynehesies cafiviche
radi oagi{ead yrhabekbedogaih a : r ef e result of
whi ch costs a?e savedoa,gd ?Eéhbtﬁﬁéle%%%tltgﬁt%ﬁe %%%cﬁ%gnggfggﬁrﬁﬁé%t%ées

synt he&=€ | LFIFFREFCHIVe f FoHRerehbbhy mervailaklei crodt r aétpile i ol udes

at | eagiroaieaniuior] eslarela-d RedmRes.he carboxyl ation wi th carbon di oxi de,
t he reduction can take place el ectrochemcally with the help of

m croel ectrodes. In this process, a sacrificial anode serves as el ectron
donor, Imeanipng: fichatedt enbusi n@h(’jct,mtihé eyRdiude i@fel ﬁﬁd_;cog:%ﬁp(i‘]y_@@isd%_lﬁ_%l i I

el ectr no be di nse i.th. resul.t, of the el ectrochenm ca
cat al yer A nhe 2e 00 SUSPEIRS e (N LR eel AT n S e vi ty.
Readi | P 1&0dessFiFéoebhpdundsyy suviorismal gefydesT orquatcanessy semmerdsm
precur gQng.g,The m crgel ectrodg..coppiib,ges a m g%ggggg{a_%r) a%{&ﬁg%%togg%%
Anode nmaterials are soluble netals, In particular -~ 13 - aFum num
magnesitim SiMCTEHEFEE or al | oysOFher eof , wi EREER (Fi Tihed iy langwesivom

bei ng mesiafiefrephedphBtef emed reatikade maheekaks anhe ﬁg%ngth%f”%E%r'a's,
such as_conductive carhon nmaterials,. e.g..graphite, carbon fiber web and

gl assy TEHEER AN EHIFG W Gt © &t nhg?l’gg?%ﬁjr RFt A1fhgrERFUMLBBNAG 1fpst

pr ef er cogt.l cRdriphedliar loy prefetried redieiaiat.i ohd oefidanodecandegat bedegear e

nagnes%%@&%ﬁ@ﬂﬁﬁkﬂ%ﬁ%ﬂ%,naggggfiﬁ%fggﬁggbﬁgggjn%%E%Q%bluenesulfonate,
perchlorate and bis{trifluoromethylsulfonimide) are preferred
anions of the quaternary ammonium salts. Tetra (C;-
Cy)alkylammonium tetrafluoroborate or hexafluorophosphate are
preferred conductive salts, such as e.g. tetrabutylammonium

tetrafluoroborate.,

In a further embodiment, the solvent is an organic solvent.
Preferred solvents are amide, nitrile, N,N-dimethylformamide
({DMF) and/or an open-chain or cyclic ether.

In a further embodiment, the reactant reacts with the precurgor
molecule in one step to give the carboxylate. Consegquently, the
reaction time is short and the radiocactive yield losses over

the period are low.

In a further embodiment, the radioactively labeled carbon
dioxide is CO,.



On account of their geonetry, the m croel ectrodes can be arranged close to
one another. As a result of the spatial proximty, the field strength

i ncreases for the sane voltage, nmeaning that it is possible to work with

| ower voltages for the sane field strength. The potential difference

bet ween the m croel ectrodes depends-ohlthe reacted nol ecules and is
ascertai ned experinentally by anal ytical nethods. The el ectrolysis can be
oper at ed between the m croel ectrodes gal vanostatically, although a

pot ent iIes taatfer titeac etib@linerpt of ¢ eda BiorCcaouRt d6f 1 EhensmahlcaRoyRts and
nd precursor nolecule. 1In a

vol unmes ., of vent, cqgnductive salt, reactant a

furthe?h%nﬁ% I MEn ,uPﬁgrnf%rBE?FﬁgfﬁréﬁioﬂﬁF?s§§%ﬂmﬁ ¥ 0ePEEEFEREL Ynhi ch
are | ofabed ior ancxedibbded dpace.Adhe wedulided ellecd rhtlghspaeecshas,t he
advant t e pBe S Vi is_i ed_as result of the salt
or mt Loy w?%%b% e gﬁ?%gﬁkof%%%ghgisgéFviﬁsgggggﬁfi8?al%gﬁodg?e?ﬁgsgﬁlt

f or mat "GA eFHeEedfs di§aravedureEpilese lyedondhey spdxenions, e.g. a reduction
of the precursor nolecules to give pinacol derivatives. Mreover, in
undiviged spaces, no ohmc resistance is built up as a result of a

separ a Poﬁ'ﬁiﬁﬁﬁﬁﬁeprquﬁfqdI?WQP@%W?%%¢ Phef eprebienpbakaenplachein
nycroeheptbnd&nuomeEse& afeaatbag, &thb@bﬁtiﬁQGUbefléwg-réactﬁrl is,

m crocapi EVe, o near.elenment, e.g..a wre, a twi-dinensiaonal lattice, a
tmo-di%@ﬁg%gﬁa ]ghr aggng%ngoyﬁrégﬂﬁ%ﬁﬁﬁﬁwwﬁﬁ fredRSUAE £ et thofPfhese
el ect r sgecarnantsyilber sunf dee/ vbiGivedr dtri othe fayrtthersigipdevedriohn a
partic I ferred odi. t,  th I is_a.cathode 1 and

t he IiEgg% gﬁgﬁgnﬁbig §§5§n§3§§§: %hega%ggg ggﬁggg#&gﬁgeanéeﬁﬁﬁ8|§$ Pnsi de
t he catRYdECRCETREaEAPHOAE wndrgirkd Bwoseodugte.arranged rel ative to one
anot her such that the longitudinal direction of the cathode 1 and the
Iongitgdinal %iregtion og the anode 3 run parallel to one another (figure
4). In'B partrOararty BrererPeltenbbBenentacthent wsalPFendilafal Sirface is
in eachicasetancanede ¥hd aeceat hpdervBielcaueearr apgadeannthe, oppesi-te

wal | s I OCE ul mcrostruycture. An .arrangenent of,a two-di nensi ona
anode g%d%ga%%%ﬁgggﬁ h& opposfie %%F%ﬁb%F?lanﬁgEidmﬁHQReter and
nicrosﬁﬁﬂ@tuhe &deanvagevesety combees sachonageregus fitekdcbnthhaegkect rode
space HﬁE?oﬁﬁ%@E@?lﬁiEkB@ﬁé@EEB?ngah em&@?%&??&§5rg§ a result of which the

el ectrochemcal reaction Is confrgured nore erficrently and the reaction
time is reduced. Moreover, the yield is increased with sinmultaneous

m ni m zaki onugk thgrsecendar yphieagktonscdye t osgsfipaRIENgAUS 5&?%6@@89 time

inthis mcrostructure. In a particularly preferred enbodi nen e reaction

t enper SPGFBCFEVIOETEL BBELO| n°h f hREheFCBABOBINERAPACEhe &BRceATPAOVER of
the precufsoe/wolendl eathot headsl vent kap@dlmMiing, an effective heat

and current transfer and short controllable residence times of
the solvent and also of the substances present therein. Methods
using microstructures can  therefore be operated more

efficiently and lead to short reaction times and high yields. .

The very  good controllability of the syntheses on
microstructures and the small amount of health-endangering

solvents and alsc the toxic reactants present therein and



- 15 - In a further enbodinment, the nethod further involves the step of the
acidic hydrolyzation of at |east one carboxyl group of the carboxyl ate. As
a result of the acidic hydrolysis, e.g. by neans of hydrochloric acid, from
t he carboxylate, with the addition of a proton, the corresponding
carboxylic acid is obtained, fromthel@nino acid salt the correspondi ng

am no acid is obtained and fromthe hydroxy acid salt the correspondi ng
hydroxy acid is obtained. Furthernore, the nmethod according to the

i nventiion ipawdlives arhetatepradidopiohahdlotnof LIdel capbonyyhc Gsdhd 1omt he

solvent,.dhe is t] referably takes.place by precipitation, filtration,
ev a\pgor as'fallfoér}é,ey 'prrgﬂf)gr&é??]\:/&é)s gﬁ&%ﬁ%’f%g‘ﬁgﬁﬁy lgn %ﬁgr C'\SI’(l,\Jt,r<*;l°‘r‘T‘t % At 19 RehfSe

i nvol védhatrt eeparediers offie f radighionohdudeihy endalafl sand hde dhuetbrandue
undesi ned s POPWI g PraglAlLald on d alies Al ACEIAL: SXAIBL & by, greans
of a lowpaqglarjty solvent. Tn a further step, the aci a unctlonr%ﬁ %_

car boxy‘ﬂw%%fcﬁhe &ih e dadiracteel e pbsiath smtimnolatand sul furic acid.

In a further step, the carboxylic acid can al so be anal yzed, e.g. by

chroma raphy,.in particul ar by gas_chromatography. In addition, the

pr esenttDoLg:rf\f&tFBﬁ lm@l%éﬂgs T A FethobCf G Spridifd ™ Fani 5ecugdmg |abel ed

car boxyteatisyadtmira W ngabled esit epsrboRyDyES| Orslafrtat re@ast cener ﬁ&@§ura§ﬁ

nol ecul,g, | I ts itiqQn of at |east one reactant, o onpri ses

r adi oact?}év%%fé;bé%gugfg% de t;l(l)netshea%1 v_@?if’? afid h?’% Ct_YJ_O%II\T%f ?‘che the

pr ecur sGThmstdalie aa rathieveshdnarithe oayihectlee iradi oaciry el yadeahet ed

car boxydial:e s ARG Ade rgacton Lakes place gp.a pjgrostruct) r].%crrl Flag%e 3

shows by way of exanple the reductive car oxgl ati on usi ng cyani de.
production time, radiochemical vyiel losses due to natural
decay of the carbon radionuclide as a function of the time are
reduced. The amount of carbon radiocnuclide used in the
synthesis of the radiocactively labeled carboxylate can
therefore be reduced, as a result of which costs are saved and

the burden to the radiochemist during the synthesis is reduced.

In a further embodiment, the microstructure includes at least
one microelectrode.

During the carboxylation with carbon dioxide, the reduction can
take place electrochemically with the help of microelectrodes.
In this process, a sacrificial anode serves ag electron donor,
meaning that the use of toxic. cyanide or hydrogen cyanide as -
~electron donor can be dispeénsed with. As a result of the
electrochemical catalysis, the method can be operated with high
yield and high selectivity. Readily accessible compoundsg, such

as aldehydes or ketones, serve as precursors.

The microelectrode comprises a microanode or microcathode.

Anode materials are soluble metals, in particular



- 16 - In addition, the present invention relates to the use of

radi oactively | abel ed carbon di oxide for the electrochem cal synthesis of a
radi oactively | abel ed carboxyl ate, where the carbon di oxide during the
synthesis is conpletely dissolved in a solvent. In addition, the present
invention relates to the use of a nictdetectrode for the el ectrochemni cal
synthesis of a radioactively | abel ed carboxyl ate, where radi oactively

| abel ed carbon dioxide is reacted. The above variants and enbodi ments in

r espectalofmithen f i meigresijuect tx&ht:eL eiappbel i@yehrﬁimygl 33?141@(%’6 to e )
ot her j Lnvention.. The fornula_schenes_in _figures 1 to 4 show
sel ectggmg@gﬁn%? g%né)pﬁ%#%e%ﬁé%ox%%?i%ﬂséc}%ﬁﬁﬁﬁegg Ereterver cathadegure 1
shows #Eesidtlifesive ofonduat phia- awiceriadisd byudteams obndedutievearbon

el ect r gzhem;cals caL hoxy J Th urser cu an_imnium.cation of
the form] aﬁﬁRlF@Z?:é( 2|)ln %bﬁgt%’yntsﬁggggleg%%&r%eanp%ugdb? B s C6F A%k

St r eck @RSy AtiFEsi 8iFKSh adRét oheonFERIT, \With amagrissiand fpedmegemasitt h t he
el i mi natdedR rafearat eartTHE1 AP DI Whsal A | $hedused Ry ?‘Qﬁ?&tﬂ&ﬂe tVg4

el ect rons %gd, by addi ng radi oacti Vell{ | abel ed carbon dioxide, 1s reacted
to gi VAN AM no AEFd saltIned BIf FBATASELE00- )2nths a MRESGRE UBH catvlsn t he
car bon catmbrimeft itdmes .car boxyl group becones radi oactively | abel ed. The
carboxyl group is further hydrolyzed with the addition of a proton, meaning
that the amino acid salt is reacted to give the amno acid. In the case of
thi s syt hasicounitt p§ pbbsibl egewnaispenseha i queatlectimigidde caai dive

pr ot oNgyyanakf - cEhQur nt hesi al pha- hydroxy .aci.d by
means of reguzit i Sgbg%e?t%oéﬂgvnﬁéﬁ%bo%% a%i %];?S%r'?ﬁe ﬁg)?ectlrﬁ/esoﬁpé&l&}ul eis
a ket oREOXRIREYCO ththi £ie1d pereRsBh by nEFsesEisnd anwt et estmensodndgehy

addi ngmeadiaactheel ¥ t! abebedsganBor diexkde, hs 166Ret 64119458V 3N 11

al pha- gggnr Oi% ?Lﬁl d.salt . R2HOL1C( C00-). The al pha- hydrox§7] acid sz;:I}’t IS
hydr ol y%¢é Stfe SEESRE Ry dr oxy acid by adding a proton.

The potential difference between the microelectrodes depends on
the reacted molecules and is ascertained experimentally by
analytical methods. The electrolysis can be operated between
the microelectrodes galvanostatically, although a
potentiostatic procedure is preferred on account of the small
amounts and volumes of solvent, conductive salt, reactant and

precursor molecule.

In a further embodiment, the microstructure comprises two
microelectrodes which are located in an undivided space. The
undivided electrode space has the advantage that the product
selectivity is increased as a result of.the gsalt formation with
the cation of the dissolving sacrificial anode. The salt
formation protects against undesired secondary reactions, e.g.
a reduction of the precursor molecules to give pinacol
derivatives. Moreover, in undivided spaces, no ohmic resistance

is built up as a result of a separation membrane.



Figure 3 shows the synthesis of a radioactively labeled nitrile froman
imne with the incorporation of a proton and al so radi oactively | abel ed
cyani de, 11CN-. The radioactively labeled nitrile can be hydrolyzed further
to give an amno acid. Figure 4 shows an enbodi nent of an el ectrochemn ca

m cro continuous-flow reactor which-hd4 a capillary tube, the inside tube
wal | of which constitutes the cathode 1. Furthernore, the mcro
continuous-flow reactor has a wire, the anode 3, |ocated centrally in the

capi | | any & dhecther le&efelrirteﬁﬂ @wcﬁhcfrietrﬁt,i lQﬂfe g_ﬁ@ﬂdeﬂe%tttr%dgh b elgbd 24,

1185-1187 83 Abstract for et al., Bjoconjugate em

397- 40]1;1 %%’g li%étraac %IT i m%‘g‘ﬂa eBﬁocc?nj‘Wg%{%c%EgH%‘:(e)a ﬂglelﬁa@%

2007 Alssltemegatt f ore ¢ander stwaersg ard ﬁ@@men&irdnaad Radlitdtdeqn and duspt opes

47(2), &%'I%Q%nahg%@r%c% %anl%%r‘ge-dimensional mesh. As a result of
these electrode variants, the surface/volume ratioc ig further

improved.

In a particularly preferred embodiment, the tubular module is a
cathode 1 and the linear element is an anode 3. The anode 3 is
arranged centrally inside the cathode 1. The cathode 1 and the
anode 3 are arranged relative to one another such that the
longitudinal direction of the cathode 1 and the longitudinal
direction of the anode 3 run parallel to one another
(figure 4).

In a particularly preferred embodiment, the two-dimensional
surface is in each case an anode and a cathode which are
arranged on the opposite walls of a rectangular microstructure.
An arrangement of a two-dimensional anode and cathode on the
opposite walls of a flat rectangular microstructure
advantageously combines a homogeneous field in the electrode
space with favorable flow ratios of the reactants, as a result
of which the electrochemical reaction is configured more
efficiently and the reaction time is reduced. Moreover, the
yield 1is increased with simultaneous minimization of the
seccoridary reactions due to a homogeneous residence time in this

microstructure.

In a particularly preferred embodiment, the reaction
temperature is 20°C to 30°C. In a further embodiment, the
concentration of the precursor molecule in the solvent is
0.1 M,



- 19 - Cainms 1. A nethod for producing a radioactively |abeled

carboxyl ate, involving the steps: provision of at |east one precursor

nol ecul e of the carboxylate in a solvent which conprises a conductive salt;
i ntroduction of at |east one reactant which conprises radioactively | abel ed
carbon dioxide into the solvent; and 1=®l-ectrocheni cal reac_tio_n of the_
precursor nolecule with the radioactively |abeled carbon dioxide to give

t he radi oactively |abel ed carboxylate; characterized in that the

recur sor
ol ecun .‘ﬁi'%%fn%% TS e Ol b ol A s oSS ERH, e
in Cla?ﬁ1f e acidic hydrolyzatlon of at least one carboxyl group of
the carboxylate. As a result of the acidic hydrolysis, e.g. by
means of hydrochloric acid, from the carboxylate, with the
addition of a proton, the corresponding carboxylic acid is
obtained, from the amino acid salt the corresponding amino acid
is obtained and from the hydroxy acid sgalt the corresponding

hydroxy acid is cbtained.

Furthermore, the method according to the invention involves the
step of isolation of the carboxylic acid from the solvent. The
isolation preferably takes place by precipitation, filtration,
evaporation, preparative chromatography and/or decantation and
likewige involves the separation off from the conductive salt
and desired and undesired by-products. The precipitation takesg
place for example by means of a low-polarity soclvent. In a
further step, the acid function of the carboxylic acid can be
derivatized, e.g. with methanol and sulfuric acid. In a further
step, the carboxylic acid can also be analyzed, e.g. by
chromatography, in particular by gas chromatography.

In addition, the present invention relates to a method for

producing a radioactively labeled carboxylate, involving the

steps:

- provision of at least one precursor molecule in a solvent;

- addition of at least one reactant which comprises
radioactively labeled cyanide to the solvent; and

- reaction of the precursor molecule with the reactant to
give the radiocactively labeled carboxylate,

where the reaction takes place on a microstructure.

Figure 3 shows by way of example the reductive carboxylation
using cyanide.



characterized in that the carboxylate is an al pha-hydroxy acid salt and/or
an al pha-amno acid salt. 3. The nethod as clained in claim1 or 2,
characterized in that the precursor nolecule is selected fromthe group
consisting of ketimine, aldimne, ketone, aldehyde and ions thereof. 4. The
-~ method as claimed in one of the precedfng clains, characterized in that the
conductive salt is selected fromthe group consisting of alkali netal
hal i de, alkaline earth metal halide, anmonium halide, alkyl-, cycloalkyl-,
aryl amioni amdsalion,- 2Be- pnekepat ermeasmt RO elateel t o | thParfsLuls
tet r a( GLaAAldod ArPng 4L 8" AL 0P8t 8l faand et LA CLE Al Kyl amoni um
hexaf | uor op osplhat :
synthesis of a radiocactively labeled carboxylate, where the
carbon dioxide during the synthesis is completely dissolved in

a solvent.

In addition, the present invention relates to the use of a
microelectrode for the electrochemical gynthesig of a
radicactively labeled carboxylate, where radiocactively labeled

carbon dioxide ig reacted.

The above variants and embodiments in respect of the first
subject matter of the invention alsc relate to the other

subjects of the invention.

The formula schemes in figures 1 to 4 show selected examples of

the carboxylation according to the invention.

Flgure 1 shows the synthesis of an alpha-amino acid by means of
reductive electrochemical carboxylation. The precursor
molecule, an iminium cation of the formula (RiR,C(NH,))}*, is
synthesized for example by means of the Strecker synthesis from
a ketone; RiR;0, with ammonia and hydrogen with the elimination
of water. The iminium cation is reduced by absorbing two
electrons and, by adding radicactively labeled carbon dioxide,
is reacted to give an amino acid salt, RiR;(H.N)C (C00™), as a
"result of which the carbon atom of the carboxyl group becomes
radioactively labeled. The carboxyl group is further hydrolyzed
with the addition of a proton, meaning that the amino acid salt
is reacted to give the aminoc acid. In the case of this
synthesig, it is possible to  dispense with protecting the
acidic protons.



5. The method as clained in one of the preceding clains, characterized in
that the solvent is an organic solvent, in particular selected fromthe
group consisting of amide, nitrile, N Ndinethylformam de and open-chain and
al so cyclic ether. 6. The nmethod as clainmed in one of the preceding clains,
characteri-zed in that the reactant rsiveacted with the precursor nolecule
in one step to give the carboxylate. 7. The nethod as claimed in one of the
preceding clains, characterized in that the radioactively |abeled carbon

di oxi deFiiguril GOshd@vs Thige neyolle @bs cbai R atbanaslakbxod aicidl it ddgsar bon

i rodcied TSRS oo FERE-oaRr anE b ToBREraF ATy 6108 o SFOPEThan
molecule is a ketone, R;R,CO, which is reduced by absorbing two
electrons and, by adding radicactively labeled carbon dioxide,
is reacted to give an alpha-hydroxy acid salt, R;R,HOMC (CO0™) .
The alpha-hydroxy acid salt is hydrolyzed to the alpha-hydroxy
acid by adding a proton.

Figure 3 shows the synthesis of a radiocactively labeled nitrile
from an imine with the incorporation of a proton and also
radiocactively labeled cyanide, MCN . The radicactively labeled
nitrile can be hydrolyzed further to give an amino acid.

Figure 4 shows an embodiment of an electrochemical micro
continuous-flow reactor which has a capillary tube, the inside
tube wall of which constitutes the cathode 1. Furthermore, the
micro continuous-flow reactor has a wire, the anode 3, located
centrally in the capillary tube.



9. The nethod as clainmed in characterized in that the reaction takes place
10. The nmethod as clainmed in characterized in that the reaction takes pl ace
one of the preceding clains, in a continuous-flow reactor. one of the
preceding clains, on a mcrostructure. - 21 - 11. The method as clained in
claim 10, characterized in that the-mi8restructure conprises at |east one

m croel ectrode. 12. The nethod as clained in claim210 or 11,
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characterized in that the mcrostructure conprises two m croel ectrodes

. which are located in an undivided space. 13. The nethod as clained in one
of clainms 10 to 12, characterized in that the mcrostructure is selected
fromthe group consisting of a coating, a tubular nodule, a |linear elenent,
a two-dinensional lattice, a two-di-nansi-onal surface and a

t hr ee-di nensi onal nesh. 14. The nethod as clained in claim13,
characterized in that the tubular nodule is a cathode (1) and the linear
elenen&lg§mﬁn anode (3) which is arranged centrally inside the cathode (1),
and the cathode (1) and the anode (3) are arranged relative to one anot her
such that the longitudinal direction of the cathode (1) and the

| ongi tudi nap di heehb@n ofothe gpgdeciay "ua PaﬁéhhgécEgv@Tﬁ anpLigh o15.
The method as clainmed in, claim 13, characterized In that the
t wo- di mensi bRARPCEY;PEEe 1EVPAVEREhtREs&T8RSanode and a cat hode which are

arranged on-t hproppesohe oMbl hg Ofessd eehan@aiu i ORbIHELUEC.of the
carboxylate in a solvent which compriseé a conductive
salt;

- introduction of at least one reactant which comprises
radiocactively labeled carbon dioxide into the solvent;
and

- electrochemical reaction of the precursor molecule with
the radiocactively labeled carbon dioxide to give the
radicactively labeled carboxylate;

characterized in that

the radicactively 1labeled carbon dioxide during the

reaction of the precursor molecule is completely dissolved

in the solvent.

2. The method as claimed in claim 1,
characterized in that
the carboxylate i1s an alpha-hydroxy acid salt and/or an
alpha-amino acid salt.

3. The method as claimed in claim 1 or 2,
characterized in that
‘the precursor molecule is selected from the group
consisting of ketimine, aldimine, ketone, aldehyde and
ions thereof. '

4. The method as claimed in one of the preceding claims,
characterized in that
the conductive salt is gelected from the group consisting
of alkali metal halide, alkaline earth metal halide,

ammonium halide, alkyl-, cycloalkyl-, arylammonium salt



- 22 - 16. The nethod as clainmed in one of the preceding clains, further
involving the step: acidic hydrolyzation of at |east one carboxyl group of
the carboxylate. 17. The nethod as clainmed in one of the preceding clains,
further involving the step: isolation of the carboxylic acid fromthe

sol vent. 18. The use of radioactivety2Pabel ed carbon di oxide for the

el ectrochem cal synthesis of a radioactively |abeled carboxylate,
characterized in that the carbon dioxide during the synthesis is conpletely
di ssol ved i mral sghaertnaty. diweonben ofsal s cr el esirodeuior tha-ra(c;-

eLeCtrﬁcrsgg%?%%ﬁ¥2§?$8£§u8f a radioactyvely. l.abel ed g%&bOXyLégé%a{cl—
characte .
' - "~ Ci)alkylammonium hexafluorophosphate.

5. The method ag claimed in one of the preceding claims,
characterized in that
the solvent is an organic solvent, in particular selected
from the group consisting of amide, nitrile, N,N-

dimethylformamide and open-chain and also cyclic ether.

6. The method as claimed in one of the preceding claims,
characterized in that
the reactant is reacted with the precursor molecule in one

step to give the carboxylate.

7. The method as claimed in one of the preceding claims,
characterized in that

the radioactively labeled carbon dioxide is ''CO,.

8. The method as claimed in one of the preceding claims,
characterized in that
the carbon dioxide is introduced into the solvent under a
pressure of more than 2 bar, preferably 5 bar or more than
5 bar.

9. _The method as claimed in one of the preceding claims,
characterized in that

the reaction takes place in a continucus-flow reactor.

10. The method as claimed in one of the preceding claims,
characterized in that

the reaction takes place on a microstructure.



radi oactively | abel ed carbon di oxide is reacted.

11.

1z2.

13.

14.

15.

The method as claimed in claim 10,

characterized in that

the microstructure comprises at least one microelectrode.

The method as claimed in claim 10 or 11,
characterized in that
the microstructure comprises two microelectrodes which are

located in an undivided space.

The method as claimed in one of claims 10 to 12,
characterized in that

the microstructure is selected from the group consisting
of a coating, a tubular module, a linear element, a two-
dimensional lattice, a two-dimensional surface and a

three-dimensional mesh.

The method as claimed in claim 13,

characterized in that

the tubular module is a cathode (1) and the linear element
is an anode (3) which is arranged centrally inside the
cathode (1), and the cathode (1) and the anode (3) are
arranged relative to one another such that the
longitudinal direction of the cathode (1) and the

longitudinal direction of the anode (3) run parallel to

-one another.

The method as claimed in claim 13,

characterized in that

the two-dimensional surface is in each case an anode and a
cathode which are arranged on the opposite walls of a

rectangular microgtructure.



le.

17,

i8.

19.

The method as claimed in one of the preceding c¢laims,

further involving the. step:

- acidic hydrolyzation of at least one carboxyl group of
the carboxylate.

The method as c¢laimed in one of the preceding claims,
further involving the step:

- 1isolation of the carboxylic acid from the solvent.

The use of radiocactively labeled carbon dioxide for the
electrochemical synthesis of a radicactively labeled
carboxylate,

characterized in that

the carbon dioxide during the synthesis is completely
dissolved in a solvent.

The use of a microelectrode for the electrochemical
synthesis of a radioactively labeled carboxylate,
characterized in that

radiocactively labeled carbon dioxide is reacted.



